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ABSTRACT

Natural products have been used for medicinal purposes for centuries and remain the
main source of new drugs to treat diseases due to their biological activities such as
anticancer, anti-inflammatory and neuroprotective effects. This thesis aimed to : 1)
isolate bioactive compounds from two Malaysian plants which are: Aquilaria
malaccensis and Hopea dryobalanoides using column chromatography and
characterised them by nuclear magnetic resonance (NMR); 2) assess the anti-cancer
activity of the isolated compounds through various in vitro assays and metabolomics
profiling; 3) investigate the anti-inflammatory properties of the compounds by
inhibition of the pro-inflammatory cytokines (tumour necrosis factor-oa. (TNF-a),
interleukin-1p  (IL-1p) and interleukin-6 (IL-6)) levels in response to
lipopolysaccharide (LPS) stimulation in macrophage cells and identify the effects of
the compound treatments on the gene expression against the inflammatory response
caused by LPS-stimulated macrophage cells; 4) examine the protective effects of the

compounds against oxidative stress induced in neuron cells.

1) Plants extracts, investigated phytochemically, resulted in the isolation of 7-methoxy
acacetin (7-aca) from the hexane extract of A. malaccensis twigs for the first time, a
mixture of two compounds quercitrin and afzelin (Q/A) from the methanol extract of
A. malaccensis twigs and two compounds named balanocarpol (bala) and heimiol A
from the ethyl acetate extract of H. dryobalanoides bark. There are limited reports on
the biological activity of 7-aca, however a similar compound called acacetin (aca) has

been reported to have a range of bioactivates including anti-cancer, anti-inflammatory

XXVi



and protective effects. Therefore, aca was purchased commercially for comparison

purposes.

2) Cytotoxicity screening of 7-aca, aca, Q/A and bala resulted in decreased viability of
A2780 (ovarian) and ZR-75-1 (breast) cells in a concentration dependant manner. 7-
Aca exhibited a more potent cytotoxicity against A2780 and ZR-75-1 cells (ICso=
7.9uM and 8.5uM, respectively) compared to aca (ICso= 19.5uM and 17.5uM,
respectively). Heimiol A did not show toxic effects against both cancer cells even at
the highest concentration (150uM). All compounds showed selective toxicity toward
the cancers cells, as they did not cause toxicity against normal PNT2A (prostate) cells.
Further investigation behind the cytotoxic effect of the compounds revealed that 7-aca,
aca, Q/A and bala caused the production of ROS, depletion of mitochondria membrane
potential (AYM) and an increase in caspase-3/7 levels in A2780 and ZR-75-1 cells.
Many studies have reported that an excessive increase in ROS in cancer cells disrupts
the mitochondrial membrane thus causing the loss of A¥M that leads to activation of
effectors such as caspase-3, which eventually result in apoptotic cell death. Moreover,
7-aca showed the strongest anti-metastatic effects through the inhibition of adhesion
of cancer cells to the ECM protein fibronectin as well as inhibiting the migration and
invasion of A2780 and ZR-75-1 cells by approximately 50-70%. The overall results
revealed that 7-aca showed a stronger anti-cancer effects towards both cancer cells
compared to aca and bala. Due to the more potent activity shown by 7-aca, A2780 and
ZR-75-1 cells treated with 7-aca was chosen for metabolite analysis of cell lysates and
aca was used as comparison. Several biomarker metabolites were decreased
significantly (P<0.05) by the compounds, including ATP and NAD+ in the oxidative

phosphorylation (OXPHOS) pathway and glucose-6-phosphate dehydrogenase,
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glutathione disulphide and NADPH in the pentose phosphate pathway (PPP). 7-Aca
showed to cause greater reduction in all these metabolites compared to aca. These

findings showed promising results for the compounds to be used as anti-cancer agents.

3) Anti-inflammatory assessment of 7-aca, aca and bala demonstrated the ability of
these compounds to inhibit production of the pro-inflammatory cytokines TNF-a, IL-
1B and IL-6 by LPS-stimulated THP-1 macrophage cells. Bala at 10uM showed the
strongest inhibition of TNF-a, IL-1p and IL-6 by 75%, 68% and 67%, respectively. 7-
aca and aca showed similar activity by causing approximately 40-50% inhibition of all
the cytokines. Due to the potent activity shown by bala, this compound was selected
to carry out a retrospective investigation into any gene changes. RNA-sequencing
analysis on RNA isolated from THP-1 macrophage cells treated with LPS or
combination treatment of LPS and bala (LPS/bala) revealed that 27 genes associated
with the cytokine-cytokine interaction pathway including TNF-a and IL-6 were down-
regulated by LPS/Bala treatment compared to LPS treatment alone. Furthermore,
another two significant (P<0.05) pathways were also affected; the TNF-a and JAK-
STAT signalling pathways. The genes associated with these pathways were shown to
be significantly (P<0.05) down-regulated by LPS/bala treatment compared to LPS

treatment alone.

4) T-aca, aca and bala significantly (P<0.01) protected SH-SY5Y cells
(neuroblastoma) from ROS generated by tert-butyl hydroperoxide (TBPH).
Furthermore, these compounds showed their protective effects from TBPH-induced
toxicity/oxidative stress through an increase in A¥YM and decrease in caspase 3/7 levels
in SH-SY5Y cells. Glutathione (GSH) levels were significantly (P<0.01) increased by

all compounds which confirmed their potential antioxidant activity. Bala showed to be
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the most potent antioxidant by increasing GSH level by 66.1%, decrease ROS level by
69% and inhibiting DPPH radical (ICso = 6.2 pM). 7-Aca and aca showed similar

antioxidant activity and neuroprotective effect.

These findings suggest that compounds from A. malaccensis and H. dryobalanoides
can provide excellent sources of natural raw material to isolate bioactive agents. In
addition, the data also showed that the compounds isolated could possibly be used as
anti-cancer, anti-inflammatory and neuroprotective agents in the future, based on the

positive results obtained from the in vitro assays in this study.
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Chapter 1. General introduction

1.1 Review of cancer and neurodegenerative disease

Although cancer and neurodegenerative disease are two distinct pathological
disorders, they are two of the most clinically problematic classes of disease impacting
on the world's aging populations (Du and Pertsemlidis, 2011). In 2018, the top two
diseases affecting women were cancer and dementia-related disease in England and
Wales (ARUK, 2018). Cancer is characterised by the disruption of cell regulation
mechanisms that leads to uncontrolled cell growth, spreading to other parts of the body
and invading local tissues, whereas conversely, in neurodegenerative disorders, such
as Alzheimer’s disease (AD), it is associated with increased neuronal death, either
caused by, or concomitant with, beta amyloid (AB) and tau deposition (Behrens et al.,
2009). However, there are studies that have demonstrated evidence indicating that
these two types of disease could share common mechanisms such as mutations in a
variety of genes involved in regulation of the cell cycle, DNA repair pathways, protein
turnover, oxidative stress, and autophagy which have been implicated in both of these
diseases (Morris et al., 2010). For example, increased expression of amyloid precursor
protein (APP) has been associated with AD with evidence showing that APP is
concentrated at neuronal synapses and is the primary component of AD-associated
amyloid plaques following proteolysis (Rovelet-Lecrux et al., 2006, LaFerla et al.,
2007, Theuns et al., 2006). APP has also been reported to have significant correlation
with cancer cell proliferation (Pandey et al., 2016) and have been shown to be over-
expressed in various cancers, including oral cavity, esophageal, pancreatic,
neuroendocrine, thyroid, colorectal and breast cancers (Krause et al., 2008, Arvidsson

et al., 2008, Hansel et al., 2003, Ko et al., 2004, Wu et al., 2020).



1.2 Cancer

Cancer is a world-wide issue and remains the leading cause of death in the UK with
more than a quarter (28%) of all deaths occurring in 2017. According to Cancer
Research UK (CRUK) in 2015-2017, 165,000 people died from cancer in the UK with
367, 000 new cases in the same year (CRUK, 2017b). Cancer initiation and progression
can be caused by many factors such as an uncontrolled cell mass that rapidly
proliferates and results in the production of genetic instabilities and alterations that
accumulate within cells and spread to surrounding tissues. These genetic instabilities
include mutations in DNA repair genes (p21, p22, p27, p51, p53 and tool box for
DNA), tumour suppressor genes (p53, NF1, NF2, RB and biological breaks),
oncogenes or biological accelerators (MYC, RAF, Bcl-2, RAS) and genes involved in
cell growth metabolism (Igbal et al., 2017). External factors such as radiation,
chemicals, environmental pollutants and microorganisms, as well as internal factors
such as genetic predisposition, hormonal and metabolic disorders can contribute to
cancer development. Lifestyle factors such as cigarette smoking, diet and alcohol also
contribute to cancer. In the UK, it has been reported that the highest cancer cases are
due to tobacco followed by an unhealthy diet (Figure 1.1). Lung cancer is the most
frequent cancer and the leading cause of cancer death among males in the UK,
followed by prostate and bowel cancer. Among females, lung cancer is also the most
commonly diagnosed cancer and the leading cause of cancer death, followed by breast
and bowel cancer (CRUK, 2017b). In 2017, the global death number caused by cancer
exceeded 9 million; the total number of global deaths due to cancer in males were
higher (5,390,260) than that of females (4,063,665). People over the age of 50 years

have a higher risk of developing cancer compared to people under the age of 15 years



which accounted for less than 1% of total number of incidence and death rates (Bray
et al., 2018). Globally, more than 90% of the total deaths is accounted for by people
over 50 years who died with oesophageal, stomach, lung, uterine, colon and rectal,

prostate, gallbladder, and biliary tract, as well as bladder cancers (Lin et al., 2019a).
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1.2.1 Apoptosis

According to a study by Hanahan and Weinberg, emerging cancer cells need to acquire
eight biological capabilities (the hallmarks of cancer) in order to compromise normal
cellular function and cause overgrowth of cells. The eight distinct hallmarks consist of
sustaining proliferative signalling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing angiogenesis, activating invasion and
metastasis, deregulating cellular energetics and metabolism, and avoiding immune
destruction (Hanahan and Weinberg, 2017). One of the most important hallmarks of
cancer is the ability of cancer cells to evade apoptosis. Apoptosis, also known as
cellular suicide, is programmed in every single cell in the body. Under normal
physiological conditions when a cell detects DNA damage, it has the capability to
activate apoptosis to eliminate the mutated cells from the population. Cell suicide starts
off from a series of cellular events that leads to the activation of a family of cysteine
proteases called caspases. There are two routes to apoptosis: extrinsic and intrinsic
pathways. Both pathways cause the activation of initiator caspases (caspase-2, -8, -9,
or -10) which then leads to the cleavage and activation of executioner caspases (e.g.

caspase-3 or -7) that carry out mass proteolysis and consequently, cell death.

In the extrinsic pathway, apoptosis is initiated by caspase-8 and -10 triggered by death
ligand binding to a death receptor such as tumour necrosis factor (TNF) receptors, and
TNF-related apoptosis-inducing ligand (TRAIL). The TNF receptor family is a large
family consisting of more than 20 proteins that shares similar cysteine-rich
extracellular domains and have a cytoplasmic domain (also called “death domain™) of
about 80 amino acids which is essential for transmitting the death signal from the cell's

surface to intracellular signalling pathways (Fulda and Debatin, 2006). Whereas in the



intrinsic pathway (also called the mitochondrial pathway of apoptosis),
permeabilisation of the outer mitochondrial membrane (MOMP) is involved in the
caspase activation. Cytotoxic or stress stimuli such as DNA damage and viral infection
activates pro-apoptotic B-cell lymphoma 2 (BCL-2) family members such as multi-
BH domain proteins (e.g. BAX [BCL2-associated protein X] and BAK [BCL2
antagonist/killer], which share BH1-BH3 domains) that will form oligomers in the
outer mitochondria membrane that leads to the release of cytochrome c, second
mitochondria-derived activator of caspases (SMAC)/ DIABLO, Omi/HtrA2,
apoptosis-initiating factors (AIFs) and endonuclease G to the mitochondrial
intermembrane space (Fernald and Kurokawa, 2013, Saelens et al., 2004). Cytochrome
C in the cytosol drives the cells into apoptosis by binding to apoptotic protease
activating factor 1 (APAF-1) that will assemble into a structure called an apoptosome
(Cain et al., 2000). Initiator caspase-9 is then activated by forming a caspase-9-
activating complex. Then, caspase-3 is recruited to the apoptosome, where it is
activated by the resident caspase-9 through proteolytic cleavage of caspase-3 (Bratton
et al.,, 2001). Activation of caspase-3 then triggers many of the cellular and

biochemical events of apoptosis.
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Figure 1.3 Extrinsic and intrinsic pathways of apoptosis (Rampal et al., 2020).

Cancer cells evade apoptosis by deregulating the intrinsic apoptosis pathway.
Overexpression of anti-apoptotic BCL-2 proteins has been observed in cancers cells
(Yip and Reed, 2008, Adams and Cory, 2007). Amplification of anti-apoptotic BCL-
2 has been observed in lung cancer, haematological malignancies, as well as solid bone
tumours (Tonon et al., 2005, Soini et al., 1998). Increase of myeloid cell leukemia-1
(MCL-1) expression has also been detected in many cancers and is associated with the
progression and promotion of tumourigenesis (Goodwin et al., 2015, Kendall et al.,
2007, Allen et al., 2011). Pro-apoptotic BH3 proteins have also been observed to be
widely affected in cancer cells. Anti-apoptotic BCL-2 family proteins prevent the
activation of BAX and BAK by binding to BH3-only proteins (Vo and Letai, 2010,

Letai et al., 2002, Cheng et al., 2001, Manoochehri et al., 2014). In normal cells, p53



is an important nuclear transcription factor that regulates the expression of a variety of
genes that triggers apoptosis, growth arrest, or senescence due to various cellular
stresses. In cancer cells, the loss of p53 tumour suppressor results in the
downregulation of pro-apoptotic BH3-only proteins such as PUMA, BID, APAF-1,

and NOXA (Oda et al., 2000, Yu et al., 2001, Fortin et al., 2001).

1.2.2 ROS homeostasis in cancer

The electron transport chain (ETC) is the central system of mitochondrial adenosine
triphosphate (ATP) production; essential for cancer growth. Nicotinamide adenine
dinucleotide (NADH) or flavin adenine dinucleotide (FADH2) (generated from
substrates in the tricarboxylic acid (TCA) cycle) donates its electrons to four protein
complexes (I, I1, 11l and 1V) of the mitochondrial ETC in a coordinated manner. The
electron travels from complexes | and Il via complex Il to complex IV. During this
movement, energy is generated with the help of electron carriers, ubiquinone and
cytochrome ¢ by pumping protons to the intermembrane space from the matrix of the
mitochondria. The continuous pumping of protons creates a positively charged
intermembrane and a negatively charged matrix. Then the protons re-enter the matrix
through the ATPase synthase complex which generates ATP from ADP and inorganic
phosphate that provides the cell with its fundamental energy substrate (Rohlena et al.,

2011).

Due to the extensive electron flow in and out of the mitochondria matrix, the ETC is
the major source of reactive oxygen species (ROS). ROS homeostasis is a key
component for cancer cell survival. Mitochondria consume approximately 80% of
molecular oxygen and 1% of it is used to produce superoxide (O2") (Quinlan et al.,

2012, Handy and Loscalzo, 2012) which is released from mitochondrial complexes I,



Il and I into the mitochondrial matrix (Kowaltowski et al., 2009, Brand, 2010,
Lemarie and Grimm, 2011, Lemarie et al., 2011, Murphy, 2009). Studies have
investigated that cancer cells show persistently high levels of ROS such as hydrogen
peroxide (H202), Oz, hypochlorous acid (HOCI), singlet oxygen (*O2) and hydroxyl
radical (-OH). Increased levels of ROS in cancer are due to a high metabolic rate in
mitochondrial, endoplasmic reticulum, and cell membranes (Kumari et al., 2018).
However, excessive ROS levels beyond the optimal range can induce oxidative
damage and cell death, therefore regulation of the concentration of ROS is crucial to
be maintained so that it does not reach cytotoxic levels incompatible with cancer cell
growth. High levels of ROS in cancer is balanced with high levels of antioxidant
enzymes such as superoxide dismutases (SODs), peroxiredoxins (PRXs), glutathione
peroxidases (GPXs), and catalase (CAT) to maintain intracellular balance mechanisms
(Wood et al., 2003, Cox et al., 2009). Accumulation of O, is rapidly converted to
H20. by SODs and H202 is converted to H2O by many antioxidants such as PRXSs,
GPXs and CAT (Schieber and Chandel, 2014, Rhee et al., 2012). These antioxidant
enzymes are present in many cellular compartments and their high abundance makes
them ideal H20- scavengers. PRXs detoxify H20O. by being an oxygen acceptor and
oxidised PRXs is then reduced by thioredoxin (TRX) (Rhee et al., 2012, Berndt et al.,
2007). In the cytosol and the mitochondria, GPXs convert to H.O; at the expense of
glutathione (GSH) which is reduced to glutathione disulphide (GSSG). NADPH then
donates an electron to reduce oxidised GSSG back to GSH by glutathione reductase

(Reczek and Chandel, 2017).



High levels of ROS and high levels of antioxidant defence in cancer cells makes it
more sensitive to apoptosis by disruption of the cancer cellular redox balance by either
increasing or decreasing ROS levels (Trachootham et al., 2009). Excessive damage
caused by increased ROS levels will result in cytochrome C release from mitochondria
which causes caspase-3 activation that eventually results in apoptotic death (Simon et
al., 2000). Inhibition of ECT complex I has been proven to increase or decrease ROS
production depending on which binding site is inhibited (flavin or ubiquinone)
(Forkink et al., 2015, Chen et al., 2003, Rohlena et al., 2011, Orr et al., 2013). Other
molecular pathways that generate ROS such as activating Akt and changes in
phosphorylation of Bcl-2 could result in the activation of the caspase-dependent
apoptotic pathway (Aggarwal et al., 2019). Apoptotic death through disruption of
redox homeostasis in cancer can also be achieved by blocking antioxidant activity
which decreases the cancer’s ability to balance oxidative insult caused by high levels
of ROS. For example, studies have shown that the depletion of GSH, an antioxidant
enzyme, will interrupt the GSH/GSSG redox status in cancer cells which leads to an
increase in ROS generation, which accelerates mitochondrial damage and induces
apoptosis (Zhao et al., 2012, Armstrong et al., 2002, Honda et al., 2004). Table 1.1

shows drugs that target redox systems for the treatment of cancer.



Table 1.1 Drugs targeting redox systems for the treatment of cancer

Drug Cancer Target Reference
(Fan et al.,
Auranofin Lung, Ovarian Inhibition of thioredoxin | 2014)
reductase (Marzano et
al., 2007)
Motexafin Lun Inhibition of thioredoxin | (Magda and
gadolinium g reductase Miller, 2006)
Acute
promyelocytic
leukaemia, (Zheng et al.,
Arsenic trioxide Lung, Hodgkin | Mitochondria, Trx-1/-2, | 2015)
Lymphoma (HL) | GSH (Bhalla et al.,
and Non-Hodgkin 2008)
Lymphoma
Breast, bladder, | Reduce GSH, SOD, and
Doxorubicin lymphoma, and | catalase (Gorini et al.,
acute lymphocytic | Promote ROS 2018)
leukemia and more | production
. _| (Choi et al.,
Topotecan (L)l\J/r;?ian I)O poisomerase 1 (HIF 2009, Onnis
et al., 2009)
Multiple myeloma
Bortezomib and mantle cell | Proteasome inhibitor (Dolloff et
I al., 2015)
ymphoma.
1.2.3 Warburg effect

Altered metabolism and active glycolytic pathways and its regulators have strongly
been linked to apoptosis resistance in cancers. One of the major ATP sources for
cancer cells is fermentation of glucose via the aerobic glycolysis pathway in the
cytosol which is also called the Warburg effect. With adequate oxygen levels, normal
cells extract energy from glucose through the oxidation phosphorylation (OXPHOS)
pathway in the ETC of the inner mitochondrial membrane. In the OXPHQOS pathway,
36/38 ATP is generated, which is higher when compared to the glycolysis pathway

that only yields 2 ATP. Normal cells only undergo glycolysis when there is insufficient
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oxygen levels (Marbaniang and Kma, 2018). However, despite the availability of
oxygen, cancer cells prefer to use aerobic glycolysis as the main source of ATP
production. With or without the presence of oxygen, 85% of pyruvate is reduced to
lactate via lactate dehydrogenase (LDH) through the aerobic glycolysis pathway. With
the presence of oxygen, 5% pyruvate is oxidised to yield acetyl-coenzyme A (acetyl-
CoA) then acetyl-CoA is oxidised completely to CO2 and H-O in the mitochondria via
the TCA cycle. This causes the generation of high energy molecules such as NADPH
or FADH2 which are reduced by ETC in the inner mitochondria through the OXPHOS

pathway and creates energy in the form of ATP (Yu et al., 2017).

Even though cancer cells prefer aerobic glycolysis for energy metabolism, the majority
of tumour cells demonstrate normal mitochondrial function and OXPHOS pathway is
still essential for proliferation of cancer cells (Fu et al., 2017). It has been suggested
by many studies that some cancer cells still retain OXPHOS and mitochondrial activity
for cancer growth and survival (Hirpara et al., Farge et al., 2017, Griguer et al., 2005).
Several studies indicate that OXPHOS may be upregulated in breast cancer, classical
Hodgkin lymphoma and large B-cell lymphoma (Whitaker-Menezes et al., 2011, Jones
et al., 2016, Birkenmeier et al., 2016, Caro et al., 2012). Mitochondrial dysfunction
and OXPHOS have been investigated to contribute to metastasis of cancer cells which
is one of the main causes of cancer patients’ death. Metastasis is the migration of
cancer cells through blood and lymphatic vessels and colonisation of different tissues
(Denisenko et al., 2019). The loss of tumour suppressor gene RB1 induces
mitochondrial protein translation (MPT) and OXPHOS which promotes metastasis
(Zacksenhaus et al., 2017). Another study also showed that breast cancer cells use both

OXPHOS and glycolysis-dependent metabolic strategies to achieve their broad
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metastatic potential, whereas lung metastatic cells relied on glutamine uptake and
OXPHOS to metastasise (Dupuy et al., 2015). The ability of cancer cells to switch
between glycolysis and OXPHOS to resist cell death make both aerobic glycolysis and

OXPHOS function an ideal anticancer therapeutic approach (Kumari et al., 2018).

Targeting various critical enzymes that are involved in the glycolysis and OXPHOS
processes could be a useful approach for cancer therapies. For example, inhibiting
enzymes that are responsible for the glycolytic breakdown of glucose such as glucose
transporters 1 (GLUTL1), hexokinase 2 (HK2), phosphofructokinase (PFKM), lactate
dehydrogenase A (LDHA), and pyruvate dehydrogenase kinase (PDK1) will inhibit
glycolysis causing ATP depletion, cell cycle inhibition and ultimately cell death (Zhao
et al., 2013b). Studies have shown that weakening the activity of complex | and
complex Il in the mitochondria will cause inhibition of OXPHOS that will result in
the dysfunction of mitochondria, decrease in ATP production and increase in ROS
production (Sun et al., 2014, Hahm et al., 2011, Cheng et al., 2019). Table 1.2 shows
some FDA-approved agents targeting the mitochondrial aerobic metabolism
(OXPHOS) of cancer cells which results in apoptosis. However these drugs do not just

act on mitochondrial pathways.
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Table 1.2 Effects of FDA approved antitumor agents on cancer cells in in vitro and
preclinical studies (Aminzadeh-Gohari et al., 2020)

Type of cancer Agents Target
Gastrointestinal Cisplatin OXPHOS uncoupling
Increase state 2,3 % respiration
Colon Doxorubicin Modulation OXPHOS genes
Neuroblastoma Sorafenib Destabilization of complex |
Decrease respiration
Breast Tamoxifen Decrease complex | activity
Metformin Decrease respiration, complex |
activity and ATP
Prostate Deferiprone Decrease respiration and ATP
Oral squamous cell Cannabinoids Decrease respiration and ATP
Colorectal Indomethacin Decrease complex | activity and
adenocarcinoma ATP
Liver Valproate Decrease respiration and ATP

1.2.4 Inflammation and cancer

Inflammation is a feature of the biological response to harmful stimuli/agents
such as pathogens, damaged cells, or irritants. There are two major types of
inflammation: acute, which usually features a fast-onset, lasting from minutes to days,
depending on the extent of injury, a self-limiting “classical” response reflecting the
body’s response to infection or injury with neutrophils as the major cell type involved
(Raghavendra et al., 2015); and chronic, characterised by a slow, long-term
inflammation lasting for prolonged periods of several months to years due to persistent
inflammatory stimuli, involving cells of the adaptive immune system such as
macrophages, monocytes and lymphocytes (Anderson, 2013). Uncontrolled acute
inflammation may become chronic, contributing to a variety of chronic inflammatory
diseases (Zhou et al., 2016). There is much evidence to suggest that chronic

inflammation plays an important role in the development of diseases including
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diabetes, atherosclerosis, rheumatoid arthritis, obesity and neurodegeneration
(Goldberg and Dixit, 2015, Schultze et al., 2015). Rheumatoid arthritis (RA) is a
chronic, systemic, inflammatory disorder. The two immune systems and their
interactions are intimately involved in the development of RA (Guo et al., 2018).
Macrophages are important immune cells that are involved in both initiation and
resolution of inflammation. They are of critical importance in RA, where they generate
cytokines that enhance inflammation and contribute to destruction of cartilage and
bone (Udalova et al., 2016). Nonsteroidal anti-inflammatory drugs (NSAIDs) and
Corticosteroids are usually used as the first medication to treat inflammation diseases
including RA. Medications, considered to be fast-acting, are NSAIDs including
acetylsalicylate (Aspirin), naproxen (Naprosyn), ibuprofen (Advil and Motrin), and
etodolac (Lodine) (Bullock et al., 2018). Corticosteroids are a more potent anti-
inflammatory medication than NSAIDs, but they come with greater side effects

(Barnes, 2006).

It has been reported numerous of times that inflammation is involved in all stages of
carcinogenesis, from tumour initiation to progression and metastasis of established
tumours (Mantovani, 2010, Conway et al., 2016, Atri et al., 2018). Table 1.3 shows a
list of chronic inflammatory diseases that are associated with the development of
cancer. Macrophages are key mediators in the link between inflammation and cancer
(Qian and Pollard, 2010b, Biswas and Mantovani, 2010, Mantovani et al., 2013, Wynn
et al., 2013). Macrophages originate from bone marrow and reach body tissues by
infiltrating through blood vessels in order to act as guards against various kinds of
damage and their numbers increase immensely in inflammation, autoimmunity

diseases, and cancers (Corliss et al., 2016). Although macrophages provide the first
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line of defence in protecting the host from infections, inappropriate or prolonged
activation can result in damage to the host, immune dysregulation, and disease (Lewis

and Pollard, 2006).

Table 1.3 List of chronic inflammatory disorders associated with cancer

Associated inflammatory
stimuli

Cancer

Reference

Inflammatory bowel
diseases ulcerative colitis and
Crohn's diseases

Colorectal
cancer/colitis-
associated cancer

(Jess et al., 2006)

Liver fluke and primary
sclerosing cholangitis

Cholangiocarcinoma

(Zabron et al., 2013)

Chronic gastritis Helicobacter
Pylori

Gastric cancer

(Yoshida et al.,
2014)

Inflammation caused by
asbestos, infections, smoking,
and silica

Lung cancer

(Vainio and Boffetta,
1994)

Escherichia coli infection of
prostate

Prostate cancer

(Krieger John et al.,
2000)

Infection with hepatitis virus B

Hepatocellular

(Bartosch, 2010)

and hepatitis virus C carcinoma
UV irradiation-associated skin Melanoma (D'Orazio et al.,
inflammation 2013)
Endometriosis Endometrial carcinoma (Modugno et al.,
2005)
Gall bladder stone-associated : (Espinoza et al.,
. . Il bl r carcinom
chronic cholecystitis Gall bladder carcinoma 2016)
- O'Sullivan et al.,
Barrett's esophagitis Oesophageal cancer go 1 4l; v

Inflammation caused by Human
papillomavirus

Ovarian cancer

(Xie etal., 2017)

Cytomegalovirus

Brain, breast, colon,
cervical and prostate

(Wick and Platten,
2014, Richardson et
al., 2015, Han et al.,
1997, Harkins et al.,
2002, Samanta et al.,
2003)
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In the past, cancer research focused on the tumour cell itself. In recent years, however,
investigations of the tumour microenvironment (TME) and its essential function in
supporting malignancy has become more and more important, especially with regard
to new immunotherapies (Quail and Joyce, 2013). Among the diverse cell types of the
TME, macrophages are the most abundant non—tumour cell type in most cancers (Noy
and Pollard, 2014).These tumour-associated macrophages (TAMSs) can compose up to
50% of the solid tumour mass (Mills et al., 2016, Solinas et al., 2009). Cytokines,
which is also referred as interleukins, chemokines, or growth factors, are small secreted
proteins (<40 kDa), which are produced by nearly every cell to regulate and influence
immune response (Takeuchi and Akira, 2010). The release of pro-inflammatory
cytokines will lead to activation of immune cells such as macrophages and production
as well as the release of further cytokines (Kany et al., 2019). When the macrophages
is activated, they will secrete pro-inflammatory cytokines IL-1, IL-6 and TNF-o and
effector molecules (including reactive nitrogen intermediates) and express chemokines
such as CXCL9 and CXCLO (Biswas and Mantovani, 2010). These molecules exert
and amplify antimicrobial and tumoricidal activities. However, prolonged activation
of macrophages can cause overproduction and inappropriate release of these
molecules, which results in chronic inflammation and extensive DNA damage that
potentially could lead to cancer (Qian and Pollard, 2010b). Secretion of pro-
inflammatory cytokines such as TNF-a, IL-6 and IL-1 by immunocompetent cells or
tumour cells in the TME may take part in the development and progression of cancer
and may affect the prognosis (Zielinska et al., 2018). For example, patients with

inflammatory bowel disease including ulcerative colitis and Crohn’s disease have an
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increased risk of developing neoplasia (Gupta et al., 2007) owing to the production of
TNF-0, IL-6, and IL-1beta (IL-1B) by TAMs (Popivanova et al., 2008, Ning et al.,
2015, Wang et al., 2014d). Another study demonstrated that IL-1B secreted by
macrophages stimulates an auto-amplification loop, which results in enhanced
expression of IL-1p and cyclooxygenase (COX)-2 by both macrophages and breast
cancer cells which contributes to the proliferation of malignant cells (Hou et al., 2011).
Amplification of the pro-inflammatory response in the TME has been reported to be
associated with several inflammatory pathways such as nuclear factor-xB (NF-«kB)
signalling pathway that is initiated by macrophages (Maeda et al., 2005, Luedde et al.,
2007, Karin and Greten, 2005, Greten et al., 2004). For example, a study demonstrated
that significant activation of the NF-xB signalling pathway by LPS-treated
macrophages induced the expression of pro-inflammatory cytokines, such as TNF-a,
IL-6, IL-1p and IL-8 in gastric cancer cells, which led to chronic inflammation and
tumour cell proliferation (Zhou et al., 2018). NF-xB is involved in pathogenesis of
various chronic inflammatory disorders and has emerged as a central regulator of TAM
function (Farahmand et al., 2017, Poh and Ernst, 2018). NF-«xB activation is critical
for macrophage responses to microbial/inflammatory stimuli, including toll-like

receptor (TLR) ligands, TNF-a, and IL-1p.

1.2.5 Current therapeutic anti-cancer agents

Until now, conventional treatments are used for cancer such as chemotherapy and
radiotherapy and surgical removal of the accumulated biomass of cancer. The mode of
treatment used is dependent on the type of cancer or the stage of the cancer. For
example, if the patient is diagnosed with breast cancer at an early stage, it is more

likely for the patient to undergo surgery than chemotherapy (CRUK, 2017a). In
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England, 92.8 % of patients diagnosed with Stage 1 breast cancer during 2013-2014
had surgery to remove their primary tumour and 70.5 % patients diagnosed with Stage
3 received chemotherapy as part of their treatment (CRUK, 2017a). The initial
treatment for Stage 1 ovarian cancer 95.4% patients had surgery to remove the ovaries
or fallopian tubes. Patients also then undergo chemotherapy to ensure that there will
not be a reoccurrence. At Stage 2-4 of ovarian cancer 70-80% undergo chemotherapy
(CRUK, 2017c). Chemotherapy is the best treatment for cure, control, and
minimisation of the cancer by killing the cancer cells. Table 1.4 shows recently Food
and Drug Administration (FDA)-approved chemotherapy agents. However, they also
can cause damage to healthy cells that results in side effects and recurrence of the
cancer which threatens the patients’ welfare (Mansano-Schlosser and Ceolim, 2012).
Cisplatin is a well know anti-cancer chemotherapy drug that is very effective in
treating cancer such as lung, breast and ovarian cancer. However, cisplatin has been
linked to various toxic side effects in patients such as nausea, vomiting nephrotoxicity,
cardiotoxicity, hepatotoxicity and neurotoxicity (Aldossary, 2019). Other current
treatments for cancer therapy linked with several side effects are shown in Table 1.5.
Therefore, therapeutic strategies that selectively target a cancer gene or its metabolites
while doing less damage to normal cells and causes lesser adverse effects are very
valuable. Natural products and plants have been receiving a lot of attention from
researchers in the past 30 years for the discovery of novel cancer preventive and

therapeutic agents.
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Table 1.4 Recent FDA-approved chemotherapy agents with a specific target site.

Drug Type of cancer Target References
(de Almeida
Balversa Bladder rFe?:gpigrgr FGFR2 Carvalho et al.,
2019)
Pigray Breast PISK/AKT/mTOR (Ando et al.,
pathway 2019)
Atezolizumab | Advanced triple Programmed death 1 (Schmid et al
and Nab- negative breast (PD-1) and PD-L1 N
) 2018)
Paclitaxel cancer receptor
Lung,
Head and neck
squamous cell
: carcino_ma, (Dang et al.
Pembrolizumab | Hodgkin lymphoma, | PD-1 receptor 2016) ’

Urothelial carcinoma,
Gastic and

gastroesophageal
carcinoma
D79b-targeted
antibody-drug
conjugate delivering
Polatuzumab | \\ o0 monomethyl (Deeks, 2019)
vedotin auristatin E
(MMAE), a
microtubule
inhibiton
Mantle cell Bruton tyrosine (Tam et al
Zanubrutinib | lymphoma kinase (BTK), a B- 2019) )

(blood cancer)

cell receptor

Androgen receptor

(Bastos and

Darolutamide | Prostate Antonarakis,
(AR) 2019)
. Gastric, . (Subhash et al.,
Selinexor Multiple myeloma Exportin-1 (XPO1 2018)

19




0¢

Table 1.5 Summary of the side effects associated with some anti-cancer drugs (Dicato, 2013).

Anti-cancer drug

Mode of action

Clinical use

Side effects

Hypersensitivity, peripheral neuropathy,

stabilizer

breast

Paclitaxel Antimicrotubule: Breast, ovarian, cervical, .
- ; bradycardia and
stabilizer endometrial, sarcomas :
hypotension
Antimicrotubule: Breast, ovarian, cervical, Hypersensitivity, ﬂ.u'd retention, perlp_heral
Docetaxel . . neuropathy, alopecia, rash/pruritus, nail
stabilizer endometrial, sarcomas ; .
changes, arthralgia/myalgia
Ixabepilone Antimicrotubule: Breast, lung, prostate, Myelosuppression, hypersensitivity,
stabilizer endometrial, ovarian peripheral neuropathy
Eribulin Antimicrotubule: Breast and liposarcoma | QT prolongation, myelosuppression,
stabilizer peripheral neuropathy
Vinorelbine Antimicrotubule: Non-small cell lung and Acute dyspnea and severe bronchospasm,

constipation/ileus
neuropath, chest pain

Doxorubicin/epirubicin

Anthracyclines

Ovarian, breast,
endometrial, Kaposi's
sarcoma, lymphoma, and
acute lymphocytic
leukemia

Cardiotoxicity: acute, chronic, and delayed,
hyperuricemia (rare)

5-fluorouracil/capecitabine

Antimetabolite

Colon, esophageal,
stomach, pancreatic,
breast, cervical

Cardiotoxicity (acute myocardial infarction,
angina, dysrhythmias, cardiac arrest,
cardiac failure, and ECG

changes), hyperbilirubinemia,

Gemcitabine

Antimetabolite

Breast, ovarian, non-
small cell lung,
pancreatic, bladder

Elevated liver, enzymes, haemolytic uremic
syndrome, pulmonary toxicity, acute
dyspnea and severe pulmonary




T¢

toxicities, fever/ flu like symptoms,
vascular toxicity

Methotrexate Antimetabolite breast, leukemia, lung, Hepatotoxicity, pulmonary toxicity,
lymphoma,osteosarcoma. | neurological toxicity
. . . Cardiac toxicity, haemorrhagic cystitis,
Cyclophosphamide Alkylating agent lymphomas, leukaemias, interstitial fibrosis, fluid retention and
myeloma, lung, breast - :
dilutional hyponatremia
Carboplatin Alkylating agent Breast, ovarian, lung Myelosuppression, hypersensitivity,

nephrotoxicity




1.2.6 Natural products and cancer

Natural products comprise of any chemical compound or substance that is produced
from living organisms. Drug discovery from natural products has played an important
role over 40 years in the development of therapeutic agents towards combating cancer,
either in their naturally occurring forms such as plant secondary metabolites and their
derivatives or their synthetically modified forms (Kinghorn et al., 2009). Compared to
conventional synthetic drug discovery approaches, drug discovery and development
from plant-based compounds is inexpensive and less time-consuming (Rayan et al.,
2017). Anticancer plant-derived agents are categorised into four main classes of

compound (Elrayess and Nageh, 2019). These are:

1. Vinca alkaloids
Vinca alkaloids include vinblastine, vincristine, vindesine, and vinorelbine
originally isolated from the Madagascan periwinkle, Catharanthus roseus G.
Don. (Apocynaceae). These compounds were the first natural product-based
cytotoxic drugs to be used clinically. They act as anti-microtubule and anti-
mitotic agents to cause cytotoxic affects against various cancers such as
haematological malignancies, sarcomas, breast cancer, and lung cancer. Vinca
alkaloids are now produced synthetically which has led to development of
active semi-synthetic analogues (Moudi et al., 2013).

2. Epipodophyllotoxins
Epipodophyllotoxins are semisynthetic derivatives of podophyllotoxin isolated
from the Mayapple plant Podophyllum species (Podophyllaceae) that possess
anti-tumour activity caused by very potent toxicity. They are phase-specific

cytotoxic drugs that affect the late S and early G2 phases of the cell cycle by
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causing breaks in DNA strands by interacting with DNA topoisomerase 11
(Cragg and Newman, 2005).

3. Taxanes
Taxol (also known as Paclitaxel®) was first isolated from the bark of Pacific
yew tree Taxus brevifolia and later found in other parts of the tree such as
needles and seeds and other Taxus species (Nikolic et al., 2011, Sreekanth et
al., 2009). In 1992, the US FDA approved paclitaxel for the treatment of
advanced ovarian cancer then it was used to treat other types of cancer such as
breast cancer, colorectal cancer, and squamous cell carcinoma of the bladder
by acting as a microtubule-stabilising drug (Zhu and Chen, 2019).

4. Camptothecins
Camptothecin (CPT) was first isolated from the stem wood of Chinese
Camptotheca acuminate. The mechanism of action involves cell cycle arrest at
both S and G2 phases, which causes cytotoxicity. CPT also inhibits DNA and
RNA (including ribosomal RNA) synthesis and induces DNA damage (Li et

al., 2017).

1.3 Neurodegenerative disease

Neurodegenerative diseases such as Alzheimer’s disease(AD), Parkinson’s disease
(PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS) are
characterised by excessive neuronal cell death (Rager, 2015). These diseases mostly
affect the elderly population and has become a great burden on society in terms of
disability, high economic cost and personal suffering (Pitchai et al., 2019). Dementia
is a disorder that causes the loss of brain function, including memory loss and

difficulties with thinking, problem-solving, or communication (Duong et al., 2017).
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There were an estimated 46.8 million people worldwide living with dementia in 2015
and it is estimated that it will almost double every 20 years with a projected 75 million

in 2030 and 131.5 million in 2050 (Figure 1.4) (ADI, 2015).
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Figure 1.4 Number of people with dementia in low, middle and high income countries
(in millions)

In 2014 there were 850,000 people estimated living with dementia in the UK and it is
expected to increase to up to 35% by 2025 (estimated 1 million) and 146% by 2050
(estimated 2 million) (Figure 1.5)(ARUK, 2014). Increase in age is one of the risk
factors of dementia and due to the longer life expectancy of women compared to men,
women have a higher chance of being affected by dementia than men (Figure
1.6)(ARUK, 2014). In 2017, dementia has become the number one cause of death for
women (16% dementia related death) in contrast to other top four leading causes of
death; ischaemic heart diseases, cerebrovascular diseases, chronic lower respiratory
diseases and lung cancer. For men, dementia is the second leading cause of death

(8.7%)(ARUK, 2018).

24



Figure 1.5 Projections of dementia prevalence in the UK from 2014-2051 (ARUK,
2014)

Figure 1.6 Estimated number of men and women living with dementia by age group
(ARUK, 2014)

1.3.1 Alzheimer’s disease (AD)
AD is the major form of dementia in the elderly and possibly contributes to 60—70%
of cases (WHO, 2019). It is mostly thought to be a disease in aging, with 90% of

diagnoses present in those aged 65 years and older (Herrup, 2015). The disease was
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named after a German psychiatrist and neuropathologist, Alois Alzheimer, in 1906
when he gave an exceptional lecture for the first time regarding the description of a
form of dementia. He described his findings based on a patient called Auguste D, a 50-
year-old woman from Frankfurt who had shown progressive cognitive impairment,
focal symptoms, hallucinations, delusions, and psychosocial incompetence. When an
autopsy was carried out on the same patient, amyloid plaques, neurofibrillary tangles
and vascular anomalies were observed (Hippius and Neundorfer, 2003). This disease
affects the brain areas that are responsible for learning and memory capabilities
beginning in the entorhinal cortex and hippocampus then spreading to the temporal,
parietal, and finally the frontal brain lobes (Jahn, 2013). Therefore, AD patients will
usually experience memory loss, mild cognitive impairment and loss in judgement. A
number of factors including genetic, environment exposure and lifestyle choices has
been proposed to increase AD risk.

a. Genetic factors

Gene mutations in the APP and presenilin (PSEN) 1 and 2 genes, results in the
synthesis of AP peptide. Mass production of A peptides such as size 40 amino acids
(AP40) and size 42 amino acid (AP42) causes neuronal cell death. These gene
mutations occur in familial early onset AD (EOAD). In late-onset AD (LOAD),
Apolipoprotein E (APOE) is the major genetic risk factor. Individuals carrying the €4
allele are at increased risk of AD compared with those carrying the more common €3
allele. This gene is commonly inherited and displays variable binding to the amyloid
R-protein fragment (Bu, 2009, Reitz and Mayeux, 2014). Animal model studies have
demonstrated that aggregation and deposition of Ap were detected in mice that express

apoE4 or apoE3 (Tai et al., 2013). Another study has demonstrated that A peptides
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can interfere with the normal function of apoE in brain lipid metabolism and thus

contribute to AD pathogenesis (Hone et al., 2005).

b. Environmental exposure

Exposure to environmental agents including pesticides, metals and microbial toxins
have been recognised as possible risk factors for AD. Many studies have reported that
exposure of aluminium in drinks in elderly subjects (65 years and older) is associated
with an increased risk of dementia and AD (Rondeau et al., 2009, Walton, 2014).
Aluminium dust inhalation is also associated with increased risk of AD (Peters et al.,
2013). The most recent meta-analysis that was carried out involving 10,567
participants (eight cohort- and case-controlled studies) conducted prior to 2015
concluded that individuals exposed to aluminium were 71% more likely to develop
AD (Wang et al., 2016b). Effects of aluminium exposure have been reported based on
in vivo experiments obtained from humans and animals and shown the presence of
oxidative stress, mitochondrial dysfunction, microglial activation and functional
dysregulation of microglia (Morris and Berk, 2016). There is little evidence of
dementia risk by other metals such as arsenic (Dani, 2010), copper and iron (Shen et

al., 2014, Loef and Walach, 2012).

c. Lifestyle

Most lifestyle factors that are linked to the development and AD are modifiable such
as smoking, and diet. Smoking results in the generation of free radicals, and thus
causes the increase of oxidative stress. It also affects the immune system by promoting
pro-inflammatory production which leads to phagocytes activation. In addition,

smoking may lead to cerebrovascular diseases, which increase the risk of AD (Traber
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et al., 2000, Durazzo et al., 2014). Many studies have discovered that intake of
saturated or trans fats is associated with AD (Laitinen et al., 2006, Luchsinger et al.,
2002). A number of well-controlled studies of cognitive decline have found that high
saturated fat intake increases the rate of decline in cognitive abilities with age
(Beydoun et al., 2007, Devore et al., 2009, Eskelinen et al., 2008, Okereke et al.,
2012). Increased saturated fat intake has been linked to cardiovascular disease and type
2 diabetes (Briggs et al., 2017), therefore it is also associated with increased risk of
AD (Santos et al., 2017). A murine study showed high-fat diets and cholesterol were
able to increase the deposition of AP peptides (Nizari et al., 2016). High cholesterol in
total plasma in human patients showed a 57% higher risk of developing AD (Solomon

et al., 2009, Anstey et al., 2017).

