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THE INVESTIGATION OF MOLECULAR MECHANISMS UNDERLYING
ANTI-TUMOUR AND ANTI-NEUROINFLAMMATION INDUCED BY
Elephantopus scaber IN IN VITRO AND IN VIVO MODELS
ABSTRACT

Elephantopus scaber L. is a perennial herb which is traditionally used for the treatment
of various diseases including hepatitis, cancer, inflammation and eczema. Enormous
attention has been drawn among the researchers to ascertain its multifarious
pharmacological benefits especially anticancer. Considerable evidence has revealed that
E. scaber exerts anticancer effect against several cancer cells. In this study, the anti-
tumour and anti-neuroinflammatory effects of E. scaber leaves and the plausible
underlying molecular mechanisms were elucidated using in vitro and in vivo models. The
ethanol extract, hexane, ethyl acetate and aqueous fractions of E. scaber exhibited
prominent cytotoxicity towards HCT116 and HT-29 colorectal cancer cells. E. scaber
ethyl acetate fraction (ESEAF) revealed the most potent effect against HCT116 cells
(ICso= 1.42 pg/mL). Induction of apoptosis by ESEAF resulted in the anti-proliferative
effect as evidenced by the morphological and biochemical characteristics: nuclear
shrinkage, chromatin condensation, DNA fragmentation and phosphatidylserine
externalization. ESEAF potentiated the ROS generation and p53 activation leading to
mitochondrial membrane potential depolarization. This consequently resulted in caspases
cascade (caspase-3/7 and -9) and cleavage of poly (ADP-ribose) polymerase eventually
apoptosis. Besides, N-acetyl-L-cysteine (NAC) abrogated the production of ROS and
reversed the ESEAF-induced apoptosis implying that ESEAF mediated ROS-dependent
intrinsic apoptosis in HCT116 cells. Bioassay-guided approach has led to the isolation of
deoxyelephantopin (DET) from ESEAF which remarkably inhibited the growth of
HCT116 cells. DET was discovered to induce cell cycle arrest at S phase which was

modulated by a concerted action of cell cycle related-proteins including p21, p53, CDK2,



CDKA4, cyclin D1, A2, E2 and B1. Similar to ESEAF, a ROS inducing agent, DET
dysregulated the Bcl-2 family members accompanied by the attenuation of the XIAP and
survivin release and the activation of caspase cascades (caspase-8, -10, -9 and -3)
implying the involvement of intrinsic and extrinsic pathways. Moreover, mitigation of
PI3K/Akt pathway and activation of MAPK pathway were conferred by DET.
Furthermore, the event of autophagy occurred upon ESEAF treatment as corroborated by
the accumulation of LC3B-Il and p62 degradation. In the presence of NAC, HCT116 cells
were rescued from apoptosis and autophagy. Importantly, DET prominently suppressed
HCT116 tumour growth on the mouse xenograft model which corresponded with the in
vitro findings. In addition, the anti-neuroinflammatory effect of E. scaber leaves were
investigated in lipopolysaccharide (LPS)-induced microglia cells (BV-2). In acute
toxicity assay, oral administration of 2000mg/kg ESEAF did not result in any mortalities
and adverse effects which were substantiated by the normal histopathological evidences.
ESEAF also attenuated NF-kB translocation leading to the mitigation of the LPS-induced
nitric oxide, inducible nitric oxide synthase, cyclooxygenase-2 and prostaglandin E2
production. The production of pro-inflammatory mediators was suppressed via the
inhibition of p38. Upon ESEAF treatment, the formation of ROS in LPS-stimulated BV-
2 cells was found to decline following the activation of Nrf2 and HO-1 in which it
promotes the scavenging activity of antioxidant enzymes and thus ameliorates
neuroinflammation. Conclusively, cumulative findings provided the insight for the
potential of E. scaber to be developed as nutraceutical for the intervention of cancer and

neuroinflammatory disorders.

Keywords: Elephantopus scaber, anti-tumour, colorectal carcinoma, anti-

neuroinflammation, microglia



KAJIAN MEKANISME MOLEKUL ANTI-TUMOR DAN ANTI-
KERADANGAN SARAF DIINDUKSIKAN OLEH Elephantopus scaber
DALAM MODEL IN VITRO DAN IN VIVO
ABSTRAK

Elephantopus scaber L. merupakan tumbuhan perennial yang digunakan secara
tradisional untuk merawat pelbagai penyakit termasuk hepatitis, kanser, keradangan dan
ekzema. Tumbuhan tersebut telah menarik perhatian di kalangan penyelidik untuk
memastikan manfaat farmakologi yang berbagai terutamanya antikanser. Banyak bukti
telah menunjukkan keberkesanan E. Scaber terhadap beberapa sel kanser. Dalam kajian
ini, kesan anti-tumour dan anti-keradangan saraf bagi daun E.scaber berserta mekanisme
molekul yang berkemungkinan telah dijelaskan dalam model in vitro dan in vivo. Ekstrak
etanol, fraksi heksana, etil asetat dan akueus daripada E. Scaber mempamerkan
sitotoksisiti yang ketara terhadap sel-sel kolon rektum kanser HCT116 dan HT-29. Fraksi
etil asetat daripada E. Scaber (ESEAF) menunjukkan kesan yang amat poten terhadap sel
HCT116 (ICso= 1.42 pg/mL). Induksi apoptosis oleh ESEAF mengakibatkan kesan anti-
proliferatif yang dibuktikan melalui ciri-ciri morfologi dan biokimia berikut: pengecutan
nuklear, kondensasi kromatin, serpihan DNA dan pendedahan fosfatidilserina. ESEAF
mencetuskan penjanaan spesies oksigen reaktif dan pengaktifan p53 membawa kepada
penyahkutuban potensi membran mitokondria. Seterusnya ini mengakibatkan
pengaktifan kaskad kaspase (kaspase-3/7 dan kaspase-9) dan belahan poli(ADP-ribosa)
polimerase (PARP) yang akhirnya mencetuskan apoptosis. Selain daripada itu, N-asetil-
L-sisteina (NAC) merencat penjanaan ROS dan membalikkan proses apoptosis yang
diinduksikan oleh ESEAF menunjukkan bahawa ESEAF mencetuskan apoptosis
intrinsik-bersandarkan ROS dalam sel HCT116. Pendekatan pengasingan berpandukan
bioesei telah menghasilkan pengasingan deoxyelephantopin (DET) dari ESEAF yang

menghalang pertumbuhan sel HCT1116 dengan amat berkesan. DET didapati



mencetuskan penahanan kitaran sel pada fasa S yang termodulat oleh protein-protein
yang berkaitan dangan kitaran sel termasuk p21, p53, CDK2, CDK4, cyclin D1, A2, E2
and B1. Sepertimana ESEAF, suatu ejen pendorong ROS, DET disregulasi ahli keluarga
Bcl-2 diiringi oleh penurunan pembebasan XIAP dan survivin serta pengaktifan kaskad
kaspase (caspase-8, -10, -9 and -3) mencadangkan penglibatan laluan intrinsik dan
extrinsik. Tambahan pula, penyekatan laluan PI3K/Akt dan pengaktifan laluan MAPK
telah dirangsangkan oleh ESEAF. Selain itu, autofagi juga berlaku selepas rawatan
dengan ESEAF sebagaimana disokong oleh pengumpulan LC3B-I1 dan degradasi p62.
Dengan kewujudan NAC, sel HCT116 telah diselamatkan daripada apoptosis dan
autofagi. Yang pentingnya, DET menyekat pertumbuhan tumor HCT116 pada model
tikus xenograft yang selari dengan penemuan in vitro. Di samping itu, kesan anti-
keradangan saraf oleh daun E. scaber telah dikaji pada sel mikroglia (BV-2) yang
diinduksikan oleh liposakarida. Dalam esei ketoksikan akut, pengambilan 2000g/kg
ESEAF secara oral tidak membawa sebarang kematian dan kesan buruk yang dibuktikan
oleh histopatologi yang normal. ESEAF juga mengurangkan translokasi NF-kB yang
membawa kepada penyekatan keatas penghasilan nitrik oksida, nitrik oksida sintase
teraruhkan, siklooksigenase-2 (COX-2) dan prostaglandin Ez yang diinduksi oleh LPS.
Penghasilan pengantara pro-keradangan dihalang melalui perencatan p38. Apabila
dirawat dengan ESEAF, pembentukan ROS dalam sel BV-2 yang dirangsangkan oleh
LPS didapati menurun berikutan pengaktifan Nrf2 dan HO-1 yang mendorong aktiviti
memerangkap oleh enzim antioksidan, dengan itu keradangan saraf dikurangkan.
Kesimpulannya, hasil kajian yang kumulatif ini telah memberi pengetahuan mengenai
potensi E. scaber sebagai nutraseutikal khasnya bagi rawatan kanser dan penyakit

keradangan saraf.

Kata kunci: Elephantopus scaber, anti-tumor, kolon rectum kanser, anti-keradangan

saraf, mikroglia
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CHAPTER 1: INTRODUCTION

Colorectal cancer is the third most diagnosed malignancy in the world. In spite of the
latest advances in the cancer treatment approach, the malignancy remains threatening to
humans pertaining to the ineffectiveness of the conventional approaches such as
chemotherapy, radiotherapy and surgery (Torre et al., 2015). Therefore in order to
overcome these circumstances, discovery of new approaches based on natural products is

of great interest and need among the researchers.

A diverse of cell death modalities including apoptosis, necrosis and autophagy which
are promising anticancer strategies for the development of therapeutic drugs. Apoptosis
machineries which are intrinsic and extrinsic pathways can be governed by a myriad of
apoptotic proteins including Bcl-2 family proteins, caspases and p53 (Olsson &
Zhivotovsky, 2011). Extrinsic pathway is triggered by the oligomerization between
ligands and death receptors whereas intrinsic pathway is mediated via caspase cascades
upon activation of death receptor or a plethora of stimuli (Baig et al., 2016; Li, 2013,
Pradelli et al., 2010). Activation of intrinsic pathway is triggered by a set of apoptotic
substrates including cytochrome ¢, second mitochondria-derived activator of
caspase/direct inhibitor of apoptosis protein-binding protein with low PI
(Smac/DIABLO), endonuclease G, apoptosis-inducing factor and Omi/HtrA2. This is
then followed by the release of the inhibitor apoptosis proteins (IAPs) and the activation
of caspase cascade further unleashed apoptotic substrate cleaved PARP ultimately led to

apoptosis (Li, 2013).

Autophagy takes part in the regulation of homeostasis which is described as a highly
conserved cellular degradation process and characterized by the presence of
autophagosomes (Fulda & Kogel, 2015). Excessive amounts of ROS can trigger several

signalling transductions such as apoptosis, MAPK pathway and autophagy (Ouyang et



al., 2012). ROS can induce the activation of MAPK signalling transduction via ERK,
JNK and p38 MAPK which leads to apoptosis (Wada & Penninger, 2004). However,
dysregulation of mMTOR, Akt and NF-«kB signalling promotes cancer progression and drug
resistance in colorectal cancer. Therefore, the inhibition of multiple survival pathways
such as PI3K/Akt/mTOR and NF-«B can be useful in inhibiting tumour growth as well
as in restoring the sensitivity of tumour cells to chemotherapeutic drugs (Gupta et al.,

2003; Khan et al., 2013; Papadatos et al., 2015).

Neurodegenerative diseases such as Alzheimer’s disease, multiple sclerosis and
Parkinson’s disease that are major health problems are becoming worldwide concern.
Neurodegenerative disorders are caused by progressive loss of neuronal cells which are
conceivably provoked by the oxidative stress as well as inflammatory response.
Enormous body of evidence has reported that neuroinflammation is associated with the
neurodegenerative pathogenesis which is orchestrated by microglia (Chen, 2016).
Activation of microglia induces neurotoxic effects by causing excessive secretion of the
pro-inflammatory mediators including prostaglandin E> (PGE>), cytokines, nitric oxide
(NO) and reactive oxygen species (ROS) which ultimately leads to inflammatory
response (Amor et al., 2010; Fischer & Maier, 2015; Liu & Hong, 2003). These
inflammatory responses are triggered by the activation of p38 MAPK pathway. Besides,
the activation of p38 pathway further induces the translocation of NF-xB resulting in
production of pro-inflammatory mediators. Hence, NF-kB and p38 are regarded as
promising targets for the treatment of neurodegenerative diseases (Munoz & Ammit,
2010; Shih et al., 2015). In addition, oxidative stress is believed to be involved in the
progression of neuroinflammation. Thus, antioxidants enzymes including superoxide
dismutase (SOD) and catalase as well as antioxidant defence mechanisms such as
Nrf2/HO-1 signalling pathway play key roles in targeting the oxidative stress and

inflammation to reverse the neuronal death as well to ameliorate the progression of



neurodegenerative diseases (Hsieh & Yang, 2013; Innamorato et al., 2009; Nguyen et al.,

2009)

Elephantopus scaber L. commonly known as elephant’s foot or “tutup bumi” is widely
distributed in various countries in Asia including Malaysia, Sri Lanka, Vietham, Hong
Kong, Taiwan, Philipines, Japan, Thailand, Indonesia, India, Myanmar as well as China,
Europe, Africa and America (Ho et al., 2009). E. scaber is traditionally used as folk
remedies to treat arthritis, hepatoprotective, hepatitis, diarrhoea, cancer, leukaemia,
diabetes, fever, insomnia and eczema (Achuta et al., 2010; Hammer & Johns, 1993;
Rasoanaivo et al., 1992). It is reported that E. scaber has abundant of sesquiterpene
lactones including deoxyelephantopin (DET) and isodeoxyelephantopin (iso-DET).
Cumulating scientific reports have shown that deoxyelephantopin, one of the major
components from E. scaber possesses anti-cancer effect on breast, nasopharyngeal, lung
and prostate cancer (Gurib et al., 1993; Ho et al., 2009; Lin et al., 1995; Su et al., 2009).
Additionally, isodeoxyelephantopin was demonstrated to elicit apoptosis in chronic

myeloid leukaemia, breast and lung carcinoma (Ichikawa et al., 2006; Kabeer et al., 2014).



CHAPTER 2: LITERATURE REVIEW

2.1 Cancer

Aberrant development occurring in cancer is attributed to the successive genetic
alterations which progressively evolve the cells from normalcy to malignancy states,
often referred as a multistep carcinogenesis. Growing study reported that a skewed ratio
in cell survival and cell death unambiguously favours carcinogenesis (Labi & Erlacher,
2015). Thus, carcinogenesis is initiated and continuously progressed via the acquisition
of several capabilities including evasion of apoptosis, boundless replication, insensitivity
to anti-growth signals, sustained growth signals, persistent angiogenesis, tissue invasion
and metastasis, restructuring of energy metabolism and dodging immune destruction. A
string of these alterations may lead to the development of hyperplasia, adenoma,

carcinoma and metastases (Hanahan & Weinberg, 2000, 2011; Labi & Erlacher, 2015).

2.1.1 Colorectal cancer

Colorectal cancer (CRC), a multifaceted disease is ranked as the third most prevalent
malignancy and one of the leading cause of lethality in the world, after prostate/breast
cancer and lung (Society, 2017). Despite significant understanding of the colon
tumourigenesis, CRC still remains a major concern as displayed by the high mortality

and morbidity worldwide (Siegel et al., 2016).

CRC transforms from normal colonic epithelium to adenoma, carcinoma, eventually
metastasis and invasion. The pathogenesis of CRC is resulted from the aberrant
accumulation of genetic and epigenetic instability which is driven by three distinct
pathways: the chromosomal instability pathway, the microsatellite instability pathway
and CpG island methylator phenotype. Most CRC primarily executes chromosomal

instability pathway which is a classical process characterized by accumulation of



chromosomal abnormalities leading to loss of heterozygosity generating gene deletions,
duplications and chromosomal rearrangements. In contrast, microsatellite instability
pathway is caused by the deficiency of DNA mismatch repair which is essential in the
release of proteins that are able to direct repair the mismatched nucleotides at
microsatellite sequences. For microsatellite instability, the frameshift mutation including
insertion and deletion mutations are often detected in the repetitive DNA sequences (Jass,
2007). Various genes have been implicated in colon cancer pathogenesis including Bcl-
2-associated X protein (Bax), transforming growth factor B receptor II (TGF-BRII), B-
catenin and insulin-like growth factor 2 receptor (IGF2R) (Markowitz et al., 1995; Souza
et al., 1996; Yamagishi et al., 2016). In addition, CpG island methylator phenotype is
described by the emergence of aberrant methylated CpG dinucleotides. The promoter
CpG island hypermethylation leads to transcriptional silencing in turn inhibits the tumour
suppressors and DNA repair genes, which is an epigenetic alteration that affects the
pathogenesis of CRC (Lee et al., 2008). These pathways contribute to the adenoma-
carcinoma sequence which transforms normal colonic mucosa into CRC via
accumulation of dysfunction tumour suppressor genes and oncogenes (Fearon &
Vogelstein, 1990; Yamagishi et al., 2016). Initially, the normal colonic mucosa
transforms into polyps via APC mutation followed by the activation of KRAS mutations
along with defects in DNA mismatch repair which leads to the formation of adenoma
(Yamagishi et al., 2016). Mismatch repair deficiency occurs via downregulation of
MLH1 by promoter methylation (Cunningham et al., 1998; Geiersbach & Samowitz,
2011; Imai & Yamamoto, 2008). Subsequently, the accumulation of gene mutations
which encompassed Sma- and Mad-related protein 4 (SMAD4), phosphatidylinositol-
4,5-bisphosphate 3-kinase, TGFBR2, IGF2R, PTEN, p53 and Bax, are required in the
progression of adenoma to carcinoma (Figure 2.1) (Fearon & Vogelstein, 1990; Pereira

et al., 2015; White, 1998; Yamagishi et al., 2016).
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2.1.2 Treatment modes for colorectal cancer

In the past two decades, a myriad of cancer therapy strategies are available and tailored
for the management of cancer encompassing chemotherapy, surgery, immunotherapy,
targeted therapy and radiation therapy. Single or combination treatment modalities will
be selected according to the types and stages of colorectal cancer (Mishra et al., 2013).
To date, surgical resection and chemotherapy remain mandatory in fighting cancer

especially in patients with advanced stage (Lawes & Boulos, 2002; Netter et al., 2016).

In colorectal cancer, the primary treatment modality is resection surgery followed by
adjuvant chemotherapy (Society, 2017). The patients with stage | or 11 colorectal cancer
usually undergo surgery which is colectomy. However, surgical resection, a sole
treatment modality is often associated with poor survival due to the recurrence or
incomplete removal of cancerous cells. Hence, patients who underwent the surgery or at
stage Ill will receive neoadjuvant chemotherapy which often brings deleterious side
effects and develops drug resistance in cancer patients. For stage IV patients,
chemotherapy is the main treatment either alone or in combination with radiation therapy,
before or after surgery to lower the risk of recurrence (Miller et al., 2016). The common
chemotherapeutic drugs which have been utilized are fluorouracil (FU), irinotecan,
leucovorin (LV) and cetuximab. To increase the efficacy, multi-agent chemotherapy such
as irinotecan or oxiplatin with FU/LV is applied to increase the survival rate (Saltz et al.,
2000). However, combination therapy other than increasing the efficacy, simultaneously

increases the toxicity (Zuckerman & Clark, 2008).

In spite of enormous improvement in chemotherapy modality, treatment results are
rather disappointing evidenced by the overall survival rate and mortality of patients. The
paradigm for chemotherapy modality has progressed from non-specific cytotoxic agents

to selective mechanism based therapeutics. However, these therapeutic drugs which



emerge as a backbone of current treatment are constrained by several factors such as
narrow therapeutic index, remarkable toxicities and often along with drug resistance.
Therefore, recent advances of the treatment modality is combination treatment such as
immunotherapy and targeted therapy together with the conventional methods especially
for the advanced stage colorectal cancer patients. (Vanneman & Dranoff, 2012).
Nevertheless, there is considerable commercial and scientific interest continuously
emerging to discover safer and effective natural-derived compounds for the treatment of
cancers. Food and Drug Administration has approved growing numbers of plant-derived
anticancer agents which have been extensively proven to mediate diverse cell death
machineries and emerged as clinical interventions owing to their efficacy, safety profile
and absence of drug resistance. Thus, plants remain as the best source for the discovery
and development of natural-derived drugs to combat various dreaded diseases including

cancer (Cragg & Newman, 2005, 2013; Unnati, 2013).

2.1.3 Cell death modalities

Cell death contributes in orchestrating the events of tissue homeostasis, embryonic
development, infection resistance, immune system and tumour inhibition. Equilibrium
between cell survival and cell death is of utmost importance for the aforementioned
events. Perturbation of the balance between cell death and survival lead to progression of
diverse pathological disease including neurodegenerative diseases, cancer,
embryogenesis, autoimmune system and others (Broker et al., 2005). Distinct forms of
cell death modalities have been described comprising of apoptosis, necrosis, autophagy,
necroptosis and other cellular demise (Kroemer et al., 2009). Programmed cell death
mainly refers to apoptosis, autophagy and necrosis is proposed to be the machineries to

determine the fate of malignant neoplasm cells (Broker et al., 2005). It has been



increasingly noted that these cell death mechanisms aid in the improvement and

development of safer yet effective chemotherapeutic agents for cancer treatment.

2.1.4 Apoptosis

Apoptosis, also known as type | programmed cell death, is an orchestrated machinery
that occurs to remove unhealthy or aged cells from the body in order to maintain the
development. However, malignant derivatives often dampen the apoptotic response as the
malfunction of cell death regulatory circuits prevents effective removal by the
intracellular anti-cancer mechanism or the available anti-cancer therapies (Lowe & Lin,

2000).

Dysfunction of apoptosis steers the shift towards tumour formation consequently
develops drug resistance. Thus, discovering natural derived-compounds which can
effectively induce apoptosis in cancer is regarded as potential chemotherapeutic
candidate. Apoptosis can be generally characterized by morphological hallmarks. The
apoptotic cells first manifest by the rounding-up of the cell, chromatin condensation and
consequently result in reduction of cellular volume (pyknosis). Next, membrane blebbing
occurs followed by nuclear fragmentation (karyorrhexis). The contents of cell forms
apoptotic bodies which subsequently undergoes engulfment by resident phagocytes
(Galluzzi et al., 2007). Furthermore, several biochemical features particularly
phosphatidylserine externalization, attenuation of mitochondrial membrane potential and

caspase activation can be detected in apoptotic cells.

2.1.4.1 Mechanisms of apoptosis

Apoptosis is a cell demise machineries to eliminate unnecessary and unhealthy cells.
It is hampered in most of the common cancers and hence resulting in apoptosis resistance

where cancer cells able to reap the advantages for uncontrollable growth and survival.



Apoptosis resistance is mainly attributed to the mutations of several pro-apoptotic
proteins such as p53 (Muller & Vousden, 2013) or death receptors (Lee et al., 2001). In
other words, by targeting apoptosis resistance could effectively eliminate the cancer cells.
Therefore, apoptotic machineries has been well established as one of the approaches for
chemotherapy in targeting aberrant proliferation of cancer (Wong, 2011). Apoptosis
machinery is tightly regulated by two major pathways which are extrinsic pathway and
intrinsic pathway which involving death receptors and mitochondria, respectively.
Extensive studies have widely documented the interrelation of intrinsic and extrinsic

pathway in mediating apoptotic cell death (Adams, 2003; Fulda, 2015).

2.1.4.2 Extrinsic pathway

Activation of extrinsic pathway requires the ligation of death ligands and death
receptors to trigger apoptosis (Adams, 2003; Fulda, 2015). Several cell surface death
receptors have been discovered namely tumour necrosis factor related apoptosis inducing
ligand receptor 1 (TRAIL-R1), also referred as DR4, TRAIL-2 (also referred as DR5),
DR3 (Apo-3), DR6, Fas (CD95) or tumour necrosis factor receptors (TNFRs). Each of
the DRs can be activated by the specific ligands upon oligomerization which comprised
of Fas ligand (FasL), tumour necrosis factor (TNF-a) as well as TRAIL (Ashkenazi,
2008a). Oligomerization of DRs and ligands complexes with cytoplasmic adapter protein
Fas associated death domain (FADD). Consequently, FADD further recruits initiator
caspases, procaspase-8 and -10 to form death-inducing signalling complex (DISC). These
recruitment further execute a series of proteolytic event via two different ways: directly
activates effector caspase-3/-7 or indirectly propagates death signal via activation of
mitochondrial-mediated apoptosis/intrinsic pathway by provoking truncated Bid to
translocate to mitochondrial membranes and consequently initiates mitochondrial outer

membrane permeabilization (Figure 2.2) (Bai & Wang, 2014). This process can be

10



blocked by c-FLIP (FLICE-inhibitory proteins) which exerts anti-apoptotic effect via

inactivating clustering of procaspase-8 to the DISC (Krueger et al., 2001).

2.1.4.3 Intrinsic pathway

Intrinsic pathway or mitochondrial-mediated apoptosis which involves mitochondria
Is initiated by numerous stimuli including DNA damage, oxidative stress, growth factor
or chemotherapeutic drugs (Labi & Erlacher, 2015). The intrinsic pathway is
predominantly governed by B cell lymphoma 2 (Bcl-2) family proteins. Regardless of
various stimuli induce apoptosis via diverse of signalling transductions, these signals
eventually congregate on mitochondria leading to the permeabilisation of mitochondrial
outer membrane (MOMP). MOMP is tightly orchestrated by Bcl-2 family proteins which
serve as a rheostat in regulating mitochondrial-mediated apoptotic pathway (Volkmann
et al., 2014). Cellular stress induces activation of p53 tumour suppressor protein which
executes intrinsic pathway by promoting p53 upregulated modulator of apoptosis and
NOXA. These in turn result in neutralization of anti-apoptotic Bcl-2 proteins including
Bcl-2 and Bcl-extra large (Bcl-xL) which dissociate from pro-apoptotic Bcl-2 proteins
including Bax and Bak to initiate the apoptotic signal. Heterodimerisation of Bax and Bak
promotes the pore formation leading to MOMP which unleashes pro-apoptotic substrates
including cytochrome ¢ and Smac/DIABLO into cytosol (Ashkenazi, 2008b; Fox &
MacFarlane, 2016). The release of cytochrome c results in apoptosome formation consists
of adaptor protein apoptotic protease-activating factor 1 (Apaf-1) and caspase-9
facilitating the downstream caspase cascades activation (caspase-3/-7). MOMP instigates
progressive dysfunction of mitochondria and ultimately lead to cell death such as
apoptosis (Suzuki et al., 2000; Volkmann et al., 2014). In contrast, the release of SMAC
amplifies apoptosis signal by interrupting the regulation of inhibitor of apoptosis proteins

(IAPs). SMAC neutralizes IAP proteins such as X-linked inhibitor of apoptosis (XIAP)
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by releasing brake on caspase-9 and -3 in order to promote caspase cascades activation
(Fulda & Vucic, 2012). Other than apoptotic stimuli, p53 could directly activate Bax or
release the grip of antiapoptotic Bcl-2 family members such as Bcl-xL or Bcl-2 away
from Bax. In contrast, anti-apoptotic Bcl-2 family members, Bcl-2 and Bcl-xL, function
as a prominent role in preventing the induction of apoptosis. Bcl-2 or Bcl-xL binds to Bax
and Bak leading to the formation of heterodimers, thereby inhibiting MOMP and
conserving mitochondrial integrity (Borner, 2003). It is extensively documented that
aberrant regulation of pro- and anti-apoptotic Bcl-2 family members has been found
closely associated with tumourigenesis (Strasser et al., 1997). Defects in pro-apoptotic
Bcl-2 family members such as Bax and Bak which function as tumour suppressor
commonly found in various human malignancy (Yip & Reed, 2008). On the contrary, the
anti-apoptotic Bcl-2 family members have demonstrated to cause transformation of
oncogenic cells from normal cells thereby enhancing the survival of the cancerous cells.
However, overexpression of anti-apoptotic Bcl-2 family in concerted with the mutations
as such deletion of p53 promotes cancer cell proliferation (Hanahan & Weinberg, 2000;
Yip & Reed, 2008). Therefore, modulating the anti- and pro-apoptotic Bcl-2 proteins
which confer apoptosis can be exploited as one of the potential strategies to target

tumourigenesis

Both the extrinsic and intrinsic pathways induce executioner caspase-3 activation and
carry out the apoptotic execution via cleavage of cellular substrates including inhibitor of
caspase activated DNAse, actin, poly ADP ribose polymerase (PARP), cytokeratins,
fodrin and others. These ultimately result in apoptotic cell death with the observations of
biochemical and morphological alterations comprising of DNA fragmentation, cellular

shrinkage and phosphatidylserine externalization (Figure 2.3) (Slee et al., 2001).
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2.1.5 Necrosis

Apart from apoptosis, another alternative cell death mechanism is necrosis. Apoptosis
can be distinguished from necrosis by a few factors such as the degree of ATP depletion
and the caspases availability. Necrosis is regarded as an uncontrollable and energy-
independent process which influence large fields of cells whereas apoptosis is a
controllable and energy-dependent process yet affecting only clusters of cells. (Chaabane

etal., 2013).

