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Abstract

The key role of angiogenesis in the growth and metastasis of cancer has led to the
inclusion of antiangiogenic therapy in cancer treatments, which has proved clinically
beneficial when combined with cytotoxic effects in a multi-targeting approach (e.g.
sunitinib is first line therapy for renal cancer). However, current multi-targeting therapies
(administered as drug combinations or single drug) suffer from increased adverse events.
Flavonoids present advantageous polypharmacological anticancer properties and are
well tolerated. Hence, this study explores the bi-modal antiangiogenic and cytotoxic
efficacy of a group of synthetic flavonoids as potential anticancer agents.

First, reported data on the antiangiogenic activities of flavonoids was analyzed via
systematic and quantitative analyses, establishing their antiangiogenic effectiveness.
Antiangiogenic structure activity relationship (SAR) data was extracted from the
conducted analysis. Cytotoxic SARs were gathered from reported studies and combined
with the antiangiogenic SAR, resulting in the design of two sets of 5,7/7,8-disubstituted-
4’-chloro/bromophenyl flavones (Chapter 2). The designed flavones (7-14) were
synthesized and spectroscopically characterized with good yields (60-97%) and purities
(>90%). Compounds 9, 11, 12 and 14 particularly showed significant in vitro angiogenic
inhibition against endothelial cell (EC) vascular endothelial growth factor (VEGF)-induced
tube formation and migration (>50% and 25-37%, respectively, at 10 yM). The 4-thio
derivatives 11 and 12 inhibited VEGFR2 phosphorylation (57 and 37% at 10 uM,
respectively) in western blotting and were oriented in a favorable position inside its ATP
binding site in a molecular docking study (Chapter 3).

Further optimization of the test compounds was investigated through ruthenium (Ru) or
iridium (Ir) metal complexation based on their reported antiangiogenic/cytotoxic
effectiveness. The novel Ru(ll)-p-cymene complexes (19 and 20) of flavones 11 and 13
were successfully synthesized and spectroscopically confirmed with 46 and 30% yields,
respectively (Chapter 4). The bi-modal anticancer effects of 11 and 13 in addition to the
impact of Ru complexation on the measured effects were evaluated in vitro (Chapter 5).
The lead thioflavone 11 displayed strong cytotoxic (ICs0=1.2 £ 0.8 and 43.06 £ 1.29 uM
on MCF-7 and MDA-MB-231, respectively) and antimigratory activities (43% inhibition at
1 uM on MDA-MB-231) on breast cancer cells, in addition to the notable antiangiogenic
effects on EC (e.g. 42% tube formation inhibition at 1 uM). These effects were comparable
to reported values for the drug sunitinib in the same assays (e.g. ICs0=5 uM on MCF-7,
50% tube formation inhibition at 10 uM). Complexation with Ru negatively impacted the
tube formation inhibitory effects of 11 and 13. Ru chelation diminished 11’s cytotoxicity
against MCF-7 and MDA-MB-231 breast cancer cells whereas the antimigratory activity
against MDA-MB-231 was equivalent to the parent flavone. In contrast, Ru complexation
enhanced the cytotoxic and antimigratory effects of the oxoflavone 13 against breast
cancer cells (e.g. 50 versus 33% inhibition of MCF-7 migration, p<0.05). Finally, the test
derivatives showed a presumably non-intercalative binding with VEGF and c-myc i-motif
DNA, as novel anticancer targets, in UV-Vis spectroscopic studies (Chapter 5).

This work identified compound 11 as a promising anticancer agent with dual
antiangiogenic and cytotoxic activities. Its structural features and interaction with the
VEGF/VEGFR2 pathway provides a suitable base for extension towards novel anticancer
applications in the future, such as the development of dual antiangiogenic and
immunomodulatory agents (Chapter 6).
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Overview

Tumors arise from malfunctioning cells and as such hold histological similarities with
normal tissues despite their distinctive microscopic features [1]. This resemblance poses
a challenge for chemotherapeutic drugs to differentiate between cancerous and normal
cells which leads to severe systemic side effects. Efforts have therefore been directed
towards selective therapeutic approaches, targeting specific features or conditions in the
tumor microenvironment [2]. The relationships between tumor growth and metastasis and
angiogenesis were first introduced by Judah Folkman in 1971. During tumorigenesis the
angiogenic switch is turned on, tipping towards a proangiogenic state which drives the
growth and invasion of cancer cells. In that context, the co-targeting of cytotoxic and
angiogenic proteins/pathways by either combining different drugs in one regimen or using
a single multi-targeting molecule has shown clinical benefits. For example, the addition of
the anti-vascular endothelial growth factor (VEGF) antibody bevacizumab to
fluorouracil/leucovorin/irinotecan colorectal cancer (CRC) treatment regimen increased
the overall and progression free survivals (OS, PFS) from 15.6 and 6.2 months to 20.3
and 10.6 months, respectively (p<0.001), in a phase Il clinical trial [3]. Multi-target
tyrosine kinase inhibitors (TKIs) such as sunitinib, sorafenib and axitinib target the
proangiogenic vascular endothelial growth factor receptor 2 (VEGFR2) among others,
and are currently used as first line therapy for renal cell (RCC) and hepatocellular (HCC)
carcinomas [4]. Nevertheless, the available antiangiogenic/cytotoxic drug combinations
or monotherapies are associated with high toxicity and susceptibility to resistance which

greatly limits their pharmacological effectiveness [5].

Flavonoids are chemical compounds of natural origin that are well tolerated by the human
body [6]. They are reported to elicit multi-targeting effects, involving key proliferative and
angiogenesis regulators such as the phosphoinositide 3-kinase (PI3K) and mitogen
activated protein kinase (MAPK) pathways, VEGF and matrix metalloproteinases (MMPSs)
[7-9]. These attributes suggest that flavonoids can provide pharmacological benefits, in
terms of potency, along with the potential to overcome resistance and safety, as bi-modal
antiangiogenic/cytotoxic anticancer agents. However, natural flavonoids suffer from poor

bioavailability that incapacitates their clinical progression [10]. In that regard, synthetic
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flavonoids can be strategically designed in a manner that augments flavonoids’ desired
biological properties and addresses their pharmacokinetic challenges. Hence, this study
aims to explore the potential of synthetic flavonoids as bi-modal antiangiogenic/cytotoxic

anticancer agents.

In order to clarify the rationale of this project, this chapter will provide background
information on current cancer treatment approaches (Section 1.1). The role of
angiogenesis in tumor development will then be discussed (Section 1.2) in light of the
use of targeted antiangiogenic therapy in cancer treatment (Section 1.2.3). The
challenges and opportunities of combining antiangiogenic and cytotoxic effects as a multi-
targeting cancer therapeutic strategy will also be reviewed in Section 1.2.3. The proposed
bi-modal anticancer effects of flavonoids will then be rationalized in terms of their reported
cytotoxic and antiangiogenic activities (Section 1.3). Flavonoids’ limited bioavailability
which poses a significant challenge for their development for clinical usage, as well as
possible ways to overcome this, will be discussed in Section 1.3.4. Anticancer activities
of ruthenium (Ru) and iridium (Ir) metal compounds will finally be presented as an
explored structure activity optimization strategy for enhancing the pharmacological and
pharmacokinetic properties of the target flavonoids (Section 1.4).

1.1. Current prospects in cancer therapy

Ranking second in worldwide causes of death, cancer was responsible for 10 million
deaths in 2020 [11]. In 2040, 27.5 million new annual cases are expected worldwide [12].
The advances in the comprehension of the molecular alterations associated with cancer
progression have not been matched to the same extent by advancements of cancer
treatment. For instance, mortality rates for all cancers in the UK have decreased by 19%
since the 1970s [13]. In the United States, the age-standardized death rates from
malignant neoplasms changed from 194 per 100,00 in 1950 to 146 per 100,000 in 2019
[14]. These improved statistics are arguably low especially that they are not wholly due
to improvement in treatment options, for example they can be partly attributed to earlier
detection by improved diagnostic techniques, increasing the time span between first
diagnosis and end-stage disease. Hence, traditional therapeutic approaches of surgery,

radio and chemotherapy need to be complemented by alternative approaches to realize
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a step change in cancer therapy. Accordingly, significant improvements in cancer
treatment can be accelerated via research into novel therapeutics. Table 1. 1
summarizes the available conventional and advanced cancer therapeutic approaches

and provides an overview of their most important advantages and drawbacks [2,15].

Conventional anticancer therapy includes surgery, radiotherapy and chemotherapy or a
combination of those. While surgery and radiotherapy target localized tumors [1,2,15],
chemotherapy involves the systemic treatment of cancer via the administration of
chemical agents. These agents target malfunctioning proteins and cellular cascades, that
would normally promote tumor’s growth and progression [1]. However, chemotherapy
often results in debilitating side effects due to the lack of specificity for cancer cells over
normal ones. The development of resistance is another major limitation of conventional
chemotherapy that renders the treatment ineffective after an initial cytotoxic response [2].
Hence, novel anticancer approaches have focused on targeted therapy or precision
medicines, in order to achieve higher selectivity that translates into fewer side effects. Of
particular interest are agents targeting the tumor vascularization, discussed in the

following section.
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Strategy Remarks Advantages Disadvantages FDA approved
example
Surgery Suitable for localized e Curative in case of removal of May not remove all cancer n/a
solid tumors the whole tumor mass cells
¢ Instant relief of symptoms Surgical risks such as

bleeding and damage to

nearby tissues
Radiotherapy Given at different o Eradicates large proportion of Damage to surrounding n/a

stages either alone or
combined with surgery
and/or chemotherapy

cancer cells
Shrinks tumor’s size

healthy tissues and organs
Inability to target all cancer
cells (e.g. cells that do not
appear on the imaging scan)

Conventional

Given at different

Highly effective in reaching

High toxicity to healthy

Paclitaxel for breast,

chemotherapy stages either alone or cancer cells throughout tissues and organs ovarian, lung cancer
combined with surgery different parts of the body Resistance may develop and others
and/or radiotherapy Slows tumor’s growth
Shrinks tumor’s size
Stem cells e Do not usually o Effective Tumorigenesis Sipuleucel-T

directly affect
cancer cells

e Help the body
regenerate bone
marrow cells
destroyed during
other treatments

e Types: embryonic,
pluripotent,
hematopoietic,
neural,
mesenchymal and
cancer stem cells

Extend survival

Adverse events during
transplantation

Drug toxicity and resistance
Increased immune responses
and autoimmunity

(pluripotent stem cells)
for prostatic cancer
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Targeted therapy

Interferes with
specific targets
blocking tumor’s
growth or
propagation
Types: monoclonal
antibodies (mAb)
and small molecule
inhibitors (SMIs)

Selective
Less toxicity and side effects

e Unknown long-term side
effects

¢ Resistance may develop

o Efficacy subject to tumor type
and isoform

Nivolumab (mAb) and
sunitinib (SMI) for
renal cell carcinoma

Gene therapy ¢ Introduction of pro- e Effective e Immune system neutralization Gendicine (induces
apoptotic, e For siRNASs: e Drug delivery limitations p53 expression) for
chemosensitizing, ¢ High efficacy e Genome integration neck and head
tumor suppressor, e Safe e For siRNAs: squamous cell
immune response e in vivo instability carcinoma
eliciting genes or o Off-target effects
silencing of
oncogenes

e New generation
based on small
interfering RNAs
(SiRNAs) for
targeted gene
silencing
Ablation e Destroys tumors ¢ Non-invasive e Local effect n/a

via exposure to
thermal or
electromagnetic
changes
Types:

thermal,
radiofrequency,
microwave,
ultrasound and
cryoablation

o Higher precision compared to
surgery

¢ Needs technical expertise

n/a, not applicable.
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1.2. Angiogenesis

1.2.1. Physiological angiogenesis

Angiogenesis (the formation of new blood vessels from existing ones) is a highly complex
process that is regulated by different types of cells and a plethora of signaling pathways.
A monolayer of endothelial cells (ECs) forms the internal lining of blood vessels, bordered
by pericytes and a basement membrane (i.e. mural tissue) [16]. The surrounding
extracellular matrix (ECM) is rich in fibrillar proteins such as collagen and elastin in
addition to other types of cells such as fibroblasts. In order for new vessels to sprout, ECs
convert to an actively proliferating phenotype, breaking the junctions with neighboring
cells and migrating through the ECM towards chemotactic and angiogenic stimuli [16]. At
physiological conditions, angiogenesis is balanced by the counteracting effects of
endogenous pro and antiangiogenic factors. The many cytokines and growth factors
regulating angiogenesis include VEGF, fibroblast growth factor (FGF), platelet derived
growth factor (PDGF), epidermal growth factor (EGF), angiopoietins and
thrombospondins (Table 1. 2). Different cell types, such as ECs, fibroblasts, platelets and
cancer cells, are capable of secreting these angiogenic factors [16]. However, its the
VEGF family that predominantly regulates angiogenesis (Figure 1. 1). VEGF's activation
of its main receptor VEGFR2 is highly correlated with sustaining normal vasculature and
also to the pathogenesis of complex diseases like cancer [17]. VEGFR2 governs EC
survival via the PI3K/Akt pathway, which modulates the apoptotic proteins B-cell
lymphoma 2 (Bcl-2) and caspase-9 [17]. VEGFR2 also guides EC proliferation through
the rapidly accelerated fibrosarcoma (Raf-MEK-ERK) cascade, activating DNA synthesis.
Furthermore, VEGFR2 phosphorylation regulates EC migration via the activation of PI3K
and the upstream protein SHB [17].

Table 1. 2. Main angiogenic factors

Angiogenic factor Role in angiogenesis

VEGFA-E, PLGF Induce angiogenesis, permeability and adhesion
PDGFA-D Recruit pericytes

FGF1, 2, HIF Induce angiogenesis

MMPs Remodel BM and ECM, liberate growth factors
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Angiopoietins Regulate vessel maturation/destabilization and permeability

Endostatin Inhibit EC survival and migration

VEGF, vascular endothelial growth factor; PLGF, placental growth factor; PDGF, placental derived growth
factor; FGF, fibroblast growth factor, HIF, hypoxia-inducible factor; MMPs, matrix metalloproteinases; BM,
basement membrane; ECM, extracellular cell matrix; EC, endothelial cell.

VEGF-C
| VEGF-D [

VEGF decoy [ ERK
NO l
Extracellular matrix l — - - - - ; . .
degradation Permeability Survival Proliferation Migration Lymphangiogenesis

Figure 1. 1. The VEGF family signaling pathways [18]

VEGF, vascular endothelial growth factor; VEGFR1 to 3, vascular endothelial growth factor receptors 1 to
3; MMP9, matrix metalloproteinase 9; Src, cytoplasmic protein tyrosine kinase; PI3K, phosphatidylinositol-
3-kinase; Akt, protein kinase B; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; Bad,
BCL2 associated agonist of cell death, Casp9, caspase 9; PLCy, phospholipase C; PKC, protein kinase C;
Ras, rat sarcoma; Raf, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase.

1.2.2. Tumor angiogenesis

Tumors, like normal tissues, require nutrients and oxygen for their growth and survival.
Tumors were observed to preferentially grow next to blood vessels since the 1950s [1].
Indeed, tumor cells located more than 0.2 mm (the effective range for oxygen transport
through tissues) away from the blood supply exhibited no growth [1]. Judah Folkman first
made the observation that tumors rely on angiogenesis to grow and metastasize. In that
regard, a study of cancer evolving in the pancreatic islets of transgenic mice showed
intriguing results. At early stages, hyperplastic islets grew to a maximum diameter of 0.1
to 0.2 mm [19]. The formed islets then entered a temporary phase of a sustained size
achieved by the balance between uncontrolled cell proliferation and cell attrition via

apoptosis (programmed cell death). Once these preneoplastic cells gained the ability to
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induce angiogenesis, they broke the attained size and formed larger cancerous tumor
masses. In this case, the so called “angiogenic-switch” is turned on where the tumor
acquires a proangiogenic state [19] (Figure 1. 2). Additionally, high tumor vascularity is
strongly related to enhanced metastatic potential. The increased proportion of newly
formed leaky and permeable vessels after angiogenesis provides an escape route for

cancer cells into the blood stream (intravasation) to reach distant organs [20].

Growth factors and
cytokines secretion Tumor cells
Antiangiogenic factors
Thrombospandins
Angiostatins )
Endostatins Recruited
Proangiogenic factors etc fibroblasts
VEGF g
PDGF 4
FGF Endothelil : ECM remodelling
elc Oﬁ naothelial tp cel
O Pericytes BM \ . Leaky vasculature
Intravasation

Recruited myeloid cell Endothelial cells

Figure 1. 2. (A) Schematic diagram representing a turned on angiogenic-switch during tumorigenesis. (B)
Tumor cells recruit different stromal cells (e.g. myeloid cells and fibroblasts) to the tumor site, together they
release different growth factors and cytokines that induce angiogenesis.

Similar to its crucial role in physiological angiogenesis, the VEGF/VEGFR2 system plays
a critical role in tumor survival, growth and metastasis [21]. VEGFR2 is highly
overexpressed in many cancers such as ovarian (100%), pancreatic (80%), colon
(71.4%), breast (64.5%) and bladder (50%) cancers [22]. This upregulation results in an
escalation in the tumor vascularization by means of increased EC sprouting, permeability,
MMPs expression and matrix degradation [22]. Accordingly, VEGF/VEGFR2 targeted

therapy is widely explored in cancer treatment clinical applications.
1.2.3. Antiangiogenic targeted therapy

The dependence of cancer growth and propagation on angiogenesis makes it an
attractive target as an anticancer therapeutic approach. Furthermore, the complexity of
the angiogenic process provides multiple target cells and signaling pathways for
anticancer intervention [1,23]. As a result, a category of anticancer medications

specifically blocking angiogenesis (i.e. antiangiogenic agents) as a targeted therapeutic

9
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strategy has emerged. Currently, multiple antiangiogenic agents are used as first and
second line therapies in the treatment of several cancers such as CRC, ovarian and
advanced gastric carcinomas [24]. These agents are mostly monoclonal antibodies (mAb)
or small molecule inhibitors (SMIs) targeting the VEGF pathway. However, tumors are
able to circumvent the antiangiogenic actions of the used agents by acquiring resistance.
As summarized in Figure 1. 3, tumors adopt different neovascularization strategies after
an initial period of vessel regression which in some cases leads to less than expected
clinical outcomes, disease relapse and increased metastasis [21,25-28]. For instance,
ramucirumab (mAb with high affinity to VEGFRZ2) resulted in significant improvement in
PFS (2.8 versus 2.1 months for placebo, p<0.001) of HCC patients while no improvements
were observed for the OS (9.2 versus 7.6 months for placebo, p=0.1391) in a phase IlI
trial [29]. In a phase Il study, sunitinib discontinuation elicited a compensatory 4-fold
increase in EC proliferation in RCC patients compared to non-treated controls (p<0.003)

which positively correlated with the time of treatment discontinuation (p<0.001) [30].

% Antiangiogenic therapy:> 7@
[

Hypoxic tumor
with reduced vasculature

Tumor vasculature

| Resistance
e o o -
-
Alternative - ... - -
proangiogenic factors HIF activation I ‘ Vasculogenic mimicry | ‘ Vessel co-option ‘ ‘ Increased metastasis |

Endothelialcell @@ Cancer cell

Figure 1. 3. Schematic representation of antiangiogenic resistance mechanisms. Tumors can shift their
reliance on one proangiogenic factor to another in order to maintain proangiogenic conditions [25]. The
tumor hypoxic environment created by antiangiogenic therapy can upregulate the hypoxia-inducible factor
(HIF-1a) that results in VEGF upregulation [21]. Tumors adopt neovascularization models, like vasculogenic
mimicry and vessel co-option [21]. Cancer cells either adopt endothelial properties and form endothelial like
vascular assemblies [26,27] or hijack existing vasculature and expand along its sides [21]. Antiangiogenic
therapy can increase cancer cell metastasis and invasion through increased vasculature leakiness [28].

Consequently, antiangiogenic multi-targeting strategies have been exploited in preclinical

and clinical settings in order to simultaneously block some of the tumors’ angiogenic

10
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escape routes. As shown in Table 1. 3, the concurrent inhibition of different proangiogenic
factors, administered as mono or combined therapies, has demonstrated promising
clinical efficacy against several metastatic and advanced cancers [31]. The combination
of chemotherapeutic and antiangiogenic treatments represents yet another multi-
targeting avenue. As outlined in Table 1. 4, such a combination is motivated by the
enhanced delivery of cytotoxic agents to tumors due to the transient normalization of the
tumor’s vasculature and the decrease in intratumoral pressure [25]. Additionally, the
cytotoxic effects of chemotherapeutic agents can alleviate some of the antiangiogenic
tumor resistance mechanisms manifested in adopting neovascularization models like
vascular mimicry and vessel co-option [21]. Moreover, cytotoxic agents can mitigate the
increase in cancer cell metastasis and invasion resulting from the increased vasculature
leakiness due to antiangiogenic therapy [28]. In fact, chemotherapeutic and
antiangiogenic co-targeting exhibited good anticancer clinical outcomes. A phase Il study
for example, showed that 58 and 72% of inflammatory breast cancer (highly aggressive
form) patients reached a 5-year disease free survival and OS, respectively, after receiving
a combined treatment of bevacizumab with carboplatin, paclitaxel and cyclophosphamide
[32]. In that regard, antiangiogenic drugs such as bevacizumab, aflibercept and
ramucirumab are approved for use against cervical cancer, CRC and non-small cell lung
carcinoma, respectively, in combination with paclitaxel/cisplatin, fluorouracil/

leucovorin/irinotecan and erlotinib regimens, respectively [24].

Despite the reported therapeutic benefits of antiangiogenic and/or cytotoxic multi-
targeting, treatment related grade 3 or higher adverse events are often induced [31].
Vascular toxicities from antiangiogenic therapy manifest as severe hypertension, and
hand and foot syndrome, as well as elevated levels of thyroid stimulating hormone and
cholesterol. Combined with chemotherapeutic side effects, patients’ tolerance for these
regimens poses challenges. In a recent phase Il clinical study combining apatinib with
etoposide against resistant ovarian cancer, 20% of the enrolled patients discontinued the
treatment due to adverse events such as neutropenia, thrombocytopenia and
hypertension [33]. Besides toxicity, the co-administration of chemotherapeutic and
antiangiogenic drugs is clinically complicated with regards to dosage scheduling and the

occurrence of drug-drug interactions [5,34]. In this context, the use of phytochemical
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flavonoids is emerging as an attractive alternative multi-targeting approach [31]. The
polypharmacological effects of these dietary agents alongside their tolerability presents

opportune anticancer modalities [31].
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Table 1. 3. Multi-target antiangiogenic therapy in clinical trials. Table adapted from Vafopoulou, P.; Kourti, M. J. Cancer Metastasis Treat. 2022, 8

[31].
An;;':]gt'ﬁg;?'c Cancer Targets C;Lnaiggl OS (months) | PFS (months) Side effects (grade 2 3)
Anlotinib [35] Refractory Il 12 5.6 Hypertension,
metastatic \E/(ESCIEII;RFZES FR hypertriglyceridemia,
soft tissue sarcoma X pneumothorax, no
RET, Aurora-B d
eaths
lotinib q q gggl C-FMS 9.6 5.4 Hypertension,
Anlotinib [36] Advanced NSCLC i (placebo=6.3) | (placebo=1.4) | hyponatremia, no deaths
Surufatinib [37] Advanced i n/r 10.9 Hypertension, proteinuria,
pancreatic _ VEGFR1-3, FGFR1 (placebo=3.7) | hypertriglyceridemia, 3
neuroendocrine deaths
cancer
Regorafenib [38] Advanced CRC VEGFR1-3, Il 7.4 3.5 Hypertension, hand-foot
PDGFR-B, FGFR skin reaction,
TIE2, KIT, RET hypophosphataemia, no
RAF deaths
Lenvatinib + Metastatic RCC Len: VEGFR1-3 1 n/r 19.8 Fatigue, diarrhea,
pembrolizumab Endometrial cancer | FGFR1-4, PDGFRa, 9.7 hypertension,
[39] NSCLC KIT 5.9 hypothyroidism, 2 deaths
SCCHN RET 4.7
Urothelial cancer Pem: PD-1R 54
Melanoma 5.5
Axitinib + Advanced RCC I n/r 20.9 Hypertension, diarrhea,
pembrolizumab fatigue,
[40] elevated alanine
Ax: VEGFR1-3 aminotransferase
PDGFR, c-KIT levels, no deaths
Axitinib + Advanced RCC Pem: PD-1R [ n/r 154 Hypertension, alanine

pembrolizumab
[41]

(sunitinib=11.1)

aminotransferase
increase, diarrhea, no
deaths

NSCLC, non-small cell lung carcinoma; CRC, colorectal carcinoma; RCC, renal cell carcinoma; SCCHN, Squamous cell carcinoma of the head and
neck; VEGFR, vascular endothelial growth factor receptor; PDGFR, platelet-derived growth factor receptor; EGFR, epidermal growth factor receptor;
FGFR, fibroblast growth factor receptor; RET, rearranged during transfection; c-KIT: tyrosine-protein kinase KIT or mast/stem cell growth factor
receptor; c-FMS, colony stimulating factor; DDR1, discoidin domain receptorl; TIE2, angiopoietin-1 receptor; RAF, rapidly accelerated fibrosarcoma;
PD-1R, programmed cell death protein 1 receptor; OS, overall survival; PFS, progression-free survival; n/r, not reported.
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Activity

Effect

Example

Antiangiogenic
Vascular normalization

Decreased intratumoral pressure

Enhanced tumor delivery of
chemotherapeutic agents

Anti-VEGFR2 antibody DC101 normalized tumor vessels
demonstrated a significant change in vessel diameter
distribution and perivascular coverage compared to control (p
<0.001) in murine mammary carcinoma [42].

DC101 significantly increased the tumor penetration length of
bovine serum albumin compared to control (p<0.05) in
murine mammary carcinoma [42].

Anti-VEGFR2 antibody DC101 lowered intratumoral pressure
by 50% compared to control in murine mammary carcinoma
[42].

Chemotherapeutic
Cancer cell cytotoxicity

Alleviate vascular mimicry and vessel co-
option antiangiogenic tumor resistance
mechanisms

Vincristine and dasatinib liposomes reduced vascular
mimicry in MDA-MB-231 xenografted mice via induction of
apoptosis, resulting in 66% inhibition of tumor volume
compared to 19% for control (p<0.05) [43].

Decrease cancer cell metastasis and
invasion resulting from the increased
vasculature leakiness due to
antiangiogenic therapy

Doxorubicin, topotecan and gemcitabine combination
reversed sunitinib-induced lung carcinoma metastasis in
xenograft models [44].

MDA-MB-231, triple negative breast cancer cell line.
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1.3. Flavonoids

Research on the nature-derived flavonoids first gained momentum in the 1990s, fueled
by their association with a lower incidence of coronary heart disease, stroke and cancer
in several studies [45-47]. To date, the number of publications on the pharmacological
activities of flavonoids have reached around 2000 articles/year with more than 10,000
identified flavonoids [48].

Flavonoids are polyphenolic compounds with a 15 carbon skeleton which is comprised of
two phenyl rings (A and B) connected by a 4H-pyran ring (C ring) as shown in Figure 1.
4. They are classified into subgroups based on their degree of oxidation, C ring

substitutions and the position of the B ring (Figure 1. 4) [49].

CLr T Cl @
OH
o O O
,

Flavanones
Flavones Flavonols

3
4 o) o) ‘ o)
) ® ®
OH
(0] (0] (0]
Basic skeleton of flavonoids Isoflavones Flavanols Isoflavanones
.
o o) ‘ O ‘
Pz
O Flavans Anthocyanidins

Isoflavane

Figure 1. 4. Basic chemical structures of flavonoid subclasses

In general, flavonoids exhibit low toxicity with examples such as naringenin, apigenin and
luteolin (Figure 1. 5) having LDso (the half maximal lethal concentration) values of >5000
mg/kg in mice [50]. In a pilot investigation of 32 men with chronic prostatitis, the flavonol
guercetin showed no adverse events when administered orally at a dose of 1 g/day [51].
In another study, 47 healthy overweight individuals showed no statistical differences in
blood safety parameters such as kidney and liver function after consuming 900 mg/day
of a citrus fruit extract containing at least 90% catechin (of total polyphenols) and 20%

naringin (of total flavanones) for 12 weeks [52]. Similarly, a systematic study of 30
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randomized controlled trials (n=5166) on the effects of flavonoids on viral acute
respiratory tract infections reported no difference in the incidence of adverse events

between the flavonoid and control groups [53].
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Figure 1. 5. Chemical structures of flavonoids mentioned in this chapter

The wide range of biological activities that have been attributed to flavonoids include but

are not limited to antioxidant [54], antiinflammatory [55], antimicrobial [56],
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cardioprotective [57], neuroprotective [58] and anticancer activities [59]. Besides their
inherent pharmacological activities, flavonoids offer other advantages such as structural
diversity and ready availability that make them attractive candidates for the development
of bioactive lead compounds. Of relevance to this project are the cytotoxic and
antiangiogenic anticancer effects of flavonoids that are reviewed next.

1.3.1. Cytotoxic activity of flavonoids

Flavonoids are known to inhibit cancer by interfering with an array of targets affecting
cancer growth and progression. The cytotoxic mechanisms of action of flavonoids include
induction of apoptosis and cell cycle arrest as well as proliferation inhibition as shown in

Figure 1. 6.

+— — Inhibition
Induction

mitochondria BC12|27 o '6 Flavonoid
Bax
FADD Ve o
t C |
Cy-C = PI3K Ras
Casp8 1
C g '/o ~ = l
e | Akt |+ mTOR Raf
/ ~7 7
»
‘935‘13’5’7 JAK ERK | [ seki ek | [ps3 o
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arrest replication

Figure 1. 6. Schematic representation of the main anticancer mechanisms of action of flavonoids. FADD,
Fas-associated protein with death domain; Casp, caspase; Bcl2, B-cell ymphoma; BAX, Bcl2-associated
X protein; Cyto-C, cytochrome complex; PARP, poly ADP-ribose polymerase; JAK, janus kinase; STAT,
signal transducer and activator of transcription; PI3K, phosphoinositide 3-kinase; Akt, protein kinase B;
ERK, extracellular signal-regulated kinase; MAPK, MEK, mitogen-activated protein kinase; mTOR,
mechanistic target of rapamycin; S6K1, ribosomal S6 kinase, Ras, reticular activating system; Raf, rapidly
accelerated fibrosarcoma; CDK, cyclin-dependent kinase; Topo I, Il, topoisomerases I, II.

Flavonoids like quercetin, kaempferol, luteolin, and naringenin have shown proapoptotic
activities by upregulating p53, Bax, and caspase proteins and downregulating the
antiapoptotic Bcl2 protein in breast, ovarian, hepatic and gastric cancer cell lines among
others [60]. For instance, naringenin increased Bax and caspase 3 expression by 2-fold
(p<0.05) and decreased that of Bcl2 (p<0.05) at 20 uM, inducing a 50% rise in apoptotic

rates of gastric cancer cells SGC-7901 compared to control (p<0.05) [61]. In another
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study, luteolin showed a dose dependent increase in levels of p53 and tumor cell
apoptosis in lung cancer mice xenografts (p<0.05) at 50, 100 and 200 mg/kg [62].

Multiple flavonoids were also shown to modulate PI3K, which regulates several oncogenic
processes, such as protein synthesis, cell growth and cell cycle progression, by interfering
with signaling proteins such as mammalian target of rapamycin (mTOR), extracellular
signal regulated kinase (ERK) and signal transducer and activator of transcription 3
(STAT3), via protein kinase B (Akt) phosphorylation [63]. Quercetin is reported to function
as a dual PI3K and mTOR inhibitor [64]. Granato et al showed the ability of quercetin to
reduce the phosphorylation of Akt (40-78%), mTOR (58-67%) and STAT3 (50%) relative
to control in primary effusion lymphoma cells at 50 uM [65]. Apigenin and pelargonidine
decreased PI3K and Akt phosphorylation at 20 and 15 pM in bladder and osteosarcoma
cancer cell lines, respectively [66,67]. Apigenin also reduced STAT3 phosphorylation by
45% relative to control in colon cancer mice tissues at 200 mg/kg [68]. Other flavonoids
such as epigallocatechin galate and delphinidin inhibited the PI3K/Akt pathway in breast
and ovarian cancer cell lines, respectively [60]. Furthermore, delphinidin caused a
significant decline in ERK phosphorylation compared to control (40%, p<0.01) at 0.1 pM
in the SKOV3 ovarian cancer cell line [69].

Flavopiridol is an 8-piperidine substituted flavone that was the first cyclin dependent
kinase (CDK) inhibitor to enter clinical trials and was approved by the food and drug
administration (FDA) as an orphan drug (drug used for the management of a rare disease)
for the treatment of chronic lymphocytic leukemia (CLL) [70,71]. The CDK family regulates
cell cycle progression where CDK1, 2, 4 and 6 are recognized as active during the cell
cycle and are inhibited by flavopiridol with 1Cso (half maximal inhibitory concentration)
ranging from 20 to 60 nM. Flavopiridol additionally inhibits CDK9 (ICs50=20 nM) that is
involved in transcriptional regulation, consequently inducing cell cycle arrest and
apoptosis [71,72]. While flavopiridol’'s cell cycle arrest is p53 independent, other
flavonoids such as fisetin and apigenin can regulate CDKs’ function and promote cell
cycle arrest via p53 activation in bladder and breast cancer cells [73,74]. P53 can

downregulate CDKs through the upregulation of p21 expression [75].
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Flavonoids are reported to interact with other important anticancer targets such as DNA
topoisomerases. Topoisomerases have key roles during DNA transcription and
replication. Luteolin and apigenin inhibited topoisomerase | DNA re-ligation in a human
leukemia cell line [76]. Moreover, luteolin demonstrated rat liver topoisomerase | inhibition
with an 1Cso of 5 uM [77].

1.3.2. Antiangiogenic activity of flavonoids

The multifaceted antiangiogenic effects of flavonoids in cancer were recently reviewed by
Wei et al [78]. On a preclinical level, flavonoids were able to modulate several angiogenic
pathways and mediators such as hypoxia inducible factor (HIF), VEGF/VEGFR2 pathway,
interleukins (ILs) and MMPs [8]. Hypoxic conditions are quite common in tumor
microenvironments. In that regard, the HIF-1a plays a key role in the adaptation of cells
with reduced oxygen by inducing the expression of several proangiogenic factors like
VEGF, angiopoietins 1 and 2 and PDGF [79]. Wogonin for example notably decreased
VEGEF levels (p<0.05, relative to control) in breast, liver and colon cancer cell lines under
both normoxic (20% Oz2) and hypoxic (1% O2) conditions at 20 pM. Wogonin also reduced
VEGF expression by 40% relative to control (p<0.05) in the estrogen receptor positive
breast cancer cell line MCF-7 [80]. Similarly, nobiletin showed 30 and 43% decline in
VEGF levels and HIF-1a expression (p<0.01, relative to control) at 20 and 40 uM,
respectively, in OVCAR-3 ovarian cancer cells [81]. As shown in Table 1. 5, a number of
flavonoids were reported to directly interact with VEGFR2’s phosphorylation and

activation in ECs.

Table 1. 5. Reported in vitro anti-VEGFR2 activity of flavonoids on ECs

Flavonoid Evaluated VEGFR2 activity Reported activity Ref

Wogonin VEGFR2 phosphorylation 50% decrease relative to control [82]
(p<0.05) at 10 uM

Eupafolin VEGFR2 phosphorylation Decreased phosphorylation [83]

relative to control (qualitative) at
5,10 and 20 uM

Quercetin VEGFR2 phosphorylation Decreased phosphorylation [84]
relative to control (qualitative) at
40 uM

Luteolin VEGFR2 phosphorylation Decreased phosphorylation [85]

relative to control (qualitative) at
40 uM
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Quercetin-4'-O-B-D- VEGFR2 phosphorylation Decreased phosphorylation [86]
glucopyranoside relative to control (qualitative) at
5 and 20 uM
VEGFR2 kinase activity 1C50=20.12 nM
Kaempferol VEGFR2 kinase activity 30% decrease relative to control [87]

(p<0.001) at 100 puM

Naringenin VEGFR2 kinase activity 25% decrease relative to control [88]
(p<0.05) at 30 uM

The proinflammatory cytokine IL-6 mainly mediates its angiogenic effects via STAT3
resulting in VEGF upregulation [7]. Luteolin is reported to decrease levels of ILs 1, 6 and
8 and tumor necrosis factor a (TNF-a) by 67, 27, 37 and 32%, respectively, compared to
control (p<0.05) in prostatic cancer cells (PC-3) at 40 pM [85]. Apigenin significantly
reduced IL-6 and VEGF expression (89 and 62%, respectively, at 10 uM) in esophageal
cancer cells. Esophageal cancer mice xenografts showed 87% reduction in tumor weight

at an apigenin dose of 10 mg/kg [89].

The flavonoids luteolin, wogonin, myricetin, eupatilin and nobiletin are all reported to
inhibit the activity of the proteolytic enzymes MMPs particularly MMP-2 and 9 in breast,
liver, prostatic and bone cancer cells [90-92]. In particular, nobiletin elicited a dose
dependent impairment of MMPs 2 and 9 function in osteosarcoma cells with the highest
dose of 100 pM causing 70 to 90% reductions in MMPs 2 and 9 enzyme activity and
MRNA expression (p<0.001, relative to control) [91].

1.3.3. Clinical progression of flavonoids as anticancer agents

As outlined in Table 1. 6, several flavonoids have progressed into clinical trials. The broad
spectrum CDK inhibitor, flavopiridol, has gained an FDA orphan approval in 2007 for the
treatment of CLL, which was revoked in 2022 as it did not prove efficacious as a single
agent against this indication [93,94]. Flavopiridol is now mostly explored in combination
therapies where it demonstrated good efficacy. In a phase Il trial, flavopiridol combined
with mitoxantrone and cytosine arabinose resulted in high complete remission (CR) (67%)
and OS (12.6 months) rates in the treatment of acute myeloid leukemia (AML) patients
with poor prognosis risk factors [95]. Individuals with such disease normally have <30%
CR rates and <10% 3-5-year survival. Since flavopiridol can only be administered

intravenously, due to its poor bioavailability [96], TP-1287 was developed as its oral
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phosphate prodrug. TP-1287 received FDA approval as an orphan drug against ewing
sarcoma in 2023 [97], yet, it showed high toxicity in a phase | study where the majority of
patients with advanced solid tumors (98%) suffered from treatment related adverse
events with 55% being of grade 3 or higher [98]. Voruciclib is a flavopiridol based CDK
inhibitor with higher selectivity to the CDK family over related kinases such as MAK
(inhibition constant (Ki)=259 nM versus 1.08 nM for flavopiridol) [99]. Voruciclib’s
selectivity has been attributed to its structural variation from flavopiridol (4’-CFs
substitution and a hydroxymethyl pyrrolidine ring instead of the hydroxypiperidine at C8,
Figure 1. 5) [99]. Voruciclib is therefore expected to show better tolerability than
flavopiridol due to the reduced off-target interactions. Its safety is currently being

evaluated against several lymphomas and AML in a phase | trial [99].

Table 1. 6. Overview of flavonoids registered at www.clinical trials.gov as anticancer agents since 2010

Flavonoid No of trials Monotherapy (M) or Main indication/s Clinical
Combined (C) Phase/s
Flavopiridol 4 C AML I-1l
(alvocidib®)
TP-1287 1 M Ewing sarcoma, I
advanced solid
tumors
Voruciclib 1 M, C B-cell malignancies, I
AML
Umbralisib 24 M, C CLL, lymphomas I-1l
(Ukonig®)
Tenalisib (RP6530) 11 M, C BC, lymphoma I-1l
Icaritin 9 M, C HCC -1
Quercetin 3 C SCCHN, BC I-Il
Silibinin 5 M, C Solid tumors -1

AML, acute myeloid leukemia; HCC, hepatocellular carcinoma; CLL, chronic lymphocytic leukemia; BC,
breast cancer; SCCHN, squamous cell carcinoma of the head and neck; CRC, colorectal carcinoma.