1.3.2 Neuronal cell death

Neuronal cell death, specifically, apoptosis also known as programmed cell death, has
been proven to be a distinctive attribute for both acute and chronic neurologic disease
(Yuan and Yankner, 2000). There are two pathways involved in apoptosis: 1) the death
receptor pathway (extrinsic), where the neuron cell membrane is activated by death
signals which eventually leads to cell death; 2) the mitochondrial pathway (intrinsic),
where pro-apoptotic molecules (response to cell death signals) cause mitochondria to
release pro-apoptotic factors such as cytochrome c, apoptosis-inducing factor (AlF),
Smac (second mitochondria-derived activator of caspase)/DIABLO (direct inhibitor
of apoptosis protein (IAP)-binding protein with low PI), Omi/HtrA2 or endonuclease
G from the mitochondrial intermembrane space (Hengartner, 2000, Fulda and Debatin,

2006). Several reported genetic and environmental factors that modulate apoptosis in
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neurodegenerative diseases such as Alzheimer’s, Parkinson’s, Huntington’s and

amyotrophic lateral sclerosis are shown in Table 1.6.

Table 1.6 Factors that modulate apoptosis in neurodegenerative disorders (Mattson,
2000).

Disease Genetic factor Environmental factor
Alzheimer’s APP, presenilin Head trauma, brain
mutations, ApoE haemorrhage and

ischaemia, calorie intake,
aluminium, and viral

infections
Parkinson’s a-synuclein, parkin Head trauma, toxins,
mutations, calorie intake
LRRK?2mutations
Huntington’s Expended HD gene -
defect containing a
polymorphic trinucleotide
CAG
Amyotrophic lateral Cu/Zn-SOD mutations Toxins (insecticide and
sclerosis pesticide) exposure,

electrical injury

The apoptotic pathway involved in neurodegenerative disease is similar to that
discussed in section 1.2.1. Briefly, the principal molecular players that are involved in
the apoptotic programme such as: apoptosis-inducing or death receptors (e.g. Apo-
1/Fas), Apaf-1 and other AlFs; the release of cytochrome ¢ from the mitochondria into
the cytoplasm leads to formation of a cytoplasmic complex which results in the
activation of initiator caspases (8, 9 and 10). The initiator caspases then activate
downstream effector caspases (3, 6 and 7) and Bcl-2 family members (BAX, BID,

BAD, BAK, BCL-xS) that enhance apoptosis.
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1.3.3 Reduction of acetylcholine (ACh) level

Decreased cholinergic neurons in the brain and the loss of neurotransmission are the
major causes of the decline in cognitive function in patients with AD. Cholinergic
neurons are nerve cells within the nucleus basalis and the septal diagonal band
complex that secretes the neurotransmitter acetylcholine (ACh) which plays a key role
in learning and memory (Colangelo et al., 2019, Auld et al., 2002). The reduction of
activity in cholinergic neurons due to deficiency in the production of ACh in the brains
of AD patients was first proposed in 1982, which is also known as the cholinergic
hypothesis of AD (Bartus et al., 1982). One therapeutic approach to enhance
cholinergic neurotransmission is to increase the availability of ACh by inhibiting
acetylcholinesterase (AChE), the enzyme that degrades acetylcholine in the synaptic
cleft (Figure 1.7). AChE is a cholinergic enzyme primarily found at postsynaptic
neuromuscular junctions that breaks down or inactivates ACh into acetate and choline
in the synaptic cleft (Colovi¢ et al., 2013). The function of AChE is to terminate
neuronal transmission and signalling between synapses to prevent ACh dispersal and

activation of nearby receptors (Rotundo, 2009).

Cholinergic receptors function in signal transduction of the somatic and autonomic
nervous system and these receptors are activated by the ligand ACh. These receptors
subdivide into nicotinic and muscarinic receptors (Tiwari et al., 2013). However, it is
largely unknown whether the effect of ACh is mediated by nicotinic ACh receptors
(nAChRs), muscarinic receptors, or both. Studies involving cholinergic lesions and
local administration of cholinergic antagonists indicate that both nAChRs and
muscarinic receptors located in the hippocampus are of particular importance for

learning and memory processes (Ishibashi et al., 2014). AChE inhibitors aim to

30



decrease the rate of decomposition of ACh at synapses in the brain thereby raising the
potential for increased levels of excitatory amino acid (EAA) transmission and
improved cognitive function (Giacobini, 2004, Lane et al., 2006). This strategy has
proved moderately successful, yielding potent reversible AChE inhibitors such as
tacrine which was the first of the AChE inhibitors approved for AD treatment in 1993

(Tumiatti et al., 2010).
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Figure 1.7 Schematic representation of the ACh release course and cholinergic
hypothesis of AD. (1) AChE catalyses the breakdown of ACh into choline and acetate.
(2) AChE inhibitors inhibit AChE from breaking down to ACh, increasing both the
level and duration of the neurotransmitter action in the synapse.

Neurotransmitter

Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase.
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1.3.4 Oxidative stress

The importance of increased oxidative stress in the central nervous system (CNS) has
consistently been proven to facilitate the pathogenesis of AD. The imbalance that
occurs between the level of free radicals and their products, with antioxidant defence
mechanism in the body, results in oxidative stress. This imbalance can occur due to an
increase in free radical production or a decrease in antioxidant defences (Gandhi and
Abramov, 2012). Free radicals or ROS in the body can be generated as by-products
through aerobic respiration and during metabolism. This causes cumulative oxidative
stress that induces cellular damage, impairment of the DNA repair system and
mitochondrial dysfunction. These are the key factors that speed up the aging process,
thus increasing the risk of development of neurodegenerative disorders (Patten et al.,

2010, Kim et al., Kim et al., 2015a, Gandhi and Abramov, 2012).

Free radicals exist in different forms and these harmful radicals are capable of being
removed by antioxidant enzymes that are naturally generated in the body, while dietary
antioxidants help in assisting the body in neutralising free radicals (Minioti and
Georgiou, 2010). The CNS is vulnerable to free radical and oxidative damage due to
the brain’s high oxygen consumption (approximately 20% of the organism’s total
oxygen intake) compared to other tissues which leads to higher amounts of ROS to be
generated from the leakage of electrons from the mitochondrial ETC (Gandhi and
Abramov, 2012). The brain’s abundant lipid content such as polyunsaturated fatty
acids (PUFA) makes it vulnerable to free radical attack because of the weak double
bonds present in the membrane which allows non-enzymatic oxidation and
fragmentation during lipid peroxidation to occur easily and form a mass of toxic

products (Nowak, 2013). Insufficient amounts of enzymatic antioxidants (e.g.,
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superoxide dismutase, catalase) increases the high risk of free radical attack as well
(Aksenova et al., 2005, Obuobi et al., 2016). Many synthetic antioxidants have shown
toxic and mutagenic effects, which have shifted attention towards naturally occurring

antioxidants.

Due to a high oxygen requirement, natural antioxidant is crucial to maintain ROS
homeostasis in the brain. Antioxidants are natural compounds that protect cells by
neutralising unstable molecules (free radicals) which cause cell damage (Birben et al.,
2012). Consumption of dietary or exogenous antioxidants that are capable of trapping
oxygen include vitamin C, ascorbyl palmitate, citric acid, vitamin A, beta-carotene and
selenium (Markovi¢, 2016, Leopoldini et al., 2011). Other than dietary intake, the body
is dependent on several endogenous defence mechanisms such as GSH and ascorbic
acid to help protect against free radical-induced cell damage (Sidoryk-Wegrzynowicz
et al., 2011). GSH is the most abundant endogenous antioxidant in the brain and AD-
related increase in oxidative stress has been attributed to decreased levels GSH
(Saharan and Mandal, 2014). If the body’s natural antioxidants are not able to
neutralise excess free radicals, a diet that is rich in antioxidants needs to be reinforced
(Li et al., 2008). Studies have suggested there are associations between the
consumption of an antioxidant rich diet (such as fruits and vegetables) and the
prevention of neurodegenerative diseases. The investigation of antioxidant properties
of natural products has grown considerably to demonstrate that it could be one of the

major causes of prevention of AD.

1.3.5 Mitochondrial dysfunction
Mitochondrial anomalies including increase in free radical causing oxidative stress

from the respiratory chain and accumulation of injured mitochondria are one of the
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main features of the aging process (Amigo et al., 2016, Chistiakov et al., 2014).
Neurons are completely dependent on mitochondria OXPHOS for energy supplies.
Neural presynaptic and postsynaptic terminals require the constant presence of
mitochondria to produce high demands of ATP and buffer Ca2+-ion concentration in
order to maintain neurotransmission (Shankar and Walsh, 2009, Gazit et al., 2016,
Verstreken et al., 2005). Thus, mitochondrial dysfunction may reduce the production
of ATP and altered Ca2+ homeostasis which contribute to the progression of AD
(Huang et al., 2016a). A decrease of enzymes that are involved in mitochondrial ATP
production such as complex IV cytochrome c¢ oxidase, pyruvate dehydrogenase
complex, mitochondrial isocitrate dehydrogenase, a-ketoglutarate dehydrogenase, and
ATP synthase complex were found in AD patient’s brains (Maurer et al., 2000,

Cardoso et al., 2004, Gibson and Shi, 2010, Wojsiat et al., 2015).

Mitochondria dysfunction is linked to AD pathogenesis due it being the major source
of ROS. Increased oxidative stress and ROS damage by a faulty ETC in AD brains
results in DNA, lipid, and protein damage (Bonda et al., 2014, Wang et al., 2014c).
Many studies have shown a strong connection between oxidative stress and
mitochondrial dysfunction. These studies were carried out by analysing samples taken
from different AD experimental models and AD patients. A study by (Du et al., 2010)
revealed that accumulation of AP peptide in Synaptic mitochondria in the brain’s of
mice overexpressing human APP/AP led to deficits in mitochondrial function shown
by increased mitochondrial permeability transition, mitochondrial respiratory function
damage, decrease in cytochrome ¢ oxidase activity and oxidative stress. Data from
5XFAD mice showed that synaptosomal mitochondrial dysfunction with elevated

oxidative stress levels are early phenomena shown in AD brain pathology in an AB-
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accumulated environment (Wang et al., 2016a). Decreased mitochondrial complex 1V
activity (cytochrome c oxidase) has been detected in platelets from AD patients (Fisar
et al., 2016, Valla et al., 2006). A study showed that in peripheral blood lymphocytes
from AD and mild cognitive impairment patients, ATP synthase activity is
compromised, thus causes reduction in ATP levels, decreased basal mitochondrial
AWM levels and also significant impairment of total OXPHOS capacity (Tramutola et
al., 2018, Leuner et al., 2012). Thus, drugs that improve mitochondria function,
scavenge excessive ROS, or enhance the autophagic flux may have the potential to
treat neurodegenerative diseases. Table 1.7 shows a list of compounds that target free

radicals and mitochondria in experimental models of AD.
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Table 1.7 Compounds that target free radicals and mitochondria in experimental models of AD (Cenini and Voos, 2019).

Compounds Activity Experimental AD model

Vitamin E Increases AYM In vitro glutamate-injured astrocytes
ROS scavenger In vivo aged old mice
Reduction of lipid peroxidation

Selenium Inhibition of ROS production and oxidative damage In vitro Ap42-CFP-overexpressed HEK293
Reduction of mitochondrial membrane depolarisation cell line

Vitamin C Maintenance of mitochondrial integrity through reduction of In vitro AB1-42 peptide-treated human
oxidative damage cortical neurons

Coenzyme  Attenuation of decreased oxidative phosphorylation Isolated mitochondria from AB1-40 peptide

Q10 efficiency and of increased H2O2 production treated diabetic Goto—Kakizaki aged rats
Reduction of mitochondrial accumulation of AP peptide In vitro AB25-35 peptide-treated HUVEC
Prevention of A peptide-induced mPTP opening cell line
Protection against dissipation of AYM In vitro AB1-42 peptide-treated M17 cell
Beneficial effect of mitochondrial ETC line

In vivo TgP301S mice

Mitoquinone Prevention of increased ROS production, loss of AYM, In vitro Ap22-35 peptide-treated mouse

(MitoQ) decreased GSH/GSSG ratio, increased MDA and 3-NT cortical neurons and N2a cell line
Regulation of mitochondrial fusion, fission, and matrix genes In vivo 3xTg-AD and Tg2576 mice
Protection of mitochondrial structure In vivo human AB-overexpressed C. elegans
Amelioration of ATP production, cyclooxygenase (COX) SkQ1
activity, and depletion of the cardiolipin

SkQ1 Preservation of mitochondrial structure In vivo OXYS rats

Improvement of mitochondrial biogenesis Increase of COX
activity Inhibition of ROS production
Reduction of mtDNA deletion




LE

Melatonin Restoration of: respiration rate, RCC proteins expression, A¥YM, Isolated mitochondria from APPswe and

ROS production, ATP levels APP/PSEN1 mice
Prevention of decreased mitochondrial volume In vitro APPswe-overexpressed HEK293
Improvement of mitochondrial biogenesis factors expression and  cell
mtDNA/nuDNA ratio line
Amelioration of mitochondrial membrane fluidity and In vitro AP22-35 peptide-treated cultured rat
mitochondrial structure hippocampal neurons
Stabilisation of cardiolipin and mPTP In vitro AP peptide-treated NARP cybrids
Decrease of mitochondrial Ca2+ levels cell

line

In vivo OXYSS rats

In vivo injection of AB1-42 peptide in rats
hippocampus

In vivo APP/PSEN1 mice

MitoApo or  Protection against oxidative stress-induced cell death In vitro 6-OHDA-treated LUHMES cell line
Apocynin Reduction of superoxide production In vitro Ap1-42 oligomers-treated mouse
Prevention of mitochondrial H.O> production hippocampal neuro
a-Lipoic Decrease of oxidative stress and apoptotic markers In vitro AD fibroblasts
acid (LA) Preservation of COX assembly In vivo aged rats
Elevation of ATP levels, Krebs cycle dehydrogenase, complex I,  In vitro Ap1-42 peptide-treated
and COX activities differentiated

SH-SY5Y cell line
In vivo ApoE4 Tg mice

Rapamycin  Prevention the loss of AYM In vitro AP1-42 peptide-treated PC12 cell
Stimulation of mitophagy/autophagy line




1.3.6 Current therapeutic agents for AD

Currently there are five prescription drugs that are approved by the FDA for their
symptomatic treatment that help to reduce or stabilise cognitive symptoms
experienced by AD patients by affecting certain chemicals (such as ACh) involved in
carrying messages among the brain’s nerve cells. Donepezil (Aricept), galantamine
(Razadyne), rivastigmine (Exelon) and tacrine (Cognex) are the four approved AChE
inhibitors. Many studies have supported the effectiveness of these drugs as a potent
cholinesterase inhibitor treatment. They are prescribed to improve the patient’s reason,
memory, attention, language and the ability to perform simple tasks (Cacabelos, 2007,
Atri et al., 2013, Birks, 2006). Memantine (Namenda) is the first anti-Alzheimer drug
that modulates N-methyl-D-aspartic acid (NMDA) receptors (antagonist-type) that is
approved by the FDA to treat moderate to severe AD. A clinical study and post hoc
analyses investigated treatment with memantine and cholinesterase inhibitor as a
combination therapy in moderate-to-severe AD that produced consistent benefits that
appeared to increase over time, and that are beyond those of cholinesterase inhibitor
treatment alone (Gauthier and Molinuevo, 2012). These approved drugs are known to
be well-tolerated. However, there are a few reported cases of the adverse effects of
these drugs during clinical trials. Some patients that consumed Memantine, Donepezil
and Rivastigmine experienced nausea, vomiting, headaches and diarrhoea during the
trials (Bullock et al., 2005, Tariot et al., 2004, Dunn et al., 2000). Tacrine has
previously been demonstrated to causes hepatoxicity in vivo and in clinical trials

(Watkins et al., 1994, Yip et al., 2018, Lou et al., 2015).

38



1.3.7 Natural product and neuroprotection

For thousands of years natural products have historically played a very important role
in the world’s health care and have often been the sole means for the prevention or
treating of diseases due to their complex chemical multiple-target molecules found
mainly in plants and microorganisms (Bagli et al., 2016). Oxidative stress has been
pointed out as one of the leading causes of brain aging which lead to neurodegenerative
diseases. Therefore, consumption or administration of antioxidants is a beneficial
strategy recommended for preventing brain aging and several brain age-related
diseases (Fiorella et al., 2017). Polyphenols have been extensively studied regarding
their antioxidant activities. Many studies have suggested a strong association between
polyphenol consumption (particularly the ones from red wine or green tea) and reduced
prevalence of various neurodegenerative diseases (Lorenzo et al., 2019, Mandel et al.,
2006, Mani et al., 2018, Gray et al., 2018, Caruana et al., 2016). The most relevant
example of polyphenolic compound is resveratrol. Resveratrol can activate sirtuin 1
(SIRT1) which protects the neuron cells or in the hippocampus from oxidative stress
and cytotoxicity caused by AP peptide and alpha-synuclein (Albani et al., 2009, Khan
et al., 2012, Li et al., 2014a). Resveratrol also restores intracellular antioxidant
enzymes such as GSH, catalase and SODs levels in a cell culture model (Konyalioglu
et al., 2013, Gaballah et al., 2016). Table 1.8 shows other compounds isolated from

plants used for the treatment of AD.
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Table 1.8 Compounds isolated from plants used for AD treatment

Compound isolated

Plant

Activity

References

Physostigmine

Calabar bean,

Potent, short-acting and

(Bitzinger et

(alkaloid) the seeds of reversible AChE al., 2019,
Physostigma inhibitor Kamal et al.,
venensosum Balf Improves cognitive 2000)
functions in vivo and in
both normal and AD
patients
Galantamine Amaryllidaceae  Reversible AChE (Lilienfeld,
(alkaloid) inhibitor 2002)
family
Huperzine A Club moss Reversible AChE (Tun  and
(quinolizidine Huperzia inhibitor Herzon,
alkaloid) serrata (Thumb) Protection against ROS ~ 2012)
Trevis and AB
Curcumin Turmeric plant Increases ATP levels (Hagl et al.,
Curcuma longa  and COX activity 2014, Chang
L. Positive effects on AYM et al., 2014,
(Zingiberaceae)  and respiratory control Sood et al.,
ratio 2011)
Reduction of ROS
production and
mitochondria-mediated
apoptosis
Restoration of complex
I, I, COX levels and
activities
Resveratrol (3,4',5- Vitaceae family, Attenuation of ROS (Deng and
trihydroxystilbene)  grapes, berries,  accumulation, AYM and Mi, 2016,
and peanuts mitochondria-mediated ~ Porquet et
apoptosis al., 2014,
Increase of COX levels  Wang et al.,
Stimulation of 2018a)
mitophagy/autophagy
Quercetin Fruits, Restoration of AYM, (Wang et al.,
vegetables,and  ROS production, and 2014a,
grains ATP levels, Sharma et
and normal al., 2016,
mitochondrial Jiang et al.,
morphology 2016, Godoy
Increased MnSOD etal., 2017)
activity
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Prevention of
mitochondria-mediated
apoptosis

N-Acetyl-cysteine
(NAC)

Gingko biloba

Decreases oxidative
stress and apoptotic
markers

Preservation of COX
assembly

Stabilisation of A¥YM
and ATP production
Reduction of ROS/RNS
production

Increases mitochondrial
APEL1 levels
Enhancement of
complex I, 111, COX
activities

Improvement of oxygen
consumption
Up-regulation of
mitochondrial DNA
Blocks mitochondria-
mediated apoptosis

(Rhein et
al., 2010,
Eckert et al.,
2005, Tian
etal., 2013)

Scutellaria
baicalensis

Wogonin

Rescues the AYM loss
Attenuation of
mitochondria-mediated
apoptosis

Inhibits APP processing
in the B-secretase
pathway

(Huang et
al., 2017b)

Green tea such
as Camellia
sinensis L. Ktze

Epigallocatechin-3-
gallate (EGCG)

Attenuation of ROS
accumulation

Increase of MNnSOD
level

Restoration of altered
MMO, ATP levels, and
mitochondria respiratory
rates

(Zhang et
al., 2017b,
Biasibetti et
al., 2013,
Dragicevic
etal., 2011)
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1.4 Plants as a natural product for drug discovery

One of the best sources to identify hits and develop leads for drug discovery is products
from natural origin. However, drug discovery in natural products is a lengthy process
coupled with difficulties in obtaining sufficient samples for isolation and low-yields
of active compounds. Nevertheless, due to vast biodiversity, there are still a lot of
interest in natural products as a source of new drugs. From 1981 to 2006, 1184 new
chemical entities were reported and 60% were derived from or based on natural
products. Twenty-five percent of all prescription medications are made using the
various types of secondary metabolites from living organisms, mainly plants (Butler,
2004, Mishra and Tiwari, 2011). Tropical rainforests have been called the ‘world's
largest pharmacy’, because about 70% of the drugs used today are models of natural
products and Malaysia is covered with forest by more than 50% (Jantan et al., 2015).
Traditional Chinese Medicine (TCM) and the Indian Ayurveda are popular alternative
medicine used in Malaysia. Aquilaria sp. (agarwood) has been a part of Ayurvedic and
TCM for centuries (Hashim et al., 2016).

1.5 Aquilaria sp. and its uses

There are more than 30 species of Aquilaria sp. (Thymelaeaceae) distributed mainly
around Asian countries such as Indonesia, Malaysia, China, India, Philippines,
Cambodia, Vietnam, Laos, Thailand, Papua New Guinea, and Singapore. There are 5
indigenous species found in rainforests of Malaysia such as A. malaccensis, A.
microcarppa, A hirta, A hirta, A. beccariana and A. rostrate (Mohamad Ali et al.,
2008). The wood of Aquilaria trees produces a secondary metabolite called agarwood
also known as gaharu in Malaysia and Indonesia which is a resinous heartwood that

acts as a defence response when the bark is injured caused by wind, lighting, gnawing
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by ants or insects, or by microbial infection (Kristanti et al., 2018). The natural process
of agarwood takes over decades to completely develop. Therefore, to speed up the
process, the bark of the tree is burned, cut or inoculated deliberately with fungi such
as Fusarium sp in order to produce agarwood (Li et al., 2014b, Gao et al., 2014, Ueda
etal., 2006, Yang et al., 2014a). This high value resinous heartwood has commercially
been used in traditional medicine for digestive, sedative and antiemetic treatment. In
China, topical application of Aquilaria leaves helps to treat injuries such as fractures
and bruises (Zhou et al., 2008). Burning of the dark wood of Aquilaria tree emits a
pleasant smell due to the presence of resin. Therefore it is used as incense for religious
ceremonies, for perfume as well as a source of aromatic and therapeutic oils (Zuhaidi,

2016, Mat, 2012).

1.5.1 Aquilaria malaccensis, Lam

Aquilaria malaccensis (synonymous A. agallocha Roxb) has a wide distribution and
has been found in 10 countries in South Asia and South East Asia, namely Bangladesh,
Bhutan, India, Indonesia, Malaysia, Myanmar, the Philippines, Singapore and
Thailand (Naef, 2011, Oldfield et al., 1998). Despite this wide distribution, Aquilaria
sp often occur in low density and can be found throughout primary and secondary
forests, mainly in plains, but also on hillsides and ridges at altitudes between 0 to
1000m above sea level (Swee and Chua, 2008). It is the main source of agarwood in
Malaysia and considered one of the most exploited species in Malaysia due to its high
economic value (Faizal et al., 2017). A. malaccensis is an evergreen tree that can grow
up to 18-40 m in height with an average trunk of 40 cm in diameter. Before the
production of resin, the wood is typically white, lightweight and low in density and

after resin production, the resin rich wood becomes dark, heavy and hard. A.
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malaccensis tress reach maturity after 7 — 9 years by starting to produce flowers and
seeds. Medium sized trees can produce up to 1.5kg of seeds. The branches of the A.
malaccensis tree produces yellowish green or white flowers (Adelina et al., 2004) as

well as green and egg-shaped fruits (Elias et al., 2017, Adelina et al., 2004)

1.5.2 Previously reported scientific research on A. malaccensis

The Aquilaria genus has been investigated for their biological effects and
phytochemical characteristics. This plant is rich in a variety of different classes of
natural products, but the most significant bioactive compounds of these plants are
sesquiterpenes and chromones, alkaloids, flavonoids, benzophenones, diterpenoids,
triterpenoids and lignin compounds. Agarwood resins contain essential oils which give
out a special aroma that is used for making perfumes. These perfumery ingredients in
agarwood oil contain a complex mixture of secondary metabolites such as
sesquiterpenes and chromones (Ismail et al., 2014). Sesquiterpenes such as agarofuran,
eudesmanes, agarospiran and prezizane have been previously isolated from A.
malaccensis (Kristanti et al., 2018, Wang et al., 2018d, Kalra and Kaushik, 2017).
Agarwood essential oil has previously been tested for anti-cancer activity against
cancer cell lines such as breast, pancreatic and colorectal carcinoma cells (Dahham et
al., 2016c, Abbas et al., 2014, Dahham et al., 2016b, Hashim et al., 2014). Agarwood
hydrosol obtained from hydrodistillation of A. malaccensis showed anti-attachment

and cytotoxic effects on Calu-3 lung cancer cells (Hussein et al., 2019).

Other than the bark, compounds with active biological effects have also been
previously isolated from A. malaccensis leaves, stems and seeds. 4’-
hydroxyacetanilide or acetaminophen is a synthetic drug that is commonly used to treat

fever, migraine and other types of illness that was originally obtained from a leaf
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extract of A. malaccencis (Afiffudden et al., 2015). The earliest publication found on
agarwood pharmacological activities reported that an alcohol extract of A. malaccensis
stem bark and stem showed mild cardiotonic activity and anti-cancer effects against
Eagle’s carcinoma of the nasopharynx (Gunasekera et al., 1981). Other studies showed
an oil extract of A. malaccensis stembark (clean and infected part) caused cytotoxic
activity (ICso :44 pg/ml) against HCT116 cells (human colon cancer cells) (Ibrahim et
al., 2011). Furthermore, a study by Korinek et al. (2016) reported that a phorbol ester
compound called aquimavitalin, isolated from the ethanolic extract of A. malaccensis
seeds, showed antiallergic activities by exhibiting a strong inhibitory effect in A23187-
and antigen-induced degranulation assays (ICso: 1.7 and 11 nM, respectively) (Korinek
et al., 2016). Another study isolated four new phorbol esters (1-4) and two known
phorbol esters (5 and 6) (Table 1.9 and Figure 1.8). Compound 1 (ICs0 2.7 uM), 5
(ICs0 0.8 uM), and 6 (ICso 2.1 uM) showed potent anti-inflammatory activity by
exhibiting inhibitory activity on N-formyl-L-methionyl-L-leucyl-L-phenylalanine
(fMLF)/cytochalasin B (CB)-induced elastase release by human neutrophils. All the
compounds were also evaluated for their cytotoxic properties against HepG2
(hepatoma), MDA-MB-23 (breast), and A549 (lung) cancer cells, but did not show

any activity (Wagh et al., 2017).

45



Figure 1.9 Chemical structure of aquimavitalin

Table 1.9 Phorbol esters isolated from A. malaccensis seeds

Compound Name

1 12-O-(2'E,4'E)-6-0xohexa-2',4'-dienoylphorbol-13-acetate.

2 12-deoxy-13-0O-acetylphorbol-20-(9'Z)-octadecenoate.

3 12-O-(2'E,4'E)-6',7"-(erythro)-dihydroxytetradeca-2',4'-
dienoylphorbol-13-acetate.

4 12-0O-(2'E,4'E)-6',7'-(threo)-dihydroxytetradeca-2',4'"-
dienoylphorbol-13-acetate.

5 12-O-deoxyphorbol 13-decanoate

6 Mellerin A
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Figure 1.8 Chemical structure of phorbol esters 1-6 isolated from A. malaccensis seeds.



1.6 Hopea sp. and its uses

Hopea Roxb. is reported to be the largest genus with at least a 100 species in the plant
family Dipterocarpaceae. Dipterocarpaceae is a well-known family of rainforest trees
that comprises more than 500 species, widely distributed in the evergreen forests and
rainforest of Indochina, upto the northern Malayan peninsula and it is also the most
economically and ecologically dominant genera (Hamilton, 2018, Lee et al., 1997). It
was proposed that dipterocarps trees originate from the Eurasian plate and migrated to
the Far East including South Asia and Africa. The bulk of tropical hardwoods came
from dipterocarps since the early 70s traded in the international and domestic markets
(Larsen, 1998). Resin produced from the bark of Dipterocarpus, Hopea and Shorea
sp. are used for lighting and sealing boats, and as a base for paints, as well as varnishes
(Dyrmose et al., 2017). Hopea species hamed Hopea odorata Roxb. have been used
as medicinal plants in Khok Pho District (Pattani Province) of Thailand and North
Andaman Islands of India (Wiyakrutta et al., 2004, Prasad et al., 2008). The stem bark
of this species is known to be rich in tannins, has been used for treating paralysis,
haemorrhoids, diarrhoea, gum inflammation, urinary incontinence and neck pains

(Chuakul, 2005, Yang et al., 2013).

1.6.1 Previously reported scientific research on the Hopea genus

The Hopea genus from the family Dipterocarpaceae has been known to produce
oligostilbenoid compounds such as resveratrol oligomers. These oligomers include
stilbene dimers, trimers, tetramers, hexamers, heptamers and octamers that are
composed of a diverse assemblage of two or more resveratrol monomers by an

oxidation process. Some of these compounds exert biological activities, such as
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antibacterial, antiviral, and cytotoxic effects (Sahidin et al., 2005, Cichewicz and

Kouzi, 2002). Compounds isolated from H. dryobalanoides are shown in Figure 1.9.

HO HO HO

O OH O o]

HO HO

(3 Ly Q.O ) ol

HO OH
HO HO o ud OH
O wo
Parviflorol Diptoindonesin D

Resveratrol (3,5,4'-
trihydroxystilbene)

Vaticanol B

Figure 1.9 Compounds previously isolated from H. dryobalanoides
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One of the first compounds that was isolated from Hopea sp. was a resveratrol tetramer
called hopeaphenol which was elucidated using X-ray crystallography a few years later
(Coggon et al., 1965, Coggon et al., 1970). Since then, other researchers managed to
isolate the same compound from other Hopea sp. such as H. dryobalanoides, H
.malibato and H. parviflora (Sahidin et al., 2005, Dai et al., 1998, Tanaka et al., 2000).
Hopeaphenol was reported to be very active against several cancer cell lines including
human epidermoid nasopharynx carcinoma, A549 and breast cancer (MCF-7)
(Ohyama et al., 1999). Hopeaphenol also exhibited potent cytotoxic effects against P-
388 murine leukaemia cells (1Cs0=5.2uM), colon cancer cells SW480 (1C50=28.6 uM)
and leukaemia HL60 cells (IC5=21.3 pM) (Muhtadi et al., 2006, Ito et al., 2003).
Another study showed that hopeaphenol exhibited its anticancer effects by causing
arrest at the G1 phase of the cell cycle in SK-MEL-28 melanoma cells (Moriyama et
al., 2016). Other than that the compound also showed DPPH, superoxide and hydrogen
peroxide scavenging activity (Subramanian et al., 2015). a-viniferin is also a
resveratrol trimer which was first isolated from wine grapes (Vitis vinifera) and used
as an antifungal agent (Langcake and Pryce, 1977). Subsequently, o -viniferin has been
isolated from H. dryobalanoides (Sahidin et al., 2005). Similar to other resveratrol
oligomers, a -viniferin showed very potent growth inhibitory effects on various cancer
cell such as HL-60, MCF-7, HepG2, A549, P-388 cells and human colon cancer (HCT-
116, HT-29, Caco-2) (Wibowo et al., 2011, Gonzalez-Sarrias et al., 2011). a-viniferin
also showed significant anti-inflammatory activity in several studies. In one study, a-
viniferin suppressed the expression of proinflammatory genes iNOS and COX-2 in
LPS-stimulated BV2 microglial cells (Dilshara et al., 2014). This was also seen in

another study whereby a-viniferin attenuated mRNA levels of iNOS in inhibited
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interferon (IFN)-gamma-stimulated RAW 264.7 macrophages (Chung et al., 2010). It
was reported that a-viniferin inhibited anti-cholinesterase activity, which has been
targeted for treatment of neurodegenerative diseases such as AD (Sung et al., 2002,

Yan et al., 2012).

1.7 Research aims

Various Aquilaria sp., Hopea sp. and the compounds isolated from the plants have
been proven to have many biological activities. Hence, the current research aims to
investigate the potential anti-cancer, neuroprotective and anti-inflammatory activities
of A. malaccensis and H. dryobalanoides extracts with a focus on their isolated
compounds that could be potentially responsible for their activities. These aims will
be achieved by exploring various research aspects which are discussed and explained

in Chapters 2-5..

Chapter 2 focuses on the phytochemical investigation of the plant materials and the

characterisation of the isolated compounds that will be used in subsequent chapters.

Chapter 3 focuses on the potential anti-cancer activity of the plant extracts and isolated

compounds by using various enzymatic assays to obtain data that supports the aim.

In Chapter 4, anti-inflammatory studies on the isolated compounds and RNA
sequencing (RNA-Seq) was carried out on differentiated human monocytic THP-1

cells.

Chapter 5 investigates the potential neuroprotective effects isolated compounds on
neuroblastoma SHSY-5Y cells. Lastly, chapter 6 summarises the findings, conclusion

and future work.
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Chapter 2. Phytochemical investigation of A. malaccensis and H. dryobalanoides

2.1. Introduction

Since ancient times, natural products exclusively from plants have served as the most
successful source of medicines (Veeresham, 2012). The earliest record on the use of
natural products was from Mesopotamia (2600 B.C.) which showed that oils from
Cupressus sempervirens (Cypress) and Commiphora species (myrrh) were used to
treat coughs, colds and inflammation, and are still being used today (Dias et al.,
2012). Egyptian and Chinese natural products have played prominent roles in ancient
traditional medicine systems. A great deal of knowledge on Ancient Egyptian
medicine dates back from 1550 BC from the Edwin Smith Papyrus, the Ebers Papyrus
and the Kahun Papyrus that consist of a huge number of drugs derived from plant crude
extracts (Abou EI-Soud, 2010). The Chinese Materia Medica has been extensively
documented over the centuries, with the first record dating from about 1100 B.C.
named Wu Shi Er Bing Fang (52 prescriptions), followed by works such as the
Shennong Herbal (~100 B.C.; 365 drugs), and the Tang Herbal (659 A.D.; 850 drugs)
(Cragg Gordon and Newman David, 2005). Many famous drugs which to date are still
being used in hospitals or sold by big pharmaceutical companies are plant-based. For
example, aspirin (acetylsalicylic acid) (Figure 2.1), well-known for its anti-
inflammatory properties, is derived from salicin, a glycoside, which was isolated from
the bark of the willow tree Salix alba L. (Montinari et al., 2018). Morphine, first
reported in 1803, was isolated from Papaver somniferum L. (opium poppy). Then in
the 1870s, it was found that boiling crude morphine (isolated from P. somniferum) in
acetic anhydride yield diacetylmorphine (heroin) that can be readily converted to

codeine which until now is used to treat pain, coughing, and diarrhoea (Dias et al.,
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2012). Even though new drug discovery methods are being developed, natural
products have been the most productive source for clinical trials and contributed to the
development of drugs (Butler, 2004). Natural products continue to be a major source
of bioactive agents due to their large-scale structural diversity compared to synthetic
compounds. The major benefit of natural products is that plant-based metabolites can
avoid the side effects of synthetic drugs (Lahlou, 2013). Many synthetic drugs have
been reported to cause major side effects such as paracetamol which is a well-known
antipyretic drugs that causes liver poisoning and ibuprofen causes nephrotoxicity

(Tanne, 2006, Mann et al., 1993) .

0 CH,

T
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Figure 2.1 Chemical structure of aspirin

Phytochemicals or “plant chemicals” are biologically active secondary metabolites
present in plants which also play a part in giving colour, aroma, and flavour and
provide protection for the plant from infection and predators (Sharif et al., 2018,
Kumar, 2019). Many secondary metabolites in both plant extracts and purified
compounds isolated from plant-based natural products have been explored to have

potential anti-cancer, anti-inflammatory and anti-oxidative properties. The main
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active plant classes which have been identified and extracted from plants for these
properties include flavonoids, alkaloids, tannins, terpenoids and sterols (Salih et al.,

2014, Seca and Pinto, 2018).

2.1.1. Flavonoids

Flavonoids are a group of secondary metabolites that can be found in fruits, flowers,
vegetables and herbs. The general structure of a flavonoid as shown in Figure 2.2 is
made up of a fifteen-carbon skeleton consisting of two benzene rings (A and B) and a
heterocyclic pyrane ring (C). They can be divided into 6 different classes: flavones,
flavanols, flavanones, flavanonols, isoflavones and flavan-3-ols (Kumar and Pandey,
2013). Flavonoids are responsible for influencing the transport of the plant hormone
(auxin), the flavonoid pigment provides the yellow colour of flowers and leaves and

act as a defence system from microbes and insects (Samanta et al., 2011).

OH @)

Figure 2.2 Generic structure of flavonoids

Flavonoids have been shown to be promising anti-cancer agents with several cancer

related mechanisms such as the ability to block cell cycle resulting in the inhibition

of cell growth and proliferation, inducing apoptosis and differentiation (Raffa et al.,

2017). Quercetin is the most abundant flavonoid that is found widely in plants such as
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bark, flowers, seeds of tomatoes, apples, berries, grapes, onions, tea leaves, vegetables,
capers, shallots, and nuts. It has been investigated for its anti-cancer, anti-
inflammatory and anti-oxidant properties for many years (Li et al., 2016). Quercetin
has been reported to exhibit an apoptotic effect on several cancer cell lines including
MCF-7, HL-60 (leukemia) and HepG2 (liver) (Nguyen et al., 2017a, Zhao et al., 2014,
Yuan et al., 2012). Several studies have reported that quercetin exhibited anti-
inflammatory activity by inhibiting LPS-induced TNF-a, IL-8, IL-1a, COX and
lipoxygenase (LOX), Src- and Syk-mediated phosphatidylinositol-3-Kinase (PI13K)-
(p85) tyrosine phosphorylation and Toll Like Receptor 4 (TLR4) production in
different cell lines (Manjeet and Ghosh, 1999, Geraets et al., 2007, Bureau et al., 2008,
Endale et al., 2013, Lee et al., 2010b, Kim et al., 1998). Quercetin can also alleviate
oxidative damage by reducing ROS levels in cell lines (Zhu et al., 2017a) (Zerin et al.,

2013, Hu et al., 2015a).

Figure 2.3 shows other flavonoids isolated from plants that have been intensively
researched on their anti-cancer (Imran et al., 2019, Yan et al., 2017, Tuorkey, 2016),
anti-inflammatory (Kadioglu et al., 2015, Soares et al., 2006, Aziz et al., 2018) and

anti-oxidant (Wang et al., 2018b, Jung, 2014, Romanova et al., 2001) properties.
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Figure 2.3 Chemical structure of quercetin, kaempferol, apigenin and luteolin

2.1.2. Alkaloids

Alkaloids are organic compounds that occur naturally in plants and fungi as secondary
metabolites that possess a wide range of activites (Hussain et al., 2018). The general
chemical structure of the compounds contains the presence of at least one nitrogen.
Other than that, alkaloids also contain carbon, hydrogen and usually oxygen. A
German pharmacist named Wilhelm Meissner was the first to introduce the term
“alkaloid” which is also traditionally defined based on their bitter taste, basicity, plant

origin, and physiological actions (Eguchi et al., 2019).

An alkaloid compound, taxol (also known as Paclitaxel®) was first isolated from the
bark of the Pacific yew tree Taxus brevifolia and later found in other parts of the trees
such as needles and seeds and other Taxus species (Nikolic et al., 2011, Sreekanth et

al., 2009). This compound is sold under the trademark Taxol® and has become the
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most successful anti-cancer agent. In 1992, the FDA approved paclitaxel for the
treatment of advanced ovarian cancer, then it was used to treat other types of cancer
such as breast cancer, colorectal cancer, and squamous cell carcinoma of the bladder
(Zhu and Chen, 2019). Berberine, an isoquinoline alkaloid that possesses a broad
spectrum of pharmacological activities including anti-inflammatory, anti-oxidant and
anti-cancer (Neag et al., 2018). This compound can be found widely distributed in
natural herbs such as Hydrastis canadensis, Cortex phellodendri and Rhizoma coptidis
(Shamsizadeh et al., 2017). Other than having the ability to cause apoptosis through
cell cycle arrest and affect mitochondria membrane potential, it is also able to suppress
pro-inflammatory cytokines and ROS production while increasing antioxidant enzyme

activity (Eissa et al., 2018, Li et al., 2014c).