Morphologically, necrosis is manifested by the features of gain in cell volume
(oncosis), cell swelling, disruption of plasma membrane and dismantling swollen
organelles including condensed or rupture mitochondria. In contrast, apoptosis is defined
by the characteristics including pyknosis, karyorhexis, rounding bodies and formation of
apoptotic bodies. Necrosis is regarded as harmful event as it often is related to the
pathological cell loss (Galluzzi et al., 2007). In addition, upon the leaking of the cytosolic
constituents into the intracellular space via the rupture plasma membrane integrity,
inflammatory response will be initiated (Colton & Wilcock, 2010). During apoptosis, the
cellular constituents are not released into intracellular space and instead engulfed by
phagocytes without the trigger of inflammatory response (Block et al., 2007; Chaabane

etal., 2013).

2.1.6 Autophagy

Autophagy is a highly conserved self-cannibalization mechanism which involves
engulfment of cellular components consisting of unwanted, impaired and dysfunctional
organelles and misfolded proteins via lysosomal degradation pathway (Levine &
Kroemer, 2008). It contributes to various pathophysiological processes such as

development, cell survival and death, aging, innate and adaptive immunity (Mehrpour et

15



al., 2010). Considerable evidence has reported that autophagy acts as double edge sword
which possesses cytoprotective and cytotoxic functions in diseases including
cardiovascular diseases, neurodegenerative diseases, diabetes and particularly in cancer

(Fulda & Kogel, 2015; Meijer & Codogno, 2009; White & DiPaola, 2009).

Autophagy can be detected by the morphological alterations such as massive
vacuolization of the cytoplasm which is also known as double membrane
autophagosomes. A plethora of stimuli such as stress, aggregation of protein,
chemotherapeutic drugs and organelle dysfunction can trigger the onset of autophagy in
which many targeting via the central autophagy regulator mTOR (Fulda & Kogel, 2015).
Interactions between autophagosomes and lysosomes involving a concerted action of
prominent proteins including autophagy-related proteins (ATG), p62, Beclin-1 and
microtubule-associated protein 1A/1B-light chain 3 (LC3) in response to oxidative stress

stimuli is manifested as autophagy.

Generally, it can be categorized into two major pathways: canonical pathway which is
dependent on Beclin-1 and non-canonical pathway which is independent of Beclin-1.
Autophagy, is a multi-step process which can be regulated by various pathways including
adenosine monophosphate kinase (AMPK), MAPK, mTOR, PI3Ks and PKC (Hasima &
Ozpolat, 2014). mTOR is a negative regulator of autophagy where suppression of mMTOR
activation results in autophagy. Mechanistically, UNC-51-like kinase complex (ULK-
mAtg13-FIP200) is required for the onset of autophagy via activation of AMPK and/or
inhibition of MTORC1 as shown in Figure 2.4 (Jung et al., 2009; Kim et al., 2011). Next,
Beclin-1 activates Vps34 and Vps15 to trigger the formation of PtdIins3K complex which
is required for the nucleation of an isolation membrane, phagophore. VVps34 further
induces generation of phosphatidylinositol 3,4,5-triphosphate (PI3P) consequently PI3P

recruits proteins that is mandatory for the event of elongation. Elongation and maturation
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of autophagosomes is activated via two ubiquitin-like conjugation systems which
involving a series of ATG proteins: (1) ATG5, ATG12 and ATG16, and (2) ATG7 and
ATG3 (Fulda & Kogel, 2015). The ATG7 and ATG10 facilitate the amalgamation of
ATG12 and ATGS5 which recruits ATG16 resulting in the formation of ATG12-ATG5-
ATG16 complex (ATG16L). ATG16L is utmost important for the process of
sequestration which functions as E3 ubiquitin ligase (Fujita et al., 2008). Microtubule-
associated protein 1 light chain 3 (LC3) or also referred as ATGS, is cleaved by ATG4 to
produce LC3-I. Attachment of LC3-1 to phosphatidylethanolamine is driven by concerted
actions of ATG7 E1-like enzyme and ATG3 E2-like enzyme. Subsequently, Atg16L E3
ubiquitin ligase promotes lipidation of PE-conjugated LC3-1 to generate lipidated LC3-11
which incorporates into the membrane of autophagosome, where it is recognized as a site of
adaptor proteins for the cargo binding (Fujita et al., 2008; Kabeya et al., 2000). Engulfed
cargo containing aggregated proteins and organelle substrates are ubiquitinated and
recognized by autophagic adaptors such as p62/SQSTM1 which then delivered to
autophagosome via binding to LC3 interacting domains (Matsumoto et al., 2011; Rogov
et al., 2014). Furthermore, autophagosomes fuse with lysosomes to form
autophagolysosomes prior to the process of degradation by lysosomal hydrolases
concomitantly with the release of small macromolecules to cytosol by lysosomal
permease (Fulda & Kogel, 2015; Kroemer & Jaattela, 2005; Mizushima, 2007). It has
been proposed that exploitation of autophagy may serve as a novel therapeutic strategy
for increasing susceptibility of cancer cells to chemotherapeutic agents. Mounting
evidence revealed the double-edged sword properties of autophagy by either promoting
cancer cell survival and tumourigenesis or inhibiting the cytoprotective effect resulted in

cell death (Li et al., 2013; Tsujimoto & Shimizu, 2005).
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2.1.7 Cell cycle

Cell cycle, a conserved process which is required for cell proliferation and
development. The progression of tumourigenesis is attributable to the defect in cell cycle
checkpoint control resulting in aberrant dysregulation of cell cycle (Williams & Stoeber,
2012). Cell cycle subdivided into several phases comprising Go (Gap 0), G1, S (synthesis),
G2 and M (mitosis) which involves growth, chromosomal replication and mitosis that are
essential for cell division and replication. GO is referred as quiescent which is in a resting
state whereas for G1, S, G2 and M are referred as interphase. Upon stimulation of growth
factors and nutrients, cells progress to enter G1 phase. Subsequently, mitogen stimulation
releases the brakes of cell cycle progression allowing the transition of G1 to S phase to
commit DNA synthesis by passing G1/S restriction checkpoint. Once DNA replication is
completed, cells are progressed from S phase to G2 phase in which the fidelity is
monitored and prepared for the entry into the M phase. During the M phase, two
genomically stable daughter cells (cytokinesis) are produced from the division of the

chromosomes and cytoplasm of cells (Dominguez et al., 2015).

Cell cycle checkpoints are activated to induce cell cycle arrest further allowing the
repair upon detection of defects during DNA synthesis or mitosis (Hartwell & Weinert,
1989; Malumbres & Barbacid, 2009). In addition, cell cycle checkpoints permit the
initiation of various mechanisms including senescence, mitotic catastrophe and apoptosis
to hinder propagation of severely damaged daughter cells. Growing evidence revealed
that there are several checkpoints available: 1) G1/S checkpoint blocks cells with
damaged DNA from entering S phase, 2) intra-S checkpoint interferes the replication of
DNA during S phase in order to reduce the replication errors, and 3) G2/M checkpoint

prevents the cells with faulty chromosome segregation from progressing to the phase of
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mitosis. Attenuation of cell cycle checkpoints eventually promote the aberrant
proliferation of peculiar cells leading to a diverse of diseases including cancer
(Dominguez et al., 2015; Viallard et al., 2001). Thus, all these checkpoints are utmost

important in minimizing defective genomics during cell cycle progression.

2.1.7.1 Cell cycle regulation

Cell cycle progression requires a concerted action of heterodimeric cyclin-dependent
kinases complexes. Cyclin-Dependent Kinases (CDK) belongs to a family of
serine/threonine protein kinases which consist of catalytic subunit CDK and activating
subunit cyclins. Constitutive activation of CDK is usually dependent on the binding of
respective cyclins in which the CDK-cyclin complexes regulates the cell cycle

progression from one phase to another as shown in Figure 2.5.

Stimulation of mitogenic signalling such as RAS/RAF/MAPK pathways initiates the
entry of G1 phase which inactivates ubiquitin ligase and anaphase-promoting
complex/cyclosome complex by CDH1 phosphorylation (APC/C-CDH1) coupling with
the activation of CDK4/6-cyclin D complexes. The activation of CDK4/6-cyclin D
complexes is triggered through the binding of D-type cyclins consisting of D1, D2 and
D3 on either CDK4 or CDKG6. Consequently, CDK4/6-cyclin D complexes phosphorylate
and inactivate tumour suppressor retinoblastoma (RB) proteins to allow the activation of
E2F via transcription. This further permits the transcription of E types of cyclin (E1 and
E2) as well as A types of cyclin which allosterically bind to CDK2 and surpassing
restriction point (Ortega et al., 2002). Both of these CDK2-cyclin E and CDK2-cyclin A
are key regulatory complexes which is prerequisite for the entry of S-phase and mediate
the initiation of DNA and centrosome duplication (Asghar et al., 2015; Bassermann et
al., 2014). In contrast to CDK4/6, CDK2 is governed by CDK-interacting protein/kinase

inhibitory protein (CIP/KIP) class of CDK inhibitors which interacts and inhibits CDK2-
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cyclin complexes (Sherr & Roberts, 1999). For example, p21CIP1, an essential
downstream target of p53 that attenuates DNA synthesis and p27KIP1 prevents the
deregulated cell proliferation in response to mitogenic signalling (Polyak et al., 1994; van
den Heuvel & Harlow, 1993). At the end of S phase, CDK1 complexed with cyclin A
facilitates the formation of RB-E2F complexes. Next, degradation of cyclin A-CDK1 by
ubiquitin-mediated proteolysis results in the transition from S to G2 phase. In G2 phase,
SCFB-T"CP promotes activation of CDK1 by triggering the degradation of CDK1 inhibitory
kinase, Weel (Watanabe et al., 2004). Upon entry to mitosis, CDK1 further complexed
with type B of cyclins which are chief complexes to induce mitosis. Later, inactivation of
CDK1-cyclin B complexes contributes to exit mitosis in which the CDK1-cyclin B
complexes are degraded by the APC/C to facilitate the separation of chromosome and

completion of mitosis as well as cytokinesis (Gavet & Pines, 2010).

2.1.8 Signalling pathways as anticancer molecular targets

2.1.8.1 PI3K/Akt/mTOR signalling pathway

Phosphatidyl-inositol-3-kinases/Akt and the mammalian target of rapamycin
(PIBK/AK/mTOR) signalling pathway plays an imperative role in various fundamental
cellular processes including cell growth, apoptosis, proliferation, cell cycle progression
and survival (Arcaro & Guerreiro, 2007). Aberrant activation of PI3K/Akt pathway
dampens apoptotic response resulting in amplification of oncogenic signals and driving
towards tumour progression (Hennessy et al., 2005; Thorpe et al., 2015). Considerable
evidence has shown that PISK/Akt/mTOR and NF-kB signalling is deregulated in
numerous cancer cells particularly colorectal cancer whereby it enhances cancer
progression and drug resistance (Danielsen et al., 2015; Papadatos et al., 2015). Thus,
efforts have been made to develop therapeutic agents to target cancer and chemo

resistance via this signalling pathway.
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PI3Ks belong to lipid kinases family which are mainly categorised into three classes:
(1) class 1 P13Ks are heterodimers composed of a regulatory and a catalytic subunit, (2)
class 11 PI13Ks are composed only with a catalytic subunit, and (3) class 111 are composed
of a single member, VVps34 catalytic subunit (Cantley, 2002; Engelman et al., 2006; Katso
et al., 2001). Among the classes, class | PI3Ks has been most widely studied (Carracedo
& Pandolfi, 2008). Class | PI3K members are sub-classified into IA which can be
stimulated by receptor tyrosine kinases (RTKSs), and 1B which can be stimulated by G-
protein-coupled receptors (Engelman et al., 2006). Class IA PI3Ks comprise of p85a,
p85p or p85y regulatory and p110a, p110p or p110y catalytic subunit (Mellor et al., 2012)
whereas class IB PI3Ks comprise of p101 or p87 regulatory and p110y catalytic subunit
(Okkenhaug & Vanhaesebroeck, 2003). For class Il PI3Ks, it can be induced by various
receptors including Ras, integrins, cytokine receptors and RTKs. Class Il PI3Ks
comprises of three isoforms: PI3K-C2a, PI3K-C2f and PI3K-C2y (Falasca & Maffucci,

2012).

Binding of growth factors to the RTKSs such as insulin-like growth factor 1 receptor
(IGF-1R), epidermal growth factor receptor (EGFR), fibroblast growth factor receptor
and platelet-derived growth factor receptor triggers activation of PI3K via
phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-
3,4,5-triphosphate (PIP3) (Hu et al., 1992). PIP3 acts as a second messenger to activate
Akt signalling pathway by recruiting and activating phosphoinositide-dependent kinase
1 (PDK1) via pleckstrin homology (PH) domains. Full activation of Akt (PKBa) requires
phosphorylation at the residue site of threonine 308 (Thr308) and serine 473 (Ser473).
Hence, full activation of Akt preceded by first, PDK1 phosphorylates Akt at site of
threonine 308 leading to the phosphorylation at serine 473 by mTORC?2 (the complex

rictor/mTOR) (Sarbassov et al., 2005; Stokoe et al., 1997).
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Generally, human Akt family consists of three isoforms such as Aktl (PKBa), Akt2
(PKBB) and Akt3 (PKBy) (Osaki et al., 2004). The structural of isoforms Akt is shown
in Figure 2.6. Akt acts as a cardinal signalling nodes for PI3K/Akt pathway via
modulating a diverse of intricate signalling pathways to promote cell cycle, cell survival,
metabolism and angiogenesis (Stratikopoulos & Parsons, 2016). Activated Akt promotes
cell survival, proliferation and cell cycle via phosphorylation of the downstream effectors
including forkhead box O (FOXO), glycogen synthase kinase 3, BAD, p53 and p27
(Figure 2.7) (Manning & Cantley, 2007). Apart from these, Akt also activates mTOR
complex 1 (MTORCL1) at Ser2448 via phosphorylation of TSC2 which eventually activate
S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E (elF4E) binding protein

1 (4E-BP1) to promote protein synthesis (Ma & Blenis, 2009).

2.1.8.2 Mammalian target of rapamycin (mTOR)

The mTOR is regarded as an essential regulator of various fundamental processes
including cell growth and survival. Growing attention has drawn recently of its
involvement in the development of tumour. Upon stimulation of growth factors and
nutrients, constitutive activation of mTOR along with the dysfunction of tumour
suppressors results in tumour growth, angiogenesis and eventually metastasis (Faivre et
al., 2006). mTOR, a catalytic subunit can be distinguished into two functionally different
complexes, mMTOR Complex 1 (ImMTORCL1) and 2 (mTORC2). Both of them share similar
components which are mTOR, mLST8 and deptor. As shown in Figure 2.8, specifically
for mTORCL, it composed of raptor and PRAS40 whereas for mTORC2 composed of
rictor, mSinl and Protor (Zoncu et al., 2011). mTORCL1 which is sensitive to rapamycin
has shown to involve in PI3K/Akt pathway. It is a downstream molecule of AKT whereby
Akt activates mTORCL1 by attenuating tuberous sclerosis protein 2 (TSC2) and PRAS40

through phosphorylation. Thus, it leads to the activation of S6K1 and inactivation of
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4EBP1 in order to promote protein synthesis (Hay & Sonenberg, 2004). In contrast,
MTORC?2 is considered to be less sensitive to rapamycin, which act as an upstream
mediators of Akt. It is activated upon exposure of growth factors to allow the full
activation of Akt by phosphorylating Akt at the residue site of Ser473 (Sarbassov et al.,

2005).

2.1.8.3 Phosphatase and tensin homolog deleted on chromosome 10 (PTEN)

Over constitutive activation of PI3K/Akt and mutation of phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) are often identified in various malignancy
including prostate, breast and colorectal cancer (Li et al., 1997; Molinari & Frattini,
2013). PTEN is a dual lipid and protein phosphatase which has emerged as a tumour
suppressor. PTEN is constitutively orchestrated by numerous factors such as early growth
regulated transcription factor 1, insulin-like growth factor 2, transforming growth factor
B and p53 (Li & Sun, 1997; Moorehead et al., 2003; Stambolic et al., 2001; Virolle et al.,
2001). It negatively orchestrates the PI3K/Akt pathway by converting PIP3 to PIP2 via
dephosphorylation and thus antagonizing the function of PI3K. In contrast, mutation or
loss of PTEN leading to persistent activation of PI3K/AKkt and excessive accumulation of
PIP3 contribute in cancer progression by enhancing cell proliferation, survival, apoptosis

resistance, angiogenesis, cell migration and metastasis (Zhang & Yu, 2010).

2.1.8.4 MAPK pathway

Mitogen-activated protein kinases (MAPKS) are conserved serine-threonine kinases
that contribute in a multitude of functional cellular processes including survival, cell
proliferation, apoptosis, differentiation and transformation (Dhillon et al., 2007
McCubrey et al., 2006). It was established that aberrant regulation of MAPK signalling

has been correlated in various physio pathological conditions including cancers,
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Alzheimer’s disease (AD), Parkinson’s disease and diabetes (Kim & Choi, 2010;
Lawrence et al., 2008). A number of mammalian MAPK family members has been
discovered, however only few distinct groups are widely studied which including
extracellular signal-regulated kinase 1 to 8 (ERK1-8), p38 MAPK a, B3, y and 6 (p38 a-
d), c-Jun NH2-terminal kinase 1 to 3 (JNK1-3; or stress-activated protein kinase/SAPK)
and ERK5 (Kim & Choi, 2010; Wortzel & Seger, 2011). In contrast, ERK3, ERK4,
ERK7/8 and NLK are the less characterized MAPK family members. Each of their
respective structure and domains are illustrated in Figure 2.9. MAPKSs cascade transduces
in response to a plethora of extracellular signalling stimuli: ERK1/2 is triggered by growth
stimuli such as platelet-derived growth factor, while JNKs and p38 MAPK are activated
upon stimulation of inflammatory cytokines, DNA damage and numerous cellular stress
such as oxidative stress and endoplasmic reticulum stress (Kim & Choi, 2010; Seger &

Krebs, 1995).

Activation of MAPKS involves a series of phosphorylation cascades by first interacting
with diverse receptors including receptor tyrosine kinase (RTKs) and G protein-coupled
receptors in response to trigger of extracellular stimuli. These lead to the binding of small
GTP-binding protein of the Ras/Rho family to activate MAPK kinase kinase (MAPKKK)
(Dan et al., 2001; Kolch, 2000). Consequently, activation of MAPKKKSs transmits signal
to facilitate the phosphorylation of MAPKK followed by phosphorylation on MAPKs
(Roux & Blenis, 2004). MAPKSs primarily activate a multitude of downstream mediators
which in turn mediate array of cellular processes such as mitosis, embryogenesis, cell
differentiation, movement, metabolism and programmed death (Chen et al., 2001;

Platanias, 2003).

ERKZ1/2 is identified to possess a double edged sword functions which are anti-

apoptotic or pro-apoptotic functions. Generally, ERK1/2 is initiated by a cascade of
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phosphorylation via a small G protein Ras-Raf family member followed by activation of
MEK1/2 and ERK1/2. ERK transcribes several transcription factors such as ternary
complex factor EIk-1, serum response factor accessory protein Sap-1a, Etsl, p53, c-Jun,
c-Fos, and c-Myc (Zhang & Liu, 2002) integrating cell survival signal. However,
prolonged activation of ERK1/2 may confer pro-apoptotic functions in various diseases
which has been reported in several studies. Persistent activation of ERK1/2 is found to
cause oxidative toxicity towards glutamate-induced neuronal cells (Stanciu et al., 2000;
Subramaniam et al., 2004). Besides, suppression of ERK1/2 has been revealed to develop
drug resistance in several cancer cell lines and decreasing the apoptosis induction
resulting in cancer progression (Yeh et al., 2004; Yeh et al., 2002). Numerous natural-
derived phytochemicals was discovered to activate ERK1/2 causing cell death via cell
cycle arrest and promoting apoptosis in cancer (Chen et al., 2016; Nguyen et al., 2008;

Tong et al., 2011; Wu et al., 2014).

JNK exists in several isoforms encompassing JNK1, JINK2 and JNK3. JNK1 and JNK2
are ubiquitously found in almost every cells while JINK3 is mainly found in the brain and
heart tissues (Chang & Karin, 2001; Davis, 2000). For p38 MAPK protein, p38a, p38f3
and p380 are identified, however only p38a. is well characterized. For both p38 and JNK
signalling pathway is activated via MAPKKKSs including ASK1, TAK1, MEKK1 or
MLKS3 which then followed by the activation of MAPKK where JNK is transduced by
MKK4 or MKK7 and p38 is transduced by MKK3 or MKKG6 in response to cytokines,
stress and DNA damage stimuli (Lin, 2003). This results in activation of various
transcription factors such as p53, Bax, CREB, c-Jun, activating transcription factor 2 and

c-Myc which depicted in Figure 2.11 (Wagner & Nebreda, 2009).
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2.1.9 Oxidative stress

Oxidative stress is a result of the perturbation in the balance where oxidant is
favoured over antioxidant. This condition also can be defined as excessive release of
reactive oxygen species that is beyond the ability of antioxidants to counteract. Oxidative
stress is implicated in various pathogenesis including cancer, neurodegenerative diseases,
aging and diabetes (Birben et al., 2012). Reactive oxygen/nitrogen species can be
represented by free radicals which comprised superoxide anion radical, alkoxyl,
hydroxyl, lipid peroxyl radicals, nitric oxide and peroxynitrite, and non-free radicals such
as hydrogen peroxide, ozone, singlet oxygen, hypochlorous acid, nitrous acid and lipid
peroxide (Genestra, 2007). Different degrees of oxidative stress exerts and dictates
different effects on biological responses. The presence of low or moderate concentrations
of ROS/RNS bring about several outcomes including sustained cell proliferation and
differentiation leading to stress-responsive survival pathway (Janssen et al., 2008). In
contrast, high levels of ROS/RNS exert deleterious effects which results in the damage
of cellular components such as DNA, lipid, protein and membranes (Gorrini et al., 2013).
Among the components, lipid is the most prevalent and susceptible to attacks by ROS.
The free radicals damage lipids via lipid peroxidation causing a detrimental effect against
the cell membranes. This oxidative attack promotes the formation of reactive aldehydes
such as malondialdehyde, 4-hydroxy-2-nonenal and conjugated diene compounds (Valko
et al., 2007). The aldehydes can diffuse within or away from the original sites which
amplify cellular damage. Consequently, these can alter the biological responses of the
membrane and inactivate membrane-bound receptors leading to impaired cellular

functions (Kurutas, 2016).

Free radicals are able to destroy the purine and pyrimidine bases as well the

deoxyribose backbone of DNA molecule. These modifications of genetic materials
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arising from oxidative attack initiates mutagenesis, tumourigenesis and ageing (Halliwell,
2007; Valko et al., 2007). For proteins, peptides or amino acids exposed to oxidative
stress, the side chains of amino acids particularly cysteine and methionine residues were
most susceptible to the attack by ROS/RNS to undergo oxidation (Stadtman, 2004).
Oxidation by ROS/RNS may lead to conformational alterations, protein unfolding and
fragmentation of peptides thus protein activities and biological functions were interrupted

(Birben et al., 2012; Dean et al., 1985).

2.1.9.1 Oxidative stress and cancer

In cancer, oxidative stress acts as prominent causative factor in the development of
cancer as well as curative purpose. However, increasing evidence report that ROS
possesses both oncogenic as well as therapeutic effects. Under different circumstances,
different ROS levels may initiate diverse of biological responses. At low to moderate
levels, ROS functions as a positive regulator either by propagating the signal favouring
cellular proliferation and differentiation in normal cells. In response to the moderate
stimulation of oxidative stress ROS, several pathways can be activated, for instance cell
cycle, INK, MAPK and ERK which are associated with the cell growth and survival in
cancer cells (Dhillon et al., 2007; Gorrini et al., 2013). P53 is known as guardian of
genome or tumour suppressor owing to its prominent role in preventing DNA-damaged
cells from dividing (Fischer, 2017; Vogelstein et al., 2000). However, p53 is mutated by
direct action of ROS thereby preventing apoptosis and promoting cancer progression as
well as DNA damage (Miller & Koeffler, 1993). Copious studies have reported that more
than 80% of the mutation on p53 was found in human cancers suggesting that this
deficiency promotes the formation and progression of cancer (Olivier et al., 2010; Rivlin
etal., 2011). High intracellular ROS levels is a driving force of the tumour formation and

a new redox balance is composed in cancer cells to neutralize the excessive of ROS
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production leading to cellular adaptation and proliferation (Gorrini et al., 2013; Sosa et
al., 2013). As mentioned above, despite oxidative stress arising from the stimulation by
ROS to promote cancer cell survival and proliferation, accumulation of ROS can also
improve the sensitivity of cancer cells towards treatment. Ample evidences has unravelled
that modulation of oxidative stress can be an essential therapeutic approach, in which
increasing ROS to reach toxicity threshold thereby render cancer cells more susceptible
to the onset of apoptosis conferred by the ROS-inducing chemotherapeutic drugs
(Galadari et al., 2017; Trachootham et al., 2009). Excessive ROS can be tumour
suppressive, hence, results in a diverse cell death and potential cellular damage which act

as a pro-oxidant therapy in cancer (Gorrini et al., 2013; Simon et al., 2000).