The synthetic flavonoid, umbralisib, was approved by the FDA for the treatment of
marginal zone and follicular lymphomas in 2021 acting as a dual PI3Kd and casein
kinase-1¢ inhibitor [48]. Umbralisib was later voluntarily withdrawn from the market by the
manufacturing company (TG Therapeutics) due to an imbalance in OS relative to the
control arm that outweighed umbralisib’s benefits [100]. Tenalisib is a selective inhibitor

for the & and y isoforms of PI3K and is being assessed for its safety and efficacy primarily
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as a single drug against lymphoid malignancies in several phase | and Il trials [48]. In
addition to the aforementioned synthetic flavonoids that are mainly indicated for
hematological malignancies, the natural flavonoids icaritin, quercetin and silibinin are
undergoing multiple clinical trials against solid tumors acting via a multi-targeting
mechanism of action. Icaritin has been approved for use against liver cancer in China
since 2022 [48]. Icaritin is reported to inhibit various anticancer targets including estrogen
receptor-a, Akt and STAT3 signaling [101]. Moreover, the immunomodulatory effects of
icaritin play an essential role in its anticancer activity through the inhibition of inflammatory
cascades and the activation of both the innate and adaptive immunity against the tumor

microenvironment [102].

Despite the reviewed clinical evaluations, flavonoids’ anticancer clinical progression
remains limited relative to their well-established preclinical effectiveness. No clinical trials
have yet looked into the activity of flavonoids as antiangiogenic agents in cancer therapy.
The multi-target effects of flavonoids present challenges with regards to low target
specificity and off-target interactions that could lead to increased systemic toxicity.
However, if tuned by mechanistic precision, the pharmacological promiscuity of flavonoids
can still offer advantageous qualities, such as increased effectiveness and overcoming
drug resistance. In that scope, specific anticancer targets of flavonoids need to be
identified followed by extrapolation of relevant structure activity relationship (SAR) data
in order to optimize the design of target-specific active compounds suitable for clinical
translation [103]. On the other hand, the poor pharmacokinetic properties of flavonoids
remain a big hurdle towards achieving their full therapeutic potential and hence is briefly

discussed in the upcoming section [104].
1.3.4. Improving flavonoids’ bioavailabilities

As demonstrated in Figure 1. 7, the small intestines is the main site of absorption of
flavonoids. Once hydrolyzed by the lactase phlorizin hydrolase, flavonoid aglycons can
be passively transported into the enetrocytes where they are subjected to extensive
phase | and Il metabolism. The absorbed flavonoids and/or their metabolites then reach
the liver via the hepatic portal circulation where they are exposed to further metabolism,

leading to their rapid excretion from the body. Table 1. 7 outlines the impact of the

22



Chapter 1: General introduction

different structural features of flavonoids on their bioavailabilities and potential

approaches that can be used to address their shortcomings.
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Figure 1. 7. Schematic presentation of the main routes of flavonoids absorption and metabolism in the
human body

Multiple bioavailability improving strategies including structural modification and
nanoformulation have been applied to flavonoids as reviewed by Zhao et al [54] and Teng
et al [105]. As shown in Table 1. 8, the structural modification strategy offers a low cost
bioavailability enhancing method that does not infer the use of toxic or unstable external
modifiers. Metal complexation, particularly with transition metals, is a structural
modification strategy that proved effective in enhancing the aqueous solubility of poorly
soluble drugs [106]. Several quinolone antibiotics such as lomefloxacin as well as taxol
and other bioactive molecules such as curcumin have shown significantly better solubility
in water after metal chelation [107-109]. For example, curcumin’s aqueous solubility
increased by 1.5 to 2-folds upon complexation with the zinc cation (Zn?*). Metal chelation
did not only improve aqueous solubility but also enhanced biological activities of the
binding drugs/bioactive compounds [109]. The copper (Cu)ll taxol complex showed
average Glso (half maximal growth inhibitory concentration) values that were 44% better
than that of taxol on the National Cancer Institute’s (NCI) panel of 60 cancer cell lines
[108].
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Table 1. 7. Structural factors affecting flavonoids bioavailability and selected approaches to address them

unsaturation

form, decreasing accessibility to
solvent molecules and
consequently dissolution [10]

(e.g. aqueous solubility of
myricetin is 16.6 pg/mL resulting
in 9.62% oral bioavailability in rats
[10])

organometallic derivatives
to increase aqueous
solubility and gastro-
intestinal dissolution

(e.g. Ru(l)-p-cymene
complexation enhances
aqueous solubility of
flavonoids by 10-fold
[110))

Excess OH
groups in main
structure and
attached
glycosides

e Decrease lipophilicity of the
molecule, preventing its diffusion
through the hydrophobic cell
membrane
(e.g. catechin, a flavonoid with 5
OH groups, showed a 5% oral
bioavailability in rats which was
attributed to its poor apparent
permeability (Papp) of 6 x 1077
cm/s [10].)

e Susceptible to intestinal and
hepatic metabolism via
methylation, sulfation and
glucourinidation leading to rapid
excretion of the flavonoid from
the body
(e.g. quercetin was undetected
in plasma of subjects receiving 4
g orally. Conjugated flavonoids
are the predominantly detected
forms in human specimens,
while the amounts of
unconjugated flavonoids in
human plasma and urine are
usually reported to be below the
analytical detection limits [114])

e Replacement of OH
group/s in B ring with
halogen atom to
increase lipophilicity
and gastrointestinal
permeability.

¢ Methylation of free OH
groups in Aring to
protect from intestinal
and hepatic metabolism
(e.g. 5, 7-diOCHs
chrysin was detected in
the plasma and in liver,
lungs and kidney
tissues of rats after 1
hour with peak
concentrations of 2.5,
16.5, 7.5 and 5 uM,
respectively, while
chrysin was not
systemically detected
[115])

to increase gastro-
intestinal dissolution and
permeability

(e.g. quercetin plasma
concentration in rats
increased from
3.45+0.67 to

5.84 £1.60 uM (p<0.05)
[111])

Structural | t on bi ilabilit Bioavailability enhancement approach
feature mpact on bioavaiiabiiity Structural modification Absorption enhancers Nanoformulation
C2-C3 Keeps the molecule in a planar Complexation with Apple pectin dietary intake | Self-nanoemulsifying drug

delivery system
(SNEDDS) to increase
gastrointestinal solubility
and permeability and
protect from gastro-
intestinal enzymatic
degradation

(e.g. myricetin AUCo-24n in
rats plasma increased by
5.13-, 6.33-, 4.69- and
2.53-fold [112]; quercetin
oral bioavailability in rats
increased by 5-fold [113])
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Table 1. 8. Advantages and disadvantages of selected flavonoid bioavailability enhancement approaches

Bioavailability

enhancement approach Advantages Disadvantages
Structural modification e Low cost Biological activity might be
» Enhance biological activity by ~ suppressed by masking certain
incorporation of bioactive functional groups [116]
moieties
Absorption enhancers ¢ Easy to formulate Poor thermal and mechanical
e Low cost stability [116]
o Natural origin
e Safe
Nanoformulation Thermodynamically and e High cost
thermokinetically stable e Low drug loading

e Toxicity due to off-target
accumulation [10]

Flavonoids possess metal chelating abilities by virtue of their hydroxyl and oxo groups,
which can enhance their pharmacokinetic and pharmacological properties [117]. As
mentioned in Table 1. 7, Ru(ll) chelation with flavonol derivatives resulted in a 10-fold
rise in water solubility relative to the free flavonols [110]. Moreover, the majority of Ru
complexes are positively charged and lipophilic which enhances their diffusion through
the negatively charged lipophilic cell membrane [118]. Arene-Ru(ll) complexes have
particularly gained interest because of their beneficial structural features. The arene ring
not only stabilizes the complex, but also enhances its cellular uptake by increasing the
lipophilicity [118]. Complexes of the related transition metal, Ir, with a cyclopentadienyl
ligand (Cp*) display similar properties. In that regard, the lipophilic nature of the Cp* ligand
would result in increased cellular absorption and improved pharmacokinetic properties.
In general, organometallic Ru and Ir complexes including flavonoid ones have
demonstrated interesting anticancer properties. Therefore, it was postulated that Ru or Ir
complexation of the flavonoids involved in this project would present opportune
characteristics that are useful for the anticancer applications targeted herein. The
anticancer properties of Ru and Ir complexes in general and those of flavonoids in

particular are hence critically appraised next.
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1.4. Anticancer activity of ruthenium and iridium metal complexes

1.4.1. Anticancer activity of ruthenium metal complexes

Ru based complexes are often explored as an alternative to the widely used platinum (Pt)
based anticancer agents, cisplatin and carboplatin. The favorable pharmacological
properties of Ru complexes are demonstrated by their high potency, low toxicity and low
predisposition to resistance developing compared to Pt based drugs [119,120]. Ru
similarity to iron (Fe), is viewed as a reason for its higher selectivity towards cancer cells
since it can exploit the overexpressed Fe transferrin or albumin tumor transport
mechanisms [121]. Additionally, Ru complexes are preferentially activated to their

reduced Ru(ll) form by the acidic and hypoxic tumor environment [118,122].

The cytotoxicity profiles of various Ru complexes on cervical, ovarian, breast, lung and
other cancer cell lines were reviewed by Das et al, displaying ICso values that ranged from
0.04 to 10 pM in the majority of cases [122]. Figure 1. 8 summarizes the main anticancer
effects of Ru complexes. DNA binding is one of the main mechanisms of cytotoxic action
of Ru compounds. Upon hydrolysis of the bound ligand, the electron deficient metal atom
can bind to nucleophilic regions of DNA. In addition, the aromatic ligands of Ru complexes
can covalently bind to DNA base pairs [118]. Sadler et al demonstrated the high covalent
binding of Ru-arene-ethylenediamine complexes to N7 of guanosine and inosine
mononucleosides (>97 and 59.4% Ru bound species, respectively) by *H NMR studies
at neutral pH [123]. The covalent Ru-DNA binding results in irreversible Ru-DNA adducts
that impair DNA transcription and replication. Non-covalent types of DNA interaction are
also possible either via intercalation (the insertion of planar aromatic compounds between

DNA base pairs) or groove binding by electrostatic interactions [118].

Ru compounds preferentially accumulate in the mitochondria, endoplasmic reticulum and
lysosomes, eliciting apoptotic cascades. The negatively charged mitochondrial
membrane (-160 to -180 mV) as well as the acidic lumen of lysosomes (pH=4.6-5) attract
the positively charged metal ion, inducing mitochondrial dysfunction, autophagy, cell
necrosis and apoptosis [118]. Increased generation of reactive oxygen species (ROS) in
cancer cells by Ru compounds also contributes to their apoptotic abilities. This is

achieved either through the metal’s oxidizing and DNA damaging effects or via the
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inhibition of redox enzymes such as thioredoxin reductase (TrxR). Luo et al reported a
significant 60% TrxR inhibition (p<0.01, relative to control) by their Ru(ll) polypyridyl
complex at 4 uM in melanoma A375 cell line with an ICso of 0.9 uM on the same cell line
compared to 7.3 uM for cisplatin [124]. The Ru based organic compounds are also
reported to bind through their ligands to a number of protein kinases regulating cancer
cell proliferation and death such as the proto-oncogene, Pim-1 and the glycogen synthase
kinase, GSK3R [125,126].

DNAldamage - 1
S X -

Apoptosis
Cell death

Figure 1. 8. Schematic representation of the main cytotoxic mechanisms of action of Ru compounds

The specific antimetastatic activity of the clinical Ru agent NAMI-A attracted researchers’
attention towards the antiangiogenic and antimetastatic abilities of Ru complexes. NAMI-
A significantly reduced the numbers (40-100%) and weights (70-100%) of lung and brain
metastases of several malignancies (e.g. lung and mammary carcinoma, melanoma and
leukemia) xenografted in nude mice [127]. However, clinical progression of NAMI-A was
halted at the phase Il stage due to insufficient effectiveness of its gemcitabine
combination in the treatment of non-small cell lung carcinoma. RM175 is one of the early
developed Ru complexes demonstrating strong inhibition of metastasis in mice models.
RM175 primarily suppressed the lung metastatic mass of mammary carcinoma by 85 to
95% at 10 mg/kg/day [128]. Generally, Ru complexes are reported to target angiogenic
factors, including c-myc, VEGF, EGF, and MMP proteins, impacting tumor invasion,

migration, and proliferation processes [118,129-131].
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The diverse anticancer modes of action reported for Ru compounds raise concerns that
their mechanisms are not yet fully understood [118]. These reported activities highly
suggest that Ru molecules elicit a multifactorial mode of action which may be considered
a disadvantage with regards to selectivity [127]. In that context, novel approaches such
as photodynamic therapy (PDT) has shown promising anticancer effectiveness by
selectively activating tumor-infiltrating Ru agents, with compound TLD1433 undergoing
phase I/ll clinical trials for bladder cancer treatment using PDT [118,132]. However,
further research on the mechanisms of action, cellular uptake, metabolism and SAR
aspects of Ru complexes is still needed in order to exploit their full clinical potential [133].

1.4.2. Anticancer activity of iridium metal complexes

Ir complexes have gained recent interest as anticancer agents due to their resemblance
to Pt. Ir complexes were regarded as inert with very low ligand exchange rates until
experiments reported a significant increase in their ligand exchange rates when attached
to a Cp* ligand [134,135]. Consequently, a number of Ir(lll) half-sandwich pseudo-
octahedral Cp* complexes were developed with N/N, N/O, O/O or C/N bidentate donor
atoms as potential anticancer agents [136]. The Cp* moiety stabilizes the complex and
plays a role in target interactions (e.g. DNA intercalation) [137]. The developed Ir(lll)
complexes are reported to have high selectivity and cytotoxicity to cancer cells over
normal cells. Liu et al reported the synthesis of several Cp-Ir(lll) complexes with N,N or
C,N phenanthrene or bipyridine ligands that showed higher activity than the Pt drugs
oxaliplatin and cisplatin on the NCI's panel of 60 cancer cell lines [138]. The synthesized
complexes mainly acted as DNA binding agents via both DNA intercalation and directly
binding to base pairs, particularly guanine, blocking DNA replication [136]. Ouyang’s
group developed a number of Ir(lll) with imidazophenanthroline that showed higher
selectivity than cisplatin with the most potent compound having an ICso ranging from 0.5
to 1.5 yM on cervical (Hela), hepatic (HepG2) and lung (A549) cancer cell lines. These
complexes were shown to target mitochondrial mediated apoptosis by the release of
cytochrome C [139].

Studies have shown that organometallic Ir(lll) Cp* compounds can hinder angiogenesis

by suppressing EC tube formation in vitro [140]. Additionally, these compounds have
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been found to prevent the sprouting of blood vessels in in vivo zebrafish models [141,142].
These activities were attributed to the downregulation of the VEGF system, achieved
either through the down expression of VEGF or the inhibition of VEGFR3 [141,142].

Ir metal complexes exhibit promising anticancer properties, however they are still in the
early stages of development and hence require extensive preclinical evaluations for their

modes of action and pharmacodynamics [133].
1.4.3. Anticancer activity of flavonoid ruthenium and iridium complexes

The strong cytotoxic and antiangiogenic activities displayed by Ru and Ir based organic
compounds suggest potential synergistic anticancer effects upon fusion with the bioactive
flavonoids. Accordingly, a number of Ru and Ir flavonoid complexes have been developed

for anticancer applications.

Arene-Ru(ll) complexes with the [n6-arene-Ru(ll)-XYZ] formula have gained much
interest because of their beneficial structural features. X and Y represent either a two
mono-dentate or one bi-dentate ligand, for example with the O, O chelation of flavonoids.
Z is a leaving group, often a chlorine (Cl), that is preferentially displaced by H20 inside
the cell due to lower CI concentrations (~ 22 mM) compared to the blood (~104 mM). The
formed [Ru-OH:]?* species are more reactive towards biological targets, for example

enabling DNA intercalation via guanine substitution [143].

A series of Ru(ll)-p-cymene-flavonol complexes showed antiproliferative activities on
ovarian (CH1), colon (SW480) and lung (A549) cancer cell lines with ICso values ranging
from 0.86 to 20 yM [144]. The measured activities of the Ru(ll) compounds were largely
equivalent to that of their free flavonols and lower than that of cisplatin. Nevertheless, two
Ru(ll) complexes were more active than their parents on the A549 cell line (ICs0=17 and
18 versus 81 and 37 yM) and one showed similar activity to cisplatin on SW480 cells
(IC50=3.8 versus 3.3 uM) [144]. Similarly, a panel of dimethyl sulfoxide (DMSO) Ru(ll)
flavone complexes displayed comparable cytotoxic activities to their precursor flavones
on MCF-7 cells [145]. However, the most potent complex of the examined DMSO Ru(ll)
compounds (ICs0=16 pM) increased the percentage of apoptotic MCF-7 cells of the
control and free ligand from 0.18 and 1.85%, respectively, to 6.28% [145]. The study by

Rubio et al examined the cytotoxic potential of Ru(ll)-p-cymene and Ir(lll) Cp* complexes
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of 7-substituted derivatives of the flavone chrysin on SW480 and A549 cancer cell lines
[146]. The metal complexes generally exhibited higher cytotoxic activities compared to
their unbound counterparts. In particular, the 7-butyl piperidine chrysin-Ru(ll) or Ir(lll)
organometallic complexes exhibited superior activity compared to cisplatin on the
specified cell lines, with ICsp values of 28.5, 31, 16 and 19 uM, respectively (cisplatin ICso
=46.7 and 37.6 uM on SW480 and A549 cell lines, respectively) [146]. Furthermore, the
Ru(ll) and Ir(lll) complexes demonstrated stronger selectivity for cancerous lung cells
compared to normal lung cells (IMR-90) with selectivity indices (SI) of 1.8, surpassing
both their flavonoid precursor and cisplatin (SI1=0.2 and 1.5, respectively). Additionally,
the metal complexes were able to overcome cisplatin resistance on the ovarian cancer
cell line A2780 with resistance factors of 0.6 and 1 compared to 8.6 for cisplatin. The
Ru(ll) and Ir(lll) chelates showed significant effects on ROS production and cell cycle
progression (p<0.01, relative to control), whereas the free chrysin derivative did not have
any effects [146].

1.5. Project aim

The combination of one or more drugs with antiangiogenic and cytotoxic properties led to
significant improvements in OS and PFS rates in clinical trials, however, their general use
is restricted by the frequency of grade 3 or higher treatment-related adverse events,
including hypertension and, in certain cases, death (Section 1.2.3). The multi-targeting
antiangiogenic and cytotoxic properties attributed to flavonoids together with their
generally favorable safety and tolerability profiles mean they are excellent leads for clinical
development (Section 1.3). Nonetheless, the development of flavonoids for
antiangiogenic application has not progressed beyond the preclinical stage. The poor
selectivity and pharmacokinetic features of flavonoids have presumably hampered their

clinical progression so far (Section 1.3.4).

This project aims to develop synthetic flavonoid lead compounds that are able to elicit
combined antiangiogenic, cytotoxic and antimetastatic activities. Additionally, this study
aims to extrapolate the key SARs required for the proposed activities which can be

adopted for the future design of flavonoids optimum for anticancer clinical applications.
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The outline of this thesis is presented in Figure 1. 9. The first objective was to establish
the preclinical antiangiogenic effectiveness of flavonoids on qualitative and quantitative
levels via a robust systematic analysis study (Chapter 2). The second was to design a
library of flavonoids capable of eliciting antiangiogenic and cytotoxic activities and with
enhanced pharmacokinetic features by combining the SAR outcomes relevant to each of
these components (Chapter 2). The goal was thereafter to synthesize and characterize
the designed flavonoids in order to assess their in vitro antiangiogenic activities (inhibition
of VEGF-induced EC tube formation and migration), initiating investigations on the
mechanisms of action of the most active compounds (in vitro and in silico VEGFR2
interaction) (Chapter 3). Our focus was then directed towards maximizing the
antiangiogenic and cytotoxic properties of the test flavonoids via their complexation with
Ru(ll) and Ir(lll) metal ligands (Chapter 4). The final objective was to test the combined
in vitro antiangiogenic (inhibition of EC tube formation), cytotoxic (breast cancer cell
viability) and antimetastatic (inhibition of breast cancer cell migration) activities of the
most active flavonoid (a 4-thioflavone), its 4-oxo derivative and their modified Ru(ll) metal
complexes, culminating the different elements of the conducted work into the main goal
of the project (Chapter 5).
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Figure 1. 9. Outline of the presented PhD thesis
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2.1. Introduction

The polypharmacological antiangiogenic and cytotoxic properties [9,49,147] of
flavonoids, as well as their favorable safety profiles [6], have been demonstrated in
Section 1.3, Chapter 1. However, no flavonoids have reached clinical trials as
antiangiogenic agents (Section 1.3.3, Chapter 1). Hence, the aim of this chapter is to
design lead flavonoids combining dual antiangiogenic and cytotoxic properties for future
clinical development. Accordingly, this chapter comprises three main components: a)
investigating the preclinical effectiveness of flavonoids as antiangiogenic agents through
systematic and quantitative statistical analyses of literature data studying the
antiangiogenic activities of flavonoids (Sections 2.2.1 and 2.2.2), b) extrapolating
antiangiogenic (as described in this chapter) and cytotoxic (gathered from SAR studies
conducted in prior research) flavonoid SAR studies (Section 2.2.3), and c) design of lead
flavonoids combining antiangiogenic and cytotoxic SARs with pharmacokinetic enhancing

structural features (Section 2.2.4).

The systematic and meta-analysis approach presents a suitable methodology for
objectively evaluating the extensive body of literature data and individual studies
concerning the angiogenic effects of flavonoids. Being conducted in a methodical,
replicable and transparent manner, with minimum subjectivity and bias, systematic
studies can provide evidence-based conclusions, addressing existing gaps [148—-151].
Since systematic studies combine the findings of several independent investigations
looking into their consistency and reproducibility, they have more power than any single
study [152,153]. As shown in Table 2. 1, few systematic studies have already shown
insight for the antiangiogenic activities of specific flavonoids from the scope of their
anticancer effects. However, none has looked collectively at the antiangiogenic effects of
flavonoids as a class of chemical compounds, hence this chapter had the potential to
bring novel insight for determining their preclinical effectiveness as antiangiogenic agents.
Antiangiogenic SAR studies for flavonoids are scarce as well, with only two studies
[154,155] reporting antiangiogenic SAR evaluations using a rather limited library of
flavonoids (Table 2. 2). Therefore, the need for a meaningful large scale antiangiogenic
SAR study was recognized herein, which could provide important knowledge to be used
in the design of effective antiangiogenic flavonoids.
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Table 2. 1. Summary of systematic reviews relevant to the topic of flavonoids and angiogenesis

Types of evaluated  No of evaluated

Title of study General scope studies studies Time limit Ref
Wound healing properties of  Healing properties of In vivo 55 May 2020 - June [156]
flavonoids: a systematic flavonoids on skin wounds 2020
review highlighting the
mechanisms of action
A systematic review of Anticancer effects of the herb In vitro, in vivo 92 Inception - [157]
anticancer effects of radix radix astragali November 2013
astragali
A systematic review of the Anticancer effects of naringin In vitro, in vivo 87 Inception - [158]
preventive and therapeutic September 2020
effects of naringin against
human malighancies
Quercetin and ovarian Chemopreventive and In vitro, in vivo 13 Inception - May [159]
cancer antiproliferative effects of 2015
An evaluation based on a guercetin on ovarian cancer
systematic review
Potential role of Phytochemicals’ modulating In vitro 44 Inception - January [160]
phytochemicals against effects on matrix 2020
matrix metalloproteinase metalloproteinase induced
induced breast cancer; an breast cancer
explanatory review
Anticancer activities of Anticancer effects of the plant In vitro 8 Inception - March [161]
polygonum odoratum lour.: a polygonum odoratum lour 2022
systematic review
Antiangiogenic Activity of Antiangiogenic activities of In vitro, in vivo 402 Inception - May [162]
Flavonoids: A Systematic flavonoids 2020

Review and Meta-Analysis

Search was conducted using the keywords (flavonoids AND angiogenesis AND systematic) in the title and/or abstract fields in ScienceDirect,
PubMed and Web of Science databases. The study conducted herein is highlighted in blue color.
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Table 2. 2. Summary of SAR studies on the antiangiogenic activity of flavonoids

Title of Study Assay/s used to derive Subclasses of_ evglzgged Studied structural Ref
SAR conclusions evaluated flavonoids flavonoids features

In vitro and in vivo structure e In vitro HUVECs e Flavanones 7 ¢ 7-O glycosylation [154]
and activity relationship proliferation e Flavones *3’-H to OH
analysis of e In vivo zebrafish vessel ¢4’-OH to OCH3s
polymethoxylated formation ¢38-H to OCHs
flavonoids: Identifying e3’-H to OCHs
sinensetin as a novel 5,6, 7, 4-OH to OCHs
antiangiogenesis agent
Exploring quercetin and In vitro HUVECs scratch e Flavonols 8 e 3,5,7,3,4-OHto OCHs [155]
luteolin derivatives as assay e Flavones e 4-C=0to C=S
antiangiogenic agents
Antiangiogenic Activity of In vivo CAM assay e Flavonols 36 e C2-C3 unsaturation [162]
Flavonoids: A Systematic e Flavanols o Number of OHs
Review and Meta-Analysis e Flavanones e Position of OHs

e Flavones e 3-H to OH

¢ |soflavones e 7-OH to OCHs

¢ Anthocyanidins e 7-H to OCHs

e 3, 7-0O glycosylation
HUVECSs, human umbilical vein endothelial cells; CAM, chick chorioallantoic membrane. The study conducted herein is highlighted in blue color.
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2.2. Results and discussion

2.2.1. Systematic analysis of literature relating to the angiogenic activity of
flavonoids [162]

This systematic review was conducted according to the Preferred Reporting Items for

Systematic reviews and Meta Analyses (PRISMA) guidelines (Table 7.1, Section 7.3.1,

Chapter 7) [163].

2.2.1.1. Search and selection of studies

For the first section of this chapter, 3708 records were initially identified in three electronic
databases (1555 from ScienceDirect, 1984 from PubMed and 169 from Web of Science),
using all possible combinations of the keywords (flavonoid, flavone, flavonol, flavanol,
anthocyanidin, polyphenol) and (angiogenesis, antiangiogenic, proangiogenic, “cell
migration”, “wound healing”) (Table 7.2, Section 7.3.1.1, Chapter 7). Search results were
then limited to research articles, review articles, short communications and systematic
reviews and the remaining 3380 articles were subjected to title and abstract screening.
2556 records were found to be irrelevant to the subject in focus or did not fulfill the
inclusion criteria outlined in Section 7.3.1.2, Chapter 7. After the removal of duplicates
(422), 402 articles were finally included in this systematic analysis as shown in Figure 2.

1.
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Figure 2. 1. PRISMA flow diagram of study search and selection process of the systematic review [162]

2.2.1.2. Analysis of the involved studies

402 Research and review articles reporting angiogenesis related in vitro and/or in/ex vivo
assays for different subclasses of flavonoids were included in this systematic review. The
following data was extracted from the studies: year of publication, flavonoid subclass,
flavonoid name, disease, in vitro tests and in/ex vivo tests as summarized in Table 1,
Appendix A. These characteristics generated a large database of around 96 natural and
synthetic flavonoids from 9 different flavonoid subclasses that was used in the

subsequent data analysis.
Flavonoid subclasses analysis

As shown in Figure 2. 2A, there has been a notable increase in the overall volume of
research dedicated to investigating the impact of flavonoids on angiogenesis, particularly

during the period spanning 2013 to 2017. The flavone chemical subclass, featuring a
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carbonyl group in position number 4 with C2-C3 unsaturation and no hydroxyl groups on
ring C, represented the most studied subclass of flavonoids throughout the investigated
period, accounting for 40% of the total research conducted (Figure 2. 2B). The subclass
of flavonols constituted an additional 29% of the total articles examined within this
analysis. Flavones and flavonols are considered to be highly active subclasses of

flavonoids, making them particularly promising for the development of efficacious

treatments.
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Figure 2. 2. Number of papers retrieved with respect to chemical subclass of flavonoid from the year 1997
to 2020. (A) Chemical structures of flavonoid subclasses; (B) Absolute number of studies; (C) Percentage
of studies for each subclass relative to the total number of studies. Data for flavane, isoflavane and
isoflavanone subclasses were not shown due to the limited number of papers retrieved for them (1, 2 and
3, respectively).

Biological applications of the reported studies

With regards to the principal objective of the research, studies reported a significant
proportion of articles (332, 82%) consistently focused on the implications of angiogenesis
on cancer growth and metastasis (Figure 2. 3A). Breast cancer dominated the cancer
type with 45 articles (13.5%) followed by glioma (35 articles, 10.5%) and lung cancer (30
articles, 9%) (Figure 2. 3B). Only 7% of the articles studied angiogenic effects of
flavonoids on other diseases such as diabetes, bone and eye diseases, whereas 11%
focused on the angiogenic activity of flavonoids without application to a specific
pathology. These data suggest that the indicated research trends generally focused on
cancer in the context of types with the highest incidence and mortality rates (e.g. breast
and lung cancers were the second highest cancer types in terms of worldwide incidence
and mortality, respectively, from 2003 to 2017 [164]).
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Figure 2. 3. Number of papers retrieved with respect to pharmacological application from the year 1997 to
2020. (A) Percentage of studies focusing on cancer, angiogenesis or other application relative to the total
number of studies; (B) Absolute number of studies focusing on breast, lung and glioma cancer types

Types of assays used in the evaluation of the antiangiogenic activity of flavonoids

With regards to the types of assays used within the pool of studies, almost 50% of
researchers exclusively conducted in vitro assays whereas approximately 45% utilized a
combination of both in vitro and in vivo models (Figure 2. 4A). Findings on in vitro studies
are presented in Figure 3.2, Section 3.1, Chapter 3. The use of a combination of in vitro
and in vivo assays is usually recommended as it provides complementary results [165].
Upon further examination of the presented data, it is evident that the number of research

papers that relied only on in vivo tests was consistently low.
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Figure 2. 4. Profiling of types of assays used for antiangiogenic evaluation of flavonoids from the year 1997
to 2020. (A) Percentage of studies using in vitro, in vivo assays or a combination of both; (B) Percentage
of studies using different types of in vivo assays

As shown in Figure 2. 4B, most of the in vivo reports measured the effects of flavonoids
on the inhibition of metastasis of tumor xenografts (37% of the total conducted in vivo
assays). Interestingly, the chick chorioallantoic membrane (CAM) assay witnessed a
continuous increase in usage up until 2012 (37%). However, subsequent years revealed
a decrease in its application for the in vivo assessment of flavonoids, with preference
being displayed for studies on mammalian metastasis. In spite of the importance of

murine models in the preclinical assessment of therapeutic agents, the CAM model has
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several benefits to offer particularly in the early drug screening stage as is the case with
the studies included herein. For instance, the CAM assay is fairly simple, inexpensive and
has a shorter treatment duration in comparison to mouse models [165-168]. Therefore,
it is more appropriate for large scale screening. Furthermore, CAMs can express almost
all of the known angiogenic factors [169,170], besides lacking a mature immune system
which allows for the study of tumor induced angiogenesis in addition to the normal
conditions evaluations [171]. The application of the CAM model therefore has the

potential to yield novel insights on the antiangiogenic properties of flavonoids.

Analysis of the 402 included studies from a variety of perspectives (i.e. flavonoid
subclass, biological application and types of assays) showed useful insights. Specifically,
the flavone and flavonol subclasses were the most researched presumably because of
their reported high activity relative to the other subclasses. Anticancer applications
dominated the intended application of the conducted antiangiogenic research (82%), with
preclinical data being presented, but no compounds progressing to the clinic. Hence, this
field could benefit from a comprehensive quantitative meta-analysis, given their role in
guiding clinical research [172]. Accordingly, the in vivo CAM assay was selected as a
base for conducting a quantitative meta-analysis herein. The abovementioned technical
advantages of the CAM assay coupled with its ability to provide comparable sets of data
across different subclasses of flavonoids can vyield robust conclusions on the
antiangiogenic properties of flavonoids. The conducted meta-analysis would therefore
ascertain the flavonoid structural framework for the design of this project's lead
compounds, supporting the aim of this chapter.

2.2.2. Meta-analysis of the antiangiogenic activity of flavonoids [162]

This meta-analysis was conducted according to PRISMA guidelines (Table 7.1, Section
7.3.1, Chapter 7) [163].

2.2.2.1. Search and selection of studies

The second search, which is the basis of the meta-analysis, followed the same general
methodology as detailed in the systematic review section. Two sets of keywords
(flavonoid, flavone, flavonol, flavanol, anthocyanidin, polyphenol) and (angiogenesis,

” [1H

“chick chorioallantoic membrane”, “in vivo angiogenesis”) were systematically combined
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(Table 7.3, Section 7.3.1.1, Chapter 7). 960 records were identified from the four
electronic databases (381 from ScienceDirect, 496 from PubMed, 65 from Web of
Science and 18 from Google Scholar) (Section 7.3.1.1, Chapter 7). 25 research articles
were included in the quantitative analysis after the sequential steps of screening and
sifting, as shown in Figure 2. 5 and described in Section 7.3.1.2, Chapter 7.
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Figure 2. 5. PRISMA flow diagram of search and selection of study process for the meta-analysis

2.2.2.2. Characteristics and meta-analysis of the involved studies

In order to ensure proper quantification of the angiogenic activity of flavonoids, the
following study characteristics were extracted from the included studies: (a) author and
year of publication, (b) studied flavonoids, (c) angiogenesis promotors used, (d) cell line,
(e) concentration of flavonoid, (f) time and duration of treatment, (g) how the results were

represented and (h) number of trials (n) (Table 2, Appendix A).

To better understand attributes of the included studies, the general set-up of the CAM

assay is described in Figure 2. 6. Fertilized chicken eggs are incubated at 37 °C for 3
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days then a small hole is made in the egg shell to remove some of the albumin in order
to facilitate detachment of the CAM from the shell. Across the different studies,
compounds under investigation are added to approximately 5 to 10 days old chicks on
specific carriers, such as matrigel or sterile filter/plastic discs, through a small window cut
in the egg shell. After 2 to 8 days, existing blood vessels can be visualized and evaluated

by light or electron microscopy.
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Figure 2. 6. Schematic diagram of the CAM assay procedure for the 2 sets of involved studies

6 Studies [173—-178] were not included in the conducted analysis as they failed to report
the required data outcomes. Authors of the studies that did not report the data required
for analysis herein were contacted via email but this did not provide further insight [37—
39]. The remaining 19 studies were grouped into 3 sets based on the controls used to
ensure a more meaningful comparison. In the first set (7 studies [85,180-185]), the
normal vasculature of the CAM was used as a control without any interventions that would
induce angiogenesis (Figure 2. 6). The second set tested the antiangiogenic activity of
flavonoids on CAMs with abnormal angiogenesis using cancer cell lines (8 studies
[81,186—-192]). The third group had 4 publications [179,193-195] that primarily

investigated the antiangiogenic properties of wogonoside on lipopolysaccharide or IL-6
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induced CAMs. However, these reports did not offer data relevant to the scope of this

study and hence were not presented.

Set 1: Antiangiogenic effects of flavonoids on CAMs’ normal vasculature (normal
conditions)

The number of blood vessels relative to the control was used as the outcome measure to
ensure comparability across studies, the lower the ratio the higher the antiangiogenic
activity (for full details on data preparation and generation, see Section 7.3.1.4, Chapter
7). The antiangiogenic VEGF inhibitor drug aflibercept (zaltrap®) was used in this study,
as a benchmark to evaluate the significance of flavonoids' antiangiogenic activity in
comparison to commercially available treatments. Aflibercept has a higher affinity to
VEGF than both its endogenous VEGF receptors and the anti-VEGFR antibody
bevacizumab (avastin®) [196]. Aflibercept can additionally target placental growth factors
(PLGF-1 and 2), which makes it more effective than bevacizumab in tackling tumor’s

reliance on alternative proangiogenic factors as a resistance mechanism [196].

Flavonoids were sub grouped based on their chemical subclass. Three dose ranges of
10-20 (low), 40-50 (medium) and 100 uM (high) were used in the meta-analysis of set 1
to ensure consistency in the conducted comparison. Moreover, these ranges aligned with
the reported dose range for the cytotoxic effects of flavonoids (10-100 uM against solid
tumors such as bladder, breast and lung cancers [197]). This is of importance as the aim
of this project is to combine both antiangiogenic and cytotoxic activities in a single

molecule.

As summarized in Figure 2. 7A, all of the tested subclasses, except for anthocyanidins,
demonstrated a concentration dependent antiangiogenic activity. The majority of
subclasses were more potent than the positive control, aflibercept at 100 uM. The
suppressive effects of isoflavones, flavones, and flavonols on the development of CAM
vessels at 100 uM were found to be 80, 64, and 74%, respectively. In comparison,

aflibercept exhibited a 40% inhibition at the same concentration.

Looking at the detailed forest plots, most of the subclasses exhibited similar activity at 10-
20 pM (Figure 2. 7B). The overall means ratios (summary estimates of antiangiogenic

activity of a subgroup of flavonoids relative to control) ranged from 0.71 to 0.74 for
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isoflavones, flavones, flavonols and falavanols subclasses (29-26% reduction in blood
vessels, p<0.001). The majority of flavonoid subclasses significantly suppressed CAM
vasculature by 70-80% at 100 puM (p<0.001). This corresponds to a 30-40% rise in
antiangiogenic inhibition when compared to the activities recorded at 10-20 pM. The
flavanone subgroup showed a lower yet still significant inhibition of 42% (p<0.001) at 100
MM. In contrast, anthocyanidins demonstrated a comparatively smaller reduction of 18%

at the same concentration.
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(B)

10-20 UM Means Ratio Means Ratio
Study or Subgroup Weight IV, Random, 95% Cl IV, Random, 95% Cl
1.1.1 Isoflavones
Gacche 2011 (Genistein) 331% 0.66 [0.64, D.6T] L]
Gacche 20149 (Biochanin-A) 331% 0.72[0.70,0.73 L]
Gacche 2015 (Farmononeting 33.7% 0.75([0.74,0.75) u
Subtotal (95% CI) 100.0% 0.71 [0.66, 0.76] L

Heterogeneity: Tau®= 0.00; Chi®= 14397, df=2 (P = 0.00001); F= 99%
Testfor averall effect: Z=8.85 (P < 0.00001)

1.1.2 Flavones

Gacche 2010 (A-Hydray flavone) 9.9% 0.80[0.77, 0.83] -

Gacche 2010 (B-Hydrogy lavang) 10.5% 0.81[0.79, 0.83] =

Gacche 2010 {7-Hydroxy flavone) 10.8% 0.73[0.71,0.74] -

Gacche 2010 {Flavone) 10.8% 0.67 [0.66, 0.68] *

Gacche 2011 (5, 7-Dihydroxy flavone) 10.8% 0.70[0.68, 0.71] -

Gacche 2011 {(Apigenin) 10.5% 0.67 [0.66, 0.68] -

Gacche 2011 {Lutealin) 10.5% 0.70[0.68, 0.71] -

Gacche 2015 (4-Methoxy flavone) 10.7% 077 [0.77,0.78] "

Gacche 2015 (Diosmin) 10.8% 0.76[0.75, 0.78] -

Fratheeshkumar 2012 {Luteolin) 6.0% 0.74 [0.66, 0.83] -

Zhu 2016 (Baicalein) 0.0% 0.88 [0.06, 1365 * >
Zhu 2016 (Baicalin) 0.0% 1.28 [0.08, 28 67] * +
Subtotal (95% CI) 100.0% 0.73 [0.70, 0.77] +

Heterogeneity: Tau®= 0.00; Chi®= 480.27, df=11 (F = 0.00001); F= 98%
Testfor averall effect Z=13.94 (P < 0.00001)

1.1.3 Flavonols

Gacche 2010 (3-Hydray flavone) 10.8% 0.65[0.63, 0.68] -
Gacche 2011 (3,6-Dihydroxy flavane) 11.1% 0.88 [0.86, 0.90] -
Gacche 2011 (3,7-Dihydraxy flavone) 11.1% 0.582[0.80, 0.83] -
Gacche 2011 (Figetin) 11.1% 0.70[0.68, 0.71] =
Gacche 2011 (Kaempferol) 11.1% 0.68 [0.66, 0.69] -
Gacche 2011 {Querceting 11.1% 0.68 [0.66, 0.69] *
Gacche 2011 {Rutin) 111% 0.711[0.70,0.73] -
Gacche 2015 (3-Hydroy-7-methoxy flavane) 11.2% 0.50 [0.80, 0.81] -
Gacche 2015 (Myricetin) 11.1% 0.76[0.75, 0.78] -
Subtotal (95% CI) 100.0% 0.74 [0.69, 0.79] L

Heterogeneity: Tau®= 0.01; Chi®= 878.21, df= 8 (P = 0.00001); F= 99%
Testfor overall effect Z=9.71 (P = 0.00001)

1.1.4 Flavanols

Gacche 2015 (Silibinin 50.0% 0.64 [0.53, 0.65] [ ]
Gacche 2015 (Taxifolin 50.0% 0.6 [0.84, 0.38] ]
Subtotal (95% CI) 100.0%  0.74[0.55,0.99] e

Heterogeneity: Tau®= 0.04; Chi*= 450.00, df=1 (F = 0.00001}); F=100%
Test for overall effect 2= 2.00 (P = 0.04)

1.1.5 Flavanones

Gacche 2015 (2-Hydroxy flavanang) 13.6% 0.85[0.82, 0.89] -
Gacche 20149 (4-Hydroxy flavanane) 14.4% 0.89[0.87, 0.90] =
Gacche 2015 (7-Hydroey flavanone) 14.4% 0.90[0.88, 0.91)] =
Gacche 2015 (Hesperiding 14.4% 0.59[0.87, 0.90)

Gacche 20148 (Hesperitin 14.4% 0.87 [0.85 0.89) -
Gacche 2015 (Naringening 14.4% 0.79[0.77, 0.80 =
Gacche 20149 (Maringing 14.4% 0.75[0.73, 0.76] -
Subtotal (95% CI) 100.0% 0.84 [0.80, 0.89] L

Heterogeneity: Tau®= 0.01; Chi*= 288.24, df= 6 (F = 0.00001}); F= 98%
Testfor overall effect Z=6.02 (P = 0.00001)

1.1.6 Anthocyanidins

Wiegas 2019 (Cyaniding 24.8% 0.80[0.74, 1.09] — =

Yiegas 2019 (Cyanidin-3-0-glucoside) 26.8% 1.30[1.11,1.42] ——
Yiegas 2019 (Delphinidin) 21.7% 1.30[01.01, 1.67] I —
Wiegas 2019 (Delphinidin-3-0-glucoside) 6.8% 0.80[0.77, 1.048] —=
Subtotal (95% CI) 100.0% 1.07 [0.86, 1.33] .