57



texol

berberine

HyCO

OCHg

Figure 2.4 Chemical structure of taxol and berberine

2.1.3. Terpene and terpenoids

Terpenes/terpenoids consists of isoprene units which constitute one of the biggest
classes of secondary metabolites found in natural products. This is due to the chemical
diversity that can arise from the isoprene units which can be assembled to each other
in thousands of ways (Jiang et al., 2016). Terpenoids are terpenes that contain different
functional groups and oxidised methyl groups modified at various positions.
Depending on their carbon units, terpenoids can be divided into monoterpenes,

sesquiterpenes, diterpenes, sesterpenes, and triterpenes (Perveen, 2018). Many
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terpenoids isolated from natural products have been investigated as potential anti-
cancer and anti-inflammatory agents (Salminen et al., 2008). Lupeol, betulinic acid
and betulin are pentacyclic triterpenoids, which are found in many natural products.
Lupeol is commonly found in fruits and vegetables, e.g. olives, figs, mangoes,
strawberries, red grapes and in medicinal plants (Saleem, 2009). Betulinic acid is a
product of betulin oxidation and both can be found abundantly in the outer bark of
birches (Betula, Betulaceae) (Hordyjewska et al., 2019). Lupeol and betulinic acid
possess potential anti-inflammatory properties by decreasing the generation of pro-
inflammatory cytokines in LPS-treated macrophages/microglial and lupeol was also
able to decrease type Il cytokine levels in a bronchial asthma mouse model (Fernandez
et al., 2001, Vasconcelos et al., 2008, Li et al., 2018). Lupeol, betulinic acid and
betulin were reported to be able to suppress cell viability and migration as well as
induce cellular apoptosis through ROS and via a mitochondria pathway in many cell

lines (Zhao et al., 2018, Wang et al., 2018e, He et al., 2018).
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Figure 2.5 Chemical structure of lupeol, betulinic acid and betulin

2.1.4. Plant collection and extraction methods

The concentration and the type of chemical metabolites produced by plants may vary
in different seasons. One of the main factors that could affect metabolite production
Is stress caused by environmental changes and place of growth (Isah, 2019).
Therefore, it may be difficult to isolate the same compounds from the same plant
species that have been collected in different seasons or regions. Phytochemicals are
distinctive to definite plants and parts of plants. Due to the abundant amount of
chlorophyll contained in the leaves, more time and solvent are needed to extract the
chlorophyll out completely in order to isolate other secondary metabolites that may
present in the leaves. Therefore, other parts such as bark and twigs are more preferred

and easier to work on.
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After collection of plant materials, they are air dried to remove all moisture and ground
to obtain a homogenous powdered sample. The powdered sample is then subjected to
extraction processes using various methods, such as maceration, heating under reflux,
or Soxhlet extraction to extract desired compounds. Different solvents systems can be
used for the extraction process depending on the type of compounds desired. For
example, hexane is usually used to remove chlorophyll pigment and to extract non-
polar components. Hydrophilic compounds are usually extracted using polar solvents
such as methanol, ethanol or ethyl acetate and for the extraction of lipophilic
compounds, less polar solvents are used such as dichloromethane (Amaro et al., 2015,
Sasidharan et al., 2011). A rotary evaporator is used to concentrate the extracts by
evaporating them at 40°C under reduced pressure until solvent free before proceeding

to separation and purification using various chromatographic techniques.

2.1.5. Chromatographic techniques for compound isolation

Several chromatographic techniques have been developed through the years for the
separation of mixtures of compounds present in plant extracts and to further purify the
isolated compounds. Some of the techniques include thin layer chromatography

(TLC), gel filtration chromatography (GFC) and column chromatography (CC).

2.1.5.1. Thin layer chromatography (TLC)

The first reported TLC application was by Stahl (Malins, 1965). The advantage of TLC
is that it is quick and sensitive. This technique of chromatography is used to determine
the number of components in the extracts or mixtures, to prepare the appropriate

conditions for CC and to detect similar fractions from CC (Marston, 2011).
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TLC is carried out by dissolving the extracts, fractions or pure compounds in an
appropriate solvent such as chloroform for non-polar samples and ethanol or methanol
for polar samples. Using a capillary tube, the samples are spotted on an appropriate
TLC plate (usually silica gel pre-coated on aluminium sheets) approximately 1.5 cm
from the bottom edge. Spots are applied as bands to facilitate movement and accurate
observation, but the bands must be kept as narrow as possible to reduce overlaps. A
small volume of the mobile phase (solvent combinations of e.g. hexane/ethyl acetate
or ethyl acetate/methanol) is transferred into a TLC tank before placing the sample-
loaded TLC plate for separation. In addition, a piece of filter paper is placed in the
chamber to help create an atmosphere saturated with the mobile phase. Plates after
separation are dried and examined under UV light using short (A = 254 nm) and long
wavelength (A = 366 nm). Then the plates are sprayed with anisaldehyde-sulphuric
acid reagent and heated with a hot air gun until colour develops. Different solvent
systems can be used until a desirable resolution between the spots is obtained. Rf
values are then determined as the ratio of distance travelled by each spot to the distance
travelled by the mobile phase. Fractions from CC can be examined by TLC and

fractions showing similar TLC profiles are pooled into one fraction.

2.1.5.2. Gel filtration chromatography (GFC)

Gel filtration chromatography (GFC) or size exclusion chromatography is a form of
liquid chromatography which separates compounds according to their molecular size
(Stanton, 2004). The process employs a cross-linked dextran-based resin, Sephadex®
LH20, suspended in an aqueous buffer solution and packed into a chromatographic
column. The Sephadex® slurry is prepared in methanol and packed in a glass column

then kept overnight. The sample to be fractionated is dissolved in methanol and applied
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onto the top of the column. Once the sample has diffused into the column, a cotton
plug is inserted to prevent the escape of the gel into the solvent above the column bed.
The column is eluted using appropriate solvents such as methanol and 5-10 ml

fractions are collected in glass vials.

2.1.5.3. Column chromatography (CC)

Among the separation methods, column chromatography (CC) is the easiest to carry
out, it has good stability and separates both polar and non-polar compounds which can
result in the isolation of a single compound. Compounds with different weights and
polarities will move down the column at different rates and therefore, CC separates
compounds based on differential adsorption to the adsorbent to yield fractions and pure
compounds. This technique is commonly applied to plant mixtures for several reasons.
One of the reasons is that this technique is commonly used because there are various
sizes of chromatography columns which allows small to large scale separation using

different quantities of extracts or starting material (Coskun, 2016).

2.1.6. Spectroscopic techniques

2.1.6.1. Nuclear Magnetic Resonance (NMR)

NMR techniques are used to identify the type of compounds present in a mixture or
fraction and to elucidate the structure of a compound by identifying the types and
number of carbon, hydrogen and other atoms in a compound (Jackman, 1969). NMR
spectroscopy works by recording the interaction of radiofrequency electromagnetic
radiations with the nuclei of molecules placed in a strong magnetic field. The common
atoms that are detected by NMR spectroscopy are hydrogen (*H) and carbon (*3C). The
spectra for these atoms are normally recorded on one axis and are known as one-

dimensional NMR (1D NMR). In *H NMR, the chemical shifts and integration indicate
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the kind and number of each type of proton present in the molecule while **C NMR
indicates the number and kind of carbons in the molecule. The chemical shifts are in
delta () as parts per million (ppm). In 1D NMR, a J-coupling is calculated for coupled
(d, t, g, dd) and it gives information about relative bond distances, angles and

connectivity of the atoms.

A more advanced structural elucidation technique such as two-dimensional NMR (2D
NMR) is usually carried out for more complex molecules and for accurate assignments
of proton and carbon chemical shifts. These techniques include Correlation
Spectroscopy (COSY) that shows *H-1H connectivity that are plotted on both axes with
a contour plot along the diagonal of the square graph. Heteronuclear Single Quantum
Coherence (HSQC) determines the connectivity between carbon atoms and their
attached hydrogen atoms while Heteronuclear Multiple Bond Coherence (HMBC)
gives the connectivity between carbon atoms and their neighbouring hydrogen atoms.
Nuclear Overhauser Enhancement Spectroscopy (NOESY) records all the proton
correlations occurring through space in a molecule. The protons detected by NOESY
are close to each other in space, but they are not bonded to adjacent or linked carbon

atoms.

2.2. Aims and objectives
The aim of this chapter is to report and discuss the isolation and characterisation of the
phytochemical constituents of A. malaccensis twigs and H. dryobalanoides bark which

will be achieved by several objectives:

1. Collection of plant material.
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2. Processing the plant material by washing, drying and grinding them into
powder.

3. Subjecting the powdered plant materials to Soxhlet extraction.

4. Analysing the extracts by NMR.

5. Isolating major compounds from the plant crude extracts using several
chromatography techniques.

6. Structural elucidation of the isolates using *H and *3C and 2D NMR techniques.

2.3. Methods

2.3.1. Plant collection and processing

Twigs of A. malaccensis and bark of H. dryobalanoides were collected from the Forest
Research Institute Malaysia (FRIM), Kuala Lumpur Malaysia in June 2014. The plant
materials were washed to remove dirt and air-dried to minimise degradation and
contamination. The plants were authenticated by Kafi M.J at FRIM where voucher

specimens (F/3056.2010 and F/2120.2010) were deposited for future reference.
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Figure 2.6 A. malaccensis (left) and H. dryobalanoides (right) leaves and twigs.

2.3.2. Plant grinding and powdering
Dried twigs and bark were cut into small pieces and ground into a fine powder using

an electrical grinder. This is to ease extraction by Soxhlet apparatus.

2.3.3. Extraction

The powdered plant materials were packed in a cellulose extraction thimble and
subjected to successive extraction for 8 h per day over 5 days for each solvent starting
with hexane, ethyl acetate and then methanol. Extraction flasks containing anti-
bumping granules were used to prevent solvents from bumping when the flask was
heated. The extracts were evaporated at 40°C under vacuum using a rotary evaporator.
The paste like extracts were transferred to pre-weighed flasks and left in a fume hood
to dry for a few days in order to ensure a solvent-free extract. The solvent-free extracts
were then weighed and kept until further use. The percentage yield was calculated

using the following formula:
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% Yield = Weight of crude extract (g) e
o Hee = Weight of plant material used (g)

2.3.4. NMR of samples

Samples were dissolved in suitable deuterated NMR solvents (CDCls or acetone-d6)
approximately 0.6ml in 5 mm NMR tubes. One dimensional *H and **C NMR (**C and
Dept-q 135) experiments were carried out first for characterisation of the extracts and
fractions and selection of pure compound fractions. Spectra obtained were processed
using MestReNova software 12.0.4 (Willcott, 2009). 2D experiments such as COSY,
HSQC, NOESY and HMBC were carried out to assign proton and carbon chemical
shifts and to determine the relative stereochemistry of the compounds. The spectra of
known compounds were also compared with published data. Structures of identified
compounds were then drawn using ChemDraw Professional software, Version

17.1.0.105.

2.3.5. Column chromatography

The initial activity screening on the solvent extracts of the plants showed that hexane
extract of A. malaccensis, and the ethyl acetate extract of H. dryobalanoides to be the
most active, therefore, only these extracts were subjected to separation and
fractionation separately using open CC. The chromatography technique was
performed on silica gel 60 (mesh size 0.063-0.200mm). An open glass column (55 x 3
cm) was packed with 50g of silica gel 60 saturated with 100% hexane solvent. Any
trapped air bubbles were removed by tapping. Then, the pre-adsorbed extract was
added to the top of the column and followed by inserting a cotton plug to prevent

disturbance of the loaded material by the elution solvent system. Elution was carried
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out isocratically or using a gradient by adding 100% hexane, and then the gradient
elution was continued. The polarity was increased by 5% each time (300 ml of each
solvent system) using ethyl acetate until it reached 100% ethyl acetate. The last solvent
system was 5% (v/v) methanol in ethyl acetate — higher methanol percentages can
dissolve the silica gel. Samples/fractions were collected every 15ml in a 30ml glass

vial.

2.3.6. High Resolution Liquid Chromatography Mass spectrometry (HR-LCMS)
All isolated compounds were prepared at a concentration of 1mg/ml in methanol. A
blank solvent was also prepared. The experiment was carried out using the Thermo
Finnigan Exactive Orbitrap Mass Spectrometer in both positive and negative
ionisation switching mode. Solvent A (0.1%, v/v, formic acid in H>O) and solvent B
(0.1%, vl/v, formic acid in acetone) was prepared for the experiment. A silica C-18
HPLC column, size 75.0 x 3.0 mm?, particle size 5uM and pore size 100°A was used.
Each sample were eluted at a flow rate of 300 pl/min using a linear gradient of 10% B
to 100% B for 30 mins, followed by isocratic elution at 100% B for 5 min and a linear
gradient of 100% B to 10% B for 1 min, after which the column was further re-
equilibrated with the same solvent system for another 9 min. The pressure and
temperature were monitored to be within the normal range of 37-70 bars and 22 °C,
respectively, for the instrument to operate smoothly. LC-MS data was recorded using

Xcalibur version 2.2.
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2.4. Results

2.4.1. Solvent Extraction and Yield
Crude extracts were obtained using Soxhlet extraction of the ground A. malaccensis
twigs and H. dryobalanoides bark (1 kg) in each solvent starting with hexane, ethyl

acetate and methanol. The yields are shown in Table 2.1.

Table 2.1 Percentage of yield of each plant extract (1kg) using various solvents

Solvent system Amount extracted (g) % Yield

A.malaccensis twigs

Hexane 7.9 0.79
Ethyl acetate 10.3 1.03
Methanol 154 1.54

H. dryobalanoides bark

Hexane 0.9 0.09
Ethyl acetate 8.8 0.88
Methanol 10.5 1.05

2.4.2. Characterisation of crude extract samples by NMR
All crude extracts obtained were analysed using NMR (Figure 2.7 to Figure 2.12) to
identify the type of compounds present in the extracts. Table 2.2 shows a summary of

the type of compounds in each extract.
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Table 2.2 Main constituents present in plant crude extracts

Solvent

Constituents

A. malaccensis twigs

Hexane (AH)

Mixture  of  glycerides, fatty
compounds, unsaturated fatty acids,

7-methoxy acacetin

Ethyl acetate (AE)

Unsaturated fatty acids

Methanol (AM)

Mixtures of more than two sugars

possibly dissacharides

H. dry

obalanoides bark

Hexane (HH)

Tritepenes possibly sitosterol or

stigmasterol and fats

Ethyl acetate (HE)

Balanocarpol, heimiol A and mixture

of fatty acids

Methanol (HM)

Mixture of sugars
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Figure 2.7 *H NMR spectrum (400 MHz) of A. malaccensis hexane extract in CDCls.
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Figure 2.8 *H NMR spectrum (400 MHz) of A. malaccensis ethyl acetate extract in CDCls.
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Figure 2.9 'H NMR spectrum (400 MHz) of A. malaccensis methanol extract in CDCls.
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Figure 2.10 *H NMR spectrum (400 MHz) of H. dryobalanoides hexane extracts in CDCls.
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2.4.3. Isolation and characterisation of compounds

2.4.3.1. Characterisation of fraction AH 17-18 as 7-methoxy acacetin (7-aca)

All the extracts of A. malaccensis were subjected to *H NMR experiments. The proton
NMR of the hexane extract showed the presence of aromatic rings between the region
0H6.40 to 7.89 ppm. Separation was carried out using a silica gel column eluting
gradient wise with hexane and ethyl acetate. Fraction ABH 17-18 eluted with 9:1
(hexane: ethyl acetate) yielded a light-yellow powder which gave a yellowish spot on
TLC after spraying with anisaldehyde sulphuric acid reagent. The LCMS-HRESI
(positive mode) gave a [M+H]" ion at m/z 299.0912 (calc for C17H150s) suggesting a

molecular formula of C17H140s (Figure 2.13).

The proton spectrum (Figure 2.14) in CDClz showed the presence of a highly
deshielded H-bonded proton at 12.81 ppm indicating the 5-OH of a flavone moiety. It
also showed two aromatic proton signals at 7.84 (2H, d, J = 8.9 Hz, H-2°/6") and 7.02
(2H, d, J = 8.9 Hz, H-3°/5) confirming the presence of a parasubstituted ring B of a
flavonoid moiety. The spectrum also showed signals at 6.58 (1H, s H-3), 6.37 (1H, d,
J=2.2 Hz, H-6), 6.48 (1H, d, J = 2.2 Hz, H-8) and two methoxy groups at 3.88 (3H,
s) and 3.89 (3H, s) ppm. The carbon spectrum (Figure 2.15) showed the presence of
17 carbon atoms made up of one carbonyl at 6c 182.5 ppm, seven quaternary carbons
(including five phenolic carbons at 157.7, 162.6, 162.5, 164.1, 164.8), seven aromatic
CH carbons (92.7, 98.1, 104.4, 128.1, 114.5, 128.1, 114.5) and two methoxy carbons.
The structure was elucidated by examining its 2D (*H-*H COSY, *H-!3C, HSQC and
HMBC) NMR spetra and confirmed by comparison with literature reports (Krishna et
al., 2015). The chemical shifts for the protons and carbon atoms in the compound are

given in Table 2.3.
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Table 2.3 H and **C NMR chemical shift assignments for 7-aca.

7-methoxy acacetin (chloroform-d)  7-methoxy acacetin (chloroform-d)
(Krishna et al., 2015)

d H ppm (J, Hz) 6 C ppm dHppm (J,Hz) 6 C ppm
1 - - -
2 - 164.1 - 165.4
3 6.58 s 104.4 6.58 s 104.2
4 - 182.5 - 182.3
5 - 157.7 - 157.7
6 6.37 d (2.2) 98.1 6.38 d (2) 98.0
7 - 164.8 - 164.0
8 6.48 d (2.2) 92.7 6.5d (2) 92.6
9 - 162.6 - 162.6
10 - 105.6 - 105.6
I’ - 123.6 - 123.6
2,6 7.84d (8.9) 128.1 7.86d (9) 128.1
3,5 7.02d(8.9) 114.5 7.04.d (9) 114.5
4’ - 162.5 - 162.5
7- 3.89s 55.8 3.90s 55.8
OCHs
4- 3.88s 55.5 3.89s 55.5
OCHs
5-OH 12.81s - 12.82

HyCO

Figure 2.13 Structure of 7-aca
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2.4.3.2. Characterisation of AM-3-9-10 as a mixture of quercitrin and afzelin
(Q/A).

The fraction AM-3 9-10 was obtained as a dark brown powder. The LCMS-HRESI
(negative mode) gave two molecular ions at m/z 447.0937 [M-H] (calc for C21H19011)
suggesting a molecular formula of C21H20011 and at m/z 433.1133 [M+H]" (calc for
C21H21010) suggesting a molecular formula of Cz1H20010 (Figure 2.16). Thus, the
fraction could be a mixture of similar compounds or analogues. This was confirmed
from the proton spectrum (Figure 2.17) of the fraction which showed two H-bonded
hydroxyl protons at 6n 12.74 and 12.73 corresponding to their 5-OH protons. The
compounds must be flavones as indicated by two meta-coupled protons at 6.28 (J =
2.4 Hz, H-6) and 6.48 (J = 2.5 Hz, H-8) ppm arising from the H-6 and H-8 of the
flavone ring A. The protons of ring B for the compounds were observed as a mixture
of two AA'BB’ coupled doublets at 7.87 (2H, d, J = 8.6 Hz, H-2°/6") and 7.04 (2H, d,
J=8.7 Hz, H-3°/5) and a set of ABX protons at 7.01 (1H, d, J = 8.3 Hz, H-5°), 7.41
(1H, dd, J =8.4, 2.1 Hz, H-6’) and 7.52 (1H, d, J = 2.1 Hz, H-2’). The absence of a
proton singlet for H-3 implies the compounds were both substituted at C-3 and this
could be the position of attachment of the sugar moiety observed in the spectrum. The
presence of a sugar moiety in the compounds was confirmed by two anomeric proton
signals at 5.53 and 5.56 ppm and the sugar moieties must be of a rhamnose type

indicated by the presence of two methyl doublets at 0.92 and 0.93 ppm.

The carbon spectrum (Figure 2.18) showed the number of carbon signals expected for
each of the compounds, although some signals were overlapped. Comparison of their
chemical shifts to literature reports (Lee et al., 2014a) confirmed the compounds and

they were isolated as a 2:1 ratio of quecitrin to afzelin mixture. Due to the limited
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amount of Q/A that was isolated, separation of the two compounds were not carried

out.

Quercitrin R; =OH
Afzelin Rj=H

Figure 2.16 Structure of quercitrin and afzelin (Q/A)
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2.4.3.3. Characterisation of HE 63-73 as balanocarpol (bala)
Fraction HE 63-73 was obtained as a pale-yellow powder. The LCMS-HRESI
(positive mode) gave a [M+H]" ion at m/z 471.1441 (calc for C2sH2307) suggesting a

molecular formula of C2gH2207 (Figure 2.19)

The *H NMR spectrum (Figure 2.20) in acetone-d6 showed eight sets of aromatic
signals made up of four ortho-coupled doublets at én 6.77 (2H, d, J = 8.5 Hz, H-2/6)
and 6.44 (2H, d, J = 8.6 Hz, H-3/5) ppm and at 7.52 (2H, d, J = 8.5 Hz, H-2°/6’) and
6.97 (2H, d, J = 8.5 Hz, H-3’/5") ppm. The spectrum also showed four meta-coupled
doublets at 5.98 (1H, d, J = 2.1 Hz, H-12) and 6.12 (1H, d, J = 2.0 Hz, H-14) ppm and
at 6.28 (1H, d, J = 2.4, H-12’) and 6.23(1H, d, J = 2.3, H-14") ppm. Signals for four
aliphatic protons were observed at 5.72 (1H, d, J = 9.5 Hz, H-7’) and 5.18 (d, J = 9.5
Hz, H-8”), each integrated for 1H and were characteristic for trans-coupled protons.
There were signals for two cis-coupled protons at 4.92 (1H, br s, H-7) and 5.42 (1H,

d, H-8) ppm.

The carbon spectrum (Figure 2.21) gave 28 signals made up of 24 aromatic and four
aliphatic carbons. The aromatic carbons were made up of six phenolic, 12 CH and six
quaternary carbons. While the aliphatic carbons were made up of two oxygen bearing
and two non-oxygen bearing carbons. This structure was elucidated from its 2D
(COSY, HMBC and HSQC) spectra and confirmed using literature reports (Atun et
al., 2006). The chemical shifts for the protons and carbon atoms in the compound are

given in Table 2.4.
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Table 2.4 H and **C NMR chemical shift assignments for bala.

No. Bala (acetone-ds) Bala (acetone-d6)
(Atun et al., 2006)

o H ppm (J, Hz) 6 C ppm o H ppm (J, Hz) 6 C ppm
1 - 132.6 - 133.5
2,6 6.77d(8.5) 130.7 6.75d (8.3) 1315
35 6.44d(8.6) 113.3 6.42 d (8.3) 114.2
4 - 154.9 - 155.8
7 4,92 brs 494 4.90 brs 50.3
8 5.42d 72.3 5.40brs 73.2
9 - 139.9 - 140.8
10 - 112.9 - 113.8
11 - 158.8 - 159.7
12 5.98d (2.1) 94.4 6.20 brs 95.1
13 - 158.3 - 159.2
14 6.12d(1.8) 103.6 6.26 d (2.0) 104.4
1’ - 132.8 - 133.7
2°.6> 7.52d(8.5) 129.6 7.50d (8.3) 130.5
3°,5° 6.97d(8.5) 115.6 6.95d (8.3) 116.4
4’ - 157.7 - 158.6
7 5.72d (9.5) 92.6 5.69d (9.3) 93.5
8  5.18d(9.5) 51.5 5.16 br d (9.3) 52.3
OH
9 - 142.0 - 142.8
100 - 119.6 - 120.4
1’ - 156.5 - 157.4
12 6.28d(2.4) 101.1 6.09 br s 102.0
13> - 156.0 - 156.9
14> 6.23d(2.3) 105.9 5.96d (2.3) 106.8




Figure 2.19 Structure of bala.
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Figure 2.20 'H NMR spectrum (400 MHz) of bala in acetone-ds6.
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2.4.3.4. Characterisation of HE 74-100 as heimiol A
Fraction HE 74-100 was also obtained as a pale-yellow powder. The LCMS-HRESI
(negative mode) gave a [M-H] ion at m/z 469.1298 (calc for C2sH2107) suggesting a

molecular formula of C2sH2207 (Figure 2.22).

The *H NMR spectrum (Figure 2.23) in acetone-d6 was similar to that of bala and it
also showed eight sets of aromatic doublets made up of four ortho-coupled protons at
81 6.62 (2H, d, J = 8.5 Hz, H-3/5) and 6.91 (2H, d, J = 8.5 Hz, H-2/6) ppm and at 6.73
(2H,d, J=8.4 Hz, H-3’/5") and 7.16 (2H, d, J = 8.6 Hz, H-2’/6”) ppm. The spectrum
also showed four meta-coupled doublets at 6.42 (1H, d, J = 2.4 Hz, H-10) and 6.17
(1H, d, J = 2.4 Hz, H-12) ppm and at 6.49 (1H, d, J = 2.2, H-10") and 6.23 (1H, d, J =
2.0, H-12) ppm. Signals of four aliphatic protons were observed at 4.25 (1H, d, J =

H-8), 4.33 (1H, d, J =,3.3 H-7"), 4.98 (1H, d, J = 3.3, H-8") and 5.59 (1H, s, H-7).

The carbon spectrum (Figure 2.24) also showed 28 signals made up of 24 aromatic
and four aliphatic carbons. The aromatic carbons were made up of six phenolic, 12 CH
and six quaternary aromatic carbons. While the aliphatic carbon was made up of two

oxygen bearing and two non-oxygen bearing carbons.

Proton H-7 in heimiol A was observed to be more deshielded than in bala hence it
must be attached to an oxygen bearing carbon. This is confirmed by the chemical shift
observed for C-7 in heimiol A at 81.5 ppm compared to bala observed at 49.2 ppm. A
similar observation was made for C-8’ in heimiol A (6c 81.4) and in bala at 51.8 ppm,
hence there must be an oxygen link between C-7 and C-8’ in heimiol A. The absence
of a hydroxyl group at C-8 in heimiol A compared to bala is confirmed by the chemical

shift for C-8 in heimiol A observed at 46.9 ppm while in bala C-8 was observed at 72.3
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ppm. This implies a different aliphatic ring pattern in beimiol A and the structure was
deduced based on correlations observed in its 2D (COSY, HMBC and HSQC) spectra
and confirmed using literature reports (Atun et al., 2006). The chemical shifts for the

protons and carbon atoms in the compound are given in Table 2.5.

Figure 2.22 Structure of heimiol A
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Table 2.5 H and **C NMR chemical shift assignments for heimiol A

No. Heimiol A
(Experimental; acetone-de)

Heimiol A (Atun et al., 2006);
acetone-d6

d H ppm (J, 6 Cppm dHppm (J,Hz) o Cppm
Hz)

1 - 136.8 - 136.8
2,6 6.91 (d, 8.5) 127.9 6.90 (d, 8.5) 127.9
3,5 6.62 (d, 8.5) 115.3 6.69 (d, 8.5) 116.4
4 - 157.1 - 157.2
7 5.59 (s) 81.5 5.57 (brs) 81.5

8 4.25 (s) 46.9 4.27 (brs) 46.9

9 - 147.4 - 147.4
10 6.42 (d, 2.4) 107.3 6.41 (d, 2.6) 107.4
11 - 157.4 - 157.4
12 6.17 (d, 2.4) 102.1 6.16 (d, 2.6) 102.0
13 - 154.7 - 154.6
14 - 116.5 - 116.0
I - 136.9 - 136.9
2°.6° 7.16 (d, 8.5) 130.0 7.14 (d, 8.4) 130.0
35  673(d,86) 1154 6.72 (d, 8.4) 1155
4 - 157.2 - 157.2
7 4.33 (d, 3.3) 50.9 4.32 (d, 3.3) 50.9

8 4.98 (d, 3.3) 81.4 4.97 (d,3.3) 81.4

9 - 142.6 - 142.6
10° 6.49 (d, 2.2) 104.7 6.48 (d, 2.2) 104.8
11’ - 158.1 - 158.1
12° 6.23 (d, 2.2) 102.3 6.21 (d, 2.2) 102.1
13’ - 156.2 - 156.2
14° - 117.0 - 117.0
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Figure 2.23 *H NMR spectrum (400 MHz) of heimiol A in acetone-d6.

F5500

5000

4500

4000

3500

3000

2500

2000

F1500

+ 1000

+500

+-500



S o o o o o
3 =4 < = =4 =4 =3 =3 =3 =3 S =1 =] S =3 S
£ 888 E8zggeeg_88ggc85s¢ez¢
;7 =2 = 2 & =2 % % ¥ Qa o 8 ¥ 9 7 7 70707 q
L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
S6'9Y —
€608 —
o' 18~
15187

PELOT
00°SI1
SISII
8TSII
LESIT
STIIL
SS 911 %
68911~
$6'LT1
69'8C1
$0°0€1
S8°0¢€1
68°9€1
1L°0v1q
S9Trl |
8T
LY
86°CS1
99 ST |
L1T°9ST 1
€T°9S1 4
187951 §
98°961 4
0T°LST
1TLST A
T#°LST A
18°LS1 7
1°8S1T /

€1'col
€€°C01
vLY01
66701

- -

T

155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45

160

f1 (ppm)

Figure 2.24 3C NMR spectrum (400 MHz) of heimiol A in acetone-d6



G6

2.4.4. Summary of phytochemical screening carried out on A. malaccensis and H. dryobalanoides

Plants collected from

FRIM
I

[ ]

A.malaccensis H. dryobalanoides
(twigs) (bark)
I ]
[ I ] [ I ]

Ethyl acetate Ethyl acetate

Hexane (7.9 g) Methanol (15.4 g) Hexane (0.9 g) Methanol (10.5 g)

(10.3 g) (8.89)




2.5. Discussion and conclusion

A. malaccensis and H. dryobalanoides are both well-known in Malaysia for producing
resins used for several purposes such as giving flavour to curry or in making varnishes
and cements. Aquilaria sp. leaves are taken orally for their medicinal use and Hopea
sp. are only known to be used topically as medicine. In this study, A. malaccensis twigs
and H. dryobalanoides bark were ground into powdered form before subjecting them
to solvent extraction with hexane, ethyl acetate and then methanol using a Soxhlet
apparatus. The Soxhlet extraction process was run continuously using three solvents
with increasing polarity in order to extract the highest amount of bioactive
compound(s) from the plant materials. Compared to other extraction methods, Soxhlet
extraction method uses the least amount of solvent and requires less time therefore it
was most preferred. However, this method requires continuous extraction with high
temperatures which may cause degradation of volatile and heat-sensitive compounds
(Zhang et al., 2018). The extraction process for both plant materials start off with a
non-polar solvent hexane, followed by ethyl acetate a slightly polar solvent then

finishes with a more polar solvent methanol.

NMR spectra of the A. malaccensis hexane extract (AH) showed the presence of
unsaturated fatty acids and fatty compounds which are expected to be extracted by
hexane as compounds with fatty acid chains are hydrophobic. The NMR spectrum of
the hexane extract also showed the presence of highly deshielded protons around 12.8
ppm which indicates that the extract contained flavonoid type compounds. The ethyl
acetate extract of the plant showed the presence of more unsaturated fatty acids,

whereas the methanol extract contained mixtures of sugars possibly some
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disaccharides which are polar compounds and are usually extracted by polar solvents

such as methanol.

Due to the bioactive effects of hexane and methanol extracts A. malaccensis that will
be discussed in Chapter 3 they were subjected to CC for the isolation of their potential
active compounds. CC of the AH extract yielded 7-methoxy acacetin (7-aca) also
known as apigenin-4',7-dimethyl ether, 5-hydroxy-7, 4'-dimethoxyflavon, 4',7-
dimethoxy-5-hydroxyflavone; 4',7-O-dimethylapigenin and 4',7-dimethoxyapigenin.
This was the major component in AH extract (32 mg). The compound is a
dimethoxyflavone that closely resembles a well-known natural flavone called acacetin
(aca) with a methoxy substitution instead of hydroxy at C-7. Aca has gained a lot of
attention due to its diverse pharmacological activities such as anti-inflammatory,
neuroprotective, cardioprotective, anti-ageing and antimicrobial properties (Carballo-
Villalobos et al., 2014, Bu et al., 2019, Wu et al., 2018, Cha et al., 2014). It is most
well-known for its anticancer activity by promoting apoptosis in many cancer cells
such as prostate cancer (Kim et al., 2013), breast cancer (Ren et al., 2018), lung cancer
(Punia et al., 2017) and liver cancer cells (Zeng et al., 2017). Aca was first isolated
from the leaves of Robinia pseuducacia Linn by A.G. Perkin (Robinson and
Venkataraman, 1926). The compound can be found in plant pigments, vascular plants,
and it is responsible for many of natural colours (Cody, 1988). Since then aca has been
isolated from many other plants such as Calea urticifolia, Ziziphora clinopodioides
and A. sinensis (Chaurasiya et al., 2016, Yang et al., 2014b, Feng and Yang, 2012).
Aca has never been isolated from A. malaccensis, however, it has been recently
identified through phytochemical screening, GC-MS, and LC/Q-TOF-MS in the plant

(Eissa et al., 2020). The first isolation of 7-aca is unknown, however, the earliest
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publication found on the detection of the compound is in 1983 by Wollenweber and
Mann who identified apigenin-7,4'-dimethyl (synonym of 7-aca) from Cistus
psilosepalus and C. salvifolius as minor constituents (Wollenweber and Mann, 1984).
The compound has also been isolated from the ariel parts of Hyptis capitate (Almtorp
et al., 1991) Combretum zeyheri leaves (Mangoyi et al., 2015), A. agallocha leaves
and A. sinensis stems (Liu et al., 2018a, Wang et al., 2015a). This is an initial report
on the isolation of this compound from A. malaccensis stems for the first time. There
are only a few publications to date on the pharmacological activity of 7-aca. The
compound has been previously reported to possess nitrite scavenging activity and a
weak cytotoxicity effect on HepG2 liver cancer cells (Yang et al., 2018) and it was
reported to have anti-fungal properties against Candida albicans (Mangoyi et al.,

2015). No other published anti-cancer properties of 7-aca has been reported so far.

Next, CC on the methanolic extract of A. malaccensis (AM) yielded a mixture of
quercitrin and afzelin (Q/A). This is the first time both compounds were isolated from
Aquilaria sp. Quercitrin was the major compound in the mixture which is also known
as quercentin-3-O-rhamnoside. It is formed from the flavonoid quercetin substituted
by a deoxy sugar rhamnose at position C-3 via a glycosidic linkage. Quercetin is a
well-known compound in natural products as it is the most abundant natural flavonoid
and it is found in high concentration in many vegetables, fruits and medicinal plants
such as Ginkgo biloba, Hypericum perforatum, Sambucus canadensis and A. sinesis
(Hakkinen et al., 1999, Williamson and Manach, 2005, Anand David et al., 2016,
Yang et al., 2018). The name quercetin was coined in 1857 from quercetum (after
Quercus, i.e., oak) (Fischer et al., 1997) and since then the pharmacological

importance of quercetin as a potent bioactive metabolite has been investigated
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intensively (Anand David et al., 2016, Li et al., 2016, Alrawaiq and Abdullah, 2014).
The first isolation of quercetin and quecitrin is unknown, but the earliest publication
on both compounds was by Heinrich Hlasiwetz who investigated both compounds
from 1825-1875 (Soukup, 2019). Similar to quercetin, quercitrin can also be found in
many fruits, vegetables and plants such as Zanthoxylum Bungeanum Maxim Leaves
(He et al., 2016), Blepharocalyx salicifolius (Siqueira et al., 2011), Solidago chilensis
leaves (Barros et al., 2016) and Euphorbia hirta (Kadiyala et al., 2016). However,
compared to quercetin, there are not as many publications on the pharmacological
activities of quercitrin. Quercitrin was reported to exhibit leishmanicidal activity
(Siqueira et al., 2011), anti-snake venom activity against Naja najavenom induced
toxicity (Kadiyala et al., 2016), antioxidant activity and antimelanogenic activities

(Hong et al., 2013).

Afzelin, also known as kaempferol-3-rhamnoside or apigenin-3-O-rhamnoside, was
the minor compound in the mixture with quercitrin. It is derived from the natural
flavone kaempferol substituted by an alpha-L-rhamnosyl residue at position C-3 via a
glycosidic linkage. Kaempferol can be found widely distributed in fruits and green
leafy vegetables such as spinach and kale, and herbs such as dill, chives, and tarragon
(Dabeek and Marra, 2019). It has also been isolated from A. sinesis leaves (Yang et
al., 2018), A. agallocha flowers (Chen et al., 2019a) and A. subintegra stems (Bahrani
et al., 2014). Similarly to quercetin, kaempferol has also been investigated for many
pharmacological activities such as anti-inflammatory activity, antioxidant and mostly
as a potent anticancer agent (Chen and Chen, 2013, Wang et al., 2018b, Kadioglu et
al., 2015). Its glycoside derivative, afzelin, has previously been isolated from Cornus

macrophylla leaves (Lee et al., 2014a), Zanthoxylum Bungeanum Maxim leaves (He
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et al., 2016). Solidago chilensis leaves (Barros et al., 2016) and Hymenostegia afzelii
bark and leaves (Awantu et al., 2011). This is the first-time afzelin has been isolated
from A. malaccensis twigs. Afzelin has also been getting some interest in natural
product drug discovery. It has been reported that the compound possesses anti-
bacterial activity (Lee et al., 2014b), as well as a-glucosidase and a-amylase inhibitory
activity (Torres-Naranjo et al., 2016). Furthermore, afzelin showed inhibition towards
UVB (ultraviolet)-induced cell death through inhibition of an apoptotic signalling
pathway and inhibition of pro-inflammatory mediator through interference of p38
kinase pathway (Shin et al., 2013). Afzelin also showed anti-cancer activity against
other cancer cell lines such as LNCaP (prostate) (Halimah et al., 2015), MCF-7

(breast) (Diantini et al., 2012a) and CNE-1 (nasopharyngeal) (Huang et al., 2017a).

NMR spectra of H. dryobalanoides hexane extract (HH) showed the presence of a
tritepene that could possibly be sitosterol or stigmasterol and with some fatty mixtures.
Due to the low amount of HH extract obtained (0.9 g), no further fractionation by CC
was carried out to investigate the compounds and biological testing. Next, in the NMR
spectra of H. dryobalanoides ethyl acetate extract (HE), bala was detected as the major
compound in the extract, with heimiol A as the minor component and some traces of
fats. Whereas, methanol extract of the plant only showed mixtures of sugars. HE was

later subjected to CC in order to isolate the compounds detected in the plant extract.

Bala was the first compound to be isolated from the ethyl acetate extract, followed by
heimiol A; both classified as resveratrol oligomers which are formed by the
polymerisation of two resveratrol monomers (known as resveratrol dimers) by an
oxidation reaction (Lins et al., 1982, Xue et al., 2014). Bala is formed by fusion of cis-

and trans-isomers of resveratrol (Lim et al, 2012). Resveratrol (3.4',5-
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trihydroxystilbene) is a well-known active metabolite that can be identified in two
isomeric forms, cis- and trans-resveratrol and both forms are made up of two phenol
rings linked to each other by an ethylene bridge (Figure 2.25). Trans-resveratrol is the
dominant and more well-documented due to its health benefits in grapes and wine.
Cis-resveratrol is a lesser known companion as it is detected at a much lower quantity
in natural products compared to the trans-isomer (Anisimova et al., 2011, Cvejic et al.,
2010). Resveratrol can be classified as a polyphenol or stilbene (a type of natural
phenol) and was first isolated from the roots of white hellebore, Veratrum
grandiflorum O. Loes (Takaoka, 1939). Since then resveratrol has been detected in
more than 70 plants and is especially high in quantity in grape skins and seeds
(Mukherjee et al., 2010). Numerous studies have demonstrated potent activities that
resveratrol possesses. The metabolite was reported to have a high antioxidant potential
through radical scavenging and metal ion chelation abilities (Giilgin, 2010, Rossi et
al., 2013, luga et al., 2012). Studies have shown that compounds containing OH-
groups (such as polyphenols) at position 4°, 3 and 5 could be the source of antioxidant
activity of the compound (Szekeres et al., 2010, Stivala et al., 2001). Resveratrol was
also reported to have a potent anti-inflammatory effect by reducing the production and
expression of inflammatory factors (de Sa Coutinho et al., 2018). Furthermore,
resveratrol exhibits its protective effects through its anti-inflammatory, anti-oxidant
properties and also by improving mitochondria function (Csiszar, 2011, Lee et al.,
2007b). Resveratrol is known to be a double-edged sword because treatment with a
low dose or high dose of the compound will result in different biological effects. For
example, a low resveratrol dose (0.1-1.0 pg/ml) causes increase in cell proliferation

and high doses (10.0-100.0 ug/ml) induce apoptosis and decreases mitotic activity on
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human tumours and endothelial cells (Szende et al., 2000). Another study showed that,
treatment of a low resveratrol dose (1 and 10 umol/L) causes the proliferation of HT-
29 colon cancer cells and a high resveratrol dose (50 or 100 umol/L) causes apoptosis

to the cancer cells (San Hipolito-Luengo et al., 2017).

OH

HD/

OH
trans-resveratiol

HO

OH OH

cis-resveratrol

Figure 2.25 Structure of trans and cis resveratrol

Resveratrol oligomers are fungal detoxification products of resveratrol metabolism in
plants. Bala was first isolated from Balanocarpus zeylanicus and H. jucunda (Diyasena
et al., 1985) then the compound was found in many Dipterocarpaceae species such as
H. mengarawan (Atun et al., 2006), H. odorata (Atun et al., 2012), H. dryobalanoides
(Sahidin et al., 2005). Heimiol A was first isolated from Neobalanocarpus heimii
(Weber et al., 2001) then later the compound was isolated from other Dipterocarpaceae

species such as H. mengarawan (Atun et al., 2006) H. dryobalanoides (Sahidin et al.,
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2005). Similar to resveratrol, many resveratrol oligomers have been reported to exhibit
many biological effects such as antibacterial, antifungal, anticancer, anti-HIV, and
antioxidant activities (Cichewicz and Kouzi, 2002). Even though there are many
publications on the isolation of bala and heimiol A, there are only a few publications
on the biological effects of bala and even fewer on heimiol A. Bala was reported to
inhibit novel sphingosine kinase 1 (SK1) by affecting SK1 expression, growth and
survival of breast cancer cells MCF-7 (Lim et al., 2012). Bala exhibited stronger
hydroxyl radical scavenging activity compared to heimiol A (Atun, 2006) On the
anticancer activity of the compounds, bala showed a cytotoxic effect towards HeLa-
S3, Raji and P-388 leukaemia cancer cells, however, heimiol A was shown to be
inactive against all three cancer cells (Atun et al., 2008, Sahidin et al., 2005). It was
also suggested that the cytotoxic effect of bala could be due to the presence of a

cycloheptadiene ring in the structure (Sahidin et al., 2005).

In conclusion, 7-aca, quercitrin and afzelin have been isolated from A. malaccensis for
the first time. Aca is well known for its various biological activities including
anticancer. Therefore, potential anti-cancer activity for aca will be compared to its
derivative, 7-aca and discussed in depth in Chapter 3. Even though, bala and heimiol
A have been isolated from plants many times, their biological effects have not been
intensively studied. Therefore, the compounds will be investigated for their potential
anticancer effect in Chapter 3, anti-inflammatory effect in Chapter 4 and

neuroprotective studies in Chapter 5.
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Chapter 3 Investigation of the potential anti-cancer properties of A. malaccensis

and H. dryobalanoides extracts and their compounds.