Aberrant generation of ROS may activate several stress-inducible signalling pathways
such as NF-kB, MAPK pathway and autophagy which eventually converges on the
transduction of apoptotic signals (Davis, 2000; Karin et al., 2002; Tsujimoto & Shimizu,
2005). Notably, stimulation of extracellular signals including oxidative stress, mitogen-
activated protein kinase (MAPK) signalling pathways mediate intrinsic signalling
involved in various cellular events including cell proliferation, survival, differentiation,
growth, autophagy and apoptosis. Stress-activated c-Jun NH2-terminal kinase (JNK), the
extracellular signal-regulated protein kinases (ERK1/2, p44/p42) and p38-MAPK are
regarded as three main members of MAPK family which participate in kinase cascade
(Dhillon et al., 2007). It is well documented that excessive ROS instigates the onset of
MAPK signalling transduction via the integral ERK, JNK and p38 MAPK which is

sequentially followed by induction of apoptosis (McCubrey et al., 2006).

To date, numerous anticancer drugs or natural derived compounds have been reported
to act as pro-oxidant therapy candidates to eradicate the bulk of cancer cells. However,

the challenge remains to categorize cancer types that may benefit from pro-oxidant
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therapy. Currently, various cancer therapeutic drugs amplify ROS production to reach a
threshold which lead to cancer cell lethality or susceptibility towards therapies (Harris &

Brugge, 2015).

2.2 Neuroinflammation and Neurodegenerative disease

The human central nervous system (CNS) is paramount important in regulating all the
organs in human body through a network of neurons and glia cells including astrocytes,
microglia and oligodendrocytes (Azevedo et al., 2009). Decades ago, CNS was frequently
regarded as immune privileged which tightly restricts the entry of nutrients and peripheral
immune cells. Hence, this consequently limits the communication between immune
activation and CNS pertaining to the presence of blood brain barriers (Carson et al.,
2006). However, current perception has clearly accentuated the existence of
communication between the peripheral immune system and the CNS. Both innate and
adaptive inflammatory events do emerge in CNS as well as infiltration of peripheral
immune cells apart from direct infections or injuries which are termed as
neuroinflammation (Amor et al., 2010; Fischer & Maier, 2015; Wee, 2010).
Inflammatory response is a protective mechanism to recuperate, regenerate and remove

the damaged cells or infectious agents.

In CNS, the onset of neuroinflammation is coordinated by immunocompetent cells,
microglia (the main effector of innate immunity) and astrocytes (Bernhardi, 2007). Under
normal physiological conditions, microglia remain in inactive state which is characterized
by ramified morphology (Hanisch & Kettenmann, 2007). Microglia cells, the resident
macrophages of CNS, are prime components of intrinsic CNS immune system which

serve as immune surveillance and first line of host defence to restore and repair the
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damaged glia or neuronal cells (Shabab et al., 2017; Streit & Xue, 2010). However,
prolonged stimulation of inflammatory signals could result in deleterious effects in which
the microglia are overactivated (microgliosis) leading to permanent neuronal damage and
defect in regeneration (Figure 2.12) (Chen, 2016; Russo & McGavern, 2016).
Neurodegenerative diseases are manifested by various common pathological
characteristics including aberrant protein aggregation (Ross & Poirier, 2005),
inflammation (Zipp & Aktas, 2006), oxidative stress (Andersen, 2004) and neuronal
apoptosis (Craggs & Kalaria, 2011; Okouchi et al., 2007). Epidemiological evidence has
demonstrated that neuroinflammation is recognized as common causative factor to the
pathogenesis of neurodegenerative diseases by triggering the damage on neuronal cells.
Therefore, chronic neuroinflammation contributes to a variety of neurodegenerative
diseases such as Alzheimer's disease (AD), Parkinson's disease and multiple sclerosis
(Chen, 2016) which is regarded as one of the biggest global public health and social care
challenges encountered by people today and possibly in the future. The event of
neuroinflammation can be characterized by the excessive release of pro-inflammatory
molecules such as ROS, cytokines, cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) results in neuronal damage and degeneration (Rubio & Morillas, 2012).
It is noteworthy that this aberrant generation of pro-inflammatory mediators appear to be
an accessible link between the early deposition of amyloid-p and the phosphorylation of
tau which leads to neuronal demise particularly in Alzheimer’s disease (Birch et al., 2014;

Heneka et al., 2014).

2.2.1 Oxidative stress and neurodegenerative diseases

Oxidative stress is one of the leading cause of inflammation which has been implicated
in the neurodegenerative diseases especially AD (Markesbery, 1997; Valko et al., 2007).

Perturbation in redox balance leads to neuronal damage and hence induces the initiation
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of brain-inflammatory disorders including AD (Figure 2.13) (Shi & Gibson, 2007). It is
well documented that the contribution of oxidative stress in the - amyloid peptide (Ap)
deposition which further promotes the aggregation of plaques in the brain leading to the
development of AD in most patients (Butterfield et al., 2002). ROS acting as secondary
messenger was found to associate with the pathogenesis of AD, indicating oxidative stress
is an early hallmark of AD. Excessive accumulation of ROS modulated the lipids, DNA,
membranes and proteins leading to the interruption of protein folding, production of anti-
inflammatory mediators and impairment of cellular functions which exacerbates the
inflammatory responses including production of pro-inflammatory cytokines.
Consequently, the oxidative stress-induced inflammatory signals activate glial cells.
Impairment in antioxidant defence mechanism along with the oxidative stress, facilitated
the vicious cycle to enhance the deposition of AP via positive feedback loop, forming
amyloid plaques and eventually cellular demise in neuronal cells (Chan, 2001; Fulda et
al., 2010). Therefore, the balance between oxidative stress/inflammation and
antioxidants/anti-inflammatory mediators is crucial in counteracting neuroinflammatory

and neurodegenerative related diseases.

2.2.2 Antioxidants

Antioxidants is defined as a substance that delays, deters or eliminates oxidative stress to
reduce destruction to a target molecule by neutralizing the free radicals (Halliwell, 2007).
Antioxidant systems are of paramount importance as it acts as scavengers to
counterbalance oxidative stress thus prevents or delays malignant transformation and
development of neurodegenerative diseases (Valko et al., 2006). Oxidative stress can be
countered by either endogenous or exogenous antioxidants. Exogenous antioxidants are
derived from sources such as fruits, vegetables or dietary supplements containing vitamin

C, carotenoids, vitamin E, phenolic acids, cinnamic acid derivatives and flavonoids.
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Figure 2.12: Microgliosis, a driving force of neuronal cell death in response of
inflammation. Adapted from Block et al. (2007).
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(Pisoschi & Pop, 2015). In contrast, endogenous antioxidants produced in situ in human
body can be categorized into enzymatic and non-enzymatic antioxidants which are
distributed in various compartments of the cells. Enzymatic antioxidants comprise
superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase,
catalase (CAT) and heme oxygenase-1 (HO-1) whereas non- enzymatic antioxidants
consist of enzymatic antioxidants consist of vitamin E, glutathione, vitamin c, carotenoids
and flavonoids (Birben et al., 2012; Pisoschi & Pop, 2015). Enzymatic antioxidants
function by breaking down and eliminating free radicals. Generally, enzymatic
antioxidants involve a multi-step process converting oxidants to hydrogen peroxide
(H202) and subsequently to water in the presence of cofactors including copper, zinc,
manganese and iron. For non-enzymatic antioxidants, it functions by interfering the free

radical chain reactions (Nimse & Pal, 2015).

2.2.2.1 Superoxide dismutase (SOD)

SOD belongs to endogenous antioxidant enzyme which is commonly distributed in
different cellular compartments. It exists in several isoforms including: 1) SOD1 (copper-
zinc SOD) is found in the cytoplasm, nucleus and plasma membrane; 2) SOD2
(manganese SOD) is mainly found in mitochondria; and 3) SOD3 (copper-zinc SOD) is
found in extracellular compartment. SOD functions as the first line defence system to
remove ROS which scavenges superoxide radicals by catalysing the dismutation of O
to H2O2 and O as depicted in Figure 2.14 (Birben et al., 2012; Lushchak, 2014; Sen &

Chakraborty, 2011).

2.2.2.2 Catalase (CAT)

Catalase appears as a tetramer composed of four identical monomers with each of the

monomer consisting of porphyrin heme group located at the active site. Degradation of
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Figure 2.13: The equilibrium between antioxidants/anti-inflammatory mediators and
pro-inflammatory mediators/oxidative stress. Adapted from Fischer and Maier (2015).
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Figure 2.14: Reaction of superoxide radicals catalysed by superoxide dismutase and
catalase. Adapted and modified from Lushchak (2014).
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H.0> to water and oxygen, a process facilitated via interconversion between catalase-
ferricatalase and compound | which is iron bound with an oxygen atom (Figure 2.14)
(Birben et al., 2012). Degradation of millions H202 molecules can be catalysed by each

catalase in every second (Sen & Chakraborty, 2011).

2.2.2.3 Glutathione peroxidase (GPx)

Glutathione peroxidase, a tetrameric enzyme comprises one selenium atom at each
monomer catalytic site and a selenocysteine at the active site (Day, 2009). Glutathione
peroxidase exists in several isoforms including: GPx1, GPx2, GPx3 and GPx4 which

catalyses the reaction between glutathione and H2O> to produce water and oxidized

glutathione (GSSG). Among these isoforms, GPx-1 is the most abundant enzyme which
is localized in the cytosol and mitochondria of most mammalian cells (Lubos et al., 2011).
Besides, GPx1 is also regarded as a chief enzyme participating in detoxifying H2O>.
Generally, GPx functions to prevent the accumulation of H20, and protects cells from
oxidative stress caused by hydroxyl radical generated from H.O> The removal of H.O>
by GPx into H>O involves a number of secondary enzymes including glutathione
reductase, glucose-6-phosphate dehydrogenase and cofactors (reduced glutathione,
NADPH and glucose-6-phosphate) in which coupled with oxidation of GSH. Reduced
glutathione donates electron in the process of oxidation whereby it is converted to
glutathione disulphide (GSSG) as demonstrated in Figure 2.15 Subsequently, GSSG is
reduced to two glutathiones coupled by glutathione Reductase in the presence of reducing
equivalents nicotinamide adenine dinucleotide phosphate (NADPH). Simultaneously,
glucose-6-phosphate dehydrogenase (G6PD) functions to maintain the supply of NADPH

for the reaction (Lubos et al., 2011).
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2.2.3  Nrf2/HO-1 signalling pathway

Apart from all the antioxidant enzymes, phase Il detoxification mechanism is another
alternative defence system which is triggered under stress circumstances. This is
orchestrated by nuclear factor erythroid 2-related factor 2 (Nrf2)/ heme oxygenase-1 (HO-
1). Transcription factor Nrf2 is a member of the cap‘n’collar family of basic region-
leucine zipper transcription factors which is ubiquitously distributed in the body as well
as in CNS including astroglia, neurons and microglia (Moi et al., 1994; Yamazaki et al.,
2015). Under normal physiological conditions, Nrf2 is usually sequestered in cytoplasm.
The repressor protein Kelch-like ECH-associated protein-1 (Keapl) which is commonly
anchored in the cytoplasm plays an important role in counteracting oxidative stress by
tightly governing Nrf2 pathway (Kobayashi et al., 2004). As illustrated in Figure 2.16,
Keapl complexes with an E3 ubiquitin ligase (Rbx-1) bind to cullin-3 further inhibits
transcriptional activity of Nrf2. This complex drives the ubiquitination of Nrf2 and
proteosomal degradation (Ahmed et al.,, 2017; Cullinan et al.,, 2004). The
heterodimerisation of Nrf2 and Keapl is via interaction between the Keapl KELCH
domain with the DLG as a latch and ETGE motifs as a hinge on Nrf2-Neh2 domain in
the cytosol (Tong et al., 2007). In contrast, the cellular Nrf2 is drastically enhanced in the
presence of Nrf2 activators and oxidative stress stimuli. Oxidative stress stimulation
results in conformational changes of Keapl by modifying the reactive cysteine residues
in Keapl leading to dissociation of Nrf2 from Keapl. Keapl is inactivated by these
oxidative modifications and consequently stabilized Nrf2 by preventing the
ubiquitination of Nrf2 and proteasomal degradation (Hayes et al., 2010). The free Nrf2
translocates into the nucleus to heterodimerize with small Maf proteins. This complex
binds and activates an antioxidant response element (ARE) battery of genes encoding

antioxidative enzymes and detoxifying enzymes which comprise HO-1, thioredoxin,
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glutathione reductase, glutathione peroxidase (GPx) and SOD1 (Thimmulappa et al.,

2002).

Heme oxygenase (HO) is an antioxidative and rate limiting enzyme involved in heme
catabolism which consists of two active isoforms of HO: HO-1 and HO-2 (Ferrandiz &
Devesa, 2008). HO-1 is expressed in an inducible manner whereas HO-2 is constitutively
expressed (Kuwano et al., 1994; Yet et al., 2002). HO-1 functions to catalyse the
degradation of heme generating metabolites such as carbon monoxide (CO), ferrous iron
(Fe?*) and biliverdin. Biliverdin is rapidly catalysed by bilirubin reductase to produce
bilirubin (Otterbein et al., 2003; Singleton & Laster, 1965). The byproducts produced
from the breakdown such as CO and bilirubin act as a potent antioxidant. Due to its
antioxidative effect, it exerts protective effects to prevent inflammation under stressed
condition and cellular damage. Mechanistically, upon oxidative stress, activated Nrf2
transcribes HO-1 to prevent inflammation by attenuating iNOS with the aids of free iron
and CO to block the release of NO (Wang et al., 2004). Furthermore, free Fe2+
upregulates ferritin, an iron-chelating protein and promotes ATPase pump that eliminates
intracellular Fe2+ from the cell. Ferritin averts the release of free radicals by binding free
Fe2+ which involves in Fenton reaction to favor the production of ROS (Balla et al.,
1992; Ferris et al., 1999; Otterbein et al., 2003). Therefore, apart from HO-1, the
byproducts also function as potent anti-inflammatory agents. It is well documented that
NF-kB, a vital mediator of inflammatory response is closely associated with Nrf2/HO-1
signalling. Induction of Nrf2/HO-1 signalling degrades IKKB through ubiquitination
resulting in the inactivation of NF-«B and thus dampens inflammatory response (Nair et

al., 2008).

Therefore, activation of the phase Il detoxification limits the inflammatory events from

further exacerbating the oxidative stress-induced cell damage. However, the levels of
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Nrf2 might be modulated during the progression of diseases despite the ROS
accumulation. Several studies have proven that the activation of Nrf2 to translocate from
cytoplasm to nuclear is absent in the brains of AD patients despite the presence of
oxidative stress (Kanninen et al., 2008; Ramsey et al., 2007). Other than its role in
endogenous defence, Nrf2 is considered an essential signalling mediator of inflammation
in the brain. Therefore, it is targeted as a potential therapeutic candidate to combat

neuroinflammation and neurodegenerative diseases (Buendia et al., 2016).

2.2.4 Inflammatory mediators

2.2.4.1 Nitric oxide and inducible nitric oxide synthase

Nitric oxide (NO), a short lived free radical, is known to possess a wide range of
biological functions (Aktan, 2004). This molecule freely diffuses within cells to transduce
various physiological and pathophysiological events in various organ systems including
CNS. The NO and L-citrulline are synthesized from L-arginine with N-hydroxy-L-
arginine (NOH arginine) as intermediate catalysed by monooxygenase | and Il (Figure
2.17). The synthesis of NO is catalysed by a family of enzymes, nitric oxide synthases
(NOSs) (Alderton et al., 2001; Knowles & Moncada, 1994; Yuste et al., 2015). NOSs are
mainly manifested by three isoforms encompassing of i) inducible NOS (iNOS) ii)
neuronal NOS (nNOS) and iii) endothelial NOS (eNOS). nNOS and iNOS appear as
soluble forms whereas eNOS is membrane bound, with its N-terminal myristoylated (Liu
et al., 1995). eNOS is expressed in motor neurons and astrocytes (Alderton et al., 2001)
while nNOS presents in astrocytes, synaptic spines and loose connective tissues in the
brain (Saha & Pahan, 2006). Both nNOS and NOS are constitutively expressed in cells.
In normal physiological conditions, INOS is undetectable except under some
circumstances during oxidative stress or inflammatory response when stimulated by

tissue injuries or infections, whereby it is actively expressed in microglia and astrocytes

47



(Dawson & Dawson, 1998). Among NOSs, iNOS is primarily associated with
inflammation and proposed to pathogenesis and progression of neuroinflammatory and
neurodegenerative diseases (Saha & Pahan, 2006). The interactions between NO and
superoxides can exert both oxidative effects by amplifying the formation of oxidants as
well as antioxidative effects to limit oxidative damage via scavenging the superoxides
(Lundberg et al., 2015). On the contrary, oxidation, nitration and nitrosation can occur
which lead to excessive accumulation of NO. Considerable evidence has demonstrated
that the level of NO and INOS are proximally corresponded to the degree of
neuroinflammation. Aberrant production of NO and its derivatives trigger inflammatory
response, loss of neurons, injuries and misfolding of proteins contributes in the
development of AD (Saha & Pahan, 2006). In addition, increasing oxidative stress
including nitrosative stress has been linked to the pathogenesis of neurodegenerative
diseases as this reaction exacerbates the inflammatory response by enhancing the
accumulation of AP in the development of AD (Nakamura & Lipton, 2011; Thiabaud et

al., 2013).

2.2.4.2 Cyclooxygenase-2 and prostaglandin E

Cyclooxygenase (COX) also known as prostaglandin G/H synthase, exists in two
forms which are designated as cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2) (Morita, 2002). COX-1 is constitutively expressed in most tissues to regulate
homeostasis including platelet aggregation, gastric cytoprotection and kidney function.
Inducible COX-2 is not distributed in most normal tissues but it is expressed in the
predominantly orchestrate the inflammatory responses (Hoffmann, 2000; Vane et al.,
1998). COX is arate-limiting enzyme which involves a multi-step reactions. At the initial
step, intermediate prostaglandin G2 (PGG) is synthesized from arachidonic acid which

is catalysed by the COX enzyme. PGG: is then transformed into prostaglandin H2
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(PGH2) and the release of free radicals via a peroxidase reaction. Subsequently, PGH2 is
converted into various prostaglandins such as PGE2, PGF2a, PGD2, prostacyclin and
thromboxane B2 through tissue-specific synthases (Tuppo & Arias, 2005; Williams et al.,
1999). PGE2 also functions as a crucial homeostatic factor as well as an essential mediator
of immunopathology in chronic infections, inflammation and cancer (Phipps et al., 1991).
The function of COX has been highlighted in regulating numerous inflammatory-related
physiopathology including Alzheimer’s disease, cancer, arthritis and cardiovascular
diseases (Williams et al., 1999). Excessive production of COX-2 and PGE2 proteins in
the brain has been closely associated with the onset of inflammation which is a driving
force of the AD pathogenesis via amyloidosis. Therefore, suppression of COX-2 becomes
a therapeutic target in limiting the inflammatory response. This is supported by enormous
epidemiological studies indicating that inhibition of COX-2 by NSAIDS and COXIBs
(selective COX-2 inhibitors) may reduce the progression of Alzheimer’s disease or delay

its onset (Landi et al., 2003).

2.12.3 Nuclear Factor Kappa B

Nuclear factor «-light-chain-enhancer of activated B cells (NF-kB) is an ubiquitous
regulator of a multitude of signalling pathways which is classified as one of the Rel
family member of transcription factors. NF-xB belongs to the member of Rel family
transcription factors which include five different members such as p65 (RelA), RelB, c-
Rel, p50/p105 and p52/p100 (Chen & Greene, 2004). Rel proteins consist of a Rel
homology domain which has a conserved N-terminal region and DNA-
binding/dimerization domain (Hayden & Ghosh, 2008). NF-«B proteins are able to form
homodimers or heterodimers in transcribing the gene expression by binding to the DNA
sequences of target genes within the enhancer and promoter regions (Perkins, 2007). NF-

kB binding sites are known to transcribe a multitude of genes including adhesion,
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molecules, cyclooxygenase-2, inducible NO synthase, cytokines (IL-1, IL-6 and TNF-a),
angiogenic molecules and cell cycle regulatory molecules (Duh et al., 1989; Gupta et al.,
2010) which orchestrated wide-ranging biological processes such as immune response,
cell survival, cell proliferation, inflammation and cell cycle (Kaltschmidt et al., 2005;
Ledoux & Perkins, 2014; Sen & Baltimore, 1986). Under normal physiological
conditions, NF-kB remains sequestered as latent form in the cytoplasm where an inhibitor
protein, IkB is bound. The family members of IkB mainly consists of IkBa, IkBp,
IkByIkBd and IkBe (Whiteside & Israel, 1997). However, IkBa is the most common
regulatory protein which exists in mammalian cells and binds to the p50/RelA
heterodimer. The presence of ankyrin repeats in IkB binds to RHD in NF-«B proteins to
mask the nuclear localization signal and hence prevents NF-kB translocation into nuclear
compartment (Baeuerle, 1998). Activation of NF-«B is initiated by a plethora of stimuli,
for instance, lipopolysaccharide (LPS), oxidative stress, inflammatory stimuli, tumour
promoters, cytokines and UV light (Baeuerle & Henkel, 1994). The trigger by these
stimuli leads to the phosphorylation of IkB by IkB kinase (IKK). IKK is distinguished by
three distinct subunits such as IKK-a, IKK-f and IKK-y in which IKK-o and IKK-f are
catalytic subunits whereas IKK-y is a regulatory subunit (NEMO) to detect and

incorporate upstream activation signals (Lee & Hannink, 2002).

NF-kB can be classified into two main pathways which are classical or canonical
pathway and alternative or non-canonical pathway (Figure 2.18). Canonical NF-xB
pathway is the most extensively reported and is initiated via cell surface receptors (T-cell
receptor (TCR), B-cell receptor (BCR), IL-1 receptor, Toll-like receptors and TNF
receptor) in response to the pro-inflammatory cytokine exposure. Activated IKK
complexes in turn activate the phosphorylation of IkB. Degradation of IxB is mediated
via ubiquitinylation and proteolytic degradation by the proteasomes which facilitates the

nuclear translocation of NF-xB. On the contrary, the non-canonical pathway is activated
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by the TNF receptor superfamily, including CD40, the lymphotoxin B receptor, receptor
activator of NF-«xB and the BAFF receptor followed by accumulation of NF-«kB inducing
kinase (NIK). Activation of non-canonical pathway requires only the IKK-a subunit to
culminate in the inactivation of IkB by phosphorylating and degrading p100 to yield p52.
The protein p52 is then dimerized with RelB to translocate into nucleus (Hayden &
Ghosh, 2004; Jost & Ruland, 2007). Thus, both pathways could lead to the degradation
of IkB by respective IKK resulting in the activation NF-kB signalling pathway by
releasing NF-«B into nucleus where it acts as a transcription factor by binding to the target

genes (Chen et al., 1998; Wan et al., 2007).

2.2.4.3 Cytokines

Innate immune system is an utmost important first line defense to opsonize and remove
apoptotic cells. Activation of innate immune systems triggers cells of the adaptive
immune system to release various cytokines and chemokines that promotes the adhesion
molecules on the blood brain barriers (BBB) and induces the activation of costimulatory
molecules on microglia. Cytokines are released by various immune and non-immune cells
including T-lymphocytes, natural killer cells, macrophages, schwann cells, glia cells,
neuron cells and fibroblasts. Cytokines possess a host of functional roles in regulating
cell growth, cell proliferation, inflammatory response and apoptosis (Rubio & Morillas,

2012).

Cytokines are pleiotropic molecules which can be classified into pro-inflammatory and
anti-inflammatory cytokines. This molecule possesses prominent roles in regulating
inflammatory responses to restore cell homeostasis in CNS (Nathan, 2002). Interferons,
interleukins (ILs), chemokines, tumour necrosis factor (TNF), colony-stimulating factors
(CSF) and growth factors are categorized as cytokines. Among the cytokines, interleukin-

6 (IL-6), interleukin-1p (IL-1B) and tumour necrosis factor (TNF) are well studied as pro-
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inflammatory cytokines whereas interleukin-4 (IL-4) and interleukin-10 (IL-10) are
considered as anti-inflammatory cytokines (Kelso, 1998; Miller et al., 2009). Interactions
between pro-inflammatory cytokines and senile plaques act as a cardinal node in the
progression of AD. Under normal physiological conditions, pro-inflammatory cytokines
is generally maintained at low concentrations. On the contrary, aberrant secretion of pro-
inflammatory cytokines such as IL-1f, IL-6, TNF-o and IFN-y is stimulated in response
to oxidative stress, infection or injuries (Figure 2.19). The excessive production of pro-
inflammatory cytokines may impair the neuronal function leading to cell death which

exacerbates the progression of diseases such as AD (Lue et al., 2001; Wang et al., 2015).

IL-1a and IL-1P belong to the family of IL-1 cytokine which functions as an initiator
to trigger the onset of inflammatory response leading to neuronal degeneration. IL-1a is
mainly distributed in cytosol and IL-1B mainly appears as a soluble form (Dinarello,
1996; Netea et al., 2010). IL-1p is synthesized by microglia and astrocytes and secreted
as a pro-forms. Specifically, pro- IL-1P can be activated by inflammasomes into IL-1p
via the cleavage of caspase-1 (Lamkanfi & Dixit, 2012). It is well documented that
excessive secretion of IL-1p was observed in neurodegenerative conditions including AD.
Production of IL-1B can be amplified by various stimuli such as lipopolysaccharide,

prostaglandin E2 and AB (Allan et al., 2005; Zipp & Aktas, 2006).

Interleukin-6 (IL-6), a glycoprotein, acts as a double edged sword which functions as
pro-inflammatory and anti-inflammatory cytokine. IL-6 is involves in a myriad of
biological responses including tissue regeneration (Cressman et al., 1996; Grivennikov et
al., 2009), inflammation (Becker et al., 2004; Rabe et al., 2008) and pathogen defence
(Hoge et al., 2013). It plays an important role in central nervous system. IL-6 is
predominantly produced by activated microglia and astrocytes in the human central

nervous system. Additionally, aberrant secretion of IL-6 further stimulates microglia and
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astrocytes following chronic activation of pro-inflammatory cytokines cascades
(Querfurth & LaFerla, 2010). Empirical evidences has been revealed that this
dysregulation of IL-6 in CNS results in neuroinflammation and neurodegeneration which
is a proximal event in AD pathogenesis (Angelopoulos et al., 2008; Campbell et al., 1993;
Fattori et al., 1995). In contrast, IL-6 is suggested to act as anti-inflammatory and
immunosuppressive molecule which is able to ameliorate the inflammatory conditions
(Akaneya et al., 1995; Tilg et al., 1997). It has also shown to possess neuroprotective
effect by improving the survival of neurons and protect neurons from excitotoxicity

(Akaneya et al., 1995; Hama et al., 1991; Kushima & Hatanaka, 1992).