Heterogeneity: Tau®= 0.04; Chi*=16.02 df=3 (P =0.001}; "= 81%
Testfor overall effect Z2=063 (P=0.5%

05 07 15 2
) ’ Antiangiogenic Proangiogenic
Test for subgraup differences: Chi®= 30,949, df= 5 (P = 0.00001), F=83.9%
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40-50 UM Means Ratio Means Ratio
Study or Subgroup Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1 Isoflavones
Gacche 2011 {(Genistain) 40.5% 0.47 [0.46, 0.48] u
Gacche 2014 (Biochanin-A) 40.8% 0.44[0.43,0.458] u
Gacche 2015 (Formononeting 19.1% 0.51 [0.46, 0.56] -
Subtotal (95% CI) 100.0% 0.46 [0.44, 0.49] +

Heterageneity: Tau®= 0.00; Chi*= 23.65, df=2 (P = 0.00001), F=92%
Testfor overall effect: 2= 26.04 (P = 000001}

2.1.2 Flavonols

Gacche 2010 (3-Hydrowy flawane) 11.0% 0.36[0.34,0.37] -
Gacche 2011 (3,6-Ditwdroxy flavane) 11.1% 0.68 [0.66, 0.69] -
Gacche 2011 (3,7-Dihydroxy flavone) 11.1% 0.54 [0.53, 0.55] -
Gacche 2011 (Fiseting 111% 0.55[0.54, 0.5E8] -
Gacche 2011 (Kaempfaral) 11.1% 0.48[0.47,0.48] -
Gacche 2011 {Querceting 11.1% 0.50[0.49,0.51] .
Gacche 2011 (Rutin) 111% 0.54[0.53, 0.45] -
Gacche 2015 (3-Hydrowy-7-methoy lavone) 11.2% 0.58[0.58, 0.59] =
Gacche 20145 (Myriceting 111% 0.39[0.38,0.40] -
Subtotal (95% CI) 100.0% 0.50 [0.46, 0.56] L 3

Heterageneity: Taw®= 0.02; Chi*= 2701 66, df = 8 {F = 0.00001);, F=100%
Test for averall effect: Z=13.23 (F = 0.00001)

2.1.3 Flavanols

acche 2015 (Silibinin) 50.0%  0.38[0.37,0.39] [ |
Bacche 2015 (Taxifolin) 50.0%  0.74[0.73, 076 [ ]
Subtotal {95% CI) 100.0%  0.53[0.27, 1.02] el

Heterogeneity: Tau®= 0.22; Chi®= 2244.50, df= 1 (P = 0.00001}; F=100%
Testfor overall effect: Z=1.90 (P = 0.06)

2.1.4 Flavones

Bhat 2013 (Acaceting 9.1% 0.29[0.28, 0.30] "

Gacche 2010 (5-Hydrowy flawane) 9.1% 0.97 [0.95, 0.99] b
Gacche 2010 (B-Hydroxy flavone) 9.1% 0.67 [0.66, 0.68] -
Gacche 2010 (7-Hydroxy flavone) 9.1% 0.68[0.65, 0.70] -
Gacche 2010 (Flawane) 91% 0.45[0.43,0.47] -

Gacche 2011 (5,7-Ditwdroxy flavane) 9.1% 0.55[0.54, 0.96] "
Gacche 2011 (Apigenin) 9.1% 0.51 [0.50, 0.87] -
Gacche 2011 {Luteolin) 9.1% 0.51 [0.50, 0.87] -
Gacche 2015 (4-Methoxy flavone) 9.1% 0.B3[0.62, 0.64] -
Gacche 20148 (Diasming 9.1% 0.49[0.48, 0.50] -
Pratheeshkumar 2012 {Lutealiny 2.7% 0,52 [0.46, 0.60] -

Zhu 2016 (Baicalein) 0.5% 0.90[0.06 1393 4 *
Subtotal (95% CI) 100.0% 0.55[0.45, 0.67] <

Heterogeneity: Tau®=0.11; Chi®= 8370.34, df= 11 (P = 0.00001); F=100%
Testfor overall effect: Z= 5.98 (F = 0.00001)

2.1.5 Flavanones

Gacche 2005 (2 Hydrowy flavanone) 14.0% 076 [0.73,0.78] -
Gacche 20149 (4-Hydroxy flavanane) 14.3% 0.73[0.72,0.748] -
Gacche 2015 (7-Hydroxy flavanane) 14.3% 0.78[0.76, 0.79] -
Gacche 20145 (Hesperiding 14.4% 0.82[0.81,0.83] -
Gacche 20145 (Hesperiting 14.3% 0.80[0.79, 082 -
Gacche 20148 (Maringeniny 14.3% 0.66 [0.64, 0.67] -

Gacche 20148 (Maringin) 14.3% 0.62[0.61, 0.63] -

Subtotal {95% CI) 100.0% 0.74 [0.68, 0.80] »

Heterogeneity: Tau®=0.01; Chi®= 100720, df= 6 (P = 0.00001); F= 99%
Testfor overall effect: Z= 7.07 (F = 0.00001)

2.1.6 Anthocyanidins

Wiegas 2018 {Cyanidin) 10.4% 1.00[0.82,1.27] e
Wiegas 2019 {Cyanidin-3-0-glucaside) 41.7% 1.00[0.91,1.10]

Wiegas 2019 {Delphiniding 6.2% 1.14[0.89,1.48] I’
Viegas 2013 (Delphinidin-3-0O-glucoside) 41.7% 0.93[0.89,1.08]

Subtotal (95% CI) 100.0% 1.00 [0.94, 1.07] 4

Heterogeneity: Tau®= 0L00; ChiF= 1.32, df= 3 (P = 0.72); F= 0%
Testfor overall effect Z= 0.01 (P = 0.99)

0.2 05 2 5
Antiangiogenic Proangiogenic

Testfor subaroup differences: Chi®= 343.73, df= 5 (P = 0.00001%, F=958.5%
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Means Ratio Means Ratio
Study or Subgroup Weight IV, Random, 85% CI IV, Random, 95% Cl
3.1.1 Isoflavones
Gacche 2011 (Genistein) 33.3% 0131[0.13,0.13] L
Gacche 2015 (Biochanin-A) 33.4% 0.221[0.22,0.22)] L]
Gacche 2015 (Formononeting 33.3% 0.29[0.28,0.30] L]
Subtotal (95% CI) 100.0% 0.20 [0.14, 0.29] ’
Heterogeneity; Tau®= 0.11; Chi*= 3456.06, df= 2 (P = 0.00001); = 100%
Testfor overall effect Z=58.51 (P = 0.00001)
3.1.2 Flavonols
Gacche 2010 {3-Hydroxy flavone) 11.1% 0.21 [0.20,0.21] -
Gacche 2011 {3,6-Dihydroxy flavone) 11.1% 0.49[0.48, 0.50] -
Gacche 2011 {3,7-Dihydroxy flavone) 11.1% 0.40[0.39, 0.41] "
Gacche 2011 {Fisetind 11.1% 0.300[0.30, 0.31] -
Gacche 2011 (Kaempferol) 11.1% 014 [0.14,014] "
Gacche 2011 (Querceting 11.1% 0151[0.15, 0.14] -
Gacche 2011 (Rutin) 11.1% 0.231[0.23,0.23] .
Gacche 2015 (3-Hydrowy-7-rmethosy flavone) 11.1% 0,31 [0.30,0.32] "
Gacche 2015 (Myriceting 11.1% 0.26 [0.25, 0.26] .
Subtotal (95% CI) 100.0% 0.26 [0.19, 0.35] <
Heterogeneity: Tau®= 0.24; Chi®= 2622588, df= 8 (P = 0.00001); F=100%
Testfor overall effect £=8.35 (P = 0.00001)
3.1.3 Flavanols
Gacche 2015 (Silibinin 50.0% 014014, 014] | |
Gacche 2015 (Taxifaling 50.0% 01.57 [0.56, 0.58] u
Subtotal (95% CI) 100.0% 0.28 [0.07,1.12] e
Heterogeneity: Tau®= 0.99; Chi®= 9940.50, df=1 (P = 0.000013; F=100%
Testfor averall effect Z=1.79 {F=0.07)
3.1.4 Flavones
Gacche 2010 {5-Hydroxy flavone) 10.7% 0.41 [0.40, 0.42] "
Gacche 2010 {B-Hydroxy flavone) 10.7% 0.44[0.42, 0.45] -
Gacche 2010 (7-Hydroxy flavone) 10.7% 0.43[0.47, 0.49] .
Gacche 2010 (Flavone) 10.7% 0.32[0.32,0.33] .
Gacche 2011 {5,7-Dihydrowy flavone) 10.7% 0.37 [0.36, 0.38] "
Gacche 2011 (Apigenin) 10.7% 0.281[0.28, 0.29] .
Gacche 2011 (Lutealin) 10.7% 016 [0.16, 0.16] .
Gacche 2015 (4-methoxy flavane) 10.7% 0.52[0.51, 053] .
Gacche 2015 (Diosmin) 10.7% 0.27 [0.27,0.27] -
Zhu 2016 {Baicalin 3.4% 1.121[0.42, 2.87] e —
Subtotal (95% CI) 100.0% 0.36 [0.29, 0.44] ’
Heterogeneity: Tau?= 0.12; Chi*= 11734.62, df= 9 (P < 0.00001); F=100%
Testfor overall effect Z2=9.21 (P = 0.00001)
3.1.5 Flavanones
Gacche 2015 {2-Hydroxy flavanone) 14.3% 0.58 [0.57, 0.549] -
Gacche 2015 {4-Hydroxy flavanone) 14.1% 0.62 [0.59, 0.64] -
Gacche 2015 {7-Hydroxy flavanone) 14.3% 0.61 [0.60, 0.62] =
Gacche 2015 (Hesperiding 14.3% 0.67 [0.66, 0.68] =
Gacche 2015 (Hesperiting 14.3% 0.64 [0.63, 0.65] =
Gacche 2015 (Maringenin) 14.3% 0.51 [0.50, 0.52] =
Gacche 2015 (Naringin) 14.3% 0.47 [0.46, 0.48] =
Subtotal (95% CI) 100.0% 0.58 [0.53, 0.64] [
Heterogeneity: Tau®= 0.02; Chi®= 959.16, df= 6 (P < 0.00001), F=99%
Testfor overall effect Z=1062 (P = 0.00001)
3.1.6 Anthocyanidins
Viegas 2018 (Cyaniding 19.2% 0.80[0.66, 0.98] -
Viegas 2019 (Cyanidin-3-0-glucoside) 10.2% 0.90[0.67,1.20] T
Viegas 2013 (Delphinidin 29.9% 0.90[0.78,1.03] -
Wiegas 2019 (Delphinidin-3-0-glucoside) 40.6% 0.75 [0.68, 0.83] L]
Subtotal (95% CI) 100.0% 0.82 [0.74, 0.90] 4
Heterogeneity: Tau®= 0.00; Chi*= 497 df=3(P=017), F=40%
Testfor averall effect: 2= 3.90 {F = 0.0001)
3.1.7 Reference standard
Pena, 2023 (aflibercept) 100.0% 0.60 [0.44, 0.82] !
Subtotal (95% CI) 100.0% 0.60 [0.44, 0.82]
Heterogeneity: Mot applicable
Testfor overall effect 2= 318 (P=0.001)

0z 5 20

Testfor subgroup differences: Chi*=118.08, df=6 (P = 0.00001), F=94.9%

Antiangiogenic

Proangiogenic

Figure 2. 7. (A) Dose-response relationship at 3 concentration ranges: 10-20, 40-50 and 100 pM expressed
as % of CAM vasculature inhibition relative to untreated control + SEM; (B) Forest plots of means ratio and
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Generally, the meta-analysis conducted on this dataset has revealed significant in vivo
antiangiogenic activity exhibited by flavonoids in the CAM assay. This highlights the
viability of the chemical group of flavonoids for further preclinical and clinical
advancement as prospective antiangiogenic agents. The isoflavones, flavones and
flavonols subgroups have shown the strongest antiangiogenic effects. This finding aligns
with previous data derived from the systematic investigation, wherein flavones and
flavonols emerged as the most extensively studied subclasses (Section 2.2.1.2). Indeed,
the activities for these subgroups surpassed that of the antiangiogenic agent aflibercept.
Furthermore, the detected antiangiogenic action was in line with the dosage range at
which flavonoids exert their cytotoxic effects. This suggests that flavonoids can be
considered an appropriate starting point for the development of dual

antiangiogenic/cytotoxic anticancer agents.
Set 2: Antiangiogenic effect of flavonoids on tumor induced CAM vasculature

This set investigated the inhibitory activities of several flavonoids on CAM vasculature
implanted with different breast, ovarian and prostatic cancer cell lines. Due to the
variability in the used cancer cell lines, the antiangiogenic effects and modes of action of
the studied flavonoids are presented as individual studies in Table 2. 3. The tested
flavonoids showed good inhibitory activity of >40% in most cases at concentrations
ranging from 3 to 40 uM. The flavone nobiletin, for example, showed a significant level of
vessel inhibition (79%, p<0.01) on the ovarian cancer cell line A2780 at 20 uM [81]. For
reference, the multi-target antiangiogenic/cytotoxic drug sunitinib is reported to cause
51% reduction of branching in A2780-implanted CAMs at 700 pM [198]. Quercetin, on the
other hand, exhibited promising activity on the tamoxifen resistant breast cancer cell line
(TAMR-MCF-7) reaching 46% reduction in vasculature at 30 uM (p<0.05) [186].
A comparative subset of data was drawn from the antiangiogenic effects of the four
flavonoids apigenin, myricetin, acacetin and kaempferol on the ovarian cancer cell line
(OVCAR-3) at 10-20 uM. Figure 2. 8 shows a significant overall means ratio for the four
flavonoids (0.35, 95%CI: 0.27, 0.45; p<0.001) in which the flavone apigenin exhibited the
highest reduction in the number of CAM blood vessels (70%, p<0.001).
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Table 2. 3. Summary of antiangiogenic activity of flavonoids on tumor induced CAM vasculature

Flavonoid

Cell line

No of CAM blood
vessels relative

to control (%)

Mechanism

Ref

Quercetin

MCF-75

TAMR-MCF-7*

54% (30 uM)*
60% (10 uM)*
79% (3 uM)*

Suppresses Pinl VEGF
gene transcription®

Inhibits VEGF
production*

Inhibits HIF-1a and C-

jun/Ap-1*

Inhibits Pinl expression*

Inhibits Akt

phosphorylation*

Soo Jin Oh,
2010 [186]

Acacetin

OVCAR-3*
A27807

50% (10 pM)"

Inhibits VEGF
transcription® ¥
Inhibits HIF-1a
expression™ ¥
Inhibits Akt

phosphorylation”

Ling-Zhi Liu,
2011 [187]

Galangin

OVCAR-3*
A27807

48% (40 uM)™

Reduces VEGF" ¥
o Downregulates HIF-1a/*

¢ Inhibits Akt

phosphorylation® ¥

Myricetin

OVCAR-3"
A27807

40% (20 pM)”

Reduces VEGF" ¥
Downregulates HIF-1a/*

Inhibits Akt

phosphorylation™ ¥
Downregulates c-myc”

Haizhi
Huang,
2015 [188]

Apigenin

OVCAR-3"
PC-3*

56% (7.5 uM)"
27% (15 pM)?
62% (10 uM) #
47% (20 uM) #

Inhibits VEGF
expression”
Inhibits HIF-1a
expression”
Inhibits Akt

phosphorylation” #

Jing Fang,
2007 [191]

Nobiletin

A2780

19% (20 uM)

Inhibits VEGF
expression
Inhibits HIF-1a
expression
Inhibits Akt
phosphorylation
Inhibits NF-kB

Jianchu
Chen, 2015
[81]

Kaempferol

OVCAR-3*
A27807

61% (20 pM)

Inhibits VEGF
expression™ ¥
Inhibits HIF-1a
expression™*
Inhibits Akt

phosphorylation” ¥

Haitao Luo,
2009 [192]

MCEF-7, breast cancer cell line; TAMR-MCF-7, tamoxifen breast cancer resistant cell line; OVCAR-3,
A2780, ovarian cancer cell lines; PC-3, prostatic cancer cell line.

51



Chapter 2: Design of lead flavonoids

Means Ratio Means Ratio
Study or Subgroup Weight IV, Random, 95% CI IV, Random, 95% Cl
Fang 2007 (Apigenin) 53.2% 0.30[0.30,0.30] [ |
Huang 2015 idyriceting 44 1% 0.401[0.34,0.47] L
Liu 2011 fAcaceting 1.6% 0.80[0.07, 3.56]
Luo 2009 (Kaempferal) 1.1% 0.61[0.06, 6.44]
Total {95% CI) 100.0% 0.35 [0.27, 0.45] <
Heterogeneity: Tau®=0.03; Chi*=12.85,df= 3 (P =0.008), F=T77% IZI.I'ZIS sz é EIIZI

Testfor overall effect: Z=08.23 (P = 0.00001} Antiangiogenic Proangiogenic

Figure 2. 8. Forest plot of means ratio and 95% confidence interval (Cl) of number of CAM blood vessels
of flavonoids at 10-20 uM relative to control on OVCAR-3 cell lines

With regards to the antiangiogenic mode of action of the flavonoids included in this set
(2), the authors reported the inhibition or downregulation of a number of key signaling
proteins and cascades (Table 2. 3). This indeed underpins the required antiangiogenic
polypharmacological effect of flavonoids that could circumvent some of tumors’
antiangiogenic resistance mechanisms. Herein, all of the tested flavonoids caused a
reduction in VEGF levels that in the majority of cases resulted from downregulation of
HIF-1a. For example, acacetin decreased HIF-1a expression by almost 60% in OVCAR-
3 treated CAMs at 10 uM [187]. In another study, kaempferol resulted in 25 (p<0.01) and
30% (p<0.05) reduction in HIF-1a protein levels in OVCAR-3 and A2780 cells at 5 and 10
MM, respectively [192]. HIF-1a is often overexpressed in tumors especially under the
intratumoral hypoxic conditions created by antiangiogenic agents and in turn activates
VEGF transcription and production as a counter mechanism [79]. The inhibition of Akt
phosphorylation and activation was also heavily reported for the included flavonoids
(Table 2. 3). For instance, 20 uM of kaempferol reduced phosphorylated Akt from 21.8
ng/mg total protein for the control to 11.2 ng/mg (p<0.05) in OVCAR-3 cells [192]. The
Akt pathway among other signaling cascades can activate the synthesis of HIF-1a protein
and is thus considered an upstream regulator of HIF-1a and subsequently VEGF [199].
Other angiogenesis regulators were also affected by the flavonoid treatments as shown
in Table 2. 3. The overexpression of peptide isomerase (Pinl) in many tumors, such as
breast and prostatic cancers, leads to VEGF upregulation via the activation of HIF-1a and
increased angiogenesis [200]. In that context, Jin Oh et al reported a more than 2-fold

decrease in the Pinl expression by quercetin at 30 uM in TAMR-MCEF-7 cell lines [186].
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It is important to note that the reported modes of action were derived from a small set of
data (6 studies) from cancer cell line-implanted CAM experiments. The included studies
examined these mechanisms from the authors' views. Thus, other interactions may
contribute to flavonoids' antiangiogenic and resistance-overcoming properties that were
not highlighted in this meta-analysis. For example, flavonoids have been shown to disrupt
MAPK, FGF, and MMPs pathways [7-9] in addition to exhibiting immunomodulatory
effects [201]. These interactions could be useful as a means to bypass the tumor’s

dependence on alternative proangiogenic pathways.

In summary, analysis of this set has shown the robust capacity of flavonoids to disrupt
the angiogenic switch of several tumors and commence an antiangiogenic trajectory. The
modes of antiangiogenic action of these further confirmed their suitability as a basic
framework for multi-target antiangiogenic agents where all of the included flavonoids had
detrimental effects on the key proangiogenic protein VEGF via different routes.

2.2.2.3. Quality assessment

The reliability and robustness of the presented findings were evaluated on two levels.
First, the methodological rigor and risk of bias (RoB) of the studies included in the meta-
analysis were evaluated via a specifically designed checklist. Secondly, the robustness

of the meta-analysis findings of set 1 was verified by a sensitivity analysis.
Methodological quality of included studies and risk of bias evaluation

The standard formats and guidelines utilized for the critical evaluation of studies in
systematic analyses, such as the Cochrane risk of bias [202], exclusively apply to
randomized clinical trials. Novel quality and RoB assessment tools for preclinical
systematic analyses that rely on primary research are available. However, these
prestructured checklists are specifically tailored for particular types of investigations, such
as the Toxicological data Reliability Assessment Tool (ToxRtool) [203] or the Oral Health
Assessment Tool (OHAT) [204]. In the absence of a universally accepted critical appraisal
instrument for preclinical studies, researchers often resort to a tool that may not align with
the experimental design, or they construct their own approach [205,206]. Herein, a novel
checklist, that is mainly customized to the technical aspects of the CAM assay, was

devised to effectively evaluate the methodological quality and RoB of the papers included

53



Chapter 2: Design of lead flavonoids

in this meta-analysis. The checklist presented in Table 7.4, Section 7.3.1.5, Chapter 7
incorporates the relevant criteria derived from established prestructured tools such as the
Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) [207] and
the Consolidated Standards of Reporting Trials (CONSORT) [208]. Additionally,
important factors that have the potential to influence the quality of the CAM assay [167—
169,171,209] were included. Elements presented in Table 2. 4 of the developed checklist
were considered to be crucial for a high-quality CAM test. In this context, research from
set 1 that did not adhere to any of these critical criteria but presented a low RoB
underwent additional examination in the sensitivity analysis (Section 7.3.1.5, Chapter 7).
For set 2, studies that failed to comply with the critical criteria were excluded from the

reported results since further sensitivity analysis examinations could not be applied.

Table 2. 4. Critical criteria included in the CAM assay methodological quality and risk of bias assessment
checklist

Critical criteria Comments Ref

Was the time between shell Provides time to check for any inflammatory reaction [169,171]

opening and addition of test resulting from the shell opening [171,209]

substance 23 days?

OR

Were negative controls Ensures experimental conditions do not cause CAM

included? irritation and provides a common baseline for all
interventions

Is the sample size reasonable (= Increases the reliability and reproducibility of the [209]

3 eggs/intervention)? results and ensures the statistical significance of the
observed effects

Was the quantification method Ensures quality of outcomes [168,171]

described?

Is the time between tumor Tumors vascular infiltration starts 72 h after [168,171]

implantation and vessel implantation. Hence, imaging of vessel development

quantification =72 h?* becomes challenging due to inadequate tumor
vascularization

Was the experiment carried out CAM lacks a fully developed immune system until day [168,169]

before day 187?*

18 which avoids immune reactions that can trigger
angiogenesis. Additionally, this helps the implanted
cells to preserve their immunogenic characteristics

*, criteria specific to set 2 (angiogenesis under tumor conditions).

Generally, the investigations covered by both sets 1 and 2 complied with the proposed
criteria, demonstrating good methodological quality and low RoB (Figure 2. 9 and 2.10).
Although a significant proportion of the studies (71% of set 1 and 100% of set 2) did not
adhere to the recommended 3-days period between the shell opening and application of

the test substance, the majority of articles (86% of set 1 and 100% of set 2) included a
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negative control in their studies which mitigated against a risk of undetected CAM
inflammation. Only the Pratheeshkumar et al study [85] failed to address one of these two
items besides not fully describing how they quantified the CAM vasculature. In addition,
Bhat et al [185] were unclear on how many eggs were used per treatment and hence did
not meet the sample size criteria. Given the low RoB demonstrated by both studies, they
were included in the sensitivity analysis to check their impact on the reliability of findings.
The two set 2 studies by Huang et al investigating the effects of wogonoside on breast
cancer cell lines [189,190], reported only 48 hours between tumor implantation and the
evaluation of antiangiogenic effects. Consequently, both investigations were not included
in the findings of set 2. The remaining studies from set 2 (75%) examined the
antiangiogenic effects of flavonoids 3-5 days after the addition of both the tumor and the

treatment, which allows an appropriate period of time for the tumor vasculature to grow.

None of the included studies have shown a high and/or unclear RoB in more than one of
the criteria (Figure 2. 9B and 2.10B). Therefore, all of the included studies were

recognized as low risk (Section 7.3.1.5, Chapter 7).
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(A)

mYes ®ENo ®mUnclear

1.Study design

Were the experimental conditions reported?

Was the time between shell opening and addition of
test substance = 3 days?

Was the method of test substance application
described?

Is the full data on dose/concentration of test substance
given?

Was an inert test substance carrier used?

Was the experiment carried out before day 18?

Were negative controls included?

Were positive controls (reference standard) included?

Is the sample size reasonable (= 3 eggs/intervention)?

2.Data collection

Were two independent observers used to count blood
vessels?

Was the quantification method described?

Are the statistical methods for data analysis given?

o
N
o

40 60
Percentage of papers

®
o

1

o

0

(B)
mHigh risk ®mLow risk mUnclear

Was there a similar baseline for the different

intervention groups? Selection bias

Was the quantification carried out in a blinded

manner? Detection bias

Were the full results reported? Attrition bias

Was there any form of selective outcome reporting? Reporting bias

Were there any conflicts of interest declared? [— Other

40 60 80 100
Percentage of papers

o
N
o

Figure 2. 9. Quality assessment of studies included in set 1 of meta-analysis
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1.Study design

Were the experimental conditions reported?

Was the time between shell opening and addition of
test substance = 3 days?

Was the method of test substance application
described?

Is the full data on dose/concentration of test substance
given?

Is the time between tumor implantation and vessel
quantification =72 h?

Was an inert test substance carrier used?

Was the experiment carried out before day 18?

Were negative controls included?

Were positive controls (reference standard) included?

Is the sample size reasonable (= 3 eggs/intervention)?

2.Data collection
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EYes ®No ®=Unclear

Was the quantification process carried out between
days 10-15?

Were two independent observers used to count blood
vessels?

Was the quantification method described?

Are the statistical methods for data analysis given?

(B)

o
Ny
o

40 60
Percentage of papers

o]
o

1

o

0

mHigh risk ®mLow risk ®Unclear

Was there a similar baseline for the different
intervention groups?

Was the quantification carried out in a blinded
manner?

Were the full results reported?
Was there any form of selective outcome reporting?

Were there any conflicts of interest declared?

o
N
o

Selection bias

Detection bias

Attrition bias

Reporting bias

Other

40 60
Percentage of papers

o]
o

1

o

0

Figure 2. 10. Quality assessment of studies included in set 2 of meta-analysis
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Sensitivity analysis

Although it was important to validate the meta-analysis results, it was recognized that the
accuracy of heterogeneity estimates in small meta-analyses is a subject of debate, as it
is uncertain if any statistical technique can effectively offer heterogeneity estimates.
According to the Cochrane guidelines, an investigation of heterogeneity would yield
limited informative outcomes unless there is a considerable number of interventions
(studies) [210]. This is defined as at least 10 studies in the same guideline [210], a
criterion that is not reached in meta-analysis studies including the one presented here.
Indeed, the documented median quantity of studies per meta-analyses published in the
Cochrane library varies between 3 and 7 [211]. Given the imprecision of heterogeneity
estimates, such as the Higgins’ (I?) measure in small scale meta-analyses [211-213], the
high heterogeneity (1> >80%) observed for all subgroups in the generated forest plots was

not unexpected (Figure 2. 7B).

As an alternative approach, sensitivity analysis can be more appropriate, for providing
insights into the reliability and stability of the obtained results [212]. Hence a sensitivity
analysis was conducted herein by evaluating the effect of removing individual studies
from the meta-analysis and determining if it significantly influenced the overall results
[210].

To begin with, the impact of removing the studies by Pratheeshkumar et al [85] and Bhat
et al [185], that have shown disputed methodological rigor as discussed earlier, were
determined. This revealed that the removal of each caused insignificant changes in the
overall summary estimates (Tables 3 and 4, Appendix A). The overall impact of the
flavone subgroup remained consistent throughout the 10-20 and 40-50 uM range after
the removal of the antiangiogenic effects of luteolin, reported by Pratheeshkumar et al
[85]. Likewise, the exclusion of Bhat et al study’s acacetin [185] from the flavone
subgroup at 40-50 uM resulted in a minor shift in the summary estimate from 0.55 (95%CI:
0.45, 0.67) to 0.59 (95%CI: 0.51, 0.68). As a result, it was deemed appropriate to include
the studies by Pratheeshkumar et al [85] and Bhat et al [185] in the meta-analysis.

Next, minimal variations were observed in the overall effects, upon the systematic

removal of individual studies, across all subgroups except for the flavanol subgroup
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(Tables 3-5, Appendix A). The flavanol subgroup, which comprises just two flavonoids
(silibinin and taxifolin), is likely to be more sensitive to the removal of one flavonoid,
thereby significantly affecting the overall outcome. At the 40-50 uM range for instance,
the overall pooled means ratio shifted from 0.53 (95%CI: 0.27, 1.02) to 0.74 (95%CI: 0.73,
0.76) and 0.38 (95%CI: 0.37, 0.39) after excluding silibinin and taxifolin, respectively
(Table 4, Appendix A). These results confirm the reliability of the conducted meta-
analysis as a measure to assess the antiangiogenic activity of flavonoids. However, the
available evidence pertaining to the subgroup of flavanols is insufficient to establish

meaningful conclusions.

In summary, the included studies have shown high methodological quality and low RoB,
as assessed by a specifically designed checklist. These results, along with the sensitivity
analysis study, establish the reliability and robustness of the conclusions derived from the
meta-analysis. Taken together, findings of the meta-analysis validated the selection of
flavonoids as antiangiogenic compounds, suitable for the development of potent
antiangiogenic/cytotoxic agents. Based on that, the relationship between flavonoids’
chemical structure and antiangiogenic activity was explored to be incorporated in the

design of the target antiangiogenic/cytotoxic agents.

2.2.3. SAR studies
2.2.3.1. Antiangiogenic SAR study

Despite the huge amount of research carried out on flavonoids’ antiangiogenic activities,
only Lam et al [154] and Ravashinkar et al [155] reported SAR evaluations. Both studies
primarily investigated the impact of methylation of OH groups on a small set of
compounds. Herein, a large scale antiangiogenic SAR study was conducted using CAM
assay based data obtained from set 1 (Section 2.2.2.2) due to their comparability in terms
of methodology, conditions and flavonoid concentrations. Additionally, set 1 included a
diverse range of flavonoid subclasses, making it suitable for investigating the SAR from
multiple angles. The SAR conclusions made herein (Figure 2.11) were derived from
comparisons of structurally similar flavonoids, differing solely in the specific feature under

evaluation, as noted below:
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C-7 OH to C-7 OCH,

Increase activity
(in presence of C-3 OH)

a 4 OH/OCH;,

C-7 Hto C-7 OCH, Increase activity

Decrease activity

(in presence of C-3 OH)
OH O Decrease activity

(in presence of C-6 OH)

Important for activity

Glycosylation at C-3 or C-7
had little to no effect on activity

Figure 2. 11. Summary of the antiangiogenic SAR of flavonoids derived from set 1 of the meta-analysis

Unsaturation of the C2-C3 bond on ring C

It was noted that C2-C3 unsaturation increased the antiangiogenic activity. 7-OH flavone
and 7-OH flavanone are two good examples that show this. At concentrations of 10, 50,
and 100 pM, the vessel reduction for 7-OH flavone was 27, 32, and 52%, respectively,
while the corresponding percentages for the saturated derivative (7-OH flavanone) were
10, 22, and 39%. It is worth noting that unsaturation of the C2 and C3 bond is a prevalent
characteristic observed in many highly active flavonoids and is reported to be important
for flavonoids’ biological activities [59]. The C2=C3 together with the 4-C=0 conjugation
found in the flavone scaffold has been reported as crucial for interaction with several
targets. These structural characteristics keep the planarity of the molecule and facilitate

the electron delocalization between rings A and C [59,214].
Number and position of OH groups on rings A, Band C

A statistical regression analysis was conducted to examine the relationship between the
number of OH groups and the antiangiogenic actions of flavonoids. The results indicated
that there was no link between these two elements, as evidenced by the low coefficient
of determination (R?) values of 0.06, 0.04, and 0.03 for doses of 10-20, 40-50, and 100
MM, respectively. Although no clear correlation was observed between the number of OHs
and activity, the position of the OH groups appeared to be of significance. Most of the
highly active flavonoids had OH groups at positions 3, 5 and 7 and/or 4’ (e.g. 3-OH

flavone, acacetin, biochanin A, apigenin, silibinin and kaempferol). The 7-OH group can
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be considered more important for activity since 7-OH flavone showed higher activity in
the low and medium concentrations compared to the 5-OH analogue (e.g. 42 versus 3%
vessel reduction at 50 uM). Absence of the 3-OH group resulted in a reduction in activity
by as much as 14% at 50 and 100 pM. This was observed in several comparisons, such
as between 3-OH flavone and flavone, kaempferol and apigenin, and 3,7-diOH flavone
and 7-OH flavone. In contrast, this was not the case for 3,6-diOH flavone versus 6-OH
flavone where removal of the 3-OH group marginally increased the activity by 1 to 5% at

the mid and high concentrations.

Replacement of the H at positions 7 or 4’ on rings A and B, respectively, with an OCH3
group

Regarding the effect of OCHs groups, there were examples where the presence of a
OCHs group at position 4’ increased the activity (e.g. biochanin A, diosmin and
formononetin). Nevertheless, the inclusion of an OCHs group at C7 resulted in a decrease
in activity when compared to the unsubstituted counterpart. Specifically, in the case of the
3-OH flavone versus the 3-OH-7-OCHzs flavone, the reduction in vessel count was 35 and
20% at a concentration of 10 puM, 64 and 42% at 50 uM, and 79 and 69% at 100 puM,

respectively.
Replacement of the OH group at position 7 on ring A with an OCH3z group

Presence of the 7-OCHs group in 3-OH-7-OCHs flavone slightly improved the activity
(reduction of number of vessels) over the 3,7-di-OH derivative from 18 to 20% at 10 uM
and from 63 to 69% at 100 pM, respectively. However, this was the only case of such

replacement which therefore requires additional investigation.
Glycosylation of OH groups at positions 7 or 3 on rings A and C, respectively

Glycosylation at positions 7 or 3 showed neither a pronounced nor a consistent effect on
the antiangiogenic activity of flavonoids. While a decrease in activity was observed with
guercetin versus rutin, hesperitin versus hesperidin and cyanidin versus cyanidin-3-O-
glucoside, an increase was observed in the cases of naringin versus naringenin and

delphinidin versus delphinidin-3-O-glucoside.
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2.2.3.2. Cytotoxic SAR study

As noted before, the main goal of this project is to maximize the therapeutic efficacy of
antiangiogenic anticancer agents by combining dual and cytotoxic activities within a single
molecule. Hence the design of the lead compounds was taken forward with reference to
the extensive body of SAR data available for the cytotoxic profiles of flavonoids
[6,59,214-219], with a focus on comparative investigations on the impact of flavonoids
on human cancer cell lines. Relevant SAR conclusions deduced by literature reviews
were also taken into consideration. The findings of these reports are summarized in
(Table 6, Appendix A) and will be discussed in the following section as an integral

component of the design of the lead compounds.
2.2.4. Design of lead flavonoids

Figure 2. 12 illustrates the sequential stages involved in the design process, which can
be outlined as follows:

Structural framework (A):

The design of the first framework was based on combining the structural features that
were reported as the most important for antiangiogenic and cytotoxic activities. These
features are C2=C3, 4-C=0 (i.e. flavone structure) in addition to OH substitutions at

positions 5, 7 and 4.

The importance of flavones was previously demonstrated by findings of the systematic
review and meta-analysis (Sections 2.2.1 and 2.2.2). Results of the antiangiogenic and
cytotoxic SAR analyses carried out in this chapter (Section 2.2.3), reinforced the
significance of flavones’ structural requisites for achieving biological efficacy.
Consequently, flavones served as the primary structural foundation for the design of the

dual antiangiogenic/cytotoxic anticancer lead compounds.

The 5, 7-diOH substitution pattern on ring A was also present in many active flavonoid
structures [6]. In this context, the C5-OH and 4-C=0 can act as bioisosteres for N1 and
C6-NH2 pharmacophores of the adenine molecule of adenosine triphosphate (ATP),
facilitating the interaction with the ATP binding pocket of several target kinases such as
PI3K, Pim1 kinase, CDK and P-glycoprotein [220-222].
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The contribution of an OH group at the C4' position to the increased activity of flavonoids
has been consistently observed in relation to their antiangiogenic and cytotoxic
properties. This was demonstrated in the antiangiogenic SAR study carried out herein
(Section 2.2.3.1) as well as in several reports on cytotoxic profiles [6,214,216,217,223]
(Table 6, Appendix A). In that context, the C4’-OH group has been identified as a mutual
characteristic of flavonoids exhibiting estrogenic and topoisomerase | and Il inhibitory
activities [224].

It is worth mentioning that structural framework (A) is the structure of the natural flavone
apigenin which is one of the most bioactive flavonoids with multi-target antiangiogenic

and cytotoxic activities (for a full review on apigenin’s therapeutic potential, see ref [225]).