3.1 Introduction

Many plants have been used as a source of anti-cancer agents because they contain a
broad spectrum of secondary metabolites. Some of the anticancer agents that have been
used for cancer treatment are paclitaxel (Taxol), vincristine and vinblastine. These
chemotherapy agents were derived from plants and are still being used in hospitals to
treat cancer patients as the main treatment or as a combination therapy (Greenwell and
Rahman, 2015). Plant-derived drugs with anti-cancer activity are more desirable as
they are more tolerated by patients and generally are chosen to be non-toxic to normal
cells (Shah et al., 2013). Researchers have investigated the anti-cancer activities of
Aquilaria sp. and Hopea sp. and both species have proven to possess cytotoxic effects
towards various cancer cells (Dahham et al., 2016b, Hashim et al., 2018, Dahham et
al., 2015, Nguyen et al., 2017b, Paul et al., 2016). Phytochemical investigation on both
plants has shown them to be rich in polyphenolic compounds (Chen et al., 2012, Chen
et al., 2019a, Cheng et al., 2013, Qi et al., 2009, Sasikumar et al., 2019, Atun et al.,
2012), which are a class of secondary metabolites that are well known to have anti-
cancer properties (Chahar et al., 2011, Abdelkader et al., 2017). The screening of
bioactive compounds involves a large number of assays that allow assessment of the
therapeutic potential of biological extracts or molecules. Some of the means by which
anti-cancer agents achieve therapeutic effects are through preliminary testing such as
the cytotoxicity assay and further testing on the mechanism behind the cytotoxicity of

the compounds, as described below.
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3.1.1 Cell viability

Assays that assess cell viability are widely adopted in preliminarily screening to
identify those extracts or compounds with anti-cancer activity. For example, the
sulforhodamine B assay is a preferred high-throughput assay used for toxicity
screening of compounds currently used by the National Cancer Institute in the USA in
their in vitro anticancer-drug discovery programme (van Tonder et al., 2015). Other
popular cell viability assays used in small-scale assessment of cancer cell viability
after exposure to investigational compounds include resazurin reduction using
alamarBlue® reagent. This method is used for the identification of potentially active
extracts or compounds in primary screening which facilitates selection to undergo
further investigations. Viable cells maintain a reducing environment in the cytosol of
the cell. Resazurin, the main active ingredient in alamarBlue®, is water-soluble, stable
in culture medium, is non-toxic and permeable through cell membranes (Rampersad,
2012). Resazurin is an oxidation-reduction sensitive dye that changes
colour/fluorescence properties to its reduced form resorufin by living cells. Only viable
cells that are metabolically active generate a fluorescent signal in the medium. On the
other hand, non-viable cells are unable to carry out the conversion from resazurin to
resorufin and therefore the medium remains coloured blue and shows no fluorescence

(Bowling et al., 2012).

3.1.2 DCFDA / H2DCFDA - Cellular Reactive Oxygen Species Detection Assay

Cell permeant reagent 2'-7'dichlorofluorescin diacetate (DCFH-DA) is a fluorogenic
dye that measures ROS activity such as production of hydroxyl and peroxyl free
radicals. When DCFH-DA enters cells, the dye is deacetylated by cellular esterases to

a non- fluorescent compound (Wojtala et al., 2014). It is then oxidised by ROS into 2'-
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7'dichlorofluorescein (DCF), which can be monitored by several fluorescence-based
techniques (e.g. spectroscopy, confocal microscopy, flow cytometry) (Kalyanaraman
et al., 2012). In the presence of ROS, yellow DCF shows intense fluorescence, while

in the absence of ROS no fluorescence is detected.

3.1.3 TMRE assay

Tetramethylrhodamine, ethyl ester (TMRE) is a fluorescent dye that is readily
sequestered by active mitochondria, allowing for fluorescence or imaging analysis to
assess for apoptosis or mitochondrial depolarization in living cells (Scaduto and
Grotyohann, 1999). TMRE dye stains the cells and emits a red fluorescence which can
be detected by flow cytometry or fluorescence microscopy. The level of TMRE
fluorescence in stained cells can be used to determine whether mitochondria in a cell
have high or low A¥YM (Crowley et al., 2016). Lower levels of TMRE fluorescence
resulting from a potent mitochondrial uncoupler such as FCCP reflect the

depolarisation of AYM (Joshi and Bakowska, 2011).

3.1.4 Caspase-3/7

In cancer treatment, apoptosis is a well-recognised cell death mechanism through
which cytotoxic agents kill tumour cells and the members of the caspase family play a
central role in coordinating the stereotypical events that occur during apoptosis (Huang
et al., 2011). Effector caspases (caspase-3 and caspase-7) cleave the target proteins
that eventually leads to the death of the cell. Caspase-3 and caspase-7 are structurally
similar to one another, however caspase-3 mediates DNA fragmentation and
morphologic changes associated with apoptosis, whereas caspase-7 plays little role in
these processes. In contrast, caspase-7 appears to have an essential role in the loss of

cellular viability, although the combined role of both caspases is crucial in this area
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(Lakhani et al., 2006). Therefore, caspase- 3/7 measurement is used as an indicator of
apoptosis. Caspase-Glo 3/7 assay reagent was used for caspase detection in treated
cells in vitro. The reagent provides a pro-luminescent caspase-3/7 substrate, which
contains the tetrapeptide sequence DEVD, in combination with luciferase and a cell-
lysing agent. The addition of the Caspase-Glo 3/7 reagent directly to the assay well
results in cell lysis, followed by caspase cleavage of the DEVD substrate, and the
generation of luminescence. The amount of luminescence as displayed on the readout

is proportional to the amount of caspase activity in the sample (Payne et al., 2013).

3.1.5 Cell adhesion, migration and invasion

Metastasis is the process by which cancer cells spread from the primary tumour site to
surrounding tissues and to distant organs (Jiang et al., 2015). It involves numerous
factors including the degradation of the extracellular matrix (ECM), tumour
angiogenesis and defects in programmed cell death such as apoptosis, autophagy and
necrosis (Su et al., 2015). The ECM is an essential component of the tumour
microenvironment, cancer cell proliferation and invasion. The ECM basement
membrane is primarily composed of laminin, collagen type IV, entactin, and
proteoglycans. In addition, stromal cells, adipocytes, and immune cells produce many
ECM proteins such as bone sialoprotein, osteopontin, osteonectin, osteocalcin,
fibronectin and vitronectin (Cho et al., 2015, Jena and Janjanam, 2018). Other than
that, migration and invasion by cancer cells are required for metastasis to occur at new
sites (Keleg et al., 2003). Migration and invasion are two key properties of cancer
progression and represent an important drug target in the development of new

therapeutics for cancer treatment (Martin et al., 2013).
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The CytoSelect™ cell adhesion, cell migration and cell invasion assay kit were used
to investigate the anti-metastatic properties of the samples. The cell adhesion kit
utilizes a fibronectin-coated well plate where the adherent cells are captured. Next,
unbound cells are removed with consecutive washes. Finally, the adherent cells are
lysed and subsequently detected with CyQuant® GR Dye. The Cell Migration Assay
Kit contains a polycarbonate membrane chamber that serves as a barrier to
discriminate migratory cells from nonmigratory cells. Migratory cells are able to
extend protrusions towards chemoattractants (via actin cytoskeleton reorganization)
and ultimately pass through the pores of the polycarbonate membrane. These
migratory cells are then dissociated from the membrane and subsequently detected
with CyQuant® GR Dy. The Cell Invasion Assay Kit contains polycarbonate
membrane inserts which is coated with a uniform layer of dried basement membrane
matrix solution. This basement membrane layer serves as a barrier to discriminate
invasive cells from non-invasive cells. Invasive cells are able to degrade the matrix
proteins in the layer, and ultimately pass through the pores of the polycarbonate
membrane. Finally, the invaded cells are dissociated from the membrane and

subsequently detected with CyQuant® GR Dye (Invitrogen).

3.1.6 Metabolomics

Metabolomics is a powerful tool used to study endogenous small molecules (referred
to as metabolites) in biological systems such as biofluids, organisms, organs, tissues
or cells focusing on characterising, understanding and measuring the chemical
processing of metabolites and evaluating the changes in metabolites in response to
treatment, pathophysiological stimuli or genetic modification (Deidda et al., 2015).

Basically, metabolomics plays an essential role in identification of key biomarkers for
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diagnosis and therapeutic evaluation in different disease states, including cancer
(Vermeersch and Styczynski, 2013, Dettmer et al., 2007). Moreover, drug metabolism
investigations have become an essential part of pharmaceutical development, toxicity

studies and clinical trials (Guengerich, 2001).

Cell culture models have been used extensively to study the molecular mechanism of
disease progression, response, and resistance to therapeutics. Within a living cell,
metabolomics enables the investigation and detection of endogenous biochemical
reaction products, elucidating information on the particular metabolic pathways and
demonstrating the connections among different pathways that operate within a living
cell (Wang et al., 2011). Cell metabolomics relies on four sequential phases: (a)
reliable preparation and extraction of samples, (b) appropriate detection methods in
order to perform metabolomic profiling of samples such as NMR or mass spectrometry
(c) pattern recognition approaches (e.g. MzMine, MzMatch) and bioinformatics data
analysis (e.g. SIMCA-P), (d) metabolite identification resulting in putative biomarkers

and molecular targets (Zhang et al., 2013).

3.2 Aims and objectives
This chapter aims to evaluate the anti-cancer potential of A. malaccensis and H.

dryobalanoides extracts and isolated compounds. The objectives were:

1. To test the cytotoxic effects of the plant extracts and the isolated compounds
on a panel of cancer cells: A2780 (ovarian), HepG2 (liver), U20S (bone) and
ZR-75-1 (breast) cells as well as to ensure that tested samples are non-cytotoxic

to normal cells PNT2A (prostate).
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2. To test the ability of the extracts and isolated compounds to generate or inhibit
ROS using the DCFH-DA assay in cancer cells.

3. Totest the ability of the extracts and isolated compounds to reduce AYM using
TMRE dye in cancer cells.

4. To test possible apoptotic effects of the extracts and isolated compounds by
measuring the production of caspase- 3/7 level in cancer cells.

5. To investigate the possible opposing effect of selected isolated compounds on
the adhesion, migration and invasion of cancer cells.

6. To characterise the metabolic profiles of cancer cells in response to their

exposure to selected isolated compounds.

3.3 Methods

3.3.1 Maintenance of different types of cells

All cell culture work was carried out in a cell culture hood. A2780, PNT2A and ZR75
were cultured in RPMI-1640 culture media. HepG2 and U20S were cultured in
DMEM culture media. Both culture media were supplemented with 10% (v/v) Foetal

Bovine Serum (FBS), 1% (v/v) penicillin-streptomycin and 1% (v/v) L-glutamine.

3.3.1.1 Thawing of cells

Cells in 1.5ml cryovials were retrieved from liquid nitrogen storage and immediately
thawed by placing the cryovials into a water bath heated to 37°C. In a cell culture hood,
cells were then transferred from the cryovials into a 25cm? cell culture flask containing
5 ml of appropriate medium (pre-warmed at 37°C) to allow dilution of the
cryoprotector DMSO. The cells were then incubated and grown until they reached 70-

80% confluency in a humidified incubator at 37°C with 5% CO..
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3.3.1.2 Passaging and splitting of cells

After the cells had reached 70-80% confluency, they were then passaged and split by
first discarding the cell culture medium in the flask. Cells were washed twice with
sterile Hanks' Balanced Salt Solution (HBSS) before being exposed to 3 ml (25¢cm?
flask) or 5ml (75cm? flask) of TripLE Express for 5-7 min in the incubator. Then, 7ml
(25cm? flask) or 10ml (75cm? flask) of the appropriate cell culture medium was added
to the flask to deactivate the trypsin. The cells were transferred into a centrifuge tube
and centrifuged for 2 min at 1000 RPM. The supernatant was removed, and the cell
pellet was resuspended in culture media and then counted using a haemocytometer
under a light microscope. After cell counting, cell suspensions were either seeded into
a fresh cell culture flask or in cell culture plates for subsequent experiments calculated

based on desired cell density.

3.3.2 Cytotoxicity of plant crude extracts and compounds on different cell lines

All samples were evaluated in an in vitro cytotoxicity test using alamarBlue®. A2780
(7.5 x 10° cells/well), HepG2, PNT2A, U20S and ZR-75-1 (3 x 103 cells/well) were
seeded in flat bottomed 96-well plates and incubated for 24 h or 48 h in a humidified

incubator at 37°C with 5% CO. prior to adding the samples.

Samples were prepared by dissolving them in 100% DMSO to make a stock
concentration of 10mM (compounds) or 10mg/ml (extracts) then diluted using cell
culture medium to make the highest concentration of 30 uM (compounds) or 30 pug/ml
(extracts) in the assay plate. Selected samples were further diluted as follows: 0.01,
0.03,0.1,0.3, 1, 3, 10 and 30 uM or pg/ml and added to the assay plate. The positive
control consisted of cells treated with 0.1% (v/v) Triton X (cytotoxic agent) only and

the negative control consisted of untreated cells. Vehicle control (DMSO) was also
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carried out in the concentration range (1%-0.01%) in which no effect was seen on cell
viability. After cells were treated with compounds or Triton X for 24 or 48 h, cells
were incubated with 10% (v/v) alamarBlue® at 37°C for 4-5 h, then the plate was read
in a SpectraMax M5 plate reader using Softmax Pro software, at a fluorescence
excitation wavelength of Ex560nm/Em590nm. The results were expressed as a mean
+ standard error of the mean (SEM) of triplicate readings. Viable cells following

treatments were calculated as a percentage of the untreated control cells as follows:

. ... samplesreading
% cell viabiliy = control reading x 100

GraphPad Prism for Windows (version 8.00, GraphPad Software, San Diego, CA,
USA) was used to fit concentration—response curves and obtain mean inhibitory
concentration (IC50) values. Data were normalized to the untreated control response
so that all 1C50 curves begin with a plateau around 100% and are assumed to fall to

0%. The data was fitted using the following equation:-

Fifty=(Top+Baseline)/2

Y=Bottom + (Top-Bottom)/(1+10"((LoglC50-X)*HillSlope + log((Top-Bottom) /
(Fifty-Bottom)-1))

Where Y is the % for the maximum value observed, X is the inhibitor concentration
while Top was set to be 100% (untreated control value) and Bottom was set to zero

(approximate value of negative control following treatment with 0.1% Triton).
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Data was analysed statistically using One-Way ANOVA with Bonferroni multiple
comparison test (GraphPad Prism software). A significance level of p < 0.05 was

adopted.

3.3.3 Estimation of Intracellular ROS levels using a DCFH-DA probe

Intracellular ROS levels of A2780 and ZR-75-1 cells were determined using a
microplate assay and a fluorescence microscopy assay. For the microplate assay,
confluent cells were trypsinised and seeded at a density of 5 x 10* cells/well (A2780)
and 2.5 x 10* cells/well (ZR-75-1) in culture media in a 96-well half area black plate
with clear bottom. The plate was incubated for 24 h in a humidified incubator at 37°C
with 5% CO.. A stock concentration of 10mM DCFH-DA was prepared with DMSO,
then later a working concentration of 10uM DCFH-DA was prepared in phenol red-
free HBSS. The tubes were wrapped with aluminium foil and stored at -20°C for
further use. The next day, all media were removed from the wells and the cells were
washed once with 50 ul phenol red-free HBSS (all HBSS used in this experiment
contained 10%, v/v, FBS). Then, 50ul of test samples and positive control were added
to appropriate wells. All samples were prepared in phenol red-free HBSS: 30 uM (7-
aca and aca), 150uM (bala and heimiol A) or 30 pg/ml (Q/A and extracts) in the assay
plate. 7-Aca, aca and Q/A were further diluted (1:10) as follows: 0.01, 0.03, 0.1, 0.3,
1, 3, 10 and 30 uM or pg/ml. Bala was further diluted 1:2 as follows: 1.2, 2.3, 4.7, 9.4,
18.7, 37.5, 75 and 150 pM. The positive control consisted of 100uM tert-Butyl
hydroperoxide (TBPH) prepared in HBSS. Plates were then incubated for 1.5 h with
test samples or TBPH in a humidified incubator at 37°C with 5% CO». After the
incubation period, all tests samples and TBPH were removed from the wells and

washed once with 50ul of phenol red-free HBSS before adding 50pl of 10uM of
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DCFH-DA to all wells except for blank wells which contained 50ul of phenol red-free
HBSS. Plates were incubated for 30 min in a humidified incubator at 37°C with 5%
COz. After the 30 min incubation, the DCFH-DA was removed, and the cells were
washed twice with 50 pl phenol red-free HBSS. Then, 50ul of phenol red free HBSS
was added to the plates before being measured on a SpectraMax M5 plate reader using
Softmax Pro at a maximum excitation and emission spectra of 485 and 535 nm,

respectively.

3.3.4 TMRE assay for mitochondrial membrane depolarization (AyM)

Loss of AyM in cells were evaluated by staining with TMRE. This assay was carried
out using microplate and fluorescence microscopy assays. For the microplate assay,
confluent cells were trypsinised and seeded at a density of 5 x 10 cells/well (A2780)
and 2.5 x 10* cells/well (ZR-75-1) in culture media in a 96-well half area black plate
with clear bottom. The plate was incubated for 24 h in a humidified incubator at 37°C
with 5% CO.. A 10mM stock concentration of TMRE and carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) a positive control was prepared in
DMSO. Later TMRE and FCCP were diluted to their working concentration with

phenol red-free HBSS (all HBSS used in this experiment contained 10%, v/v, FBS).

The next day, all media were removed from the wells and the cells were washed once
with 50 pl phenol red-free HBSS. Then, 50pul of test samples or 20uM FCCP was
added to the wells and incubated for 30 min (FCCP) or 3 h (test samples) in a
humidified incubator at 37°C with 5% CO.. All samples were prepared in phenol red-
free HBSS and diluted to make a concentration of 0.01, 0.03, 0.1, 0.3, 1, 3, 10 and 30
MM or pg/ml (7-aca, aca and Q/A) and 1.2, 2.3, 4.7, 9.4, 18.7, 37.5, 75 and 150 uM

(bala and heimiol A).
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After the incubation, all test samples and FCCP were removed before washing the cells
once with 50 ul phenol red-free HBSS. A 200nM working concentration of TMRE
was prepared and added to all wells except for blank wells. Plates were incubated for
30 min in a humidified incubator at 37°C with 5% CO.. Then, the TMRE was removed
and the cells were washed twice with 50 pl phenol red-free HBSS. Phenol red-free
HBSS was added to all wells and plates were read immediately on SpectraMax M5
plate reader using Softmax Pro at the maximum excitation and emission spectra of 549

and 575 nm.

3.3.5 Measurement of Caspase- 3/7 levels

A Caspase-Glo 3/7 assay was performed according to the manufacturer’s protocol.
Confluent cells were trypsinised and seeded in clear bottom white-walled 96 well half
area plates at a density of 5 x 10 cells/well (A2780) and 2.5 x 10* cells/well (ZR-75-
1). The plate containing cells was incubated for 24 h in a humidified incubator at 37°C
with 5% CO>. All test samples were prepared in RPMI-1640 media to 30 uM (7-aca
and aca), 150 uM (bala) or 30 pg/ml (Q/A and extracts) in the assay plate. The negative
control (cells with medium only) and positive control (staurosporine) were also
included. Staurosporine was dissolved in DMSO to make a stock concentration of 1

mM, then further diluted to a range of concentrations from 10uM to 0.07uM.

After 24 h incubation, 50 ul of test samples and negative control were added to
appropriate wells, then incubated for 6, 12 or 24 h in a humidified incubator at 37°C
with 5% CO». The next day, the plates containing cells were removed from the
incubator and allowed to equilibrate to room temperature for 30 min. A total of 100 ul
of Caspase-Glo reagent was added to each well, and the plate gently mixed on a plate

shaker at 300-500 rpm for 30 sec. The plate was then incubated at room temperature
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for 2 h. The luminescence of each sample was measured on a Spectramax M5

microplate reader with parameters of 1 min lag time and 0.5 sec/well-read time.

3.3.6 Cell Adhesion assay

A CytoSelect™ 48-Well Cell Adhesion Fibronectin-Coated, Colorimetric Format
assay kit was used to evaluate cellular adhesion. The Fibronectin Adhesion plate was
warmed to room temperature for 10 min in a cell culture hood. Cell suspensions were
prepared containing 1.0 x 10° cells/ml in serum free RPMI-1640 containing 0.5% (w/v)
bovine serum albumin (BSA), 2mM CaCl; and 2mM MgCl.. Test samples were
directly added to the cell suspension. Then, 150ul of the cell suspension containing
test samples was added to the inside of each fibronectin-coated wells and incubated
for 90 min in a humidified incubator at 37°C with 5% CO.. Cell suspension without
test samples were added in the BSA-coated wells as a negative control and placed in a
cell culture incubator for 90 min. After incubation, the medium was carefully discarded
from each well before being gently washed 4 times with 250ul PBS. A total of 200ul
of Cell Stain Solution was then added to each well for 10 min, discarded, and the wells
were gently washed 5 times with 500ul deionized water. Wells were air dried and then
200ul extraction solution was added per well and placed on an orbital shaker for 10
min. A total of 150ul from each extracted sample was added to a 96 well microtitre

plate and measured at 560nm in a SpectraMax M5 plate reader using Softmax Pro.

3.3.7 Cell migration assay

A CytoSelect™ 24-well Cell migration Assay, 8um, Colorimetric kit was used to
assay the migratory properties of cells. The migration plate was warmed to room
temperature for 10 min in a cell culture hood. Cell suspensions of A2780 and ZR-75-

1 were prepared containing 1.0 x 10° cells/ml in serum free RPMI-1640 containing
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0.5% (w/v) BSA, 2mM CaCl2, 2mM MgCI2. Test samples were directly added to cell
suspension. Firstly, 500 pl of RPPMI-1640 containing 10% (v/v) FBS was added to
the lower well of the migration plate. Then, 300 ul of cell suspension containing test
sample was added to cell culture inserts (8um pore size) and incubated for 24 h. The
insert was discarded, and the interior of the inserts were carefully swabbed with a wet
cotton-tipped bud to remove non-migratory cells. The inserts were then transferred
with forceps to a clean well containing 300l of Cell Stain Solution and incubated for
10 min at room temperature. Using forceps, the inserts were gently dipped and washed
several times in a beaker of water and allowed to air dry. The inserts were then
transferred again to a clean well containing 200ul of Extraction Solution per well and
incubated for 10 min at room temperature on an orbital shaker. Each extracted sample
(100ul) was added to a 96 well microtitre plate and measured at 560nm on a

SpectraMax M5 plate reader using Softmax Pro software.

3.3.8 Cell invasion assay

A CytoSelectTM 24-well Cell Invasion Assay, Basement Membrane, Colorimetric kit
was used to assay the invasive properties of cells. The invasion chamber plate was
warmed to room temperature for 10 min in a cell culture hood. The basement
membrane layer of the cell culture inserts was rehydrated by adding 300 pl of serum-
free RPMI1640 to the inner compartment for 1 h and incubated at room temperature.
Cell suspensions of A2780 and ZR-75-1 were prepared containing 1.0 x 106 cells/ml
in serum free RPMI-1640 containing 0.5% (w/v) BSA, 2mM CaCl2, 2mM MgCI2.
Test samples were directly added to cell suspension. Firstly, 500 ul of RPPMI-1640
containing 10% (v/v) FBS was added to the lower well of the invasion plate. Then,

300 pl of cell suspension containing test sample was added to the cell culture inserts
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and incubated for 24 h in a humidified incubator at 37°C with 5% CO2. After
incubation, media in the insert were discarded and the interior of the inserts were
carefully swabbed with wet cotton-tipped buds to remove non-migratory cells. The
inserts were then transferred with forceps to a clean well containing 300pl of Cell Stain
Solution and incubated for 10 min at room temperature. Using forceps, the inserts were
gently dipped and washed several times in a beaker of water and allowed to air dry.
The inserts were then transferred again to a clean well containing 200ul of Extraction
Solution per well and incubated for 10 min at room temperature on an orbital shaker.
100ul of each extracted sample was added to a 96 well microtiter plate and measured

at 560nm on a SpectraMax M5 plate reader using Softmax Pro software.

3.3.9 Cell extraction for metabolomic analysis

Confluent cells were trypsinised and seeded at 4.5 x 10° cells/well for 48 h in 6-well
plates before treatment with the compounds. The cells were treated with test
compounds at concentrations of 30 uM or just RPMI-1640 (control) for another 48 h.
Every extraction condition was prepared in five biological replicates. After the
treatment, the medium was aspirated, and the cells were washed with 3 ml of
phosphate-buffered saline (PBS) twice at 37 °C before lysis. Then the cells were
extracted with ice cold methanol:acetonitrile:water (50:30:20) (1 ml per 2 x 10° cells)
to prepare cell lysates. The cells were scraped, and cell lysates mixed on a Thermo
mixer at 1440 rpm for 12 min at 4 °C, before being centrifuged at 13, 500 RPM for 15
min at 0 °C. The supernatants were collected and transferred into autosampler vials for
liquid chromatography—mass spectrometry (LC-MS) analysis or stored at -80°C until
further use. A pooled quality control (QC) sample was prepared by taking equal

aliquots from each of the samples and mixing them together and placing them into a
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HPLC vial. The pooled QC sample and authentic standard metabolite mixtures were
injected in each analysis run in order to ensure the stability and reproducibility of the
analytical method.

3.3.10 Liquid chromatography-mass spectrometry conditions

3.3.10.1 Chromatographic conditions for ZIC-pHILIC column

A ZIC-pHILIC column (L150 % I.D. 4.6 mm, Sum, polymeric bead support) supplied
by HiChrom was used to study the effects of 7-aca and aca on A2780 and ZR-75-1 cell
metabolomes. The aqueous mobile phase (solvent A) for ZIC-pHILIC was made up of
20mM ammonium carbonate buffer in HPLC-grade water (A) and the organic phase
(solvent B) consisted of HPLC grade acetonitrile. All mobile phase solutions were
freshly prepared and were stored at room temperature for up to 72 h. Firstly, the system
was purged with 100% of mobile phase B for 5 min at a flow rate of 5ml/min then
followed by mobile phase A at the same flow rate and time. The column was then
eluted with solvent A:solvent B ratio at a linear gradient starting with 20:80 at 0 min,
80:20 at 30 min with a flow rate of 0.3 ml/min, followed by washing with 95:5 at 35
min and then re-equilibration with 20:80 at 45 min. To avoid degradation, the samples
were kept in a vial tray at a constant temperature of 4°C. The MS was operated in a

positive/negative polarity switching mode.

3.3.10.2 Accela HPLC-ESI-Exactive Orbitrap

LC-MS was carried out on an Accela HPLC system coupled to an Exactive (Orbitrap)
mass spectrometer. The temperature of the ion transfer capillary was 275 °C while the
nitrogen sheath and auxiliary gas flow rates were maintained at 50 and 17 ml/min. The
electrospray ionisation (ESI) interface was operated in a positive/negative dual

polarity mode. The spray voltage was 4.5 kV for positive mode and 4.0 kV for negative
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mode. Full scan data was obtained in the mass-to-charge ratio (m/z) range of 75 to
1200 for both ionisation modes. Mass calibration was performed for both positive and
negative ESI polarities before analysis using the standard Thermo Calmix solution
with additional coverage of the lower mass range with signals at m/z 83.0604
(2xACN+H) for the positive and m/z 91.0037 (2xHCOQ") for the negative modes. The
resulting data were recorded using the XCalibur 2.1.0 software package (Watson et

al., 2013).
3.3.11 Data Extraction and Statistical Analysis

3.3.11.1 LC-MS data processing by MZMatch software

The data were extracted using MZMatch software (http://mzmatch.sourceforge.net/).
A macro-enabled Excel Ideom file was used to filter, compare and identify the
metabolites (http://mzmatch.sourceforge.net/ideom.php). Library searches were also
used for identification and carried out against accurate mass data of the metabolites in
the Human Metabolome Data Base, lipid maps and Kyoto Encyclopedia of Genes and
Genomes (KEGG). All metabolites were within 3 ppm of their exact masses.
Metaboanalyst 3.0 (Xia et al., 2015) , a web-based metabolomic data processing tool,
was employed for univariate analysis. Microsoft Excel and paired t-tests were used to
perform univariate comparisons between treated and control cells and differences were
considered significant at P<0.05. SIMCA-P software v.14.0 (Wu et al., 2010) was used
for visualisation and multivariate analysis of the metabolite data by fitting n PCA-X
and OPLS-DA. Data were log2-transformed and then Pareto scaled, where the
responses for each variable were centred by subtracting the mean value and then
dividing by the square root of its standard deviation (van den Berg et al., 2006). The

relative standard deviation (RSD) of each metabolite was also calculated based on the
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reading of the pooled sample that was run throughout the sequence and metabolites
with RSD higher than 30% were excluded. PCA was initially used for data
visualisation and to explore how variables clustered based on their metabolic
composition regardless of their grouping. With OPLS-DA, the supervised model, the
discrimination between groups was applied by neglecting the systemic variations
(Kirwan et al., 2012). OPLS-DA models were validated based on multiple correlation
coefficient (R2) and cross-validated R2 (Q2) as diagnostic tools in cross-validation
and permutation test. Where, R2 reflects the percentage of variation explained by the
model, while Q2 indicates the percentage of variation in response to cross validation
(Kirwan et al., 2012). The model was also validated using cross validation ANOVA

(CV-ANOVA).

3.4 Results

3.4.1 AlamarBlue® assay

Cytotoxic effects of A. malaccensis and H. dryobalanoides extracts at a concentration
of 30pg/ml were tested against 4 cancer cells A2780, HepG2, U20S and ZR-75-1 and
1 normal cells PNT2A as shown in Figure 3.1. After 24 h incubation, hexane extract
of A. malaccensis (AH) was shown to be the most active cytotoxic compound against
A2780 and ZR-75-1 by reducing the percentage of cell viability to approximately 50%.
The extract also showed a reduction in the percentage of cell viability for U20S cells.
The methanol extract for A. malaccensis (AM) and H. dryobalanoides (HE) only
showed moderate cytotoxic effects against A2780 and ZR-75-1 cells (60-70% cell
viability). None of the plant extracts were cytotoxic against PNT2A cells. Thus, A2780
and ZR-75-1 cells were selected to test the cytotoxicity of isolated compounds. Firstly,

30uM of 7-aca, aca, bala, heimiol A and 30ug/ml of Q/A mixture were tested against
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the selected cancer cells for 24 h and 48 h (Figure 3.2). Although the cell viability
decreased by 10-15% from 24 h to 48 h, statistically, it was not significant (P<0.05).
7-aca was shown to be the most potent compound against both cell lines by reducing
the cell viability of A2780 and ZR-75-1 to <40%. The second most active compound
was aca followed by Q/A. 7-Aca, aca and Q/A also showed dose-dependent activity at
a range of 0.01 - 30uM or pg/ml (Figure 3.3 and Figure 3.4). Aca exhibited a weaker
cytotoxic effect (A2780 1C50=19.5 pM, ZR-75-1 1Cs0 =17.54M) compared to 7-aca
(A2780 I1Cs50=7.9uM, ZR-75-1 ICso= 8.5 uM) against both cell lines. Bala and heimiol
A did not have any effect at 30 uM on both cancer cell lines (Figure 3.2). Therefore,
bala and heimiol A were tested at a higher concentration range of 2.3uM to 300uM;
only bala exhibited its cytotoxic effects in a concentration dependent manner giving
an ICso of 64.1uM against A2780 cells and ICsp of 134.4 uM against ZR-75-1. All
compounds were not cytotoxic against the normal PNT2A cell line, except for bala at
the highest concentration tested (300uM) which reduced cell viability to
approximately 80% (Figure 3.5). Therefore, the highest concentration that was used

for subsequent experiments was 150uM.
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Figure 3.1 Examination of cell viability after 24 h treatment with A. malaccensis and
H. dryobalanoides extracts on different cell lines. Data was analysed using One-Way
ANOVA with Bonferroni multiple comparison test. Data represents mean + SEM,
n=3. **P<0.01 represents significant decrease in cell viability vs untreated cells
(control). AH; A. malaccensis hexane, AE; A. malaccensis ethyl acetate, AM; A.
malaccensis methanol, HE; H. drybalanoides ethyl acetate, HM; H. drybalanoides
methanol.
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Figure 3.2 Examination of cell viability after 24 h or 48 h treatment with isolated
compounds on A2780 and ZR-75-1. 7-aca, aca, bala and heimiol A was tested at 30puM
and Q/A tested at 30upg/ml. Data was analysed using One-Way ANOVA with
Bonferroni multiple comparison test. Data represents mean + SEM, n=3. **P<0.01
and *P<0.05 represents significant decrease in cell viability vs untreated cells

(control).

24h

A2T80 cells

W

ZR-T75-1 cells

48h

*

124

48h

E00010

Taca

Aca

QA

Bala
Hemmiol A

Taca

Aca

QA

Bala
Heumiol A



1A

120
100
80
60
40

20+

Cell viability (% control)

Taca on A2780 cells

IC5=7.9uM

-9

120

100+

Cell viability (% control)

I
-8

I I 1 1
-7 -6 5 -4

log concentration (M)

Bala on A2780 cells

1C_i[)‘::: 64 1|.|.T'\‘I

T T T T 1
5.0 45 40 -35 30

log concentration (M)

Cell viability (% control)

Cell viability (% control)

120+
100

80

40+
20-

Acaon A2780 cells

. IC5= 19.51M

9

120
100
80—
60—
40
20-

T T T T 1
-8 -7 -6 -5 -4
log concentration (M)

Q/A-rhamnoside on A2780 cells

ICs= 22.7Tpg/ml

-9

-8 -7 -6 -5 -4
log concentration (g/ml)

Figure 3.3 Examination of cell viability 48 h treatment with 7-aca, aca, Q/A and bala on A2780 cells. 7-aca and aca were tested at the
concentration of 30-0.01uM, Q/A at 30-0.01pg/ml and bala at 300-2.3uM. Data was analysed using One-Way ANOVA with Bonferroni
multiple comparison test. Data represents mean = SEM, n=3. **P<0.01 represents a significant decrease in cell viability vs untreated cells

(control).
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Figure 3.4 Examination of cell viability 48 h treatment with 7-aca, aca, Q/A and bala on ZR-75-1 cell. 7-aca and aca were tested at the
concentration of 30-0.01uM, Q/A at 30-0.01pg/ml and bala at 300-2.3uM. Data was analysed using One-Way ANOVA with Bonferroni
multiple comparison test. Data represents mean £ SEM, n=3. **P<0.01 represents significant decrease in cell viability vs untreated cells
(control).
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Figure 3.5 A) Examination of cell viability 48 h treatment with 7-aca, aca, Q/A and
bala on PNT2A cell. A) 7-aca and aca were tested at the concentration of 30 uM, Q/A
at 30 pg/ml and bala at 300 uM. B) Bala were tested at the concentration of 300-2.3
uM. Data was analysed using One-Way ANOVA with Bonferroni multiple
comparison test. Data represents mean + SEM, n=3. **P<0.01 represents significant
decrease in cell viability vs untreated cells (control).
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3.4.2 DCFH-DA assay

The DCFH-DA assay was carried out with DCFH-DA dye to assess the ability of the
extracts and isolated compounds to produce ROS. Increase in dye fluorescence
emission is correlated with increased production of ROS. The fluorescence intensity
results were compared to the control which had only cells and DCFH-DA to obtain the
percentage of DCF fluorescence intensity. For the positive control, cells were
stimulated using 100 uM TBPH. AH, AM, HE and isolated compounds showed
significant (P<0.01) increase in DCF fluorescence compared to the control for both
cell lines. Heimiol A did not show any effects on both cell lines as shown in Figure
3.7. All samples except heimiol A increased ROS by more than 3-fold in comparison
with the control in both cell lines and the result was statistically significant (P < 0.01).
7-Aca was shown to be the most potent ROS generator by increasing ROS 5.3-fold at
30uM in A2780 cells and 4.1-fold in ZR-75-1 cells when compared to the control. 7-
Aca was also shown to be significantly (P<0.05) more active compared to aca which

caused increased ROS in A2780 and ZR-75 cells by 3.9-fold and 3.3-fold, respectively.
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Figure 3.6 ROS production using DCFH-DA solution in A2780 and ZR-75-1 cells after various concentrations of TBHP stimulation for 1.5
h. Data was analysed using One-Way ANOVA with Bonferroni multiple comparison test. Data represents mean + SEM, n=3. **P<0.01
represents a significant increase in ROS generation vs untreated cells (control).
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Figure 3.7 ROS measurement using DCFH-DA solution in A2780 and ZR-75-1 cells after stimulation with test samples or 100 uM TBPH
for 1.5 h. 7-aca and aca were tested at 30uM. Q/A and plant extracts were tested at 30pug/ml. Bala and heimiol A were tested at 150 uM.
Data was analysed using One-Way ANOV A with Bonferroni multiple comparison test. **P<0.01 and *P<0.05 represents significant increase
in ROS generation vs untreated cells (control).



3.4.3 TMRE assay

Loss of AYM of A2780 and ZR-75-1 was measured after treatment with all isolated
compounds including aca and selected plant extracts using TMRE dye. Reduction in
TMRE fluorescence indicated cells were losing their mitochondrial membrane
integrity. Figure 3.8 shows the ability of FCCP (positive control) at a range of
concentrations to eliminate AYM and TMRE staining. All plant extracts and
compounds except for heimiol A showed comparable results to those for the control
when tested at 30 ug/ml for extracts and Q/A, 30 uM for 7-aca and aca, 150 uM for
bala in A2780 and ZR-75-1 cells (Figure 3.11). Exposure to 30 uM of 7-aca resulted
in 70% loss of AYM in A2780 and ZR-75-1 cells which was significantly (P<0.05)
more potent than aca. Incubation with 7-aca, aca, Q/A and bala resulted in a
concentration-dependent decrease in AYM for both cell lines (Error! Reference s
ource not found. and Error! Reference source not found.). At the highest
concentration of 150uM, bala showed a weak effect on decreasing the AYM of ZR-
75-1 cells (Error! Reference source not found.). Q/A also showed a weak effect on d

ecreasing the AYM of ZR-75-1 cells as well as A2780.
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Figure 3.8 AYM measurement using TMRE in A2780 and ZR-75-1 cells after
stimulation with FCCP (30min). Fluorescence intensity was measured using a
fluorescence microplate reader. Data was analysed using One-Way ANOVA with
Bonferroni multiple comparison test. Data represents mean + SEM, n=3. **P<0.01
and *P<0.05 represents a significant decrease in AYM vs untreated cells (control).
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Figure 3.9 AYM measurement using TMRE in A2780 and ZR-75-1 cells after stimulation with test samples (12 h) or FCCP (30min). 7-
aca and aca were tested at the concentration of 30uM. Q/A and plant extracts were tested at 30ug/ml. Bala and heimiol A was tested at
150 uM. Data was analysed using One-Way ANOVA with Bonferroni multiple comparison test.**P<0.01 and *P<0.05 represents
significant decrease in AYM vs untreated cells (control).



3.4.4 Caspase-Glo 3/7 assay

To examine if 7-aca, aca, Q/A, bala and the plant extracts induced an apoptotic
signalling pathway in A2780 and ZR-75-1 cells, caspase-3/7 levels were measured at
6,12 and 24 h after treatment by measuring the luminescent signal (RFU) produced by
caspase cleavage of the substrate. Staurosporine was used as a positive control, as this
drug is known to induce apoptosis in cancer cells. Staurosporine induced caspase-3/7
in A2780 and ZR-75-1 cells in 6 h in a concentration-dependent manner (10-0.07 uM)
(Figure 3.10). Caspase-3/7 levels were not elevated for all compounds in treated cells
over the period of 6 h (Figure 3.11). At 12 h, caspase-3/7 increased dramatically for
all the compounds in both cell lines. The highest increment in RFU was seen by
treatment of 7-aca (30uM) in both cell lines. The compounds increased caspase-3/7
levels 5 to 7-fold after 12 h. By 24 h, all compounds induced production of caspase-
3/7 by at least 7 to 9-fold. There was a significant difference (P<0.05) between the

caspase levels induced by 7-aca and aca for both cell lines in 12 and 24 h.

134



Caspase 3/7 luminescence (RI'U)

Caspase 3/7 luminescence (RF1J)

7000 5
6000 -
5000 H
4000 H

Caspase-glo 3/7
Staurosporine 6 hrs in A2780 cells

3000 A
2000 ~
1000
0 T T T .
-8 -7 -6 -5 -4
log conc (M)
Caspase-glo 3/7
Staurosporine 6 hrs in ZR-75-1 cells
70001
6000 - i, >
5000+ *
4000- g
3000+ -
2000+ 3
1000+
0 T T T 1
-8 -7 -6 -5 -4

log conc (M)

Figure 3.10 Caspase-3/7 activation evaluation in A2780 and ZR-75-1 cells treated
with 10-0.07 uM Staurosporine for 6 h. Data was analysed using One-Way ANOVA
with Bonferroni multiple comparison test. Data represents mean = SEM, n=3.
**P<0.01 and *P<0.05 represents a significant increase in caspase activity vs untreated

cells (control).
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Figure 3.11 Caspase-3/7 activation evaluation in A2780 and ZR-75-1 cells treated
with 7-aca and aca at 30 uM, Q/A at 30 pug/ml and bala at 150uM for 6,12 and 24 h.
Data was analysed using One-Way ANOVA with Bonferroni multiple comparison
test. **P<0.01 and *P<0.05 represents significant increase in caspase activity vs
untreated cells (control). AH; A. malaccensis hexane, AM; A. malaccensis methanol,
HE; H. drybalanoides ethyl acetate.
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3.4.5 Cell adhesion, migration and invasion

The cell adhesion assay revealed that adhesion of A2780 and ZR-75-1 cells to
fibronectin-coated wells was significantly (P<0.01) reduced under the treatment of 7-
aca, aca, and bala in comparison to untreated cells (Figure 3.12). 7-Aca (1uM) was
shown to be the most active by reducing cell adhesion by approximately 70.3% in
A2780 cells and 61.7% in ZR-75-1 cells followed by aca (1uM) which reduced cell
adhesion by 63% in A2780 cells and 46% in ZR-75-1 cells. Exposing A2780 and ZR-
75-1 cells to bala at a concentration of 30uM inhibited cell adhesion significantly
(P<0.01) by approximately 50.7% and 30%, respectively. To study the anti-migratory
effects of test compounds, a cell migration assay was carried out using a Cytoselect™
24-well Cell Migration Assay. Compound treatment significantly (P<0.01) reduced
the migration of cells relative to that of untreated controls (Figure 3.13). Treatment of
A2780 and ZR-75-1 cells to 7-aca (1uM) significantly (P<0.01) reduced cell migration
by 56.7 and 42.3%, respectively. This was followed by aca which inhibited cell
migration by 40.7% for A2780 and 32.3% for ZR-75-1. There was also a significant

(P<0.05) inhibitory effect of bala on cell migration of A2780 and ZR-75-1 cells.