TNF-a is a membrane-bound protein which can be found in neuronal and glial cells.
TNF-o functions as a key mediator in orchestrating the cytokine cascade upon the
induction of inflammatory response. In addition, activation of TNF elicits a diverse
cellular functions via apoptosis, NF-kB and MAPK signalling transduction pathways by
binding to two cell surface receptors, TNFR1 and TNFR2 (Choi et al., 2005; Montgomery
et al., 2013; Tartaglia & Goeddel, 1992). It has been reported that overexpression of pro-
inflammatory cytokine, TNF-a which is present in the brain and plasma of AD patients
has detrimental effect on neuronal viability and exacerbates the inflammatory response in

concert with other pro-inflammatory signalling molecules (Breder et al., 1993).

Production of pro-inflammatory cytokines can be counteracted by the release of anti-
inflammatory cytokines which are important determinants for the balance between pro-
and anti-inflammatory conditions. The most widely studied anti-inflammatory cytokines
are interleukin-4 (IL-4) and interleukin-10 (IL-10) which are present in all glial cells. IL-
10 is one of the most potent anti-inflammatory cytokines (Kim et al., 2016). Both IL-4
and IL-10 can alleviate inflammation by repressing the synthesis of pro-inflammatory

cytokines such as IL-6, TNF-a and IL-1p and thereby inhibiting receptor activation in the
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brain (Brown & Hural, 1997; Marchant et al., 1994; Wang et al., 1995). Exposure to high
concentrations of anti-inflammatory cytokines results in a negative-feedback loop that
limits the glial activation and the progression of AD (Kiefer et al., 1993; Zhang & An,

2007).

2.3 Elephantopus scaber

Since the dawn of human civilization, human beings have relied and made use of
different parts of the plants by different cultures for treating diverse of ailments and
myriad of diseases. To date, natural products such as fruits, vegetables and medicinal
plants which have been the main source in traditional medicine remain as an important
source of new drug leads in curing a wide spectrum diseases such as cardiovascular
diseases, diabetes mellitus and cancer (Cragg & Newman, 2013; Unnati, 2013).
Elephantopus scaber L., also known as Prickly-leaved elephant’s foot or di dan tou in
Chinese or tapak sulaiman in Malay, belongs to the family of Asteraceae. The genus
Elephantopus contains about 32 species among these including Elephantopus mollis,
Elephantopus scaber, Elephantopus tomentosus and Elephantopus carolinianus. It is a
scabrous wild weed which forms a spreading rosette in shady places. It is a coarse and
hairy herb with about four purple flowers in a cluster. It grows with a height of 30-60cm.
This herb plant can be widely found in various continental including Europe, Asia (India,
Malaysia, Indonesia, Japan, Thailand, Hong Kong and Taiwan), America and Africa (Ho

et al., 2009).

In the past, E. scaber is a medicinal herb where a whole plant from leaves to roots has
been traditionally applied to treat a variety of diseases in different countries. Each country
has different traditional practices against diverse diseases. For instance, in Brazil, it is
used as a tonic to treat cough, bronchitis and asthma. In Taiwan and China, the whole

plant is applied to treat hepatitis, bronchitis, pneumonia and fever. In Malaysia, the roots
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of E. scaber has been prepared as decoction to prevent inflammation after childbirth and
induce the abdominal part contraction (Ho et al., 2009). According to the report, Murut
people, the native of Sabah, Malaysia often used the roots of Elephantopus species to cure
bloody stool (Kulip, 2003). In India, leaves or whole plant was used to treat menorrhagia,
tetanus and wounds whereas the root was used for the treatment of spermatorrhea and
menorrhagia (Behera & Misra, 2005; Kumar et al., 2007). On the other hand, it is also
deployed as an Ayurveda medicine to treat minor neoplasm or cancer (Balachandran &

Govindarajan, 2005).

Over the last two decades, the wide ethnomedicinal values of E. scaber has raised great
attention among the scientists and led to extensive scientific investigation in various
model of diseases. It is well documented that E. scaber exhibited various pharmacological
activities including anticancer (Farha et al., 2015; Geetha et al., 2010; Kabeer et al., 2013;
Pitchai et al., 2014; Su et al., 2011; Xu et al., 2006), anti-inflammatory (Abhimannue et
al., 2016; Hung et al., 2011), wound healing (Aslam et al., 2016; Singh et al., 2005),
antidiabetic (Daisy et al., 2009), antimicrobial, anti- bacterial (Anitha et al., 2012; Kumar
et al., 2004), hepatoprotective (Ho et al., 2012; Rajesh & Latha, 2001), antiasthmatic
(Sagar & Sahoo, 2012) and antioxidant (Aslam et al., 2016). E. scaber, an ayuverdic
medicine, is one of the alternative medicine which utilized against cancer and leukemia
in India (Balachandran & Govindarajan, 2005). This was further supported by a number
of scientific reports which revealing E. scaber exhibited potent cytotoxic effect against
different cancer cell lines such as mammary adenocarcinoma, breast cancer, lung cancer,
leukemia, nasopharyngeal cancer and cervical carcinoma cells (Huang et al., 2010;

Ichikawa et al., 2006; Kabeer et al., 2013; Su et al., 2011).

Secondary metabolites from natural products including plants have been the source of

lead molecules in drug development due to their growing diversity and high level of
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Figure 2.18: Canonical and non-canonical alternative NF-kB pathways. Adapted from
Jost and Ruland (2007).

58



a Neurodegeneration

Resident microglial cell

:‘ :' Neuron

Oo °
Cytokines © ¢
%o

Axon

Limited Self- sustalnlng
contribution by |nﬂammat|on
blood-borne
leukocytes
Astrocyte
b Neuroinflammation
Brain Resident Astrocyte
microglial cell

° 6
%oo ?°g
‘* .

M?elm
o debris

Monocyte-
derived cell

Homeostatic imbalance/
toxic protein aggregates

Y

Activation of stromal
cells and microglia

Y

Cytokine production
oil-1p *IL-18
eIL-6 eIL-12,IL-23
*TNF  «]|L-33

Demyelinating disease
or encephalitides

Y

Leukocyte invasion of
CNS parenchyma

Y

Cytokine production by
lymphocytes and myeloid cells

oIL-1B  eIL-23
oIL-6  IFNYy
oTNF  «GM-CSF

Nature Reviews | Immunology

Figure 2.19: The network of cytokines in the brain during neurodegeneration and

neuroinflammation (Becher et al., 2017).

59



specificity in biological activities, either additively or synergistically. Moreover,
secondary metabolites generally can be categorized into several main classes including
phytosterols, alkaloids, terpenoids, polyphenols and organosulfur compounds. Numerous
studies have identified different classes of phytochemicals in E. scaber consisting of
terpenoids, flavonoids, minerals, salt, phenolic acids, essential oils and steroids. The
compounds belonging to terpenoids, flavonoids, phenolic acids, steroids and
sesquiterpene lactones were summarized in Table 2.1 and Figure 2.20. Besides, a number
of essential oils were identified in E. scaber such as cyclosativene, copaene, isopropyl
dimethyl hexahydronaphthalene,trimethyl imethylenedecahydronaphthalene,
zingiberene, B-caryophyllene, caryophyllene, dimethyl-6-(4-methyl-3-pentenyl)-2-
norpinene, B-sesquiphellandrene, isocaryophyllene, a-santalol, ledol, a-bisabolol,
caryophyllene oxide, B-bisabolol, isopropyl dimethyl tetrahydronaphthalenol, cadinol,
hexahydrofarnesyl acetone, hexadecanoic acid, phytol and octadecadienoic acid (Wang
et al., 2004). In addition, presence of potassium chloride salt and minerals such as
calcium, magnesium, iron and zinc was also detected in E. scaber. Another study reported
that a trace of elements was identified including Si, Ca, Cl, Mg, S, K and P in the leaves

of E. scaber while Al, Fe, Ti, Srand V in roots (Santhosh, 2012).

Sesquiterpene lactones (SLs) is sub-classified under terpenoids which are
predominantly derived from plants of Asteraceae family. Notably, sesquiterpene lactones
with a wide spectrum of biological activities including anticancer, anti-inflammation,
anti-bacterial and antifungal has been verified by considerable scientific evidences
(Canales et al., 2005; Chadwick et al., 2013; Gach et al., 2015). Deoxyelephantopin
(DET), a sesquiterpene lactone from E. scaber has been found to corroborate previous
reports evidenced by its multifaceted biological activities. Specifically, mounting
scientific evidence demonstrated that DET significantly confers anticancer effect against

various cancer cell lines such as mammary, cervical, prostate, lung, liver and
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nasopharyngeal (Farha et al., 2014; Huang et al., 2010; Kabeer et al., 2013; Mehmood et
al., 2016; Su et al., 2011). It has been known to be a multi-functional mediator which
mediates cell death via multiple signalling transductions such as cell cycle, apoptosis,
PI3K/AKkt, nuclear factor kappa B, signalling transducer and activator of transcription 3
(STAT) as well MAPK signalling pathways (Farha et al., 2014; Huang et al., 2010;
Kumar et al., 2014; Mehmood et al., 2017). Hence, current trend has geared towards
multi-targeted drugs derived from natural products which can mediate multiple signalling
pathways to target various diseases. Thus, this emerging phenomenon has prompted
interest in the discovery of multi-targeted natural-derived phytochemicals as potential
therapeutic agents for intervention as well as to circumvent the drawback of single-

targeted drug (Khan & Mukhtar, 2008; Talevi, 2015; Teiten et al., 2010; Zhu et al., 2015).

To the best of our knowledge, the effect of E. scaber on human colorectal carcinoma
cells and LPS-induced microglia cells so far has not been investigated and its mechanisms
remain unknown. The aim of the present study is to elucidate anticancer and anti-
neuroinflammatory effect of E. scaber in human colorectal cancer cells and LPS-induced

microglia cells, respectively.

The specific objectives of this study were:

1. To determine the in vitro cytotoxic activity of ethanol extract, hexane, ethyl acetate
and aqueous fractions of E. scaber and investigate the underlying apoptotic
mechanisms against human colon cancer cells.

2. To isolate and identify the bioactive compound(s) from ethyl acetate fraction of E.
scaber via bioassay-guided approach which is responsible for the growth inhibitory

effects.
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3. Toinvestigate the in vitro and in vivo anti-tumour effects and elucidate the underlying
cell death mechanisms conferred by deoxyelephantopin in HCT116 cells human colon
carcinoma.

4. To evaluate the anti-neuroinflammatory properties of ethyl acetate fraction of E.

scaber in LPS-induced BV-2 microglia cells.
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(a)

Figure 2.20: Elephantopus scaber (A) whole plants, (B) flowers and (C) leaves.
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Table 2.1: Phytochemicals isolated from E. scaber

Class Plant part Examples References
Whole plant p-coumaric acid (Chang, 2011)
Whole plant vanillic acid (Huang, 2009)
Whole plant syringic acid (Huang, 2009)
Whole plant isovanillic acid (Huang, 2009)
Whole plant p-hydroxybenzoic acid (Zhang, 2011)
Whole plant ferulic acid (Huang, 2009)
Whole plant 3-methoxy-4-hydroxyl (Huang, 2009)

cinnamaldehyde
Roots Tricin (Su et al., 2009)
Aerial part Trans-p-coumaric acid (Chang, 2011)
Aerial part Methy! trans-caffeate (Chang, 2011)
Aerial part indole-3-carbaldehyde (Chang, 2011)
Aerial part Trans-caffeic acid (Chang, 2011)
Aerial part methyl 3,4-dicaffeoylquinate (Chang, 2011)
Flavonoids Aerial part luteolin-7-O glucuronide 6-6- (Chang, 2011)
methyl ester
Aerial part Luteolin-4-0-p-d glucoside (Chang, 2011)
Aerial part Luteolin (Chang, 2011)

Sesquiterpenoids Whole plant, Deoxyelephantopin (But, 1997; Than,
roots 2005)

Whole plant, isodeoxyelephantopin (But, 1997; Than,

roots 2005)

Whole plant Scabertopin (But, 1997)

Whole plant isoscabertopin (Liang et al.,
2008)

Whole plant 17,19 dihyrodeoxyelephantopin (Than, 2005)

Whole plant iso-17,19 (Than, 2005)

dihyrodeoxyelephantopin

Whole plant 11,13 dihyrodeoxyelephantopin (de Silva, 1982)

Whole plant elescaberin (Liang et al.,
2008)

Whole plant deacylcyanopicrin (Hisham et al.,
1992)

Aerial part Scabertopinol (Chang, 2011)
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Table 2.1, Continued

Root Glucozaluzanin-c (Hisham et al.,
1992)

Root Deacylcyanopicrin 3 (Hisham et al.,
1992)

Root B-glucopyranoside crepiside E (Hisham et al.,
1992)

Triterpenoids roots Lupeol (Sim, 1969; Su et

al., 2009)

Whole plant Betulinic acid (Liang, 2007; Su
et al., 2009)

Whole plant 30-hydroxylupeol (Liang, 2007)

Whole plant Lupeol acetate (Liang, 2007; Su
et al., 2009)

Whole plant Ursolic acid (Liang, 2007; Su
et al., 2009)

Whole plant Friedelin (Liang, 2007)

Whole plant Epifriedelinol (Liang, 2007; Sim,
1969)

Sterols Whole plant Ursa-12-ene-3B-heptadecanoate (Liang, 2007)
Whole plant Stigmasterol (Sim, 1969)
Whole plant Stigmasterol-3-O- 3-D-glucoside  (Hisham et al.,

1992)
Whole plant B-sitosterol (Zhang, 2011)
Whole plant Daucosterol (Zhang, 2011)
whole plant 28Nor-22(R) witha 2,6,23- (Daisy et al.,
trienolide 2009)
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

HT-29, HCT116 human colorectal cancer cancer cells and CCD841-CoN cells human
normal colon cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Roswell Park Memorial Institute (RPMI) 1640 medium,
Dulbecco’s Modified Eagle’s Medium (DMEM) and Medium and Eagle's Minimum
Essential Medium (EMEM) were purchased from Sigma, St Louis, MO, USA. Foetal
bovine serum (FBS), penicillin streptomycin and amphotericin B were from PAA Lab,
Pasching, Austria. Accutase was purchased from Innovative Cell Technologies (San
Diego, CA, USA). Antibiotic-antimycotic and TrypLE were purchased from Thermo
Fisher Scientific (Carlsbad, CA, USA). Sodium bicarbonate (Na.COz), 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Phosphate buffer
(PBS), Hoechst 33342, Propidium iodide, 2’7’-dichlorofluorescein diacetate (DCFH-
DA), tert-butyl hydroperoxide (TBHP), tryphan blue, propidium iodide (PI), acridine
orange (AO), 10% buffered formalin solution, hematoxylin, lipopolysaccharide, SOD
determination Kit, catalase kit, 10% buffered formalin solution, Eosin Y, protease and
phosphatase inhibitor cocktails were purchased from Sigma (St louis, MO, USA). 95%
Ethanol, absolute ethanol, ethyl acetate, hexane, preparative thin layer chromatography,
silica gel (60-200 mesh), tween-20 detergent and skim milk were purchased from Merck.
were purchased from Merck. Annexin V-fluorescein-isothiocyanate (FITC), 10 x
Annexin V binding buffer amd Cycletest™ Plus DNA Kit were purchased from BD-
Bioscience (Erembodegem, Belgium). FITC-conjugated mouse anti-human Bcl-2
monoclonal antibody, anti-human Bax polyclonal antibody, 1gG1 isotype control,

Cytofix/Cytoperm kit was purchased from BD Biosciences (San Diego, CA, USA). FITC-
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conjugated goat anti-rabbit F(ab")2 polyclonal secondary antibody were purchased from
Abcam (Cambridge, UK). Primary antibodies such as cleaved PARP, cleaved caspase-3,
p-p53, p21, CDK2, CDK4, CDK 6, cyclin A2, cyclin D1, cyclin E, Akt, p-Akt (Ser473),
p-Akt (Thr308), p PTEN, p PDK-1, mTOR, p mTOR, cleaved caspase-3, procaspase-8,
-9, -10, cleaved PARP, XIAP, survivin, livin, Bax, Bak, Bcl-2, Bcl-xL, DR5, Fas, p-p38,
p38, p-JNK, JNK, p-ERK1/2, ERK1/2, LC3A/B, Atg5, Atg7, p-p38 MAPK, p38 MAPK
and COX-2, GAPDH and anti-mouse/rabbit immunoglobulin G-horseradish peroxidase-
conjugated secondary antibody were purchased from Cell Signalling Technology
(Danvers, MA, USA). Anti-mycotic solution, pierce western blotting filter paper, pierce
nitrocellulose membrane (0.45 um), RIPA buffer NE-PERR nuclear and cytoplasmic
extraction reagents, total nitric oxide (NO) assay kit and Prostaglandin E2 (PGE>)
Competitive ELISA kit, primary monoclonal antibodies iNOS, NF-kB p65, Nrf2, HO-1,
lamin B and B-actin were purchased from Thermo-Scientific (MA, USA). Quick Start
Bradford 1x Dye Reagent, 10x Tris/Glycine/SDS, Tris, Glycine, Sodium Dodecyl Sulfate
(SDS), Resolving Gel buffer, Stacking Gel Buffer, Ammonium Persulfate, TEMED, 30%
Acrylamide/Bis Solution, Precision plus protein Western C standards, 0.45uM
nitrocellulose membrane, 0.2uM nitrocellulose membrane, filter paper and Clarity
Western ECL kit were purchased from Bio-Rad. Mito ID membrane potential detection
kit was purchased from Enzo life science (Lausen, Switzerland). Bovine serum albumin
(BSA) was purchased from Amresco. RayBio ® Human Apoptosis Antibody Array kit

purchased from RayBiotech (Norcross, GA, USA).

3.2 Methods

3.2.1 Preparation of the extract and fractions of E. scaber

The leaves of E. scaber were provided by a local supplier and authenticated by Dr. Yong
Kien Thai. The voucher specimen (No.KLU47976) was deposited at the herbarium in the

Institute of Biological Sciences, Faculty of Science, University of Malaya, Malaysia.
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First, the dried leaves of E. scaber (1.5 kg) were grounded and extracted with 70% ethanol
at room temperature for three days to obtain ethanol crude extract (ESEE). The extract
was then filtered by using the WhatmanNo.1 filter paper. The extraction were repeated
again twice. All the collected filtrate was evaporated by using a rotary evaporator (Buchi)
under reduced pressure at 40 °C. 509 of dark green crude ethanolic extract was obtained.
This was further proceed to partitioning step by using hexane to obtain E. scaber leaves’
hexane fraction (ESHF). Subsequently, the hexane insoluble residue was further
partitioned to yield an ethyl acetate-soluble fraction and aqueous fraction by using ethyl
acetate and water (1:1) at room temperature. The ethyl acetate-soluble filtrate was
concentrated to yield E. scaber leaves' ethyl acetate fraction (ESEAF) under pressure at
45 °C whereas the aqueous filtrate was lyophilized to yield E. scaber leaves' aqueous
fraction (ESAF). All the crude and fractions was dissolved in DMSO and filtered using
0.22 um filter membrane. Throughout all the experiments, the final concentration of

DMSO is remained below 0.5 % v/v.

3.2.2 Cell culture

HT29, HCT116 human colorectal cancer cells and CCD841-CoN human normal colon
cells were grown in RPMI 1640 and EMEM medium which supplemented with 10%
FBS, 100 mg/mL penicillin streptomycin and 50 mg/mL amphotericin B. The medium
was filtered by using a sterilized 0.22 um filter membrane (Minisart, Sartorius Stedim,
Goettingen, Germany). The cells were sub-cultured every two days and detached from
culture flasks by using Accutase. The cells were collected and centrifuged at 1000 rpm
for 5min. The cell pellet was resuspended with medium, added into flask and maintained

in an environment of 5% CO- at 37 °C.
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3.2.3 Cryopreservation and cell revival

Upon the cells reached 80 to 90% confluency, cells were harvested and centrifuged at
1000 rpm for 5 min. The pellet which dissolved with freezing medium containing 70% of
medium, 20% of FBS and 10% of DMSO was then aliquoted to the sterile cryovials and
labeled accordingly to the type of cell line, date and passage number. Subsequently, the
vials were first kept in freezer (-20 °C) and then kept in liquid nitrogen storage vessel for
longer storage. For cell revival, cryovials were thawed immediately in 37 °C water bath.
Cells were aliquoted to conical centrifuge tubes containing medium and proceeded to
centrifugation. Medium was added to cell pellet and transferred into 25cm? cell culture
flask. The cells were left adhered in COz incubator and removed the medium after 24 h to
eliminate traces of DMSQO prior to the replacement of fresh medium. The cells were used

for experiments after at least 3 passages.

3.2.4 Invitro MTT cytotoxic assay

The in vitro cytotoxic effect of E. scaber against normal colon and colorectal cancer cells
was measured by utilizing MTT assay. Viable cells in a density of 5 x 10% were seeded
into 96-well plates and left attachment overnight. The cells were exposed to increasing
concentrations of ESEE, ESHF, ESEAF, ESAF and 5-fluorouracil (5-FU) as positive
control (0.20 - 200.00 pg/mL) for 72 h. Cells were exposed to DMSO without sample as
negative control. Next, each well was added 20 pL of MTT (5mg/mL) and incubated for
4 h at 37 °C. The medium was discarded and 150 uL of DMSO was added to resuspend
the formazan crystals. The absorbance of the formazan product was quantified at a
wavelength of 570nm and 650nm as a background by using microplate reader (Asys
UVM340, Eugendorf, Austria). The percentage of cell viability was calculated base the
following formula: percentage of cell viability (%) = (Absorbance of treated

cells/absorbance of untreated cells) x 100%.
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3.2.5 Detection of Nuclear Morphology via Hoechst 33342/PI staining

Based on the MTT results, ESEAF was subjected for further evaluation on the apoptosis
inducing effects. Alteration of nuclear morphology can be distinguished by Hoechst
33342 and PI. Hoechst 33342 is a fluorescence dye that cell-permeant and can be detected
by fluorescence microscope. Hoechst 33342 stains the viable cells with lower blue
fluorescence and the apoptotic cells are brightly stained. Propidium iodide is membrane
non-permeable dye to live cells which intercalating between the DNA breaks. 1x 10°
HCT116 cells were seeded in 60 mm? culture dishes for 24 h followed by treatment with
or without 10 pg/mL of ESEAF at different incubation period (6, 12 and 24 h). After
incubation, the cells were harvested and rinsed with PBS. Addition of Hoechst 33342 (40
png/mL) and Propidium lodide solution (10 pug/mL) to stain cells for 30 min in the dark
following by detection using inverted fluorescence microscope (Leica DM1600B,

Wetzlar, Germany).

3.2.6 Phosphatidylserine Externalization by Annexin V and P1 Staining

Translocation of phosphatidylserine to outer leaflet membrane is one of the earliest
apoptotic event. This event can be detected by using Annexin V and PI staining which
performed based on the manufacturer’s instruction. The viable (Annexin V and PI
negative stained), early apoptotic (Annexin V positive and Pl negative stained), late
apoptotic (both Annexin V and PI positive stained) and necrotic cells (Annexin V
negative and PI positive stained) can be detected by using BD Accuri flow cytometry. 1
x 108 cells of HCT116 cells were seeded in 60 mm? culture dishes for overnight and were
exposed to ESEAF (2.5, 5.0 and 10.0 pg/mL) while negative control was exposed to
DMSO for 24 h. After treatment, both adherent and suspended cells were collected and
centrifuged at 1800 rpm for 5 min harvested. The cell pellet was washed twice and

resuspended in ImL of 1x Annexin V binding buffer. 100 pL of cell suspension were
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aliquoted in 5ml falcon round bottom tubes. The cells were stained with Annexin V-
fluorescein-isothiocyanate (FITC) and PI (50 pg/mL) for 30 min in the dark followed by
the addition of 1x Annexin V binding buffer (400 uL). The fluorescence intensity of the

cells was measured in FL1-A (x-axis) and FL2-A channel (y-axis).

3.2.7 Detection of DNA fragmentation

A Terminal Deoxynucleotidyl Transferase UTP Nick End Labelling (TUNEL) assay
which can detect DNA fragmentation was performed according to the manufacturer’s
protocol (Sigma). HCT116 cells were seeded and exposed to ESEAF or vehicle DMSO.
After treatment, cells were collected, washed and fixed with 1% (w/v) paraformaldehyde
in PBS for 15 min on ice. The cells were washed and followed by the addition of DNA
labelling solution and incubation for 60 min at 37 °C. Later, the cells were stained with
FITC-conjugated anti-BrdU antibody for 30 min in the dark followed by the addition of
propidium iodide/RNase A solution for another 30 min in the dark. The fluorescence

intensity emitted by cells was quantified by using Accuri C6 flow cytometer.

3.2.8 Determination of Mitochondrial Membrane Potential

JC-1, afluorescent cationic dye is utilized for the assessment of mitochondrial membrane
potential. HCT116 cells were cultured in 60 mm? culture dishes for 24 h prior to the
treatment with ESEAF (2.5, 5.0 and 10.0 pg/mL). After 24 h, the cells were collected and
rinsed with PBS. Medium containing JC-1 was added and stained the cells for 15 min at
37 °C. After staining, cells were centrifuged, washed and re-suspended with medium. The
intensity of green and red fluorescence at FL1-A and FL2-A channels were measured by

flow cytometry analysis.
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3.2.9 Evaluation of Bax and Bcl-2 protein expression

Immunofluorescence staining was used to determine the protein expression of Bcl-2
family member including Bax and Bcl-2 via using flow cytometer. 1 x 10° cells which
were treated with ESEAF or DMSO were collected and washed twice with PBS. Fixation
and permeabilisation was done by using Cytofix/cytoperm kit. Addition of
fixation/permeabilisation solution to the cells for 20 min incubation at 4 °C. Perm/Wash
buffer was used for washing and cells were incubated for 15 min in this buffer. For each
proteins, perm/wash buffer containing the respective antibodies was added to the cells.
For direct Bcl-2 protein staining, the cells were stained with FITC-conjugated mouse anti-
human Bcl-2 monoclonal antibody or IgG1 isotype control for 30 min at 4 °C. For indirect
Bax staining, the cells were stained with either rabbit anti-human Bax polyclonal antibody
or 1gG1 isotype control for 30 min at 4 °C followed by the FITC-conjugated goat anti-
rabbit F(ab")2 polyclonal secondary antibody staining for 30 min at 4 °C. The cells were
subjected to washing step by using Perm/Wash buffer. The fluorescence intensity was

quantified at FL1-H channel by using flow cytometer.

3.2.10 Evaluation of caspase-3/7 and -9 activities

To detect caspase-3/7 and -9 activity, cells were exposed to ESEAF at different incubation
periods and subjected to fluorescence staining. After treatment, collected cells were
subjected to staining with 30x FLICA solution (caspase 3/7-FAM-DEVD-FMK; caspase
9-FAM-LEHD-FMK) for 1 h at 37 °C in dark followed by washing steps with wash buffer
and re-suspending cell pellet with wash buffer. The fluorescence intensity of caspase-3/7

and caspase-9 which detected at FL1-A channel was analysed by flow cytometer.

3.2.11 Assessment of the Intracellular Reactive Oxygen Species (ROS) level

The fluorescent dye 2'-7'-dichlorofluorescein diacetate (DCFH-DA) detects the
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accumulation of ROS. 1 x 10° cells were exposed to ESEAF (1.25 ug/mL to 10 pg/mL)
or vehicle DMSO (negative control) or tert-butyl hydroperoxide (TBHP) as positive
control for 4 h. After treatment, the cells were rinsed and stained with 50 uyM DCFH-DA
for 1 h. Once staining completed, collected cells were rinsed and resuspended with PBS.