Important for activity Increase activity Might increase activity

OH

4 OHIOCH;Z 3 4 OH
HO. 7. Q
* oC Bt
HO™ 6™ 3
OH O OH O

Cytotoxic SAR

) (s

Figure 2. 12. Schematic diagram of the design process of the lead flavonoids used in this project.
LogP values were predicted using ADMET lab 3.0 web-server [226].
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Structural frameworks (B) and (C):

In this step, structural framework (A) was further developed into a better lead structure
with the aims of a) enhancing the activity and b) enhancing the physicochemical
properties. With regards to ring A, framework (B) still incorporated the 5,7-diOH
substitution pattern. A 7,8-diOH functionality was alternatively introduced into framework
(©). In a study by Ravishankar et al, the novel compounds (Il and Il) (Figure 2. 12) bearing
5,7-diOH and 7,8-diOH substitutions, respectively, were identified as the most cytotoxic
on breast cancer cell lines MCF-7, MCF-7/DX and MDA-MB-231 (ICso ranging from 1 to
9 uM) amongst 76 synthetic flavone analogues [219]. Moreover, the mean inhibitory
doses of | and Il against the NClI’'s panel of 60 cancer cell lines were 2.81 and 2.39 uM,
respectively. Leads | and Il exhibited nanomolar range Glso values against several NCI
cancer cell lines, such as breast cancer cell lines MCF-7 and T-47D for compound | (Glso
=0.18 and 0.03 pM, respectively) and non-small cell lung (NCI-H460) and colon
carcinoma (HCT-15) cells for compound Il (Gls0=0.97 and 0.48 pM, respectively). As
mentioned previously, the meta-diOH substitution pattern is important for both
antiangiogenic and cytotoxic activities. However, as seen with active hit (), the presence
of an ortho-7, 8-diOH substitution showed promising cytotoxic activity. The presence of
7, 8-diOH was also reported to enhance the antiestrogenic effects of flavonoids by Le Bail
et al [227]. Furthermore, to the best of our knowledge, the effects of such substitution on
the antiangiogenic activity of flavonoids have not been described before. Thus,
introducing a 7, 8-disubstituted analog not only holds potential for enhancing the
biological activities of the test compounds but would also diversify the designed flavonoid
library and introduce new insights on the effects of such substitution on activity (structural
framework (C), Figure 2. 12).

For ring B, it was hypothesized that replacement of the 4’-OH group with a halogen atom
would have a two-fold benefit. To begin with, it would enhance the activity by creating
more hydrophobic interactions as well as increasing the electron delocalization through
the flavonoid. According to Ravishankar et al, the presence of an electron withdrawing
group at C-4’, particularly Cl and Br substitutions, increased cytotoxicity by 2-7 fold on
the MCF-7 and MCF-7/DX cell lines [219]. Previous studies have reported that the

inclusion of a Cl group on ring B has a positive impact on the activity on several kinases,
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such as Rafl and c-Jun N-terminal Protein Kinase [214]. The CI group at position 6° on
ring B of flavopiridol is reported to increase the hydrophobicity of the molecule and bind
to the hydrophobic pocket of CDK [222]. The second advantage of a 4’-halogen atom is
improving the physicochemical properties by replacing the 4’-OH which is adversely
related to gastrointestinal permeability due to low lipophilicity and high susceptibility to O-
glucouronidation and sulfation metabolism [228]. According to Plochmann et al, the
enhanced cell membrane permeability observed for more lipophilic flavonoids explains
the negative correlation between their cytotoxic activity and maximum solubility in human
leukemia cell line (Jurkat E6-1) [217]. In the structurally similar catechols, increasing the
lipophilic character (logP) caused enhanced cytotoxicity on isolated rat hepatocytes [229].
Consequently, Cl and Br atoms substituted the 4’-OH in structural framework (A) (logP
=2.9) to give frameworks (B) (logP =3.74) and (C) (logP =3.27), respectively (Figure 2.
12).

Replacement of the 4-carbonyl with 4-thiocarbonyl

Sulfur containing small molecules are commonly associated with beneficial biological
effects. The observed effects can be related to their radical scavenging properties, metal
chelating abilities, and interaction with crucial redox enzymes [230,231]. The substitution
of flavonoids’ oxygen atoms with sulfur has been linked with improved cytotoxic activity.
The 1-thio analogue of a 1-oxo-2-aminophenyl flavone derivative has shown enhanced
inhibition of ERK-MAPK pathway activation (ICs0=1.88 and 2.95 uM versus 4.35 and
13.18 uM for MEK1 and ERK1/2 phosphorylation, respectively) [232]. As previously
reported in the cytotoxic SAR study by Ravishankar et al [219], the 4-thio substitution
significantly enhanced the cytotoxic activity against the breast cancer cell lines by more
than 2-folds [219]. Similarly, Li et al showed a considerable improvement in the cytotoxic
activity of dimethyl flavone derivatives upon the thionation of C-4 against cervical (HeLa),
breast (HCC1954) and ovarian (SK-OV-3) cancer cell lines (ICs0=11, 16 and 12 uM,
respectively, versus no activity for 4-oxoflavone) [233]. Moreover, our group
demonstrated in an antiangiogenic SAR study that the 4-thio substitution enhances the
antimigratory activity of flavonoids on ECs [155]. Therefore, the inclusion of 4-thioflavone
moieties could greatly enhance the cytotoxic properties of our library of leads, while also

offering novel information on the impact of such bioisosteric replacement on the
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antiangiogenic activity. Finally, the 4-thio group would increase the lipophilicity of the
flavonoid molecule (Figure 2. 12) which is favorable for the physicochemical properties

as previously discussed.
Replacement of the 4-carbonyl with 4-selenocarbonyl

The essential trace element selenium (Se) has similar chemical properties to sulfur but
higher reactivity [234]. Se displays higher nucleophilic character than S (and O) which is
favorable for some chemical and biological processes such as metal chelation [234].
Organoselenium compounds generally demonstrate selective antiangiogenic and
cytotoxic anticancer effects mediated by DNA damage, induction of apoptosis, and
interaction with important proteins such as p53, VEGF and HIF-1a [235,236]. Concerning
flavonoids, the bioisosteric replacement of the 4-carbonyl of quercetin and chrysin
derivatives with a 4-selenocarbonyl was reported by Martins et al to significantly enhance
their cytotoxicity against nine different cancer cell lines including breast (MCF-7), cervical
(A431), cisplatin-resistant cervical (A431/Pt) and ovarian (C13*) adenocarcinoma cells
[237]. While polymethoxylated quercetin has shown negligible cytotoxicity, its Se
derivative exhibited a 9-fold higher potency than quercetin and a 3-fold higher potency
than cisplatin, on average. Se chrysin showed 18 and 3-fold lower ICso than chrysin and
cisplatin, respectively. The evaluated Se flavonoids demonstrated better selectivity than
their parent molecules, and cisplatin, towards cancer cells over non-transformed human
embryonic kidney (HEK293) cells [237]. Therefore, it was hypothesized herein that 4-
seleno (in addition to 4-thio) substitution could potentially afford compounds with higher
activity. Moreover, literature reports on the biological evaluation of Se flavonoids are

scarce which calls for more research in this area.
Replacement of OH groups with OCHs groups

Introduction of OCHs groups at positions 5 and 7 is commonly observed to improve the
antiangiogenic activity of flavonoids [154,155,162] (Section 2.2.3.1). On the contrary,
methylation of the 5 and 7 OH groups has been predominantly reported to exert an
adverse effect on the cytotoxic activity of flavonoids. Zhang et al [238], Yun et al [239], Li
et al [218] and Ravishankar et al [219] all reported a decrease in activity upon methylation

of the 5 and/or 7-OH groups whilst Plochmann et al [217] and Wang et al [59] reported
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the opposite (Table 6, Appendix A). The observed discrepancies in SAR might plausibly
be attributed to variations in experimental procedures and flavonoid concentrations used
in each study. Additionally, the different evaluated flavonoids exert their antiangiogenic or
cytotoxic activities by interacting with distinct targets that necessitate specific structural
features. Despite the inconclusive SAR findings on the impact of methylation of the free
OH groups of a flavonoid, their positive influence on flavonoids bioavailability is well
established. A number of studies by Wen and Walle [240,241], relating to the evaluation
of the stability and bioavailability of fully methylated flavones in comparison with the free
OH analogues, showed intriguing results. The methylated equivalents of chrysin (5, 7-
diOH flavone) and apigenin (5, 7, 4’-OH flavone) showed a 5 to 8-fold increase in in vitro
hepatic stability and intestinal permeability using human liver S9 fraction and Caco-2
intestinal absorption models, respectively [240]. Since the oxidative demethylation of the
OCHs groups is much lower than OH conjugation, the metabolic stability of methyl
protected analogues is much higher [242]. In vivo oral absorption studies in rats confirmed
the previous results. While chrysin was not detected systemically, 5, 7-diOCH3 flavone
was detected in the plasma and in liver, lungs and kidney tissues after 1 hour with peak
concentrations of 2.5, 16.5, 7.5 and 5 pM, respectively [115]. Accordingly, the
incorporation of OCHs derivatives in the panel of lead compounds could provide novel
SAR insight on their impact on the cytotoxic activities. Their inclusion is further warranted
by enhancing the bioavailability of the test flavones based on the aforementioned studies.
As a result, if methylation of free OHs did not negatively affect the anticancer activities of
the target flavones, they would be of great value for future clinical translation.

In summary, the design of lead compounds in this work was influenced by two factors,
namely; combining dual antiangiogenic/cytotoxic structural features, and enhancing the
physicochemical properties. This was carried out in a systematic manner where first the
most important antiangiogenic and cytotoxic pharmacophores were extracted from
literature data and combined in one framework (A) bearing a C2=C3, 4-C=0 (i.e. flavone
structure) and 5, 7 and 4’-OH substitutions. This was followed by adding other modified
features, as guided by published reports, that could enhance both the activity and
physicochemical properties. These included 4’-Cl or Br, 4-C=S or Se and 5,7 or 7,8-

diOCHs substitution. All in all, two lead panels (B and C) of 4-oxo/thio/seleno-4’-
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halogenated flavones with 5,7 or 7,8-diOH/OCHs substitutions were designed as potential

anticancer leads with dual antiangiogenic and cytotoxic activities (Figure 2. 12).

2.3. Conclusions and future perspectives

The conducted systematic analysis revealed a focus on the flavones subclass (40%) and
anticancer applications (82%) in addition to a lack of exclusive in vivo investigations (3%
of 342 research studies) within the field of antiangiogenic activity of flavonoids. Thereby
an in vivo quantitative meta-analysis was carried out utilizing the CAM assay, based on
its technical value and comparability of data, to address the aforementioned gaps in the
existing literature. Flavonoids have shown promising inhibition of CAM vessel formation
that reached 80% (versus 40% for the antiangiogenic drug aflibercept) at the highest
concentration of 100 uM. Flavonoids also effected a significant drop of vasculature under
different proangiogenic cancer conditions that ranged from 19 to 79% at concentrations
as low as 3 uM. Mechanistically, the majority of flavonoids resulted in the downregulation
of VEGF and HIF-1a which is a major contributor to tumor resistance in antiangiogenic
therapy. The pool of gathered data was used to extract the key structural features required
for the proposed antiangiogenic activity in a large scale SAR study. The extrapolated
antiangiogenic structural features were finally combined with the cytotoxic structural
features gathered from the literature in the design of the target dual activity flavonoid
leads. The presence of unsaturation at C2-C3, a 4-carbonyl group, phenyl attachment at
C2 and 5, 7-diOH substitution was considered important for both activities. Other features
such as 4-thiocarbonyl and 4’-halogen substitutions were incorporated into the final library
of leads with the aim of enhancing the activity and the pharmacokinetic properties of
flavonoids. Although this study provided useful information regarding the preclinical
antiangiogenic effectiveness of flavonoids and the relevant SAR data, further research
into target-specific antiangiogenic SARs is needed to improve the future prospects of

flavonoids as potentially clinically active antiangiogenic agents.
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3.1. Introduction

In the previous chapter, a library of halogenated flavones (Figure 3. 1) was designed for
evaluation as antiangiogenic and cytotoxic anticancer agents. This chapter describes the
synthesis of the designed flavones originating from framework A, namely 5,7-
disubstituted-4’-chlorophenyl (panel B) and 7,8-disubstituted-4’-bromophenyl! (panel C)
flavones (Figure 3. 1), and reports their in vitro inhibitory activities against VEGF-induced
EC angiogenesis. Therefore, an overview of the different pathways employed in the
synthesis of flavonoids, as well as the methods used for their in vitro antiangiogenic

evaluation, are provided herein.

Framework (A)

OH Se

Glaan:
/

O Se

Figure 3. 1. Structures of the designed compounds. Panel (B), 5,7-disubstituted-4’-chlorophenyl flavones;
Panel (C), 7,8-disubstituted-4’-bromophenyl flavones

Synthesis of flavones is mainly achieved via one of the following well-established

methods:

a) Baker-Venkataraman method: This method starts with the conversion of o-
hydroxyacetophenone to a phenolic ester followed by a rearrangement into a f3-
diketone in the presence of a strong base (Scheme 3. 1). The B-diketone is then
cyclized under strongly acidic conditions to form the corresponding flavone [243,244].
The OH groups of the acetophenone derivative need to be protected before the
esterification reaction [245]. Additionally, any substituents on either the A or B rings

need to be introduced to the acetophenone or the aryl acid prior to the synthesis [246].
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In general, this method affords the desired flavones using accessible starting materials

with good yields and no side products [247].

O Q /( j
oH C 0] 6
+ Pyridine o i B_Base _
©1H&\<H Pyridine ©i’/
o) H
(o

O-hydroxy L _
actephenone Baker-Venkataraman rearrangment
o .. [
— Acid O
O O

B-diketone Flavone

Scheme 3. 1. Synthesis of flavones via Baker-Venkataraman rearrangement

b) Claisen-Schmidt condensation: This method involves the formation of a chalcone
intermediate by reacting benzaldehydes with acetophenones [246] (Scheme 3. 2). The
chalcone is subjected to an oxidative cyclisation reaction using catalysts such as Iz in
DMSO or FeCls [247]. These oxidative cyclization methods often result in low yields
and formation of flavanone and aurone byproducts, and require long reaction times
[248]. More efficient methods utilizing ICI/DMSO with ultrasound, or SeO2 with
microwave irradiation, have been reported for the oxidative cyclization step, affording
flavones with high yields and purities [247,248].

OH 0 , , OH o O__R
+ J\ Claisen-Schmidt Oxidative |
H™ 'R condensation xR cyclisation

(@] (0] O
Chalcone Flavone

Scheme 3. 2. Synthesis of flavones via Claisen-Schmidt condensation
c) Kostanecki-Robinson method: This technique is analogous to the Claisen-Schmidt
pathway in relation to the first condensation step [247]. Herein the cyclized flavone is
formed by 1,2 bromination of the chalcone followed by dehydrohalogenation using
alcoholic KOH [247,248]. This method is not suitable for synthesizing flavones
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substituted at positions 5 and 7, 4’ or 5’ due to the formation of aurones instead of the

desired flavones [248].

OH e} . ) OH O.__R
+ J\ Claisen-Schmidt AC,0, Br, |
H™ R condensation xR alc. KOH
o] 0] o]
Chalcone Flavone

Scheme 3. 3. Synthesis of flavones via Kostanecki-Robinson method

Generally, none of the used methods are absolute and each often needs optimization to
afford specific flavone substructures. Herein, synthesis of the target flavones followed the
Baker-Venkataraman method according to the reported procedure by Ravashinkar et al

[219], affording the desired products in good yields and with excellent purities.

With regards to the biological evaluation of antiangiogenic effects, several in vitro models
are currently in use as reviewed in Table 3. 1 [165,249]. In vitro assays utilized to assess
the antiangiogenic activities of flavonoids in particular are presented in Figure 3. 2, which

is derived from the systematic analysis carried out in Section 2.2.1.2, Chapter 2.

so =

Invasion

=)

Adhesion

20

Percentage of in vitro studies

0
1997-2002 2003-2007 2008-2012 2013-2017  2018-2020

Year

Figure 3. 2. Percentage of studies using different types of in vitro assays used for antiangiogenic
evaluation of flavonoids from the year 1997 to 2020
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Table 3. 1. Comparison of the most common in vitro angiogenesis assays [165,249]

In vitro assay  In vitro model Parameter Overview Advantages Limitations
Proliferation Cell counting Number of cells ECs cultured and numbers with Simple e Time consuming
or without treatment are Inexpensive ¢ Prone to error
counted either manually using
a heamocytometer or
electronically using an
automated cell counter
Cell cycle Cellular process Measures cellular processes;
kinetics e mitochondrial metabolism via Fast e Does not differentiate
colorimetric methods High between cytostatic and
reproducibility cytotoxic effects
Inexpensive (measures cell
viability)
¢ DNA replication via Accurate o Expensive
radioactive methods e Time consuming
o Difficult to interpret
Migration Boyden Chemotactic cellular ECs migrate from the top to High sensitivity to e System equilibrium
chamber migration the bottom, through a matrix concentration difficult to maintain
(transwell) protein, in response to a gradient changes e Expensive
chemotactic factor. Migrated ¢ Insensitive to small
cells are then dyed and number of cells
counted
Scratch Rate and extent of ~ Confluent ECs monolayer is Simple « Difficult to reproduce

(wound healing)

cellular migration

scraped and area recovered
by migrating cells is
determined microscopically

Monitoring at
different time
intervals
Presence of cell-
cell interaction

due to confluency
inconsistencies

Inexpensive
Differentiation  Tube formation  Differentiation of ECs ECSs are cultured on matrix Mirrors in vivo e Lumen formation in
assay into capillary like protein stimulating attachment, conditions differentiated tubules is

tubules

migration and differentiation of
cells

Suitable for large-
scale screening

debatable

Time consuming
analysis
Expensive
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Herein, the antiangiogenic effects of the test flavones were evaluated against the different
components of angiogenesis, namely proliferation, differentiation and migration [250].
The cell counting, tube formation and scratch assay models were proposed as the most
appropriate to use for measuring these effects based on their technical benefits, as well
as their practicalities.

The percentage of studies evaluating flavonoids’ antiangiogenic effects via the tube
formation assay was relatively low with a decline from 25% during the period of 1997-
2002 to 10% during 2013-2017 (Figure 3. 2). Although the tube formation assay is
arguably technically difficult and time consuming [249], it offers a practical method to
evaluate the overall antiangiogenic effects of potential leads as it covers the fundamental
steps involved in the process of angiogenesis under controlled conditions (Table 3. 1).
The tube formation assay is based on the culture of ECs on a matrix Matrigel that
resembles the ECM in its constitution, containing several vital growth factors like the FGF
and the transforming growth factor [251]. As such, it provides a two dimensional medium
that promotes the fundamental steps of EC differentiation and morphogenesis into
capillary like tubules, mimicking the in vivo situation [165,249]. Molecules that can disrupt
such differentiation frequently possess potent antiangiogenic behaviors [249].

Regarding the scratch assay, this involves EC migration to recover a scraped (wounded)
area as part of the natural wound healing process that involves angiogenesis [249]. Its
ease of use and cost-effectiveness versus the invasion assay (Table 3. 1) may have
contributed to the increase in its use over time (Figure 3. 2). Primary drawbacks
associated with the invasion (i.e. transwell) model are the difficulty in sustaining the
concentration gradient of chemotactic inducing factors across the two compartments, and
the insensitivity to small numbers of migrating cells [165,249,252] (Table 3. 1). The
scratch assay also has some disadvantages including the challenge of maintaining the
same degree of confluency in every batch of the experiment. Nonetheless, this problem
can be avoided by tight regulation and scheduling of the culture conditions throughout the
experiment [165]. Additionally, increasing the number of trials can compensate for such

minor errors.
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In Chapter 2, evidence from published work has demonstrated that several flavonoids
can interfere with the VEGF pathway, eliciting antiangiogenic effects (Table 2.3, Section
2.2.2.2). Hence, the VEGF-mediated antiangiogenic effects of the flavones prepared in
this thesis were evaluated to determine whether interacting with the VEGF pathway is
feasible. To test this, the selected tube formation and scratch assays were conducted
under VEGF-induced angiogenic conditions. Furthermore, interference with VEGFR2, as
the predominant receptor of VEGF, was explored for the most active compounds via

western blotting and molecular docking techniques.

3.2. Results and discussion

3.2.1. Synthesis and structural characterization of the designed flavones
3.2.1.1. Synthesis and structural characterization of 4-oxo and 4-thio flavones

Synthesis of the two series of 5,7-disubstituted-4’-chlorophenyl and 7,8-disubstituted 4’-
bromophenyl flavones was carried out via Baker-Venkataraman rearrangement, following

the reported method previously adopted by our laboratory [219] (Scheme 3. 4) [253].

X
O
R, R, Y©/ o) N X
R, O O

R, O R, O
1,2 3,4 56 )
(98, 97% yield) (80, 87% yield) (77, 88% yield)
1,R; = OCHz, R,=H 3,R;=0OCHj3 R;=H,X=Cl 5, R;=0CH3 R,=H,X=Cl 7,R;=0CH3, Ry =H, X=Cl
2,R;=H,R,=OCH; 4,R;=H,R,=0OCH3, X=Br 6,R;=H, Ry;=0CHz, X =Br 8, Ry =H, Ry, =0OCH3;, X=Br

9,10 11, 12 13, 14_
(77, 88% yield) (64, 85% yield) (97, 60% yield)
9,R; = OCHg, Ry = H, X = Cl 11,R; = OH, R, =H, X = Cl 13,R; = OH, R, = H, X = Cl
10, Ry = H, Ry = OCHjg, X = Br 12, R, = H, R, = OH, X = Br 14,R; =H, R, = OH, X = Br

Scheme 3. 4. Synthesis of 4-oxo and 4-thio-p-halophenyl flavone derivatives. (1) Halobenzoyl Chloride,
DBU, pyridine, 75 °C, 2 h; (ll) Pyridine, KOH, 50 °C, 2 h; (1) Glacial acetic acid, 1% H2SO4, 90-110 °C, 1
h; (IV) Dry toluene, Lawesson’s reagent, 110 °C, 4 h; (V, VI) Dry DCM, BBrs, room temp, 4 h

Some of the reactions’ conditions as well as the column chromatography solvent systems

were optimized in order to obtain the desired products as presented in Table 3. 2. The
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structures of the synthesized compounds were confirmed using 'H and *C NMR
spectroscopic analysis, mass spectrometry and IR spectroscopy, with data being in

agreement with the reported data.

The first step involved esterification of the 4,6 or 3,4-diOCHs protected 2-OH-
acetophenones and Cl or Br-benzoylchloride, respectively, in basic medium. Double-
doublet signals for the phenyl halide rings appeared in the *H NMR spectra of 3 and 4 at
0 7.45, 8.06 (J=8.0 Hz) (Figure 3. 3) and 7.98, 8.08 (J=8.0 Hz) ppm, respectively. The
C=0 groups of the ester linkage were also present in the *C NMR spectra of 3 and 4 at
0 164.26 and 164.10 ppm, respectively, indicating successful esterification. The diketone
intermediates (5 and 6) were obtained, in 80 and 87% yields, respectively, via the
intramolecular rearrangement of esters (3 and 4) in strong basic conditions (KOH in
pyridine) as described earlier for Baker-Venkataraman’s reaction (Scheme 3. 1). The
obtained intermediates were washed with acetic acid to remove the excess pyridine and
taken to the next step without further purification. The B-diketones (5 and 6) existed as
keto-enol tautomers (Scheme 3. 5). The OH protons of these intermediates appeared at
0 13.24 and 12.26 ppm whilst the singlet proton signals of the exocyclic C-H2 appeared
at 0 4.68 and 3.94 ppm, respectively, in the 'H NMR spectra.

(@]
o Keto-enol
R tautomerism yZ R
|
(@] (@] O\H’ (@]

Scheme 3. 5. Keto-enol tautomerism of the B-diketone intermediates
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Table 3. 2. Comparison of synthetic methods reported (Rep) for compounds (3 -14) by Ravashinkar et al [219] and methods applied in this project

(App) [253]

Chapter 3: Synthesis and antiangiogenic evaluation of halogenated flavones

Procedural m.p (°C) Yield (%) Mobile phase for column determinad by
Compound modification chromatography HPLC
App Rep App Rep App Rep App Rep
Hexane:CHCls: CHClz:Hexane:
3 No modification 112-4 124-6 98 91 | EtOAc (6:3:1 EtOAcC (6:3:1 viviv) n/a n/a
VIVIV)
Hexane:CHCls: CHCls:Hexane: n/a n/a
4 No modification 101-2 117-9 97 88 EtOAc (5:4:1 EtOAc (6:3:1 viviv)
VIVIV)
5 No modification n/a na | 80 | 85 | Nomodification | No modification na na
6 No modification n/a n/a 87 85 No modification No modification n/a n/a
EtOAc (100%) CHCls:Hexane:
7 No modification 174-5 | 188-92 77 66 | followed by 5% EtOAc (8:1:1 viviv) | 96.4% | 99.8%
MeOH in EtOAc
CHCls:Hexane: CHCls:Hexane:
8 No modification 198-8.5 | 197-9 88 90 EtOAc (5:3:2 EtOAc (6:3:1 viviv) 99.4% | 99.7%
VIVIV)
9 1eq.lawesson's | 173.1- | 1205 | 77 | 83 | Nomodification | Nomodification | 93.5% | 95.4%
reagent instead of 3.8
10 0.6 eq. 214-6 | 216-8 | 88 82 | No modification No modification | 92.3% | 97.8%
2.5 eq. BBrs3 for 247 7-
11 each OMe instead 7 8 249-52 64 77 No modification No modification 98.6% | 98.7%
of 1.25 eq. '
2.5 eq. BBrs3 for
each OMe instead
of 1.25 eq. 223.8- i o CHCls:Hexane: o o
12 Time of reaction 4 24 2357 85 68 | EtOAC (100%) EtOAC (8:1:1 viviv) 90.5% | 95.0%
h instead of
overnight
2.5 eq. BBrs for
13 each OMe instead 250 294-6 97 61 No modification No modification 99.4% | 98.3%
of 1.25 eq.
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Time of reaction
overnight instead
of4h

2.5 eq. BBrs3 for

14 each OMe instead 275-80 | 285-90 60 58 No modification No modification 98.8% | 98.8%
of 1.25 eq.

m.p, melting point; n/a, not available; eq, equivalents.
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Figure 3. 3. *H NMR spectrum of 3 showing double-doublet peaks of the 4’-chlorophenyl ring

Intermediates 5 and 6 were subjected to acid assisted cyclic dehydration to afford the
diOCHs flavones (7 and 8) in 77 and 88% yields, respectively. Cyclisation was evident
from the presence of the olefinic —CH proton at & 6.64 and 6.75 ppm for 7 and 8,
respectively, in their 'H NMR spectra. The 4-C=S derivatives (9 and 10) were obtained
from their 4-C=0 parents (7, 8), in 77% and 88% yields, respectively, using 1 equivalents
Lawesson’s reagent (LR) (instead of the reported 0.6 equivalents) in anhydrous toluene
in accordance with studies reporting thionation of flavones or related chromones
[254,255]. Replacement of the 4-C=0 by a 4-C=S resulted in a downfield shift of both the
olefinic —CH proton and the 4-C carbon of 7 and 8 by around 0.9 ppm and 23 ppm in the
IH and 13C NMR spectra, respectively (Figure 3. 4 and 3.5).
(A) (B)

O 20 208 206 204 202 200 198 196 %4 192 190 188 WL | m T T 0 e we e

Figure 3. 4. (A) lH NMR spectra of compounds 7 and 9 showing downfield shift of H3; (B) 1*C NMR
spectra of compounds 7 and 9 showing (4-C=0) and (4-C=S) peaks, respectively
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(A) (B)

CH3 f,\‘rﬁr
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s
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Figure 3. 5. (A) 'H NMR spectra of compounds 8 and 10 showing downfield shift of H3; (B) *C NMR
spectra of compounds 8 and 10 showing (4-C=0) and (4-C=S) peaks, respectively

Subsequent demethylation of both the 4-C=0 and 4-C=S OCHzs flavones (7, 8 and 9, 10)
was not achievable using 1.25 equivalents of the deprotecting reagent, BBr3, for each
OCHs group as in the reported method [219]. Consequently, 2.5 equivalents BBrs were
used here, achieving full deprotection with generally favorable yields (60%—-97%) and
affording compounds with comparable purities to those reported (Table 3. 2). Accordingly,
the two OCHs peaks were no longer present in the 'H and 3C NMR spectra. IR spectra
also showed the broad OH peaks of 11, 12 and 13, 14 at v = 3358, 3501, 3350 and 3365

cm™, respectively.

All of the synthesized flavones were purified by column chromatography (except for
intermediates 5 and 6 as mentioned above). Purities of the final compounds 7-14 were
>90% as determined by HPLC analysis (Table 3. 2).

3.2.1.2. Attempted synthesis and structural characterization of 4-seleno flavones

Effective methods for the direct selenation of carbonyl groups is rarely reported in the
literature. Based on the analogous thiocarbonyl conversion, the selenating reagent
(Woollin’s) was discovered as a substitute for LR to achieve selenocarbonyl conversions

[256] (Figure 3. 6). Woollin’s reagent (WR) has several benefits compared to other Se

80



Chapter 3: Synthesis and antiangiogenic evaluation of halogenated flavones

reagents used for this particular transformation including air stability and ease of

preparation [256].

e
N N
H3co©—P< /POOCH3 @p( P
S I "Se
S S

e
Lawesson’s reagent Woollin’s reagent

Figure 3. 6. Chemical structures of Lawesson’s and Woollin’s reagents

Recent reports by Martins et al expanded the successful use of microwave assisted
synthesis, when preparing thioflavonoids using LR, for the selenation of carbonyl groups
using WR [257]. Testing different experimental conditions, Martins and colleagues
improved the synthesis of Se caffeine from a 2% yield upon using conventional heating
conditions to 42% yield using WR and microwave assisted synthesis [257]. The authors
successfully utilized the WR and microwave combination to synthesize flavonoid Se

derivatives in another study [237].

Several attempts were conducted in this project, using varying reaction conditions, to
produce the selenoflavones 15 and 16 from their respective parent flavones (7 and 8)
(Scheme 3. 6).

X X

Woollin's reagent

NI

Demethylation
AV 4

R, Se R, Se
7,8 15, 16 17,18
7,R;, R, =0CH3, Rz =H, X =Cl 15, Ry, R, = OCH3, R3=H, X =CI 17,R;, R, =0OH, Rz =H, X=CI
8, R;=H, R,, R; = OCHj, X =Br 16, Ry = H, Ry, R3 = OCHj, X=Br 18, R;=H, Ry, R3 =OH, X=Br

Scheme 3. 6. Attempted synthesis of 4-Seflavone derivatives (15-18)

Here, the synthesis of the 4’-bromophenyl flavone (16) was attempted by reacting
compound 8 with 0.4 equivalents of WR in anhydrous acetonitrile (ACN) using microwave
irradiation (175 W, 150 °C for 7 min) following the method reported by Martins et al for
the synthesis of the related 4-Se chrysin [237]. Two fractions of the reaction product were
separated by column chromatography [100% dichloromethane (DCM) followed by 1:1
DCM:methanol (MeOH) (v/v)].
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Table 3. 3. Reaction conditions for the attempted synthesis of 16

Method Solvent WR Equivalence Conditions
Microwave ACN 0.4 175 W, 150 °C,
7 min
Heating Toluene 0.8 130°C,4h

Their H NMR spectroscopic analysis showed the first fraction to be devoid of any organic
chemical compounds while the second to be a mixture of starting material (8) and another
product. As shown in Figure 3. 7, the *H NMR spectrum of fraction 2 showed peaks
corresponding to flavone 8 in addition to similar signals that were shifted upfield which is
contradictory to the downfield shift expected upon selenation [237,257].

16

|

_ N

Figure 3. 7. Stacked *H NMR spectra of 8 (black) and product of trial 1 for synthesis of 16 (blue)

As shown in Table 3. 3, another trial to synthesize 16 was carried out by doubling the
amount of WR (0.8 equivalents) in anhydrous toluene under conventional heating
conditions (130 °C, 4 h) similar to the analogous thionation reactions using LR. *H NMR
spectroscopic analysis of the product that was purified by column chromatography [100%
DCM followed by 1:1 DCM:MeOH (v/v)] showed more promising results than that afforded
using microwave irradiation. First, there were no proton signals corresponding to the
starting material. Moreover, the 'H NMR spectrum of the product exhibited an upfield shift
for the 2xCHs proton peaks from & 4.01-4.03 to 6 3.83-3.87 ppm (Figure 3. 8). Despite
the presence of peaks that might correspond to H3, H5, H6 and p-bromophenyl ring
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protons that are shifted downfield as a consequence of selenation, there were other
unassigned peaks that indicate the presence of several impurities or byproducts that

persisted even after purification with column chromatography.

1 “
0
i J | )
86 B2 78 76 74 72 70 66 62 58 "Tas ez ae | a4 om0 28 22

fSl?pPMJ o
Figure 3. 8. Stacked 'H NMR spectra of 8 (black) and product of trial 2 of 16 (blue) synthesis

Despite the unsuccessful attempts to obtain 16 as a product, conventional heating
showed better evidence of conversion compared to microwave conditions. Consequently,
synthesis of the related flavone 15 was tried using conventional heating. First, 0.6
equivalents of WR were reacted with compound 7 at 110 °C for 4 hours in anhydrous
toluene. *H NMR spectroscopic analysis of the crude product showed signs for formation
of a 4-Se derivative where the 2xCHs proton peaks were shifted upfield from & 3.91-3.95
to & 3.81-3.83 ppm and new signals appeared in the aromatic region that could
correspond to H3, H6, H8 and p-chlorophenyl ring protons, so column chromatography
was used in an attempt to obtain a pure product. Several eluents were tried in pursuit of

obtaining a single product as summarized in Table 3. 4, but were unsuccessful.

Table 3. 4. Column chromatography optimization for purification of 15

Mobile phase Comment

Low eluting speed with no separation of

100% CHCIs components

High eluting speed with no separation of

100% EtOAc
components
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Appropriate eluting speed with separate

5% EtOAc in CHCI3 components

The 'H NMR and '3C NMR spectra of the product after consecutive purifications using
the mobile phase systems mentioned in Table 3. 4, are shown in Figure 3. 9. While none
of the observed peaks were at the same chemical shift of the starting material (7), there
were almost double the number of the signals expected compared with if successful 4-
selenation had occurred. These findings highlighted the presence of structurally similar
products that could not be separated with multiple column chromatography purifications.
In general, synthesis of the target methoxy substituted 4-selenoflavone analogues was
ineffective which prevented the subsequent deprotection step to obtain the free hydroxyl

4-selenoflavones (17 and 18).

B a1k el B WL TR
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Figure 3. 9. *H and *3C NMR spectra of reaction product of 15 synthesis
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As mentioned earlier, the literature has only a few examples of the interconversion
between carbonyl and selenocarbonyl moieties [237,257-259]. Martins and colleagues
have documented the screening of different microwave conditions, in terms of
temperature, microwave power, and time, for the synthesis of selenocaffeine in several
solvents and with varying equivalents of WR [257]. Selenation only succeeded in one
case, with a 42% yield, using 0.6 equivalents of WR and irradiation for 180 min at 170 °C
in p-xylene. This underpins the preciseness of conditions under which a successful
conversion can be obtained in good yields. Herein, further screening of the various
conditions required for the synthesis of the desired 4-selenoflavone derivatives was not
possible within the project's time frame. Based on the available literature reports, future
attempts could focus on increasing the equivalence of WR from 0.4 and 1.5, using
temperatures ranging from 125 to 175 °C, microwave powers between 175 and 300 W,
and a duration of 5 to 180 minutes. These reactions could be carried out in acetonitrile,

toluene, p-xylene, or 1,4-dioxane [257-259].

3.2.2. In vitro evaluation of the antiangiogenic properties of the synthesized
flavones

3.2.2.1. Cytotoxicity against endothelial cells

To ensure biocompatibility of the synthesized flavones (7-14) with the human umbilical
vein ECs (HUVECS) used in the antiangiogenic evaluation, their direct cytotoxic effects,
(except for compound 10 due to insolubility in a suitable organic solvent), were assessed
using the trypan blue assay [260,261]. The natural flavone luteolin was selected as a
reference standard due to its potent antiangiogenic activity as demonstrated in both in
vitro and in vivo studies [85]. Furthermore, it offers a basis for comparison between the
synthetic flavones developed for this project and other naturally occurring flavonoids that
fall within the same subclass. Treatment with a concentration four times higher (i.e., 40
MM) than the highest concentration used for the antiangiogenic evaluation studies (i.e.,
10 uM) for 24 h was chosen for this cytotoxicity assay. As shown in Figure 3. 10, ~100%
viability of the cells was retained with compounds 7-14 with no observed cytotoxic
activities (no statistically significant difference compared to control in all cases, p>0.05).
Hence, it may be inferred that any detectable antiangiogenic effects exhibited by the

flavones under investigation are not attributable to the direct cytotoxicity on ECs, but
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rather stem from the modulation of other EC functions, such as differentiation or
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Figure 3. 10. Cell viability of HUVECs after 24 h of treatment with 40 uM of the tested flavones (7-14).
Data are expressed as mean * standard error of the mean (SEM), n = 3.

3.2.2.2. Inhibition of endothelial cells tube formation

The ability of flavones (7-14) to inhibit HUVEC tube formation was investigated at 1 and
10 uM. These dosages align with the published ICso range of compounds 11 and 12
against breast cancer cell lines (e.g., ICso against MCF-7=1 and 4.9 uM, respectively)
[219] and hence were selected being mindful of the aim of this work for the compounds
to be both antiangiogenic and cytotoxic. Additionally, lower doses are associated with
reduced side effects [25,262]. The EC tube formation was stimulated by the addition of
10 ng/mL of VEGF, which is reported by Carpentier et al to induce angiogenesis more
effectively (p<0.05, relative to control) than other concentrations of 5, 25 and 50 ng/mL
(p>0.05) [263]. Tube formation was quantified after 12 hours using the Angiogenesis
Analyzer plugin [264] in ImageJ software [265]. The measured parameters included the
number of junctions and meshes, as well as the number and length of master segments
and segments. These variables were selected as they offer high sensitivity in detecting

different features of angiogenesis [263].

As shown in Figure 3. 11, the active reference luteolin showed around 30% decrease in
tube formation relative to the control, in agreement with previous reports [85,195]. In that

context, all of the evaluated flavones demonstrated more than 30% decrease in tube
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formation relative to the control, indicating inhibitory activity. Indeed, all of the tested
flavones exhibited considerable reduction of the measured tube formation parameters,
namely, the number of junctions (33 - 51%, p<0.05), the number of master segments (42
- 60%, p<0.01), the total master segments length (32 - 50%, p<0.05), the number of
segments (40 - 58%, p<0.05) and the total segments length (37 - 55%, p<0.05), relative
to the control at 1 uM. The 7,8-diOH-4’-bromophenyl flavone (14) demonstrated strong
antiangiogenic inhibition against the control for all variables at 1 uM (50% inhibition of the
number of junctions and total master segments length (p<0.001), 57% inhibition of the
number of meshes (p<0.05), 60% inhibition of number of master segments, 58% of
number of segments and 54% of total segments length (p<0.001)).
In the clinical context, the antiangiogenic activity observed for compound 14 in this assay
is equivalent to that reported for the VEGFR inhibitor sunitinib (50%) in the same assay
and at the same concentration of 1 uM yet after 48 hours of treatment [266].
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Figure 3. 11. Antiangiogenic activity of the tested flavones (7-14) on in vitro HUVEC tube formation after
12 h of treatment with 1 pM, expressed as a ratio to the +ve control (10 ng/mL VEGF-enriched media). (A)
Representative images of tube formation assay at 4X magnification. Images were analyzed using
Angiogenesis Analyzer macro in ImageJ software; (B) number of junctions, (C) number of meshes, (D)
number and length of master segments and (E) number and length of segments. Data are expressed as
mean * standard error of the mean (SEM), n = 3. Statistical significance was estimated with respect to the
+ve control by one-way ANOVA, followed by Dunnett’'s multiple comparison test (* p<0.05, ** p<0.01, ***
p<0.001).

At the 10 uM concentration, compounds 9, 11, 12, and 14 exhibited the most pronounced
antiangiogenic effects on the assessed components of angiogenesis (Figure 3. 12). The
thioflavone (9) showed 60% inhibition of the number of junctions and total master
segments length (p<0.001), 70% inhibition of number of master segments, number and
total segments length (p<0.001), and 75% inhibition of humber of meshes (p<0.001)
relative to the control. The two 4-thio-di-OH derivatives (11 and 12) followed 9’s lead in
eliciting strong reduction in tubule formation with an average tubule reduction of 55
(p<0.001) and 66% (p<0.001), respectively (Figure 3. 12). Compound 14, that
demonstrated high activity at 1 yM, also had a substantial overall inhibition of 57% when

tested at a concentration of 10 yM.
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Figure 3. 12. Antiangiogenic activity of the tested flavones (7-14) on in vitro HUVEC tube formation after
12 h of treatment with 10 uM, expressed as a ratio to the +ve control (10 ng/mL VEGF-enriched media).
(A) Representative images of tube formation assay at 4X magnification. Images were analyzed using
Angiogenesis Analyzer macro in ImageJ software; (B) number of junctions, (C) number of meshes, (D)
number and length of master segments and (E) humber and length of segments. Data are expressed as
mean + standard error of the mean (SEM), n = 3. Statistical significance was estimated with respect to the
+ve control by one-way ANOVA, followed by Dunnett’'s multiple comparison test (* p<0.05, ** p<0.01, ***
p<0.001).