To analyse the ability of A2780 and ZR-75-1 cells to invade the surrounding ECM, an
invasion assay was performed using a Cytoselect™ 24-well Cell Invasion Assay. The
invasiveness of A2780 and ZR-75-1 cells under the treatment of 7-aca, aca and bala
significantly (P<0.01) reduced invasion compared to untreated cells (Figure 3.14).
Treatment of both cells with 7-aca reduced the percentage of invading cells by

approximately 50% and aca reduced cell invasion by approximately 40%.
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Figure 3.12 Effect of 7-aca, aca and bala on the cell adhesion of A2780 and ZR-75-1
cells over 24 h. Data was analysed using One-Way ANOVA with Bonferroni multiple
comparison test. **P<0.01 represents significant decrease in cell adhesion vs untreated
cells (control).
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Figure 3.13 Effect of 7-aca and aca at 1uM and bala at 30tM on the cell migration of
A2780 and ZR-75-1 cells over 24 h. Data was analysed using One-Way ANOVA with
Bonferroni multiple comparison test. **P<0.01 and *P<0.05 represents significant
decrease in cell adhesion vs untreated cells (control).
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Figure 3.14 Effect of 7-aca and aca at 1 UM and bala at 30uM on the cell invasion of
A2780 and ZR-75-1 cells over 24 h. Data was analysed using One-Way ANOVA with
Bonferroni multiple comparison test. **P<0.01 and *P<0.05 represents significant
decrease in cell adhesion vs untreated cells (control).
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3.4.6 Metabolomics study

From the previous experiments 7-aca and its commercial counterpart aca were shown
to be the most active compounds. Therefore, only these two compounds were chosen
for a LC-MS based metabolomics study in order to gain a better understanding of the
mechanism of the compounds’ anti-cancer activity in the A2780 and ZR-75-1 cell
lines. It also allows differences in the levels of metabolites induced by treatment with
the two similar compounds to be observed. Multivariate analysis techniques such as
PCA and OPLS-DA models were used in this study. To measure the precision of the
instrument, pooled samples (P1, P2, P3 and P4) were injected four times during the
course of the run and from the PCA scores plot the pooled samples were shown to be
clustered close together in the middle of the plot which indicated that the LC-MS
system is stable throughout the entire analytical run (Figure 3.15). A clear separation
was also seen of treated cells and their respective untreated controls indicating unique
metabolite profiles for the treated and control cells on a PCA scores plot. The model
parameters and validation of the PCA plot suggested a good model (R2X (cum) =
0.873; Q2 (cum) = 0.777). Next, OPLS-DA was used to understand the differences
between treatments and to identify the biomarkers that distinguish one treatment from
another. The OPLS-DA model showed a clear clustering pattern for each treated cell
line and untreated cells (Figure 3.16). The CV-ANOVA of the model (A) P = 2.48E-
05 and model (B) P = 1.55E-05 indicated that the model is valid. There was also a very
clear separation between the 7-aca treatment and aca treatment in both cell lines as
showed in the OPLS-DA model. OPLS-DA has been widely used in the metabolomics
field, and it is now the method of choice for multivariate linear models for

classification (i.e. classifying new objects into one of the classes) and class
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discrimination (i.e. separating two classes and investigate the reasons for the class
separation), such as biomarker discovery and lower and higher concentrations of

metabolites.

Table 3.1 and Table 3.2 demonstrated clear differences in metabolic levels between 7-
acaand aca in A2780 and ZR-75-1 cells, thereby confirming distinct metabolic profiles
for each treatment. 7-aca and aca significantly (P<0.05) affected pathways associated
with cancer metabolism, including the tricarboxylic acid (TCA) cycle, OXPHOS and
the pentose phosphate pathway (PPP) for A2780 and ZR-75-1 cells. The majority of
the levels of metabolites such as ATP/ADP and NADH/NAD were lowered after
treatment of 7-aca and aca in both cell lines. However, most metabolites were reduced
more in 7-aca-treated cells compared to aca-treated cells. Furthermore, a clear
significant (P<0.05) decrease was noted in the levels of metabolites involved in the
TCA/glycolysis pathway such as acetyl-COA, D-glucose 1-phosphate, D-fructose 6-
phosphate and oxalosuccinate for 7-aca treatment in both cells, but aca showed a
weaker effect on the same metabolites. In the pentose phosphate pathway (PPP),
metabolites such as D-Glucose 6-phosphate (G6PD) and D-Sedoheptulose 7-

phosphate were decreased significantly (P<0.05) by 7-aca and aca in both cell lines.
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Figure 3.15 Represent Principal components analysis (PCA) plots. PCA scores plot
generated from PCA using LC-MS normalized data of cells after exposure to 7-aca,
aca and controls of A2780 and ZR-75-1 cell lines. The groups: ACtl, control of A2780;
ZCtl, control of ZR-75-1; A/Ac, A2780 after treatment with aca; Z/Ac, ZR-75-1 after
treatment with aca; A/7Ac, A2780 after treatment with 7-aca; Z/7Ac, ZR-75-1 after
treatment with 7-aca. P1, P2, P3 and P4 represent the pooled sample frequently runs
throughout the experiment.
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Figure 3.16 OPLS-DA score plots OPLS-DA scores plot generated from OPLS-DA
using LC-MS normalized data of cells after exposure to A) 7-aca, aca and control of
A2780 cells. B) 7-aca, aca and control of ZR-75-1 cells. The groups: ACtl, control of
A2780; ZCtl, control of ZR-75-1; A/Ac, A2780 after treatment with aca; Z/Ac, ZR-
75-1 after treatment with aca; A/7Ac, A2780 after treatment with 7-aca; Z/7Ac, ZR-
75-1 after treatment with 7-aca.
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Table 3.1 Significantly changed metabolites within A2780 cells treated with 30 uM
aca and 7-aca in comparison with untreated controls

Mass RT Metabolites Aca 7-aca
A2780 Ratio P-value Ratio P-
value
Arginine and proline metabolism
246.13  14.38 N2-(D-1- 0.263 0.000 0.132 0.000
Carboxyethyl)-L-
arginine
175.09  16.39 L-Citrulline 0.461 0.000 0.370 0.000
211.03  15.98 Phosphocreatine 0.584 0.000 0.602 0.000
290.12  17.46 N-(L-Arginino) 0.764 0.018 0.120 0.001
succinate
113.04 14.85 1-Pyrroline-2- 0.395 0.001 0.570 0.012
carboxylate
103.06 14.96 4-Aminobutanoate 0.871 0.075 1.333 0.005
174.11 27.27  D-Arginine 0.713 0.000 0.647 0.000
Glycolysis/ TCA cycle
767.11 1441 CoA 0.948 ns 0.567 0.000
190.01 17.49 Oxalosuccinate 0.835 0.000 0.222 0.000
185.99 18.14 3-Phosphoglycerate 0.876 ns 0.027 0.000
260.03 17.69 D-Glucose 1-phosphate  0.807 0.008  0.143 0.000
809.12  12.96 Acetyl-CoA 0.804 ns 0.246 0.009

260.03  3.66 D-Fructose 6-phosphate  0.848 0.000  0.180 0.000

OXPHOS/Pentose phosphate pathway

17794  15.96 Pyrophosphate 0.441 0.000 0.252 0.000
665.12  13.61 NADH 0.728 0.004  0.256 0.000
663.10 14.45 NAD+ 0.737 ns 0.416 0.002
97.97 15.41 Orthophosphate 1.861 ns 1.639 0.007
506.99  17.57 ATP 0.536 0.005 0.167 0.000
427.02  14.45 ADP 0.757 0.004  0.449 0.000

260.03 17.00 D-Glucose 6-phosphate  0.440 0.000 0.278 0.000
D-Sedoheptulose 7-

290.04  17.14 phosphate 0.575 0.003 0.215 0.000

230.01  16.98 D-Xylulose 5-phosphate  0.895 0.841  0.590 0.000

Gluthahione/Glutamate metabolism

178.04 14.96 Cys-Gly 0.442 0.000 0.451 0.000
259.04 16.05 D-Glucosamine 6-
phosphate 0.549 0.000 0.396 0.000

301.05 1595 N-Acetyl-D-
glucosamine 6-

phosphate 0.523 0.000 0.658 0.000
612.15  18.20 Glutathione disulfide 0.628 0.006 0.177 0.001
745.09 18.30 NADPH 0.671 0.007 0.420 0.001
743.07 17.56 NADP+ 0.630 0.008 0.565 0.000
Pyrimidine metabolism
403.01 18.15 CDP 0.582 0.010 0.141 0.000
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32403  17.36 3-UMP 0.683 0.001 0.281 0.000
323.05 18.12 3-CMP 0.683 0.001 0.129 0.000
227.09 15.97 Deoxycytidine 0.693 0.001 0.735 0.000
111.04 105 Cytosine 0.696 0.008 0.539 0.001
324.03  20.54 Pseudouridine 5'- 0.734 0.003 0.674 0.002
phosphate
483.96  19.18 UTP 0.839 ns 0.685 0.002
403.01 19.72 CDP 0.866 ns 0.615 0.007
24406  12.30 Pseudouridine 1.398 0.003 1.626 0.005
176.04  17.92 N-Carbamoyl-L- 0.476 0.000 0.017 0.000
aspartate
89.04 15.76 beta-Alanine 0.412 0.000 0.360 0.000
114.04  13.10 5,6-Dihydrouracil 0.236 0.000 0.189 0.000
112.02 12.44 Uracil 0.673 0.001 0.726 ns
404.00  15.97 UDP 0.495 0.000 0.509 0.000
Alanine metabolism
89.04 15.13 L-Alanine 0.491 0.003 0.614 0.001
226.10 16.11 Carnosine 1.258 0.011 1526 0.001
Fructose/mannose/ galactose metabolism
589.08  18.65 GDP-L-fucose 0.670 0.000 0.462 0.000
182.07 14.35 Mannitol 0.951 ns 0.692 0.005
605.07 19.3 GDP-mannose 0.836 0.001 0.462 0.000
180.06  13.93 D-Fructose 1.313 0.075  2.496 0.000
180.06  17.80 D-Galactose 1.224 ns 3.817 0.000
Glycine/serine metabolism
103.06 12.39 N,N-Dimethylglycine 0.940 0.005 0.931 ns
117.05 16.30 Guanidinoacetate 1.246 ns 1.430 0.002
103.09  21.63 Choline 1.444 ns 2.338 0.000
105.04  16.36 L-Serine 2.392 0.002 2.678 0.000
Miscellaneous
222.06  17.72 Cystathionine 0.443 0.000 0.149 0.000
109.01  15.49 Hypotaurine 0.377 0.000 0.311 0.000
227.04  18.010  5-(2-Carboxyethyl)- 0940 ns 0.060 0.000
4,6-dihydroxypicolinate
109.05 42.43 2-Aminophenol 1.484 0.006 1.237 ns
204.08  11.89 L-Tryptophan 2.641 0.000 2.468 0.000
197.06  21.83 3,4-Dihydroxy-L- 0.372 0.000 0.122 0.000
phenylalanine
137.0 42.41 Tyramine 1.388 ns 1.779 0.001
153.07  42.38 Dopamine 1.455 ns 1.513 0.001
103.06  11.73 L-3-Amino- 0.940 0.006 0.925 0.004
isobutanoate
179.05  15.53 Hippurate 1.149 0.000 1.277 0.009
851.17 10.55 Pentanoyl-CoA 1.006 ns 3.026 0.000
Imidazole-4-
110.04  13.02 acetaldehyde 0.450 0.000 0.453 0.000
1H-Imidazole-4-
111.07 44.01 ethanamine 0.966 ns 0.888 0.043
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N2-Acetyl-L-
aminoadipyl-delta-
283.04 1597 phosphate 0.565 0.000 0.579 0.000

RT:min; Aca: Aca treated A2780; 7-aca: 7-aca treated A2780; ns: non-
significant. * Matched to retention time of standard.

Table 3.2 Significantly changed metabolites within ZR-75-1 cells treated with 30 uM
aca and 7-aca in comparison with untreated controls.

Mass RT Metabolites Aca 7-aca
Ratio P- Ratio P-
value value
Arginine and proline metabolism
175.09 16.39  L-Citrulline 0.672 0.001 0.525 0.000
211.03 15.98  Phosphocreatine 0.525 0.000 0.238 0.000
290.12 17.46 N-(L-Arginino) 1.490 0.008 0.818 ns
succinate
113.04 9.26 1-Pyrroline-2- 0.815 ns 0.597 0.000
carboxylate
174.11 27.27 D-Arginine 1.375 0.003 1.623 0.001
103.06 15.84  4-Aminobutanoate 0.955 0.108 0.833 0.003
Glycolysis/ TCA cycle
190.01 17.49  Oxalosuccinate 0.914 ns 0.472 0.000
767.44 14.41 CoA 1.003 ns 0.270 ns
185.99 18.14  3-Phosphoglycerate 0.931 ns 0.411 0.000
809.12 1296  Acetyl-CoA 0.868 0.000 0.485 0.000

260.03 17.69 D-Glucose 1-phosphate  0.977 ns 0.546 0.000
260.03 3.66 D-Fructose 6-phosphate  0.823 ns 0.630 0.013
OXPHOS/Pentose phosphate pathway

177.94 15.96 Pyrophosphate 0.817 ns 0.207 0.007
665.12 13.61 NADH 0.374 0.000 0.174 0.000
663.10 14.45 NAD+ 0.633 0.000 0.323 0.000
97.976 15.41  Orthophosphate 1.878 0.000 1.227 ns

427.02 16.00 ADP 0.686 0.008 0.227 0.000
506.99 17.57 ATP 0.644 0.000 0.200 0.000

260.03 17.00 D-Glucose 6-phosphate  0.654 0.000 0.488 0.003
D-Sedoheptulose 7-

290.04 17.14  phosphate 0.678 0.001 0.033 0.000
D-Xylulose 5-

230.01 16.98  phosphate 0.584 ns 0.305 0.000

Glutamate/glutathione metabolism

745.09 18.30 NADPH 0.756 0.005 0.629 0.001

743.07 1756  NADP+ 0.426 0.004 0.255 0.002

178.04 14.96  Cys-Gly 0.534 0.002 0.222 0.013
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259.04 16.05 D-Glucosamine 6-

phosphate 0.648 0.000 0.448 0.000
301.05 15.95  N-Acetyl-D-
glucosamine 6-
phosphate 0.711 0.000 0.347 0.002
612.15 18.20  Glutathione disulfide 0.630 0.001  0.456 0.030
Pyrimidine metabolism
483.96 19.18 UTP 2.502 0.000 2.051 0.000
244.06 12.30  Pseudouridine 1.971 0.000 2.156 0.000
324.03 19.14  Pseudouridine 5'- 2.467 0.000 1.190 ns
phosphate
227.09 14.65  Deoxycytidine 0.696 0.001 0.690 0.000
111.04 10.54  Cytosine 0.730 0.004 0.573 0.004
32403 17.36  3-UMP 1.139 ns 0.460 0.000
324.03 20.54  Pseudouridine 5'- 0.789 0.043 0.736 0.004
phosphate
323.05 18.12 3-CMP 0.928 ns 0.227 0.000
403.01 18.15 CDP 1.067 ns 0.297 0.000
176.04 17.99 N-Carbamoyl-L- 0.774 ns 0.120 0.000
aspartate
89.04 15.76  Dbeta-Alanine 0.987 ns 0.860 0.033
112.02 12.44  Uracil 0.762 0.007 0.648 0.005
114.04 13.10  5,6-Dihydrouracil 0.779 ns 0.433 0.004
404.00 15.97 UDP 0.759 0.009 1.121 ns
Fructose/mannose/ galactose metabolism
589.08 18.65  GDP-L-fucose 0.875 ns 0.501 0.000
L-Fuculose 1-
244.03 14.29  phosphate 1.922 0.015 2.891 0.002
182.07 14.35 Mannitol 0.617 0.004 1.117 ns
605.07 19.32  GDP-mannose 0.692 0.006  0.483 0.000
180.06 15.01  D-Mannose 207.392 0.000 428.201 0.000
180.06 13.93  D-Fructose 1.750 0.001 2.950 0.000
180.06 17.80 D-Galactose 0.955 ns 2.943 0.000
3-beta-D-Galactosyl-
254.10 13.85  sn-glycerol 0.538 0.001  0.409 0.000
Glycine/serine metabolism
103.09 14.94  Choline 0.380 0.007 0.260 0.000
105.04 16.36  L-Serine 2.045 0.000 2.926 0.007
Miscellaneous
536.04 17.27  UDP-D-xylose 1.430 ns 0.204 0.001
222.06 17.72  Cystathionine 1.691 0.000 0.930 ns
189.04 4245  Kynurenate 1.462 0.002 3.191 0.000
109.05 7.52 2-Aminophenol 1.867 0.014 1.617 0.007
204.08 11.89  L-Tryptophan 1.291 0.022 0.958 ns
306.97 42.12 lodotyrosine 1.583 0.019 1.692 0.010
137.08 42.41  Tyramine 1.517 0.001 1.522 0.006
153.07 42.38 Dopamine 1.239 0.023 1.155 ns
181.07 13.43  L-Tyrosine 1.384 0.020  0.905 ns
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103.06

179.05

192.02

255.99
219.11
84.02

168.01
210.07

11.73

42.64

19.42

20.54
8.90
8.48
4.35
14.49

L-3-Amino-
isobutanoate
Hippurate

5-Dehydro-4-deoxy-D-

glucarate
L-Ascorbate 6-
phosphate
Pantothenate
3-Butynoate
Butanoylphosphate
Sedoheptulose

0.823
1.084

1.317

0.704
1.927
0.259
1.538
0.987

0.001
ns

0.000

0.009
0.001
0.000
0.013
ns

0.753
1.373

1.274

0.719
3.293
0.124
1.596
0.233

0.000
0.005

0.002

0.006
0.000
0.000
0.010
0.000

RT:min; Aca: aca treated ZR-75-1; 7-aca: 7-aca treated ZR-75-1; ns: non-

significant.
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Figure 3.17 Heatmap showing alterations of the top 30 most significant putative metabolites A) between control, 7-aca and aca in A2780
cells and B) between control, 7-aca and aca in ZR-75-1 cells. Row: represents the metabolite; Column: represents the samples; The colour
key specifies the metabolite intensity: lowest: dark blue; highest: dark red. The data are displayed on a log2 scale.



3.5 Discussion

Natural products can exhibit anticancer activity through inhibition of multiple cellular
pathways. The main objective of this chapter was to investigate A. malaccensis and H.
dryobalanoides plant extracts and their isolated compounds for their potential
anticancer properties. The assays chosen were suitable for primary high-throughput

screening.

3.5.1 Cytotoxic effects and caspase-3/7 activation

An alamarBlue® assay was chosen as the primary screen to investigate the anticancer
activity of A. malaccensis and H. dryobalanoides plant extracts by examining the in
vitro cytotoxicity of the extracts on a panel of cancer cell lines. Various human-derived
cancer cells were chosen including A2780, ZR75, HepG2 and U20S. Besides the
cytotoxic potency and the pharmacological target, the other most important key feature
of an anticancer drug is the ability to selectively kill cancer cells without affecting
normal cells (Lopez-Lazaro, 2015, Lopez-Lazaro, 2015, Calderon-Montafio et al.,
2014). Therefore, normal PNT2A cells were chosen to test the selectivity of the

samples.

Solvent crude extracts of A. malaccensis twigs and H. dryobalanoides bark showed no
cytotoxic activity against PNT2A cells, however, was selective towards the cancer
cells especially A2780 and ZR-75-1 cells. AH, AM and HE extracts at 30ug/ml
showed significant (P<0.01) cytotoxicity against the ovarian and breast cancer cells.
This is the first report of the activity of A. malaccensis on both cells, but other
Aquilaria sp extracts of fruits and stem bark had shown cytotoxic effects against breast
cancer (MCF-7 and T47-D) and ovarian cancer (A2780 and SKOV-3) (Dahham et al.,

2016a, Yunos et al., 2017). H. dryobalanoides and other Hopea sp were reported to
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contain compounds that exhibit potent cytotoxicity against breast cancer cells,
however there are no reports on ovarian cancer cells (Paul et al., 2016, Lim et al.,
2012). Due to the activity shown by AH, AM and HE, these extracts were selected for
phytochemical investigation to isolate compounds that could potentially be responsible

for their activities.

As described in Chapter 2, 7-aca and a mixture of two compounds Q/A were isolated
from AH and AM, respectively. Two compounds, bala and heimiol A, were isolated
from HE. These compounds were subjected to cytotoxicity screening against A2780
and ZR-75-1 cells. The well-known anti-cancer agent acacetin (aca) was purchased in
order to compare it to a similar compound isolated in this study (7-aca). As shown in
the results, 7-aca, aca and Q/A showed toxic effects towards the cancer cells. 7-Aca
was shown to be the more potent compared to aca as well as Q/A and bala against
A2780 and ZR-75-1 with an ICsp of 7.9uM and 8.5 uM, respectively. There are no
current reports on the cytotoxic activity of 7-aca against breast, ovarian or any other
type of cancer. Aca had previously been reported to be cytotoxic towards breast cancer
MCEF-7 cell with an 1Cso of 26.4 uM, which is slightly higher compared to this study
(ICso =17.5uM) (Shim et al., 2007). Aca also showed growth inhibition towards

OVCAR-3 and A2780 cells (Liu et al., 2011).

The mechanistic details of the cytotoxic effects of the active compounds and plant
extracts were then investigated for their ability to induce apoptosis in A2780 and ZR-
75-1 cells. Both cell lines treated with isolated compounds and selected plant extracts
displayed a significant (P<0.01) increase in the activity of caspase-3/7 when compared
to the untreated cells. 7-aca, the major compound in AH extracts caused the highest

level of caspase-3/7 expression compared to other isolated compounds. Therefore, 7-
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aca could possibly be responsible for the activity shown by AH extract. 7-Aca also
showed to cause a significant (P<0.05) higher increased of caspase-3/7 level compared
to aca in both cells. Caspase-3 and caspase-7 are both activated universally during
apoptosis. Previous data reported that treatment of aca caused cell death towards MCF-
7 cells through increase of apoptotic mediators caspase 7 (Shim et al., 2007).
Therefore, this could suggest that 7-aca initiate apoptosis through the increase of
caspase 3/7. Furthermore, the same study demonstrated the increase of an 85 kDa
cleavage form of Poly (ADP-ribose) polymerase (PARP) resulting from the treatment
of breast cancer cells with aca. PARP is an early apoptosis marker generated by the

caspase-3/7 activation cascade (Chaitanya et al., 2010).

In this study, Q/A (mixture of quercitrin and afzelin) showed moderate cytotoxic
effects and caspase activation against both cells. Quercitrin is made up of a compound
called quercetin with a rhamnose sugar attached to the C-3. So far there are no
publications on the cytotoxic effects of quercitrin against breast and ovarian cancer
cells. On the other hand, quercetin has many reports on its ability to induce apoptotic
cell death by the activation of the executioner caspases-3/7 (Manouchehri et al., 2016,
Zhou et al., 2015, Gao et al., 2012, Teekaraman et al., 2019). Moreover, treatment of
MCEF-7 and MDA-MB-231 breast cancer cell lines with quercetin induced apoptosis
by causing G1 phase arrest and via the suppression of p38 mitogen-activated protein
kinases (p38MAPK), phospho-JAK1 and phospho-STAT3 (Liao et al., 2015,
Ranganathan et al., 2015, Seo et al., 2016). Afzelin was reported to inhibit the
proliferation of MCF-7 cells with an ICso value of 227 uM. In the same study, the
compound also triggered cell death intrinsically via the upregulation of caspase-9 and

caspase-3 and activation of PARP (Diantini et al., 2012b). The same apoptotic effect
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was seen on prostate cancer cells after treatment with afzelin (ICso =218 uM) (Halimah
et al., 2015). These published reports suggested that the cytotoxic effect exhibited by
Q/A on A2780 and ZR-75-1 cells could be due to the increase in caspase 3/7 level that

leads to apoptotic cell death.

At 30uM, bala did not show any effects towards the cells. However, by increasing the
concentration to 300uM, significant (P<0.01) cytotoxic effects were seen. Bala is
made up of two resveratrol monomers and resveratrol has been recorded many times
for its dual activity. At a low concentration (5 uM) resveratrol increases cell
proliferation or acts as an antioxidant which protects cells from DNA damage, while
at higher concentrations (usually >50 uM) it induces apoptosis in various cancer cells
(Kursvietiené et al., 2016, Stervbo et al., 2007). This probably explains the findings
of the current study, whereby a higher concentration of bala treatment was needed to
cause cytotoxicity towards the cancer cells. It was reported that resveratrol causes 50%
cell inhibition at 60.3 uM (A2780 cells) and 74.11 uM (ZR-75-1 cells) (Engelke et al.,
2016, Venkatadri et al., 2016, Murias et al., 2008). In this study, bala showed a higher
ICso value of 122.5uM and 220.4 uM on A2780 and ZR-75-1 cells, respectively. Bala
also caused the activation of caspases-3/7 in A2780 and ZR-75-1 cells which could
suggest that cytotoxicity caused by bala involved the caspase-3/7-dependent pathway.
Resveratrol was reported to inhibit cancer cell proliferation and induce apoptosis
through caspase-3 activation (Alkhalaf et al., 2008, Liu et al., 2018b, Mirzapur et al.,

2018).

Impaired apoptosis is one of the hallmarks of cancer. Caspase-3 is known to be the
major executioner caspase that degrades multiple cellular proteins and causes

morphological changes and DNA fragmentation in cells during apoptosis. ZR-75-1
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was reported to express a very low or a complete lack of caspase-3 protein expression
(Yang et al., 2007). Inactive caspase was also seen in A2780 cells before the treatment
of cisplatin (Shaulov-Rotem et al., 2015, Singh et al., 2013). Caspase-3 defects were
suggested to be one of the mechanisms for chemoresistance and cancer cell survival
(Mcllwain et al., 2013). Therefore, the findings in this study indicate that the tested
compounds possibly stimulate breast and ovarian cancer cell death via apoptosis and

that this process is mediated, at least in part by the activation of caspases-3/7.

3.5.2 ROS production, and reduction in mitochondrion permeability

ROS is regarded as a double-edged sword and a slight change in ROS homeostasis in
cancer cells will cause cell death. Low levels of ROS can promote cell proliferation
and invasion, whereas high levels of ROS cause oxidative damage to proteins, lipids,
RNA and DNA which results in cell apoptosis (Georgieva et al., 2017, Meng et al.,
2018). Most chemotherapeutics use this as a target by increasing intracellular levels of
ROS which can affect the redox-homeostasis of cancer cells. Another distinct feature
of apoptosis is the disruption of active mitochondria that leads to changes in the AYM
(Ricci et al., 2004). Thus, A¥M has been used to measure cell health, as A¥M is
usually compromised during stress responses and a good indicator of ongoing cell
death. In this study, plant extracts (AH, AM and HE) and compounds (7-aca, aca, Q/A
and bala) were subjected to the measurement of intracellular ROS using DCFH-DA
dye and monitoring changes in AYM using TMRE dye to further investigate the
possible mechanism behind the apoptotic cell death caused by the tested samples in

A2780 and ZR-75-1 cells.

The results in this study revealed that all three isolated compounds, including aca as

well as the selected plant extracts significantly induced the intracellular production of
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ROS. 7-Aca has been shown to be a more significant (P<0.05) potent ROS generator
by increasing ROS 5.3-fold at 30uM in A2780 cells and 4.1-fold in ZR-75-1 cells
compared to aca, however showed weaker activity when compared to TBPH, a known
ROS generator. Aca caused the increased ROS 3.9-fold and 3.3-fold in A2780 and ZR-
75 cells, respectively. Furthermore, both compounds caused significant loss of AYM
in both cell lines whereby 7-aca showed a significant (P<0.05) greater AYM loss
compared to aca. Exposing 7-aca to cells resulted in a 66% and 73% of decrease of
A¥YM which is significantly (P<0.05) more potent than aca with a 51% and 60%
decrease on AYM in A2780 and ZR-75-1 cells, respectively. These results are in
agreement with the literature whereby aca-induced apoptosis in MCF-7 cells was due
to ROS generation and a decrease in AYM (Shim et al., 2007). In the same study, pre-
treatment of aca, reduced levels of mitochondrial apoptogenic factors cytochrome c
and AlF in cytosolic fractions which causes caspase-independent cell death (Cregan et
al., 2004, Garrido et al., 2006). Other than that, aca also showed an apoptotic effect by
caspase activation, ROS generation and mitochondria-mediated death signalling on
human AGS gastric carcinoma cell lines and chronic lymphocytic leukemia (CLL) B-
lymphocytes, lung cancer A549 cells and human T cell leukemia Jurkat cells (Pan et

al., 2005, Salimi et al., 2016) (Hsu et al., 2004, Watanabe et al., 2012).

The apoptotic cell death via the mitochondrial pathway of bala has not been previously
reported. In this study, bala caused an increase in ROS production by 3-fold in A2780
and 2-fold in ZR-75-1 cells. Furthermore, at a concentration of 150uM bala caused
loss of AYM by 40-50% for both cells. Several studies have reported an increase in
ROS production and loss of AYM induced by resveratrol in cancer cells such as

ovarian cancer, breast cancer, colon cancer, lung cancer and pancreatic cancer where
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caspase-3-dependent apoptotic death took place (Filomeni et al., 2007, Lang et al.,
2015, (Blanguer-Rossell6 et al., 2017, Yousef et al., 2017, Cheng et al., 2018). It has
been well established that the loss of AYM occurs during early stages of apoptosis
where caspase activation further induces permeabilisation of the mitochondrial
membrane. Depolarisation of mitochondria plays a vital role in triggering cell death
and activation of apoptosis. Cell death is triggered through the release of apoptotic
proteins to the cytoplasm from the disturbed and disrupted mitochondrial membrane
(Ferreira et al., 2012). Therefore, the results obtained in this study suggest that 7-aca,
aca, Q/A and bala support apoptotic cell death of A2780 and ZR-75-1 cells through

the disruption of the cancer cells’ ROS homeostasis and the depolarisation of AYM.

3.5.3 Adhesion, migration and invasion

From these preliminary findings, all isolated compounds except for heimiol A showed
moderate to strong activity. Therefore, they were chosen to investigate the effect on
anti-adhesion properties of A2780 and ZR-75-1 cells. Due to an insufficient amount,
Q/A was not tested for its anti-metastatic properties. In order to exclude the cytotoxic
effect of the compounds (7-aca, aca and bala) from its effects on cell adhesion,
migration and invasion, compound concentrations that were non-toxic to the cells were

used for subsequent experiments.

This study demonstrated that the 7-aca, bala and purchased aca causes significant anti-
metastatic properties against A2780 and ZR-75-1 cell lines. Adhesion assays depend
on the ability of integrin receptors on the cell surface to interact with ECM proteins on
a coated plate. A very important process of cancer cell invasion and migration is the
ability of the cancer cells to degrade ECM (Fares et al., 2020). Fibronectin, an ECM

glycoprotein, plays important roles in the various stages of wound healing, with its
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main function being cellular adhesion (To and Midwood, 2011). In the breast tumour,
fibronectin accumulates as the tumour develops, which causes an increase in tissue
stiffness which promotes proliferation and increases tumour cell aggressiveness
(Bayer et al., 2019, Insua-Rodriguez and Oskarsson, 2016). Fibronectin has been
found to be in abundance in ovarian tumour-associated stromaand it is well-
documented to have high importance in the migration, invasion, and metastasis of
ovarian cancer (Ricciardelli and Rodgers, 2006, Ajeti et al., 2017, Kenny et al., 2008,
Mitra et al., 2011, Yousif, 2014). Therefore, in this study, fibronectin coated plates
were chosen as an adhesive substrate to address the ability of tested samples to block
A2780 and ZR-75-1 cell adhesion. All compounds significantly (P< 0.01) reduced
A2780 cell adhesion, with 7-aca (1 uM) showed to be more potent compared to aca by
decreasing cell adhesion by 70%. Aca (1 uM) decreased cell adhesion by 60% and
bala (30M) by 50%. At the same concentration, 7-aca also inhibited cell adhesion of
ZR-75-1 cells significantly (P< 0.01) by 60%, aca by 40% and bala by 20%. These
results correlate well with those found by (Shen et al., 2010) who showed aca at 1-
10uM inhibited adhesion, invasion and migration abilities of human prostate cancer
DU145 cells by reducing matrix metalloproteinases (MMP-2 and MMP-9). The MMP
family consist of enzymes that are associated with adhesion molecules on the cell
surface during cell migration and invasion by enabling the degradation of ECM by
tumour cells. Therefore, these enzyme help to facilitate the movement of cancer cells
(Jabtonska-Trypuc et al., 2016). Other studies have also reported anti-metastatic
activity of other flavonoids including quercetin and kaempferol by reducing the protein
level of MMP-2/MMP-9 in various cancer cells such as SCC4 oral cancer, HCCLM3

cells, MDA-MB-231, OVCAR-3 cells (Lu et al., 2018, Lai et al., 2013, Lin et al.,
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2013, Li et al., 2015, Luo et al., 2008). Ten oligomers of resveratrol at a dose of 10
MM including resveratrol trimers (cis- and trans-gnetin H, suffruticosol A-C, cis- and
trans-suffruticosol D and dimers (cis- and trans-e-viniferin) significantly affected the
migration and invasion of MDA-MB-231 cells. However the anti-metastatic
mechanism of these compounds was not determined (Gao and He, 2017). The current
work also demonstrated that 7-aca showed stronger inhibitory effects on migration and
invasion of A2780 and ZR-75-1 compared to aca and bala as explained in section 3.4.5.
The mechanism behind the anti-migration and invasion activity of 7-aca is unknown.
However, a study carried out by (Chien et al., 2011) suggested that treatment of aca
on lung cancer A549 showed anti-migration and anti-invasion effects due to inhibition
on the binding abilities of NF-kB and activator protein-1 (AP-1). In the same study it
was also found that the treatment inhibited the activation of p38a MAPK which
concurrently reduced activities of MMP-2/9 and urokinase-type plasminogen activator
(u-PA). Similarly, resveratrol has been reported to cause inhibition of migration and
invasion of breast and ovarian cancer cells (Liu et al., 2018b, Sun et al., 2019, Tang et
al., 2008, Baribeau et al., 2014). The compound was able to exert its anti-metastatic
effects on human breast cancer MCF-7 cells by causing downregulation of
phosphatidylinositol 3-kinase (PI3K)/Akt and Wnt/B-catenin signalling pathways
(Tsai et al., 2013). In view of these previous findings, there are many possible
mechanisms for the anti-metastatic effect of 7-aca and bala on A2780 and ZR-75-1
cells. Based on the data from the current work, 7-aca showed to be a more potent anti-
metastatic compound compared to aca. Therefore, 7-aca could be a promising
compound to treat breast and ovarian cancer by inhibiting cell migration and invasion

as a result of reduced or inhibited attachment to ECM proteins (such as fibronectin).

158



3.5.4 Metabolomics

From previous experiments, 7-aca and aca showed the most potent activity. Therefore,
for the first time these two compounds were chosen to determine their effects on the
metabolic output of A2780 and ZR-75-1 cancer cell lines. The altered metabolites in
both cells encompassed several pathways including those of amino acid, energy, and
carbohydrate metabolism. The overall impression is that treatment of 7-aca and aca
showed different responses of intracellular metabolites in both cells as seen in the
OPLS-DA model which clearly showed the separation between both treatments and

control groups.

The pathways most affected in both cell lines by 7-aca and aca treatment were those
involved in amino acid metabolism, but pathways involved in carbohydrate, energy
and nucleotide metabolism were also altered. The arginine and proline pathway
metabolites such as phosphocreatine, L-citrulline, D-arginine, N-(L-arginino)
succinate, 1-pyrroline-2-carboxylate and 4-aminobutanoate were altered in A2780 and
ZR-75-1 cells. This study showed that phosphocreatine was significantly decreased in
both cell types after treatment with both compounds; with 7-aca showing greater effect
than aca. It has been reported that phosphocreatine is important for metabolism, growth
and fuelling metastatic survival of tumours such as breast and colon cancer cells
(Sullivan and Christofk, 2015, Kurmi et al., 2018, Loo et al., 2015). The
phosphocreatine energy shuttle is facilitated by mitochondrial creatine kinase 1
(MtCK1) and phosphocreatine can be quickly converted to ATP and creatine when

energy levels are low in metabolically active cancer cells (Wallimann et al., 2011).

From this study, the metabolic profile of the treatment of both cells with 7-aca and aca

showed an impact on the OXPHOS pathway in both cell lines. It is common
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knowledge that cancer cells typically switch from cellular respiration to glycolysis for
their metabolic needs, which is also known as the Warburg effect. However, some
cancer cells still show a dependence on OXPHQOS for their ATP needs (Viale et al.,
2014, Viale et al., 2015) It has been reported that estrogen receptor positive (ER+)
breast cancer cells such as ZR-75-1 cells possess higher OXPHOS levels to sustain
their energy metabolic needs (Lucantoni et al., 2018), whereas, A2780 has been
suggested to use both glycolysis and OXPHQOS pathways, with a slightly higher
preference for using the glycolysis pathway for energy metabolism (Dar et al., 2017).
In this study, ATP/ADP were found to be reduced in both cell lines after treatments
with 7-aca and aca. 7-aca treatment showed lower levels of ATP/ADP for both cells
in comparison with aca treatment. ATP is involved in different cell death mechanisms
including apoptosis, autophagy and necrosis. In apoptosis, ATP is depleted due to
mitochondrial disruption which then causes activation of the apoptotic biochemical
cascade (Martin et al., 2000). Studies have reported that the depletion ATP caused by
inhibiting the mitochondria OXPHOS pathway was found to induce apoptosis (Cheng

etal., 2019, Izyumov et al., 2004).

Furthermore, both compounds also caused the depletion of levels of NAD* and NADH
in both cell lines. 7-aca treatment showed lower levels of NAD+ and NADH for both
cell types in comparison with aca treatment. Cancer cells require the continuous
replenishment of NADH which supports their proliferation and survival of fast-
dividing cancer cells. NAD+ serves as an electron donor for the OXPHOS complexes
to produce ATP (O'Mahony et al., 2012). It has been reported that depletion of ATP
and NAD+ leads to suppression of tumor cell growth and induction of apoptosis (Alaee

etal., 2017, Tan et al., 2015, Komatsu et al., 2000). Therefore, in this study, apoptotic
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cell death caused by the treatment of 7-aca and aca in A2780 and ZR-75-1 cells could
be due to the depletion of ATP and NAD+ levels. Moreover, high levels of
nicotinamide phosphoribosyltransferase (NAMPT), the enzyme that catalyses NAD+
biosynthesis, is frequently observed in several types of malignant tumours, including,
colorectal, ovarian, breast, gastric, thyroid, prostate cancers, gliomas, and malignant
lymphomas (Yaku et al., 2018). Inhibition of NAMPT also causes depletion of NAD+
synthesis and this is being used in clinical trials as the therapeutic target for cancer

treatment (Sampath et al., 2015, Lewis et al., 2019).

Inhibited glycolysis/TCA cycle activity was seen in A2780 and ZR-75-1 cells treated
with 7-aca as indicated by lower levels of fructose-6-phosphate (F6P), acetyl-CoA, 3-
phosphoglycerate and oxalosuccinate. However, for aca-treated cells, the
glycolysis/TCA cycle was only slightly affected. Furthermore, both cells showed
reduction of D-glucose-6-phosphate (G6PD) and D-sedoheptulose 7-phosphate in the
pentose phosphate pathway (PPP) after treatment with 7-aca and aca. PPP is a major
biochemical pathway that generates antioxidant NADPH in order to counteract the
high level of ROS in cancer cells. G6PD is the key enzyme in the PPP and has been
found to be highly elevated in several types of cancer such as breast cancer,
oesophageal carcinoma, renal cancer (Wang et al., 2015b, Batai et al., 2018, Ringnér
et al., 2011, Gyorffy et al., 2010). G6PD expression causes an increase in NADPH
that supports biosynthesis and antioxidant defence (glutathione) through PPP, which
is a favourable condition for the survival of tumour cells. Therefore, many studies have
reported that G6PD inhibition causes the build-up of ROS through the disruption of
the NADPH/NADP+ ratio (Fang et al., 2016, Gao et al., 2009, Cheng et al., 2004, Ho

et al., 2000).
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Both compounds showed alteration of glutathione disulphide (GSSG) and NADPH
levels in A2780 and ZR-75-1 cells. 7-aca treatment showed a greater decrease in GSSG
and NADPH levels for both cells in comparison with aca treatment. It is known that
cancer cells have an increase in the antioxidant defence system to balance the high
ROS level in order to maintain cell homeostasis (Weinberg et al., 2019). It was
reported that untreated ovarian cancer cells such as A2780 and OVCAR3 and breast
cancer cells such as ZR-75-1 and MCF-7 cells show elevated GSH levels, which is
correlated with the resistance of these cells to the induction of apoptosis (Pan et al.,
2018, Sarkhosh-Inanlou et al., 2020, Syed Alwi et al., 2012, Jabtonska-Trypu¢ et al.,
2020, Malla et al., 2020). GSH, a natural antioxidant, is oxidised to GSSG when it
reacts with H2O> in the presence of glutathione peroxidase (GpX), an enzyme that
facilitates the inactivation of H20.. Thus, the decrease in the levels of GSSG observed
in this study could potentially be due to the decrease of the antioxidant defence system
of the cancer cells, particularly GSH. Many studies have reported that GSH depletion
in ovarian and breast cancer cells caused by treatment with anti-cancer drugs has
caused ROS generation and depletion of mitochondrial function and caspase-3/7
activation which ultimately results in cell death (Miran et al., 2018, Hong et al., 2015,
Mukherjee et al., 2015, Syng-ai et al., 2004, Filomeni et al., 2007). Furthermore, 7-
aca and aca caused decrease in other metabolites that are involved in glutathione
metabolism such as cystine-glycine (Cys-Gly). Possible mechanisms of action causing
elevation of ROS after treatment of 7-aca and aca in A2780 and ZR-75-1 cells are

shown in Figure 3.18.
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Figure 3.18 Possible pro-oxidant mechanism of action of 7-aca and aca on A2780 and
ZR-75-1 cells.

To conclude, from the findings obtained in this chapter, compounds isolated from plant
extracts AH, AE and HE could have contributed apoptotic cell death effects on A2780
and ZR-75-1 cells. The compounds 7-aca, Q/A and bala caused an increase in
intracellular ROS and disruption of AWYM which is suggested to be the major
contribution of apoptosis initiation in both cancer cell lines. Furthermore, non-
cytotoxic concentrations of 7-aca and bala showed anti-metastatic activity by
inhibiting adhesion, migration and invasion of both cancer lines. Metabolomic studies
on 7-aca and aca suggested that the accumulation of ROS levels could be due to the
disruption of the GSSG/GSH ratio. Moreover, the depletion of ATP/ADP and
NAD+/NADH levels suggested the inhibition of mitochondria OXPHOS activity.
Based on the results, 7-aca shower a stronger anti-cancer activity compared to aca in
both cells. The glycolytic/ TCA activity of both cancer cells was strongly inhibited by

7-aca treatment, but was only slightly affected with the treatment of aca.
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Chapter 4. Anti-inflammatory activity of isolated compounds

4.1.Introduction

The project findings in Chapters 3 suggested that 7-aca, Q/A and bala possess anti-
cancer activity towards A2780 and ZR-75-1 cells. All isolated compounds showed
potent cytotoxic effects, apoptotic effects by increases in caspase-3/7 levels as well as
increases in intracellular ROS levels and disruption of AYM of the cancer cell lines.
Furthermore, the isolated compounds also showed anti-metastatic effects by inhibition
of cell adhesion, migration, and invasion. A metabolomics study of 7-aca showed that
the accumulation of ROS could be due to the disruption of the GSSG/GSH ratio.
Moreover, the depletion of ATP/ADP and NAD+/NADH levels suggested the
inhibition of mitochondria OXPHOS activity. Following on from the above findings,
it was thought pertinent to investigate whether the isolated compounds could
potentially possess anti-inflammatory properties. Inflammation is an immune system’s
response by cells or vascular tissues to remove injurious stimuli such as pathogens,
damaged cells, irritants, toxic compounds, or irradiation and cause the initiation of the
healing process (Chen et al., 2017). However, prolonged inflammation, also known
as chronic inflammation, causes and advances many common diseases such as

diabetes, cardiovascular disease, arthritis, bowel diseases and cancer (Libby, 2007).