The DCFH fluorescence intensity was quantified by flow cytometer at FL1-A channel.

3.2.12 Investigation the protein expression of p53 Tumour Suppressor

The p53 protein expression was measured by immunofluorescence staining using flow
cytometer. Cells were treated with or without 10 pg/mL of ESEAF at 6, 12 and 24 h. Cells
were then collected and rinsed with PBS twice followed by fixation and permeabilisation
using Cytofix/Cytoperm. Kit at 4 °C for 20 min. Then, the cells were subjected to washing
steps twice with Perm/Wash buffer and Perm/Wash buffer was added for another 15 min
incubation. The cells were subjected to the staining which incubated with FITC-
conjugated mouse anti-human p53 monoclonal antibody or 1gG2b isotype control for 30
min at 4 °C in the dark. Prior to the analysis by using BD AccuriC6 flow cytometer, the

cells were rinsed with Perm/Wash buffer.

3.2.13 Western blot analysis

1x108 cells were seeded in 60 mm? culture dishes and underwent treatment with 2.5 to
10.0 pg/mL of ESEAF for 24 h. After treatment, both adherent and suspended cells were
harvested, washed with cold PBS followed by centrifugation at 1800 rpm for 5 min.
Subsequently, cold RIPA buffer consisting of protease and phosphatase inhibitors was
added to cell pellets and incubated on ice for 5 min. The cells were then centrifuged at
14,000 x g for 15 min at 4°C. After centrifugation, the supernatant was kept in freezer.
Bradford assay was used to assess the protein content of supernatant. 25 pg of protein

were electrophoresed on the 12 % SDS-PAGE gel followed by the transfer of protein onto
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a nitrocellulose membrane and blocking by using skim milk for 1 h. Membranes were
then probed with primary antibodies (cleaved PARP and GAPDH) at 4°C overnight. After
incubation, the membrane was proceeded to washing with TBST (0.05% Tween 20 in
TBS) for thrice and probed with anti-mouse/rabbit secondary antibody for 1 h. Next,
washing steps were repeated as previous prior to the staining by using enhanced
chemiluminescence (ECL) detection kit. The band intensity was captured by gel

documentation system followed by quantitative analysis with Vilber Lourmart.

3.2.14 Phytochemical profiling by GC-MS analysis

Gas chromatography-mass spectrum (GC-MS) analysis was carried out by using Agilent
Technologies 7890A equipped with HP-5MS (5% phenyl methyl siloxane) capillary
column of dimensions 30.0 m x 250 pm x 0.25 pm, 7000 Mass Selective Detector and
helium was utilized as carrier gas at 1 mL/min. In the beginning, the temperature of
column was set at 100 °C for 10 min, followed by increasing 5 °C per minute to 300 °C
and kept isothermally for 45 min. The MS was operating at 70 eV. The phytochemicals
were identified based on their mass spectral data from NIST 08 Spectral Library. The
mass spectral fragmentation pattern which was match 90% and above was accepted. The
known phytochemicals, deoxyelephantophin and isodeoxyelephantopin were used

reference for validation.

3.2.15 Bioassay-guided approach to isolate active phytochemicals from the ethyl

acetate fraction of E. scaber

Based on the previous results obtained, 11 g of ESEAF was fractionated via column
chromatography (CC) made up of silica gel (60-200 mesh) utilizing dry packing method.
The column was eluted via the following gradient solvent system of hexane: ethyl acetate

(7:3 to 0:10) and ethyl acetate: methanol (8:2 to 0:10) to obtain nine fractions (F1-F9)
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(Figure 4.1). Each collected fraction was subjected to evaluate cytotoxicity via MTT
assay. Fraction F2 revealed as the most potent fraction with 1Cso values of 0.95 + 0.12
pg/mL. Thus, fraction F2 was further proceeded for purification via preparative thin layer
chromatography (PTLC) followed by three times of elution with hexane: ethyl acetate
(3:7), which led to compound 1 (0.18 g, Rf= 0.75) and compound 2 (0.29 g, Rf=0.70).

The cytotoxicity of these two compounds were proceeded via MTT assay.

3.2.16 Invitro cytotoxicity via MTT assay

The in vitro cytotoxic effect of each fraction and compounds against normal colon and
colorectal cancer cells was measured by utilizing MTT assay. HCT116 cells were plated
and incubated in varying concentrations of each fraction or compounds (0.38-25 pg/mL)
which resuspended in DMSO while 5-fluorouracil (5-FU) as positive control. . Cells were
exposed to DMSO without sample as negative control. Treatment for the bioactive
compound was carried out at different incubation periods (24, 48 and 72 h). Upon
completion of incubation, each well was added 20 pL of MTT (5mg/mL) and incubated
for 4 h at 37 °C. All the medium was aspirated and 150 uL of DMSO was added to
resuspend the formazan crystals in which measured at 570 nm and 650 nm as reference
wavelength by microplate reader. The percentage of cell viability was calculated as
followed: Cell viability percentage (%) = (Absorbance of treated cells/absorbance of

untreated cells) x 100%.

3.2.17 Effect of DET on nuclear morphological alterations

As mentioned previously in 3.2.5, HCT116 cells were cultured in 60 mm? culture dishes
and treated with DET in increasing concentrations of 0.75, 1.5 and 3.0 pg/mL or vehicle

DMSO (negative control) for 24 h. After treatment, cells were harvested and subjected to
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staining procedure accordingly. The nuclear morphological was observed under inverted

fluorescence microscopy (Leica DM1600B, Wetzlar, Germany).

3.2.18 Effect of DET on phosphatidylserine externalization

Cells were plated and incubated in presence of DET (0.75, 1.5 and 3.0 pg/mL) for 24 h.
Cells were harvested and subjected to staining similarly based on 3.2.6. Then, apoptotic
and necrotic cell populations were detected at FL1-A (x-axis) and FL2-A channel (y-axis)

by using flow cytometer (Vermes et al., 1995).

3.2.19 Cell cycle assay

Changes in cell cycle distribution was detected according to the manufacturer’s
procedure. 1 x 108 HCT116 cells were exposed to DET (0.75, 1.5 and 3.0 pg/mL) for 24
h. The harvested cells were centrifuged at 300 xg and washed with 1 mL of buffer solution
twice. The cell pellet was resuspended with 250 pL of Solution A (trypsin buffer) for 10
min and 100 pL of Solution B (trypsin inhibitor and RNase buffer) for another 10 min.
Subsequently, cells were gently mixed with 200 pL of cold PI solution for 10 min on ice

in the dark. The DNA content was assessed by using flow cytometry (BD).

3.2.20 Western blot analysis

As described similarly in chapter 3.2.13, HCT116 cells were incubated with 0.75, 1.5 and
3.0 ug/mL of DET for 24 h. Briefly, the proteins lysates were electrophoresed on the 10
or 12 % SDS-PAGE gels and transferred onto nitrocellulose membranes prior to the
blocking with skim milk/ BSA for 1 h. The membranes were probed with primary
antibodies overnight at 4°C. After washing, membranes were incubated with
corresponding anti-rabbit horseradish peroxidase-conjugated secondary antibody for 1 h

at room temperature. Then, the membranes were subjected to the staining by using ECL
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detection kit and visualization using gel documentation system followed by quantification

with Vilber Lourmart.

3.2.21 Cell Culture and treatment

HCT116 cells were grown in RPMI 1640 medium containing 10% FBS and 0.01% anti-
mycotic solution in a humidified atmosphere of 5% CO; at 37°C. HCT116 cells were
treated with 3.0 ng/mL of DET (purity > 98%) at 6, 12 and 24 h or 0.75, 1.5 and 3.0

pg/mL of DET for 24 h. For the negative control, cells were treated with vehicle DMSO.

3.2.22 Detection of mitochondrial membrane potential

The alteration of mitochondrial membrane potential was investigated by using the mito-
ID staining kit. A total density of 1 x 10° HCT116 cells were cultured for 24 h and
exposed t0 0.75, 1.5 and 3.0 pg/mL of DET. Upon completion of treatment, the cells were
harvested and washed. Medium containing mito-ID was added to the cell pellet and
incubated for 15 min at 37 °C in 5% CO: incubator. The cells were then washed and
resuspended in the medium prior to the detection of green and red fluorescence signals in

FL1-A and FL2-A channels by flow cytometry.

3.2.23 Assessment of acidic vesicular organelles formation

To detect the occurrence of acidic vesicular organelle (AVO), cells were subjected to
acridine orange (AO) staining. 1 x 10° cells were incubated with or without DET in the
presence or absence of NAC for 24 h. After treatment, cells were harvested and washed
with PBS followed by addition of 1 pg/mL of AO for 15 min at 37 °C. Later, washing

step was repeated three times with PBS and visualized by using fluorescence microscopy.
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3.2.24 Transmission electron microscopy

To determine the occurrence of autophagosomes induced by DET in HCT116 cells,
transmission electron microscopy (TEM) was used to visualize the ultrastructural
alterations. Untreated and treated cells were harvested and fixed with 4% glutaraldeyde
for 4 h followed by post fixed with 1% osmium tetroxide at 4 °C for 2 h. The samples
were then washed with cacodylate buffer and left overnight in the buffer. The samples
were rinsed with distilled water for thrice. This was followed by a series of dehydration
process in a gradient of 35, 50, 70% of ethanol (10min each), 95% of ethanol for 15 min,
100% of ethanol thrice for 15 min each and propylene oxide twice for 15 min. Propylene
oxide and Epon were mixed in 1:1 ratio and added to samples for 1 h followed by addition
of propylene oxide and epon (1:3) to samples to incubate for another 2 h. The cells were
then further embedded in epon overnight followed by polymerization at 37 °C for 5 h and
60 °C for overnight. Ultrathin sections were obtained by using an ultramicrotome (Leica
ultracut, Germany). The sections were placed on the copper grids and stained with uranyl
acetate replacement and lead citrate. Subsequently, the sections were visualized under the

TEM (Zeiss LEO Libra 120).

3.2.25 Quantification of intracellular reactive oxygen species (ROS) level

The intracellular accumulation of ROS was measured by using fluorescent probe 2'-7'-
dichlorofluorescein diacetate (DCFH-DA). The cells were seeded in 60 mm? culture dish
at a density of 1 x 10° cells and treated with different concentrations of DET, vehicle
DMSO or tert-butyl hydroperoxide (TBHP) as positive control for 4 h. The cells were
THEN rinsed and stained with 50 uM DCFH-DA for 1 h at 37 °C. Cells were harvested
and washed twice with PBS prior to the detection by using flow cytometry at FL1-A

channel.
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3.2.26 Protein array analysis

A total density of 1x108 HCT116 cells were seeded in 60 mm? culture dishes followed by
exposure to DET (0.75 and 1.5 pg/mL) or vehicle DMSO (negative control) for 24 h. The
cells were then harvested and incubated with RIPA lysis buffer. Protein content of lysate
was determined by using BCA protein assay and subjected to protein analysis using
human apoptosis antibody array (Raybiotech, GA) based on the manufacturer’s protocol.

The fluorescence intensities were analysed by densitometry.

3.2.27 Western blot analysis

0.75, 1.5 and 3.0 pug/mL of DET or vehicle DMSO were exposed to HCT116 cells for 24
h. Then, the protein lysates were extracted from cells and electrophoresed by 10 or 12 %
SDS-PAGE gel followed by the transfer of proteins onto a nitrocellulose membrane and
blocking by using skim milk or BSA for 1 h. Incubation of primary antibodies followed
by probing with anti-mouse/rabbit secondary antibodies. Subsequently, the membranes
were stained by using ECL detection kit and observed under gel imaging system. Band
intensity of respective proteins were quantitatively and qualitatively analysed with Vilber

Lourmart.

3.2.28 Animals and ethics statement

40 female (BALB/c-nu) nude mice (4 weeks old) were purchased from Invivos Pte. Ltd.
Singapore and housed in the Animal Experimental Unit at University Malaya under
pathogen-free conditions and supply of sterilized food and water ad libitum. Animals
were acclimatized for two weeks and kept in ventilated cages under standard conditions
with 12 h light-dark cycle at 24 °C. Experiments with mice were performed based on the
protocol approved by the Faculty of Medicine Institutional Animal Care and Use

Committee, University of Malaya with the ethics reference number of 2014-03-
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05/IBS/R/CCK. The whole experiment was conducted in the AAALAC International

accredited Animal Experimental Unit of the Faculty of Medicine, University of Malaya.

3.2.29 Human colorectal carcinoma xenograft model

On day 0, mice were anaesthetized and HCT116 human colorectal carcinoma cells (1x
10°) which was resuspended with 50% matrigel (0.1mL) were inoculated subcutaneously
into the right flank. When the tumour was palpable (range 100mm?), six mice were
randomly assigned into each group for a total of 4 groups. Tumour size and body weight
were recorded prior to the treatment. Mice were intraperitoneally (i.p.) administered with
25 mLkg* of saline with 4% DMSO or 1.25 mg/kg DET or 2.5 mg/kg DET or 40 mg/kg
5-fluorouracil thrice a week for 28 days. The body weight and tumour growth of each
mouse were measured weekly for 4 weeks. The length and width of tumour were
measured by using caliper and recorded. The tumour volume was calculated according to
the following formula, 0.5 x length x width?. When the tumour nodules reached 1.5 cm

in diameter, the mice were sacrificed.

3.2.30 Histology of tumour

Harvested tumour was fixed in 10% buffered formalin and processed by spin tissue
processor microm STP 120 (Thermo Scientific) to remove water and solidify the tissue.
Samples were embedded with hot paraffin wax using modular tissue embedding center
microm EC 350 (Thermo Scientific). Paraffin-embedded tumour were sectioned into 4pum
thick tissue by using rotary microtome microm HM 340 E (Thermo Scientific). The
sections were then transferred to the poly-L-lysine coated glass slides, left ot dry

completely and kept in -20 °C prior to the immunohistochemical staining.
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3.2.31 Immunohistochemical analysis

For immunohistochemical staining, the slides were deparaffinised in three changes of
xylene for 2 min each followed by three changes of absolute ethanol for 2 min each and
once through 95% ethanol and 80% ethanol for 2 min each. Then, the slides were
incubated with 0.3% H.O> for 10 min. Antigen unmasking was carried out by incubating
slides in a boil 10mM sodium citrate buffer (pH 6.0) for 30 min. The slides were then
incubated with 5% normal goat serum for 1 h at room temperature and probed with
primary antibodies overnight at 4 °C. Prior to the incubation of secondary antibodies for
30 min, washing step was needed to repeat three times with wash buffer (1 x TBST) for
5 min each. The slides were repeatedly washed with TBST three times for 5 min. DAB
chromogen was added to the slides and counterstained with haematoxylin. For
quantification, three random x 400 microscopic fields per slide were captured using an
inverted microscope Nikon Eclipse TS100 (Nikon, Japan) and analysed using Nikon NIS-

BR element software (Nikon, Japan).

3.2.32 Cell culture

The mouse microglial BV-2 cells was developed by Dr E. Blasi from University of
Perugia which was cultured in DMEM containing 10% FBS and 0.01% anti-mycotic

solution and maintained at 37 °C in 5% CO2 incubator.

3.2.33 Invitro cell viability assay

The inflammatory effects of ESEAF in LPS-induced BV-2 microglia cells was assessed
by MTT assay. A density of 1x10%cells per well were plated in a 96-well plate and
exposed to ESEAF ranging from 1.56-25 pg/mL for 2 h prior to the treatment of LPS (1

png/mL) for 24 h. 20 pL of MTT solution (5 mg/mL) was added for 4 h at 37 °C. The cell
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viability was analysed by using microplate reader at 570 nm with reference wavelength

of 650 nm.

3.2.34 Nitric oxide quantification assay

Quantification of nitric oxide (NO) level was carried out based on the manufacturer’s
procedure by using Total Nitric Oxide Assay Kit. The NO concentration was determined
according to nitrate standard curve. A density of 1 x 10° cells which was loaded in a 96-
well plate were left to adhere for 24 h followed by incubation of ESEAF (0.13 to 1.0
pg/mL) for 2 h prior to 1.0 pg/mL LPS treatment for 4 h. Subsequently, 50 pL of culture
supernatant, 25 uL of NADH and 25 pL of nitrate reductase were mixed and left for 30
min at 37 °C followed by addition of Griess reagents 1 and 2 for another 10 min. Upon

completion, the absorbance was scanned by using microplate reader at 570 nm.

3.2.35 Determination of prostaglandin E2 (PGE2) level

Pre-exposure of ESEAF for 2 h in LPS-stimulated BV-2 cells for 24 h and culture media
was harvested to quantify PGE> level based on the manufacturer’s protocol using PGE>

Competitive ELISA Kkit.

3.2.36 Detection of intracellular reactive oxygen species (ROS) level

The production of intracellular ROS level was evaluated by using DCFH-DA probe. 1 x
108 cells were treated with ESEAF (0.25, 0.5 and 1.0 pg/mL) for 2 h followed by
incubation of LPS for 24 h. Cells were then rinsed and subjected to staining with 10 uM
DCFH-DA for 30 min. The DCF fluorescence intensity was detected in FL1-A channel

and analysed by flow cytometer.
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3.2.37 Determination of scavenging activity by DPPH assay

The effect of ESEAF on scavenging free radical was determined via DPPH assay based
on the outlined protocol with minor modifications (Ser et al., 2015). Different
concentrations of ESEAF (15.6 pg/mL- 1000 pg/mL) was tested. Addition of 195 pL of
0.016 % DPPH in 95% ethanol to 5 puL of sample solution or gallic acid (positive control)
and left in darkness for 30 min and absorbance was measured at 515 nm using a
spectrophotometer. The DPPH free radical scavenging activity was calculated as follows:
DPPH scavenging activity = (Ac-As)/Ao x 100%, where Acis the absorbance of

control; A is the absorbance of the sample.

3.2.38 Measurement of Superoxide dismutase (SOD) level

Measurement of SOD scavenging activity of ESEAF was performed based on the
manufacturer’s protocol. 20 pL of ESEAF samples which concentration (0.488 - 31.25
png/mL) was added to mixture reaction solution containing WST working solution and
enzyme working solution for 20 min at 37 °C followed by the absorbance measurement
at 450nm using a microplate reader. The SOD activity of ESEAF (percentage of inhibition
%) was calculated using following equation: SOD activity = (A0 —Ab)-(As -Asb) / (A0 —
Ab) x 100%, where AO: Absorbance control blank; Ab: Absorbance buffer blank; As:

Absorbance sample; Asb: Absorbance sample blank

3.2.39 Catalase assay

Generation of catalase was determined by using catalase assay kit based on the
manufacturer’s procedure. After exposure of ESEAF to LPS-stimulated BV-2 cells, cells
were collected and lysed with lysis buffer. Supernatant were collected and kept for this
assay. The sample were then mixed with colorimetric assay substrate solution for 5 min

followed by adding stop solution. 10 pL of catalase enzymatic reaction mixture and
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colour reagent was left incubation for 15 min prior to the measurement of the absorbance
at 520 nm. The catalase activity of ESEAF was evaluated based on the H202 standard
curve. Catalase activity was calculated as followed: Activity (pumoles/min/mL) =
(Apmoles (H202) x dilution factor x 100)/ (V x t), where V = sample volume; T = catalase

reaction duration (minutes)

3.2.40 Western blot analysis

1 x 10° BV-2 cells were subjected to treatment with ESEAF (0.25, 0.5 and 1.0 pg/mL)
followed by the treatment of LPS for 24 h. After treatment, adherent and suspended cells
were lysed in cold RIPA buffer and further subjected to centrifuge at 14000 rpm for 15
min. The supernatant were obtained and determined protein content. 25 ug of proteins
were loaded into each well of 10% or 12% SDS-PAGE which used to separate the protein
and transferred onto a nitrocellulose membrane. 5% of skim milk or BSA was used to
expose on the membrane for 1 h followed by the incubation of primary antibodies
overnight at 4 °C. The membrane was washed thrice for 5 min and then probed with anti-
rabbit/mouse secondary antibodies for 1 h at room temperature. The protein on the
membrane was stained by using ECL detection kit prior to the visualization under gel
documentation system. Each protein band intensity was quantified by using Vilber

Lourmart.

3.2.41 Animals

Eight/ten-week-old male C57BL/6 mice (25 + 2 g) were provided by the Laboratory
Animal Centre of the School of Medicine and Health Sciences, Monash University
Malaysia. Five mice were kept in a cage under standard conditions with 12 h light-dark

cycle and allowed access to pelleted feed and water ad libitum. All the procedures and
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experiment was approved by the Animal Ethics Committee from Monash University with

the reference number of MARP/2014/022.

3.2.42 Acute oral toxicity assay

Acute oral toxicity study of ESEAF was conducted according to the OECD guideline No
425. Based on the OECD guideline of the fixed dose procedure, each of the fasted mice
is administered via oral gavage with a single dose of ESEAF either with the dosage of 5,
50, 300 and 2000 mg/kg. However, a limit test was performed which started with the
highest dosage which is 2000 mg/kg of ESEAF. One group is treated with ESEAF with
5 mice while the other 5 mice were treated without ESEAF but sesame oil only (control).
The animals were fasted overnight and followed by the treatment. After administration,
food was withheld for 3 h. Based on the guideline, one animal was orally administered
with 2000 mg/kg of ESEAF which suspended with sesame oil at a time. Subsequently,
each mice were sequentially administered at 48 to 72 h intervals. Symptoms of toxicity
and mortality were observed daily for a period of 14 days. On the day 0, 7th and 14th, all
animals were weighed and recorded. After completed the treatment, all the animals were
given 13.5 mg/kg of Zoletil/Ketamine/Xylazine and subjected to undergo cardiac
puncture for blood collection followed by collection of organs (kidney, lung, heart and

liver).

3.2.43 Preparation of paraffin sections

The collected organs were preserved in a 10% buffered formalin solution. The tissues
were processed by spin tissue processor microm STP 120 (Thermo Scientific) to remove
water and solidify the tissue. After processing, tissues were orientated inside a mold and
embedded with hot paraffin wax using modular tissue embedding center microm EC 350

(Thermo Scientific). Prior to the sectioning, the paraffin blocks are kept in -20 °C and
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subsequently, were sectioned into 4 pm thick tissue by using rotary microtome microm
HM 340 E (Thermo Scientific). Sections were left to float on a 40 °C water bath and

transfer onto glass slides. The slides were dried overnight and stored at room temperature.

3.2.44 Histopathological examination

The slides were deparaffinised in three changes of xylene for 2 min each followed by
three changes of absolute ethanol for 2 min each and once through 95% ethanol and 80%
ethanol for 2 min each. The slides were rinsed with distilled water for 1 min and stained
with haematoxylin for 1 min. Later, washing step was repeated before and after the
incubation in acid alcohol for 30 sec. The slides were subjected to bluing agent for 30 sec,
washed for 1 min and staining with Eosin Y for 30 sec. 95% ethanol and two changes of
absolute ethanol was used to rinse for 1 min following by xylene for 1 min. Slides were

mounted by using mounting media and ready for observation under the microscope.

3.2.45 Blood biochemical analysis

Collected blood samples were immediately centrifuged at 3000 rpm for 15 min and
supernatant was aliquoted as serum. Blood serum obtained were assessed for the
biochemical parameters such as albumin, total bilirubin levels (TBIL), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST)

and creatinine (CRE).

3.2.46 Statistical analysis

In all the experiments, statistical analysis was conducted by using one-way ANOVA
followed by Dunnett’s test or Student’s t-test to compare significance between untreated
control group and treated groups. All data were expressed as means + standard. Data was

regarded as statistically significant when p values <0.05.
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CHAPTER 4: RESULTS

4.1 The extract and fractions of E. scaber inhibit the cancer cell growth

All the E. scaber crude and fractions were subjected to assess cytotoxic activities on
different cell lines including HT-29 human colon adenocarcinoma cells, HCT116 human
colorectal carcinoma cells and CCD841-CoN normal colon cells via MTT assay.
Treatment with varying concentrations of ESEE, ESHF, ESEAF and ESAF (0.1953 — 200
pg/mL) were exposed to all the cells. ESEAF demonstrated the greatest growth inhibitory
effect among all the fractions on both HCT116 and HT-29 cancer cells at 72 h, followed
by ESHF, ESEE and ESAF (Figure 4.1 (a)&(b)). However, a remarkable reduction of
HCT116 cell viability was observed upon exposure to ESEAF at 72 h with the lowest
ICso values of 1.42 £ 0.10 pg/mL indicating its most remarkable potency towards
HCT116 cells (Figure 4.1). All the 1Cso value were shown and encapsulated in Table 4.1.
In order to investigate any toxic effect of ESEAF on human normal cells, human normal
colon CCD-841CoN cells was used. As shown in Figure 4.1 (c), normal colon cells was
remained viable at the highest concentration of 25 pg/mL. According to the results,
ESEAF and HCT116 cells were proceeded for further investigation underlying its

apoptosis-inducing effects.

4.2 ESEAF induced nuclear morphological alterations

Hoechst 33342 and Propidium lodide (PI) staining was used to detect the alterations of
nuclear morphology in HCT116 cells when treated with ESEAF and visualized under
fluorescence microscope. Healthy and viable cells were displayed in dull blue colour.
Conversely, early and late apoptotic cells were displayed in bright blue colour and purple
colour which dual-stained with bright blue and red colour, respectively. For dead cells, it
was displayed in red colour. As shown in Figure 3.2, different apoptotic morphological

characteristics including nuclear shrinkage, chromatin condensation and
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Table 4.1: 1Csp values of ethyl acetate fraction of Elephantopus scaber leaves and 5-
fluorouracil against HCT116 and HT-29 cells and normal colon cells

Cell lines ICso (Mg/mL)
Ethanol Hexane Ethyl acetate Aqueous 5-
Extract Fraction fraction Fraction fluorouracil*
(ESEE) (ESHF) (ESEAF) (ESAF)

HCT116  75.36+0.66 6.65+0.19 1.42 +£0.08 >200 0.73 +0.02

HT-29 13410+1.64 18.25+093 241+0.26 >200 NA
CCD-
841CoN NA NA >25 NA >25

The data represent mean + S.E. of three independent experiments (n = 9). NA: Not
available.

* 5-Fluorouracil served as positive control.
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Figure 4.1: The cytotoxicity of E. scaber leaves ethanol extract, hexane, ethyl acetate
and aqueous fractions against different cancer cell lines and normal cell line. The cells
were exposed to different concentrations of extract and fractions of E. scaber for 72 h.
(A) The graph represented the cytotoxicity against HCT116 cells (B) The graph
represented the cytotoxicity against HT-29 cells (C) Bar chart showed the cytotoxic effect
of ESEAF against HCT116, HT-29 and normal CCD841CoN colon cells at 72 h. The data
represented as mean + S.E. of three independent experiments (n = 9). Asterisks represent
significantly different value when compared to control (* p < 0.05).
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Figure 4.2: Alteration of nuclear morphology by ESEAF in HCT116 cells. Cells were
exposed to ESEAF in different incubation periods and subjected to Hoechst 33342 and
Pl staining followed by visualization using fluorescence microscope. Magnification:
400X Arrow 1 chromatin condensation, 2 late apoptosis/ necrosis, 3 cell shrinkage, 4
DNA fragmentation
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DNA fragmentation were detected upon treatment with ESEAF in HCT116 cells. The

appearance of the apoptotic cells became more apparent in increasing incubation period.