In addition to the significant angiogenic inhibition demonstrated by the tested panel of
flavones, several SAR observations (analyzed by one-way ANOVA, followed by Tukey’s
multiple comparison test as recommended for pairwise comparisons [267]) were noted
as summarized in Figure 3. 13. First of all, the flavone derivatives bearing a 4-C=0 group
(7, 8, 13 and 14) exhibited a dose independent pattern of activity. In this case, the lower

1 UM concentration exhibited similar or increased levels (by 2 to 14%) of tube formation
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inhibition compared with the 10 uM concentration. For example, 1 uM of compound 13
showed 44% inhibition compared to 30% inhibition at 10 yM (p<0.001). This implies that
4-C=0 flavones achieve saturation of their target protein and exhibit optimal reactivity at
a concentration below 10 pM. Similar observations were reported by others for the
guercetin metabolite (isorhamnetin-3-glucuronide) in which it suppressed the expression
of vascular cell adhesion molecule-1 (VCAM-1) in HUVECs by approximately 30% at 2
MM and only 10% at 10 yM [268]. Interestingly, the 4-C=S derivatives (9, 11 and 12) did
not follow the same trend to the 4-C=0 flavones and displayed concentration dependent
antiangiogenic effects. Additionally, the 4-C=S flavones demonstrated higher inhibitory
effects than their 4-C=0 counterparts at the 10 yM concentration (7 versus 9 p<0.001, 11
versus 13 p<0.001 and 12 versus 14 p<0.05), highlighting the positive impact of the 4-
C=S group on inhibitory activity. Overall, the distinct patterns of activity between the 4-
C=0 and the 4-C=S derivatives suggest that the two groups may have different
antiangiogenic mechanisms of action. This hypothesis is further explored in Section
3.2.2.4.

Increase TF inhibition
in case of 4-C=0

Methylation impact
on TF is unclear

TF inhibition at 10 pM = 1 pM TF inhibition at 1 uM = 10 pM

Increase TF inhibition at 10 uM
compared to O

Figure 3. 13. Summary of SAR considerations observed for the test flavones (7-14) on tube formation
(TF) activity

Next, the ortho-7,8-disubstitution showed an advantageous role on the antiangiogenic
activity of the di-OH-4-C=0 derivative 14. The 7,8-diOH flavone 14 exhibited higher
activity compared to the corresponding 5,7-diOH flavone 13 at the 1 (55 versus 44%
inhibition, p<0.01) and 10 pM (58 versus 30% inhibition, p<0.001) concentrations. The

remaining 7,8-disubstituted derivatives 8 and 12 showed equivalent inhibitory activities to
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their 5,7-disubstituted analogues 7 and 11 (p>0.05), respectively. While a beneficial role
has been attributed to the 4-C=S and 7,8-disubstitution on the cytotoxic activities of
flavonoids (see Section 2.2.4, Chapter 2), their impact on the antiangiogenic activity has
been sparsely reported [155] or not elucidated in existing literature. Thereby, these
outcomes reinforce the positive influence of the integration of the 4-C=S and the 7,8-

disubstitution functionalities into the design of the target leads.

Finally, the role of OCHs substitution on activity was inconsistent. In some instances,
methylation of the free OH groups led to a 5 to 21% decrease in the suppression of tube
formation (e.g. 8 versus 14, p<0.01) while in others it resulted in a 4 to 10 % increase in
activity (e.g. 9 versus 11, p<0.05). Nonetheless, the inclusion of methyl-capped flavonoids
in this study was still viewed as beneficial given their potential advantages in terms of

enhancing flavonoids bioavailabilities.

Overall, the test flavones 7-14 have shown prominent EC tube formation inhibitory
activities in their primary in vitro antiangiogenic evaluation. Their pronounced effects at 1
MM (237% at 12 h) were similar to that of the multi-TKI drug sunitinib (50% at 48 h). The
deliberate use of structural diversification strategies, such as 4-thionation and 5,7 or 7,8-
disubstitution, led to distinct patterns of activity. These variations pertain to possibly

distinct antiangiogenic targets for each functionality, necessitating further exploration.

3.2.2.3. Inhibition of endothelial cells migration

In order to evaluate how inhibition of the overall tube formation translates into suppression
of the key steps involved in the process of angiogenesis, candidates showing more than
50% suppression of tube formation at 10 uM (i.e. compounds 9, 11, 12, and 14) were

assessed for their abilities to inhibit VEGF-induced HUVECs migration.

As seen in Figure 3. 14, the four compounds displayed significant reduction of HUVEC
migration at 10 uM, which aligns with their potent suppression of tube formation. The 4-
C=0 flavone 14 resulted in a high level of migration inhibition relative to the control at
both the 10 yM and 1 uM concentrations (37%, p<0.001 and 20%, p<0.05, respectively).
On the other hand, the 4-C=S derivatives (9, 11 and 12) showed equivalent inhibition of
HUVEC migration of around 25% at 10 uM (p<0.01, relative to the control). The analogy
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of activity amongst the 4-C=S compounds, as well as their variation from the 4-C=0
derivative, further support the hypothesis that the two groups exert their antiangiogenic

activities via different VEGF pathways.
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Figure 3. 14. In vitro HUVEC wound closure (migration) inhibition activity of flavones (9, 11, 12 and 14)
expressed as a ratio to the +ve control (10 ng/mL VEGF-enriched media). (A) Representative images of
scratch assay at 0 h and 12 h at 10X magnification. Images were analyzed using ImageJ software; (B)
Migration after 12 h as a ratio to +ve control. Data are expressed as mean + standard error of the mean
(SEM), n = 3. Statistical significance was estimated with respect to the +ve control by one-way ANOVA,
followed by Dunnett's multiple comparison test (* p<0.05, ** p<0.01, *** p<0.001).

In general, the active derivatives 9, 11, 12, and 14 demonstrated strong suppression of
VEGF-induced EC tube formation, ranging from 37 to 66% at 1 and 10 yuM concentrations
(Section 3.2.2.2). They were furthermore able to suppress the VEGF-induced migration
of ECs in a significant manner at 10 uM (25 to 37%). Collectively, these results suggest
that these compounds follow the general antiangiogenic behavior of flavonoids (Table

2.3, Chapter 2) by disrupting VEGF-associated signaling pathways, hence reducing the
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differentiation and migration of ECs. Therefore, interaction of these compounds (9, 11,
12, and 14) with VEGF’s main receptor VEGFR2 was examined as a potential mode of

action.
3.2.2.4. Exploring VEGFR2 as an antiangiogenic target
Inhibition of VEGFR2 phosphorylation in endothelial cells

At the molecular level, VEGFR2 is a tyrosine kinase receptor with an extracellular, a
transmembrane, and an intracellular catalytic domain. The extracellular binding of VEGF
leads to the dimerization and activation of the receptor via phosphorylation of the
intracellular tyrosine residues [17,269]. VEGFR2 contains several phosphorylation sites,
however only a few of them are considered important for its activity. The Tyr1175 site, in
particular, has a critical role in mediating many of the cellular functions regulated by
VEGFR2. The auto-phosphorylation of Tyr1175 triggers phospholipase C-y, MAPK and
PI3K/Akt pathways as well as the SHB and SCK adaptor proteins. These pathways
modulate various EC activities, including permeability, survival and migration [17,269].
Herein, the capacity of the most active hits (9, 11, 12, and 14) to impair Tyrl175 auto-
phosphorylation and subsequently VEGFR2 activation, was investigated via western
blotting. To begin with, the levels of total-VEGFR2 (T-VEGFR2) were calculated, relative
to the in house protein B-actin, to investigate whether the test compounds affected the
overall VEGFR2 expression. The tested compounds (9, 11, 12, and 14) did not cause a
variation of T-VEGFR2 levels compared to what was observed in presence of VEGF
alone (i.e. positive control) (p>0.05), as shown in Figure 3. 15B. The levels of VEGFR2
phosphorylation (P-VEGFR2) relative to the T-VEGFR2 were also measured for the target
compounds at 1 and 10 uM. The di-OH-4-thioflavones 11 and 12 demonstrated significant
inhibition of 57 (p<0.001) and 37% (p<0.05), respectively at 10 uM, compared to the
positive control (Figure 3. 15C). On the other hand, the di-OCHs-4-thioflavone (9) and
the di-OH-4-oxoflavone (14), did not have notable effects on VEGFR2 phosphorylation at

either of the examined concentrations (p>0.05).
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Figure 3. 15. VEGFR2 induced phosphorylation inhibition activity of flavones (9,12, 11 and 14) on HUVEC
cell lysates. (A) Representative western blot images of the HUVECSs proteins; T-VEGFR2, P-VEGFR2 and
B-Actin. Full blots are presented in Figure 7.3, Chapter 7. Images were analyzed using ImageJ software;
(B) T-VEGFR2 quantification relative to -actin; (C) VEGFR2-induced phosphorylation inhibition expressed
as a ratio to the +ve control (10 ng/mL VEGF-enriched media). Data are expressed as mean + standard
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error of the mean (SEM), n = 3 except for 14 (1 uM) where n = 2. (B) Statistical difference between the
individual groups was estimated by one-way ANOVA, followed by Tukey’s multiple comparison test, as
recommended for pairwise comparisons [267] (ns; non-significant, p>0.05); (C) Statistical significance was
estimated with respect to the +ve control by one-way ANOVA, followed by Dunnett’'s multiple comparison
test, (* p<0.05, *** p<0.001).

Given the ability of active hits 11 and 12 to inhibit VEGFR2 phosphorylation, their
interactions with VEGFR2 were further explored through molecular docking studies.
Interactions of the remaining flavones (7-9, 13 and 14) with VEGFR2 were also studied
in order to understand the target-specific SAR dynamics of this library of synthesized

flavones.
Interaction with VEGFRZ2’s catalytic site

Evidence from the literature shows that the conserved catalytic kinase domain of
VEGFR2 is the biologically relevant site for VEGFR2 ligands [22,270-272]. All of the
currently approved small molecule RTKIs, including VEGFR2 inhibitors such as sunitinib,
sorafenib and axitinib, elicit their kinase inhibitory effects by binding to the catalytic
domain [269,270]. The kinase domain catalyzes the auto-phosphorylation of the receptor
via ATP binding, activating VEGFR2 and triggering its signaling cascades. Hence,
blocking the auto-phosphorylation step halts the receptor’s activation and its dependent
proangiogenic events [22]. With regards to flavonoids, data accumulated in vitro, ex vivo
and through molecular modelling show that they can bind to the catalytic domain of
several kinases, including VEGFR2, mostly by attaching to the ATP-binding site [273—
277]. Flavonoids’ structural features characterized by the heteroaromatic planar
chromenone scaffold allow them to mimic the adenine moiety of ATP [273]. In that
context, X-ray crystallographic analysis verified the binding of myricetin and quercetin in
the conserved ATP-binding region of PI3K with dissociation constants (K¢) of 0.17 and
0.28 uM, respectively [278]. Based on the aforementioned data it is postulated herein that
the synthesized halogenated flavones (7-14) could interact with the conserved catalytic
kinase domain of VEGFR2.

Ligands 7-14 were docked in the ATP-binding site of VEGFR2 using its X-ray crystal
structure (PDBIid: 1YWN). The reported amino acids surrounding the catalytic domain
were defined to create a protomol that accommodates all of the different binding pockets
comprising the active site as outlined in Table 3.5.
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Table 3. 5. Amino acid residues defining the catalytic kinase domain of VEGFR2 [269,271,272,279-282]

Catalytic domain region

Amino acids

ATP-binding site

Leu838, Gly841, Val846, Ala864, Lys866,

Val912,

lleu913, Val914, Glu91l5, Phe916,

Cys917, Lys918, Gly920, Leul033, Cys1043

DFG region

Glu883, Asp1044, Phel045, Gly1046

Allosteric site

lleu886, Leu887, lleu888, 1leu890,

Val896,

Val897, Leul017, 1le1042

The catalytic domain is composed of a small N-lobe and a larger C-lobe joined by a
hinge/linker region where the ATP docks [269,283,284] (Figure 3. 16A). VEGFR2

inhibitors generally bind to the catalytic site in two modes. Type | inhibitors, such as

sunitinib, compete with ATP by interacting with residues in the hinge area during the
active (DFG in) state of the binding site [269,271,283] (Figure 3. 16B). Type Il inhibitors

like sorafenib, stabilize the receptor’s inactive state by extending through the hinge region

and the allosteric pocket which is exposed by shifting of the DFG residue (Asp-Phe-Gly)

towards the sugar/phosphate region, adopting an “out” conformation [269,271,281,283]

(Figure 3. 16C).
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Figure 3. 16. Schematic representation of the catalytic binding site of VEGFR2/KDR. (A) ATP binding
mode in active conformation; (B) Type I inhibitors binding mode, represented by sunitinib, in active
conformation; (C) Type Il inhibitors binding mode, represented by sorafenib, in inactive conformation

Ligands (7-14) were docked using a flexible mode algorithm (in Sybyl), enabling them to
freely adopt different orientations and conformations within the binding site, as defined by
the protomol. By default, twenty conformations were considered sufficient for each ligand
due to the rigid nature of flavonoid molecules. In order to validate the docking procedure,
the original ligand (4-amino-furo[2,3-d]pyrimidine) co-crystallized with VEGFR2 was
removed from the receptor and re-docked with the prepared active site. Superimposition
of both the original and re-docked ligand resulted in a root mean square deviation (RMSD)
of 0.97 A, which is well within the 2 A grid resolution used for docking [285]. Moreover,
the binding mode of the docked ligand was compared with the co-crystallized structure
solution (PDBIid: 1YWN) [279] and demonstrated the same interactions, typical of a type

Il inhibitor, as shown in Figure 3. 17.
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Figure 3. 17. Docking of the original co-crystallized ligand (N-{4-[4-amino-6-(4-methoxyphenyl)furo[2,3-
d]pyrimidin-5-yl]phenyl}-n'-[2-fluoro-5-(trifluoromethyl)phenyljurea) with VEGFR2 (1YWN). (A) 2D
interaction of ligand with binding pocket; (B) 3D interaction of ligand with binding pocket showing key amino
acids

The binding modes of flavones (9, 11, 12 and 14) explained their order of activity of
VEGFR2 phosphorylation inhibition (11 > 12 > 9 > 14), as observed in the western blotting
assay. The majority of lead 11’s conformations adopted a pose that is largely aligned with
the furopyrimidine-6-p-methoxyphenyl scaffold of the ligand (Figure 3. 18A). The top
docked pose of 11 shows that ring A is closely stacked on the ligand’s aminopyrimidine
ring, where the OH groups at positions 5 and 7 act as bioisosteres for N and NH:2 of the
ligand, respectively (Figure 3. 18C). In that regard, ring A mimics the adenine ring of ATP
by occupying the hinge region and forming hydrogen bonds (HBs) with the key Glu915-
O (2.98 A) and Cys917-N (2.76 A) residues. As for the thioflavone 12, slightly more than
half of the twenty generated conformations adopted a favorable vertical alignment,
parallel to that of 11 (Figure 3. 18B). As shown in Figure 3. 18D, 12’s top conformer was
capable of forming one HB with Cys917-N (2.85 A) via the O of the 7-OH group. In
addition to interacting with the critical Glu915 and Cys917 amino acids, 11 and 12 showed
several key hydrophobic interactions with residues in the adenine region (Figure 3. 18E
and F), which are characteristic of type | VEGFR2 inhibitors as presented in Table 3. 6.
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Figure 3. 18. Interaction of flavones 11 and 12 (green) with VEGFR2 binding pocket compared to co-
crystallized ligand (pink). (A) 3D of all 20 conformers of 11; (B) 3D of all 20 conformers of 12; (C) 3D of 11
top conformer; (D) 3D of 12 top conformer; (E) 2D of 11 top conformer; (F) 2D of 12 top conformer; (G)
mesh representation of active vertical orientation of 11 (blue) and 12 (green) showing different regions of
the catalytic site

Table 3. 6. Amino acid residues interacting with different type | VEGFR2 inhibitors compared to leads 11
and 12. The adenine mimicking scaffold of each molecule is highlighted in blue, while the shared amino
acids between 11 and 12 and the included inhibitors are highlighted in bold.

Type | VEGFR2

inhibitor HB Hydrophobic interactions
H o (o] DN‘/
) H
= N Glu915, Cys917 Leu838, Ala864, Val914, Phe916, Leu1033
¢
Sunitinib [286]
)—O’ (,’}JNH Lys866, Glu883, Leu887, 11e890, Val896, Val897, Val912, Val914,
Qs/wz Cys917, Aspl1044 Phe916, Leu1017, His1024, Cys1043, Phel045
Pazopanib [287]
[
Glu883, Glu91s, Leu838, Ala864, Lys866, Val914, Phe91l6,
Cys917, Aspl1044 Gly990, Leu1033, Phel045

Leu838, Valg46, 11e847, Ala864, Val897,
Glu915, Cys917 Val914, Phe916, Phe919, Leul1033, Leul034,
Cys1043
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Leu838, Pro837, Val846, 1le847, Val863,
Cys917 Ala864, Val865, Val897, Val914, Phe916,
Phe919, Leu1033, Cys1043,

Taken together with their ability to inhibit VEGFR2 phosphorylation, these findings
suggest that lead compounds 11 and 12 could exert their antiangiogenic effects via type
| VEGFR2 inhibition. However, additional research is required to determine if the lack of
the linker component that forms HBs with Glu883 and Asp1044, in the DFG motif area,
will adversely affect the binding affinities of 11 and 12 to VEGFR2 in comparison to type
| inhibitors currently on the market.

In contrast to the active derivatives 11 and 12, compounds 9 and 14 formed HBs with
Cys917-N but with their 4-C=S (3.33 A) and 4-C=0 (3.04 A) moieties, respectively,
instead of the O in their OH groups. This resulted in a horizontal alignment for 9 and 14
in which their B and C rings extend into the adenine and DFG regions, forming
undesirable clashes with important amino acids such as Glu883 and Ala864 (Figure 3.
19). The bulkiness and branching of 5-OCHs of 9 clashes with Phe916, hindering its ability
to face residues Glu915 and Cys917. With regards to 14, its horizontal pose possibly
resulted from the better hydrogen bond acceptor (HBA) character of the carbonyl O over
the hydroxyl O. This is manifested in the higher number of 14 conformations in which the
C=0 is facing the inside of VEGFR2 binding cavity where it can interact with several
amino acids via HBs (Figure 3. 20B).
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Figure 3. 19. Comparison of the 3D interactions of flavones (9, 11, 12 and 14) in ATP-binding pocket of
VEGFR2. (A) 9 (salmon) versus 11 (green); (B) 14 (salmon) versus 12 (green). HBs are represented by
yellow dashed lines, clashes are represented by orange dashed lines.

To further investigate the effect of the 4-C=0 and the OCHs functionalities on VEGFR2,
the binding modes of compounds (7, 8, and 13) were examined (Figure 3. 20C-E). None
of the conformations adopted by these flavones showed the distinctive binding mode of
the ATP-binding scaffold of the active compound 11, with the exception of 3 out of 20
conformations for compound 13. These results explain the lack of VEGFR2 inhibitory
activities of the diOCHs derivative 9 and the 4-C=0 derivative 14, indicating that their

strong antiangiogenic effects likely result from interactions with other angiogenic target/s

reported for flavonoids.
(A (B)
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(E)

_—

Figure 3. 20. 3D interaction of all 20 conformers of flavones (green) with VEGFR2 binding site compared
to co-crystallized ligand (pink). (A) 9; (B) 14; (C) 7; (D) 8; (E), 13

3.3. Conclusions and future perspectives

The designed 4-C=0 and 4-C=S flavones (7-14) were synthesized via the Baker-
Venkataraman pathway in good to excellent yields (60-97%) and with excellent purities
(>90%). Synthesis of the 4-C=Se flavones (15-18) was explored via direct selenation of
7 and 8 using WR under either microwave assisted or standard heating conditions,
however, neither approach produced the intended output. In that context, it was not
possible to separate a pure product from the crude reaction product after consecutive
column chromatography with different solvent systems. Evaluation of the in vitro
antiangiogenic activites of 7-14 as part of their assessment as dual
antiangiogenic/cytotoxic anticancer agents, revealed strong suppression of VEGF-
induced angiogenic features. The tested compounds did not exhibit cytotoxic effects on
ECs (p>0.05, compared to control) at 40 uM. Flavones (7-14) inhibited EC tube formation
in a significant manner (37-55% at 12 h) at low concentration of 1 uM. The effects were
comparable to the reported tube formation inhibition of the anticancer drug sunitinib (50%
at 48 h). The most active compounds (9, 11, 12, and 14) identified from the tube formation
assay notably suppressed EC migration by 25 and 37% at 10 yM. VEGFR2 interactions
were explored as a potential antiangiogenic target for the active leads using western
blotting and docking studies. Compounds 11 and 12, possessing 7-OH and 4-C=S
groups, relied on VEGFR2 inhibition to mediate their antiangiogenic effects, with 57 and
37% VEGFR2 phosphorylation inhibition at 10 uM, respectively (p<0.05). This inhibition
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is likely achieved by an ATP-competitive binding mode. Analogues 9 and 14 showed
unfavorable binding modes with the VEGFR2 catalytic site due to the presence of the 5,7-
diOCHs and 4-C=0 structural characteristics, resulting in a lack of activity on VEGFR2
phosphorylation inhibition. Future investigations, such as X-ray crystallography, are
recommended to confirm the proposed binding modes of flavones 11 and 12 with
VEGFR2. However, the main target of the remaining set of flavones has not been
elucidated. Moreover, the tested panels are expected to interact with several biological
targets given the reported multi-target characteristics of flavonoids [59,289,290] and the
conserved nature of protein kinases [273]. In that regard, the antiangiogenic targets of
the structurally similar flavones apigenin, luteolin and chrysin, such as IL-6/STAT3 and
MAPK pathways and MMPs-2 and 9 [291-293], can guide the future antiangiogenic
evaluations of the flavones presented herein. High throughput screening strategies can
be applied in order to develop a comprehensive profile of the biological targets affected
by the tested flavones. This is not only important for shaping the beneficial therapeutic
effects of these compounds, but also for determining off-target interactions that might

result in undesired pharmacological effects.
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4.1. Introduction

In Chapter 2, a library of halogenated flavone compounds was purposefully designed as
a foundation for the development of bi-functional antiangiogenic and cytotoxic anticancer
agents. The designed compounds were synthesized and biologically evaluated for their
in vitro antiangiogenic activity, specifically targeting EC tube formation, migration and
VEGFR2 activation (Chapter 3). The promising antiangiogenic activity demonstrated by
the assessed candidates motivated additional structural refinement to further enhance

their antiangiogenic and cytotoxic activities.

Based on the strong antineoplastic activity reported for Ru(ll) arene and Ir(lII)Cp*
compounds in general, and their flavonoid derivatives in particular (Section 1.4, Chapter
1), it is hypothesized herein that their combination with the flavones synthesized in this
study could result in synergistic antiangiogenic and cytotoxic effects (Figure 4. 1). The
high tumor selectivity of the metal scaffolds means that they can enhance the
antiangiogenic and cytotoxic effectiveness of the active leads and lower the probability of
having off-target interactions that might result in toxicity. Additionally, the lipophilic nature
of the arene and Cp* ligands could result in increased cellular absorption and improved
pharmacokinetic properties of our compounds. Hence, this chapter explores the chemical
challenges encountered, and the progress made, for the synthesis and spectroscopic
characterization of the modified Ru(ll)-p-cymene and Ir(lll) Cp* halogenated flavone

derivatives (19-26).
Rs 4. %X
Rz

R, X
[Flavone panels (B) & (C)}

IRu(I)-p-cymene complexation Ir{lll) Cp* complexation

o O cl
Ho. o O HO O O‘
O | C,I*’F;l"\o Br ,\r\o Br
o) ‘Q,-S 0. 0. 0 ‘o,'s 5 o O
\ 2 |
CI3Rd Cll
| 1

Synergistic antiangiogenic/cytotoxic
anticancer effect

Figure 4. 1. Schematic representation of the proposed metal complexation optimization strategies
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Flavonoid metal complexes are generally synthesized by reacting flavonoid and metal
salts dissolved in an alcoholic or aqueous solution. The reaction can be carried out under
different conditions of stirring and/or heating with the use of a base to deprotonate the
OH groups and facilitate metal coordination. The complex usually precipitates from
solution, and is then filtered and air dried. A range of spectroscopic and analytical
methods have proved insightful for structural characterization of flavonoid metal
complexes (Figure 4. 2), and the synthesis and analytical methods that have been used

in the literature are summarized in Table 4. 1 [117].
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R: 28 = H, 29 = p-CHj,

X: Niffcoumar = NO,, Warfarin = H, 27 30 =p-F, 31 =m-F, 32 =0-F, 33 =p-
Kaempferol Coumachlor = Cl Cl, 34 = m-Cl,
35 =0-Cl, 36 = p-Br,

37 = m-Br, 38 = p-OCHs,
39 = p- NO,, 40 = p- NMe
HO O p 2 p 2
o o I
o CO

41: Rl—H,R—m—NHz o 0
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OH O

43: R, = CHa, R = p-NH,
44

Figure 4. 2. Chemical structures of flavonoids from which organometallic derivatives have been prepared
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Table 4. 1. Summary of synthetic conditions and characterization methods for flavonoid metal complexes
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Flavonoid Solution Metal Base used Final product Characterization Ref
and pH Formula
Quercetin.2H20 in NiCl2-6H20 NaOEt Ni(Que)2(H20)2 UV, IR, Elemental Analysis [294]
EtOH 6-7
CuCl2.2H20 NaOEt Cu(Que)2(Hz20)2 UV, IR, Elemental Analysis [295]
6-7
La acetate NaOEt La(Que)s(Hz20)s UV, IR, *H NMR, TG-DTG, [296]
Nd acetate n/a Nd(Que)s(Hz20)s Fluorescence analysis,
Eu acetate Eu(Que)sH20)s Electrochemistry, Elemental
Gd acetate Gd(Que)3(H20)s analysis
Tb acetate Tbh(Que)s(H20)s
Dy acetate Dy(Que)s3(H20)s
Tm acetate Tm(Que)s(Hz20)s
Y acetate Y (Que)s(H20)s
[Cu(Que)2(H20)2] in SnCls n/a [Cu(Que)2(H20)6-Sn2Cl4) IR, H, 13C & 1°Sn NMR, [297]
MeOH EPR, ESI-MS, TG-DTG
[Zn(Que)2(H20)2] in SnCly n/a [Zn(Que)2(H20)6-Sn2Cl4] IR, 1H, 13C & 1°Sn NMR, [297]
MeOH EPR, ESI-MS, TG-DTG
Chrysin in EtOH Vanadyl n/a VO(Chry)2EtOH UV-Vis, IR, EPR, [298]
acetylacetonate 5 Spectrophotometric titrations
PhsGeBr Na2COs Chry-Ge. C2HsO IR, H & 3C NMR, Elemental [299]
n/a analysis
La acetate NaOH La(Chry)2.0Ac(H20)7 IR, 'H NMR, [300]
n/a Elemental analysis, TG-DTG,
Spectrophotometric titrations
Luteolin in H20 VOSO04.H20 NaOH VO(Lut)2 UV-Vis, IR, *H NMR, ESI-MS [301]
6
Luteolin 50% aqueous NaOH [VO(Lut)(H20)2]Na-3H20 UV-Vis, IR, EPR, [302]
solution of VOCI2 5 Elemental analysis
Luteolin in EtOH Mn(CHsCOO): n/a MnO-Lut UV-Vis, IR, Elemental analysis, [303]
4 TG-DTG
Hesperidin in H20 50% aqueous NaOH [VO(Hesp)(OH)s]. Nas(H20)3 UV-Vis, IR, EPR, [304]
solution of VOCIz 12 Spectrophotometric titrations
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Hesperetin in EtOH CuCl2.2H20 NHs solution [Cu(Hespt)2(H20)2] -H20 UV-Vis, IR, ESI-MS, TG-DTG [305]
7-8
Naringin in MeOH Cu acetate in n/a [Cu (Nan]*[CH3COO] - (H20)s UV-Vis, IR, *H NMR, ESI-MS, [306]
distilled H20 Elemental analysis
Naringenin in EtOH CuCl2.2H20 NHs solution [Cu(Narg)2(H20)2] -H-0 UV-Vis, IR, ESI-MS, TG-DTG [305]
7-8
Apigenin in EtOH CuCl2.2H20 NHs solution [Cu(Apg)2(H20)2] -H20 UV-Vis, IR, ESI-MS, TG-DTG [305]
7-8
Silibinin in EtOH 50% aqueous NaOMe Naz[VO(Sil)2].(H20)s IR, EPR, Spectrophotometric [307]
solution of VOCI2 9 titrations
Morin in MeOH 50% aqueous NaOMe [VO(Mor)2H20]. (H20)s UV-Vis, IR, EPR, [308]
solution of VOCIz 5 Spectrophotometric titrations
Kaempferol in EtOH ZnCl2.2H20 NaCl [Zn(Kaem)2(H20)2] -H20 UV-Vis, IR, *H NMR, [309]
8-10 ESI-MS, Elemental analysis
Niffcoumar sodium Ce(NO3)3.6H20 n/a Ce(NS)s. (H20)4 IR, 'H NMR, Elemental analysis [310]
salt in H20 La(NOs)3.6H20 4-5 La(NS)s. (H20)4
Nd(NO3)3.6H20 Nd(NS)s. (H20)s
Niffcoumar in H2O  Aqueous solution NaOH Zr(Niff)2(OH)a(H20)s IR, *H NMR, Elemental analysis, [311]
of ZrCla 5 TG-DTG
Warfarin in H20 Aqueous solution NaOH Zr(War)2(OH)a(H20)2 IR, *H NMR, Elemental analysis, [311]
of ZrCla 5 TG-DTG
Coumachlor in H2O  Aqueous solution NaOH Zr(Coum)2(OH)4(H20)s IR, *H NMR, Elemental analysis, [311]
of ZrCla 5 TG-DTG
27 in 50% EtOH GeO2in NaOH n/a UV-Vis, IR, IH NMR, MS, [312]
deionized H20 7 Elemental analysis, TG-DTG
28-37 in MeOH [Ru(n6-p- NaOMe n/a 1H & 3C NMR, Elemental [110,144]
cymene)Clz]z in n/a analysis, X-ray
CH2Cl2
41-44 in CHxCl> [Ru(n6-p- n/a n/a UV-Vis spectra, IR, *H NMR, [144,313,
cymene)Clz)z in FAB/EI-MS, X-ray 314]
CH2Cl2
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33, 38-40 in EtOH [Ru(DMSO0)4Cly] TEA [Ru(DMS0)2(34)2]2NaNO3(H20)- IR, H NMR, ESI-MS, [145]
in EtOH n/a [Ru(DMSO0)2(38)2]2NaNOs. H20 Elemental analysis
[Ru(DMS0)2(39)2]. (NO3)2(H20)2
[Ru(DMSO0)2(40)2]2NaNO3(H20)s
44 in EtOH La(NO3)s.6H20 TEA n/a UV-Vis, IR, *H NMR, Elemental [315]
n/a analysis, TG-DTA
45 in H20 Agueous solution NaOH Ce(45)(OH)(H20)2 IR, *H & 1°C NMR, [316]
of Ce 5 La(45)(OH).H20 Elemental analysis
La Nd(45)(OH).H20
Nd
46 in EtOH Aqueous solution n/a cis - [Pt(46)2Cl2] IR, H & °°Pt NMR [317]
of KoPtCls
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UV, ultraviolet; IR, infrared; NMR, nuclear magnetic resonance; TG, thermogravimetry; DTG, differential thermogravimetry; EPR, electron
paramagnetic resonance; ESI-MS, electron spray ionization mass spectrometry; DTA, differential thermal analysis; n/a, not available.
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4.2. Results and discussion

4.2.1. Synthesis and structural characterization of Ru(ll)-p-cymene flavone
complexes

4.2.1.1.5, 7-Dihydroxyl-4’-chlorophenyl Ru(ll) complexes (19 and 20)

The novel Ru(ll) (n6-p-cymene) flavone complexes 19 and 20 were synthesized via the
reaction of their parent flavones 11 and 13, respectively, with the commercially available
bis[Ru(n6-p-cymene)Clz]. Deprotonation of the 5-OH group in flavone 11 or 13 was
achieved using 1.05 equivalents sodium methoxide (NaOMe) in methanol, based on the
reported method [318] (Scheme 4. 1). The 4-C=S and 4-C=0 Ru(ll) derivatives (19 and
20) were purified by crystallization in 9:1 EtOAc:CHCIs or EtOAc:ACN, and were obtained
in 46 and 30% yields, respectively.

C|

ol <g
HO o
HO @ O NaOMe, [Ru(n®-p-cymene)Cl,], O |

anhydrous DCM, MeOH, |

| °
OH X 75 °C, 18 h O\ /X
Cl-Ru
11, X=S

Scheme 4. 1. Synthesis of Ru(ll) complexes 19 and 20

Various techniques may be employed to confirm the structure of metal complexes, as
outlined in Table 4. 1, Section 4.1 [117]. The structures of the synthesized organometallic
complexes 19 and 20 were confirmed by *H and '3C NMR spectroscopic analysis, IR
spectroscopy, mass spectrometry, and elemental analysis. It has been reported that IR
spectroscopy provides data that can be used to identify the functional groups involved in
metal coordination [319]. Complexation of the metal atom with the C=0O group, for
instance, causes an increase in the bond length, which is manifested as a decrease in
the frequency of the C=0 peak. The disappearance of the characteristic flavonoid OH
broad peaks at 3600-3200 cm™ in IR spectra indicates their involvement in metal
chelation. Nevertheless, removal of the OH peaks in IR spectra can be concealed by the

existence of additional OH groups in the flavonoid composition and in the H20 molecules
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that are integrated into the metal sphere during complexation. In this study, the IR
spectrum for compound 13 showed a reduction in the frequency of the 4-C=0 upon
complexation with Ru from 1680 to 1633 cm?, indicating interaction with the metal atom.
The OH peaks of 11 and 13 were shifted from 3358 and 3350 cm™ to 3141 and 3231 cmr
1, respectively, after Ru chelation. *H NMR spectroscopy also indicated Ru chelation at
the 4,5 positions. The 'H NMR spectrum of 11 shows a sharp signal for the 5-OH proton
at d 13.54 ppm due to its intramolecular HB with the 4-C=S group [320,321]. The *H NMR
spectrum of complex 19 showed a slight shift of the protons of the thioflavone moiety, and
the 5-OH proton was no longer present indicating chelation at this position (Figure 4. 3A).
Likewise, the peak of the 5-OH group proton where the chelation occurred was no longer
present in the 'H NMR spectrum of 20 as seen in Figure 4. 3B. Ru(ll)-p-cymene
complexation of 11 was evident by the appearance of the p-cymene CHs proton peaks at
0 1.16, 1.18 and 2.26 ppm in addition to a multiplet corresponding to the CH proton at &
2.83 ppm. Furthermore, aromatic protons of the cymene ring appeared as two doublets
atd7.07 and 7.11 ppm (J=8.4 Hz) (Figure 4. 3A). The *H NMR spectrum of 20 exhibited
the same patterns demonstrating successful complexation where signals of the p-cymene
protons appeared at 6 1.29, 1.30 (2xCH3s), 2.17 (CHs3), 2.84 (CH), 5.37 and 5.66 (Ar-CH)
ppm (Figure 4. 3B). Successful chelation of 13 and Ru(ll)-p-cymene was also reinforced
by the upfield shift of all of the proton signals of compound 13 with the ring A protons (H-
6 and 8) seeing the highest shifts by 0.3 and 0.5 ppm, respectively. The carbon signals
for the p-cymene ring were visible in both the aliphatic and aromatic regions along with
the p-chlorophenyl ring carbons of the flavone moiety in the 13C NMR spectra of both
complexes (Figure 4. 4). For instance, the 3C NMR spectrum of complex 20 showed
peaks corresponding to the CHs and CH groups of cymene at & 17.92, 22.52 and 30.89
ppm in addition to the aromatic cymene carbons at & 102.70, 106.34 and 129.81 ppm
whereas an upfield shift of the flavone peaks was observed especially with ring A and C
carbons (C8, 5, 6 and 3). The 4-C=0 group signal also shifted from & 181.83 to 177.55
ppm in the 13C NMR spectrum of 20. Finally, mass spectrometry and elemental analysis
confirmed the proposed molecular formulas of the resultant compounds. For example,
the % of Ru content measured for complexes 19 (C2sH2203SCl2Ru) and 20
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(C25H2204CI2Ru) were 17.3 and 17.72 compared to calculated % of 17.59 and 18.10
respectively.
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Figure 4. 3. Stacked 'H NMR spectra of (A) 11 and 19; (B) 13 and 20
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Figure 4. 4. 3C NMR spectra of complexes (A) 19; (B) 20
Stability of complexes 19 and 20

UV-Vis spectroscopy was used to determine the stability of the novel complexes 19 and
20 in agqueous solution (0.1% DMSO/ddH20) in order to ensure their stability under the
experimental conditions employed in the ensuing biological experiments. The

measurements were taken at temperatures ranging from 20 to 80 °C, which covers the
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temperatures employed in the cell-based (37 °C) and DNA binding experiments (20-80
°C) described in Chapter 5. As shown in Figure 4. 5 and Table 4. 2, the UV-Vis profiles
of complexes 19 and 20 showed minor changes upon the applied temperature
increments. The variations in the absorbance at a wavelength of 260 nm (A260) varied
from 2 and 1.6% at 40 °C for 19 and 20, respectively, to 9% at the highest temperature
(80 °C) for both complexes (Table 4. 2). Flavonoid metal complexes with a 1:1 metal to
flavonoid ratio, such as the synthesized Ru complexes, typically exhibit moderate (5<log
B (equilibrium constant for the formation of complex in solution)<10) to high (log $>10)
stability [322]. Moreover, several reports have demonstrated that similar flavonoid Ru(ll)
arene complexes remain stable in aqueous solution for more than 24 hours, as evaluated
by 'H NMR and UV-Vis spectroscopic analysis [110,144,313].
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Figure 4. 5. Temperature dependent UV-Vis spectra of (A) 19 and (B) 20 in 0.1%DMSO/ddH20 solution
recorded over a 6 h time interval

Table 4. 2. h2o? and A Azso® of complexes 19 and 20 at 20 — 80 °C

19 A260 A Aze0 20 A260 A Azeo
20°C 0.03108 0 20°C 0.0435 0
40 °C 0.02973 0.0013 40 °C 0.04422 0.00072
60 °C 0.02902 0.0021 60 °C 0.04525 0.00174
80 °C 0.02832 0.0028 80 °C 0.04738 0.00388

a, A2e0 is the absorbance at 260 nm; b, A Aze0 = A260 (40, 60 or 80 °C) - Aze0 (20 °C)

The overall stability observed in similar metal complexes, along with the minor changes
in the UV-Vis profiles of 19 and 20 at elevated temperatures, indicate that these

complexes are expected to retain their stability during the subsequent biological assays
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conducted under similar experimental conditions with respect to the cell-based and DNA
binding studies (Chapter 5).

4.2.1.2.7, 8-Dihydroxyl-4’-bromophenyl Ru(ll) complexes (21 and 22)
Synthesis of the Ru(ll) 7,8-0 chelated 4-thioflavone (21) was pursued using 2 equivalents

of NaOMe in order to deprotonate both of the OH groups in the catechol, followed by
addition of 0.55 equivalents of [Ru(n6-p-cymene)Clz]2 in anhydrous DCM and MeOH
(Scheme 4. 2).