Macrophages are the first line of defence in the immune system that plays a vital role
in maintenance of tissue homeostasis, and the protection of our bodies from foreign
substances (Chen et al., 2019b). Two major polarisation states have been described
for macrophages: M1 macrophages polarisation can be induced by bacterial cell wall
components (such as LPS) and interferon-y (IFN-y) and produce pro-inflammatory

cytokines like TNF-a, IL-1f, IL-6 and IL-12; M2 macrophage polarisation can be
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induced by different stimuli: 1L-4 and/or IL-13, immune complexes and toll-like
receptors, IL-1 receptor ligands or IL-10. In cancer, macrophages that are recruited to
the tumour microenvironment (TME) are termed tumour-associated macrophages
(TAM) which are well known to affect tumour growth, tumour angiogenesis, immune
regulation, metastasis, and chemoresistance (Lin et al., 2019b). TAMs are recruited to
the tumour in response to an inflammatory TME and secretes pro-inflammatory
cytokine such as IL-6, TNF, and IFNy which further supports inflammation. This step
is thought to be crucial to sustain chronic inflammation in the TME, creating a
mutagenic milieu and thereby supporting tumour initiation and promotion (Qian and
Pollard, 2010a, Pollard, 2004, Noy and Pollard, 2014). Chronic inflammation
generates malignancy through the prolonged exposure of pro-inflammatory cytokines
and activation of several signalling pathways. Several cytokines have been implicated
in carcinogenesis, due to its participation in chronic inflammatory diseases and tumour
growth including TNF-a and IL-6 (Landskron et al., 2014). TNF-a induced tumour
initiation and tumour promotion are mediated by the activation of NF-kB that is critical
for TNF-a-induced tumour promotion (Wu and Zhou, 2010b). Whereas IL-6 involves
the activation of Janus kinase (JAK) which leads to the activation of transcription
factor signal transducer and activator of transcription 3 (STAT3) (Heinrich et al.,
2003). STAT3 is known to play an important role in promoting tumorigenesis of
diverse human cancers that involves cancer cell proliferation, differentiation, invasion,

inflammation, and immune function (Wang and Sun, 2014).

Therefore, this chapter aims to assess the anti-inflammatory activity of the compounds
7-aca, aca, Q/A and bala by determining the expression of pro-inflammatory cytokines

in LPS-stimulated THP-1 macrophage cells using enzyme-linked immunosorbent
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assay (ELISA). Furthermore, in order to investigate the inflammatory signalling
pathway that is affected due to compound treatments, gene expression evaluation using
RNA sequencing (RNA-Seq) was also carried out. These assays are introduced and

described below:

4.1.1.Enzyme-linked immunosorbent assay (ELISA)

ELISA is a popular routine method used for detecting and quantifying cytokines,
peptides, proteins, antibodies, and hormones for samples such as cell supernatants,
serum blood or urine (Alhajj and Farhana, 2020). In this study, an indirect sandwich
ELISA was used to detect levels of cytokines in cell supernatant. There are four basic
steps involved in an indirect sandwich ELISA: 1) Capturing analyte from sample with
capture antibody/primary antibody that is coated onto the wells of the plate, (2)
detecting captured analyte with detection antibody/secondary antibody, (3) detection
amplification with streptavidin that has been conjugated with an enzyme such as
horseradish peroxidase (HRP) and (4) substrate addition and signal measurement via

optical density (OD) with a microplate reader (Chiswick et al., 2012).

4.1.2. RNA sequencing (RNA-Seq)

RNA-Seq is an advanced technology that enables deep investigation of samples of
interest via transcriptome-wide profiling of gene expression. RNA-Seq uses next-
generation sequencing (NGS) technologies to examine the quantity and presence of
RNA in a biological sample at a given moment (Hwang et al., 2018). Analysis using
RNA-Seq involves six important steps: (1) The initial step involves extraction of RNA
samples from biological material, (2) converting RNA to complementary DNA
(cDNA), then sequencing using high-throughput platform, (3) a genome or a

transcriptome is mapped from the generated sequenced cDNA, (4) the next step
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involves the estimation of expression levels of each gene or isoform, (5) normalisation
of mapped data is carried out using statistical and machine learning techniques to
identify differentially expressed genes (DEGS) following treatment and (6) the data is

evaluated using a biological context.

4.2. Aims and objectives

This chapter aims to investigate the anti-inflammatory effects of compounds on THP-

1 derived-macrophages cells induced by LPS. This was achieved by:

1. Measuring the viability of THP-1 monocytes and PMA-differentiated THP-1
macrophages after exposure to the compounds.

2. Determining the pro-inflammatory cytokines (TNF-a, IL-1p, and IL-6) levels
in response to the compounds in the presence and absence of LPS.

3. lsolating total RNA from LPS stimulated THP-1 derived-macrophages cells
treated with selected compounds.

4. Carrying out a transcriptome-wide gene expression analysis of selected groups
using RNA-Seq.

5. Conducting a bioinformatics analysis of the RNA-Seq DEG to try to
understand the effects of selected compounds on LPS stimulated THP-1

derived-macrophages cells.
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4.3.Materials and methods

4.3.1.Cell culture and differentiation of THP-1 cells

The THP-1 human cell line was maintained at a 1 x 10° cells/ml seeding density in
Roswell Park Memorial Institute (RPMI) 1640 containing 10% (v/v) FBS, 2 mmol/L
L-glutamine and 100 1U/100 pg/ml penicillin/streptomycin. Cells were sub-cultured
using fresh media every 2—4 days and maintained in an incubator (37 °C, 5% COg,
100% humidity). THP-1 cells were differentiated using at a final concentration of 60
ng/ml phorbol 12-myristate 13-acetate (PMA) and incubated for 48 h. THP-1
differentiated cells were rested for a further 24 h by removing the PMA-containing
media and adding fresh media. Cells were checked under a light microscope for the
evidence of differentiation. Differentiated THP-1 macrophages were used for

following experiments.

4.3.2. Cell viability
THP-1 cells were seeded at a density of 1 x 10° cells/well in 96-well plates and
incubated for 24 h at 37 °C in a humidified atmosphere of 5% CO2. An alamarBlue®

cell viability assay was carried out as per Section 3.3.2.

Following differentiation, the cells were pre-treated with selected concentrations of 7-
aca, aca, bala and Q/A for 6 h and then incubated with or without LPS (1 pg/ml) for
an additional 24 h. Conditioned medium was collected and frozen until required for

ELISA (n = 3).

4.3.3. ELISA
Human Uncoated ELISA kits were performed according to the manufacturer’s

instructions to quantify the release of inflammatory cytokines (TNF-a, IL-1p and IL-
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6). The reaction was stopped using acid solution (1 M sulphuric acid). The plates were
read using a SpectraMax M5 plate reader at 560 nm and the absorbance values were
corrected by subtracting readings taken at 570 nm.

Standard calibration curves were plotted by fitting the OD data of TNF-a, IL-1 and
IL-6 to 4-parameter logistic (4-PL) regression curves. Each of these standards were
prepared in triplicate at each of the concentrations in the ranges recommended by the
manufacturer. The regression analysis also computes the R2 value which gives an
indication of how best the fitted curve agrees with the data. The concentrations of
TNF-0, IL-1p and IL-6 induced by each of the samples assayed (with and without LPS)
were calculated and expressed as ratios of the mean cytokine level induced by LPS
(positive control), assayed in triplicate (n=3). The resulting data were then analysed
with GraphPad Prism 8 to obtain bar graphs whose statistical significances were tested

at 95% confidence level relative to the mean positive control LPS.

4.3.4. Sample preparation for RNA extraction

THP-1 cells were plated in 6-well plates at a concentration of 1 x 10° cells/well with
PMA (60 ng/ml) and incubated for 48 h. THP-1 differentiated cells were rested for a
further 24 h by removing the PMA-containing media and adding fresh media. Then,
the cells were incubated with selected compounds for 6 h then further treated with or

without LPS (1 pg/ml) for an additional 24 h.

4.3.5. RNA extraction

Total RNA from PMA-differentiated THP-1 cells was isolated using a Monarch®
Total RNA Miniprep Kit. Media in the 6-well plates were removed and washed with
sterilised PBS before adding 300ul RNA lysis buffer to each well. Then the lysed cell

samples were processed as per the Monarch® Total RNA Miniprep Kit protocol. Total
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RNA was eluted from the spin column with 50 ul of nuclease-free water and stored at

-80°C until required.

4.3.6. RNA quality and integrity

The concentrations of the extracted RNA were measured using a NanoDrop ND-
2000C spectrophotometer. The RNA integrity was assessed using a Bio-Rad
Experion™ automated electrophoresis system and Experion StdSens RNA Analysis;

the procedure was carried out per the manufacturer’s protocol.

4.3.7. RNA sequencing

Six RNA samples (two controls, two LPS-treated and two LPS/bala-treated) were
selected for RNA-Seq analysis. The selection of samples was based on the RNA
integrity scores obtained from the Bio-Rad Experion™ StdSens Analysis Kit. Samples
were submitted to BGI-Tech (Shenzhen, China) to perform the RNA-Seq using their

DNBseq platform, averagely generating about 26.29 M reads per sample.

4.3.8.Pathway enrichment analysis

Cytoscape Software (version 3.3.0, (Shannon et al., 2003)), a software for complex
network analysis and visualisation was used with ClueGO plugin (version 2.2.4, (Lotia
et al., 2013)) that has the ability to relate a group of genes to a particular biological
activity, was used to analyse the RNA-Seq DEG list results received from BGI. The
ClueGo plugin is a visualising tool that is capable of relating a group of genes to their
functions, displaying a cluster network of results. The following parameters (Table

4.1) were applied with the ClueGo plugin:
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Table 4.1 Parameters applied with the ClueGo plugin on Cytoscape.

Parameter ClueGo Setting

Statistical test Two-sided hypergeometric option with Benjamini-
Hochberg correction

Pathway Significant KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment (P < 0.05)

Kappa score 3

GO Term/Pathway selection (3/4%)

Pathview web (Luo and Brouwer, 2013) was also used to identify the enrichment of
KEGG pathways by the DEGs list obtained. The genes that showed at least two-fold
changes were only considered in this analysis. Pathway Selection option was set to

auto to identify the most significantly enriched pathway.

4.4 Results

4.4.1. Cytotoxicity of compounds against PMA-Differentiated THP-1 Cells

Cytotoxicity testing using alamarBlue® cell viability assay was carried out on 7-aca,
aca, bala, and Q/A prior to performing the ELISA in THP-1 cells after differentiation
with PMA. Cytotoxicity assays were carried out to ensure the compounds were not
cytotoxic to the cells prior to carrying out the anti-inflammatory assays. At the
concentration of 30uM and 10uM of 7-aca, aca and bala (30uM) showed decreased
cell viability and Q/A showed no cytotoxic effect on the cells. Therefore, the two
highest non-toxic concentrations of the compounds were used to analyse the cytokine

production by ELISA.
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Figure 4.1 Cytotoxic effect of compounds PMA-differentiated THP-1 cells. Data was analysed using One-Way ANOVA with Bonferroni
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4.4.2. Effect of compounds on pro-inflammatory TNF-a cytokine production

As shown in Figure 4.2, the concentrations of TNF-a in THP-1-derived macrophages
exhibited a significant (P< 0.01) decrease in the release of the pro-inflammatory TNF-
a cytokine in response to the treatment of 7-aca, aca, and bala when compared with
LPS alone. At 10uM, bala showed the most activity by reducing 75% of TNF-a
produced compared to LPS treatment, whilst at 3uM 7-aca and aca showed similar
effect by reducing 43.8% and 49.5% of TNF-a, respectively. Control cells and cells

treated with compounds only showed a background level release of cytokine.
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Figure 4.2 Effect of 7-aca, aca, bala, and Q/A on the production of TNIf-a cytokine in
the presence and absence of LPS (1 pg/ml) on PMA-differentiated THP-1 cells (n =
3). **: (P<0.01) vs LPS alone. ## :(P < 0.01) vs control.

173



4.4.3.Effect of compounds on pro-inflammatory IL-1p cytokine production

The production of IL-1 was assessed using selected concentrations of 7-aca, aca, bala
and Q/A. The release of IL-1pB level was decreased by 7-aca, aca and bala in the
presence of LPS (1pug/mL) when compared with LPS alone. At 10uM bala exhibited
the strongest activity compared to the other compounds by supressing 68% of IL-1p
production caused by LPS treatment, whilst 7-aca and aca (3uM) reduced IL-1p to
50.2% and 48.9%, respectively. In addition, no effect was observed for cells treated

with all the compounds alone when compared with the negative control cells.
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Figure 4.3 Effect of 7-aca, aca, bala and Q/A on the production of IL-1p cytokine in
the presence and absence of LPS (1 pg/ml) on PMA-differentiated THP-1 cells (n =
3). **: (P <0.01) vs LPS alone. ## :(P < 0.01) vs control.
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4.4.4. Effect of compounds on pro-inflammatory IL-6 cytokine production

In agreement with the observed decrease in the release of the pro-inflammatory
cytokines above, IL-6 also showed a decrease in production in response to treatment
with 7-aca, aca and bala with the presence of LPS when compared to LPS treatment
alone. At 10uM, bala exhibited the strongest activity compared to the other compounds
by supressing 67.28% IL-6 production caused by LPS treatment, whilst 7-aca and aca
(3uM) reduced IL-6 to 54.7% and 50.8%, respectively. Although 30ug/ml of Q/A
showed a decrease in IL-6 levels, the results did not reach statistical significance with

1 pug/mL LPS alone.
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Figure 4.4 Effect of 7-aca, aca, bala and Q/A on the production of |
the presence and absence of LPS (1 pg/ml) on PMA-differentiated THP-1 cells (n =
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4.4.5.RNA extraction and quality control

4.4.5.1.Nanodrop analysis

Based on the ELISA results, bala at the concentration of 10 uM was chosen for RNA-
seq analysis. RNA samples were extracted from THP-1 macrophage cells after
treatment with LPS, combination treatment of LPS and bala (LPS/bala), and untreated
cells. The extracted RNA samples were then analysed using a Nanodrop 2000c
spectrophotometer to quantify and assess the quality and purity of the isolated RNA.
The group of samples used in this study consisted of control, LPS, and LPS/bala. Each
group had a total of 6 individual RNA samples. The summary of these findings is
shown in Table 4.2. The RNA purity was assessed by the absorbance ratio at 260nm
and 280nm (optimum RNA purity has a ratio close to 2). In addition, the quality of
RNA was also assessed by the ratio of 260/230, where a ratio of approximately 2 is
ideal. Therefore, the obtained results for all 18 RNA samples were considered as

acceptable for these studies.

177



Table 4.2 A summary of the RNA extraction results from THP-1 cells (see Appendix
3 for Nanodrop traces)

Control 1A 266.2 2.06 2.12
Control 1B 250.2 2.06 2.09
Control 1C 216.6 2.09 2.38
Controls Control 2A 324.0 2.09 2.33
Control 2B 267.4 2.09 1.85
Control 2C 465.4 2.08 1.92
LPS 1A 229.0 2.10 2.04
LPS 1B 191.3 2.10 1.92
LPS 1C 215.2 2.09 2.02
LPS
LPS 2A 269.1 2.09 2.15
treatment
LPS 2B 453.0 2.07 1.85
LPS 2C 471.6 2.07 1.85
LPS/bala 1A 318.4 2.08 1.92
LPS/bala 1B 355.1 2.08 1.90
LPS/bala LPS/bala 1C 427.9 2.07 1.81
treatment LPS/bala 2A 319.7 2.06 1.99
LPS/bala 2B 297.0 2.05 1.89
LPS/bala 2C 333.5 2.09 1.85
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4.4.5.2 Experion™ RNA StdSens Analysis

An Experion™ RNA StdSens kit was used in addition to the Nanodrop due to its ability
to assess total RNA and mRNA integrity, purity, and concentration. The samples’
RNA quality and integrity can be examined through an RNA quality indicator (RQI)
or RNA Integrity Number (RIN) determination in automated electrophoresis systems.
In this study, the RQI value which can range from 1 (completely degraded RNA) to
10 (highly intact RNA) was used to assess the integrity of the samples with the Bio-
Rad Experion™ system. This method is similar to the RIN standard developed by
Agilent for their similar BioAnalyzer systems (Denisov et al., 2008). For optimum

RNA-Seq analysis, RQI is preferred to be 7 or greater.

The Experion™ RNA StdSens kit also determines the samples’ RNA integrity by
measuring the intact levels of ribosomal RNA (rRNA) which makes up >80% of total
RNA samples, with the majority of that comprised by the 28S and 18S rRNA. 28S
rRNA is at least twice the size of 18S rRNA. Therefore, 28S to 18S ratio of 2 is
accepted for intact RNA, a ratio of greater than 1 is also acceptable. A virtual gel was
produced by Experion™ RNA StdSens kit for all 18 RNA samples (Figure 4.5). As
seen in Figure 4.5A, an error was made with sample C2C, but then was repeated in
Figure 4.5B and was shown to be acceptable. The BGI RNA-Seq service requires
submitted samples to have RQI values of >7 in order to perform RNA-Seq analysis as
degraded samples may compromise the quality of the data obtained. All the isolated
RNA samples had RQI values ranging from 9.3 to 10, and their 28S/18S ratios were
in the range of 1.52-1.82 as shown in Table 4.3. Three RNA samples from each group

were then pooled together to make 1 sample (n=1) and another three samples from
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each group was pooled together to make n=2. The total RNA samples that was sent to

BGI for RNA sequencing was 6 (2 samples for each group).
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Figure 4.5 Virtual gel produced by Experion™ RNA StdSens kit for all RNA samples.
Shown are separations of the RNA ladder, A) 12 samples and B) 7 samples on a single
chip. Pink triangles in the virtual gel indicate the position of the spike-in marker for
calibration. The Ladder lane shows the migration pattern of the RNA ladder standard
(ranging from 50 — 6000 nucleotides).
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Table 4.3 Ratio of 28S:18S and RQI values for all RNA samples.

Group Sample name Ratio (28S/18S) RQI
Control 1A 1.73 10
Control 1B 1.52 9.7
Control 1
Control 1C 1.71 9.9
Control 2A 1.71 9.9
Control 2 Control 2B 157 9.8
Control 2C 1.71 9.8
LPS 1A 1.6 9.8
LPS 1B 1.61 9.6
LPS1
LPS 1C 1.59 9.8
LPS 2A 1.67 9.8
LPS 2 LPS 2B 1.62 9.5
LPS 2C 1.75 9.8
LPS/bala 1 LPS/bala 1A 1.82 10.0
LPS/bala 1B 1.78 10.0
LPS/bala 1C 181 10.0
LPS/bala 2A 1.82 9.9
LPSibala 2 LPS/bala 2B 1.75 9.8
LPS/bala 2C 1.81 9.3
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4.4.5.3.RNA-Seq analysis

The purpose of the RNA-Seq analysis was to obtain an overview of the effects on
PMA-differentiated THP-1 macrophages after treatment with LPS and combination
treatment of LPS/bala. This information was obtained to act as guidance for future
work and the next steps involved in this project. BGI were able to successfully perform
the RNA-Seq analysis on all RNA samples. A total of 3 test groups (2 replicates each
groups) were conducted, resulting in approximately 26 million clean reads for all

groups. A summary of the alignment statistics is shown in Table 4.4.

Table 4.4 Alignment statistics for the six RNA samples, provided by BGI.

Total . .
. Total Clean : Uniquely Mapping
Group Replicates no. Reads ll;/li;[iog)mg Ratio
Control Control 1 26,285,786 94.74% 77.81%
Control 2 26,288,641 94.76% 78.47%
LPS LPS1 26,277,290 93.56% 76.92%
LPS 2 26,273,907 93.81% 77.14%
LPS/bala 1 26,289,049 93.57% 75.95%
LPS/bala
LPS/bala 2 26,296,725 94.39% 76.93%

4.4.5.4.Correlations between samples

In this study, Pearson correlation coefficients were calculated to measure the
correlation between the six samples in terms of the expressed genes and these
coefficients were reflected in the form of heat maps. All the samples underwent

hierarchical clustering by the expression level of all genes. The analysis provides an
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overview of all the variation between samples showing a correlation value. Values
closer to 1 show a high correlation between samples and similar. The X and Y axes
represent each sample. The colour represents the correlation coefficient (the darker the
colour, the higher the correlation, the lighter the colour, the lower the correlation). As
shown in Figure 4.6, the Pearson value seen was close to 1 when replicates in a group
were compared to one another. Hence, there was a high correlation between the
replicates in each group. In comparison to the control group, the LPS/bala group
showed a coefficient value of 0.901-0.903 and the LPS group showed a coefficient
value of 0.813-0.879. This indicates the LPS/bala treated group was more similar to
the control than the LPS treated group. Furthermore, the comparisons of the LPS vs
LPS/bala groups showed a coefficient value of 0.899-0.942. Another thing that should
be noted is that although high correlation was seen between the LPS replicates, they
showed a slightly different correlation value when compared to other group replicates.
For example, LPS 1 showed a value of 0.942 when compared to LPS/bala 1, however
LPS 2 showed a lower value of 0.905 when compared to LPS/bala 1. The difference
between LPS replicates (Treatment 1) was also seen in the PCA plots (Figure 4.7).
PCA plots are used to visualise grouping among replicates and aid in identifying
technical or biological outliers. It may well be that the difference that is seen between
the two replicates in Treatment 1 is not due to the (small) differences in RNA quality
between the samples but an unfortunate consequence of differences in either their
treatment or RNA-seq processing (or both) but this is very unlikely. Replication of
the with higher N numbers would allow for identification of experimental outliers.

Nevertheless, the LPS group still showed low correlations with the Control group and
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the LPS/bala group. The differences between each group indicate the effects of LPS

and LPS/bala on gene expression.

pearson_value
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0.95
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Figure 4.6 Heatmap correlation for all six samples that were RNA sequenced provided
by BGI-Tech. If one sample is highly similar with another one, the correlation value
between them is very close to 1.
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® treatmentl (2 samples)
treatment2 (2 samples)
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—0.31

0.400 0.405 0.410 0.415

PCA1 (92.63%)
Figure 4.7 PCA plot displaying all six samples along PCA1 and PCA2, which describe

5.08% and 92.63% of the variability, respectively, within the expression data set.
Control: untreated cells, treatment 1: LPS replicates, treatment 2: LPS/bala replicates
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4.4.5.5. DEGs

A summary of DEGs between the Control, LPS and LPS/bala groups is given in Figure
4.9. When comparing LPS group with Control group, there were higher number of up-
regulated genes (1173 genes) than down-regulated genes (675 genes). However,
LPS/bala treatment caused a decrease in the number of up-regulated genes (690 genes)
with a slightly higher number of down-regulated genes (742 genes) when compared to
the control. Furthermore, when LPS/bala is compared to LPS, more genes were down-
regulated (697 genes) than up-regulated (115 genes). The scatter plot in Figure 4.9
shows the magnitude and distribution of fold changes of DEGs in control vs LPS,

control vs LPS/bala and LPS vs LPS/bala.

Statistics of differently express genes

1400+
4 1173 Bl Upregulated
1200
Bl Downregulated

@
w
2 697
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zZ

Figure 4.8 Summary of DEGs. Log2FC of Control vs LPS, Control vs LPS/bala and
LPS vs LPS/bala was compared (log2FC > 1 for up-regulated genes and log2FC < -1
for down-regulated genes). False discover rate (FDR) < 0.001. FC means fold-change.
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Figure 4.9 Scatter plot of DEGs: A) control vs LPS; B) control vs LPS/bala and C)
LPS vs LPS/bala.
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4.4.5.6.Pathway enrichment analysis

Deep analysis of the RNA-Seq data provided by BGI was carried out using Cytoscape
software with a ClueGo plugin. Only significant (P<0.05) affected gene ontologies
(GO) from the KEGG pathways were selected. The genes that showed at least two-
fold change in comparison from one group to another were only considered in this

analysis.

A summary of the ClueGo results is shown in Figure 4.10-Figure 4.12 and Table 4.5-
Table 4.7. When comparing the control group with the LPS group, there were 43
significant GO terms associated with up-regulated genes and no significant GO terms
associated with down-regulated genes. On the other hand, comparison of control vs
LPS/bala showed 20 GO terms associated with up-regulated genes and 7 GO terms
were associated with down-regulated genes. LPS/bala were compared to LPS
produced only 1 GO terms associated with up-regulated genes, and 36 significant GO

terms were affected by down-regulated genes.
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Figure 4.10 Cluster results obtained from Cytoscape GlueGO using DEGs in the
control vs LPS. Results represents GO terms enriched with up-regulated DEGs
(log2FC > 1). Size of the circles is directly related to the number of genes in each GO,
the circle’s colour is linked to the significance of the affected pathway.
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Table 4.5 List of significant genes linked with particular gene ontologies when
comparing control vs LPS. The table shows the genes associated with those KEGG

pathways listed.

KEGG pathway

%

No. of
genes

List of genes

Up-regulated

ACKR4, CCL1, CCL17, CCL2, CCL20,

Cytokine- CCL3, CCL3L1, CCL3L3, CCL4, CCLAL1

fg’ttgr‘;'cr;‘for:eceptor 1599 147.00 | colai2 cCLs, CCL7, CCR7, CRLF2.
CSF2, CSF3, CXCL1, CXCL10, CXCL11,
CXCL12, CXCL13, CXCL2, CXCL3.
CXCLS, CXCL6, CXCLS, CXCLY, FAS, f2B,
IL15RA, IL18R1, IL1A, IL1R2, IL23A,
IL2RA. IL33. IL36G, IL36RN, IL6, IL7, LTA.
TNE, TNFSF10, TNFSF13B, TNFSFS, TSLP

viral protein ACKR4, CCLL, CCL17, CCL2, CCL20,

el P CCL3, CCL3L1 CCL3L3, CCL4, CCLALL

Cviokine'ag | 3L00 | 3100 | CCLAL2, COLS, CCL7, CCR7, CXCLL

o okine receptor CXCL10, CXCL1l, CXCL12, CXCL13
CXCL2, CXCL3, CXCL5, CXCL6, CXCLS,
CXCLO, IL18R1, IL2RA. IL6, LTA, TNF.
TNFSF10

Chemokine [CCLL, CCL17, CCL2, CCL20, CCL3,

signalling 1429 |27.00 | CCL3L1, CCL3L3, CCL4, CCLALL

pathway CCLAL2. CCL5, CCL7, CCR7, CXCL1
CXCL10, CXCL1l, CXCL12 CXCL13,
CXCL2, CXCL3, CXCL5, CXCL6, CXCLS.
CXCLO, HCK, ITK, NCF1]

. [CCL2, CCL20, CCL3, CCL3L1, CCL3L3,

;?ﬁm?jto'd 2366 12200 | oo 5" cD8o, CSF2, CXCL1, CXCLI2.
CXCL2, CXCL3, CXCL5, CXCL6, CXCLS.
HLA-DPBL, IL1A, IL23A, IL6, MMP3. TNF.
TNFSF138]

- [BIRC3, CCL2, CCL20, CCL5, CSF2,

ga'\t'}fways'g”a”'”g 1964 1 22.00 | xc11 CXCL10, CXCL2, CXCL3, CXCLS.
CXCL6, EDNI, FAS, ILIB, ILISRI, IL6.
LTA, MMP9, NOD2, PTGS2, TNF.
TNFAIP3, TRAF1, VCAM1]

IL-17 signalling | ,o > | 1000 | [CCLL7. CCL2, CCL20, CCLT, CSF2, CSF3,

pathway ' 00 | EXCL1, CXCL10, CXCL2, CXCL3, CXCL5.
CXCL6, CXCLS. IL6, MMP3, PTGS2.
S100A8, TNF, TNFAIP3]

;'gn‘;ﬁﬁ’rﬁ’gB 16.67 | 18.00 | [BCL2AL, BIRC3, CCL4, CCLALL, CCLAL2,

oy CXCL1, CXCL12, CXCL2, CXCL3, CXCLS.

DDX58, LTA, MMP9, NFKBIA, NFKBIZ,
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PTGS2, TNF,
TRAF1,VCAM1]

TNFAIP3, TNFSF13B,

Toll-like receptor

signalling 1538 | 1600 | roei 3 coLsLt, coLaLs, coLd, coLaLt,
pathway CCLAL2, CCL5, CD80, CXCL10, CXCL11,
CXCL8, CXCL9, IL12B, IL6, TLR3, TNF]
[CCL2, CCL5, CXCL10, CXCL8, DDX58,
Influenza A 9.41 |16.00 | FAS, HLA-DPBL, IFIHL, IL12B, IL1A, IL33,
IL6, RSAD2, TLR3, TNF, TNFSF10]
rNe?eDi(')'rke [AIM2, BIRC3, CCL2, CCL5, CXCLL
, ngmn 8.84 |16.00 | CXCL2, CXCL3, CXCL8, GBP1, GBP2,
gnatiing GBP4, GBP7, IL6, NOD2, TNF, TNFAIP3]
pathway
Transcriptional [BCL2A1, BIRC3, CSF2, CXCLS8, ETV7,
misregulation in | 8.06 |15.00 | GZMB, IGFBP3, IL1R2, IL6, KDMBGA,
cancer MMP3, NFKBIZ, PAX5, PLAT, RUNX1T1]
Human [CCL2, CCL3, CCL3L1, CCL3L3, CCL4,
cytomegalovirus | 6.22 | 14.00 | CCL4ALL, CCLAL2, CCL5, CXCL12, CXCLS,
infection FAS, IL6, PTGS2, TNF]
JAK-STAT [CRLF2, CSF2, CSF3, IL12B, IL15RA,
signalling 6.79 | 13.00 |IL23A, IL2RA, IL6, IL7, STATL, STATS3,
pathway STAT4, TSLP]
Hematopoietic | 1, 1, |11 o | [CD38, CSF2, CSF3, HLA-DPBL, IL1A,
cell lineage ' 7 1 IL1R2, IL2RA, IL6, IL7, ITGAL, TNF]
. [CCL2, CCL3, CCL3L1, CCL3L3, CCL5,
Chagas disease 9.80 10.00 CXCLS, FAS. IL12B, 1L6, TNF]
. [CSF2, CXCLL, CXCL2, CXCL3, CXCLS,
Amoebiasis 980 11000 1198 |1 1R2, IL6, SERPINB4, TNF]
. [CSF2, CXCLL, CXCL2, CXCL3, CXCLS,
Kaposi sarcoma | 5.38 10.00 EAS, HCK, IL6, PTGS2, TLR3]
Cytosolic DNA-| 1429 |9.00 |[AIM2, CCL4, CCL4ALL, CCLA4L2, CCL5,
sensing pathway CXCL10, DDX58, IL33, IL6]
Lr;wérmat%?s/ease 13.85 |9.00 | [HLA-DPBL, IL12B, IL18R1, IL1A, IL23A,
(1BD) IL6, NOD2, STAT4, TNF]
. [CXCL5, CXCL6, CXCL8, IL12B, IL1A,
Pertussis 11.84 |9.00 IL23A, IL6, IRF8, TNF]
[DDX58, FAS, IFIHL, IL12B, IL1A, IL2RA,
Measles 6.52 1900 |6 S| AMF1, TNFAIP3]
. [BIRC3, FAS, IL1A, IL33, STAT4, TLR3,
Necroptosis 5.56 9.00 TNF, TNFAIP3, TNESF10]
Lﬁ’ﬁtul diabetes | 18.60 |8.00 | ropay FAS, GZMB, HLA-DPB1, IL12B,
IL1A, LTA, TNF]
Atherosclerosis 1576 | 800 | [CCL2, EDNL, IL1A, ILIR2, NCF1, PLAT,

TNF, VCAM1]
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[CXCL10, DDX58, FAS, IFIT1, IFIT1B,

Hepatitis C 5.16 8.00 RSAD2, TLR3, TNF]
- [CXCL8, DDX58, FAS, IFIH1, IL6, STAT4,
Hepatitis B 4,94 8.00 TLR3, TNF]
dG.raft"’erS“S'hOSt 17.07 1700 | rcpgo, FAS, GZMB, HLA-DPBL, IL1A, IL6,
ISease
TNF]
. . [CXCL1, CXCL2, CXCL3, CXCL8, IL12B,
Legionellosis 12.28 | 7.00 IL6, TNF]
RIG-I-like
receptor [CXCL10, CXCL8, DDX58, IFIH1, IL12B,
signalling 1000 1700 | 5515 TNE]
pathway
AGE-RAGE [CCL2, CXCL8, EDN1, IL1A, IL6, TNF,
signalling 7.00 7.00
VCAM1]
pathway
African 14595 1600 | [FAS, IDOL, IL12B, IL6, TNF, VCAM1]
trypanosomiasis
Allograft 1579 16.00 | repgo, FAS, GZMB, HLA-DPB1, IL12B,
rejection TNF]
Intestinal immune
[CD80, CXCL12, HLA-DPBL, IL15RA, IL6,
network_ for IgA | 12.24 | 6.00 TNFSF13B]
production
Malaria 12.00 |6.00 |[CCL2, CSF3, CXCLS, IL6, TNF, VCAMI]
Epithelial cell [CCL5, CXCL1, CXCL2, CXCL3, CXCLS,
PIthe! 857 |6.00
signalling TJIP1]
Leishmaniasis | 779 | 6.00 | [HLA-DPBL, IL12B, IL1A, NCFL, PTGS2,
TNF]
C-type lectin
receptor 577 |6.00 |[CCL17,IL12B, IL23A, IL6, PTGS2, TNF]
signalling
pathway
. [BCL2A1, BIRC3, FAS, GZMB, TNF,
Apoptosis 4411600 | purcen
Thland Th2 cell | 5 43 1500 | [DLL4, HLA-DPBL, IL12B, IL2RA, STAT4]
differentiation
thir  celll 467 500 |[HLA-DPBL, IL23A, IL2RA, IL6, IRFA]
differentiation
Autoimmune 755 | 4.00 |[CD80, FAS, GZMB, HLA-DPB1]
thyroid disease
Asthma 9.68 |3.00 |[HLA-DPB1, PRG2, TNF]
Prion diseases 8.57 3.00 [CCL5, IL1A, IL6]
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Figure 4.11 Cluster results obtained from Cytoscape GlueGO using DEGs in the LPS
vs LPS/bala. Results represents GO terms enriched with down-regulated (log2FC < -
1) and up-regulated DEGs (1og2FC > 1). Size of the circles is directly related to the
number of genes in each GO, the circle’s colour is linked to the significance of the
affected pathway.
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Table 4.6 List of significant genes linked with particular gene ontologies when
comparing LPS vs LPS/bala. The table shows the percentage of genes associated with
those KEGG pathways listed.

KEGG pathway % N i List of genes
genes
Down-regulated
[ACKR3, ACKR4, CCL1, CCL2, CCL7,
Cytokine-cytokine CCL8, CNTFR, CSF2, CSF3, CXCL11,
receptor 8.16 2700 CXCL13, CXCL5, CXCL9, CXCRS5, 1L12B,
interaction IL18R1, IL2RA, IL36G, IL36RN, IL6,
INHBA, LTA, TNF, TNFSF10, TNFSF13B,
TNFSF8, XCR1]
Viral protein [ACKR3, ACKR4, CCL1, CCL2, CCL7,
interaction  with 17.00 17.00 CCL8, CXCL1l1, CXCL13, CXCL5,
cytokine and ' ' CXCL9, CXCR5, IL18R1, IL2RA, ILS6,
cytokine receptor LTA, TNF, XCR1]
[C80rf44-SGK3, COL4Al, COL4A2,
PI3K-Akt 4.94 15.00 CSF3, FGF2, FLT1, IBSP, IGF2, IL2RA,
signalling pathway | ™ ' IL6, ITGAl, ITGB8, LPAR3, NR4Al,
THBS1]
1367 | 14.00 [BIRC3, CXCL1, CXCL12, CXCL2,
NF-kappa B ' ' CXCL3, CXCL8, DDX58, LTA, MMP9,
signalling pathway NFKBIA, NFKBIZ, TNF, TNFAIP3,
TNFSF13B]
TNE  signalling [BIRC3, CCL2, CSF2, CXCL5, IL18R1,
pathway 8.93 12.00 IL6, LTA, MMP9, PTGS2, SOCS3, TNF,
VCAM1]
: [CCL1, CCL2, CCL7, CCL8, CXCL11,
Chemokine
! . 5.82 11.00 CXCL13, CXCL5, CXCL9, CXCR5, ITK,
signalling pathway XCRI1]
IL-17  signalling 1064 | 10.00 [CCL2, CCL7, CSF2, CSF3, CXCLS5, ILS6,
pathway ' ' MMP1, MMP13, PTGS2, TNF]
Rheumatoid 9.68 9.00 [CCL2, CD80, CSF2, CXCL5, FLT1, HLA-
arthritis ' ' DPA1, IL6, MMP1, TNF]
: [C4A, C4B, CXCLS5, IL12B, IL6, IRFS,
Pertussis 10.53 |8.00 NOS2, TNF]
Hematopoietic cell 8.08 8.00 [CD5, CSF2, CSF3, HLA-DPAL, IL2RA,
lineage ) ) IL6, ITGAL, TNF]
_ [COL4AL, COL4A2, CSF2, 1L12B, ILS6,
Amoebiasis 7.84 8.00 NOS2, SERPINB4, TNF]
JAK-STAT 4.94 8.00 [CNTFR, CSF2, CSF3, IL12B, IL2RA, IL6,
signalling pathway | ' SOCS3, STAT3, STAT4]
L”ﬂammatorY [GATA3, HLA-DPAL, IL12B, IL18R1, ILS,
owel disease | 10.77 | 7.00
(IBD) STAT4, TNF]
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Toll-like receptor

[CD80, CXCL11, CXCL9, IL12B, IL6,

signalling pathway 6.73 7.00 TLR8, TNF]

Malaria 12.00 |6.00 | [CCL2, CSF3, IL6, THBSL, TNF, VCAM1]
ECM-receptor 682 | 600 | [COL4AL COLAA2, IBSP, ITGAL, ITGBS,
interaction ' ' THBS1]

Thiand Th2 cell | (., |4, | [DLL4 GATA3, HLA-DPAL IL12B,
differentiation ' ' IL2RA, STAT4]

AGE-RAGE

signalling pathway 6.00 6.00 [CCL2, COL4Al1, COL4A2, IL6, TNF,
in diabetic | ™ ' VCAM1]

complications

African 1351 [5.00 |[IDO1, IL12B, IL6, TNF, VCAM1]
trypanosomiasis

m’ﬁtu; diabetes | 1163 | 5.00 | [CD8O, HLA-DPAL, IL12B, LTA, TNF]
Leishmaniasis 6.49 5.00 [HLA-DPAL, 1L12B, NOS2, PTGS2, TNF]
Complement and

coagulation 5.88 5.00 [C4A, C4B, CFH, F2RL3, SERPINB2]
cascades

Hypertrophic

cardiomyopathy |5.56 |5.00 |[CACNA2D3, IL6, ITGAL, ITGBS, TNF]
(HCM)

Chagas  disease

(American 4,90 5.00 [CCL2, IL12B, IL6, NOS2, TNF]
trypanosomiasis)

Thl7 cell

differentiation 467 |5.00 | [GATA3, HLA-DPAL, IL2RA, IL6, IRF4]
Allograft rejection | 10.53 | 4.00 [CD80, HLA-DPAL, IL12B, TNF]

Craft versusost 1976 |4.00 | [CD8O, HLA-DPAL IL6, TNF]

ISease

Tryptophan 952 [4.00 |[CYP1A1, CYP1B1, IDO1, KMO]
metabolism

Chemical 488 |400 |[CYPIAL CYP1BL, GSTMS, PTGS2]
carcinogenesis

?;‘r‘]igr cell lung | 435|400 |[COL4AL COL4A2, NOS2, PTGS?]
Staphylococeus 1y 17 1 459 | [C4A, C4B, CFH, HLA-DPA]

aureus infection

Dilated

cardiomyopathy | 4.17 | 4.00 | [CACNA2D3, ITGAL, ITGBS, TNF]
(DCM)

Protein digestion | , 5y | 4 g9 [COL11A1, COL2A1, COL9AL, PGAS]
and absorption

Intestinal immune

network for IgA|6.12 |3.00 |[CD80, HLA-DPAL, IL6]

production
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Ovarian
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StGrOIdOgeneSIS
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Up-regulated
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Figure 4.12 Cluster results obtained from Cytoscape GlueGO using DEGs in the
control vs LPS/bala. Results represents GO terms enriched with down-regulated
(log2FC < -1) and up-regulated DEGs (log2FC > 1). Size of the circles is directly
related to the number of genes in each GO, the circle’s colour is linked to the

significance of the affected pathway.
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Table 4.7 List of significant genes linked with particular gene ontology when
comparing control vs LPS/bala. The table shows the percentage of genes associated
with those KEGG pathways listed.