4.3 ESEAF induced DNA breakage

DNA fragmentation which considered as one of late apoptotic events can be determined
by TUNEL assay. The results revealed that there is an elevation of the percentage of
TUNEL-positive cells upon exposure to 10 pg/mL of ESEAF (Figure 4.3(a)) in which
increased to 1.13 + 0.09, 1.33 £ 0.07 and 3.09 = 0.03% at 6, 12 and 24 h, respectively as
compared to the untreated group (Figure 4.3(b)). These data suggested that induction of

DNA fragmentation was mediated by ESEAF in HCT116 cells.

4.4 The effect of ESEAF on phosphatidylserine externalization

One of the early apoptosis characteristics exhibited is the externalization of
phosphatidylserine which can be examined by using Annexin V-FITC/ PI staining. As
shown in Figure 4.4(a) & (d), a significant dose-dependent and time-dependent manner
elevation in phosphatidylserine externalization upon treatment with ESEAF in HCT116
cells. Figure 4.4 ((b) & (e)) demonstrated the distribution of the viable, early apoptotic,
late apoptotic and necrotic cells. The untreated control cells exhibited weak Annexin V
and P1 staining suggesting viable cells. When treatment with different concentrations of
ESEAF, the viable HCT116 cells gradually progressed to early and late apoptosis. The
total Annexin V-positive cells (Annexin™/PI-and Annexin*/PI*) which composed of early
and late apoptotic cell populations markedly elevated to 4.64 + 0.12, 8.14 + 0.47, 16.39
+ 1.28 at concentrations of ESEAF 2.5, 5.0 and 10.0 pg/mL, respectively as shown in
Figure 4.4(c). In addition, the percentages of total Annexin V-positive cells increased to

1.77 £ 0.03, 3.62 + 0.30 and 16.39 + 1.28 at 6, 12 and 24 h, respectively (Figure 4.4(f)).
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Figure 4.3: Induction of DNA fragmentation in HCT116 cells. Exposure of 10 pg/mL of
ESEAF in HCT116 cells for different incubation periods (6, 12 and 24 h) and proceeded
to TUNEL staining (A) Histogram depicted positive TUNEL staining which indicated by
the M2 region. (B) Bar chart demonstrated the percentage of TUNEL positive cells. Data
represented in mean = S.E. of three separate experiments (n=3). Asterisks denote
significant different value in comparison of control (* p < 0.05).
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Figure 4.4: Externalization of phosphatidylserine induced by ESEAF in HCT116 cells.
(A) Dot plots exhibited the fluorescence patterns of Annexin V-FITC/PI staining upon
treatment with different doses of ESEAF at 24 h. (B) Bar chart illustrated the proportion
of viable, early apoptotic, late apoptotic and necrotic cells at increasing concentrations of
ESEAF. (C) Bar chart demonstrated the percentage of Annexin V positive cells. (D) Dot
plot illustrated the fluorescence patterns of Annexin V-FITC/PI staining after exposure
0f 10.0 pug/mL of ESEAF at 6, 12 and 24 h. (E) Bar chart depicted the proportion of viable,
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the percentage of Annexin V positive cells in a time course study. The data represented
as mean = S.E. from three individual experiments (n=3). Asterisks denote significantly
different value from control (*p<0.001).
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4.5 Formation of Intracellular Reactive Oxygen Species (ROS) induced by
ESEAF

In order to detect the effect of ESEAF in triggering the production of intracellular ROS
in HCT116 cells, DCFH-DA dye was used and Ter-Butyl hydroperoxide was utilized as
positive control. As shown in Figure 4.5(a), the right shift of the histogram was observed
depicting the increase of intracellular ROS. The intracellular ROS level clearly enhanced
by 1.38 £ 0.05, 1.85 + 0.11, 2.13 + 0.08, 3.84 £ 0.17 folds, respectively at 1.25, 2.5, 5.0
and 10.0 pg/mL of ESEAF (Figure 4.5(b)). Furthermore, to investigate whether apoptosis
was initiated in response to the oxidative stress stimuli, ROS, N-acetylcysteine (NAC)
inhibitor was utilised. Results demonstrated that the accumulation of intracellular ROS
level was reversed by the pretreatment of NAC in ESEAF-treated cells (Figure 4.5(c)).
Additionally, the cell viability was assessed upon the presence and absence of NAC in
the ESEAF-treated and untreated cells at 24 h. In presence of NAC, the percentage of cell
viability was restored in the ESEAF-treated cells as compared to the absence of NAC

(Figure 4.5(d)).

4.6 ESEAF induced loss of mitochondrial membrane potential

The dissipation of mitochondrial membrane potential can be observed during early
apoptosis in intrinsic pathway. Therefore, JC-1 probe was applied to investigate the loss
of mitochondrial membrane potential in ESEAF-treated HCT116 cells. When
mitochondria depolarized in the early apoptosis, the red fluorescent JC-1 aggregates
convert to green JC-1 monomers. The untreated cells emerged to have the highest
accumulation of red JC-1 aggregates in the mitochondrial membrane (Figure 4.6(a) &
(b)). However, the emergence of green monomer fluorescence accompanied by the loss
of red JC-1 aggregate fluorescence was observed at 6 h in the treated cells. At 24 h of

treatment, the red fluorescence was almost completely absent in HCT116 cells. ESEAF
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Figure 4.6: Dissipation of mitochondrial membrane potential upon treatment with
ESEAF in HCT116 cells. (A) Dot plots of JC-1 aggregates versus JC-1 monomers. (B)
The bar chart demonstrated the time-dependent reduction of JC-1 aggregates. The data
represented as mean + S.E. from three individual experiments. Asterisks denote
significantly different value when compared to control (*p <0.001).
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was found to markedly reduce the mitochondrial membrane potential of HCT116 cells in

a time-dependent manner.

4.7 ESEAF modulated the protein expression of Bax and Bcl-2

Proapoptotic Bcl-2 member such as Bax works in concerted with antiapoptotic Bcl-2
member such as Bcl-2 regulates mitochondrial integrity. To investigate the effects of
ESEAF on the regulation of the Bcl-2 family members, the expression of Bcl-2 and Bax
were examined using flow cytometry analysis. As shown in Figure 4.7(a) & (c), ESEAF
induced a time-dependently upregulation of Bax which increased by 1.31 and 1.8 fold at
6 and 12 h, respectively. On the other hand, Bcl-2 expression was slightly increased when
treated with ESEAF (Figure 4.7(b) & (d)). However, the ratio of Bax/Bcl-2 was
significantly increased by 1.34 folds at 12 h by the elevation of Bax protein expression
(Figure 4.7(d)) delineating ESEAF mediated apoptosis via modulation of Bcl-2 and Bax

in HCT116 cells.

4.8 ESEAF induced caspase cascades (caspase-3/7 and caspase-9)

Caspases play elemental roles in executing the apoptosis machineries. Dysregulation of
Bcl-2 family members led to the release of apoptotic substrates followed by activation of
caspase cascades prior to the execution of apoptosis. To examine the involvement
caspase-3/7 and -9 instigated by ESEAF, caspase-3/7 (FAM-DEVD-FMK) and caspase-
9 (FAM-LEHD-FMK) inhibitors were used. The intensity of fluorescence is directly
proportional with the caspase activities. In the results, caspase-3/7 and caspase-9
activities were found time-dependently enhanced when exposure to ESEAF in HCT116
cells (Figure 4.8). Itis evidenced by the right shift of histogram representing the elevation
of fluorescence intensity. ESEAF activated caspase-3/7 by 2.16, 5.25 and 6.81 folds at 6,
12 and 18 h. Similarly, ESEAF remarkably induced caspase-9 activation by 1.35 fold as

early as 6 h followed by increment of 4.67 and 7.23 fold at 12
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Figure 4.7: The effect of ESEAF on the involvement of Bax and Bcl-2. (A) The
histogram displayed the Bax protein expression in the ESEAF-treated cells at 6 and 12 h.
(B) The histogram displayed the Bcl-2 protein expression in the ESEAF-treated cells at 6
and 12 h. (C) Bar chart depicted the relative expression level of Bax protein. (D) Bar chart
exhibited the relative expression level of Bcl-2 protein. (E) Bar chart represented the ratio
of Bax/Bcl-2. The data represented as mean £S.E. from three individual experiments.
Asterisks denote significantly different value when compared to control (* p < 0.001).
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and 18 h, respectively. Accordingly, the collective results suggested that caspase-3/7 and
caspase-9 involved in the induction of apoptosis conferred on ESEAF-treated HCT116

cells.

4.9 The activation of p53 by ESEAF

The deletion or mutation of the p53 gene is the most frequent alteration in human
colorectal cancer. Mutation of a tumour suppressor, p53, leads to less susceptible to
apoptotic signal. Nonetheless, activation of p53 can be initiated in response to redox
balance and DNA damage. As depicted in Figure 4.9, the induction of p53 began as early
as 6 h and significantly enhanced at 24 h as demonstrated by the right shift of histogram
representing an elevation of fluorescence intensity (Figure 4.9(a)). Treatment of ESEAF
resulted in an increase of p53 activation by 1.10, 1.52 and 2.41 folds at 6, 12 and 24 h,

respectively (Figure 4.9(b)).

4.10  Induction of PARP cleavage by ESEAF

Caspase cascades facilitates degradation of PARP which consequently leads to DNA
fragmentation and ultimately apoptosis. Therefore, the effect of ESEAF on the cleavage
of PARP was evaluated by using western blot analysis. A dose-dependent accumulation
of cleaved PARP was noticed in HCT116 cells upon treatment with ESEAF as shown in
Figure 4.10(a). The protein expression of cleaved PARP was drastically augmented by
1.25+0.02, 1.62 + 0.08, 4.37 £ 0.28 folds at 2.5, 5.0 and 10.0 pg/mL of ESEAF at 24 h
(Figure 4.10(b)). Next, NAC was incubated prior to the incubation with ESEAF to
investigate the involvement of ROS in apoptosis induction in HCT116 cells. The
presence of NAC attenuated the cleavage of PARP and reversed the apoptosis in ESEAF-
treated cells (Figure 4.10(c)). These results suggested the cleavage of PARP was

stimulated upon oxidative stress which ultimately resulted in apoptosis.
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411  Phytochemical profile of ESEAF using GC-MS analysis

As illustrated in Figure 4.11, phytochemical profiling of ESEAF was detected by using
GC-MS-TOF. The chromatogram revealed that eight different compounds were
discovered in ESEAF (Table 4.2). Several of these compounds were reported to possess

anticancer potentials.

4.12  Elucidation of the bioactive compounds from E. scaber via bioassay-guided
approach
In our previous findings, ESEAF was found to be the most cytotoxic against HCT116
cells. Therefore, bioassay-guided approach was performed to identify and isolate
bioactive compounds as shown in Figure 4.12. Two compounds, compound 1 and
compound 2 were discovered from active fraction F2 and further proceeded to structural
identification by using spectroscopic analysis (*H, 13C NMR and HRESI-MS). The results
obtained were compared according to the literature spectral data obtained. Based on the
results obtained, compound 1 was elucidated as isodeoxyelephantopin (isoDET) in which
1H and 13C NMR data of were corresponded with the values of iSoDET (Paul Pui-Hay
But, 1997), as encapsulated in Table 4.3. HRESI-MS, in a positive mode, further validated
the structure of compound 1 as iSoDET with a molecular formula of C19H200¢ evidenced
by the molecular ion peak at m/z 345.1339 [M + H]". Further on, compound 2 was
confirmed as deoxyelephantopin (DET) which found in parallel with the literature values
of H and 3C NMR data of DET as shown in Table 4.4 (Ni Ni Thana & Heinz H. Fiebig,
2005). The structure of compound 2 which has a molecular formula of C19H2006 Was
further supported by HRESI-MS, in a positive mode revealing the molecular ion peak at

m/z 345.1332 [M + H]* .
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Figure 4.9: The activation of p53 by ESEAF in HCT116 cells. (A) The histogram
represented the p53 expression in HCT116 cells at 6, 12 and 24 h. (B) The bar chart
illustrated the relative expression level of p53. The data represented as mean £ S.E. from
three individual experiments. Asterisks denote significantly different value when
compared to control (*p< 0.001).
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Table 4.2: Chemical constituents identified in ESEAF by using GC-MS

No Compounds M.W. M.F. Retention Time (5)
1. Deoxyelephantophin 344 C19H2006 43.196
2. Isodeoxyelephantopin 344 C19H2006 45.436
3. Stigmasterol 412 Ca9H4gO 50.494
4. Olean-12-en-3-one 424 CaoH4s0 51.403
5. Lup-20(29)-en-3-one 424 CaoH4s0 52.060
6. Lupeol 426 C30H5009 52.457
7. Betulin 442 CaoHs002 53.324
8. Lup-20(29)-en-3-ol, acetate, (3P)- 468 Ca2Hs20; 54.083

M.W.: molecular weight; M.F.: molecular formula
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413  DET and isoDET suppressed the growth proliferation on HCT116 cells

Bioactive compounds, DET and isoDET were subjected to cytotoxic evaluation by using
MTT assay on HCT116 human colorectal carcinoma cells and CCD841CoN normal
colon cells. As shown in Figure 4.13(a), DET and isoDET were found to dose-
dependently reduce cell proliferation of HCT116 at 72 h with ICso values of 0.73 £ 0.01
pg/mL (2.12 uM) and 0.88 + 0.02 pg/mL (2.56 uM), respectively (Table 4.5). Besides,
DET was found to be less potent in CCD841CoN normal cells with an I1Cso value of 21.69
+0.92 pg/mL (60.02 pM). Based on the comparison between 1Cso values of HCT116 cells
and CCD841CoN normal cells, results demonstrated a 30 fold difference in cytotoxicity.
Surprisingly, 5- fluorouracil displayed a comparable ICso value of 0.73 + 0.02 pug/mL (5.0
puM) in HCT116 cells. In addition, exposure to DET resulted in a time-dependent
inhibition on the HCT116 cell growth with the 1Cso values of 2.36 + 0.02, 0.9 + 0.02 and

0.73 £ 0.01 pg/mL at 24, 48 and 72 h, respectively (Figure 4.13(b)).

4.14  Alterations of nuclear morphology by DET

Hoechst 33342/PI staining was utilized to detect the alterations of nuclear morphology
after exposure of DET in HCT116 cells. Upon treatment with DET, apoptotic
morphological changes of HCT116 cells including chromatin condensation, cell
shrinkage, DNA fragmentation and apoptotic bodies which were either stained in bright
blue or bright blue and red color were detected under fluorescence microscope (Figure
4.14). Treated cells emerged in round shape and homogenously stained with intact
chromatin in the nuclei. Apoptotic cells and necrotic cells clearly increased concomitantly

with a dose-dependent decrease in cell viability by DET at 24 h.

4.15  Effect of DET on externalization of phosphatidylserine
Next, the biochemical changes resulting in apoptosis-inducing effect by DET was

investigated in HCT116 cells. Externalization of phosphatidylserine is characterized as
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Table 4.3: 1soDET and compound 1 were analyzed and compared by 1H and 13C NMR

of (8 in ppm; 400 MHz in CDCls)

Position | 6H, J (Hz) isoDET  6H, J (Hz) dC isoDET (But  6C
(But et al, 1997) compound 1 etal, 1997) compound 1
1 7.16, s 7.14,s 150.0 1494
2 5.38, d (4.5) 5.37,d (4.5) 79.4 79.6
3a 2.39,dd (4.5,
2.39, dd (4.5, 14.0) 40.0 40.2
14.6)
3b 2.94, d (14.0) 2.93, d (14.6)
4 1354 135.5
5 5.13, d (10.0) 5.13, d (10.1) 125.2 125.5
6 5.17, d (10.0) 5.17, d (10.1) 78.7 78.8
7 3.15, m 3.15, m 49.8 50.0
8 4.53, ddd (4.0, 4.0, 4.52, ddd (4.0,
12.0) 4.0, 12.4) (™ -l
%a 2.74, dd (4.0,
2.74,dd (4.0, 12.0) 30.0 30.2
12.4)
9b 3.04, dd (12.0,
3.06, dd (12.0, 12.0)
12.4)
10 1314 131.6
11 134.0 134.1
12 169.4 169.6
13a 5.65, d (3.2) 5.64, d (3.6) 123.0 123.3
13b 6.20, d (4.0) 6.20,d (4.1)
14 1.78, s 1.78, s 21.5 21.7
15 174.3 174.4
16 166.5 166.7
17 135.4 135.5
18 1.93,s 1.93,s 18.1 18.3
19a 5.67,s 5.67,s 126.8 127.0
19b 6.15, s 6.14, s

112



Table 4.4: DET and compound 2 were analyzed and compared by *H and 3C NMR of (5
in ppm; 400 MHz in CDCls)

on, J (Hz) DET OH, J (Hz) oc DET (Thanet oc
Position | (Than et al, 2005) compound 2 al, 2005) compound 2
1 7.08, brs 7.06, brs 153.5 153.3
2 5.46, td (1.8, 3.9) 5.46,td (1.8,4.1) 81.4 81.4
2.69,ddd (1.2,2.1, 2.70, ddd (1.2,
3a 13.4) 2.1,13.4) 41.2 41.5
2.86, dd (4.6,
3b 2.85,dd (4.5,13.8)  13.8)
4 135.5 135.7
5 4.77, brd (10.5) 4.78,brd (10.5)  133.6 133.9
5.14, dd (8.2,
6 5.13,dd (8.1, 10.5)  10.5) 78.0 78.0
7 2.94, dt (3.6, 7.5) 2.94,dt (3.6,7.7) 52.2 52.5
4.65,ddd (2.1,3.6,  4.65, ddd (1.8,
8 11.4) 3.6, 11.6) 715 71.6
9a 2.78,d (12.3) 2.79, d (12.4) 33.4 33.7
3.02,ddd (1.7,3.0,  3.01, ddd (1.7,
9b 12.6) 3.0,12.5)
10 128.3 128.7
11 134.0 134.1
12 169.3 169.4
13a 5.65, br d (3.3) 565 brd(3.2) 1236 123.8
13b 6.23, brd (3.9) 6.23, brd (3.6)
14 1.85, d (1.5) 1.84, d (1.4) 20.0 20.2
15 172.5 172.5
16 166.4 166.5
17 135.9 136.1
18 1.93,dd (1.2, 1.4) 1.93,s 18.2 18.3
19a 5.66, d (1.5) 5.66, d (1.8) 126.6 126.8
19b 6.14,t (1.2) 6.14, t (1.2)
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Table 4.5: 1Cso values of deoxyelephantopin, isodeoxyelephantopin and 5-fluorouracil in
HCT116 cells and CCD841-CoN normal cells.

Cell lines  1Csp (ug/mL)

Deoxyelephantopin  Iso-deoxyelephantopin 5-fluorouracil?

HCT116 0.73 +0.01 0.88 + 0.02 0.73+0.02
CCD841- 21.69+0.92 NA > 25
CoN

The data represented as mean £ S.E. of three independent experiments (n = 9).
ND: Not determined.
& 5-fluorouracil served as positive control.
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Figure 4.13: The cytotoxic effect of deoxyelephantopin and isodeoxyelephantopin in
HCT116 cells. (A) The bar chart depicted the percentage of cell viability upon exposure
to varying concentrations of DET, isoDET and 5-FU (0.39- 25.0 pg/mL) in HCT116 cells

for 72 h. (B) The bar chart displayed the time course cell viability when treated with DET
against HCT116 cells at 24, 48 and 72 h. The data represented as mean = S.E. of three

independent experiments (n = 9). Asterisks denote as significantly different value when

compared to control (* p < 0.05).
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one of the biochemical hallmarks in apoptosis which can be detected by Annexin V-
FITC/PI staining. Flow cytometric plots were divided into four different phases in which
lower left is viable (Annexin’/PI"), lower right is early apoptosis (Annexin*/PI’), upper
right is late apoptosis (Annexin®/PI") and upper left is necrosis (Annexin/PI*). As
displayed in flow cytometric results, most of the cells were accumulated in the lower left
quadrant indicating healthy and viable cells for the untreated control group (Figure
4.15(a)). However, DET treatment resulted in the change of phospholipid membrane
symmetry evidenced by the shift from viable to early and late apoptosis. A substantial
accumulation of Annexin V positive stained cells which consist of early and late apoptotic
cells along with a dose-dependent decrease of viable cells were observed upon treatment
with DET (Figure 4.15(b)). Notably, DET markedly elevated to 63.63 £ 2.03 % at highest
concentration of DET (3.0 pg/mL). These findings suggested that DET induced

externalization of phosphatidylserine in HCT116 cells.

4.16  Activation of apoptosis-related proteins by DET

Proteolytic cleavage of PARP is induced by the activation of caspase-3 resulting in cell
death via apoptosis. To elucidate the apoptosis underlying mechanism conferred by DET
in HCT116 cells, cleaved caspase-3 and cleaved PARP which are characterized as
apoptosis determinants were investigated by using western blot analysis. In line with the
apoptosis induction, caspase-3 and PARP cleavage were remarkably increased in
response to DET (Figure 4.16 (a)). Significant accumulation of cleaved caspase-3 and
cleaved PARP protein by 2.07 = 0.11 and 3.59 + 0.16 folds, respectively, were found at
the highest concentration of DET, 3.0 pg/mL in HCT116 cells when compared to
untreated control (Figure 4.16 (b) & (c)). Therefore, collective findings indicated that
DET which resulted in a decline in cell viability of HCT116 cells was attributed to the

execution of apoptotic cell death.
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Figure 4.15: Externalization of phosphatidylserine induced by DET (A) The flow
cytometric dot plot demonstrated the distribution of viable, early apoptotic, late apoptotic
and necrotic cells in increasing concentrations of DET via Annexin V-FITC/PI staining
at 24 h. (B) The bar chart displayed the percentage of Annexin V positive cells. (C) The
bar chart depicted the proportion of viable, early apoptotic, late apoptotic and necrotic
cells. The data represented as mean + S.E. from three individual experiments. Asterisks
denote as significantly different value when compared to control (*p<0.001).
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4.17  Effect of DET on the induction of cell cycle arrest

In order to verify the causative factor related to anti-proliferative effect by DET, the
distribution of cell cycle was investigated by flow cytometry. As illustrated in Figure 4.6,
the data revealed that DET arrested cell cycle progression at both S and G2/M phases in
HCT116 cells. A significant concentration-dependent accumulation of cells in the S phase
from 23.21 £ 0.38 t0 28.17 £ 0.23 and 29.25 + 0.21 %, was resulted upon exposure to 1.5
and 3.0 pg/mL of DET, respectively at 24 h (Figure 4.17). In addition, cell population at
G2/M was also found significantly augmented to 23.27 £ 0.25 and 30.7 £ 0.21 % at 1.5
and 3.0 pg/mL of DET, respectively when compared to untreated cells (20.89 + 0.33 %).
Concurrently, an increment of hypodiploidal cell population (sub GZ1/apoptosis)
accompanying a reduction in G1 phase was noted when treated with DET. In light of the
prominent sub G1 apoptotic peak, DET induced apoptosis at the same time which is
corroborated by the corresponding externalization of phosphatidylserine, activation of
caspase-3 and cleavage of PARP. Accordingly, results implied that DET blocked the cell
cycle progression at S and G2/M phases leading to the inhibition on HCT116 cell
proliferation accompanied by an increase in subG1 phase indicating that suppression on

cellular mitosis induced the initiation of apoptosis.

4,18  Modulation of the protein expression associated with cell cycle by DET

Next, to decipher the blockade on cell cycle progression in HCT116 cells, cell cycle-
related protein expression was assessed by western blot analysis. Our results revealed that
CDK4, CDK2 and cyclin A2, B1, E2 and D1 which are essential mediators in governing
the progression of cell cycle were found markedly downregulated in DET -treated cells
(Figure 4.18(a)). The transition of cell cycle is attenuated by DET-induced reduction on
cyclins and CDKs protein expression in HCT116 cells (Figure 4.18(b)). Conversely,

treatment with DET did not significantly alter the protein expression of CDK®6 as shown
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Figure 4.17: The cell cycle distribution upon exposure of DET in HCT116 cells. HCT116
cells were exposed to 0.75, 1.5 and 3.0 pg/mL of DET for 24 h. The data represented as
mean £ S.E. from three different experiments. Asterisks denote as significantly different
value when compared to control (*p<0.001).
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in Figure 4.18(b). Additionally, cell cycle inhibitors p21 and phospho-p53, were dose-
dependently elevated upon incubation of DET in HCT116 cells (Figure 4.18(b)) which

further supported by the flow cytometry data.

419 DET mediated apoptosis via intrinsic and extrinsic pathways

Intrinsic and extrinsic pathways are two focal apoptotic pathways which involve
mitochondrial and death receptor, respectively. In a previous study, findings suggested
that DET possessed anti-proliferative effect via inducing cell cycle arrest and apoptosis
in HCT116 cells. Thus, to elucidate the underlying apoptosis mechanism, apoptosis-
related protein expression was investigated by using protein array and western blot
analysis. Protein array data demonstrated that DET upregulated p53, p21, caspase-3, Fas,
DR4, DR5 and IGFBP-5 along with the downregulation of XIAP, survivin and IGF-1sR

in a dose-dependent manner (Figure 4.19(a) & (b)).

To further substantiate and precisely decipher the underlying mechanisms, apoptosis-
related protein expression was evaluated by western blot analysis. Western blot results
showed that cleaved caspase-3, DR5 and Fas protein expression was significantly
upregulated in a time-dependent manner whereas procaspase-9 and -10 was time-
dependently decreased which were corroborated with the protein array results.
Consequently, as depicted in Figure 4.19, inhibitor of apoptosis proteins (IAPs) such as
XIAP and survivin were found downregulated in response to DET treatment in HCT116

cells which is in accordance with the protein array findings (Figure 4.19(c)).

The Bcl-2 family proapoptotic proteins (e.g. Bax and Bak) and antiapoptotic proteins (e.g.
Bcl-2 and Bcl-xL) are crucial in governing apoptosis. Hence, the effect of DET on the
protein expression of Bcl-2 family proteins was investigated. It was found that DET

caused Bak and Bax protein expression to increase significantly whereas Bcl-2 and Bcl-
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Figure 4.18: The modulatory effect on the cell cycle-related protein expression in
HCT116 cells. Exposure of 0.75, 1.5 and 3.0 pg/mL of DET in HCT116 cells for 24 h.
(A) Representative western blot images of p21, phospho-p53, CDK2, CDK4, CDK®,
cyclin B1, cyclin E2, Cyclin A2 and Cyclin D1 protein expression. (B) The bar chart
depicted the respective protein expression levels. The data represented as mean + S.E.
from three individual experiments. Asterisks denote significantly different value when
compared to control (*p<0.001).
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XL protein expression was evidently decreased at 24 h (Figure 4.19(c)). Dysregulation of
Bcl-2 family members will lead to the depolarization of mitochondrial membrane
potential, an early apoptotic hallmark, which can be detected by MITO-ID fluorescent
dye. As depicted in Figure 4.19(d), the untreated cells displayed the most abundant orange
aggregates in mitochondria. However, in the DET-treated cells, increasing intensity of
green monomer fluorescence in the cytoplasm that was accompanied by the loss of orange
aggregate fluorescence was observed from the beginning at the lowest concentration of
DET (0.75 ng/mL). The percentage of orange aggregates almost completely decreased to
9.65 = 1.26 % when exposed to the highest concentration of DET treatment (3.0 pg/mL)
as compared to the control untreated cells (81.04 + 4.39 %). Accordingly, DET caused a
dose-dependent loss of mitochondrial membrane potential suggesting the association of
mitochondria-mediated apoptosis in HCT116 cells. Collectively, these findings

demonstrated that DET mediated intrinsic and extrinsic pathways leading to apoptosis.