Br
OH @
o NaOMe, [Ru(n®-p-cymene)Cl,],

HO

| anhydrous DCM, MeOH,
S 75°C,18h

Scheme 4. 2. Attempted synthesis of Ru(ll) complex 21

The *H NMR spectrum of the crude product showed a downfield shift of the CHz protons
of p-cymene and those of rings A, B and C of the thioflavone scaffold. The crude product
was subsequently dissolved in CHCI3:MeOH (9:1, v/v) with the addition of EtOAc to
facilitate purification. The resulting black precipitate was then filtered and air dried. The
pure product was subjected to mass spectrometric and elemental analysis in order to
confirm its structure. The desired peak for complex 21 ((C2sH2103"°BrRuS) calculated m/z
=581.944) was detectable on MALDI-TOF MS as M+H-C| at 582.950 (Figure 4. 6).
However, neither the elemental analysis nor the ESI-MS spectrometric results correlated
with the calculated values for 21, its free metal ligand or a combination of both. Since,
MALDI-TOF MS was inconclusive on its own to prove effective chelation and synthesis,

the product was not used in subsequent biological evaluations.
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Figure 4. 6. MALDI-TOF MS of 21

Meanwhile, synthesis of the 4-C=0 Ru(ll) complex 22 was attempted several times
(Scheme 4. 3). As shown in Table 4. 3, the first two attempts to synthesize 22a were
carried out using 1.05 equivalents of NaOMe, however even after increasing the
temperature of the reaction during the deprotonation step, and the duration of the

reaction, 'H NMR spectroscopic analysis showed no reaction to have occurred.

HO
C |
HO

NaOMe, [Ru(n®-p- cymene)CI2]2T [Ru(n8-p-cymene)Cl,],,
anhydrous DCM, MeOH anhydrous DCM, MeOH,

') 75°C,18h 75°C,18h

Scheme 4. 3. Attempted synthesis of Ru(ll) complexes 22a and 22b

Ru(ll)-p-cymene chelation to flavone 14 was subsequently attempted using 2.1 instead
of 1.05 equivalents of NaOMe in order to deprotonate both OH groups at positions 7 and
8 and achieve a 7,8-O chelation (Scheme 4. 3). Here, the 'H NMR spectroscopic data of
the crude product exhibited a slight upfield shift in the cymene 2xCH3s peaks from & 1.19
and 1.21 to 1.17 and 1.18 ppm and a high upfield shift of the signals corresponding to p-
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bromophenyl ring of the flavone scaffold (H-2’, 6" and H-3’, 5’ shifted from & 7.84 and 8.16
to 7.09 and 7.38 ppm, respectively) (Figure 4. 7). An upfield shift of the proton signals
from the flavone moiety is expected for chelation at position 7, as previously reported by
Yang et al for a chrysin-7-O-germanium(lV) complex [299]. However, the remaining
cymene ring protons appeared at their unchelated positions at & 2.09 (CHs), 2.84 (CH)
and 5.78-5.83 (H-2,3,5 and 6) ppm (Figure 4. 7). Furthermore, some signals were difficult
to correlate to specific protons. Despite these conflicting results, free OH signals were
absent from the 'H NMR spectrum of 22a. Additionally, mass spectrometric analysis
showed a M-CI peak representative of 22a ((C2sH2104"°BrRu) requires 565.406, found
565.083) which gave evidence of successful complexation. In that regard, elemental
analysis of the purified product after crystallization by 9:1 EtOAc:CHCIs (v/v) was
conducted to provide a clear answer for whether or not complexation had occurred. A
mixture of equal amounts of Ru(ll) chelated flavone (22a) and [Ru(n6-p-cymene)Clz]> was
the closest match to the elemental analysis results which explained the presence of
proton peaks corresponding to both 22a and the Ru(ll)-p-cymene reagent in the *H NMR
spectroscopy results. However, due to the impurity of the final product, it was not used in

further biological evaluations studies.

Table 4. 3. Attempted optimization of the deprotonation step for the synthesis of 22a or 22b

Deprotonation step conditions

NaOMe equivalence Result
Temperature (°C) Time (min)
1.05 Room temperature 15 No reaction
1.05 30 30 No reaction
21 30 50 22a complex + residual

starting material

0 No reaction
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Figure 4. 7. 'H NMR spectrum of attempted Ru(ll)-p-cymene complexation of 14 with 2.1 eq. NaOMe

Due to the difficulties in obtaining a pure bidentate product for flavone 14, the reaction
was carried out in the absence of NaOMe to ascertain whether synthesizing a
monodentate complex at the 4-C=0 position was possible (Scheme 4. 3). Interestingly,
the 'H NMR spectrum of the resulting product showed a downfield shift of both the p-
cymene protons and the H-3, 6 and p-bromophenyl ring protons for compound 14 by
approximately 0.057, 0.014, 0.015, and 0.01 ppm, respectively. Moreover, two signals
corresponding to the 7, 8-OH groups appeared at & 9.6 and 10.42 ppm indicating no
complexation at these sites. On analyzing the integration of the assigned proton peaks it
became clear that the signals corresponding to p-cymene were 13 fold higher than those
of the flavone moiety which negates the presence of a 22b complex (Figure 4. 8).

Therefore, this complexation attempt was also deemed unsuccessful.
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Figure 4. 8. 'H NMR spectrum of attempted Ru(ll)-p-cymene complexation of 14 without NaOMe

4.2.2. Attempted synthesis and structural characterization of Ir(lll) Cp* flavone
complexes

4.2.2.1.5, 7-Dihydroxyl-4’-chlorophenyl Ir(lll) complexes (23 and 24)

Attempts to synthesize the corresponding Ir(lll) derivatives of flavones 11 and 13 did not
afford the desired products. Following the same synthetic route detailed for the successful
synthesis of Ru complexes 19 and 20, 11 and 13 were activated by deprotonation with
NaOMe and this was followed by the addition of bis[Ir(n5-Cp*)Cl2] in situ (Scheme 4.4).
Although *H NMR spectroscopic analysis of the 4-thioflavone complex (23) demonstrated
successful chelation with a singlet signal for the 5xCHzs protons of the Cp* ring at 6 1.64
ppm, in addition to the expected flavone moiety proton peaks (Figure 4. 9A), its elemental
analysis data mainly corresponded to the bisdichlorido(n5-Cp*)Ir(lll) starting material
indicating failed complexation. Interestingly, the *H NMR spectrum of 24 showed 2 signals
for the 5xCHs protons of the Cp* ring at & 1.55 and 1.64 ppm as well as those
corresponding to the flavone scaffold (Figure 4. 9B). This finding was previously reported
for the related Ir(Ill)chrysin [323] and indicates the afforded product is a mixture of
complex 24 and starting material, or a mixture of the bidentate and monodentate Ir(lll)-

flavone complexes making its purification attempts unsuccessful.
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Figure 4. 9. 'H NMR spectra of attempted Ir(lll)Cp* complexation of (A) 11 and (B) 13

4.2.2.2.7, 8-Dihydroxyl-4’-bromophenyl Ir(lll) complexes (25 and 26)

Following the same general procedure, 12 or 14 were reacted with 0.55 equivalents of

Ir(Ill) cyclopentadienyl (n5-Cp*) ligand after deprotonation with 2 equivalents of NaOMe
(Scheme 4. 5).

OH Br ’\
5 Cl—Ir— Br
HO O NaOMe, [Ir(n>-Cp*)Cl,], / @]
ll;lcl : o)

anhydrous DCM,

|
X MeOH, 75 °C, 18 h
12,X=5S X
14,X=0 25, X=S
26. X =0

Scheme 4. 5. Attempted synthesis of Ir(lll) complexes 25 and 26
H NMR spectroscopic analysis of the crude product of the reaction of Ir(Ill)Cp* ligand
and the thio derivative (12) exhibited some signs of complexation represented in the
downfield shift of Cp* 5xCH3s from & 1.64 to 1.65 ppm and the H-6 and 3’, 5’ proton of 12
signals from 8 6.98 and 7.77 to & 7.16 and 7.89 ppm, respectively. However, the *H NMR

spectrum of 25 showed many signals indicative of impurities especially around the Cp*
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peak in the aliphatic region (& 1.46-2.00 ppm) which might indicate breakdown of the
Ir(III)Cp* starting material. Meanwhile, *H NMR spectroscopic analysis of the crude
product of the reaction of Ir(lll) metal ligand and flavone 14 showed no signs of chelation.

Based on these unpromising findings these syntheses were not further pursued.

4.3. Conclusions and future perspectives

Chelation of the synthesized flavones to Ru(ll)-p-cymene and Ir(lll) Cp* metal ligands
were adopted in this project as a structural optimization strategy in order to improve the
antiangiogenic and cytotoxic properties of the lead flavones. Two novel Ru(ll)-p-cymene
complexes (19 and 20) were effectively synthesized and characterized with 46 and 30%
yields, respectively. The remaining Ru(ll)-p-cymene or Ir(lll) Cp* complexation attempts
either failed to chelate or showed some degree of complexation, but often with the
presence of residual starting material and/or byproducts. Hence, crystallization was
ineffective for separating a pure product from these materials. Several strategies could
be adopted in the future to ensure successful complexation in yields sufficient for effective
purification. For instance, further optimization for the reaction conditions could be
attempted using varied mole equivalents of NaOMe (1.10, 1.25 and 2) [323] or other
bases such as trimethylamine or NHs solution as reported in the literature (Table 4. 1,
Section 4.1). On the other hand, alternative purification methods such as column
chromatography could be explored although its less preferable for metal complexes as it
comes with the risk of damaging the formed complex due to the presence of acidic sites
in silica that can bind to metal ions. In this regard, other stationary phase options like
neutral alumina can be investigated although this could still lead to challenges as alumina
has high affinity for polyphenols which may result in insufficient yields of the desired

products.
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Chapter 5: Anticancer evaluation of halogenated flavones and their Ru complexes

5.1. Introduction

The primary goal of this project is to develop novel anticancer agents that possess both
antiangiogenic and cytotoxic properties. Within this thesis it has been discussed how lead
thioflavone 11 has demonstrated significant antiangiogenic properties which was
comparable to those reported for sunitinib (42% tube formation inhibition at 1 uM versus
50% for sunitinib at 1 uM [266]) by interfering with the VEGF/VEGFR2 pathway (Chapter
3). Additionally, Ru(ll) complexation to 11 and its 4-oxo derivative 13 was carried out
based on the hypothesis that it would enhance their antiangiogenic and cytotoxic
properties (Chapter 4). Hence, this chapter is comprised of two components. The first
details the in vitro evaluation of the proposed bi-modal antiangiogenic and cytotoxic
activities of lead 11 and its 4-oxo derivative 13 on endothelial and breast cancer cells.
The second determines the impact of Ru(ll) complexation on the measured biological

activities of 11 and 13.

VEGF is the most predominantly overexpressed proangiogenic factor in breast cancer
[324], and is negatively associated with the overall survival of breast cancer patients
[325,326]. As outlined in Table 5. 1, organometallic Ru(ll) complexes have demonstrated
strong cytotoxic and antimetastatic activities against breast cancer both in vitro and
[320,327,328] in vivo [329]. Moreover, Ru complexes have shown enhanced
accumulation in breast cancer cells and tissues [327-329] (Table 5. 1). For example, an
iminophosphorane Ru(ll) complex showed <5 ug/g tissue weight in liver and kidney while
its tumor concentration was 40 pg/g (p<0.05) in triple negative breast cancer (TNBC) mice
xenografts [329]. Taken together with the inhibitory activities of flavones 11 and 13
against VEGF-induced angiogenesis, it is hypothesized herein that compounds (11, 13,
19 and 20) will exhibit potent anticancer effects against breast cancer. Accordingly, the
cytotoxic and antimigratory activities of the test compounds were evaluated against the
estrogen receptor positive (MCF-7) and the triple negative (MDA-MB-231) breast cancer

cell lines.
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Table 5. 1. Summary of antiangiogenic and cytotoxic activities reported for Ru(ll) complexes against breast cancer

Complex Antiangiogenic activity Cytotoxic activity Tumor selectivity Ref
VEGF downregulation (100 « DNA intercalation (10 uM) n/a [320]
HM) ¢ 55% inhibition of MCF-7

viability (100 pM, p<0.01)
¢ 29.3% increase in MCF-7
apoptosis (100 uM,
p<0.01)
¢ 52% decrease in MDA-MB- IC50=0.86 uM on MDA-MB- 1Cs50=9.4 and > 50 uM on [327]
231 invasion (3.44 uM, 231 HEK293 and skin fibroblast cell
p<0.05) lines, respectively
¢ 30% decrease in MDA-MB-
231 migration (0.55 uM,
p<0.01)
¢ 50% decrease in MMP-9 (1.72
UM, p<0.01)
¢ 85% decrease in MDA-MB- IC50=28 and 14.6 uM on ¢ [C50=143 pM on HK2
231 migration (4 pM, p<0.01)  MCF-7 and MDA-MB-231, e Cellular uptake efficacy =2.5 [328]
* 90% decrease in MDA-MB- respectively and 3 pM/108 cells for MCF-7
231 invasion (4 uM, p<0.01) and MDA-MB-231, respectively.
¢ 40% decrease in MMP-9 ¢ 35% decrease in MDA-MB-231
expression (4 uM) cellular uptake % (p<0.05) upon
® 40% decrease in VEGF (4 pM) pretreatment with 2 mg/mL
transferrin (i.e. transferrin
receptor blocker)
B N ¢ |C50=2.6 UM on MDA-MB- e IC5=2.8 uM on HEK-293T
231 e <5 ug/g tissue weight in liver [329]

RU—N" ™ Cl

¢ 56% decrease in tumor
size at5 mg/kg/every other
day for 28 days in MDA-
MB-231 injected mice

and kidney, tumor concentration
=40 ug/g (p<0.05)

n/a, not available; MCF-7, estrogen receptor positive breast cancer cell line; MDA-MB-231, triple negative breast cancer cell line; HEK293, normal

human embryonic kidney cell line; HK-2, immortalized human renal proximal tubular epithelial cell line.
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The need for research investigating the effects of individual metal atoms on the cytotoxic
abilities of structurally similar flavonoids has been highlighted by our recent study
(Appendix B) [117]. Analysis of the cytotoxic effects of various metal complexes of
flavonoids on different cancer cell lines indicated that 64% exhibited superior cytotoxic
properties compared to their parent flavonoid, whereas 11% retained the same level of
activity, and 25% exhibited decreased activity [117]. However, evidence on the influence
of the type of metal on the measured biological activities was insufficient to conclude
whether one class was superior to another. Hence, this study can bring new insight on
the particular role of Ru complexation on the tested antiangiogenic and cytotoxic
properties. Additionally, inclusion of the 4-oxo analogue (13) of 11 and its Ru(ll) complex
(20) will determine the impact of the functional group at C-4 on the activity of the free

flavonoid and the Ru(ll) complex.
I-motif DNA binding

Binding interactions of the test flavones with the non-canonical i-motif DNA structures
(VEGF and c-myc) were studied herein as novel anticancer targets. I-motifs are cytosine
rich tetraplex DNA structures (Figure 5. 1) reported to be capable of regulating oncogene
expression and therefore are of interest for their anticancer applications [330-334]. VEGF
and c-myc are ideal targets for i-motif ligands due to the presence of cytosine-rich regions
in their promoter regions, playing crucial roles in their transcription [330]. Moreover, VEGF
and c-myc i-motif sequences are prevalent in oncogene promotor regions in many
cancers including breast cancer and as such their ligands have potential anticancer roles
[333,335,336]. The ability of flavonoids and Ru compounds to interact with i-motifs has
been documented [330,333]. The flavonol fisetin has been shown to selectively attach to
the VEGF i-motif, stabilizing its hairpin conformation and restoring VEGF's normal
replication [333]. Shi et al reported the ability of two polypyridyl Ru-based complexes to
interact with an i-motif sequence (22CT) with binding affinities of 5.6 and 1.2 yM
[337,338].
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Figure 5. 1. Standard double helix DNA and non-canonical i-motif structures

To summarize, in this chapter the test compounds (11, 13, 19 and 20) were first evaluated
for their toxicity on ECs before the antiangiogenic and cytotoxic activities were determined
for ECs and MCF-7 and MDA-MB-231 breast cancer cells using the in vitro tube formation
and MTT assays, respectively. A scratch assay was conducted in order to assess the
efficacy of the tested library of compounds to suppress breast cancer cell migration as a
fundamental step in metastasis. Furthermore, binding interactions of the test compounds
with the i-motif DNA structures (VEGF and c-myc) were preliminary investigated as a
potential novel mechanism of action, using UV-Vis and DNA melting spectroscopic

techniques.

5.2. Results and discussion

5.2.1. In vitro antiangiogenic evaluation of Ru(ll) complexes (19 and 20)

5.2.1.1. Cytotoxicity against endothelial cells

The biocompatibility of the flavone Ru(ll) complexes (19 and 20) with HUVEC cells was
determined by conducting a trypan blue exclusion assay. The same protocol was followed
as for 11 and 13, using a concentration of 40 uM [253,339]. As demonstrated in Figure
5. 2, almost 100% viability of the cells was retained, and there were no significant

statistical changes compared to the control group (p>0.05).
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Figure 5. 2. Cell viability of HUVECSs after 24 h of treatment with 40 uM of the flavone Ru(ll) complexes
(19 and 20). Data are expressed as mean + standard error of the mean (SEM), n = 3.

5.2.1.2. Inhibition of endothelial cells tube formation

The impact of complexation with the Ru(ll)-p-cymene metal ligand on the antiangiogenic
activities of 11 and 13 was investigated, using the Matrigel tube formation assay as
previously outlined in Section 3.2.2.2, Chapter 3. Inhibition of VEGF-mediated tube
formation by the substrates was measured after 12 h of treatment on HUVECs at 1 and
10 uM concentrations [253,339].
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Figure 5. 3. Antiangiogenic activity of flavone Ru(ll) complexes (19 and 20) and their free flavones 11 and
13 (added for comparison) on in vitro HUVEC tube formation after 12 h of treatment with 1 uM, expressed
as a ratio to the +ve control (10 ng/mL VEGF-enriched media). (A) Representative images of tube formation
assay at 4X maghnification. Images were analyzed using Angiogenesis Analyzer macro in ImageJ software;
(B) number of junctions, (C) number of meshes, (D) number and length of master segments and (E) number
and length of segments. Data are expressed as mean + standard error of the mean (SEM), n = 3. Statistical
significance was estimated with respect to the +ve control (*) by one-way ANOVA, followed by Dunnett's
multiple comparison test (* p<0.05, ** p<0.01). Statistical pairwise significance (11 versus 19 and 13 versus
20) was estimated by one-way ANOVA (%), followed by Tukey’s multiple comparison test, as recommended
for pairwise comparisons [267] (* p<0.05, # p<0.01).
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As shown in Figure 5. 3, both complexes 19 and 20 showed a significant loss of the tube
formation inhibitory activity compared to their free derivatives at 1 yM (p<0.05). However,
at a concentration of 10 uM, Ru(ll) complexation retained the antiangiogenic activity of
the free flavone 11 (p>0.05), except for the number of master segments component
(p<0.05) (Figure 5. 4). The 4-C=S Ru(ll) complex 19 demonstrated a significant decrease
in the number of junctions (40%, p<0.01) as well as both the number and length of master
segments (35%, p<0.05) compared to the control at 10 uM. The 4-C=0 derivative 13
exhibited a statistically negligible antiangiogenic activity (p>0.05) for all the evaluated
aspects of tube formation compared to the control group at 10 yM. Similarly, complex 20
showed no antiangiogenic activity at the 10 uM concentration, and hence did not change
the antiangiogenic action of free flavone 13 (p>0.05) at the same concentration (Figure
5. 4).

(A)
+ve Control 11 (10 pMm) 19 (10pM) 13 (10 pM) 20 (10uMm) -ve Control
(+ VEGF) (+ VEGF) (+ VEGF) (+ VEGF) (+ VEGF) (VEGF Free)

Nb Junctions relative to control
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Figure 5. 4. Antiangiogenic activity of flavone Ru(ll) complexes (19 and 20) and their free flavones (added
for comparison) on in vitro HUVEC tube formation after 12 h of treatment with 10 pM, expressed as a ratio
to the +ve control (10 ng/mL VEGF-enriched media). (A) Representative images of tube formation assay
at 4X magnification. Images were analyzed using Angiogenesis Analyzer macro in ImageJ software; (B)
number of junctions, (C) number of meshes, (D) number and length of master segments and (E) number
and length of segments. Data are expressed as mean * standard error of the mean (SEM), n = 3. Statistical
significance was estimated with respect to the +ve control (*) by one-way ANOVA, followed by Dunnett’s
multiple comparison test (* p<0.05, ** p<0.01, *** p<0.001). Statistical pairwise significance (11 versus 19
and 13 versus 20) was estimated by one-way ANOVA (%), followed by Tukey’s multiple comparison test, as
recommended for pairwise comparisons [267] (¥ p<0.05).
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In Chapter 3 (Section 3.2.2.4), it was demonstrated that interaction with the
VEGF/VEGFR2 pathway was involved in the antiangiogenic effects observed for flavone
11 [253]. The 4-C=S group performed a pivotal role in the preferable vertical alignment of
11 inside the ATP binding site of VEGFR2 by directly facing the solvent-exposed surface
[253]. Due to its high lipophilicity, the p-cymene moiety may have been directed
preferentially inside the receptor's cavity rather than facing the solvent surface which
could account for the reduction in the antiangiogenic activity of 11 following complexation.
This proposed orientation of the Ru(ll)-p-cymene moiety was indeed reported by
Bhattacharyya et al for a Ru(ll)-p-cymene benzimidazole complex inside VEGFR2's
binding site [340]. In that context, future investigations of the interactions of the Ru(ll)
complexes 19 and 20 with VEGFR2 via molecular modelling and immunostaining assays

are still needed.

As a whole, complexation with Ru(ll)-p-cymene to afford derivatives (19 and 20) did not
augment the EC antiangiogenic activity of their respective flavones. Nevertheless, the
thionated complex exhibited notable disruption to certain components of angiogenesis.
Furthermore, 19 demonstrated superior activity compared to the oxygenated complex 20,
consistent with the activity pattern observed in their parent flavones.

5.2.2. In vitro anticancer evaluation on breast cancer cell lines

5.2.2.1. Cytotoxicity against breast cancer cells

The cytotoxic effects and ICso values of flavones (11 and 13) and their corresponding
Ru(ll) complexes (19 and 20) were assessed using a 72-hour MTT test, with a maximum
concentration of 100 uM. Thioflavone 11 exhibited potent cytotoxicity (ICs0=1.2 £ 0.8 yM)
against MCF-7cell line, consistent with previously reported data [219] (Figure 5. 5 and
Table 5. 2). Compound 11 also demonstrated a modest level of activity (ICs50=43.06 +
1.29 uM) against the triple negative MDA-MB-231 cell line. The Ru(ll) complex 19 showed
diminished inhibitory effects compared with 11 on the proliferation of both MCF-7 and
MDA-MB-231 cells (Figure 5. 5).
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Figure 5. 5. Cytotoxic activity of flavone 11 and its Ru(ll) complex 19 against (A) MCF-7 and (B) MDA-
MB-231 cancer cell lines. Data are expressed as mean * standard error of the mean (SEM), n = 3.

Conversely, the free flavone (13) did not exhibit any cytotoxic effects on the two breast
cancer cell lines at concentrations higher than 100 uM (Figure 5. 6). However, its Ru(ll)
complex (20) showed an increased ability to inhibit proliferation, but only on the MCF-7
cell line (IC50=66.15 £ 5 yM) (Table 5. 2).
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Figure 5. 6. Cytotoxic activity of flavone derivative 13 and its Ru(ll) complex 20 against (A) MCF-7 and (B)
MDA-MB-231 cancer cell lines. Data are expressed as mean = standard error of the mean (SEM), n = 3.

Table 5. 2. Determined ICso for flavone derivatives (11 and 13) and their Ru(ll) complexes (19 and 20)
against MCF-7 and MDA-MB-231. Data are expressed as mean * standard error of the mean (SEM), n =3

Compound MCF-7 Coo (i) MDA-MB-231
11 1208 43.06 + 1.29
19 >100 >100
13 >100 >100
20 66.15+5 >100

Given that the sole variation in structure between compounds 11 and 13 is the

replacement of the 4-C=0 group with a 4-C=S group, it is likely that the presence of the
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S atom plays a crucial role in the cytotoxic action of compound 11. This observation may
also explain the decrease in cytotoxic activity upon complexation with Ru(ll) in complex
19, since complexation may have impeded the S atom's capacity for interaction with its
cellular target(s). The detrimental effect of masking the 4-C=S group was also observed
while investigating the antiangiogenic action of 19 using the tube formation assay
(Section 5.2.1.2). Ru organometallic complexes, such as NAMI-A, have demonstrated a
lack of effectiveness in in vitro cytotoxic studies, while displaying exceptional abilities to
inhibit the metastasis of cancer cells in vivo [118]. Within this context, Montani et al
observed significant in vivo antitumor effects for a Ru(ll)-p-cymene pyrazolyl derivative,
while demonstrating poor in vitro activity on the MDA-MB-231 cell line (ICs0=409.89 uM)
[341]. The Ru(ll) complex attained a tumor size of 3 mm, whereas the control group of
TNBC-injected mice had a growth size of 7 mm (p<0.01) [341]. Although the Ru(ll)
complexes studied herein did not show substantial antiangiogenic or cytotoxic effects,
based on the aforementioned reports, they are predicted to have potent antimetastatic

properties, which were assessed in the following section.
5.2.2.2. Inhibition of breast cancer cells migration

Tumor invasion and metastasis rely on the key process of malignant cell migration [342].
Hence, the inhibitory effect of the synthesized flavones (11 and 13) and their Ru(ll) metal
complexes (19 and 20) on the migration of breast cancer cells (MCF-7 and MDA-MB-231)
were evaluated using a 24-hour in vitro scratch experiment. This utilized low, subcytotoxic
doses of 1, 10, and 20 uM for the test flavones. Due to the cytotoxicity of lead 11 on the
MCF-7 cell line (ICs0=1.2 + 0.8 uM), it was not feasible to assess its antimigratory effects
on this cell line. The thioflavone Ru(ll) complex 19, exhibited 55% suppression of cell
migration in MCF-7 cells at a concentration of 20 uM (p<0.001). This is the most potent
effect recorded on MCF-7 cells compared to the other tested leads, as illustrated in Figure
5. 7. The strong activity of 19 remained significant even at lower doses of 1 and 10 uM,
with inhibition rates of 52 and 49%, respectively (p<0.01). Complex 20 demonstrated a
substantial decrease (p<0.01) in the migration of MCF-7 cells at all doses examined,
resulting in inhibitions of 50, 42, and 41% at 1, 10, and 20 uM, respectively. In contrast,
no effects were found for the original flavone 13 at any of the tested concentrations.

Hence, Ru(ll)-p-cymene complexation improved the antimigratory activity of compound
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13, with the strongest impact observed at the 1 pM concentration (p<0.05). The
antimigratory effects of 19 and 20 complexes on MCF-7 cells are comparable to those
reported for the TKI medicines sorafenib and axitinib. Sorafenib and axitinib showed 70
and 57% migration inhibition at 10 yM in a 48-hour scratch experiment [343] and at 5 yM
in a 24-hour assay [344], respectively.
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Figure 5. 7. In vitro MCF-7 migration (wound closure) inhibition activity of flavone derivative (13) and the
Ru(ll) complexes (19 and 20) expressed as a ratio to control. (A) Representative images of scratch assay
at 0 h and 24 h at 4X Magnification. Images were analyzed using ImageJ software; (B) Migration after 24 h
as a ratio to the control. Data are expressed as mean + standard error of the mean (SEM), n = 3. Statistical
significance was estimated with respect to the control (*) by one-way ANOVA, followed by Dunnett's
multiple comparison test (**p<0.01, ***p<0.001). Statistical pairwise significance for 13 versus 20 was
estimated by one-way ANOVA (*), followed by Tukey’s multiple comparison test, as recommended for
pairwise comparisons [267] (* p<0.05).
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Results of the scratch assay on the invasive breast cancer cell line (MDA-MB 231)
demonstrated the strong antimigratory effects of thioflavone 11 (Figure 5. 8). MDA-MB-
231's migration decreased by 43 and 39% (p<0.01) compared to the control upon
treatment with 1 and 10 pM of 11, respectively. Similar to its parent, the Ru(ll) complex
19 exhibited potent antimigratory effects at a concentration of 1 pM, resulting in a 47%
inhibition (p<0.001) (Figure 5. 8). These effects persisted at higher concentrations of 10
and 20 uM (migration inhibition of 44%, p<0.01 and 36%, p<0.05, respectively). For
context, the anticancer drug sorafenib is reported to result in 50% inhibition of MDA-MB-
231 cells’ migration at 10 uM [343]. Both the 4-carbonyl derivative (13) and its Ru(ll)
complex (20) did not have any impact on the migration of MDA-MB-231 breast cancer
cells. However, 20 showed significantly better effects at 1 uM compared to 13 (p<0.01),
highlighting the positive influence of Ru(ll) chelation.
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Figure 5. 8. In vitro MDA-MB-231 migration (wound closure) inhibition activity of flavone derivatives (11
and 13) and the Ru(ll) complexes (19 and 20) expressed as a ratio to control. (A) Representative images
of scratch assay at 0 h and 24 h at 4X Magnification. Images were analyzed using ImageJ software; (B)
Migration after 24 h as a ratio to the control. Data are expressed as mean + standard error of the mean
(SEM), n = 3. Statistical significance was estimated with respect to the +ve control (*) by one-way ANOVA,
followed by Dunnett’'s multiple comparison test (*p<0.05, **p<0.01, ***p<0.001). Statistical pairwise
significance (11 versus 19 and 13 versus 20) was estimated by one-way ANOVA (¥), followed by Tukey’s
multiple comparison test, as recommended for pairwise comparisons [267] (*# p<0.01).

Altogether, these findings emphasize the beneficial effect of including the 4-thio group in
the design of lead compounds. As rationalized in Section 2.2.4, Chapter 2, substituting
the 4-C=0 with a 4-C=S group has been extensively documented to improve various
pharmacological effects associated with flavones [230,231], particularly their cytotoxic
actions [155,219,232,233]. As hypothesized, the Ru(ll) complexes elicited strong
antimigratory effects against the breast cancer cell lines. Inclusion of the Ru(ll)-p-cymene

ligand particularly enhanced the antimigratory efficacy of the 4-C=0 derivative 13.

5.2.3. I-motif DNA binding

UV-Vis absorption spectroscopy is a sensitive, simple and reproducible technique to
detect DNA interactions [345]. The chromophoric groups in purine and pyrimidine
residues of DNA undergo electronic transitions, leading to a peak absorption at 260 nm
(Amax) [345]. Variations in Amax reflect changes in DNA base stacking and, as a result,
molecular interactions [345]. The transition temperature (Tm) denotes the stability of the
DNA structure and is the point at which 50% of the DNA is folded and 50% is unfolded
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[345]. An increase in the Tm value shows enhanced stability whereas a decrease in the
Tm value shows decreased stability. Hence, shifts in Amaxand Tm values of VEGF and c-
myc i-motifs upon addition of the test compounds would indicate molecular interactions,
suggesting possible regulatory impacts on the expression of the related genes [345,346].
Such interactions with VEGF and c-myc i-motifs could have detrimental effects on cancer
growth and propagation [346]. Figure 5.9 displays the UV-Vis absorption spectra of
VEGF and c-myc i-motif sequences, both with and without flavones (11 and 13), as well
as with their Ru(ll) complexes (19 and 20) in equimolar ratios. The majority of measured
Amax shifts were hyperchromic (i.e. demonstrating an increase in absorbance) in nature.
Thioflavone 11 had a strong effect, resulting in an increase of 16 and 18% of Amax for
VEGF and c-myc i-motifs, respectively. The remaining absorption changes were minor
ranging from 2 to 8%. Nevertheless, the inclusion of 19 resulted in a decrease in the
VEGF i-motif's Amax from 272 to 271 nm, causing a hypsochromic shift of 1 nm. In contrast
to the general hyperchromic trend, the detected Amax changes of the VEGF i-motif with the
4-oxo flavone 13 and its Ru(ll) complex 20 were characterized by a decrease in
absorbance (hypochromic).
(A) (B)

086 0.9
0.8
0.7
08
0.5

0

o

<
0.4
03

0.2

0.1

0 = 0
250 260 270 280 290 300 310 320 250 260 270 280 290 300 310 320
Wavelength (nm) Wavelength (nm)

----- VEGF 1" 19 13 —_20 =====C-myc " 19 13 _20

~——"VEGF-11" ~— VEGF-19 ——— VEGF-13 ———VEGF-20 ——— C-myc-11 ——— C-myc-19 ——— C-myc-13 ——— C-myc-20

Figure 5. 9. Absorption spectra of VEGF and c-myc i-motif DNA with the flavone derivatives (11 and 13)
and their Ru(ll) complexes (19 and 20) in 1:1 ratio. (A) VEGF i-motif interactions; (B) C-myc i-motif
interactions

As seen in Figure 5. 10, the test flavones resulted in trivial changes on the thermal
stability of VEGF and c-myc i-motif sequences (ATm <20 °C) [330]. Table 5. 3 shows that
the Tm transitions were generally in agreement with Amax shifts. For example, 11 showed

a higher hyperchromic shift (18%) and stabilizing effect (ATm=2 °C) for c-myc i-motif
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compared to the VEGF one (16%, ATm=1 °C). 13 and 20 exhibited the same trends in the
magnitude of both the Amax and Tm shifts (Table 5. 3). On the contrary, complex 19
demonstrated a higher increase in Amax with the c-myc i-motif (8%) than with VEGF (2%)
while having a more pronounced effect on VEGF stability (ATm= -4 °C) than on c-myc’s
(ATm= -1 °C) (Table 5. 3).
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Figure 5. 10. Normalized UV melting curves for VEGF and c-myc i-motif DNA the flavone derivatives (11
and 13) and their Ru(ll) complexes (19 and 20) at 295 nm at 1:1 ratio. (A) VEGF i-motif melt; (B) C-myc i-
motif melt

Table 5. 3. Summary of UV-Vis data of VEGF and c-myc i-motifs in the presence of the flavone
derivatives (11 and 13) and their Ru(ll) complexes (19 and 20) at 1:1 ratio

VEGF i-motif C-myc i-motif
Compound " shift (%) ATm (°C) Amax shift (%) ATm (°C)
11 1 2
19 -4 -1
13 5 2 1
20 3 1 3

Tm, midpoint of the transition from each melting experiment; ATm = Tm (ONA-flavone) - Tm (DNA)
; green color, hypochromic; blue color, stabilizing effect; black color,
destabilizing effect.

Findings of the UV-Vis analysis on the interaction of flavones 11, 13 and complexes 19
and 20 with VEGF and c-myc i-motif sequences suggest a predominantly non-
intercalative binding mode. This is supported by the following: First, intercalative DNA
binding is a result of higher binding affinity and hence causes bigger shifts in Amax and Tm
values of the interacting DNA [347,348]. Consequently, marginal augmentation or
reduction in Amax and Tm, such as the one demonstrated for this group of flavone
derivatives, is frequently ascribed to a non-intercalative or external binding mode to DNA.
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Secondly, intercalation of ligands within the i-motif structure is often challenging
especially for planar molecules, such as the tested flavones herein, due to the narrow
spatial features of i-motifs (minor grooves are 3.1 A wide versus 5.7 A for ds-DNA)
[331,334]. Finally, earlier studies reported the ability of Ru complexes to attach to external
DNA due to the metal atom's capacity to engage in electrostatic interactions with the
negatively charged phosphate groups of DNA base pairs [117,337,338,347]. For
example, Shi et al demonstrated a non-intercalative binding mode of a polypyridyl-Ru
complex with the telomeric i-motif sequence denoted as 22CT via UV-Vis, fluorescence
guenching and electron polarization techniques [338]. The tested Ru complex exhibited
a 13.9% hypochromic change in 22CT’s Amax in addition to a negligible 0.03 °C increase
in Tm. The limited impact demonstrated by the polypyridyl-Ru complex on the absorbance
and thermal stability of i-motif is similar to the marginal effects observed for the evaluated
flavones in this study.

Overall, this preliminary analysis showed that the lead flavones could interact with VEGF
and c-myc i-motifs. Nevertheless, the small magnitude of the observed effects suggests
a non-intercalative form of interaction. Further research is required to explore the effects
of varying experimental variables, such as pH and test compound concentrations, on the
stability of i-motifs and their interactions with the designated molecules. Additionally,
spectroscopic methods such as circular dichroism, nuclear magnetic resonance (NMR),
and fluorescence emission spectroscopy can provide complementary data on the

localization of the tested flavones within the i-motif structures [345].

5.3. Conclusions and future perspectives

The lead flavone 11 exhibited significant cytotoxic (ICso=1.2 + 0.8 and 43.06 = 1.29 uM
on MCF-7 and MDA-MB-231, respectively) and antimigratory effects (43% inhibition at 1
UM, p<0.01 on MDA-MB-231) on breast cancer cell lines in vitro, in addition to notable
antiangiogenic action on ECs (42% tube formation inhibition at 1 uM, p<0.05). The
importance of the 4-C=S group was demonstrated by the absence of cytotoxic and
antimetastatic actions compared with the 4-C=0 analogue, 13 (ICs0>100 pM and null

inhibition, respectively).
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Ru(Il) complexation caused varied impact with the different biological activities measured
in this study. The Ru(ll)-p-cymene complex 19 significantly inhibited migration in breast
cancer cells, showing comparable activity to its parent 11 on the MDA-MB-231 cell line
(47% inhibition at 1 uM). 20 exhibited superior antimigratory effects on the MCF-7 and
MDA-MB-231 cell lines compared with flavone 13 at 1 uM (50 and 14% versus 33% and
null inhibition, respectively, p<0.05). Nonetheless, 19 had lower antiangiogenic and
cytotoxic effects than 11. Similarly, 20 showed reduced antiangiogenic efficacy compared
to 13, however, it enhanced 13's cytotoxic activity on the MCF-7 cell line (IC50=66.15 = 5
versus >100 pM). The SAR findings summarized in Figure 5. 11 emphasize the
constructive contribution of metal complexation on flavones' antimetastatic activities, and
the fundamental role of the ligand's chelating atom as well as the nature of the studied

pharmacological effect on the biological outcome.

1 Increase
t Decrease

© same effect

Figure 5. 11. Summary of SARs for the anticancer effects of the flavone derivatives (11 and 13) and their
Ru(ll) complexes (19 and 20). EC, endothelial cell; MCF-7, estrogen receptor positive breast cancer cell
line; MDA-MB-231, triple negative breast cancer cell line.

UV-Vis spectroscopic techniques were used to further investigate the interactions of
flavones (11 and 13) and their Ru(Il) complexes (19 and 20) with VEGF and c-myc i-motif
DNA. The evaluated derivatives caused minor shifts in the absorption maxima and the
transition temperatures of the i-motif sequences, mostly suggesting a non-intercalative

binding mechanism. Despite the small magnitude of the measured UV-Vis properties, the
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tested compounds may show good i-motif binding affinity in future studies using different
concentrations and pH values. Previous research has found that terbium (Tb) and Ru
complexes had only minor effects on the Tm value of i-motif sequences, while having a
good binding affinity for the target i-motif DNA [338,349]. The Tb complexes were shown
to bind to i-motif at 22 and 30 uM while having ATm of —0.5 and -4 °C, respectively [349].
The polypyridyl-Ru complex also showed good affinity to i-motif DNA at ~2 uM while
showing 0.03 °C increase in Tm [338].

In conclusion, this study identified compound 11 as a novel bi-modal
antiangiogenic/cytotoxic lead against breast cancer. In order to contextualize the
significance of 11’s anticancer effects relative to existing drugs on the market, its in vitro
antiangiogenic, cytotoxic and antimigratory activities were compared to reported data for
the multi-target TKIs sunitinib and sorafenib. As demonstrated in Table 5. 4, 11 is more
cytotoxic to MCF-7 cells compared to sunitinib and sorafenib, yet less cytotoxic to the
MDA-MB-231 cell line. Nonetheless, 11 showed comparable antiangiogenic and
antimigratory effects to both drugs against endothelial HUVECs and MDA-MB-231,
respectively. TKIs are associated with clinically limiting cardiovascular side effects such
as hypertension and thromboembolism due to their high vascular toxicity [350]. Suntinib
exhibits high cytotoxic activity on HUVECSs with an ICso of 9 uM [266]. In contrast, lead 11
did not exhibit cytotoxic effects on HUVECSs at 40 uM, which might be indicative of a good
toxicity profile subject to further evaluations [6]. Taken together, this work lays the
foundation for the development of novel anticancer agents capable of simultaneously
addressing tumor growth and propagation with low systemic toxicity.