KEGG pathway % e, @ List of genes
genes
Up-regulated
[CCL17, CCR7, CRLF2, CSF2, CSF3,
Cytokine-cytokine CXCL1, CXCL11l, CXCL12, CXCL13,
retentor interaction | 080 | 2200 | CXCL2, CXCL3, CXCLS, IL6, IL1SRA,
IL23A, 1L32, IL36RN, TNF, TNFSF10,
TNFSF13B, TNFSF8, TSLP]
[CD80, CSF2, CXCL1, CXCL12,
Rheumatoid arthritis | 11.83 | 11.00 | CXCL2, CXCL3, CXCL6, HLA-DQAL,
IL23A, MMP3, TNFSF138]
Chemokine signalling [CCL17, CCR7, CXCL1, CXCLLL
oathway 582 |11.00 | CXCL12, CXCL13, CXCL2, CXCL3,
CXCL6, HCK, ITK]
17 signalling [CCL17, CSF2, CSF3, CXCLL, CXCL2,
10.64 | 10.00 | CXCL3, CXCL6, MMP3, S100A8,
pathway S100A9]
i\g'treigction p“\’,f/eliﬂ [CCL17, CCR7, CXCL1, CXCLLL,
cytokin and cytokine | 10-00 | 10.00 | CXCL12, CXCL13, CXCL2, CXCL3,
CXCL6, TNFSF10]
receptor
Lﬁi?i;ﬂﬁ?@ﬂa' 538 | 1000 | [BIRC3, CSF2, ETV7, H3C10, H3C14,
or ' 7 | H3C15, MMP3, NFKBIZ, PAXS, PLAT]
INE signalling [BIRC3, CSF2, CXCLL, CXCL2,
804 |9.00 |CXCL3, CXCL6, EDN1, MMP9, NOD2,
pathway PTGS?]
Systemic lupus [CD80, H2AC13, H2AC7, H2BCLS,
6.77 |9.00 |H2BC5, H3C10, H3C14, H3C15, HLA-
erythematosus DOAI]
NOD-like  receptor | , oo | 9o | [BIRC3, CASPL, CXCLL, CXCL2,
signalling pathway ' ' CXCL3, GBP1, GBP2, GBP4, NOD2]
. [BIRC3, CASP1, H2AC13, H2AC7,
Necroptosis 494 1800 |5 A>GaB, STAT4, TLR3, TNFSF10]
[ADORA2A,  H2AC13,  H2ACT,
Alcoholism 435 |800 |H2BC18, H2BC5, H3C10, H3Cl4,
H3C15]
JAK-STAT signalling | , o, | g0, | [CRLF2, CSF2, CSF3, IL15RA, IL23A,
pathway ' ' STAT3, STAT4, TSLP]
NF-kappa B signalling | - g | 700 | [BIRC3, CXCLL, CXCL12, CXCL2,
pathway ' ' CXCL3, MMP9, TNFSF13B]
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Intestinal immune

[CD80, CXCL12, HLA-DQAL, IL15RA,

network_ for IgA | 10.20 |5.00 TNFSF138]
production
Legionellosis 7.02 4.00 [CASP1, CXCL1, CXCL2, CXCL3]
Mineral absorption 6.90 4.00 [MT1E, MT1F, MT1G, MT1X]
Inflammatory  bowel
disease (IBD) 6.15 4.00 [HLA-DQAL, IL23A, NOD2, STAT4]
:?r?ggfpo'et'c cell| 404 | 400 |[CD38, CSF2, CSF3, HLA-DQAL]
Arachidonic —acid | 76 | 309 | [CYP2J2, PLA2GAB, PTGES]
metabolism
Epithelial cell
signalling 1420 |300 |[CXCL1, CXCL2, CXCL3]
Helicobacter  pylori
infection
Down-regulated

Vascular smooth 455 | 6.00 [ADCY8, CALCRL, EDNRA, KCNMAL,
muscle contraction ' ' KCNMB1, PRKG1]
ECM-receptor 455 |4.00 |[COL4AL, IBSP, ITGAY, LAMC3]
interaction
Morphine addiction 4.40 4.00 [ADCY8, GABRA4, GABRB2, PDE7B]
Small cell lung cancer | 435 |4.00 |[COL4Al, LAMC3, NOS2, RXRG]
dG.raft'V‘ars“S'hOSt 732 |3.00 |[KIR2DL3, KLRCL, PRF1]

isease
Viral myocarditis 500 [3.00 |[CAV1, CXADR, PRF1]
Gastric acid secretion | 4.00 | 3.00 [ADCY8, KCNJ1, KCNQ1]

After analysing the results using the Cytoscape ClueGo plugin, it was shown that the

cytokine-cytokine receptor interaction pathway was the most significantly (P<0.05)

affected with highest number of associated genes among the three comparisons

(Control vs LPS, control vs LPS/bala, LPS vs LPS/bala). The log2 fold change of the

DEGs associated with the cytokine-cytokine receptor interaction pathway for all three

groups is presented in a heatmap shown in Figure 4.13. All expressed genes associated

with the cytokine pathway showed to be up-regulated in Control vs LPS group and

were down-regulated in LPS vs LPS/bala group.
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Figure 4.13 Heatmap showing the Log?2 ratio of genes associated with the cytokine-
cytokine receptor interaction pathway among the three comparisons using GraphPad
Prism 8. Red represents up-regulated genes; Green represents down-regulated genes;
Black represents no change.
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4.4.5.7. Pathview significant analysis

KEGG pathway analysis using PathView demonstrated that treatment of the THP-1
cells with these compounds resulted in DEGs which (P<0.05) significantly enriched
two key immune pathways; the TNF signalling pathway and the JAK/STAT signalling
pathway. Figure 4.15 and Figure 4.16 shows the TNF signalling pathway for control
vs LPS and LPS vs LPS/bala treatment groups, respectively. In the TNF signalling
pathway, for the group treated with LPS, the 5 most up-regulated genes were BIRC3
(baculoviral IAP Repeat Containing 3), MMP9 (matrix metallopeptidase 9), PTGS2
(prostaglandin-endoperoxide synthase 2) and TNF-a that were up-regulated by more
than 4-fold and IL-6 was up-regulated by 6-fold (Figure 4.14). When comparing the
LPS/bala treated group to control, the same genes were either up-regulated by less than
3-fold or no change at all (TNF-o and IL-6). These genes were also showed to be down-
regulated in the group treated with LPS/bala when compare to the LPS treatment alone

with down-regulation of IL-6 by more than 5-fold.

Expression of genes in TNF signalling pathway

gm =3 BIRC3
5 mEm MMP9
= - = PTGS2
P - — p—
o 4 _ mm L6
- O 2_
g2 I M B3 TNF-a
N
2 E o4 U I U
—1 =
L -4
N _6-
'8 1 1 ||
C vs LPS Cvs LPS/bala LPS vs LPS/bala

Figure 4.14 A bar chart showing the Logz2 ratio of the top five genes expressed among
the three comparisons: Control (C) vs LPS, Control (C) vs LPS/bala and LPS vs
LPS/bala. LPS and LPS/bala treatment has statistically (P < 0.05) up-regulated all
genes expression when compared to control. LPS/bala treatment statistically (P < 0.05)
down-regulated gene expression when compared to LPS alone.
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Figure 4.18 and Figure 4.19 show the JAK/STAT signalling pathway for the control
vs LPS and LPS vs LPS/bala treatment groups, respectively. In the JAK/STAT
signalling pathway, for the group treated with LPS, the three most up-regulated genes
were STATL, STAT3, and STAT4 (Figure 4.17) by LPS treatment and these genes are
known to be closely related to the pathway. LPS and LPS/bala treatment statistically
(P<0.05) up-regulated expression of STAT1 by 2-fold, STAT3 by 4-fold and 2-fold,
respectively, and STAT4 genes by 5-fold and 3-fold, respectively, when compared to
the control. LPS/bala treatment statistically (P<0.05) down-regulated STAT3 (3-fold)

and STAT4 (3-fold) gene expression.

Expression of STAT genes
=3 STATL
6- El STAT3
Bl STAT4

Log2 Ratio
(treatment/control)
o

Figure 4.17 A bar chart showing the Log2 ratio of STAT1, STAT3 and STAT4 gene
expression among the three comparisons. LPS and LPS/bala treatment has statistically
(P < 0.05) up-regulated all STAT genes expression when compared to control.
LPS/bala treatment statistically (P < 0.05) down-regulated STAT3 and STAT4 gene
expression when compared to LPS alone.
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4.5.Discussion and conclusion

Macrophages are a type of innate immune cells that are known to be part of the body’s
major defence system and are thought to play a major role in inflammatory diseases
including cancer cell growth (Williams et al., 2016, Quail and Joyce, 2013, Song et
al., 2017). When the body is invaded by microorganisms such as bacteria, viruses,
fungi, and protozoa, macrophages act as phagocytic cells and cause destruction of the
organisms (Parameswaran and Patial, 2010). Furthermore, these microorganisms can
cause the activation of macrophages which will lead to the secretion of a wide variety
of products, including pro-inflammatory cytokines, such as IL-1B, IL-6, and TNF-a
(Kumar, 2019). However, prolonged activation of macrophages by invading
microorganisms can lead to excessive production of inflammatory cytokines also
known as a “cytokine storm” which can contribute to chronic inflammatory diseases
(Tisoncik et al., 2012). Chronic inflammation is critically involved in chronic diseases
such as asthma, autoimmune diseases, atherosclerosis, AD, coeliac disease, cancer,
inflammatory bowel diseases (IBDs), rheumatoid arthritis (RA), and diabetes (Libby,

2007).

4.5.1. Cytotoxicity on PMA-differentiated THP-1 cells

To investigate the anti-inflammatory effects of 7-aca, aca, bala and Q/A in this study,
PMA-differentiated THP-1 macrophages were used. Firstly, cytotoxicity assays were
carried out to ensure the compounds were not cytotoxic to the cells prior to carrying
out the anti-inflammatory assays. The cytotoxicity assays showed that the THP-1
macrophage cells’ viability was significantly (P<0.01) decreased by more than 25%
when exposed to 7-aca and aca at the two highest concentrations (30 and 10 pM),

while bala caused a significant (P<0.01) decrease of 22 % of cell viability at 30puM.
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No significant cell lysis was observed at 3uM or below for 7-aca and aca and 10uM or
below for bala. No significant cell lysis was observed on cells treated with Q/A at all
concentrations. Therefore, non-toxic concentrations of the compounds were used to

determine the anti-inflammatory effect of the compounds.

4.5.2. Measurement of pro-inflammatory cytokine levels using ELISA

Macrophages that enter the tumour environment, also known as TAM, have long been
known to promote cancer, partly through their ability to secrete angiogenic, metastatic,
and growth factors. Macrophages can be polarised into two major states: the classically
activated type 1 (M1) and the alternatively activated type 2 (M2). Classical activation
of macrophages occurs following injury or infection (Genin et al., 2015). In vitro,
macrophages are polarised into M1 using bacterial cell wall components (such as
LPS), IFN-y, or TNF-a and the THP-1 monocyte-derived macrophage cell line has
been reported to be very sensitive to LPS (Yang et al., 2016a, Aparna Sudhakaran et
al., 2013, Genin et al., 2015). M1 macrophages are characterised by the production of
pro-inflammatory cytokines like TNF-a, IL-1B, IL-6, and IL-12 (Genin et al., 2015).
In this current study, treatment with all compounds in the absence of LPS sustained
basal TNF-a, IL-1p, and IL-6 levels and showed no significant difference with their
respective control samples (cells not treated with compounds or LPS). Treatment with
LPS alone resulted in the most enhanced TNF-a, IL-1p, and IL-6 production, framing
an M1-like pattern. However, high levels of these pro-inflammatory cytokines induced
by LPS were greatly reduced by 3uM of 7-aca, aca and 10 uM of bala. Interestingly,
the production of all cytokines was not significantly decreased by Q/A in the

combination treatment with LPS.
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Proinflammatory innate cytokines including IL-1p, TNF-a, and IL-6 are crucial to
resolve acute inflammations. However, high levels of innate cytokines, as apparent in
chronic inflammation, may promote tumour development through activation of many
signalling pathways (Qu et al., 2018, Kim and Choi, 2015, Huang et al., 2016b). A
study demonstrated that IL-1B contributes to immunosuppression in the TME of
mammary tumours and blocking IL-1p enhances antitumor cell immunity which leads
to tumour regression (Kaplanov et al., 2019). Upregulation of TNF-o activates
hepatocyte NF-kB in adjacent endothelial and inflammatory cells which causes
hepatitis and hepatocellular carcinoma progression in Mdr2-knockout mice (Pikarsky

et al., 2004).

Currently there are no published reports on the anti-inflammatory activities of 7-aca.
However, aca has been previously reported to have anti-inflammatory effects by
inhibiting the elevation of pro-inflammatory cytokines such as TNF-a and IL-6 in
macrophage RAW 246.7 cells (Liou et al., 2017). Aca has also shown inhibition on
other inflammatory mediators such as nitric oxide (NO) and cyclooxygenase-2 (COX-
2) in LPS activated RAW 264.7 cells (Pan et al., 2006). Other than that, aca has been
reported to reduced pro-inflammatory cytokines in cells associated with disorders
including fibroblast-like synoviocytes cells (rheumatoid arthritis), human umbilical
vein endothelial cells (cancer metastasis) and bronchoalveolar lavage fluid of mice
(sepsis-induced lung injury), microglia BV2 cells (brain disorders) (Chen et al., 2015,

Tanigawa et al., 2013, Sun et al., 2018, Ha et al., 2012).

This is also the first report on bala as a possible anti-inflammatory agent. On the other
hand, resveratrol monomer (bala is made up of two resveratrol monomers) has been

reported to attenuate LPS-induced expression of NO, prostaglandin E2 (PGE2), COX-
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2, TNF-0, IL-6, and IL-1p in macrophages cells such as RAW 264.7 and U-937cells
(Zong et al., 2012, Yang et al., 2014c, Walker et al., 2014, Song et al., 2016). In this
study, bala was found to be significantly (P<0.01) the most active in inhibiting all three
pro-inflammatory cytokines compared to 7-aca and aca. Therefore, bala was chosen
for RNA sequencing analysis to examine its mechanism of action on expression of
genes and affected pathways in THP-1 cells caused by the treatment of LPS alone or
combination treatment of LPS and bala. RNA seq can also help to investigate whether
there is some evidence at gene expression level supporting the findings on the ELISA

assay.

4.5.3. RNA seq

RNA-Seq transcriptome analysis is an experimental tool that reveals the presence and
quantity of RNAs in a biological sample under a particular condition (Wang, Gerstein
and Snyder, 2009). Given its high-throughput capability, RNA-seq has been widely
used for gene discovery, to determine the molecular mechanisms of action, helps to
improve disease diagnosis, and enhance the discovery of new effective therapeutic
agents (Costa et al., 2013). Therefore, this technique was used in this study in order to
examine the transcriptome of the THP-1 cells following the treatment of LPS and
combination treatment of LPS and bala. The aim is to find out information on the anti-
inflammatory action of bala on LPS-activated macrophages. These cells play a vital
role in the production of cytokines that can lead to chronic inflammatory diseases.
Isolating high quality intact RNA is crucial when carrying out quantitative deep
molecular analysis such as RNA-Seq. The isolated RNA samples in this study showed

RQIs of 9-10, which are indicative of very intact RNA samples.
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ELISA studies revealed that the combination treatment of LPS/bala lead to inhibition
of pro-inflammatory cytokines TNF-a, IL-1p, and IL-6 on and this was supported by
RNA-seq findings of the down-regulation of TNF-« and IL-6 genes. However, IL-15
gene expression was not seen to be significantly (P>0.05) altered by LPS treatment or
LPS/bala treatment. The main finding of the RNA-Seq analysis from the use of
Cytoscape ClueGo was that the most significantly (P<0.05) enriched pathway for all
groups (control vs LPS, control vs LPS/bala and LPS vs LPS/bala) were the cytokine-
cytokine receptor interaction pathway with the highest number of associated genes
from the DEG list. In this study, the treatment of LPS and LPS/bala on THP-1
macrophage cells caused up-regulation of 47 and 22 genes associated with the
cytokine-cytokine receptor interaction pathway, respectively, when compared to the
control group. However, when the LPS/bala treatment was compared to the LPS
treatment, down-regulation of 27 genes associated with the cytokine-cytokine receptor
interaction pathway were observed. Secretion of cytokines from activated M1
macrophages has been suggested to be mainly controlled by the activation and nuclear
translocation of the transcription factor nuclear factor kappa-light-chain enhancer of
B-cells (NF-kB) (Reynoso et al., 2017). Previous studies have reported that LPS
polarises macrophage to M1-type through activation of a series of pathways including
the MyD88-dependent Toll-like receptor (TLR) pathway (Riddell et al., 2010, Liu et
al., 2017b, Ma et al., 2018). These lead to the activation of downstream inhibitory-xB
Kinase (IKK), which in turn phosphorylate the NF-kB inhibitor alpha (IxBa), leading
to ubiquitin-dependent IkBa degradation and NF-kB activation (Liu et al., 2017b).
NF-kB activation causes the production of a large number of inflammatory genes

including pro-inflammatory cytokines (TNF-a, IL-1f3, and IL-6) and chemokines
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(Lawrence, 2009). LPS/TLR4 signalling can also cause the activation of the
downstream mitogen-activated protein kinase (MAPK) pathways that leads to the
induction of another transcription factor activator protein-1 (AP-1) which also has a
role in the expression of proinflammatory cytokines (Lu et al., 2008). Therefore, the
addition of bala with LPS in the treatment of THP-1 macrophage cells could alter the
impact and effect of these pathways through the reduced expression of a number of

key cytokines observed in in this study.

Pathview software was used to visualise the KEGG pathway that was significantly
(P<0.05) enriched and affected by the treatments on THP-1 cell gene expression. The
TNF signalling pathway was found to be one of the affected pathways by LPS and
LPS/bala treatments. TNF signalling pathway acts through two receptors, TNFR1
(TNF Receptor-1) and TNFR2 (TNF Receptor-2). Activation of both receptors is
responsible for a large number of inflammatory responses classically attributed to the
secretion of TNF-o (Parameswaran and Patial, 2010). TNF-a plays an important role
in the immune system as it is the earliest endogenous mediator of an inflammatory
reaction (Baud and Karin, 2001). It has been reported that overproduction of
inflammatory cytokines such as IL-4, IL-6, IL-8, and TNF-a could promote
proliferation, metastasis/invasion and recurrence of cancer, leading to poor prognosis
and increased mortality (Stoimenov and Helleday, 2009, Szlosarek et al., 2006,
Bachelot et al., 2003, Foguer et al., 2016). TNF-a has also been previously linked to
many signalling pathways that helps to promote inflammation which supports tumour
growth and progression. Signalling pathways and transcription factors activated by
TNF-a are considered the key to invasion and metastasis in cancer cells and one of the

factors that it relies on is NF-kB signalling pathway activation (Tang et al., 2017). It
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was observed that LPS treatment caused the upregulation of genes associated with the
TNF signalling pathway such as TNF-a, BIRC3, MMP3, PTGS2 and IL-6 compared to
the control. However, LPS/bala treatment caused the downregulation of these same
genes when compared to LPS treatment. TNF-o has been reported to promote
progression of cancers such as oral, ovarian, and breast cancer through NF-xB
signalling pathway activation which protects cells and tissues from apoptosis (Wu and
Zhou, 2010a, Hwang et al., 2012, Lu et al., 2014). Another study showed that co-
culture of activated macrophages with ovarian and breast epithelial cancer cell lines
led to TNF-a-dependent activation of JNK and NF-kB pathways in tumour cells
(Hagemann et al., 2005). Activation of NF-«B signalling due to TNF-a helps tumour
cells to escape TNF-a induced cytotoxicity (Mantovani, 2010, Ben-Neriah and Karin,
2011, Wang et al., 2009). BIRC3 has been previously linked to the activation of the
TNF-a/NF-«B signalling pathway (Simon et al., 2007, Edilova et al., 2018, Yamato et
al., 2015). A previous study showed that the BIRC3 gene were expressed in TNF-a
induced NF-«xB activation of beta cells (Tan et al., 2013). MMP9 can be induced by
TNF-o and LPS and it is one of the target genes of NF-«B (Tsai et al., 2014). In mouse
macrophage cells, LPS induced production of MMP9 and inhibition of NF-xB
represses LPS-stimulated MMP9 activity (Rhee et al., 2007, Lappas et al., 2003).
Furthermore, it was reported that treatment with olive oil extracts and individual
compounds prevented the stimulation of MMP-9 expression and secretion in TNF-a
due to impaired NF-xB signalling in THP-1 monocytic cells (Dell’ Agli et al., 2010).
PTGS2 gene (also known as COX-2) codes for the COX-2 enzyme which can be
induced in response to growth factors, stresses or pro-inflammatory stimuli through

the activation of the NF-kB signalling pathway (Chiu and Lin, 2008, Carothers et al.,
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2010, Endale et al., 2017). Several studies have shown that, treatment with NSAIDs
or other compounds in vivo or in vitro inhibits the expression COX-2 gene or COX-2
enzyme through the suppression of NF-kB pathway (Bhui et al., 2009, Lai et al., 2007,
Yuan et al., 2000, Wang et al., 2014b, Cerella et al., 2010). The NF-xB family is a
critical signalling pathway that regulates the transcription of numerous pro-
inflammatory cytokines (TNF-a, IL-1pB, IL-6), nitrogen intermediates and COX-2
during inflammation (Hayden and Ghosh, 2008, Tripathi and Aggarwal, 2006).
Therefore, based on these findings, the NF-«B signalling pathway could play a role in
the mechanism of action of LPS and LPS/bala treatment in this study. Anti-TNF
therapy has led to major progress not only for patients with cancer but also for patients
with other chronic inflammatory diseases, such as Crohn's disease, ulcerative colitis,
psoriasis, psoriatic arthritis, ankylosing spondylitis and juvenile RA (Monaco et al.,
2015). Tumor necrosis factor (TNF)-a antagonists, such as infliximab (IFX) and
certolizumab pegol (CZP) have been widely used for the treatment of RA (Ma and Xu,

2013).

IL-6 is a multifunctional cytokine that has a major role in acute-phase inflammatory
responses (Chaudhry et al., 2013). Binding of IL-6 to the IL-6 receptor activates the
JAK family members such as JAK1 and JAK2 which leads to the activation of
transcription factors of the STAT family (Coki¢ et al., 2015). It has been reported that
the activation of NF-kB ensures subsequent JAK/STAT3 activation through the
expression of IL-6 in several cell lines including macrophages and some cancer cell
lines (McFarland et al., 2013, Wongchana and Palaga, 2012, Yoon et al., 2012, Basu
et al., 2017). In this study, the mechanism of action of LPS treatment of THP-1

macrophages appears to involve the JAK/STAT signalling pathways as STAT1, STAT3
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and STAT4 genes all showed an upregulation by 2-fold, 4-fold, and 5-fold, respectively
(Figure 4.17). Treatment with the LPS/bala combination showed the downregulation
of STAT3 and STAT4 by 3-fold. This is of interest as many studies have shown the link
between JAK/STAT pathway and the signal transduction of invasive and metastatic
phenotypes of many cancer cells including colon, breast, ovarian, and prostate
(Gordziel et al., 2013, Masjedi et al., 2018, Browning et al., 2018, Tam et al., 2007).
It has been previously reported that activated THP-1 macrophages induce the
upregulation of CD59 in an IL-6R/STAT3-dependent manner in pancreatic cancer that
has acted to promote tumour growth and progression (Zhang et al., 2019). Another
study demonstrated that the increased macrophage secretion of IL-6 in the TME exerts
an amplifying effect on the inflammation response, thus promoting the occurrence and
development of hepatocellular carcinoma via STAT3 signalling (Kong et al., 2016).
Furthermore, it has been reported that TAMs-derived IL-6 promotes resistance of solid
tumours to chemotherapy by inducing anti-apoptotic programmes. For example, a
study has demonstrated that IL-6 secreted by macrophages through inhibition of the
Hedgehog pathway could support breast cancer cells to maintain or promote their
proliferation and invasive potential (Xu et al., 2019). In colorectal cancer, TAMs-
derived IL-6 activates the STAT3 pathway to block the tumour suppressor miR-204-
5p expression which will promote chemotherapy resistance by increasing anti-
apoptotic protein RAB22A and BCL2 expression in cancer cells (Yinetal., 2017, Zhu
et al., 2017b). Another report demonstrated that STAT3 and STATG6 cooperate in
macrophages and enhance tumour progression in a cathepsin-dependent manner and
genetic deletion of STAT3 and STAT6 impaired tumour development and invasion in

vivo (Yan et al., 2016).
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This is the first report of an anti-inflammatory mechanism of action of bala, however,
the resveratrol monomer has been investigated intensively as an NF-kB signal
transduction inhibitor (Li et al., 2013, Liu et al., 2017a, Tino et al., 2016). In
carcinogen-induced brain endothelial cells, resveratrol prevents disruption of the blood
brain barrier during neuroinflammation by inhibiting MMP-9 and COX-2 through
depletion of NF-kB activity (Annabi et al., 2012). Furthermore, resveratrol down-
regulated the expression of 1L-6 in LPS-stimulated RAW264.7 cells and these actions
were mediated by suppressing the phosphorylation of STAT-1 and -3 (Maet al., 2015).
This finding is similar to what is seen in this study, whereby bala caused the
suppression of IL-6 and STAT 3 gene in LPS-treated THP-1 macrophage cells.
Although 7-aca and aca were not analysed with RNA-Seq in this study, many reports
have shown that anti-inflammatory activity of aca occurs through inhibition of several
signalling pathways such as NF-kB, MAPK and STAT. Aca treatment inhibited the
expression of NF-kB p65 and IkB-a phosphorylation in lung tissues of mice with
sepsis and RAW264.7 cells (Sun et al., 2018). Another study demonstrated that aca
caused the down-regulation of inflammatory iNOS and COX-2 gene expression in LPS
stimulated-RAW?264.7 cells by inhibiting the activation of NF-xB and interfering with
the activation PI3K/Akt/IKK and MAPK (Pan et al., 2006). Aca has also previously
demonstrated inhibition of STAT3 activation by preventing tyrosine phosphorylation

in cancer cells (Bhat et al., 2013).

In conclusion, ELISA and RNA-Seq findings using THP-1 macrophage cells showed
that 7-aca and bala used in this project could be promising anti-inflammatory agents.
Both compounds showed significant inhibition of pro-inflammatory cytokines TNF-a,

IL-1B, and IL-6 induced by LPS in THP-1 macrophage cells. This indicated that the
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compounds could impact on chronic inflammatory diseases which has been known to
contribute to cancer progression. One of the main findings in the RNA-seq study is
that treatment of LPS/bala appears to affect the TNF-o/NF-«xB signalling pathway and
IL-6/JAK/STATS3 signalling pathway by down-regulating a number of the genes

associated with them.
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Chapter 5. Neuroprotective effect of isolated compounds

5.1. Introduction

In Chapter 3, 7-aca, aca and bala were shown to be cytotoxic to A2780 and ZR-75-1
cells. In Chapter 4, it was demonstrated that the compounds also possessed anti-
inflammatory activity by inhibiting the production of pro-inflammatory cytokines such
as TNF-o, IL-1p and IL-6 in THP-1 macrophages. Therefore, it was thought to be
pertinent to further investigate the protective activity of 7-aca, aca and bala. Chronic
inflammation and oxidative stress is a major cause of age-related diseases and cancer
(Khansari et al., 2009). In fact, ROS is known to be the activator of many inflammatory
pathways. For example, ROS is able to drive modification of IkB proteins, such as
phosphorylation by a serine kinase, IKK, which leads to its degradation, thus freeing
NF-«xB that can then translocate to the nucleus where, either alone or in combination
with other transcription factors, it induces expression of several genes that express

inflammatory proteins (Chatterjee, 2016).

In neurodegenerative disease, there is a strong interrelationship between ROS/RNS
production and the induction of proinflammatory cytokines, which results in enhanced
cell damage and thus aggravates neurodegeneration (Fischer and Maier, 2015). In the
AD brain, chronic activation of microglia by Ap plaques causes the release of ROS
and cytokines which disturbs neuronal functions and produces cellular damage
(Suzumura, 2013, Solito and Sastre, 2012). Furthermore, severely damaged neuron
mitochondria can elicit and potentiate inflammatory responses through mitochondrial
ROS production and the release of mitochondrial damage-associated molecular
patterns (DAMPSs) ultimately leading to a perilous vicious cycle (Missiroli et al.,

2020). Mitochondrial defects have been demonstrated in the brain of AD patients
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(Swerdlow, 2018) and a common mechanism that leads to defective mitochondria that
contribute to neuron cell death, is excessive ROS production and mitochondrial
membrane permeabilisation. ROS and mitochondrial membrane permeabilisation
induces loss of AYM, which can initiate both apoptosis and necrosis (Galluzzi et al.,

2009).

Another feature perceived in AD patients is deficiency of ACh, a neurotransmitter in
the synapses of the cerebral cortex. AChE can promulgate the assembly of A into
fibrils (Carvajal and Inestrosa, 2011). Therefore, AChE inhibitors could be an effective
natural therapeutic strategy for AD by increasing ACh-mediated neuron to neuron
transmission (Damuka et al., 2020). AChE inhibitors work by preserving the presence
of ACh in the synaptic cleft by inhibiting AChE that breakdowns ACh into acetate and
choline, thus allowing greater diffusion and half-life of ACh which results in improved

cholinergic neurotransmission (Wong et al., 2018).

This chapter focuses on the potential antioxidant activity and neuroprotective effect of
7-aca, aca and bala against oxidative stress-induced neuroblastoma SHSY-5Y cell
death as well as drug discovery of a potential AChE inhibitor. Human neuroblastoma
SHYSY-5Y cells have been used widely as an in vitro model to study
neurodegenerative diseases, including analysis of neuronal differentiation,
metabolism, and function related to neurodegenerative processes, neurotoxicity, and
neuroprotection (Yang et al., 2016b). Although this cell line is widely used as model
of neurons since the early 1980's as these cells possess many biochemical and
functional properties of neurons, the use of undifferentiated SH-SY5Y cells as
neurodegenerative model involves some disadvantages (Xie et al., 2010). For

example, due to SH-SY5Y cells are a continuously dividing cell line, the number of
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undifferentiated SH-SY5Y cells increases during the course of the experiment, so it is
difficult to distinguish whether neuroprotective or neurotoxic agents influence the
proliferation rate or the rate of cell death (Datki et al., 2003). An important thing to be
noted is that SH-SY5Y cells lose its characteristic morphology and growth profile as
they are cultured for long. Therefore, it is recommended not to be used after passage
20. Several assays such DPPH, GSH, AChE inhibitor activity, DCFH-DA, TMRE and

caspase-3/7, used in chapter 3, were conducted as described below.

5.1.1. Antioxidant assays

5.1.1.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay

The DPPH assay is an antioxidant assay that is widely used in natural product research
due to its simplicity and sensitivity (Aqil et al., 2012). The DPPH free radical
(DPPHe) is a stable free radical that is available commercially. The basic principle of
the assay is that DPPHe (purple) is reduced to a stable form (yellow) when it accepts
an electron or hydrogen atom from an electron or hydrogen donor substance such as
antioxidants (Kedare and Singh, 2011) (Figure 5.1). DPPH shows a strong absorption
band at 517 nm and therefore the antioxidant activity can be detected using OD at

517nm wavelength (Santos and Silva, 2020).

220



Purple Yellow

O O
7

N* NH
OzN\©/NOZ OZN\©/NOZ
NO,

NO,

Figure 5.1 Unstable purple DPPH is reduced by antioxidant agents to yield a yellow

DPPH colour.

5.1.2.Glutathione (GSH)

GSH is a tripeptide molecule comprised of three amino acids: glutamic acid, cysteine,
and glycine that is present in most mammalian tissues (Gad, 2014). Intracellular GSH
performs an important role in maintaining the proper ratio of oxidised to reduced forms
of metabolically important thiols such as coenzyme A. It also provides reducing
equivalents that detoxify ROS (Dietzen, 2018). GSH exists in two forms, the oxidised
form (GSSG) and the reduced form (GSH) (Forman et al., 2009). GSH enzymatically
reduces redox-generated H2O. to harmless H.O via glutathione peroxidase (GPx).
Glutathione reductase (GSR) is the enzyme responsible for converting GSSG to GSH
in the presence of nicotinamide adenine dinucleotide phosphate (NADPH) (Figure 5.2)
(Lushchak, 2012). The GSH-Glo™ Assay is a luminescent-based assay for the
detection and quantification of GSH in cells or in various biological samples. The

assay is based on the conversion of a luciferin derivative into luciferin in the presence
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of GSH. The reaction is catalyzed by a glutathione S-transferase (GST) enzyme
supplied in the kit. The luciferin formed is detected in a coupled reaction using Ultra-
Glo™ Recombinant Luciferase that generates a glow type luminescence that is

proportional to the amount of glutathione present in cells.

NADP* 2 GSH H-0O2
GSR ,GPX
NADPH GSSG H,O
Figure 5.2 Redox states of GSH

5.1.3. Cholinesterase enzyme inhibitory activities

5.1.3.1. AChE inhibitor assay

Cholinesterase is a family of enzymes that catalyses the hydrolysis of the
neurotransmitter ACh into choline and acetic acid. The Acetylcholinesterase Assay
uses 10-acetyl-3, 7-dihydroxyphenoxazine (Amplex® Red) reagent that provides a
fluorescence method to monitor AChE activity. Amplex® Red is a colourless and
nonfluorescent compound that, when oxidised by H>O5, in the presence of horseradish
peroxidase (HRP), produces resorufin, which is a highly fluorescent product
(Kalyanaraman et al., 2012). Firstly, AChE converts the ACh substrate to choline
which is then oxidised by choline oxidase to betaine and H2Ox. In the presence of HRP,
the latter reacts with the colourless Amplex® Red reagent in a 1:1 stoichiometry to

generate the highly fluorescent product resorufin (pink) (Figure 5.3). Resorufin has
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absorption and fluorescence emission maxima of approximately 571 nm and 585 nm,
respectively (Miao et al., 2010). In the presence of AChE inhibitor or anti-
cholinesterases, breakdown of Ach is inhibited; therefore, resorufin is not generated

(colourless).

Acetylcholine

Acetylcholinesterase

Choline ﬁ Betaine aldehyde

02 H202

Resorufin 4LL Amplex® Red

(pink) HRP (colourless)

Figure 5.3 Amplex Red assay scheme for measuring AChE activity

5.2. Aims and objectives
This chapter aims to evaluate the cytoprotective effects on SH-SY5Y cells of 7-aca
and bala and antioxidant activity that may contribute to their protective effects. The

specific aims were:

1. Totestthe ability of the isolated compounds to inhibit tert-Butyl hydroperoxide
(TBPH)-induced neuronal cell death in SH-SY5Y cells by measuring the cell
viability using alamarBlue®.

2. To evaluate the radical scavenging activity of the compounds using DPPH

assay.
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3. To test the effects of the compounds on GSH levels in the SH-SY5Y cell line
using GSH-Glo™.

4. To test the ability of the compounds to inhibit TBPH-induced ROS in SH-
SY5Y cells using a DCFH-DA assay.

5. To test the ability of the compounds to inhibit TBPH-induced mitochondrial
damage in SH-SY5Y cells using a TMRE assay.

6. To test the ability of the compounds to inhibit TBPH-induced activation of
caspase-3/7 levels in in SH-SY5Y cells using a Caspase-Glo 3/7 assay.

7. To evaluate the inhibitory activities of the compounds towards AChE using

Amplex® Red AChE inhibitory assay

5.3. Methods

5.3.1. Cell viability using an alamarBlue® assay

Cytotoxicity assays were carried out to ensure that the compounds were not cytotoxic
to the cell line and to determine 50% toxic concentrations of TBPH. SH-SY5Y neurons
were cultured in DMEM medium supplemented with penicillin/streptomycin and 10%
(v/v) FBS. SH-SY5Y cells were seeded at a density of 1x 10° cells/ml in 96-well plates
and incubated for 48 h. Then the cells were treated with a range of concentrations of
compounds (0.003, 0.001, 0.03,0.1, 0.3, 1, 3 uM) or TBPH (1.56, 3.13, 6.25, 12.5, 25,
50, 100, 200 pM) for 24 h. Compounds and TBPH were dissolve using DMSO before
preparing the range of concentrations. A cell viability assay was carried out as per

section 3.3.2.

To investigate the protective effect of the compounds in TBHP-induced cell death,

alamarBlue® was used to measure the percentage of viable SH-SY5Y cells. Cells were
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pre-treated with non-toxic concentrations of the compounds. Compounds were
prepared 2X the final concentration as they would be diluted 1:1 with cells and give a
final concentration of 0.3, 1 and 3 uM of 7-aca and aca, and 1, 3 and 10 uM of bala in
the well. Fifty ul medium was removed from each well and 50 pl of compound was
added in the corresponding wells, whereas 50 pl of medium was added to the control
wells. The plate was incubated for 24 h, then the medium was removed before adding

TBPH (200 uM) to the wells and further incubated for a further 24 h.

5.3.2. DPPH assay

The assay was performed in a 96-well half-area clear flat bottom plate. Ascorbic acid
was used as a positive control. The displacement curve of ascorbic acid was obtained
using a range of ascorbic acid concentrations from 30 nM to 100 uM. A range of
concentrations (0.003-10 uM) of 7-aca, aca and bala were prepared. A DPPH stock
concentration of 10 mM was made by dissolving 7.98 mg of DPPH in 2 ml ethanol.
DPPH was stored at 4°C until used. The working DPPH solution concentration was
200 uM and therefore the solution was prepared at 400uM as it was diluted twice in

the assay plate.

In the assay plate, 20 pl of ascorbic acid or 20 pl of compounds were added to wells.
Then, 20 pl of DPPH was added to all wells and the plate was covered with foil and
incubated for 20 min at room temperature. OD was read at a wavelength of 512 nm on
a M5 Spectramax Plate Reader using Softmax Pro software. The percent inhibition of

DPPH was calculated as follows:

. (0D sample — OD control)
% DPPH inhibition = x 100
OD control
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GraphPad Prism for Windows (version 8.00, GraphPad Software, San Diego, CA,
USA) was used to obtain dose—response curves and mean inhibitory concentration
(IC50) values. Data were normalized so that all curves begin at 0% and plateau at
100% and then fit into a sigmoidal dose-response curve with Bottom is set to equal

zero, and Top is set to equal 100.

5.3.3. Measurement of cellular antioxidant enzyme GSH

The assay was carried out as per the manufacturer’s instructions. SH-SY5Y cells were
seeded in half-area black 96-well plates (clear bottom) at 1.5x10° cells/well (50ul/well)
and were allowed to attach overnight in an incubator at 37°C with 5% CO>. Then,
compounds were prepared 2X the final concentration as they would be diluted 1:1 with
cells to give a final concentration of 0.3, 1, 3 uM for 7-aca and aca and a final
concentration of 1, 3, 10 uM for bala in the well. The next day, the compounds were
incubated with the cells for a further 6 h. As the SH-SY5Y cells were plated using
DMEM which contains serum and phenol red that can interfere with the assays, the
medium had to be completely removed before the next step. Then, 50 pl of GSH-Glo™
reagent was added to all wells. The plate was incubated at room temperature for 30
min after being shaken for 1 min using a plate-shaker. Fifty ul of Luciferin Detection
Reagent was added to all wells. The plate was incubated at room temperature for 15
min after being shaken for 1 min using a plate-shaker. Luminescence with an
integration time of 0.5 seconds/well was read on a M5 Spectramax Plate Reader using

Softmax Pro software.

5.3.4. Estimation of Intracellular ROS levels using DCFH-DA probe
SH-SY5Y cells were seeded at 1 x 10° cells/well (25ul/well) in a 96-well half area

black plate with a clear bottom. Cells were treated with compounds at a range of
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concentrations of 0.3, 1, 3uM for 7-aca and aca and a final concentration of 1, 3, 10
UM for bala for 24 h, whereas the controls were treated with medium only. After 24 h,
TBPH (200uM) was added and the cells were incubated for 1.5 h at 37°C with 5%

CO,. DCFH-DA dye was prepared, and the assay carried out as per section 3.3.3.

5.3.5. A¥M assessment
Cells were seeded and treated as per section 5.3.4. TMRE dye was prepared and the

assay carried out as per section 3.3.4.

5.3.6. Measurement of Caspase 3/7
Cells were seeded and treated as per section 5.3.4. A Caspase-Glo 3/7 assay was

carried out as per section 3.3.5.

5.3.7. Amplex® Red AChE inhibitory assay

AChE inhibitory activities of the compounds were determined using an Amplex® red
detection system. In a half area 96-well plate, 10 pl of 50mM Tris HCL (pH 8.0), 10
ul of 7-aca (0.001-3uM), aca (0.001-3uM) or bala (0.003-10uM) and 10 pl of 0.4 U/ml
of AChE from electric eel were added. The mixture was incubated for 30 min at room
temperature. Thereafter, 20 pl of working solution consisting of 50mM Tris HCL, 90
UM acetylcholine chloride, 0.2 U/ml choline oxidase, 2 U/ml HRP and 100 puM
Amplex® Red reagent was added to the wells. The mixture was incubated for 20 min
at room temperature. Tacrine (0.03-10uM) served as a positive control. The
fluorescence was measured with a fluorescence microplate reader using excitation in
the range of 530-560 nm. The percentage of AChE inhibition was calculated using the

formula:
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L control — sample
Percentage of AChE inhibition = x 100
control

GraphPad Prism for Windows (version 8.00, GraphPad Software, San Diego, CA,
USA) was used to obtain dose—response curves and mean inhibitory concentration
(IC50) values. Data were normalized so that all curves begin at 0% and plateau at
100% and then fit into a sigmoidal dose-response curve with Bottom is set to equal

zero, and Top is set to equal 100.

5.4. Results

5.4.1. Protective effect of compounds in TBPH-induced cytotoxicity using an
alamarBlue® assay

Cytotoxicity testing using an alamarBlue® cell viability assay was carried out using
7-aca, aca and bala prior to performing the DCFH-DA, TMRE and GSH-Glo™ assay
in SH-SY5Y cells. Bala showed no toxicity to the cells at the tested concentrations
(0.03-10 uM, Figure 5.4A). Although not significant (P<0.01), 7-aca and aca showed
slight decreased cell viability to 90% at 10pM. To obtain an appropriate concentration
of TBHP, which exhibits approximately 50% of cell death, SH-SY5Y cells were
treated with a range of concentrations of TBHP for 24 h, and cell viability was
determined using an alamarBlue® cell viability assay. Concentration-dependent cell
death was observed with TBHP treatment (Figure 5.4B) and 200 uM TBHP, which

exhibited approximately 50% cell death, was chosen in the following experiments.

Next, in order to assess the protective effects of the compounds, cells were pre-treated
with increasing concentrations of 7-aca and aca at 0.3, 1 and 3uM and bala at 1, 3 and
10 uM before treating with 200 uM of TBHP. As illustrated in Figure 5.5, pre-

treatment with 7-aca (3 uM), aca (3 uM) and bala (10 uM) significantly (P<0.01)
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prevented cell death, restoring cell survival to 87%, 88.6% and 92.3%, respectively.
Microscopy-assisted evaluation of cell viability confirmed that 7-aca, aca and bala was
protective against TBHP (Figure 5.6). Untreated cells showed the characteristic
elongated shape of healthy SH-SY5Y cells. Once stressed with TBPH for 24 h, the
morphology of the cells changed to a rounded conformation. Pre-treatment with 7-aca
(3 uM), aca (3 uM) and bala (10 uM) prevented the cell death induced by TBPH; the
cells looked healthier maintaining their original shape while showing only fewer

rounded shaped cells when compared to the TBPH control.

A Alamarblue® assay of compounds-treated SH-SYSY cells
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Figure 5.4 Concentration-dependent effects of A) 7-aca, aca and bala on cell survival
in SH-SY5Y cells and B) TBHP on cell survival in SH-SY5Y cells. Cells were
exposed to different concentrations of compounds or TBHP for 24 h. Cell viability was
assessed using an alamarBlue® assay. Data was analysed using One-Way ANOVA
with a Bonferroni multiple comparison test. Data represents the mean of triplicate
readings + SEM, n=3. **P<0.01 represents a significant decrease in cell viability vs
untreated cells (control).
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Figure 5.5 Protective effect of 7-aca, aca and bala on TBHP-induced neuronal cell
death in SH-SY5Y human neuroblastoma cells. Cell viability at 200uM TBHP was
measured using alamarBlue®. Data was analysed using One-Way ANOVA with
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Bonferroni multiple comparison test. Data represents mean + SEM, n=3. **P<0.01
represents significant increase in cell viability vs to TBHP alone (control).

L’A- ! \;'.’;,

Figure 5.6 Microscopy images of SH-SY5Y cells pre-treated with compounds (24 h)
and further treated 200uM TBPH (24 h), 200uM TBPH alone (24 h) or untreated cells
(control). Objective lens x10.
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5.4.2. DPPH

The compounds were investigated for their ability to scavenge DPPH activity.
Ascorbic acid, a known antioxidant, was used as a positive control and tested at a range
of concentrations where 100uM was the highest. Ascorbic acid significantly (P < 0.01)
scavenged the DPPH activity in a concentration dependent manner with an I1Cso value
of 12.4 uM as shown in Figure 5.7. Inhibition of DPPH radicals by all the compounds
tested was generally dose-dependent, with the highest concentration of the extracts
showing the highest antioxidant activity (Figure 5.7). At a concentration of 10uM, 7-
aca, aca, and bala inhibited DPPH radicals significantly (P<0.01) to 39%, 42% and
69.5% respectively. Bala showed the most potent antioxidant activity with an ICso of

6.2UM.
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Figure 5.7 The percentage inhibition of DPPH by compounds and ascorbic acid (standard). Data represents mean + SEM, n=4. Data was
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5.4.3. GSH

GSH standard was used to ensure the GSH-Glo™ assay is at optimum performance.
At a range of concentrations (0-5 uM) a curve was generated with a R? of 0.9967 which
indicates a good curve fit as shown in Figure 5.8. After TBPH treatment, GSH
decreased significantly (P<0.01) in SH-SY5Y cells. However, pre-treatment of 7-aca,
aca and bala increased GSH levels significantly (P<0.01) in a dose-dependent manner
(Figure 5.9). Pre-treatment of 7-aca and aca at 3uM and bala at 10 uM showed a
significant (P < 0.01) increase in GSH levels by 60%, 61.9% and 66.1%, respectively

in SH-SY5Y cells compared to TBPH alone.