4.20 Oxidative stress

4.20.1 The generation of reactive oxygen species level and its involvement in
apoptosis
Reactive oxygen species, a mediator which is crucial in several cell death modalities
including apoptosis, autophagy and necrosis. Thus, the ROS level was quantified by using
DCFH-DA dye upon exposure of DET flow cytometry. The increase in
intracellular ROS was represented by the right shift of the histogram. The level of
intracellular ROS was found potently elevated by 1.73 £ 0.04, 3.72 £ 0.15 and 4.66 + 0.16
folds, at 0.75, 1.5 and 3.0 pg/mL of DET in HCT116 cells (Figure 4.20 (a) & (b)). To

further confirm that the correlation between apoptosis and ROS, NAC inhibitor was used
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Figure 4.19: Induction of apoptosis by DET via intrinsic and extrinsic pathway. (A)
Protein array representatives’ images of the fluorescence intensity on the apoptosis-
related protein expression after treatment with DET. (B) The bar chart depicted the fold
change of apoptosis-related proteins. 1. Caspase-3; 2. p53; 3. p21; 4. XIAP; 5. Fas; 6.
TRAILR-1; 7.TRAILR-2; 8. survivin; 9. IGF-1sR; 10. IGFBP-5

126



©)
Vehicle DET Vehicle DET

Time (h) 6 2 24 6 12 4 Time (h) 6 12 24 6 12 24
100 098 099 139 158 178 100 1.04 090 099 098 0.77
DRS 40, 48 kDa -y Procaspase-10  63-65kDa |- ey K ~‘
L0 Ll6 091 094 120 185 100 099 110 106 090 0.6l

Fas 40-50 kDa

“ F’? S e - i Procaspase-8 57 kDa | - s e agw “ pu— ‘

100 100 099 200 102 0.19

1.00 109 076 066 1.80 219

Procaspase-3 37kDa ‘.—— — W ‘

Bak 26 kDa
1.00 1.14 094 1.06 1.17 184

Cleaved caspase-3 19 kDa
17 kDa

Bax 20 kDa

100 105 098 108 156 462

o -
Cleaved PARP 89 kDa ‘ M

1.00 078 095 088 098 023

Bcl-2 26 kDa

XIAP 53 kDa i- R B ‘
100 L1 101 092 085 0.60

Bel-xL 30 kDa

Survivin 16 kDa ‘ [P ‘
Procaspase-9 47 kDa
GAPDH l-—---—l
5 —
(D) | Untreated control fin, . Fos
{//7] DET treated C—1 DRS
N Bax
4 4 I Bcl-2
ST N Bak
20 @ BclxL
ol [ caspase-9
&6 34 [ caspase-10
2 £ [ caspase-8
T > B caspase-3
o3 [ cleaved caspase-3
SR 2 =0 cleaved PARP
29 1 XAP
® E 3 sunvivin
33

Time incubation (h)

Figure 4.19, continued. (C) Representative band intensity of respective proteins
including DR5, Fas, Bak, Bax, Bcl-2, Bcl-xL, cleaved caspase-3, caspase-3, caspase-8,
caspase-9, caspase-10, XIAP and survivin. GAPDH as internal control. (D) Bar chart
showed relative apoptosis-related protein expression.
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Figure 4.19, continued. (E) Flow cytometric dot plot indicated the effect of DET on
mitochondrial membrane potential. The data presented as mean + S.E. from three
individual experiments. Asterisks denote significantly different value as compared to
control (*p< 0.05).
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prior to DET treatment. Results demonstrated that the change in ROS was abrogated in
presence of NAC and DET (Figure 4.20(c)). Apart from this, the effect of DET on
viability of HCT116 cells with and without NAC were assessed at 24 h. Based on the
results, DET-induced reduction of HCT116 cells was found to be reversed in the presence
of NAC (Figure 4.20(d)). Besides, in the presence of NAC, the apoptotic protein
expression including cleaved caspase-3, cleaved PARP and DR5 were abrogated whereas
the procaspase-9 and procaspase-10 was elevated when HCT116 cells were exposed to

DET (Figure 4.20(g) & (h).

4.20.2 The activation of ROS-dependent MAPK pathway in DET-induced
apoptosis
MAPK family members including p38, ERK1/2 and JNK play key roles in the regulation
of apoptotic cell death and cell proliferation. The effect of DET on the MAPK pathway
in HCT116 cells was evaluated by using western blot analysis. According to Figure
4.20(e) & (f), treatment with DET significantly upregulated p-ERK1/2, p-JNK and p-p38
in a time-dependent manner in HCT116 cells. Growing reports revealed that the potential
activation of MAPK pathway may be attributed to the stimulation by ROS. Thus, the
association of ROS and DET-induced MAPKSs pathway was investigated in this study.
Upon pre-treatment with NAC, DET-induced phosphorylation of JNK, p38 and ERK1/2
proteins were attenuated in HCT116 cells (Figure 4.20(g)&(h)). To evaluate the
correlation between MAPK pathway and apoptosis, specific inhibitors for p38
(SB202190), JNK (SP600125) and ERK (UO126) were pre-exposed in DET-treated
HCT116 cells. Figure 4.20(i) and (j) illustrated that respective inhibitors effectively
reversed DET-induced activation of cleaved caspase-3 and cleaved PARP in HCT116
cells. These collective findings suggested that stimulation of ROS is essential for the DET

induced activation of MAPK and apoptosis in HCT116 cells.
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4.21  Attenuation of PI3K/Akt/mTOR signalling pathway by DET

Targeting survival pathway such as PI3K/Akt/mTOR is found to favor apoptotic cell
death mechanism. Hence, the participation of PI3K/Akt/mTOR in DET-induced
apoptosis in HCT116 cells was explored. DET demonstrated a time-dependent
attenuation of Akt phosphorylation at Ser 473 and Thr 308 as compared to the constant
expression of the total Akt level. Subsequently, the effect of DET on the phosphorylation
of PTEN and PDK-1 was examined. As shown in Figure 4.21, DET significantly reduced
the phosphorylated PTEN (inactivated form of PTEN) and PDK1 protein expression in a
time-dependent manner. These findings suggested DET activated PTEN along with the
inactivated PDK1. Subsequently, mTOR a downstream mediator of Akt as well the
regulatory subunits raptor and rictor were evaluated upon treatment with DET. DET was
found to decrease the phosphorylation of mTOR in HCT116 cells. Simultaneously, both
the rictor and raptor expression was reduced significantly at 12 and 24 h when HCT116
cells were treated with 3.0 ug/mL of DET. These findings indicated that DET mitigated

PI3K/Akt/mTOR signalling pathway to promote apoptosis in HCT116 cells.

4.22  DET mediated autophagy in HCT116 cells

Autophagy is one of the focus as a promising strategy in developing anticancer drugs.
Accordingly, AO staining, TEM analysis and the autophagy related protein expressions
(LC3 A/B, Atg7, Atg5 and p62) detected by western blot analysis were carried out to
verify the involvement of autophagy in DET-treated cells. As illustrated in Figure 4.22(a),
a substantial number of bright red acidic vesicles resembling autolysosomes was detected
in HCT116 cells upon treatment with DET. In addition, cytological evidences as
evaluated by TEM revealed the occurrence of double-membrane autophagosomes

containing residual digested material and empty vacuoles in response to DET in HCT116
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Figure 4.20, continued. (E) The expression of phospho ERK1/2, phospho JNK, phospho
p38, ERK1/2, INK and p38 were assessed by western blot analysis after DET treatment
in HCT116 cells. (F) Bar chart showed the relative expression of MAPKS proteins.
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Figure 4.20, continued. (G) The expression of phospho ERK1/2, phospho JNK, phospho
p38, cleaved PARP, cleaved caspase-3, procaspase-9, procaspase-10 and DR5 with or
without pre-treatment of NAC were assessed by western blot analysis. (H) Bar chart
indicated respective protein expression upon pre-incubation of NAC.
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Figure 4.20, continued. (1) The expression of cleaved caspase-3 and cleaved PARP with
or without pre-treatment of SB202190, SP600125 and UO126 specific inhibitors,
respectively were assessed by western blot analysis. (J) Bar chart showed relative
apoptosis-related protein in presence of MAPKS inhibitors. GAPDH was used as internal
control. The data presented as mean + S.E. from three individual experiments. Asterisks
denote significantly different value as compared to control (*p< 0.05). Hashtags denote
significantly different compared to DET treatment (#p<0.05).
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Figure 4.21: The effect of DET on the mitigation of PI3K/Akt/mTOR signalling
pathway. DET was exposed to HCT116 cells at 6, 12 and 24 h. (A) Representative band
intensity of respective proteins including Akt, p-Akt (Ser473), p-Akt (Thr308), p-PDK1,
p-PTEN, p-mTOR. (B) The bar chart represented the relative protein expression of
respective proteins. GAPDH was used as internal control. The data presented as mean £
S.E. from three individual experiments. Asterisks denote significantly different value as
compared to control (*p< 0.05).
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cells (Figure 4.22(b)). To further substantiate the event of autophagy, autophagy-related
proteins were assessed. The present findings demonstrated that DET markedly induced
accumulation of LC3A/B Il, Atg7 and Atg5 (Figure 4.22(c)). In contrast, a decline in
autophagic adaptor p62 protein expression was observed when HCT116 cells were treated
with DET. Subsequently, the understanding on the role of ROS oxidative stress in
autophagy was examined in the presence of NAC in DET treated cells. Based on the TEM
evidences, DET-induced accumulation of autophagosomes was abrogated upon
stimulation of ROS scavenger, NAC. This was further substantiated by the AO-stained
cells in which the red acidic vesicles induced by DET was not detected. In addition, NAC
potently inhibited the induction of autophagy as evidenced by DET-induced accumulation
of LC3A/B Il was reversed and conversely, p62 protein expression was restored by NAC
in HCT116 cells (Figure 4.22(d)). These present findings suggested that induction of
autophagy by DET was triggered in response to the oxidative stress, ROS in HCT116

cells.

4.23  The interplay between autophagy and apoptosis

Growing studies have been demonstrated the crosstalk between apoptosis and autophagy
mediates cell death in various cancers. Thus, to explore the association between apoptosis
and autophagy, apoptosis inhibitor, z-VAD-FMK, and autophagy inhibitor, 3-MA, were
used to evaluate the apoptosis and autophagy-related proteins. Based on the figure 4.22(e),
induction of autophagy was effectively inhibited by 3-MA which was evidenced by the
decrease in lipidation of LC3 A/B I1. On the other hand, when autophagy is attenuated,
the occurrence of apoptosis persists to a certain extent in DET-treated cells whereby 3-
MA moderately reduced the cleavage of caspase-3 and PARP. Conversely, DET-induced
apoptosis was significantly suppressed by apoptosis inhibitor, Z-VAD-FMK, supported

by the absence of cleaved caspase-3 and cleaved PARP in HCT116 cells (Figure 4.22(f)).
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However, DET-induced accumulation of LC3A/B Il was further stimulated upon pre-
incubation with Z-VAD-FMK. Thus, current findings substantiated the notion that
autophagy partially contributes to induction of apoptosis and the mitigation of apoptosis

stimulates the induction of autophagy.

4.24  In vivo growth inhibitory effect of DET in colorectal carcinoma HCT116
cells
The in vivo anti-tumour effect of DET was assessed by colorectal carcinoma xenograft
mice. Throughout the experiments, tumour volumes and body weights for control and
DET-treated groups were measured. As illustrated in figure 4.23(a), the body weights for
all groups of mice did not demonstrate any drastic alterations except for the 50 mg/kg 5-
fluorouracil treatment group. Particularly for 5-fluorouracil treatment group, significant
reduction in tumour size was observed, however this group of mice died at day 10
suggesting the escalating side effect of 5-fluorouracil (Figure 4.23(b)). In contrast, the
administration of 1.25 and 2.5 mg/kg DET potently reduced the size of tumours. The
tumour volume was found effectively reduced by 73.48% in response to 2.5 mg/kg DET
for a period of 28 days (Figure 4.23(b)). To further explore the in vivo model underlying
mechanism conferred by DET and verify the in vitro findings, IHC staining was carried
out. Upon administration of DET, several key markers of apoptosis and autophagy
including cleaved caspase-3, LC3 A/B and Bax protein expression were found markedly
upregulated. Conversely, IHC evidences revealed the radically decline in proliferating
cell nuclear antigen (PCNA)-positive cells as compared to the control group, indicating
that DET decreased PCNA protein expression. Moreover, DET significantly
downregulated Bcl-2 protein in a dose-dependent manner. Therefore, collective in vivo
findings were found in line with the in vitro findings demonstrating the potential of DET

in attenuating the colorectal cancer cell growth via apoptosis and autophagy.
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(A)

control DET (3.0 pg/mL)

NAC NAC + DET

B)

NAC NAC + DET

Figure 4.22: Induction of autophagy mediated by DET in HCT116 cells. HCT116 cells
were preincubated with or without 1mM NAC for 1 h and then treated with DET for 24
h. (A) AVO induction upon the treatment of DET with or without the presence of NAC
was determined by acridine orange staining and observed under fluorescence microscope.
(B) Electron microscopy showed the ultrastructure of HCT116 colorectal cancer cells
when with or without DET in the presence of NAC or without NAC for 24 h. Red arrows
indicated autophagosomes including residual digested material.
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Figure 4.23: The in vivo anti-tumour effect of DET in HCT116 xenograft mouse model.
(A) The graph illustrated the average of body weight for each group. (B) The graph
represented the percentage of tumour changes for respective treatment group. (C)
Representative images displayed the tumours collected from each treatment group (1.25
mg/kg and 2.5 mg/kg of DET) and vehicle control group.
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Figure 4.23, continued. (D) Representative IHC images of cleaved caspase-3, Bax, LC3
A/B, PCNA and Bcl-2 protein. (E) The bar chart revealed the relative intensity of the
respective proteins. The data expressed as mean + S.E. (n=6). Asterisks indicate
significantly different value from control (*p<0.05).
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4.25  Effects of ESEAF on the cell viability in LPS-induced BV-2 cells

ESEAF ranging from 0.5- 10 pg/mL were exposed for 2 h prior to the treatment with or
without LPS in BV-2 cells for 24 h. Exposure of ESEAF alone did not revealed any
apparent cytotoxic effect in BV-2 cells. However, BV-2 cell viability clearly decreased
to 71.12 £ 0.73 % upon treatment with LPS alone when compared to untreated group. In
contrast, pre-incubation of ESEAF followed by LPS treatment revealed that ESEAF
considerably restored the cell viability as compared to LPS alone (Figure 4.24), showing

the ability of ESEAF mitigating LPS-activated BV-2 cells.

4.26  Modulation of inflammatory effects by ESEAF

4.26.1 NO and PGE2 production by ESEAF

Overproduction of NO is characterized as one of the common inflammatory features
(Liu et al., 2002). To determine the modulation of pro-inflammatory mediator by
ESEAF, the level of NO was measured in LPS-induced BV-2 cells after exposure to
ESEAF (0.125, 0.25, 0.5 and 1.0 pg/mL) for 2 h. As shown in Figure 4.25(a), results
depicted that LPS alone treatment group significantly intensified the NO production by
77.69 % as compared to control group. On the contrary, LPS-induced excessive NO
production was dose-dependently alleviated by the treatment with ESEAF. The NO level
was found declined to 36.54 + 1.66, 35.173 + 1.018, 22.28 + 1.45 and 13.17 £ 0.87
nmol/mL at 0.125, 0.25, 0.5 and 1.0 pg/mL of ESEAF, respectively (Figure 4.25(a)).
Next, investigation on PGE> production conferred by ESEAF in LPS-induced BV-2
cells was carried out. The release of PGE:> is another inflammatory determinant of
neurodegenerative diseases (Serhan & Savill, 2005). LPS alone markedly amplified the
accumulation of PGE: as high as 10 folds in BV-2 cells. On the other hand, Figure 4.25
(b) demonstrated that ESEAF effectively attenuated the release of PGE: in LPS-

stimulated BV-2 cells.
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Figure 4.24: The effect of ESEAF on LPS-induced BV-2 cells. (A) Representative
images indicated the plant of Elephantopus scaber. (B) Bar chart depicted the percentage
of cell viability of BV-2 upon ESEAF treatment in presence or absence of the LPS
stimulation. Data represented in mean £ S.E. (n=3). Asterisks denote values significantly
different when compared to control groups (* p < 0.05). Hashtags denote values
significantly different when compared to LPS-treated group (# p < 0.05).
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4.26.2 Attenuation of LPS-induced iNOS and COX-2 activation by ESEAF

Next, the effect of ESEAF on the protein expression of iINOS and COX-2 were further
evaluated in LPS-stimulated BV-2 cells in which detected by using western blot analysis.
As depicted in Figure 4.25(c), LPS alone remarkably upregulated the protein expression
of INOS in BV-2 while ESEAF attenuated LPS-induced iNOS protein expression in a
concentration-dependent manner. Furthermore, the results obviously revealed that
inducible COX-2 was significantly ameliorated in an increasing concentrations of ESEAF

in LPS-stimulated BV-2 cells (Figure 4.25(c)).

4.26.3 Suppression of LPS-induced p38 phosphorylation by ESEAF

Activation of p38 phosphorylation in response to the ESEAF exposure in LPS-induced
BV-2 ells was determined. The phosphorylation of p38 considerably enhanced by 2.49 +
0.07 fold when exposed to LPS alone as shown in Figure 4.25(c). Yet, when exposed to
increasing concentrations of ESEAF, a significant reduction in phosphorylated p38 was
observed in BV-2 cells which incubated with LPS. ESEAF markedly inactivate the
phosphorylation of p38 by 1.33 = 0.02 fold when treated with 1.0 pg/mL of ESEAF

indicating the inhibitory potential of ESEAF against inflammation (Figure 4.25 (d)).

4.26.4 Inhibitory effect of ESEAF on NF-kB translocation

NF-«B transcriptional factor is found to play a cardinal role in inflammation and innate
immunity by triggering inflammatory proteins including iNOS and COX-2 (Tak &
Firestein, 2001). To investigate whether the attenuation of NF- kB translocation was
induced by ESEAF, the nuclear and cytoplasmic of p65 NF-kB was detected by using
western blot analysis. LPS alone, LPS alone induced sequestration of p65 NF-«xB was
found in nuclear, evidenced by the elevation in nuclear fraction of p65 protein expression

(Figure 4.26(a) & (b)). Conversely, p65 was found to accumulate in cytosol upon pre-
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incubation of ESEAF along with the substantial decline of nuclear p65 protein suggesting

mitigation of LPS-stimulated translocation of p65.

4.26.5 NF-kB-dependent pro-inflammatory cytokine by ESEAF

Pro-inflammatory cytokines (IL-1p and TNF-a) are released upon the stimulation of NF-
kB which triggers the onset of neuroinflammation (Glass et al., 2010; McCoy & Tansey,
2008). Thus, to investigate the association between NF-xB and pro- inflammatory
cytokines (TNF-a and IL-1PB) was assessed after exposure to ESEAF in LPS-stimulated
BV-2 cells. According to the results, LPS alone was found to significantly stimulate the
production of TNF-a and IL-1B (Figure 4.26(c) and (d)). In contrast, the production of
pro-inflammatory cytokines induced by LPS was abrogated upon pre-treatment with
ESEAF indicating ESEAF mitigated inflammatory response by attenuating the secretion
of pro-inflammatory cytokines. To assess the interrelation between NF-«xB and the release
of cytokines by ESEAF, LPS-induced BV-2 cells were pre-incubated with CAEE, a NF-
kB inhibitor. Accordingly, CAEE limited LPS-induced TNF-a and IL-1f in comparison
to the LPS alone and ESEAF-treated groups. In addition, a decline in TNF-a and IL-1f3
was detected upon treatment of ESEAF indicating that the synergistic effect of ESEAF
and CAEE potentiated the anti-neuroinflammatory effect. Thus, the results suggested that
ESEAF prevented pro-inflammatory cytokines release via abrogation of NF-xB in LPS-

induced BV-2 cells.

4.27  Evaluation of antioxidant potential

4.27.1 Ability of ESEAF in scavenging radicals detected by DPPH assay

DPPH assay is widely utilized to screen the radical scavenging ability in order to verify

the antioxidant potential of ESEAF. Antioxidant donates an electron or hydrogen to
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Figure 4.25: The protective effects of ESEAF against neuroinflammation in LPS-treated
BV-2 cells. (A) Bar chart exhibited the generation of nitric oxide after incubation of
ESEAF. (B) Bar chart showed the level of PGE> after incubation of ESEAF. (C)
Representative band intensity of the LPS-stimmulated iNOS, COX-2, p38 and phospho-
p38 upon exposure of ESEAF in BV-2 cells. B-actin as loading control throughout the
experiments. (D) Bar chart demonstrated the relative expression of iNOS, COX-2 and p-
p38/p38. Data represented in mean = S.E. (n=3). Asterisks denote values significantly
different when compared to control groups (* p < 0.05). Hashtags denote values
significantly different when compared to LPS-treated group (# p < 0.05).
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reduce the purple stable free radical DPPH to a yellow coloured diphenylpicrylhydrazine
(Molyneux, 2004). The presence of the free DPPH radicals was detected at 517nm.
ESEAF effectively scavenged DPPH radicals evidenced by dose-dependent increase of
radical scavenging activity as revealed in Figure 4.27(a). The inhibition of DPPH was
increased from 32.41% to 85.73%. The 1Cso value of ESEAF is 69.70 = 0.01 pg/mL,

suggesting ESEAF is a potential antioxidant.

4.27.2 Superoxide anion radical scavenging activity by ESEAF

Superoxide dismutase (SOD), an essential intracellular antioxidant defence enzyme,
catalysed superoxide radicals to yield H202 and oxygen molecules (Scandalios, 1993).
Therefore, the protective effect of ESEAF on SOD against radicals was examined in this
study. As displayed in the Figure 4.27(b), increasing concentration of ESEAF
significantly scavenged the generation of superoxide anion radical in a dose-dependent
manner. Our present findings revealed that ESEAF able to protect from oxidative stress

by acting as a potent superoxide anion scavenger with an ICsp value of 3.79 + 0.16 pg/mL.

4.27.3 Catalase enzyme activity by ESEAF

Catalase, an endogenous antioxidant that plays key roles in neutralising H>O> to water
and oxygen (Brian J Day, 2009). Results showed that LPS treatment alone was found to
inhibit the catalase activity (Figure 4.27(c)). Conversely, treatment with ESEAF dose-
dependently enhanced the production of catalase. Upon comparison with LPS alone
treated group, catalase activity was found significantly elevated by 2.69 fold when
incubation with the highest concentration of ESEAF. These results proposed that ESEAF

restored antioxidant potential in LPS-induced BV-2 cells.
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Figure 4.27: Antioxidant potential of ESEAF. (A) Bar chart demonstrated the DPPH free
radical scavenging activity of ESEAF. (B) Bar chart depicted the effect of ESEAF in SOD
activity. (C) Bar chart revealed the catalase enzyme activity of ESEAF. Data represented
in mean + S.E. (n=3). Asterisks denote significantly different in comparison to control
groups (* p < 0.05). Hashtags denote significantly different in comparison to LPS-treated
group (# p <0.05).
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4.27.4 Attenuation of intracellular reactive oxygen species level by ESEAF

To investigate the effect of ESEAF on LPS-induced oxidative stress, the generation of
ROS was quantified by using DCFH-DA dye. Exposure to LPS alone significantly
promoted ROS generation in BV-2 cells which is indicated by the right shift in the
histogram (Figure 4.28(a)). However, LPS-induced ROS generation was restored by
treatment of ESEAF. Figure 4.28(b) demonstrated that ESEAF reduced the ROS level by
0.61 + 0.01 fold in LPS-induced BV-2 cells suggesting ESEAF a potential scavenger of

reactive oxygen species.

4,27.5 Activation of antioxidant defence mechanism via Nrf2 and HO-1

It is well established that oxidative stress which triggers inflammatory response can be
ameliorated via the activation of Nrf2/HO-1 pathway (A. Paine et al., 2010; van
Muiswinkel & Kuiperij, 2005). To elucidate the involvement of ESEAF on the
antioxidant defence mechanism, Nrf2 and HO-1 proteins were analysed by using western
blot analysis. Our findings revealed that the cytoplasmic fraction of Nrf2 was gradually
reduced in a concentration-dependent manner upon ESEAF treatment in LPS-stimulated
cells (Figure 6.5(c)&(d)). These findings suggested that ESEAF induced the translocation
of Nrf2 from cytoplasm to nucleus. Thereafter, downstream effectors of Nrf2 transduction
signalling which is HO-1 was proceeded for further investigation by using western blot
analysis. ESEAF was found to prominently upregulate HO-1 protein expression in LPS-
stimulated BV-2 cells in comparison to LPS treatment alone (Figure 6.5(c)&(d)). Our
findings indicated that ESEAF exerted its protective effect by stimulating Nrf2 via HO-1

in LPS-stimulated BV-2 cells.

4.27.6 The effect of ESEAF on gross pathology and blood biochemistry parameters

Haematoxylin and eosin staining were used to verify the histopathological condition of
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different in comparison to LPS-treated group (# p < 0.05).
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the organs. Gross necropsy findings demonstrated that absence of atypical
histopathological lesions were detected in all the main organs as shown in Figure 6.6.
Subsequently, clinical biochemical parameters in the serum examined by the autoanalyser
were recorded in Table 6.2. Measurement of clinical biochemical parameters including
the serum levels of CREA, TBIL, albumin, ALT, AST and ALP has no any significant
differences were noticed in ESEAF treated group as compared to the control group

suggesting ESEAF treatment did not bring any adverse effects.

4.27.7 Acute toxicity and symptoms

The acute toxicity test demonstrated that upon oral administration of 2000mg/kg of
ESEAF, no mortality and no symptoms of toxicity or behaviours were observed in all

animals throughout the 14 days observation.

4.27.8 Organ weight/BW coefficients

The body weight on day 0 and day 14 were recorded. After all the mice were sacrificed,
the organs such as liver, spleen, kidney, lung and heart were collected and weight of
organs was recorded. There are no statistically significant change in body weight was
observed in the treated mice as compared to the control group. However, over a period of
14 days, progressive body weight gain were noticed in both groups of mice. Table 6.1
summarized the coefficients of kidney, liver, spleen, heart and lung to body weight which
are presented as milligrams (wet weight tissues)/g (body weight) which suggesting no

apparent differences in both treated and untreated groups.