Table 5. 4. Anticancer effects of lead 11 as evaluated in this study compared to reported data for sunitinib
and sorafenib taken from references as indicated

Antiangiogenic Antimigratory
activity against Cytotoxicity Cytotoxicity activity against
Compound HUVECSs (tube against MCF-7 against MDA-MB-  MDA-MB-231
formation (ICs0) 231 (ICso) (wound closure
inhibition) inhibition)
11 42% at 1 uM 1.2 uM 43.06 uM 43% at 1 uM
Sunitinib 50% at 1 UM [266] 5 uM [351] 6.09 uM [352] 74 % at 5 uM [354]
7.3 uM [352]
25.41 uM [353]
Sorafenib 50% at 2.5 uM 3.0 uM [356] 5.20 uM [357] 50% at 10 uM [343]
[355] 7.26 UM [357] 11.66 pM [358]
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14.59 pM [358]

HUVECSs, human umbilical cord vascular endothelial cells; MCF-7, estrogen receptor positive breast cancer
cell line; MDA-MB-231, triple negative breast cancer cell line.
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6.1. Introduction

This chapter begins with a summary of the work presented in this thesis focusing on its
key findings (Section 6.2). This is then followed by a general discussion of the key
findings and suggestions for future work (presented in the style of a Case for Support for

potential funding) Section (6.3).
6.2. Summary of the thesis

A brief summary of the main findings of this thesis is presented in Figure 6. 1. Given the
breadth of reported studies on the antiangiogenic activities of flavonoids and the lack of
subsequent clinical progression, a robust systematic evaluation of the available data was
needed. The thesis therefore commenced with a novel systematic analysis of 402
research and review articles providing an outlook on the progression of the angiogenic
evaluations of flavonoids from the year 1997 until 2020 (Chapter 2). This demonstrated
the interest of researchers in flavones (40%) and anticancer applications (82%), and
indicated that 45% of the conducted research utilized a combination of in vitro and in vivo
assays in their angiogenic assessments of flavonoids. Meta-analyses of the
antiangiogenic activities of flavonoids, reported by quality assessed studies, based on
two sets of data (comparing antiangiogenic effects against normal (set 1) and cancer cell
induced CAM vascularization (set2)) were thereafter undertaken and reported in Chapter
2. Findings of these meta-analyses suggested the suitability of flavonoids for fulfilling the
aim of this project and for antiangiogenic clinical progression, in terms of their
antiangiogenic effectiveness (64-80% CAM vessel inhibition versus 40% for the clinical
comparator aflibercept at 100 uM and >40% CAM vessel inhibition of breast, ovarian and
prostatic cancer cell lines from 3-40 uM). A large scale antiangiogenic SAR study was
subsequently conducted, mainly identifying the 4-C=0 and 5,7-diOH functionalities as
key for the antiangiogenic activity of flavonoids (Chapter 2). Based on the
aforementioned findings, a library of 4-oxo/thio/seleno-4’-halophenyl flavones was
designed combining the extrapolated antiangiogenic SAR findings with reported cytotoxic
SARs and pharmacokinetic enhancing structural features as a common limitation of

flavonoids (Chapter 2).
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While synthesis of the 4-selenoflavones did not yield the desired products, the 4-oxo and
thio derivatives were successfully synthesized using a Baker-Venkataraman approach
(yields:60-97%) and were characterized using 'H and **C NMR and, IR and mass
spectrometry. Purities as determined by HPLC were >90% (Chapter 3). The synthesized
flavones (7-14) indeed showed strong in vitro antiangiogenic inhibition of VEGF-induced
EC tube formation at 1 (37-55%) and 10 uM (30-65%) after 12 h (50% inhibition reported
for sunitinib at 1 UM using the same assay at 48 h) (Chapter 3). The most active flavones
(9, 11, 12 and 14) additionally displayed significant reduction in VEGF-induced EC
migration at 10 uM (25-37%). Interaction with VEGFR2 was explored for the most active
flavones as a possible main target where only the 4-thio-diOH-substituted derivatives (11
and 12) showed significant decrease in its phosphorylation at 10 uM (57 and 37%,
respectively, p<0.05) in a western blotting assay (Chapter 3). Molecular docking
simulations revealed a better orientation of 11 and 12 inside the ATP-binding cavity of
VEGFR2 (proposing a type-l VEGFR inhibition) relative to the diOCHs-substituted and
the 4-oxo derivatives 9 and 14, respectively, as well as the remaining 4-oxo compounds
7, 8 and 13 (Chapter 3).

It was further hypothesized (based on literature data) that modification of our library of
leads with Ru(ll) or Ir(lll) metal ligands would enhance their target antiangiogenic and
cytotoxic pharmacological properties [146]. In order to test this hypothesis, complexation
of Ru(Il)-p-cymene or Ir(ll)-Cp* ligands with flavones 7-14 was attempted in Chapter 4.
Synthesis and structural characterization of two novel Ru(ll)-p-cymene complexes (19
and 20) of compounds 11 and 13 was successful. Spectroscopic analysis of the remaining
Ru(ll)-p-cymene or Ir(lll) Cp* complexation attempts often indicated the presence of a
mixture of flavone complexes and residual starting material and/or byproducts, which
made their purification via crystallization unsuccessful, hence not yielding those target
compounds (Chapter 4).

The proposed bi-modal antiangiogenic and cytotoxic activity of lead compound 11 was
assessed in Chapter 5. In addition to the EC antiangiogenic effects demonstrated by 11,
cytotoxic effects were evident against breast cancer MCF-7 and MDA-MB-231 cell lines
(ICs0=1.2 £ 0.8 and 43.06 £ 1.29 uM, respectively) whereas no cytotoxicity was observed

for the 4-oxo derivative 13. Moreover, 11 exhibited significant reduction in the migration
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of the invasive MDA-MB-231 cells at 1 pM (43% inhibition, p<0.01). The in vitro anticancer
profile of 11 is promising in comparison to the reported activities for the multi-target
anticancer drugs sunitinib and sorafenib (e.g. ICso on MCF-7 =5 and 3 pM, respectively).
The hypothesized positive impact of Ru(ll) complexation to flavones 11 and 13 was also
tested in Chapter 5. Whereas a negative impact was observed on the antiangiogenic
activities, a positive effect was measured on the cytotoxic effects of compound 13 on the
MCF-7 cell line (IC50=66.15 + 5 versus >100 uM) and on its antimigratory effects on the
MCF-7 and MDA-MB-231 cell lines (50 and 14% versus 33% and null inhibition,
respectively at 1 uM, p<0.05). Complex 19 also showed equivalent inhibition to its parent
11 on the migration of MDA-MB-231 cells, besides its notable suppression of MCF-7 cells’
migration (47 and 52% inhibition, respectively, at 1 uM).

The interaction with non-canonical i-motif VEGF and c-myc DNA sequences were
explored for 11, 13, 19 and 20, as a promising novel anticancer mechanism of action
using UV-Vis spectroscopic studies. In general, the observed effects were marginal,
mostly suggesting a non-intercalative interaction, however this needs further

investigations (Chapter 5).
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Effective bi-modal antiangiogenic and
[ cytotoxic agents can be developed from }
flavonoid-based molecules
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in vivo activity via CAM assay-based meta-analysis
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Figure 6. 1. Summary of the key findings of the thesis
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6.3. General discussion and future work

This general discussion appraises the findings of the thesis from the standpoint of the

clinical prospects of the two primary themes, flavonoids and antiangiogenic agents.
6.3.1. Clinical prospects for the use of flavonoids in cancer therapy

The poor bioavailability and target specificity of flavonoids have been identified as the two
key limitations preventing their effective clinical advancement [103], and hence were

regarded in the work conducted in this thesis.
a) Enhancing flavonoids bioavailabilities

In this work, structural modification strategies such as the use of CI/Br atoms as opposed
to OH groups in the B ring and methylation of the free OH groups in the A ring were
applied in the design of the library of evaluated flavonoids (Section 2.2.4, Chapter 2) in
order to enhance their lipophilic character and lower their susceptibility to metabolism.
The predicted logP values of the designed flavones ranged from 3.27 to 4.19 in
comparison to 2.9 for the natural flavone apigenin. Additionally, complexation with a
Ru(ll)-p-cymene ligand was implemented as a means to enhance aqueous solubility
(Chapter 4). However, future investigations of the absorption, distribution, metabolism,
excretion and toxicity (ADMET) profiles of the presented flavonoids are still required in
order to assess whether these structural optimization efforts are effective in addressing

the encountered bioavailability challenges.

The low bioavailability of flavonoids is the subject of extensive research in which multiple
approaches, such as prodrug-based structural modifications and nanoformulations, have
shown substantial improvements in the pharmacokinetic behavior of flavonoids in in vivo
and clinical settings [10]. Perhaps the most elaborate example is the phosphate prodrug
TP-1287, which is developed to allow the oral administration of flavopiridol (alvocidib®)
that exhibits low aqueous solubility in neutral and basic conditions [96,97]. TP-1287
showed improved aqueous solubility (9.5 mg/mL versus 0.02 mg/mL for flavopiridol at pH
6.8) and oral bioavailability in mice (% of administered dose that reaches the systemic
circulation, %F=182.3 compared to intravenous flavopiridol) [359]. The recommended

dose for TP-1287 in patients with advanced solid tumors was identified as 11 mg twice
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daily in a recent phase | study [98]. These efforts suggest promising clinical prospects for
flavonoids, in terms of overcoming their oral bioavailability limitations, especially with the

continuous advancements in the field of drug delivery systems [103].
b) Enhancing flavonoids’ target specificity

The reported interaction of individual flavonoids with several kinases and intracellular
receptors (Sections 1.3.1 and 1.3.2, Chapter 1) complicates their clinical application due
to off-target interactions. In this regard, target specific mechanistic and SAR studies need
to be identified in order to design optimal flavonoids that are clinically competent. Such
data for flavonoids is currently limited, particularly in terms of antiangiogenic activity. This
project focused on establishing useful SAR studies for the evaluated antiangiogenic
activities including target specific VEGFR2 SARs. Table 6. 1 summarizes the
antiangiogenic SAR findings of this project in comparison to those available in the
literature [154,155]. In Chapter 2, structural features affecting the antiangiogenic
activities of different subclasses of flavonoids from multiple angles was extrapolated in a
large scale study (Table 6. 1) [162]. Some of the effects measured across the reported
studies were in good agreement, such as enhanced antiangiogenic activity upon
conversion of OH groups to OCHs at positions 5, 7 and 4’, which mirrors one of our
findings that the presence of 4’-OCHjs increases activity. With regards to the anti-VEGFR2
activities, a small set of halogenated flavones were evaluated using western blotting and
molecular docking studies in Chapter 3 (Table 6. 1). Ravashinkar et al similarly derived
anti-VEGFR2 SAR conclusions for a set of 4-thio and/or OCHs derivatives of quercetin
and luteolin [155]. While Ravashinkar et al reported a detrimental effect of the
replacement of the 4-oxo group by a 4-thio group for VEGFR2 inhibitory activity, our
observations suggested that the 4-thio substitution was key for the tested flavones in
order to exert a significant anti-VEGFR2 activity. However, these SAR findings cannot be
generalized on other sets of flavonoid derivatives for several reasons. First, the generated
SARs were based on a limited number of compounds. Secondly, the tested libraries often
possess unique structural features with regards to flavonoid subclass and type of
functional groups. These structural features could have great influence on the behavior
of a molecule in a biochemical space, hence might not correlate well to each other (for

instance presence of 4’-OH group (electron donating) as opposed to a halogen (electron
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withdrawing) or no 4’-substitution. Additionally, the impact of certain structural features,
such as a single OH or OCHgs substitution and the type of halogen in position 4’ (Br or Cl),
was not studied in isolation from other functional modalities in the same molecule. In brief,
the reported SAR conclusions so far provided valuable insights for future lead
optimization, however, further larger scale evaluations are still needed to fully explore the

effect of the different involved structural features.

Table 6. 1. Summary of antiangiogenic SAR conclusions of flavonoids available in the literature compared
to SAR findings of this project

Measured activity [Ref] Flavonoid subclass SAR conclusions

e In vitro HUVECs e Flavanones e 7-0 glycosylation reduced activity
proliferation [154] e Flavones e 8-H to OCHz reduced activity
¢ In vivo zebrafish vessel e 3’-H to OCHzs increased activity
formation [154] e 5,6, 7, 4-OH to OCHs might increase
activity
e In vitro HUVECSs scratch ¢ Flavonols e 3,5,7,3,4-OH to OCHs increased
assay [155] e Flavones activity
e In vitro VEGFR2 e 4-C=0 to C=S reduced activity
interaction (western
blotting & molecular
docking) [155]
In vivo CAM assay meta- e Flavonols e C2-C3 unsaturation increased activity
analysis [162] (Chapter 2) e Flavanols e No correlation between number of OHs
e Flavanones and activity
e Flavones e 3,5 and 7 and/or 4’-OHs increased
¢ |soflavones activity

Anthocyanidins

7-H to OCHs reduced activity

e 4’-H to OCHzs increased activity
e 3, 7-glycosylation unclear effect

In vitro HUVECs tube e 4’-CI/Br phenyl e 4-C=0 to C=S increased activity

formation [253,339] flavones e 8-OH increased activity

(Chapters 3 & 5) e 5,7 & 8-OH to OCHs unclear effect
¢ Ru(ll) complexation reduced activity

In vitro VEGFR2 interaction e 4’-CI/Br phenyl e 4-C=0 to C=S enhanced VEGFR2

(western blotting & flavones interaction

molecular docking) [253] e 5-OH enhanced VEGFR?2 interaction

(Chapter 3) e 5, 7-OH to OCHsreduced VEGFR2

interaction

6.3.2. Clinical prospects for the use of antiangiogenic agents in cancer therapy

The in vitro inhibitory activities of the library of flavonoids developed in this study on VEGF
mediated EC angiogenesis was demonstrated in Chapters 3 and 5. Interference of lead
flavones 11 and 12 with the phosphorylation of VEGF’s cognate receptor VEGR2 was
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additionally established by western blotting studies (Section 3.2.2.4, Chapter 3). The
focus on targeting the VEGF/VEGFR2 axis herein was motivated by its critical
downstream effects on the survival, proliferation, permeability and migration of ECs
(Figure 1.1, Section 2.1, Chapter 1), driving the progression of tumor angiogenesis
[18,29]. In breast cancer, VEGF is the most predominantly overexpressed proangiogenic
factor [324]. Rykala and colleagues found significantly higher levels of VEGF in 127
primary breast cancer patients relative to 54 benign breast lesion patients, with a notable
association with the majority of breast cancer pathological features, especially distant
metastasis [360] (Table 6. 2). Many studies have additionally revealed a negative
association between the expression of VEGF and the OS of breast cancer patients
[325,326,361]. Moreover, individuals diagnosed with TNBC exhibited markedly elevated
levels of VEGF in comparison to non-TNBC patients (8.2 pg/pg DNA vs 2.7 pg/ ug DNA,
p<0.001) [362].

Table 6. 2. Statistical significance (expressed as p-values) of levels of VEGF, PDGF and ICAM-1 factors
in tumor (T) and serum (S) of primary breast cancer relative to T and S of benign breast lesions [360]

Angiogenic factor

Measured characteristic

VEGF PDGF ICAM-1
Average levelin T, S 0.04, 0.009 0.02, 0.02 0.06, 0.008
Relatlon to positive lymph node 0.003, 0.0007 . 0.004, 0.004
status inT, S
Relation to estrogen receptor 0.003, — — —
Relation to distant metastasis in —
TS 0.02, — —
Relation to tumor size in T, S — —, 0.003 0.001
Relationto MVDin T, S 0.018, — 0.004, 0.002 0.01, —

In that context, lead flavone (11) showed in vitro antiangiogenic effects on ECs as well as
cytotoxic and antimigratory effects on estrogen receptor positive and triple negative
breast cancer cells comparable to those reported by others for the VEGFR inhibitors
sorafenib [343,355] and sunitinib [266,354] using the same assays (Table 5.4, Section
5.3, Chapter 5). However, the relation between the cytotoxic and antimigratory effects of
compound 11 on breast cancer cells and its interference with the VEGF/VEGFR2

pathway has not been established in this work.

In general, VEGF/VEGFR?2 targeting did not result in the expected anticancer efficacy in

clinical practice. Patients receiving antiangiogenic medications suffer from relapse and
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unresponsiveness to antiangiogenic therapy after a transient period of tumor regression
as a result of tumor resistance that occur via both angiogenic (e.g. proangiogenic
redundancy) and non-angiogenic pathways (e.g. vessel co-option) (Figure 1.3, Section
1.2, Chapter 1). Hence, researchers have focused on a broader context for the clinical
utilization of antiangiogenic agents [29] by exploring the following approaches:

a) Targeting multiple pathways associated with angiogenesis

The simultaneous targeting of VEGF/VEGFRs and other targets that have a role in the
development of resistance is explored as a means to enhance the effectiveness of
antiangiogenic drugs. The role of HIF-1qa, in the development of resistance has been
established [24,363]. HIF-1a increases the expression of proangiogenic and metastatic
genes such as VEGF, MMPs 2 and 9 and E-Cadherin, in response to inhibiting the VEGF
pathway and the consequent oxygen deprivation [364]. The reduction of sunitinib induced
lung carcinoma metastasis in mice by the anticancer drug topotecan (total number of
metastases decreased from 101 to 12, p<0.001) via decreasing HIF-1a expression [44],
reflects the potential role of HIF-1a targeting in overcoming the disease replace resulting

from antiangiogenic drugs.

While VEGFR2 was explored as the primary target for the developed leads in this project,
the need to investigate other potential antiangiogenic targets for the tested panel was
acknowledged. In fact, the measured antiangiogenic activities of the diOCH3 substituted
and/or 4-oxo flavone derivatives presented in Chapter 3 were found to be VEGFR2
independent. In Section 2.2.2.2, Chapter 2, results of the meta-analysis highlighted the
ability of several flavonoids, such as acacetin and kaempferol, to inhibit HIF-1a in reported
tumor induced CAM vascularization assays. Hence, the test flavonoids herein might as
well affect other proangiogenic factors with important roles in the development of
resistance such as HIF-1a, which can be investigated in the future using high throughput

screening strategies followed by cell based immunoblotting/fluorescence assays.
b) Antiangiogenic and cytotoxic combinations

Antiangiogenic agents fail to elicit a response in cancers demonstrating non-angiogenic
resistance abilities (i.e. vessel co-option and vasculogenic mimicry) [21]. For instance,

liver metastatic CRC was unresponsive to bevacizumab due to the maintained tumor
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growth via vessel co-option [21]. Cancer cells displaying vasculogenic mimicry were not
sensitive to antiangiogenic treatments compared to ECs, as shown for melanoma cells in
an in vitro study [365]. Vasculogenic mimicry was upregulated after treatment with
bevacizumab or the induction of hypoxia in multiple preclinical studies [21]. The positive
effects of chemotherapy on these angiogenesis independent resistance mechanisms was
demonstrated in Table 1.4, Section 1.2.3, Chapter 1 where the clinical benefits of
antiangiogenic and cytotoxic drug combinations were discussed. In this context, the main
objective of this project was to develop dual antiangiogenic and cytotoxic compounds.
Within this framework, compound 11 exhibited strong cytotoxic effects against the MCF-
7 breast cancer cell line (ICs0=1.2 = 0.8 pM) (Section 5.2.2.1, Chapter 5) concomitant
with an antiangiogenic effect also displayed at 1 uM (Chapter 3), which could be of future

clinical value in terms of targeting the mentioned resistance mechanisms.
c) Vascular normalization

The excessive vessel regression resulting from high doses of antiangiogenic therapy
aggravates the hypoxic and acidic conditions in the tumor microenvironment leading to
resistance and relapse. In contrast, low doses of anti-VEGF/VEGFR2 therapy can result
in vascular remodeling effects which has been associated with enhanced antitumor
efficacy especially when combined with chemotherapy, immunotherapy or radiotherapy
[24]. Remarkably, recent reports indicate a dynamic crosstalk between vessel
normalization and immunomodulation [366]. As shown in Figure 6. 2, the abnormal tumor
angiogenesis favors an immunosuppressive microenvironment by negatively regulating
T-cell function and infiltration through the vessel lining to the tumor bed. On the other
hand, normalized vessels allow the re-activation of T-cells which in turn accentuates
vessel re-modelling via an IFN-y mediated antiangiogenic pathway (e.g. by reducing
VEGF and Notch signaling) [366].
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Figure 6. 2. Schematic diagram of the angiogenic-immune crosstalk

The immune checkpoint inhibitor (programmed cell death ligand, PD-L1), expressed on
cancer and ECs, plays a vital role in suppressing T-cell function by binding to its T-cell
receptor PD-1. Accordingly, combined immune checkpoint blockade (ICB) and
VEGF/VEGFR inhibition has shown synergistic anticancer effects with multiple
combinations gaining FDA approval (e.g. bevacizumab/atezolizumab (PD-L1 inhibitor) in
unresectable HCC and axitinib/pembrolizumab (PD-1 inhibitor) or avelumab (PD-L1
inhibitor) in RCC) [24]. Interestingly, several reports have presented in vitro and in vivo
findings supporting an ICB activity for flavonoids mostly via PD-L1 binding and inhibition
[367—371]. This presents a promising clinical prospect for the flavonoids presented in this
thesis especially with their proposed anti-VEGF/VEGFR2 activity. In this context, a Case
for Support exploring the dual anti-VEGF/VEGFR2 and anti-PD-L1 activities of synthetic

flavonoid derivatives is provided below as a possible future development for this work.
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Exploring the dual anti-VEGF/VEGFR2 and anti-PD-L1 activities of synthetic
flavonoid derivatives

1. Background

Our research aims to investigate the anticancer efficacy of targeting the interplay between
tumor angiogenesis and immune suppression 12 using a single flavonoid-based
agent that inhibits the relevant targets (VEGFR2 and PD-L1). The vascular endothelial
growth factor (VEGF) is upregulated in most cancers 8], promoting tumor angiogenesis
and facilitating the evasion of cancer cells to the body’s immnuosurveillance 2, The
immunosuppressive consequences of VEGF increase occur in part via the hypoxia-
induced upregulation of the negative immune checkpoint regulator (programmed cell
death receptor, PD-1) on the surface of T-cells [*l. PD-1’s binding to its main ligand PD-
L1, expressed on the surface of cancer cells, suppresses T-cell function.

The combination of PD-1/PD-L1 inhibition with low doses of anti-VEGF/VEGFR2 drugs
has enhanced antitumor efficacy in several clinical trials !, with combinations like
bevacizumab/atezozilumab and axitinib/pembrolizumab gaining the FDA approval for
hepatocellular and advanced renal cancer, respectively Bl. Low doses of anti-
VEGF/VEGFR2 drugs are postulated to normalize the tumor vasculature and reactivate
the immunosuppressed lymphocytes, whereas high doses cause excessive vessel
regression, aggravating the tumor's hypoxic and immunosuppressive environment [1-6],
In contrast to the currently approved antibody PD-1/PD-L1 modulators, small molecule
inhibitors (SMI) could have fewer immune-related adverse events due to their shorter half-
lives. This motivated the search for PD-1/PD-L1 SMIs which was first led by Bristol-Myers
Squibb (BMS). Preclinical evidence suggests that PD-1/PD-L1 SMiIs can elicit similar
biological effects to antibody based inhibitors. For example, the PD-L1 inhibitor
INCB086550 (phase Il clinical trial ') blocked the binding of the anti-PD-L1 antibody
atezolizumab in cells expressing human PD-L1 (p<0.05) and showed equivalent triple
negative breast cancer (TNBC) tumor growth inhibition (55%) in mice [l. In that regard,
flavonoids have recently been shown to elicit antitumor effects by directly inhibiting PD-
L1 in in vitro and in vivo studies 912, In our recent study, in vitro data demonstrated an
antiangiogenic VEGFR2 inhibitory effect of a synthetic lead flavonoid with a promising
anticancer profile. Hence, we aim to combine these two underpinning studies to develop
a single molecule capable of inhibiting VEGFR2 and PD-L1 derived from our synthetic
lead molecule. A single molecule targeting both VEGF/VEGFR2 and PD-1/PD-L1 axes
could bring potential benefits (compared to drug combinations) like predictable
pharmacokinetics, higher patient adherence, and a single clinical approval process. We
hypothesize that our developed inhibitor can induce vessel normalization and
immunomodulatory antitumor effects with minimum toxicity (flavonoids display good
tolerability, e.g. no increase in adverse events after flavonoid intake relative to control in
a systematic meta-analysis of 30 randomized clinical trials [*). We propose that TNBC
can benefit from such pharmacological combination as it is hard to treat ™ and
characterized by a high level of VEGF (8.2 pg/ug DNA versus 2.7 pg/ ug DNA for non-
TNBC patients, p<0.001 ) and PD-L1 expression (higher mMRNA PD-L1 expression
versus non-TNBC patients, p<0.001 [15]),

2. Preliminary evidence

Outlined below are representative examples of the evidence supporting the different
components of the presented hypothesis.
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2.a. Evidence from the literature

Low dose anti-VEGFR2 therapy alleviates tumor immunosuppressive effects via
vessel normalization: Low dose (60 mg/kg) of the VEFGR2 inhibitor apatinib
significantly increased (p<0.05) pericyte coverage (indicator of vessel maturity) in Lewis
lung carcinoma mice models and exhibited immunologic effects, significantly increasing
the percentage of infiltrating CD8* T-cells relative to the control (p<0.001) and the high
apatinib dose of 180 mg/kg (p<0.01) 161,

Combined anti-VEGFR and PD-L1 therapy is clinically effective: The FDA approved
the combination of a low dose of the anti-VEGFRs axitinib (10 mg/day) and the anti-PD-
1 pembrolizumab as first-line therapy for advanced renal cell cancer patients, based on
their significantly increased PFS (15.4 months) compared to 50 mg/day of sunitinib alone
(11 months, p<0.0001) in the KEYNOTE-426 phase Il trial (n=432) B,

Flavonoids inhibit PD-L1: Several flavonoids are reported to inhibit PD-1/PD-L1
interaction and/or bind to PD-L1 in vitro at low uM ranges (Table 1). Quercetin and Salvia
plebeia extract (SBE) decreased tumor volumes (p<0.01) and increased CD8* T-cell and

IFN-y cytokine levels in TNBC and colon cancer mice xenografts, respectively.
Table 1. Summary of reported PD-L1 activity for flavonoids. n/a, not available

Flavonoid PD-1/PD-L1 PD-L1 SAR aspects of
5 o intelrgctio(r)l ilr;hilK/iltion birldsigg SI(D) flavonoids for PD-

uercetin 50=0.19 53 iRt A
Apigenin from SBE 19 40% at 2.5 uM n/a Iﬁ;\'gﬁﬁgéownlth anti
Cosmosiin from SBE [0 70% at 2.5 pM 0.85 uM PD-L1 activit
Eriodictyol [17] ICs0=0.04 pM n/a Table 1 Yy
Fisetin (17 ICs0=0.04 UM n/a (Table 1) were

i - shown to induce PD

Kaempferol ICs0 = 7.79 pM n/a L1 dimerization
Kaempferol 7-O-rhamnoside 18! n/a 0.19 uM - ’
BMS SMis 19 ICso range (18-200 nM) n/a creating a druggable

pocket by interacting
with aTyr56, aMet115, and aAspl22 hotspots (similar to BMS identified inhibitors) in
molecular dynamic and docking simulation studies 2 (Figure 1). PD-L1 dimerization
inhibits its ligation to PD-1 which only binds to a PD-L1 monomer [l. SAR analysis
revealed that 3-OH and 7-sugar moieties increased binding with PD-L1 dimer via
hydrogen bonding (HB), while a 3'-OH group clashes with the narrowest hydrophobic

region of the pocket [1%12 (Figure 1B).
(A) (B) Figure 1. Cartoon
Tyrs6 Chain A TYr36 L Chain A representation of
binding of PD-L1
o dimer with (A) BMS-
202 and (B) flavono-
ids. Hydrophobic
interaction, orange
outline; polar
interaction, yellow
outline; favorable
functionality, yellow
highlight; unfavorable
functionality, grey
highlight.

2.b. Evidence from our studies
Compound 1 demonstrated strong in vitro inhibitory activities against endothelial cell
VEGF-induced angiogenesis (42% tube formation inhibition at 1 uM and 25% migration
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inhibition at 10 uM compared to control) which was hypothesized to occur via VEGFR2
interaction based on western blotting (57% VEGFR2 phosphorylation inhibition at 10 uM)
and molecular docking studies (Figure 2). Compound 1 showed cytotoxic (ICs0=43 uM)
and antimigratory effects (43% inhibition at 1 uM, p<0.01) on the TNBC cell line MDA-
MB-231. Accordingly, 1 is a suitable starting point for the design of the target
VEGFR2/PD-L1 inhibitors effective against TNBC.

A) (B)

EC tube formation EC migration MDA-MB-231 migration

Control

oo "
[
5
1

Figure 2. (A) Antiangiogenic and antimigratory effects of 1; (B) 1 occupying the ATP-binding region of VEGFR2
3. Proposed work
Work package 1 (Design
and synthesis of test
compounds)
The hydrophobicity of the
— PD-L1 dimer pocket sugg-

e @) o rwse ests that compound 1's 4-
e ® . '
. thio and 4'-chloro groups
T % would enhance binding
e . compared to natural flavo-
[ ] .
= = noid counterparts (1 logP
Vesselnomaization =4.17 versus 2.98 for nat-
ural analogue apigenin).
umor cel -cel Endothelial cell Pericytes == VE-Cadherin . . .
® et @7 " We aim to diversify the
PD-1 PD-L1 Y VEGFR2 ® VEGF ® Tcell cytokines A NFAT 4 Testcompound | Inhibition .
. . : main structure by subst-
Figure 3. Overarching representation of the proposed work color coded v , ’
relative to the corresponding work packages ituting the 4'-C with other

halogens (Br and F). To
boost HB with slle116 and the APhel9, AAlal21 and AAsp122 amino acids, 3-OH and 7-
O-glycoside groups will be introduced, respectively. PD-L1 and VEGFR2 inhibitors often
contain N-substituted heterocycles that form HB interactions, hence, a triazole linker of
different alkyl chain lengths can be added between the sugar and C-7. This will allow for
full burial inside the PD-L1 dimer *? and occupying new areas (i.e. the hinge region,
Figure 2B) within VEGFR2. Design of the proposed ligands (~50) will be validated via
molecular docking into VEGFR2 and PD-L1 structures. The basic flavonoid framework
will be synthesized using our reported Baker-Venkataraman based method 2% combined
with a reported regioselective 7-O-deprotection method [?1, The 7-O-substiutions will be
added using the reported methods outlined in Scheme 1 2122, The synthesized
flavonoids will be spectroscopically characterized and their purities determined using
HPLC and elemental analysis.
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O g Rzo
( p i) 3-Br-1-alkyne, K,CO3
ii) Acetylglycosylazide, CuSOy,, i) Glycosyl trifluoroacetimidate,
N R,  ascorbic acid Ry BF3ELO Ry
N-N, OH S o_ S OH S
N R i) CH3ONa, CH3OH ~ ii) K,COg, MeOH-THF
2 iv) K,CO3, MeOH-THF
X= CI/Br/F, Ry = H/OH X= CI/Br/F, Ry = H/OCHg X= CI/Br/F, Ry = H/OH
R, = glucosyl /rhamnosyl R, = glucosyl /rhamnosyl

Scheme 1. Synthesis of flavonoids test library
Work package 2 (In vitro detection of antiangiogenic vessel normalization effects
via inhibition of VEGF/VEGFR2)
This work package aims to determine whether a VEGF/VEGFR2 mediated vessel
normalizing effect is possible using the test compounds (20 compounds showing best
VEGFR2/PD-L1 interaction in docking studies) and if so, at which concentrations. The
VEGFR2 inhibitor apatinib will be used as a positive control in this work package.

The VEGF/VEGFR2 inhibitory activities of the test library of flavonoids shall be probed by
assessing their ATP-competitive VEGFR2 binding, using a competitive enzyme-linked
immunosorbent (ELISA) assay. This will confirm whether there is direct interaction of the
test compounds with VEGFR2. Affinity to VEGFR2 (Ko values) will be determined using
the surface plasmon resonance (SPR) technique which is a label free biophysical assay
that measures the kinetics of protein interactions with high sensitivity. Relevant SARs will
also be extrapolated to be used in the design of the next series of compounds.

2.b) Detection of vessel normalization

Vessel normalization comprises a vessel pruning effect accompanied by normalization of
the remaining vessels which are characterized by wider lumens, tight endothelial
junctions and more pericyte coverage. In our previous work, we showed that 1
significantly decreased tube formation of human umbilical vein endothelial cells
(HUVECSs) at 1 and 10 uM using a 2D Matrigel-based assay (Figure 2A). Herein, we will
use a 3D fibrin bead model, which allows for lumen formation in HUVEC tubules 3], to
determine the ability of the test compounds to normalize vessels. A range of low and high
concentrations (0.1-10 uM), as guided by results from our previous experiments, shall be
tested to determine vessel normalizing doses. These will be refined based on the ICso
values obtained from the ELISA assay. Clustering of the endothelial cell adhesion
molecule (VE-Cadherin) at cellular junctions will be inspected by immunostaining with
anti-VE-cadherin in HUVEC monolayers as another vessel normalizing indicator [23],

The ability of the test compounds to inhibit the PD-1/PD-L1 complex formation (by which
they can halt the tumor induced suppression of T-cells) will be evaluated using different
biochemical assays. First, dissociation of the 1°N-labeled PD-1/PD-L1 complex upon
titration of the test compounds shall be monitored via 2D HSQC NMR (600 MHz), where
narrowing of the !H-15N signals is indicative of complex dissociation 9. Next, the
interference with PD-1/PD-L1 interaction will be demonstrated using the homogenous
time-resolved fluorescence (HTRF) assay 819, Finally, blocking of PD-1/PD-L1 binding
by the test compounds will be validated by competitive ELISA. The clinical candidate PD-
L1 inhibitor INCB086550 will be used as reference standard.
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This step aims to provide the mechanistic and structural information regarding the
constitutive target protein (i.e. whether it is PD-1 or PD-L1) responsible for the observed
activities. Here, we focus on the direct binding of test compounds with recombinant PD-
L1 protein as the proposed target, using INCB086550 (PD-L1 dimerization inducer) as a
reference standard. Initially, direct binding of test compounds with PD-L1 will be detected
through signal shifts of the >N-labeled protein upon the addition of increasing amounts
of test material using HSQC NMR 9, Binding with PD-1 and PD-L2 will be measured to
evaluate the PD-L1 selectivity of the test compounds. The test compounds’ affinities to
PD-L1 can be determined by a differential scanning fluorimetery (DSF)-based thermal
stability analysis illustrated as melting temperature (Tm, ~34.2 to 35.4°C reported for PD-
L1). Tm increases proportionally with ligand binding affinity 1241 with SMIs typically having
Tm shifts between 19 and 4°C 4. Moreover, the SPR technique will be utilized to
determine the Kp values of the test compounds with PD-L1.

To provide physiological context, the ability of the test compounds to induce PD-L1
dimerization will be assessed in solution via size exclusion chromatography. PD-L1
induced dimerization by INCB086550 is reported to shift its retention time from 33 kDa to
69 kDa 8. A similar behavior observed for our test compounds would confirm their ability
to halt PD-1/PD-L1 interaction by inducing PD-L1 dimerization.

Work package 4 (In vitro detection of T-cell activation)

In this work package, we aim to determine whether PD-1/PD-L1 inhibition by the test
compounds translates into an immunological activity through T-cell activation.
Cytotoxicity of the test compounds against the used cell lines will be measured first using
cell counting kit-8 to define their maximum tolerated doses. The T-cell activation analysis
shall include three main indicators: which will be
measured for antigen stimulated peripheral blood mononuclear cells (PBMC) using
CellTrace CFSE labelling. Proliferating CD4* and CD8" cells will be quantified by flow
cytometry using fluorescein appropriate emission filters 19241, 4 b) Activity of the nuclear
factor of activated T-cells (NFAT) transcription factor family which plays an important
role in T-cell activation and is attenuated upon PD-1/PD-L1 ligation [*%, PD-1 expressing
T-lymphocyte Jurkat cells with NFAT reporter luciferase will be co-cultured with the high
PD-L1 expressing TNBC (MDA-MB-231) cells [ for this assay in order to simulate the in
vivo effector:targetimmunogenic system 81824 4 ¢) Increased IL-2 and IFN-y secretion
(as major T-cell activation markers) shall be analyzed by flow cytometry in antigen
stimulated PBMC and MDA-MB-231 co-cultures upon addition of test compounds (8241,

At this stage, we will use our novel data sets and test compounds will be optimized further
based on the extrapolated SAR conclusions, expanding on structural features showing
the highest effectiveness against the evaluated biological activities. The new library will
undergo the same in vitro assessments in WP 1 to 4 to determine their effectiveness.
Work package 6 (Antitumor effect in preclinical in vivo mice models)

We will determine the in vivo antitumor efficacy of the 1-2 compounds showing
equivalent/better activity than reference standards in in vitro assays, via a combined
vessel normalizing and immunomodulatory effect. MDA-MB-231 tumor bearing NSG
female mice groups engrafted with human CD34* stem cells 1 (n=9/group, based on
p<0.05 and 90% power calculations and relevant published data 2!) will be randomized
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to receive IgG, 50 mg/kg axitinib + 10 mg/kg pembrolizumab, 50 or 150 mg/kg test
compounds (as reported for anti-VEGFR2 and related flavonoids in similar models [*9),
6.a) Antitumor effects: The tumor volumes and masses of the treated mice groups will
be monitored, replicating the same conditions with immunodeficient (CD34"* lacking) mice
to confirm if the observed effects are immunomediated .
6.b) Vessel normalization effects: Tumors from sacrificed animals will be immunohisto-
chemically stained to detect vessel normalization. Higher doses should result in
significant vessel regression (a drop in tumor vessel density) whereas lower doses should
increase pericyte coverage and vessel normalization as measured by CD31 (endothelial
cell adhesion molecule) and NG2 (pericyte activation marker) immunostaining .
Increased levels of infiltrating CD8" T-cells and IFN-y
in dissected tumors shall be quantified by flow cytometry as indicators for the
immunomodulatory tumor suppressing effects resulting from the vessel normalization and
PD-L1 inhibitory activities of the test compounds -9,
4. Timeliness
The understanding of the molecular dynamics of cancer has greatly evolved, opening up
new and specific targets that can halt the disease progression. Significant clinical
improvements were lately achieved by pairing the suppression of tumor vasculature with
immune re-activation largely by targeting VEGFR2 and PD-L1 proteins. Here, we aim to
combine these effects in a single molecule, a strategy yet to be explored within this
research area. Such SMIs may represent an alternative to the currently used antibody
and multi-drug therapy that has shown several toxicity and production complexities. Our
comprehensive in vitro and in vivo evaluation approach could provide novel information
on the doses, mechanisms of action and structural requisites by which these effects can
be achieved using one compound.
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7.1. Materials

7.1.1. Chemistry

Chemicals, reagents and analytical grade solvents were purchased from Sigma-Aldrich
(Gillingham, UK) unless specified. Gallacetophenone 3',4'-dimethyl ether was purchased
from Apollo Scientific (Stockport, UK) and (pentamethylcyclopentadienyl)iridium(lil)
chloride dimer was purchased from Fischer Scientific (Loughborough, UK). Merck TLC
Silica gel 60 F254 aluminium backed plates and silica gel 60 (particle size 35-70 um)
were supplied by Sigma Aldrich (Gillingham, UK).