GSH-Glo™ assay
Gluthathione standard
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Concentration (uM)

Figure 5.8 GSH standard curve generated from the GSH-Glo™ Assay. Data
represents mean = SEM, n=4.
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Figure 5.9 GSH levels on TBPH alone or compounds in TBPH-treated SH-SH5Y cells. Data represents mean + SEM. Data was analysed
using One-Way ANOVA with a Bonferroni multiple comparison test. The data are means £ SD of three independent experiments. ## P<
0.01 indicates significant decrease from the control group. ** P< 0.01 indicates significant increase from the TBHP treatment group.



5.4.4. DCFH-DA assay

The effects of 7-aca, aca and bala treatment on TBPH-induced endogenous ROS in
SH-SY5Y cells were evaluated by measuring the levels of intracellular ROS in TBPH-
treated SH-SY5Y cells. Fluorescent dye DCFH-Da was used in this experiment, that
is oxidised to fluorescent DCF by ROS. TBPH treatment caused a marked
concentration-dependent increase of intracellular ROS generation (1.56-200uM)
(Figure 5.10). However, 1 and 3uM of 7-aca, aca and 3 and 10 uM bala pre-treatment
significantly (P < 0.01) reduced ROS production (Figure 5.11). 7-aca decreased ROS
levels by more than three times in comparison with TBPH alone, whereas aca and bala
decreased ROS level by more than two times. Pre-treatment with 7-aca and aca at 3uM
and bala at 10puM decreased ROS levels by about 54%, 55% and 69%, respectively,
when compared to TBPH treatment alone Therefore, the compounds showed

protection against TBPH-induced oxidative stress.
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Figure 5.10 ROS production measurement using DCFH-DA assay in SH-SY5Y cells
after various concentrations of TBHP stimulation for 1.5 h. Data was analysed using
One-Way ANOVA with Bonferroni multiple comparison test. Data represents mean +
SEM, n=3. **P<0.01 represents a significant increase in ROS generation vs untreated
cells (control).
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Figure 5.11 ROS production measurement using DCFH-DA solution in SH-SY5Y
cells after stimulation with test samples with or without 200 uM TBPH for 1.5 h. Data
was analysed using One-Way ANOVA with Bonferroni multiple comparison test.
**P<0.01 represents significant decrease in ROS generation vs TBPH treated cells
alone.
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5.4.5. TMRE assay

The effects of 7-aca, aca and bala treatment on TBPH-induced disruption of AYM in
SH-SY5Y cells was evaluated using TMRE dye. Intact mitochondria are indicated by
an increase in fluorescence intensity. TBPH-treated cells showed a significant
(P<0.01) concentration-dependent decrease in fluorescence intensity, indicating loss
of AYM (Figure 5.12). However, 7-aca, aca and bala pre-treatment prevented the loss
of AYM under TBPH-induced neurotoxic conditions (Figure 5.13). In particular, 3 uM
of 7-aca, 3 UM of aca and 10 uM of bala pre-treatment resulted in more than two times
increase of AYM. These results suggest that the neuroprotective effects of 7-aca, aca
and bala against TBPH-induced cell injury occurred via inhibition of AYM loss and

oxidative stress.
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Figure 5.12 AYM measurement using TMRE dye in SH-SY5Y cells after various
concentrations of TBHP stimulation for 1.5 h. Data was analysed using One-Way
ANOVA with Bonferroni multiple comparison test. Data represents mean + SEM,
n=3. **P<0.01 represents a significant decrease in AYM vs untreated cells (control).
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Figure 5.13 AYM measurement using TMRE dye in SH-SY5Y cells after stimulation
with test samples with or without 200 uM TBPH for 1.5 h. Data was analysed using
One-Way ANOVA with Bonferroni multiple comparison test. ## P< 0.01 indicates
significant differences from the control group. **P<0.01 represents significant
increase in AYM vs TBPH treated cells alone.
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5.4.6. Caspase-3/7

The effectiveness of 7-aca, aca and bala as a neuroprotective agent was further
evaluated by determining the mechanism of apoptosis through caspase activation. The
Caspase-Glo 3/7 assay is a luminescent assay that measures caspase-3 and -7 activities.
Figure 5.14 shows the comparison of caspase-3/7 activity in the various treatment
groups, all of which show significant increases in caspase-3/7 activity when exposed
to 200uM TBPH (P<0.01 compared with the untreated cells). Cells pre-treated with
all compounds showed a significant (P < 0.01) decrease in caspase-3/7 activity in a
dose-dependent manner indicating potential neuroprotective activity. Three uM of 7-
aca, 3uM of aca and 10uM of bala resulted in a significant (P < 0.01) decrease in

caspase-3/7 activity by 32.3%, 39.8% and 48.5%, respectively.
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Figure 5.14 Neuroprotective effect of different concentrations of 7-aca, aca, and bala
on caspases-3/7 level in SH-SY5Y cells after stimulation with test samples with or
without 200 uM TBPH for 1.5 h. Data was analysed using One-Way ANOVA with
Bonferroni multiple comparison test. ## P< 0.01 indicates significant differences from

the control group. **P<0.01 represents a significant decrease in caspase 3/7 vs TBPH
treated cells (control).

242



5.4.7. AChE

The AChE inhibitory potential of 7-aca, aca and bala is shown in Figure 5.16. AChE
inhibitory assays were determined using Amplex® Red. The results revealed that the
compounds inhibited AChE activity in a dose-dependent manner with an I1Csg of

2.1uM for 7-aca and 2.8uM for aca and 2.7uM for bala.
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Figure 5.15 AChE inhibition activity of tacrine (standard) at a range of concentrations
(0.003-10uM). Values represent mean = SEM. Data was analysed using One-Way
ANOVA with Bonferroni multiple comparison test. ** P< 0.01 indicates a significant
increase from the control group (without tacrine).
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Figure 5.16 AChE inhibition activity of 7-aca (0.001-3uM), aca (0.001-3uM) and bala
(0.003-10uM). Values represent mean £ SEM. Data was analysed using One-Way
ANOVA with Bonferroni multiple comparison test. ** P< 0.01 indicates significant
differences from the control group (without compounds).
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5.5. Discussion and conclusion

In Chapter 3, a high concentration of 7-aca (30 uM), aca (30 uM) and bala (150 uM)
showed cytotoxic effects and promoted apoptosis of cancer cells A2780 and ZR-75-1.
However, at lower concentrations, 7-aca (3uM), aca (3uM) and bala (10uM) showed
anti-inflammatory effects on LPS-stimulated THP-1 differentiated cells as described
in Chapter 4. The link between chronic inflammation and oxidative damage that leads
to neuronal death are important features of the brain pathology of AD. Thus, it was
pertinent to investigate the protective effect of these compounds against neuronal cell
death. Therefore, this chapter explored the potential use of 7-aca, aca and bala as a

protective agent against neurotoxicity caused by oxidative stress.

Protective effects of the compounds were assessed in in vitro assays using the human
neuroblastoma SH-SY5Y cell line which is widely used as a model cell system for
studying neuronal cell death induced by oxidative stress (Martinez et al., 2020). Non-
cytotoxic concentrations of the compounds were selected using an alamarBlue® cell
viability assay in order to determine safe working concentrations. TBHP is a
membrane-permeant pro-oxidant agent frequently used for assessment of mechanisms
involved in oxidative stress in biological systems and cellular function (Kucera et al.,
2014, Lu et al., 2015b, Sarddo et al., 2007). In this study, TBHP was used as an
oxidative agent that mimics oxidative cell injury by AB. Cell death was induced by
incubating SH-SYS5Y cells with TBHP (200 uM) for 24 h. At this TBPH concentration
~50% of cell death was observed. To assess the protective effect of 7-aca, aca and
bala from TBPH-induced toxicity, cells were pre-treated with compounds for 12 h
before the treatment of TBPH for 24 h. The data in this study determined that pre-

treatment of neuron cells with 7-aca, aca and bala prevented TBPH-induced cell death
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(> 80% viable cells) and inhibited morphological changes. Incubation of SH-SY5Y
cells with TBPH for 24 h caused cell shrinkage and a decrease in the cell number,
which is a sign of apoptotic morphological changes (Saraste and Pulkki, 2000).
However, pre-treatment with 7-aca (3uM), aca (3uM) and bala (10 uM) showed very

little to no apoptotic morphological changes.

Following the protection studies against cell death by TBPH, the role of redox
regulation in the protective effect of 7-aca, aca and bala against TBPH—-induced
oxidative damage was investigated. This was carried out by measuring the free radical
scavenging ability, intracellular oxidative stress and cellular antioxidant defence in
SH-SY5Y cells. These parameters were selected as oxidative stress plays an important
role in the early stages of AD manifestation. For example, several studies have shown
an increase of ROS and RNS mediated injuries in AD brain along with increased levels
of oxidised biomolecules (proteins, nucleic acids and lipids). Altered regulation of
antioxidant enzymes was also observed in AD patients (Mecocci and Polidori, 2012,
Rosini et al., 2014). A DPPH assay was used to assess the ability of samples to
scavenge ROS. Ascorbic acid was used in this assay as a positive control due to its
known antioxidant activity. Ascorbic acid inhibited DPPH with an ICso of 12.4 uM. 7-
aca and aca showed a moderate DPPH radical scavenging activity and this finding is
concordant with a published study by (Hu et al., 2017). However, bala was able to
scavenge DPPH radical more than 50% (ICso =6.2 uM) and this potent activity was
reported by (Ge et al., 2009). In DCFH-DA-loaded SH-SY5Y cells, the fluorescence
intensity increased after treatment with 200 uM TBPH for 1.5 h, suggesting an increase
in the generation of intracellular ROS. The oxidant burden of SH-SY5Y

neuroblastoma cells after exposure to TBPH decreased significantly in the presence of
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7-aca, aca and bala in a concentration-dependent manner (P < 0.01). Pre-treatment with
7-aca and aca at 3uM and bala at 10uM decreased ROS levels by about 54%, 55% and
69%, respectively, when compared to TBPH treatment alone. This result indicates that
the protective effects of the compounds against TBPH—induced oxidative damage
could be mediated by their antioxidant ability. Incubation with 200 uM TBPH
decreased GSH levels to approximately 50% in SH-SY5Y cells compared to untreated
cells. GSH is an important co-substrate for several key cellular antioxidative enzymes
intracellular antioxidant and it has the ability to scavenge both singlet oxygen and
hydroxyl radicals and provides a first line of defence that targets intracellular ROS
(Chetty et al., 2005). In AD patients, GSH is depleted compared to healthy age-
matched controls (Cristalli et al., 2012, Padurariu et al., 2010, Calabrese et al., 2006).
In in vitro studies carried out using neuron cells, the decrease in GSH levels and the
onset of oxidative damage could possibly contribute to the activation of signalling
events that leads to apoptotic cell death (Chetty et al., 2005, Kern and Kehrer, 2005).
TBPH has been reported to reduce GSH levels in cells numerous times (Liang et al.,
2018, Wang et al., 2018c, Ko and Lam, 2002, Lim et al., 2018). Pre-treatment of 7-
aca and aca at 3uM and bala at 10 uM restored GSH levels by 60%, 61.9% increase
and 66.1% increase, respectively in SH-SY5Y cells compared to TBPH alone. A well-
known antioxidant drug, N-Acetylcysteine (NAC), has been proven to be a precursor
for GSH production which is a protective approach against AD progression. In an in
vivo study, mice pre-treated with NAC prior to intracerebroventricular injection of Af3
showed an increase in GSH content that resulted in decreased protein and lipid
oxidation compared to control (Fu et al., 2006). In in vitro studies, the protective

effects of NAC of SH-SY5Y cells has been proven to be due to the activation of the
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GSH redox-cycling pathway that leads to ROS suppression (Cheng et al., 2016,
Chandramani Shivalingappa et al., 2012, Alboni et al., 2013). Hence in this study it is
suggested that the mechanism behind the compounds’ protective effects against
TBPH-induced oxidative damage could be via an increase in cellular antioxidant

enzymes, specifically GSH.

Oxidative stress affects mitochondrial processes which causes mitochondrial
dysfunction and thus disruption in brain function (Jordan et al., 2003). Caspase-3
activation executes apoptosis. The effectors of apoptosis are responsible for the
breakdown of the cellular cytoskeleton, mitochondrial DNA and DNA-associated
proteins leading to neuronal cell death via mitochondrial-mediated apoptotic pathways
(Tatton et al., 2003). In response to treatment of TBPH in this study, decreased A¥YM
and increased caspase-3/7 compared to untreated cells was observed. This suggests
that apoptotic cell death induced by TBPH was associated with AYM depolarisation
and an increase in caspase levels which was attenuated by the compounds. Results
obtained by TMRE fluorescent sensitive probes showed that A¥YM loss induced by
TBPH was significantly (P<0.01) reversed by pre-treatment with 3 uM 7-aca (81.3%),
3 UM aca (80.3%) and 10 uM bala (91.5%). Furthermore, it was confirmed that
activation of caspase-3/7 induced by TBPH was inhibited by pre-treatment with 7-aca

(3uM), aca (3uM) and bala (10 uM) by 32.3%, 39.8% and 48.5, respectively.

Aca protection against cell death has been shown in a number of publications, but this
Is the first report of the protection effect of 7-aca. Kim et al. (2017) demonstrated that
treatment of aca inhibited 6-hydroxy-dopamine (6-OHDA)-induced neuronal cell
death in SH-SYS5Y cells through reduction of ROS level and AYM dysfunction. Aca

also acted on key molecules in apoptotic cell death pathways such as reducing
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phosphorylation of JNK, MAPK, (PI3K)/Akt, and glycogen synthase kinase-3beta
(GSK-3b) (Kim et al., 2017). Another study showed that the treatment of aca on
inhibition of kainic acid-induced neuronal cell death in a rat model through the
inhibition of glutamate release from hippocampal synaptosomes by attenuating
voltage-dependent Ca2+ entry (Lin et al., 2014). Furthermore, aca also showed
cardioprotection in primary cultured neonatal rat cardiomyocytes and H9C2
cardiomyoblasts cells (Wu et al., 2018). Aca (0.3-3 uM) significantly decreased
apoptosis and ROS production induced by hypoxia/reoxygenation injury via reducing
BAX and cleaved-caspase-3 and increasing the anti-apoptotic protein, BCL-2 (Wu et
al., 2018). Furthermore, aca has been reported to exhibit its neuroprotective effects
through other mechanisms such as by interfering with human AP cleaving enzyme
(BACE-1) activity and amyloid precursor protein (APP) synthesis which results in
reduced AP production in a Drosophila melanogaster AD models (Wang et al.,
2015c¢). All the above points support the protective effect of 7-aca and aca in this study

through the inhibition of the apoptotic cell death pathways.

Currently, there are no published reports on the protective effects of bala. However,
resveratrol is known for its antioxidant properties and neuroprotection effects. At 5
uM, resveratrol protected SH-SYSY cells against the cytotoxicity induced by
dopamine through rescuing the loss of AYM, causing a decrease in cleavage of PARP,
an increase in BCL-2 protein, and inhibition of caspase-3 (Lee et al., 2007a). Similarly,
primary cortical neuron cultures treated with resveratrol showed protection against N-
methyl-D-aspartate (NMDA)-induced neuronal cell death by inhibiting the elevation
of intracellular calcium and ROS (Ban et al., 2008, Zhang et al., 2008). Another study

showed that resveratrol protected the hippocampal neuronal HT22 cell line from high
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exposure to glutamate, by reducing mitochondrial oxidative stress and damage through
induction of the expression of mitochondrial superoxide dismutase 2 (SOD2) (Fukui
et al., 2010). Furthermore, other studies have demonstrated the neuroprotective effects
of resveratrol through other mechanisms such as activation of Sirtuin-1 (SIRT1) in rat
hippocampus and SH-SY5Y cells which is essential for synaptic plasticity and normal
cognitive functions (Capiralla et al., 2012, Wang et al., 2017, Guida et al., 2015).
Resveratrol is also effective at preventing blood-brain barrier (BBB) impairment and
inhibiting AB1-42 from crossing the BBB and accumulating in the hippocampus (Zhao

etal., 2015).

In this current study, 7-aca, aca and bala showed AChE inhibitory effect with an 1Csg
of 2.1uM for 7-aca, 2.8uM for aca and 2.7uM for bala. The major role of AChE is to
breakdown ACh which is an important neuromodulator in the brain that plays a role in
the enhancement of alertness on waking up, in sustaining attention and in learning and
memory (Picciotto et al., 2012). Therefore, the pathogenesis of AD has been linked to
a deficiency in the brain neurotransmitter ACh. Aca has previously been reported to
exhibit a potent anti-cholinesterase activity (ICso: 50.33uM + 0.87) (Nugroho et al.,
2019). However, an in vivo study on AChE inhibitory activity using AlIClz-induced
AD in rats showed that aca had weak activity (El-Sawi et al., 2019). There are no
published reports on the AChE inhibitory effect of bala, however resveratrol and its
oligomers have been proven in a number of in vitro studies to be potent AChE
inhibitors and butyrylcholinesterase (BChE) inhibitors (Jang et al., 2008, Slusarczyk
etal., 2019, Giri and Roy, 2015). BChE is another hydrolytic enzyme that acts on ACh
to terminate its actions in the synaptic cleft, however the conversion rate of ACh by

BChE is lower than the conversion by AChE (Zhao et al., 2013a). Nevertheless, BChE
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can still substitute AChE for the breakdown of the neurotransmitter (Pohanka, 2011,
Karlsson et al., 2012). An in vivo study by Schmatz et al. (2009) showed that treatment
with resveratrol significantly prevented an increase in AChE activity in the cerebral

cortex and hippocampus of adult male Wistar rats (Schmatz et al., 2009).

Collectively, the data supports the neuroprotective effects of 7-aca, aca and bala
against TBHP-induced cell death in SH-SY5Y cells. The possible mechanism that
could be involved in the neuroprotective effect of the compounds is through elevation
of intracellular GSH levels and the ability to modulate ROS levels. Furthermore, 7-aca
and bala also showed AChE inhibition. Therefore, these findings support the potential
of 7-aca and bala as treatments to prevent neuronal dysfunction and/or death associated
with age or age-associated diseases such as AD wherein oxidative stress plays an

important role.
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Chapter 6 Summary, Future work and Conclusions

6.1 Summary

The current study provided some promising results on the bioactivity of isolated
compounds from two Malaysian plants. As indicated in Chapter 1, the objective of this
research was to evaluate the anti-cancer, anti-inflammatory and neuroprotective
activities of A. malaccensis twigs and H. dryobalanoides bark extracts with focus on

pure, isolated compounds.

Firstly, selected extracts underwent phytochemical investigation to identify and isolate
potential bioactive compounds. Based on the cytotoxicity studies on cancer cells
(A2780, HepG2, U20S and ZR-75-1), the hexane and methanol extracts of A.
malaccensis and the ethyl acetate extract of H. dryobalanoides showed strongest
cytotoxicity against A2780 and ZR-75-1 cells. Therefore, these extracts were chosen
for phytochemical investigation using chromatography techniques. Fractionation of A.
malaccensis hexane and ethyl acetate extracts led to the isolation of 7-aca and Q/A
(mixture of two compounds named quercitrin and afzelin), respectively. Fractionation

of H. dryobalanoides ethyl acetate extract led to the isolation of bala and heimiol A.

6.1.1 Anti-cancer

In Chapter 3,7-aca, aca, Q/A and bala were tested for their anti-cancer activity on
A2780 and ZR 75-1 cells. Due to limited published material on the anti-cancer effect
of 7-aca, a similar compound called acacetin (aca) which is known to have potent anti-
cancer effect was purchased (Chien et al., 2011, Hsu et al., 2004, Kim et al., 2013).
Preliminary testing of the cytotoxicity of 7-aca, aca, Q/A and bala on A2780 and ZR-
75-1 cells suggests that these compounds could possess potential anti-cancer activity.

Heimiol A did not show any cytotoxicity against both cancer cell lines. Amongst all
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the compounds 7-aca was shown to have the strongest cytotoxicity effect against
A2780 and ZR-75-1 cells with an 1Cso of 6.5uM and 6.7 UM, respectively. Therefore,
further investigation of the mechanism of action behind the cytotoxic effect of the
compounds was carried out by measuring the ROS levels (DCFH-DA assay), the AYM
(TMRE assay) and the caspase-3/7 levels (Caspase-Glo assay). 7-aca, aca, Q/A and
bala were able to increase ROS levels, reduce the A¥M and increase caspase 3/7 levels
in A2780 and ZR-75-1 cells. Cancer and apoptosis are known as antagonistic processes
and, therefore, stimulation of apoptosis is the main strategy in cancer therapy.
Evidence suggests that malignant cells in most cancers, have increased levels of ROS
compared to normal cells (Gongalves et al., 2015, Schumacker, 2006). A delicate
balance of ROS levels is essential for normal cell growth and survival since a moderate
increase in ROS can promote cell proliferation while excessively high concentrations
of ROS leads to cell death (Boonstra and Post, 2004). Since cancer cells are already in
a state of increased oxidative stress, they could be more susceptible to agents that
further increase ROS generation (Pelicano et al., 2004, Schumacker, 2006). Hence, a
further increase in ROS is likely to push cancer cells, but not normal cells, beyond the
toxic threshold. Excessive increases in ROS in cancer cells disrupts the mitochondrial
membrane and opens the mitochondrial permeability transition pore (PTP), and thus
interferes with the mitochondrial ETC and induces the release of cytochrome-c leading
to the activation of effectors such as caspase-3, that results in the cleavage of cellular
proteins and leads to apoptotic cell death (Giorgio et al., 2005, Simon et al., 2000,
Redza-Dutordoir and Averill-Bates, 2016). Based on this theory, this suggests that 7-
aca, aca, Q/A and bala exhibited apoptotic cell death on A2780 and ZR-5-1 cells by

the induction of oxidative stress through the elevation of ROS, disruption of the AYM
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and an increase in caspase-3/7 levels. Furthermore, 7-aca, aca and bala showed anti-
metastatic activity by inhibiting adhesion of A2780 and ZR-75-1 cells on fibronectin
in the ECM and inhibited their migration and invasion. MMP inhibition has been
known to be one of the strategies for blocking migration and tumour metastasis.
Inhibition of MMP-2 and MMP-9 by chemotherapeutic agents has been reported to
suppress A2780 and MCF-7 cell migration and invasion ability (Gao et al., 2017,

Jamialahmadi et al., 2018, Majumder et al., 2019).

Based on the results, 7-aca showed to have a significantly (P<0.05) stronger anti-
cancer and anti-metastatic activity compared to aca. Therefore, 7-aca was selected for
further study on the effect of these compounds on A2780 and ZR-75-1 cells through
metabolomic profiling in order to achieve a deeper understanding of the mechanism
of action and to identify potential new biomarker metabolites. Aca was also chosen to
undergo metabolomics study in order to further compare these two compounds. The
data obtained revealed that 7-aca and aca affected several metabolic pathways of
A2780 and ZR-75-1 such as amino acid, energy, and carbohydrate metabolism.
OXPHOS is preferentially stimulated in some cancer cells such as breast and ovarian
(Lucantoni et al., 2018, Guppy et al., 2002, Jose et al., 2011). Mitochondria are best
known for their role in ATP production, which is performed via OXPHQOS. The
mitochondrial OXPHOS system is embedded in the mitochondrial inner membrane
(MIM) and represents the final step in the conversion of nutrients to energy by
catalysing the generation of ATP (Shahruzaman et al., 2018). In this study, a clear
inhibition of mitochondria OXPHOS was observed through the depletion of ATP and
NAD+ levels in both A2780 and ZR-75-1 cells treated with 7-aca and aca. ATP and

NAD+ levels were lower in cells treated with 7-aca compared to aca. Several studies
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have demonstrated a decrease in ATP levels through the depletion of AYM could
initiate apoptosis (Zorova et al., 2018). A well-known mitochondrial uncoupler,
FCCP, inhibits A¥M by dissipating the proton gradient in mitochondria which causes
the reduction of ATP synthesis from the mitochondria (Losano et al., 2017). Another
study showed that the combination treatment of gossypol with phenformin cause
inhibition of mitochondrial complex | and ATP depletion, which efficiently induced
cell death in non-small-cell lung cancer cells (NSCLC) (Kang et al., 2016).
Furthermore, in the current study, both A2780 and ZR-75-1 cells showed reduction of
metabolites such as G6PD, GSSG and NADPH in the pentose phosphate pathway
(PPP) after treatment with 7-aca and aca. Again, these metabolites were lower in 7-aca
treated cells compared to aca-treated cells. NADPH, which is generated by G6PD in
the PPP, plays a role in detoxifying intracellular ROS through reducing GSSG to GSH
(Korge et al., 2015). These metabolites are involved in the PPP which is a major
antioxidant defence system in cancer to balance high ROS levels in order to maintain
cell homeostasis and the inhibition of these metabolites are known to cause the build-
up of ROS (Fang et al., 2016, Miran et al., 2018, Hong et al., 2015, Yang et al., 2019).
Moreover, G6PD deficiency has been associated with lower cancer risk through
downregulation of PPP and consequent shortage of NADPH needed by rapidly
proliferating cancer cells to synthesise DNA (Patra and Hay, 2014, Pes et al., 2019).
Studies on cervical cancer and breast cancer cells have shown that inhibition of G6PD
activity resulted in decreased cancer cell migration and proliferation ability as well as
impairment of NADPH production, causing ROS-mediated stress that leads to cell
shrinkage (apoptosis) (Fang et al., 2016, Mele et al., 2018). This suggests that 7-aca

and aca caused an impaired antioxidant defence in the PPP which resulted in the build-
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up of ROS and oxidative stress. Oxidative stress causes mitochondria damage. At the
same time, the compounds also caused a decrease in AYM that leads to decrease of

ATP levels which triggers apoptosis.

Overall results in this study suggest that 7-aca is a more potent anti-cancer activity
towards A2780 and ZR-75-1 cells compared to aca. 7-Aca contains 2 methoxylated
carbons at position 7 and 4’ as well as a hydroxyl group at C5 whereas aca has only 1
methoxylated carbon at 4’ in B ring and a hydroxyl group at C5. Several studies has
suggested that the presence of methoxy group or insertion of methoxy group at
different positions in the compound could cause a stronger cytotoxic and anti-
metastatic activity of the compound (Liew et al., 2020, Tseng et al., 2015, Wu et al.,
2017, Massi et al., 2017). However, further investigation needs to be carried out to
determine the structural-activity relationships analysis of different functional groups

in 7-aca and aca with their anti-cancer activity.

6.1.2 Anti-inflammatory

The main objectives of the present study in Chapter 4 were to investigate the anti-
inflammatory properties of 7-aca, aca, Q/A and bala in inhibiting the production of
pro-inflammatory cytokines in LPS stimulated PMA-differentiated THP-1 cells. In
this study, ELISAs confirmed that LPS treatment triggered the production of a
significant amount of pro-inflammatory cytokines TNF-a, IL-1f and IL-6, as

expected. In comparison, 7-aca, aca and bala pre-treatment inhibited LPS stimulation
production of TNF-a, IL-1p and IL-6. Bala at 10uM showed the strongest inhibition

of TNF-a, IL-1P and IL-6 by 75%, 68% and 67.28%, respectively. 7-aca and aca
showed similar activity by causing approximately 40-50% inhibition of all the

cytokines. In vitro and in vivo studies in the literature have reported that inhibition of
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pro-inflammatory cytokines such as TNF-a, IL-1B and IL-6 are effective in treating
chronic inflammation diseases such as RA, diabetes, IBD, Crohn's disease and AD
(Morietal., 2011, Popko et al., 2010, Sanchez-Munoz et al., 2008, Pizarro et al., 2006,
McAlpine et al., 2009). Prolonged activation of macrophages that results in the
overproduction of cytokines in the TME has been reported to contribute to cancer

progression (Kim et al., 2009, Stoimenov and Helleday, 2009).

Following the more potent anti-inflammatory activity shown by bala compared to 7-
aca and aca, bala was chosen to carry out a retrospective investigation into gene
changes using RNA-Seq on RNA extracted from THP-1 macrophages following
stimulation with LPS, with and without bala. RNA-Seq data analysed by Cytoscape
ClueGo showed that the cytokine-cytokine receptor interaction pathway was most
affected in both groups. The treatment of LPS and LPS/bala on THP-1 macrophage
cells caused up-regulation of 47 and 22 genes associated with the cytokine-cytokine
receptor interaction pathway, respectively, when compared to the no treatment control
group. However, when LPS/bala treatment was compared to LPS alone, down-
regulation of 27 genes associated with the cytokine-cytokine receptor interaction
pathway was observed. Treatment with LPS/bala showed the down-regulation of TNF-
a and IL-6 genes compared to LPS alone, which reflects the data shown in the ELISA.
However, the IL-/ gene was not significantly (P>0.05) altered by LPS alone or
LPS/bala treatment. Two most significantly enriched pathways were suggested by the
Pathview software: TNF signalling and JAK/STAT signalling pathways. Genes such
as TNF-a, BIRC3, MMP9, PTGS2 and IL-6 were shown to be significantly (P<0.05)
down-regulated after treatment with LPS/bala compared to LPS treatment alone.

Activation of TNF family signalling is associated with the activation of a NF-xB-
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dependent response (Hayden and Ghosh, 2014) that causes the release of pro-
inflammatory cytokines such as TNF-a and IL-6 (Wu and Zhou, 2010b, Germano et
al., 2008). Studies on breast cancer cells (such as MCF-7 and MDA-MB-468) have
demonstrated that TNF-o promotes self-renewal capacity in human breast cancer cell
lines through the activation of non-canonical and canonical NF-kB pathway (Storci et
al., 2010, Liu et al., 2020). NF-«kB is a key regulator of macrophage activation
pathways and is critical for macrophage activation responses to inflammatory stimuli
including TLR ligands (Stout et al., 2005). Activation of NF-kB in macrophages has
been shown to be required for the onset of tumour development in several
inflammation-induced cancer models through the release of TNFa, IL-6 and IL-1f
(Mantovani et al., 2013, Lewis and Pollard, 2006, Sica and Bronte, 2007, Maeda et
al., 2005, Hallam et al., 2009). Inhibition of NF-xB has been linked to the reduction

of pro-inflammatory cytokine release (Crinelli et al., 2000, Karlsen et al., 2007).

TNF-a has been reported to be an inducer of MMPs including MMP-9 in macrophages
NF-kB, MAPK and JNK signalling pathways (Shubayev et al., 2006, Zhang et al.,
2017a, Lee et al., 2009b) and inhibition of these signalling pathways have been
reported to cause the inhibition of MMP-2 and MMP-9 gene transcription in THP-1
macrophage cells (Kim et al., 2015b). Moreover, TNF-a has been reported to induced
production of MMP-9 which is associated with invasion/migration of various cancer
cells such as breast, lung and prostate (Weiler et al., 2018, Lee et al., 2010a, Dilshara
et al., 2015). A study by (Hagemann et al., 2004) demonstrated that co-cultivation of
breast cancer cells (MCF-7, SK-BR-3) with macrophages leads to enhanced
invasiveness of the malignant cells due to TNF-a dependent MMP-2 and -9 induction

in the macrophages. In this study, STAT3 and STAT4 genes were significantly (P<0.05)
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down regulated in the JAK/STAT signalling pathway after treatment with LPS/bala
compared to LPS treatment alone. STAT3 has close association with chronic
inflammation which is subsequently linked with tumour initiation due to a mutation in
the genetic makeup of malignant cells (Ernst et al., 2008, Gao et al., 2007). IL-6 that
is encoded by NF-«xB target genes are known to be critical activators of STAT3 (Lee
et al., 2009a, Bollrath et al., 2009, Grivennikov et al., 2009). A considerable amount
of literature presented that the activation of IL-6/STAT3 signalling pathway played an
important role in cancer (Lu et al., 2015a, Slattery et al., 2013, Gyamfi et al., 2018).
Furthermore, a study showed that IL-6 released by macrophages exerted a promotive
effect on migration and invasion of colon cancer cells via the IL-6/STAT3/ERK
signalling pathway (Gao et al., 2018). Therefore, this suggests that TNF/NF-xB and
the JAK/STAT signalling pathway could be involved in the inhibition of TNFa and

IL-6 by bala.

6.1.3 Neuroprotection

The main objectives of Chapter 5 were to investigate the neuroprotective effect of 7-
aca, aca and bala in TBPH-induced cytotoxicity on SHSY-5Y cells. In Chapter 4, 7-
aca, aca and bala had been shown to inhibit inflammation by supressing the production
of pro-inflammatory cytokines such as TNF-a, IL-1B and IL-6, which is commonly
believed to be a culprit in AD pathogenesis (Weninger and Yankner, 2001). Studies
have shown that secretion of pro-inflammatory cytokines from activated human
microglia or THP-1 cells cause toxic effects against SHSY-5Y cells (Jordan et al.,
2003, Little et al., 2015, Klegeris and McGeer, 2001, Klegeris and McGeer, 2003).

Oxidative stress also plays an important role in AD manifestation through an increase
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of ROS and RNS and altered regulation of antioxidant enzymes (Mecocci and Polidori,

2012, Rosini et al., 2014).

In this study, all compounds showed protective effects against TBPH-induced toxicity
against SHSY-5Y cells through an increase in A¥YM and a decrease in caspase-3/7.
Furthermore, the compounds also showed a protective effect against oxidative stress
through inhibition of TBPH-generated ROS by approximately 54% (7-aca), 55% (aca)
and 69% (bala). Similarly to cancer cells, oxidative stress-induced neuronal cell death
is associated with the mitochondria-related apoptotic pathway in H2O2-induced SH-
SY5Y cells and is an important mechanism in neurodegenerative diseases. The
overproduction of ROS leads to increased permeability of the mitochondrial
membrane and loss of A¥M, thus resulting in release of cytochrome C which activates
pro-apoptosis factors, such as caspase-3, eventually inducing cell death (Hu et al.,
2015b, Kim et al., 2018). In this study, the protective effect of the compounds from
the increase in ROS level could be due to the antioxidant activity of the compounds.
Bala showed the most potent antioxidant activity by scavenging DPPH radicals (ICso
=2.4 uM) and increasing GSH levels by 66.1%. It has been reported in many studies
that antioxidants with potent free radical scavenging properties (DPPH assay) and the
ability to restore GSH levels are able to protect neurons from oxidative stress (Pruccoli
et al., 2020, Tarozzi et al., 2012, Ali et al., 2013, Sereia et al., 2019). 7-aca and bala
also showed significant (P<0.01) AChE inhibitory effects with an ICsg of 2.4uM and
1.9uM, respectively. The critical role of cholinesterase in neural transmission makes
them a key target of a large number of cholinesterase-inhibiting drugs relevant to the
treatment of neurodegenerative disorders, including AD (Ali Reza et al., 2018).

Furthermore, there is evidence showing that ACh exerts anti-inflammatory effects
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through the inhibition of cytokine secretion from macrophages and rat microglial
cultures (De Simone et al., 2005, Yang et al., 2015). Another report demonstrated that
treatment of LPS-induced adult male Wistar rat with AChE inhibitors decrease the
expression of IL-1B through the activation of the “cholinergic anti-inflammatory
pathway” which in turn protects against neurodegeneration (Kalb et al., 2013). The
“cholinergic anti-inflammatory pathway” mediated by ACh acts by inhibiting the
production of pro-inflammatory cytokines and chemokines, suppresses the
activation of NF-kp expression and oxidative system (Pavlov and Tracey, 2005).
(Reale et al., 2004) found that AChE inhibitors taken orally reduces expression and
secretion of the pro-inflammatory cytokines IL-1B, IL-6 and TNF-a in peripheral

blood mononuclear cells in AD patients.

At higher concentrations of 7-aca (30uM) and bala (150uM), toxic effects towards
cancer cells and pro-oxidant activity by increasing ROS levels were shown. However,
at lower concentration of 7-aca (3 uM) and bala (10 uM), the compounds showed
protective effects towards cells such as SHSY-5Y and THP-1 macrophages as well as
antioxidant effects by reducing ROS levels. Polyphenols are known to be “double
edged swords” in the cellular redox state and pro-oxidant or antioxidant activity
intimately depends on their concentration (Eghbaliferiz and Iranshahi, 2016, Bouayed
and Bohn, 2010). Vitamin C or ascorbic acid, a powerful antioxidant, has been
reported to exhibit pro-oxidant properties and cause cancer cell death at a high
concentration (Chen et al., 2008, Kondake1 et al., 2013, Lim et al., 2016). Many
studies have also demonstrated that antioxidants such as resveratrol, curcumin,
quercetin and epigallocatechin-3-gallate exhibit pro-oxidative activity at a high

concentration (Robaszkiewicz et al., 2007, de la Lastra and Villegas, 2007). Similarly,
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in this study, 7-aca, aca and bala were demonstrated to possess antioxidant activity at
low concentrations by increasing GSH levels and inhibiting production of ROS levels
in TBPH-induced SHSY-5Y cells and demonstrated pro-oxidant activity at high
concentrations by effecting the glutathione redox ratio (GSH/GSSG) and causing

increasing ROS levels in A2780 and ZR-75-1 cancer cells.

6.2 Future work

The most significant issue in this study was the impact on the work of limited
quantities of the compounds isolated due to the lack of fresh plant material. Therefore,
if further work is to be carried out, larger quantities of fresh plant material would be
required for an in-depth study. At a high concentration of bala (150uM) promising
anti-cancer results towards A2780 and ZR-75-1 cells by activating the apoptosis
pathway as discussed in Chapter 3 were obtained. Hence, further investigation of the
anti-cancer effect of bala through metabolomics studies should be carried out to
achieve a deeper understanding of the mechanism of action and to identify which
metabolites are affected. Examination of the effects of 7-aca and bala on the
metabolomes of different cell lines and in vivo models should also be performed to

obtain a broader assessment of the affected metabolites.

In Chapter 4, 7-aca showed anti-inflammatory activity through inhibition of pro-
inflammatory cytokines. Further investigation of anti-inflammatory effects of 7-aca on
LPS-stimulated THP-1 macrophage cells by RNA-Seq and polymerase chain reaction
(PCR) experiments as well as quantitative PCR experiments on the key genes

highlighted from the RNA-Seq analysis of bala treatment should be carried out.
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The results obtained from this study (Chapter 5) shows that 7-aca and bala could be
potential anti-Alzheimer drugs that protect neuron cells from oxidative stress induced-
cell death which initiates the progression of the disease. Further in vivo experiments
using a suitable rodent experimental model such as several transgenic ABPP animal
models for AD treated with compounds should be carried out to examine their clinical

significance.

6.3 Conclusion

The main findings of the study were:

e For the first time, 7-aca, quercitrin and afzelin were isolated from the twigs of
A. malaccensis. Bala and heimiol A were isolated from the bark of H.
dryobalanoides.

e 7-aca, aca, Q/A and bala showed anticancer activity through cytotoxicity,
increase in ROS levels, a decrease in AYM and an increase in caspase-3/7
levels.

e 7-aca, aca and bala showed anti-metastatic activity through inhibition of cell
adhesion, migration and invasion.

e Metabolomics study of 7-aca and aca on A2780 and ZR-75-1 cells showed that
the PPP and OXPHOS pathways were affected.

e 7-aca, aca and bala shown anti-inflammatory activity through inhibition of
TNFa, IL-6 and IL-1p in LPS-stimulated THP-1 macrophages.

e RNA-Seq analysis of LPS/bala treatment showed that the cytokine-cytokine
receptor interaction pathway, TNF/NF-«B signalling pathway and JAK/STAT

signalling pathway were affected.
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e 7-aca, aca and bala showed neuroprotective effects on TBPH-induced toxicity
in SHSY-5Y cells by inhibiting ROS production, an increase in GSH level, an
increase in AWM, a decrease in caspase-3/7 levels and inhibition of AChE.

e 7-aca showed a greater anti-cancer and anti-metastatic activity against A2780
and ZR-75-1 cells however showed similar anti-inflammatory and

neuroprotective activity.

A summary of the results (anticancer, anti-inflammatory and neuroprotective
activities) are presented in Table 6.1. Based on these results, the potential mechanisms
of action of the isolated compounds mainly, 7-aca and bala are shown. This research
produced findings that show how 7-aca and bala could potentially be used to combat
cancer because they cause apoptotic cell death on cancer cells by raising the ROS
levels and causing disruption in the AYM. Moreover, 7-aca and bala showed potential
anti-metastatic effects by inhibition of cell adhesion, migration and invasion. Potential
anti-inflammatory activities of 7-aca and bala were also demonstrated by inhibition of
pro-inflammatory cytokines in LPS-stimulated macrophage cells. While the RNA seq
study suggests that TNF/NF-«xB signalling and JAK/STAT signalling pathways could
have been involved in the anti-inflammatory effect of bala. Furthermore, 7 aca and
bala showed neuroprotective effects against TBPH-induced SHSY-5Y cell death
through enhancing GSH synthesis, inhibiting ROS, rescuing the AYM and inhibiting
AChE. Overall, these results reveal that compounds isolated from natural products
such as A. malaccensis and H. dryobalanoides have potential as a source of natural

anticancer, anti-inflammatory and neuroprotective agents.
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Table 6.1 Summary of the anticancer, anti-inflammatory and neuroprotective effects of compounds in this study.

Experiment 7-aca aca Q/A Bala
Anti-cancer (A2780 / ZR-75-1 cells)
alamarBlue® ICs0=7.9uM / 8.5uM ICs0=19.5uM / 17.5uM | ICs0= 22.7pg/ml / >30pg/ml | 1Cs0= 64.1uM / 134.4uM

DCFH-DA (ROS)

5.3/ 4.1-fold increase

4.1 / 3.3-fold increase

2.8/ 2.4-fold increase

3.5/ 2.6-fold increase

TMRE (A¥M)

72.2% / 70.1% decrease

63.4% / 60.1% decrease

49% [/ 49.3% decrease

55% / 37.3% decrease

Caspase-Glo (12 h)

8.8/ 7.2-fold increase

8.6 /6.9 -fold increase

6.6 /5.4-fold increase

7.1/6.8-fold increase

Cell adhesion 70.3% / 61.7% decrease | 63% / 46% decrease - 50.7% / 30% decrease

Cell migration 56.7% / 42.3 % decrease | 40.7% / 32.2% decrease | - 21.4% / 23.7% decrease

Cell invasion 54.8% / 56.3 % decrease | 45% / 44% decrease - 32.1% / 38.5% decrease
Anti-inflammatory (THP-1 cells)

TNF-a 43.8% inhibition 49.5% inhibition - 75.3% inhibition

IL-1B 50.2% inhibition 48.9% inhibition - 68% inhibition

IL-6 55.2% inhibition 50.7% inhibition - 67.3% inhibition




99¢

Neuroprotective (SHSY-5Y cells)

alamarBlue® 31% increase 34.6% increase 42.3% increase
DPPH ICs50>10uM ICs50>10uM ICs0=6.2uM
GSH 60% increase 61.9% increase 66.1% increase

DCFH-DA (ROS)

54% decrease

55% decrease

69% decrease

TMRE (AYM) 81.3% increase 80.3% increase 90% increase
Caspase-Glo 32.3% decrease 39.8% decrease 48.5% decrease
AChE ICs0 =2.1uM 1C50=2.8uM IC50=2.7uM
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Appendix 2, Cytotoxicity assay
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Appendix 3, Nano drop curves

Nanodrop curves for isolated RNA samples from THP-1 cells
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