7.1.2. Cell culture

HUVECs were purchased from Sigma-Aldrich (ECACC) (Gillingham, UK) and cultured in
EGM-2 medium (EBM with SingleQuotes™ kit: foetal bovine serum (FBS), fibroblast
growth factor B, epidermal growth factor, VEGF, insulin-like growth factor-1, heparin,
hydrocortisone) (Lonza, Belgium). MCF-7 (estrogen receptor +ve breast cancer cell line,
wild type) was purchased from Sigma-Aldrich (ECACC) (Gillingham, UK) and cultured in
RPMI 1640 medium supplemented with 5% FBS (Fischer Scientific, Loughborough, UK).
MDA-MB-231 (triple —ve breast cancer cell line) was purchased from Sigma-Aldrich
(ECACC) (Gillingham, UK) and cultured in DMEM medium (1g/L glucose, without L-
glutamine) supplemented with 2% L-glutamine (200 mM) and 10% FBS (Fischer
Scientific, Loughborough, UK). Bovine serum albumin (BSA) was purchased from Sigma-
Aldrich (Gillingham, UK). Recombinant human VEGFR-Aiss was purchased from
Peprotech (London, UK). Corning™ Matrigel™ growth factor reduced (GFR) Membrane
Matrix was purchased from Fischer Scientific (Loughborough, UK). DC™ Protein Assay
Kit Il for Lowry assay was purchased from Bio-Rad (Watford, UK).
Radioimmunoprecipitation assay (RIPA) lysis buffer, protease and phosphatase inhibitor
cocktail, ammonium persulfate (APS), sodium dodecyl sulfate (SDS), glycine, tris Base
and tween 20 were purchased from Fischer Scientific (Loughborough, UK). 30%
acrylamide and N,N,N’,N'-tetramethyl ethylenediamine (Temed) were purchased from
Sigma-Aldrich (Gillingham, UK). The primary antibodies directed against phosphorylated
Tyr-1175 site in the VEGFR2 (KDR), total VEGFR2, actin and Horseradish peroxidase-
conjugated secondary antibody were purchased from Cell Signalling (UK). Laemmli
buffer, 2-mercaptoethanol and enhanced chemiluminescence (ECL) detection solutions
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were purchased from Bio-Rad (Watford, UK). The 0.45 pm polyvinylidene difluoride
(PVDF) membrane was purchased from Fisher Scientific (Loughborough, UK). 3-(4, 5-
dimethylthiazol-2-yl)-diphenyl-2H-tetrazolium bromide used for MTT assay, DMSO
(sterile) used for freezing cells and trypan blue dye were obtained from Sigma-Aldrich
(Gillingham, UK). NaCl, Na2HPO4 and NaH2PO4 reagents used for phosphate buffered
saline (PBS) preparation were purchased from Sigma-Aldrich (Gillingham, UK).

7.1.3. I-motif DNA binding

VEGF and c-myc i-motif DNA (5'-3' sequences (CCCCGCCCCCGGCCCGCCCC) and
(CCTTCCCCACCCTCCCCACCCTCCCCA), respectively) were purchased from Sigma-
Aldrich (Gillingham, UK).

7.2. Equipment

7.2.1. Chemistry

Thin layer chromatography was run on Merck silica 60 F254 aluminium backed plates of
0.2 mm depth. Compounds on the plate were visualized using UV light (A=254 nm).
Column chromatography was carried out using Silica gel 60 (particle size 35-70 pm).
Melting points were determined on an Electrothermal Digital Melting Point apparatus and
are uncorrected.

IH NMR and 3C NMR spectra were recorded using a Bruker DPX 400 (400 MHZz)
spectrometer, a Bruker DPX 400 (400 MHz) spectrometer or a Bruker Avance Il AV 500
(500 MHz) spectrometer.

Mass spectrometry data were recorded on a Thermo Fisher LTQ Orbitrap XL instrument.
Molecular ions and molecular fragments are reported as mass/charge (m/z) ratios.
Infrared spectra were recorded on a Perkin Elmer precisely spectrum 100 FT-IR
spectrometer.

High Performance Liquid Chromatography (HPLC) analysis was performed using an
Agilent-1100 series HPLC equipped with Column: C-18 (ACE-221-2546; 4.6 mm x 250
mm; 5 ym).

CHN elemental analyses for metal compounds were obtained from MEDAC LTD (Woking,

UK), analytical and consultancy services.
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7.2.2. Cell culture

Tissue culture experiments were carried out in a class Il laminar flow hood (Hera Safe,
Thermo Electron Corporation, UK). An incubator (Binder, Germany), centrifuge (Biofuge
primo, Heraeus instrument, UK), water bath (Griffin & Gerorge, UK), and inverted
microscope Nikon Eclipse TS 100 were used for tissue culture procedures. A
haemocytometer (Marienfield, Germany) was used for cell counting.

Images of the cells were taken using a 1.3 M Microscope Digital Eyepiece Camera.
ImageJ software was used to quantify tube formation and cell migration.

The UV absorbance for the MTT assay was read on a SPECTRA max UV spectrometer.
Tissue culture disposable items; flasks (growth area 25 cm?, 75 cm?), disposable pipettes
(5, 10, 25 and 50 mL), Gilson pipette-tips (20-200 uL and 100-1000 pL), falcon tubes (15
and 50 mL), 96 well plates, eppendorfs and the 7 mL bijous were purchased from Greiner
Bio-One (Gloucestershire, UK). Sterile disposable syringes (5, 10 and 50 mL) and
needles were purchased from Terumo (Surrey, UK). Sterile syringe filters (Minisart, 0.02
H1M) were obtained from Sartorius Biotech (UK).

Western blotting equipment used for gel preparation, running the protein samples and
transfer of proteins into the PVDF membrane, which includes the minitanks, glass, plates,
combs, casting frame, casting stand in addition to the blotting case were from BioRad

(Hertfordshire, UK). Imaged software was used to quantify western blot bands’ densities.

7.2.3. I-motif DNA binding
UV-visible absorbance measurements and DNA UV melting studies were performed on
a Cary 300 C (Varian USA) UV visible spectrophotometer.

7.3. Methods

7.3.1. Systematic review and meta-analysis
The systematic review and meta-analysis presented in Sections 2.2.1 and 2.2.2,
Chapter 2 were conducted according to PRISMA guidelines [163] (Table 7. 1).
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Table 7. 1. PRISMA-P 2015 Checklist. This checklist has been adapted for use with protocol submissions
to Systematic Reviews from Table 3 in Moher D et al: Preferred reporting items for systematic review and
meta-analysis protocols (PRISMA-P) 2015 statement. Systematic Reviews 2015 4:1.

Information

Section/topic Checklist item reported Line number(s)

| ves | No |

|ADM|N|STRAT|VE INFORMATION
Title

Identify the report as a protocol of a X [] (659
systematic review

If the protocol is for an update of a [] [] na
Update 3 |previous systematic review, identify as
such

Identification |la

If registered, provide the name of the [] [] nfa
Registration 2  [registry (e.g., PROSPERO) and
registration number in the Abstract

|Authors

Provide name, institutional affiliation, and | [ ] [] Ina
e-mail address of all protocol authors;
provide physical mailing address of
corresponding author

Describe contributions of protocol [] [] na
Contributions |7  |authors and identify the guarantor of the
review

Contact 3a

If the protocol represents an amendment |:| |:| n/a
of a previously completed or published
protocol, identify as such and list
changes; otherwise, state plan for
documenting important protocol
amendments

Amendments 4

|Suppon

Indicate sources of financial or other X [ ] |Acknowledgments

Sources 5a .
support for the review

Provide name for the review funder
and/or sponsor

Describe roles of funder(s), sponsor(s), [] [] Infa
12 |and/or institution(s), if any, in developing
the protocol

Acknowledgments

X
[]

Sponsor 11

Role of
sponsor/funder

INTRODUCTION

Describe the rationale for the review in |E |:| 638-642
the context of what is already known

Provide an explicit statement of the X [[] |683-686, 748-
guestion(s) the review will address with 749, 792
reference to participants, interventions,
comparators, and outcomes (PICO)

Rationale 6

Objectives 7
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linformation |
Section/topic Checklist item reporte JLine number(s)
METHODS
Specify the study characteristics (e.qg., X [] [3150-3172
PICO, study design, setting, time frame)
L . and report characteristics (e.g., years
Eligibility criteria /8 considered, language, publication status)
to be used as criteria for eligibility for the
review
Describe all intended information sources | [X] [] [3132-3138
. (e.g., electronic databases, contact with
Information X .
9  |study authors, trial registers, or other
sources . .
grey literature sources) with planned
dates of coverage
Present draft of search strategy to be X [[] Tables7.2,7.3
used for at least one electronic database,
Search strategy |10

including planned limits, such that it could
be repeated

'STUDY RECORDS

Data
management

1la

Describe the mechanism(s) that will be
used to manage records and data
throughout the review

3165-3166, 3175-
3176

Selection
process

State the process that will be used for
selecting studies (e.g., two independent
reviewers) through each phase of the
review (i.e., screening, eligibility, and
inclusion in meta-analysis)

3163-3165

Data
collection process

Describe planned method of extracting
data from reports (e.g., piloting forms,

done independently, in duplicate), any
processes for obtaining and confirming
data from investigators

1365-3172, 3174-
3183

Data items

12

List and define all variables for which
data will be sought (e.g., PICO items,
funding sources), any pre-planned data
assumptions and simplifications

3166-3172

Outcomes and
prioritization

13

List and define all outcomes for which
data will be sought, including
prioritization of main and additional
outcomes, with rationale

3189-3190

Risk of bias in
individual
studies

14

Describe anticipated methods for
assessing risk of bias of individual
studies, including whether this will be
done at the outcome or study level, or
both; state how this information will be
used in data synthesis

3216-3229

DATA
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reported Line number(s)

Describe criteria under which study data X [[] [3174-3214
will be quantitatively synthesized

Checklist item

15a

If data are appropriate for quantitative 3174-3214
synthesis, describe planned summary

measures, methods of handling data, and

methods of combining data from studies,

including any planned exploration of

consistency (e.g., | 2, Kendall's tau)

111

Synthesis

Describe any proposed additional |E |:| 3174-3214,3227-

112 |analyses (e.g., sensitivity or subgroup 3229
analyses, meta-regression)

If quantitative synthesis is not X [[] 858-860
15d |appropriate, describe the type of

summary planned

Specify any planned assessment of X []
meta-bias(es) (e.g., publication bias

across studies, selective reporting within

studies)

3225-3227,

Meta-bias(es) 16 Table 7.4

Confidence in 3227-3229
cumulative 17

evidence

X O

Describe how the strength of the body of
evidence will be assessed (e.g., GRADE)

7.3.1.1. Search strategy

For the systematic review (Section 2.2.1, Chapter 2), a literature search was conducted
using ScienceDirect, PubMed and Web of Science databases between 3 April 2020 and
23 April 2020 with no time limits [164]. The first set of keywords (flavonoid, flavone,
flavonol, flavanol, anthocyanidin, polyphenol) was combined systematically using the
Boolean operator AND with the second set (angiogenesis, antiangiogenic, proangiogenic,

“cell migration”, “wound healing”) in all databases (Table 7. 2).

Table 7. 2. Search strategy used to conduct the systematic review on ScienceDirect, PubMed and Web of
Science electronic databases

Database Search Terms Field Limited to Number of
Iltems found
All possible combinations of 1 . Research articles,
keyword from (flavonoid, Title, abstract review articles,
. . or author- S
ScienceDirect flavone, flavonol, flavanol, specified mini reviews and 1277
anthocyanidin, polyphenol) kg ords short
AND yw communications
1 keyword from Journal articles,
PubMed (angiogenesis, Title/Abstract meta-analysis, 1984
antiangiogenic, review and
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proangiogenic, “cell systematic
migration”, “wound healing”) reviews
Web of Science Title Article, review 119
Total = 3380

With regards to the meta-analysis (Section 2.2.2, Chapter 2), the literature search was
carried out using ScienceDirect, PubMed, Web of Science and Google Scholar databases
between 8 June 2020 and 10 June 2020 with no time limits [164]. The first set of
keywords, (flavonoid, flavone, flavonol, flavanol, anthocyanidin, polyphenol) was
combined systematically using the Boolean operator AND with the second set,

(angiogenesis, “chick chorioallantoic membrane”,
(Table 7. 3).

in vivo angiogenesis”) in all databases

Table 7. 3. Search strategy used to conduct the meta-analysis on ScienceDirect, PubMed, Web of Science
and Google Scholar electronic databases

Database Search Terms Field Limited to Number of
Iltems found
Research
Title, abstract articles, review
ScienceDirect | All possible combinations of 1 or author- articles, mini 347
keyword from (flavonoid, flavone, specified reviews and
flavonol, flavanol, anthocyanidin, keywords short
polyphenol) communications
AND Journal articles,
1 keyword from (angiogenesis, meta-analysis,
PubMed “Chick Chorioallantoic Title/Abstract review and 495
Membrane”, “in vivo systematic
angiogenesis”) reviews
g’x ?:ngfe Title Article, review 38
SGShOOQILer allintitle Articles 17
Total = 897

7.3.1.2. Inclusion and exclusion criteria

Studies were included in the systematic review search if they met the following eligibility

criteria:

(1) Natural or synthetic flavonoids

(i) Invitro, in vivo and/or ex vivo angiogenesis assays

(iif) Focus on cancer, diabetes, bone regeneration or eye diseases.
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For the meta-analysis, the inclusion criteria were:
() Natural or synthetic flavonoids

(i) In vivo CAM angiogenesis assays.

Articles not written in English and/or focusing on chalcones, plant extracts/total flavonoids
content, combination of compounds, nanoformulations, prodrugs, neurological disorders

or cardiovascular diseases were excluded from both searches.
7.3.1.3. Data extraction

In both cases of the systematic review and meta-analysis, articles’ titles and abstracts
were initially screened based on relevance and inclusion/exclusion criteria. Full texts were
checked in some cases when abstracts failed to provide a detailed description. Eligible
articles were retrieved and data extracted into a specially designed form on Microsoft
Excel 2016. For the systematic review, data was extracted from 402 research and review
articles and included title, publication type, year of publication, flavonoid, disease of focus
and conducted in vitro and/or in/ex vivo angiogenesis assays. The second set of data was
extracted for the meta-analysis study from 25 research articles and included title, year of
publication, flavonoid, angiogenesis promotor, cancer cell line, concentration, time and
duration of flavonoid treatment, results representation and number of CAMs used for each

test concentration (n).
7.3.1.4. Data analysis

The data analysis for the systematic review was performed using Microsoft Excel 2016.
Initially, the data was entered into a table using the aforementioned extracted attributes
as column headers. In order to enhance data visualization and analysis, distinct color-
coded slicers were added. Subsequently, the filter functionality inside the generated
slicers was employed to exclusively display the data pertaining to the present field of
investigation, (e.g. in vivo studies throughout the years 2013 to 2017). The filter function
was employed once again to methodically choose items lying under each distinct
category. The quantity of investigations was thereafter counted and recorded in distinct
tables designated for each type of analysis. Ultimately, the data was represented utilizing

the suitable Excel chart.
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For the meta-analysis, the study characteristics mentioned in the preceding section were
extracted in a tabular form. Final concentrations of flavonoids reported in uM were used
without additional computations. The concentrations reported in mg/mL were converted

to uM using the equation:
Concentration (UM) = [Concentration (mg/mL)/molecular weight (mg/mmol)] x 10°

The outcome measure selected for set 1 of this study was the comparison of means of
the number of blood vessels in a CAM relative to the control. The results expressed as a
ratio to control were used in their reported form. Results reported as number of new blood
vessels in treatment CAM, were divided by the number of blood vessels of control as
extracted from the study. Studies conducted by Gacche et al quantified their findings
using the equation (1-T/C) where T denoted the number of vessels observed in the
sample and C the number of vessels in the control [180-182]. In this instance, the
outcome that was documented was deducted from 1 in order to transform the data into a
representation of the number of blood vessels in relation to the control. Ultimately, the
outcomes, which were expressed as percentages relative to the control group, were
converted into ratios by dividing them by 100. For studies reporting standard deviation
(SD), the standard error of means (SEM) was calculated by dividing SD by the square
root of the corresponding study sample size. The aforementioned calculations were
performed using Microsoft Excel 2016. Forest plots were generated using Review
Manager (RevMan) Version 5.1 (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark). The studies that were incorporated into the
analysis were identified by their study ID, which consists of the lead author's name and
the year of publication for Cochrane reviews. The previously calculated values for the
number of vessels relative to control and SEM of each study were added into RevMan in
the log scale in accordance with the Cochrane guidelines [210]. Studies were categorized
according to the flavonoids’ subclasses and pool effect size was expressed as means
ratio with 95% confidence interval (Cl) as calculated by the inverse variance (V) method.
The random effects model was used because it accounts for between study variability.
Heterogeneity was assessed using Higgins’ 12 measure, which was automatically

calculated by RevMan. Details on the integrated calculations and equations used by
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RevMan are indicated in the Cochrane Handbook for Systematic Reviews of Interventions
[210].

7.3.1.5. Quality assessment

The methodological quality and RoB of the studies included in the meta-analysis were
evaluated via a specifically designed novel checklist (Table 7. 4). The robustness of the
meta-analysis findings of set 1 was additionally verified by a sensitivity analysis. The
checklist presented combines the relevant criteria derived from established prestructured
tools and technical aspects that have the potential to influence the quality of the CAM
assay [167-169,171,209]. The highlighted elements in Table 7. 4 were considered critical
for a high-quality CAM test, hence, studies from set 1 that did not adhere to any of these
critical criteria underwent additional examination in the sensitivity analysis, provided they
present a low RoB. The sensitivity analysis was applied to evaluate the effect of each
flavonoid on summary effect size. It is based on the sequential removal of one study at a
time (Tables 3-5, Appendix A). For set 2, studies that failed to comply with the critical

criteria were excluded from the results.

Studies were considered of high RoB if they either failed to report 22 of RoB criteria, failed
to report 21 of RoB criteria and were unclear 22 of RoB criteria or were unclear 23 of RoB

criteria.
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Cochrane

Criteria Question Notes SYEOC;LE Risk of TOXZ%-;OOI COI;SBORT OS)'ZT
[207]  gias [202] [203] [208] [204]
Study desigh  Were experimental N
conditions reported?
Was the time between shell  Provides time to check for
opening and addition of test  any inflammatory reaction
substance =3 days? resulting from the shell
[169,171] opening
OR
. . + +
Were negative controls Ensures experimental
included? [171,209] conditions does not cause
CAM irritation and provides
a common baseline for all
interventions
Was the method of test
substance application +
described?
Is the full data on
dose/concentration of test +

substance given?

Is the time between tumor
implantation and vessel
quantification 272 h? (set 2)
[168,171]

Tumors vascular infiltration
starts 72 h after
implantation

Was an inert substance
carrier used? [167,169,171]

Irregular carriers like filter
paper can cause
inflammation and
angiogenesis

Was the experiment carried
out before day 18? (set 2)
[168,169]

CAM lacks a fully
development immune
system until day 18 which
avoids immune reactions
that can trigger
angiogenesis. Additionally,
this helps the implanted
cells in preserving their
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immunogenic
characteristics

Were positive controls
(reference standard)
included? [171,209]

Is the sample size
reasonable (=3
eggs/intervention)? [209]

Data Was the quantification
collection process carried out between
days 10-157? (set 2) [168]

CAM neovascularization
decreases between days
10-15 making it easier to
distinguish between pre-
existing CAM and tumor
vasculature

Were two independent
observers used to count
blood vessels? [169]

Increases the ability to
differentiate between pre-
existing vessels and those
newly formed

Was the quantification
method described?
[168,171]

Are the statistical methods
for data analysis given?

Risk of bias  Was there a similar baseline
for the different intervention
groups? (age of CAMs was
the same)

Was the quantification
carried out in a blinded
manner?

Were the full results
reported?

Was there any form of
selective outcome
reporting?

Were there any conflicts of
interest declared?

Criteria in red color are of critical importance; +, item included in checklist
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7.3.2. Chemistry

7.3.2.1. Structural characterization

H NMR and 13C NMR chemical shifts (5) were recorded in either deuterated chloroform
(CDCIs) or deuterated dimethyl sulfoxide (DMSO- d6) and reported as parts per million
(ppm) values relative to tetramethylsilane (TMS) as an internal standard. Coupling
constants (J) are reported in Hertz (Hz) and multiplicities are reported as follows: s

(singlet), d (doublet) or m (multiplet).

IR absorptions are quoted in wavenumbers [cm™]. The symbol v indicate stretching

vibrations and band intensities are classified as w, weak; m, medium; s, strong; br, broad.

HPLC was used to determine the purity of final compounds at A=258 nm, using a gradient
of 1.0 mL/min flowrate; 20 min gradient of 1% acetic acid in acetonitrile [organic mobile
phase (A)] and 1% acetic acid in water [aqueous mobile phase (B)] from 5% A at 0 min,
20% A at 2 min, 40% A at 6 min, 60% A at 8 min, 95% A at 10 min, 5% A at 20 min. Purity

is reported as percentage area.

7.3.2.2. Synthesis
7.3.2.2.1. Synthesis of 4-oxo/thioflavones (7-14) [219]

Synthesis of 2-Acetyl-3,5-dimethoxyphenyl 4-chlorobenzoate (3)

1-(2-Hydroxy-4, 6-dimethoxyphenyl) ethanone (1.96 g, 10 mmol) was dissolved in
anhydrous pyridine (6 mL) and heated to 50 °C. DBU (0.06 mL, 1% v/v of pyridine) was
added to the mixture and the solution was stirred at 50 °C for 30 min. 4-Chlorobenzoyl
chloride (7.9 mL, 15 mmol, 1.5 eq.) was added slowly over 15 min, the mixture was then
heated to 75 °C and stirred for 2 h. The reaction was cooled to room temperature, acidified
to pH 5 with 2 M HCI and extracted with EtOAc (2 x 20 mL). The organic layers were
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combined, dried over anhydrous magnesium sulfate and concentrated in vacuo to yield
the crude product. The pure compound was obtained as a white solid after purification by

column chromatography [Hexane:CHCIs:EtOAc (6:3:1 v/vIV)].

Yield: 98%; m.p: 112-114 °C (lit.[219] 124-126 °C); 'H NMR: (CDClIz, 400 MHz) & 2.47
(3H, s, CHs), 3.83 (3H, s, -OCH3), 3.87 (3H, s, -OCH3s), 6.35 (1H, s, H-4), 6.41 (1H, s, H-
6), 7.45 (2H, d, J = 8 Hz, H-3',5’), 8.06 (2H, d, J = 8 Hz, H- 2’,6’); 3C NMR: (CDCls, 100
MHz) & 31.98 (- CHs), 55.69 (-OCHs), 55.95 (-OCHs), 96.76 (C6), 100.11 (C4), 117.06
(C2),127.71 (C1’), 128.95 (C3’, C5’), 131.67 (C2’, C6’), 140.19 (C4’), 149.79 (C1), 159.38
(C5), 162.34 (C3), 164.26 (COO-Ar), 199.16 (COCHs3); IR vmax [cm™!]: 1684 (C=0, v, s),
1609 (C=0, v, m), 1251 (-OCHgs, v, s), 1113 (O-C=0, s, m); m/z (FTMS+ESI): [M+H]*
(C17H1605%°Cl) requires 335.0681, found 335.0672.

Synthesis of 6-Acetyl-2,3-dimethoxyphenyl 4-bromobenzoate (4)

[1-(2-Hydroxy-3, 4-dimethoxyphenyl) ethanone] (1.96 g, 10 mmol) was dissolved in
anhydrous pyridine (6 mL) and heated to 50 °C. DBU (0.06 mL, 1% v/v of pyridine) was
added to the mixture and the solution was stirred at 50 °C for 30 min. 4-Bromobenzoyl
chloride (3.3 g, 15 mmol, 1.5 eq.) was added slowly over 15 min, the mixture was then
heated to 75 °C and stirred for 2 h. The reaction was cooled to room temperature, acidified
to pH 5 with 2 M HCI and extracted with EtOAc (2 x 20 mL). The organic layers were
combined, dried over anhydrous magnesium sulfate and concentrated in vacuo to yield
the crude product. The pure compound was obtained as a white solid after purification by
column chromatography [Hexane:CHCIs:EtOAc (5:4:1 viIviv)].

Yield: 97%: m.p: 101-102 °C (lit.[219] 117-119 °C); *H NMR: (CDCls, 400 MHz) & 2.48
(3H, s, -CHa), 3.81 (3H, s, -OCHs), 3.95 (3H, s, -OCHz), 6.88 (1H, d, J = 8 Hz, H-4), 7.67
(1H, d, J = 8 Hz, H-5), 7.98 (2H, d, J = 8 Hz, H-3",5’), 8.08 (2H, d, J = 8 Hz, H-2',6"); 13C
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NMR: (CDCls, 100 MHz) & 29.53 (CHs), 56.20 (-OCHs), 61.01 (- OCHs3), 109.18 (C4),
124.38 (C6), 126.16 (C5), 128.18 (C4’), 128.99 (C1’), 131.87 (C3’, C5'), 132.06 (C2’, C6’),
141.58 (C2), 144.14 (C1), 157.27 (C3), 164.10 (COO-Ar), 195.66 (COCH3); IR Vmax [cM"
1: 1726 (C=0, v, s), 1670 (C=0, v, s), 1263 (-OCHs, v, s), 1094 (O-C=0, v, m); m/z
(FTMS+ESI): [M+H]* (C17H1605"°Br) requires 379.0176, found 379.0171.

Synthesis of 1-(4-Chlorophenyl)-3-(2-hydroxy-4,6-dimethoxyphenyl) propane-1,3- dione

(5)
o_ 0 O

5

The 2-acetyl-3, 5-dimethoxyphenyl 4-chlorobenzoate (3) (3.4 g, 10 mmol) was dissolved
in anhydrous pyridine (40 mL) and heated to 50 °C for 1 h. Powdered anhydrous KOH
(2.12 g, 20 mmol, 2 eq.) was added to the solution and the mixture was heated to 75 °C.
After 90 min, the reaction mixture was cooled to room temperature, acidified to pH 5 with
2 M HCI and extracted with EtOAc (2 x 20 mL). The organic layers were combined, dried
over anhydrous magnesium sulfate and concentrated in vacuo to yield the crude 1,3-
diketone. The crude product was washed with glacial acetic acid to obtain compound (5)

as a yellow solid which was used in the next step without further purification.

Yield: 80%; *H NMR: (CDCIz, 400 MHz) [The compound exists as a mixture of keto-enol
tautomers] 6 3.47 (3H, s, -OCHs), 3.88 (3H, s, -OCH3), 4.68 (2H, s, CH2), 6.10 (1H, s, H-
5), 6.20 (1H, s, H-3), 7.20 (1H, s, -CH of enol form), 7.63 (2H, d, J = 8 Hz, H-3,5’), 7.99
(2H, d, J =8 Hz, H- 2°,6’), 13.24 (1H, s, OH), 13.65 (1H, s, OH of enol form).

Synthesis of 1-(4-Bromophenyl)-3-(2-hydroxy-3,4-dimethoxyphenyl) propane-1,3- dione
(6)

o
/O O OH O Br
(e} (@]
6
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The 6-acetyl-2, 3-dimethoxyphenyl 4-bromobenzoate (4) (3.8 g, 10 mmol) was dissolved
in anhydrous pyridine (40 mL) and heated to 50 °C for 1 h. Powdered anhydrous KOH
(1.12 g, 20 mmol, 2 eq.) was added to the solution and the mixture was heated to 75 °C.
After 90 min, the reaction mixture was cooled to room temperature, acidified to pH 5 with
2 M HCI and extracted with EtOAc (2 x 20 mL). The organic layers were combined, dried
over anhydrous magnesium sulfate and concentrated in vacuo to yield the crude 1,3-
diketone. The crude product was washed with glacial acetic acid to obtain compound (6)

as a yellow solid which was used in the next step without further purification.

Yield: 87%; *H NMR: (CDCIls, 400 MHz) [The compound exists as a mixture of keto-enol
tautomers] 6 3.92 (3H, s, -OCHz3), 3.94 (2H, s, CH2), 3.95 (3H, s, -OCH3), 6.52 (1H, d, J
= 9 Hz, H-5), 6.71 (1H, =CH of enol form), 7.53 (1H, d, J = 9 Hz, H-6), 7.61 (2H, d, J =8
Hz, H-3',5%), 7.78 (2H, d, J = 8 Hz, H-2',6"), 12.26 (1H, s, OH), 12.56 (1H, s, OH of enol

form).
Synthesis of 2-(4-Chlorophenyl)-5,7-dimethoxy-4H-chromen-4-one (7)

Cl

1-(4-Chlorophenyl)-3-(2-hydroxy-4,6-dimethoxyphenyl) propane-1,3- dione (5) (2 g, 6
mmol) was dissolved in acetic acid (18 mL) and heated to 90 °C for 1 h. Concentrated
sulfuric acid (0.18 mL, 1% v/v of acetic acid) was added to the solution and the mixture
was heated at 110 °C for 90 min. The reaction mixture was cooled to room temperature,
diluted with deionized water (30 mL) and the organic layer was extracted with EtOAc (2 x
20 mL). The organic layers were combined, dried over anhydrous magnesium sulfate and
concentrated in vacuo to obtain the crude product. The pure compound was obtained as
a white solid after purification by column chromatography [EtOAc (100%) followed by 5%
MeOH in EtOAc].

Yield: 77%; m.p: 174-175 °C (lit.[219] 188-192 °C); 'H NMR: (CDCls, 400 MHz) & 3.91
(3H, s, -OCHa), 3.95 (3H, s,-OCHs), 6.37 (1H, s, H-6), 6.55 (1H, s, H-8), 6.64 (1H, s, H-
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3), 7.45 (2H, d, J = 8 Hz, H-2',6’), 7.78 (2H, d, J = 8 Hz, H-3',5"); 13C NMR: (CDCls, 100
MHz) & 55.79 (-OCHs), 56.43 (-OCHs), 92.79 (C8), 96.26 (C6), 109.14 (C3), 127.17
(C3,5,1°), 129.23 (C2’, C6’), 129.97 (C10), 137.36 (C4’), 159.47 (C9), 159.78 (C5),
160.91 (C2), 164.16 (C7), 177.38 (C=0); IR vmax [cm™]: 1673 (C=0, v, s), 1175 (-OCHps,
v, m), 1110 (C-O, v, m); m/z (FTMS+ESI): [M+H]* (C17H1404%Cl) requires 317.0575,
found 317.0573. HPLC Purity: >96.4% (Rt= 13.19 min).

Synthesis of 2-(4-Bromophenyl)-7,8-dimethoxy-4H-chromen-4-one (8)

Br

1-(4-Bromophenyl)-3-(2-hydroxy-3,4-dimethoxyphenyl) propane-1,3- dione (6) (2.3 g, 6
mmol) was dissolved in acetic acid (18 mL) and heated to 90 °C for 1 h. Concentrated
sulfuric acid (0.18 mL, 1% v/v of acetic acid) was added to the solution and the mixture
was heated at 110 °C for 90 min. The reaction mixture was cooled to room temperature,
diluted with deionized water (30 mL) and the organic layer was extracted with EtOAc (2 x
20 mL). The organic layers were combined, dried over anhydrous magnesium sulfate and
concentrated in vacuo to obtain the crude product. The pure compound was obtained as
a white solid after purification by column chromatography [CHCIs:Hexane:EtOAc (5:3:2
vIVIV)].

Yield: 88%; m.p: 198-198.5 °C (lit.[219] 197-199 °C); 1H NMR: (CDCls, 400 MHz) & 4.01
(3H, s, -OCHs), 4.03 (3H, s, -OCHs), 6.75 (1H, s, H-3), 7.05 (1H, d, J = 9 Hz, H-6), 7.66
(2H, d, J =8 Hz, H-2',6"), 7.81 (2H, d, J = 8 Hz, H-3',5"), 7.95 (1H, d, J = 9 Hz, H-5); 13C
NMR: (CDCls, 100 MHz) & 56.47 (- OCHgs), 61.63 (-OCHs), 107.06 (C3), 110.06 (C6),
118.62 (C10), 121.12 (C5), 126.24 (C4’), 127.65 (C2’, C6’), 130.93 (C1), 132.40 (C3’,
C5’), 136.97 (C8), 150.52 (C9), 156.82 (C7), 161.95 (C2), 177.95 (C=0); IR Vmax [cm™]:
1641 (C=0, v, m), 1288 (-OCHs, v, s) 1093 (C-O, v, m); m/z (FTMS+ESI): [M+H]*
(C17H14047°Br) requires 361.0070, found 361.0066. HPLC Purity: >99.4% (Re= 13.59 min)
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Synthesis of 2-(4-Chlorophenyl)-5,7-dimethoxy-4H-chromene-4-thione (9)

Cl

2-(4-Chlorophenyl)-5,7-dimethoxy-4H-chromen-4-one (7) (316.74 mg, 1 mmol) was
dissolved in anhydrous toluene (1.5 mL), and Lawesson's reagent (404.47 mg, 1 mmol,
1 eq.) was added to the solution and the mixture was heated to 110 °C for 4 h. The
reaction mixture was cooled to room temperature and concentrated in vacuo. The pure
compound was obtained as a green solid after purification by column chromatography
[CHCI3 (100%)].

Yield: 77%; m.p: 173.1-173.8 °C (lit.[219] 170-172 °C); *H NMR: (CDCls, 400 MHz) &
3.91 (3H, s, -OCHz3), 3.93 (3H, s, -OCH3s), 6.40 (1H, d, J = 2 Hz, H-6), 6.55 (1H,d, J =2
Hz, H-8), 7.44 (2H, d, J = 8 Hz, H-2',6’), 7.48 (1H, s, H-3), 7.81 (2H, d, J = 8.5 Hz, H-
3',5’); 13C NMR: (CDCIls, 100 MHz) & 55.87 (-OCHs), 55.89 (- OCHz), 92.73 (C8), 96.90
(C6), 117.83 (C10), 122.30 (C3), 127.30 (C2’, 6’), 129.30 (C3’, 5'), 129.48 (C1’), 137.44
(C4’), 148.49 (C2), 155.59 (C9), 161.56 (C7), 163.94 (C5), 200.36 (C=S); IR vmax [cm1]:
1295 (C=S, v, s), 1091 (-OCHs, v, m), 1044 (C-O, v, s); m/z (FTMS+ESI): [M+H]*
(C17H1403%°CIS) requires 333.0347 found 333.0344. HPLC Purity: >93.5 % (Ri= 14.22

min).
Synthesis of 2-(4-Bromophenyl)-7,8-dimethoxy-4H-chromene-4-thione (10)

Br

2-(4-Bromophenyl)-7,8-dimethoxy-4H-chromen-4-one (8) (361.19 mg, 1 mmol) was
dissolved in anhydrous toluene (1.5 mL), and Lawesson's reagent (404.47 mg, 1 mmol,

1 eq.) was added to the solution and the mixture was heated to 110 °C for 4 h. The

183



Chapter 7: Experimental

reaction mixture was cooled to room temperature and concentrated in vacuo. The pure
compound was obtained as an orange solid after purification by column chromatography
[CHCI3 (100%)].

Yield: 88%; m.p: 214-216 °C (lit.[219] 216-218 °C); 'H NMR: (CDClIz, 400 MHz) & 4.02
(3H, s, -OCHg), 4.03 (3H, s, -OCHz3), 7.07 (1H, d, J = 9.5 Hz, H-6), 7.66 (1H, s, H-3), 7.67
(2H, d, J = 8.5 Hz, H-2",6"), 7.87 (2H, d, J = 8 Hz, H- 3',5’), 8.33 (1H, d, J = 9 Hz, H-5);
13C NMR: (CDClIs, 100 MHz) d 56.54 (-OCHs), 61.74 (- OCHzs), 111.14 (C6), 119.08 (C3),
124.19 (C5, C10), 125.52 (C4’), 126.56 (C1’), 127.88 (C2’, C6’), 132.59 (C3’, C5’), 137.27
(C8), 145.90 (C9), 152.41 (C7), 157.39 (C2), 201.33 (C=S); IR vmax [cm™]: 1288 (C=S,
v, s), 1091 (-OCHs, v, m), 1040 (C-0O, v, s); m/z (FTMS+ESI): [M+H]* (C17H1403"°BrS)
requires 376.9842, found 376.9840. HPLC Purity: >92.3% (R= 13.36 min).

Synthesis of 2-(4-Chlorophenyl)-5,7-dihydroxy-4H-chromene-4-thione (11)

Cl

OH S
11

2-(4-Chlorophenyl)-5,7-dimethoxy-4H-chromene-4-thione (9) (166.4 mg, 0.5 mmol) was
dissolved in anhydrous DCM (1 mL). 1 M BBrs in anhydrous DCM (2.5 mL, 2.5 mmol)
was added to the solution and the mixture was stirred at 30 °C for 4 h. The reaction
mixture was cooled to room temperature and diluted with deionized water (50 mL). The
pH was adjusted to 6 with 5% Na2HPO4 and the organic layer was extracted with EtOAc
(2 x 10 mL). The organic layers were combined, dried over anhydrous magnesium sulfate
and concentrated in vacuo to obtain the crude product. The pure compound was obtained
as a bright vyellow solid after purification by column chromatography
[CHCI3:Hexane:EtOAc (8:1:1) viviv)].

Yield: 64%; m.p: 247.7-248 °C (lit.[219] 249-252 °C); H NMR: (DMSO- d6, 400 MHz) &
6.28 (1H, s, H-6), 6.55 (1H, s, H-8), 7.55 (1H, s, H-3), 7.58 (2H, d, J = 8 Hz, H-2",6'), 8.11
(2H, d, J = 8 Hz, H-3,5"),11.24 (1H, s, OH), 13.54 (1H, s, OH); 13C NMR: (DMSO- d6,
100 MHz) & 95.28 (C8), 101.30 (C6),113.13 (C10), 118.00 (C3), 129.84 (C1’, 3, 5),
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129.84 (C2, C6’), 137.63 (C4’), 153.62 (C2), 154.55(C9), 162.32 (C7), 165.19 (C5),
196.52 (C=S); IR vmax [cm™]: 3358 (OH, w, b), 1170 (C=S, v, m), 1135(c-O, v, m); m/z
(FTMS+ESI): [M+H]* (C1sH1003%°CIS) requires 305.0034, found 305.0034. HPLC Purity:
>98.6% (Rt= 14.17 min)

Synthesis of 2-(4-Bromophenyl)-7,8-dihydroxy-4H-chromene-4-thione (12)

Br

2-(4-Bromophenyl)-7,8-dimethoxy-4H-chromene-4-thione (10) (188.62 mg, 0.5 mmol)
was dissolved in anhydrous DCM (1 mL). 1 M BBr3 in anhydrous DCM (2.5 mL, 2.5 mmol)
was added to the solution and the mixture was stirred at 30 °C for 4 h. The reaction
mixture was cooled to room temperature and diluted with deionized water (50 mL). The
pH was adjusted to 6 with 5% Na2HPOa4 and the organic layer was extracted with EtOAc
(2 x 10 mL). The organic layers were combined, dried over anhydrous magnesium sulfate
and concentrated in vacuo to obtain the crude product. The pure compound was obtained

as an orange solid after purification by column chromatography [EtOAc (100%)].

Yield: 85%; m.p: 223.8-224 °C (lit.[219] 235-237 °C); 'H NMR: (DMSO- d6, 400 MHz) &
6.98 (1H, d, J = 8.5 Hz, H-6), 7.70 (1H, s, H-3), 7.74 (2H, d, J = 8 Hz, H-2",6"), 7.77 (2H,
d, J =9 Hz, H-3,5), 8.12 (1H, d, J = 8.5 Hz, H-5), 9.62 (1H, s, OH), 10.57 (1H, s, OH);
13C NMR: (DMSO- d6, 100 MHz) d 116.23 (C6), 118.25 (C4’), 119.00 (C3), 124.44 (C5),
126.14 (C10), 129.22 (C2, C6’), 130.54 (C1’), 132.69 (C3’, C5’), 133.53 (C8), 142.85
(C7),152.27 (C9), 152.69 (C2), 200.36 (C=S); IR vmax [cm™1]: 3501 (OH, v, s), 1279 (C=S,
v, s), 1174 (C-O, v, m); m/z (FTMS+ESI): [M+H]* (C1sH1003"°BrS) requires 348.9529,
found 348.9529. HPLC Purity: >90.5% (R= 13.01 min).
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Synthesis of 2-(4-Chlorophenyl)-5,7-dihydroxy-4H-chromen-4-one (13)

Cl

OH O
13

2-(4-Chlorophenyl)-5,7-dimethoxy-4H-chromen-4-one (7) (316.74 mg, 1 mmol) was
dissolved in anhydrous DCM (1.5 mL). 1 M BBrsz in anhydrous DCM (5 mL, 5 mmol) was
added to the solution and the mixture was stirred at 40 °C overnight. The reaction mixture
was cooled to room temperature and diluted with deionized water (50 mL). The pH was
adjusted to 6 with 5% Na2HPOa4 and the organic layer was extracted with EtOAc (2 x 10
mL). The organic layers were combined, dried over anhydrous magnesium sulfate and
concentrated in vacuo to obtain the crude product. The pure compound was obtained as

a pale yellow solid after purification by column chromatography [EtOAc (100%)].

Yield: 97%; m.p: 250 °C (lit.[219] 294-296 °C); *H NMR: (DMSO- d6, 400 MHz) & 6.29
(1H, s, H-6), 6.59