4.27.9 Histopathological detection and blood biochemical analysis

Gross examination during autopsy and histopathological lesions were not observed in any

of the main organs which stained with haematoxylin and eosin (Figure 4.6). Biochemical
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parameters in the serum detected by the autoanalyser were listed in Table 4.7. No
significant differences were discovered in the serum levels of CREA, albumin, TBIL,

ALP, AST and ALT in ESEAF treated mice as compared to the control group.
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Table 4.7: Biochemical parameters for each respective group of blood serum

Biochemical parameters

Control group

Treated group

(2000mg/kg)
Creatinine (CREA) 10.86%0.40 9.83+£0.31
Albumin 25.71+0.18 25.33+0.67
Total bilirubin (TBIL) 0.71+0.42 0.33+0.21
Alanine phosphatase (ALP) 99.29+5.02 97.00+4.31
Aspartate aminotransferase (AST) 72.57£12.15 111.50£29.63
Alanine aminotransferase (ALT) 17.86+2.35 23.83+£3.17

Data represented as mean + SE.
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Figure 4.29: Gross histopathological assessment of all the collected organs comprising
liver, heart, kidney, lung and spleen when oral administration with 2000mg/kg ESEAF as
compared to untreated group. Magnification: 200x
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CHAPTER 5: DISCUSSION

Plants have been the basis for the treatment of various dreaded diseases and still
remained as alternatives for cancer treatment. This is accordance with WHO reports,
approximately 65% of the population predominantly relied on the plant-derived
traditional medicines for their primary care (Cragg & Newman, 2013; Farnsworth et al.,
1985). In the present study, apoptosis inducing effects of E. scaber was investigated in
human colorectal HCT116 cells. Based on our studies, ESEAF exhibited as the most
effective fraction to suppress the proliferation of HCT116 cells and HT-29 human
colorectal cancer cells among the crude extract and different fractions of E. scaber via in
vitro cytotoxic MTT assay. For the first time, our present study demonstrated that E.
scaber exerted the most potent cytotoxicity against HCT116 cells. Conversely, ESEAF
did not exert cytotoxic effect against normal colon cells. Thus, ESEAF and HCT116 cells

were subjected to further investigation on apoptosis.

Apoptosis is one of the fundamental cellular demise to maintain tissue homeostasis
and development which contribute in various pathogenesis. It is the most common
approach for the development of therapeutic drugs against cancer. Apoptosis is generally
distinguished by various morphological features such as cell shrinkage, membrane
blebbing, DNA fragmentation and nuclear chromatin condensation along with
biochemical changes such as externalization of phosphatidylserine and caspase activation
(Elmore, 2007; Hotchkiss et al., 2009). To gain further insight on the apoptosis inducing
effects of ESEAF, the biochemical and morphological changes which are the common
hallmarks of apoptosis were determined. Hoechst 33342 is a membrane-permeant dye
that preferentially binds to AT-rich regions in DNA whereas propidium iodide (PI) is a
DNA specific dye which impermeable to live cell’s membrane (Martin et al., 2005). Both

of the fluorescence dyes are used for morphological detection to distinguish the live cells
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and apoptotic cells. In our study, treatment of ESEAF was found to induce atypical
nuclear morphological alterations which manifested several features including nuclear
shrinkage, chromatin condensation, DNA fragmentation as well as late apoptosis upon
double staining by Hoechst 33342 and PI, indicating the induction of apoptosis by ESEAF
in HCT116 cells. In addition, the ESEAF-induced apoptosis was further supported by the
occurrence of DNA fragmentation via TUNEL assay. Furthermore, externalization of
phosphatidylseine (PS), is regarded as one of the biochemical hallmarks which can
distinguish healthy, early apoptotic, late apoptotic and necrotic cells by Annexin V and
Pl staining. Annexin V is a probe that preferentially binds to PS, which is translocated to
outer membrane during the early apoptosis owing to the asymmetry of cell-surface
phospholipid (Zwaal et al., 2005). As shown in our results, ESEAF induced the loss of
plasma membrane asymmetry which evident by the increase of Annexin positive cell
populations indicating increasing phosphatidylserine is externalized to outer surface of
plasma membrane. This collective findings suggested that the ESEAF exerts apoptosis-

inducing effects in HCT116.

Mitochondria are essential organelles in energy production which also an integral
nodal of intrinsic apoptotic pathway via MOMP (Martel et al., 2012; Martinou & Youle,
2011). MOMP is tightly orchestrated by pro- and anti-apoptotic Bcl-2 family proteins
(Martinou & Youle, 2011). The imbalance of pro-and anti-apoptotic Bcl-2 tilts towards
survival whereby render cells more resistance to chemotherapeutic drugs or stimuli and
hence promote tumour formation and progression (Reed, 1994). Therefore, ratio of pro-
and anti-apoptotic Bcl-2 proteins is dictated as an essential cellular fate determinant. An
increase of Bax/Bcl-2 ratio render cells more susceptible to apoptosis by increasing
MOMP eventually resulted in impairment of mitochondrial function. Ample studies has
reported that dysfunction of mitochondria is correlated to MOMP and resulted in loss of
mitochondrial membrane potential (4%m) which is classified as one of the early apoptosis
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hallmarks (Salvioli et al., 2000). This phenomenon in turn initiates apoptosis which is
regarded as the “point of no return” (Green & Kroemer, 2004). In the present study, a
time-dependent upregulation of Bax expression along with an increase of Bax/Bcl-2 ratio
was detected upon the treatment of ESEAF in HCT116 cells which contributes in evoking
a time-dependent collapse of 4¥m. This collapse is attributed to the conformational
changes of pro-apoptotic protein, Bax which promotes the formation of pores in
mitochondria, consequently unleash apoptotic molecules such as cytochrome c and thus
amplify the apoptotic signals via caspase cascades (Bratton & Salvesen, 2010; Tait &

Green, 2013; Zou et al., 2003).

Caspases, a family of cysteine proteases encompassing caspase-3, -7, -8 and -9 which
is closely associated with the apoptosis cell death machinery (Degterev et al., 2003). It is
well documented that both initiator caspase-8 and caspase-9 regulates extrinsic pathway
and intrinsic pathway, respectively, which further activates executioner caspase-3 or -7.
For intrinsic pathway, loss of 4 %m results in the release of cytochrome c further facilitates
the formation of apoptosome consisting Apaf-1 and pro-caspase-9 which in turn activates
the cleavage of caspase-3. Additionally, caspase-3 is known to responsible for the
cleavage of PARP prior to the induction of apoptosis (Fan et al., 2005). PARP contributes
in several biological events such as apoptosis, transcription and cell cycle regulation and
maintenance of genome integrity. This is in lined with our present findings that post
treatment with ESEAF induced the activation of caspase-9 and -3/7 accompanied with
the cleavage of PARP in HCT116 cells. The increase of PARP cleavage is dictated with
the accumulation of DNA fragmentation whereby are regarded as indicative of caspase
activation (Bressenot et al., 2009) which in accordant with our nuclear morphology
observations and the increase of TUNEL positive cells. These collective evidences
suggested that ESEAF induced cell death via mitochondrial-mediated apoptosis pathway

in HCT116 cells.
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Excessive generation of ROS has been closely associated with tumourigenesis and
progression. Paradoxically, empirical evidences has clearly suggested that aberrant
generation of ROS beyond the toxicity threshold may lead to apoptosis in various cancer
cells. Therefore, great interest has attracted among the scientist by using this pro-oxidant
therapy as an alternative strategy for the cancer therapy (Galadari et al., 2017; Pelicano
et al., 2004). Upon exposure of ESEAF, accumulation of ROS was noticed in HCT116
cells which might owing to the release of free radical during cytotoxicity. It is well
established that the onset of apoptosis is preceded by the stimulation of ROS. Thus, the
accumulation of ROS was correlated with ESEAF-induced apoptosis in HCT116 cells.
This is evidenced by the attenuation of ROS production which resulted in restoration of
cell viability by the pre-treatment with ROS scavenger NAC. Mitochondrial-mediated
apoptosis galvanized by caspase-9 and -3/7 eventually leads to DNA fragmentation via
cleavage of PARP. Interestingly, cleavage of PARP which is one of the apoptotic
biomarkers (Duriez & Shah, 1997) was found to be prevented in presence of NAC,
supporting the notion that suppression of apoptosis is associated with ROS. These
findings are corroborated with several studies of ROS-inducing agents, for instance,
resveratrol (Juan et al., 2008) and flavokawain B (Kuo et al., 2010) exerted cytotoxic
effects and prevented the ROS-dependent intrinsic pathway in colorectal cancer cells in
the presence of NAC. Therefore, these results provide substantial evidences implicating

ESEAF elicited ROS-dependent mitochondrial-mediated apoptosis in HCT116 cells.

P53 is widely recognized as a tumour suppressor which contributes in various
fundamental cellular events including apoptosis and cell cycle arrest (Vousden & Prives,
2009). This tumour suppressor gene initiates apoptosis via mitochondria-mediated
apoptosis pathway by modulating the Bax/Bcl-2 ratio (Green & Kroemer, 2004). It is well
documented that transcription factor p53 mediates apoptotic signal by binding to the

apoptosis responsive genes to promote the pro-apoptotic genes such as Bax (Chipuk et
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al., 2004; Oren & Bartek, 2007). This was corroborated with our present findings that
ESEAF induced an activation of p53 accompanied by an increase of Bax which resulted
in an elevation of Bax/Bcl-2 ratio. In another words, activation of p53 preceded

upregulation of Bax to facilitate apoptosis via mitochondria by ESEAF in HCT116 cells.

Several of phytochemical constituents which were identified in E. scaber including
sesquiterpene lactones, steroids and triterpenoids were discovered in ESEAF by GC-MS
analysis. Presence of these phytochemicals were reported to exert various biological
activities. Among these, E. scaber was found to contain a rich source of sesquiterpene
lactones which has been highlighted in a number of studies with its cytotoxicity and
anticancer potential against several cancer cell lines including chronic myeloid leukemia,
nasopharyngeal, breast, lung adenocarcinoma and mammary cancer (Ichikawa et al.,
2006; Kabeer et al., 2013; Kabeer et al., 2014; Lee & Shyur, 2012; Su et al., 2011).
Furthermore, lupeol also exhibits apoptotic effects in breast cancer and human
epidermoid carcinoma (Pitchai et al., 2014; Prasad et al., 2009). Accordingly, the
presence of sesquiterpene lactones and triterpenoids such as deoxyelephantopin,
isodeoxyelephantopin and lupeol in E. scaber may be responsible for the observed
apoptosis-inducing effects in HCT116 cells which corroborated with the apoptotic

findings reported earlier.

In summary, an accumulation of ROS was elicited by ESEAF further trigger p53
activation leading to the collapse of mitochondria membrane potential via the modulation
of the Bax/Bcl-2 ratio, activation of caspase-9 and -3/7. This consequently induced the
cleavage of PARP which in turn caused the fragmentation of DNA and ultimately
apoptosis in HCT116 cells. Taken together, the proposed apoptosis mechanism mediated
by ESEAF was illustrated in Figure 5.1. For the first time, our present study delineated

that ESEAF suppressed HCT116 cell growth by eliciting caspase-dependent
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mitochondrial-mediated apoptosis via oxidative stress. Thus, ESEAF may be a promising
and novel integrative and complementary medicine for the treatment of HCT116 human
colorectal cancer cells. Nevertheless, further studies are needed to identify and isolate the
bioactive constituents from ESEAF which may be attributed to the anticancer activity and

to establish molecular mechanisms.

Sesquiterpene lactones are terpenoids which are ubiquitously found in the family of
Asteraceae and exerts a notable spectrum of pharmacological activities including
gastroprotective, anti-inflammatory, anticancer, antimalarial, antimigraine and analgesic
(Giordano et al., 1990; Lyss et al., 1998; Prehn & Krieglstein, 1993; Wesolowska et al.,
2006; Wong & Menendez, 1999; Zhang et al., 2005). Owing to the presence of a rich
source of sesquiterpene lactones in E. scaber, enormous interest has raised among the
researchers on the potential anticancer activities (Amorim et al., 2013; Hiradeve &
Rangari, 2014). Deoxyelephantopin (DET) from E. scaber emerges as one of the most
promising phytoconstituents for the treatment of cancer (Hiradeve & Rangari, 2014). In
the present study, DET was identified as the bioactive phytochemical which exerted the
apoptosis inducing effect and cell cycle arrest followed by elucidation on its underlying

mechanisms in HCT116 cells.

Our previous findings demonstrated that ethyl acetate fraction of E. scaber exhibited
anticancer effect against HCT116 human colorectal cancer cells (Chan et al., 2015).
Based on the results obtained, ethyl acetate fraction of E. scaber was proceeded for
isolation and identification of the bioactive compound(s) which are responsible for the
cytotoxic effects via bioassay-guided approach. Accordingly, bioassay-guided isolation
led to the identification of two sesquiterpene lactones, DET and isoDET and that DET
potentially suppressed the proliferation of HCT116 cells with lower ICso value than

iISODET. The cytotoxic effect of DET was also studied on normal colon cells.
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Figure 5.1: Schematic illustration displayed the apoptosis underlying mechanism by
ESEAF in HCT116 cells. ESEAF suppressed HCT116 cell growth by activating cleavage
of caspase-9 and caspase-3/7 followed by cleavage of PARP. This further resulted in
DNA damage and eventually induced apoptosis via oxidative stress.
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Interestingly, DET revealed a considerably lower cytotoxic effect in CCD841 CoN
normal colon cells where the selectivity index is more than 30. Based on the findings,
DET was a more potent growth inhibitor than isoDET, hence, it was proceeded for further

explorations on the underlying mechanisms.

Decreased cell viability could be as a consequence of reduced proliferation or
increased cell death, via several cell death modalities such as apoptosis, autophagy and
necrosis (Nikoletopoulou et al., 2013). Apoptosis is an evolutionarily conserved event
which is distinguished by morphological and biochemical hallmarks including nuclear
shrinkage, chromatin condensation, phosphatidylserine externalization, DNA
fragmentation, depolarisation of mitochondria membrane potential and activation of
caspase (Wong, 2011). In the present study, Hoechst 33342/ PI staining displayed a
pronounced increase in nuclear morphological changes encompassing DNA
fragmentation, nuclear shrinkage and chromatin condensation in dose-dependent manner
upon treatment with DET in HCT116 cells. The disintegration of asymmetrical plasma
membrane instigated the translocation of phosphatidylserine to the outer leaflet of plasma
membrane representing the early event of apoptosis which can be detected by Annexin
V-FITC/PIl assay (Vermes et al., 1995). In the early apoptosis, the cell membrane remains
intact whereas during late apoptosis and necrosis, asymmetrical integrity of plasma
membrane is perturbed and permeable to impermeable propidium iodide fluorochrome
(Vermes et al., 1995). Based on collective evidences, the growth inhibitory effect of DET
in HCT116 cells was attributed to the induction of apoptosis which is implied by the

morphological analysis and phosphatidylserine externalization.

Activation of caspases is a highly conserved mechanism to commit cellular suicide
which is one of the approaches in combating cancer. Executioner caspase-3 is an integral

arbitrator participating in the induction of apoptosis as it is accountable for the proteolytic
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degradation of several substrates including PARP and lamin. Proteolytic degradation of
PARP by caspase-3 results in cleaved PARP whereby it plays important roles as an
apoptotic amplifier in facilitating the cellular disintegration and DNA fragmentation to
block DNA repair cycles (Lavrik et al., 2005; Li & Darzynkiewicz, 2000). Thus, our
findings indicated that DET induced apoptosis accompanied by a dose-dependent
caspase-3 activation and cleavage of PARP. In line with the notion, the cleavage of PARP
was accompanied by the increased occurrence of DNA fragmentation in DET-treated
cells. Accordingly, these findings clearly suggested that DET triggered cell death via

apoptosis in HCT116 cells.

Evolution of cancer cells occurs as a consequences of intervening normal cell cycle
regulation (Gabrielli et al., 2012). Regulation of cell cycle is one of the vital approaches
in targeting cancer (Urrego et al., 2014). Cell cycle checkpoints prevent the genomic
DNA from errors during replication and chromosome aggregation (Nyberg et al., 2002).
It has been reported that cytotoxic phytochemicals could act as cell cycle modulators by
initiating cell cycle arrest at specific checkpoints and lead to the execution of apoptosis
as potential strategy for cancer therapy (Ahmad et al., 2000; Li et al., 2016). Notably, the
essential phases of the cell cycle are the S phase, the emergence of proper DNA
replication and G2/M phase, the cell division into two daughter cells (Williams & Stoeber,
2012). In response of DNA damage, cell cycle arrest at S and G2/M phases allows DNA
repair to prevent further replication and mitosis (Bartek et al., 2007). The present study
revealed that treatment with DET resulted in cell cycle arrest at S and G2/M phase in
HCT116 cells. In accordance with the previous study, the growth inhibitory effect of DET
was via suppression of cell cycle progression at both S and G2/M in human CNE
nasopharyngeal cells (Su et al., 2011). Apart from this, cell cycle progression is suggested
to closely associate with apoptosis in which the blockade of cell cycle progression may

ultimately lead to apoptosis in response to DNA damage (Visconti et al., 2016).
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Interestingly, DET induced an increase in cell populations at sub G1 phase in HCT116
cells which is indicative of apoptotic cells accumulation. The accumulation of the
apoptotic cells was substantiated by the escalating increase of the apoptotic determinants
such as cleaved caspase-3 and cleaved PARP which was previously detected. The
conclusive evidence suggested that the proliferation of HCT116 cells was prevented via

the inhibition of cell cycle progression and the induction of apoptosis by DET.

The p53 has been widely recognized as tumour suppressor that mediates several
mechanisms such as cell cycle arrest and apoptosis to preserve genome integrity in
response to various stress stimuli and DNA damage (Bieging et al., 2014). Our results
demonstrated that DET increased the activation of p53 in HCT116 cells indicating that
p53 was closely related to the apoptosis induction and cell cycle arrest. Cell cycle
machinery is a tightly regulated integral event which is positively regulated by cyclin-
dependent kinase (CDK)/cyclins complexes and negatively regulated by CDK inhibitory
proteins. The transcription factor p53 encodes and regulates a wide variety of genes
including p21, cyclin-dependent kinase inhibitor (Deiry et al., 1993; Harper et al., 1993).
Exploitation of p21 as a potential target of chemotherapeutic drugs was found to be able
to disrupt tumourigenesis by activating the S and G2/M checkpoints of the cell cycle in
cancer cells via p53 activation upon DNA damage (Bunz et al., 1998; Dotto, 2000;
Fischer et al., 2016; Ogryzko et al., 1997; Roninson, 2003). For instance, oridonin
inhibited the cancer cell growth via cell cycle arrest at S phase through activation of p53
and p21 (Cui et al., 2007). This is corroborated by our present findings which
demonstrated that cell cycle arrest is putatively activated by DET via p53 leading to a

significant upregulation of p21 in HCT116 cells.

The cyclin-dependent kinase inhibitor, p21, hinders cell cycle progression by directly

binding to different CDK/cyclin complexes at different phases (Deiry et al., 1993). A
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concerted action of cyclin A, cyclin E, cyclin D, CDK4, CDK®6, and CDK2 is required in
the initiation of G1/S transition (Gottifredi et al., 2004). Conversely, cyclin A/CDK2
promotes the cell cycle progress from S to G2 phase followed by the entry of mitosis
which is attributable to the cyclin B/CDK1 complex as a crucial modulator of G2/M
checkpoint (Lim & Kaldis, 2013; Schutte et al., 1997). It is well established that cyclin
B, cyclin A, CDK1 and CDK?2 facilitate G2/M cell cycle progression (Lim & Kaldis,
2013). Thus, inhibition of cyclins and CDKs prevents the progression of cell cycle by
various phytochemicals. For instance, gallic acid, commonly found in tea leaves, reduced
cyclin A, CDK2, cyclin B1 via p21 in MCF-7 human breast cancer cells (Hsu et al., 2011).
A decline in cyclin B1, cyclin D1, cyclin E and CDK2 and cyclin A was observed upon
exposure to resveratrol and hinokitiol, in SW480 human colorectal adenocarcinoma cells
and HCT116 human colon cancer cells, respectively, which led to S-phase cell cycle
arrest (Joe et al., 2002; Lee, 2013). Present findings revealed that DET initiated S and
G2/M phase arrest via downmodulation of CDK2, CDK4 cyclin A2, cyclin D1, cyclin E2
and cyclin B1 protein expression. The increase in phospho-p53 and p21 attenuated the
activation of cyclin E and cyclin A/ICDK2 which are required for progressing G1 into S

phase.

Deoxyelephantopin, a major natural compound derived from E. scaber has been shown
to possess potent anticancer effect against numerous human cancer cell lines. Mounting
interest resulted in the exploration of DET as a drug lead owing to its multi-functional
roles including anti-migration, anti-invasion anti-angiogenesis, anti-inflammation and
anti-tumour via multiple signalling transductions. It has been previously reported that
DET suppressed proliferation of cancer cells via several signalling transductions
encompassing cell cycle, apoptosis, NF-xB, signalling transducer and activator of
transcription 3 (STAT) and PI3K/Akt pathways. Hence, multi-targeted drugs which

appeared to reduce drug resistance developing in cancer cells were favoured over single-
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targeted drugs (Khan & Mukhtar, 2008; Talevi, 2015; Teiten, Eifes, Dicato, & Diederich,
2010; Zhu, Choi, & Shah, 2015). In our previous findings, it was revealed that DET from
E. scaber suppressed cell growth via cell cycle arrest in HCT116 cells. However, the in
vitro and in vivo anti-tumour underlying cell death signalling conferred by DET in

colorectal cancer cells have yet to be discovered.

Apoptosis, a cellular self-destruction to maintain homeostasis and physiological
processes, often exploited as one of the major approaches for the development of
therapeutic agents against cancer. Mechanistically, apoptosis can be categorized into
extrinsic and intrinsic pathways. Extrinsic pathway is executed by the ligation between
ligands and death receptors leading to caspase cascades events and eventually apoptosis
(Fulda & Debatin, 2006; Kroemer et al., 2007; Scaffidi et al., 1998). Caspases (cysteine-
aspartic proteases) are proteolytic enzymes which are broadly known for their roles in
apoptosis particularly as initiator caspases (caspase-10, caspase-8 and caspase-9) and
executioner caspase-3 (Mcllwain et al., 2013). The activation of extrinsic pathway further
recruits initiator caspase-8 or -10 and activates caspase-3 or intrinsic pathway via caspase-
9 and caspase-3 (Fulda & Debatin, 2006; Fulda & Kogel, 2015; Kischkel et al., 2001;
Milhas et al., 2005; Walczak & Krammer, 2000). In line with these findings, upon
exposure of HCT116 cells to DET, DR5 and Fas receptors were activated and further led
to recruitment of caspase-10 and caspase-8 which in turn activated caspase-3.
Additionally, DET also activated caspase-9 and caspase-3 along with cleavage of PARP
driven towards apoptosis in HCT116 cells. Thus, these data further implied the
involvement of extrinsic pathway and intrinsic pathways in mediating apoptosis in DET-

treated cells.

Multiple lines of evidence implied the important roles of pro-apoptotic and anti-

apoptotic Bcl-2 proteins in governing the MOMP to induce apoptosis. An excess of pro-
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apoptotic (Bax/Bak) over anti-apoptotic (Bcl-2/Bcl-xL) signals initiated MOMP resulting
in depolarization of mitochondrial membrane potential (Lopez & Tait, 2015). Our study
demonstrated that DET induced an increase of pro-apoptotic Bax and Bak proteins
accompanied by downregulation of anti-apoptotic Bcl-2 and Bcl-xL proteins. This
indicates oligomerization of Bax/Bak disrupted the mitochondrial membrane potential in
executing apoptosis through inhibition of Bcl-2 and Bcl-xL proteins by DET. IAPs family
members including XIAP and survivin due to its function as direct inhibitors of caspases
to mitigate apoptosis is regarded as one of the target interests for cancer therapy
(Deveraux et al., 1999; Lopez & Tait, 2015). The release of apoptogenic molecules
including Smac/DIABLO and Omi/Htr A2 attenuates IAPs generation to enhance
apoptosis through successive activation of caspase cascades (Lopez & Tait, 2015). This
is corroborated by our findings suggesting that treatment with DET abrogated survivin
and XIAP concomitantly promoted the caspase cascades involving caspase-9 and -3 in

HCT116 cells.

MAPK cascade transductions regulate a myriad of fundamental cellular events such as
cell proliferation, autophagy and apoptosis under various environmental stress including
oxidative stress. It has been well established that MAPK signalling is one of cardinal
signalling pathways in eliciting cancer cell demise. Generally, JNK and p38 MAPKSs are
associated with the promotion of apoptosis whereas ERK1/2 plays an imperative role in
cell proliferation (Frasch et al., 1998; Herr et al., 1999; Sanchez et al., 1998). However,
recent evidence has shown that overactivation of ERK1/2 favours apoptosis such as
anticancer effect of taxol mediated apoptosis via ERK activation in MCF7 cells (Bacus
et al., 2001). Hispolon from fungus Phellinus linteus exerted potent apoptosis inducing
and anti-tumour effect through activation of ERK1/2, p38 MAPK and JNK1/2 pathways
(Hsieh et al., 2014). Similarly, activation of p38 MAPK, ERK1/2 and JNK were detected
in DET-treated cells. To assess the involvement of MAPK pathways in the DET-induced
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apoptosis, inhibitors of ERK (U0O126), JNK (SP600125) and p38 (SB202190) were
utilized. Accordingly, the exposure to DET preceded by the treatment with UO126,
SP600125 and SB202190 mitigated the cell growth inhibitory effect and apoptosis as
evidenced by a decline in cleaved caspase-3 and cleaved PARP. These findings implied
that activation of MAPK signalling pathway is closely associated with the DET-induced

apoptosis in HCT116 cells.

A complex network of pathways regulates the survival and cell death modalities in
cancer cells. Mounting evidence has highlighted the paramount importance of
PI3K/Akt/mTOR signalling transduction in the malignant transformation and cell
survival favouring the aberrant growth and drug resistance (Abrams et al., 2010; Dai et
al., 2005; Hennessy et al., 2005; Porta et al., 2014). Phytochemicals were found to induce
apoptosis cell death by targeting PI3K/Akt/mTOR pathway. For example, curcumin and
neoalboconol activated cell death modality via inhibition of PI3K/Akt/mTOR pathway in
EJ bladder cancer cells and nasopharyngeal cancer cells, respectively (Deng et al., 2013;
Wang, 2011). PDK1, the core stimulator of PI3K-mediated signalling, is phosphorylated
to promote the phosphorylation of Akt at Thr308 (Alessi et al., 1997). Our current study
revealed that inhibition of cancer cell growth by DET was due to the attenuation of
PI3K/Akt pathway, as substantiated by dephosphorylation of PDK1 concomitantly with
inactivation of Akt phosphorylation (Thr308/Ser473). One of the major downstream
mediators of PI3K/Akt signalling, mTOR, consists of two distinct multiprotein complexes
which are mMTORC1 and mTORC2 containing raptor and rictor, respectively (Guertin &
Sabatini, 2007). The complete activation of Akt phorsphorylation at Ser473 is aided by
MTORC2 followed by the activation of mMTORC1 which promotes cellular survival and
proliferation. It is conceivable that both mTORC1 and mTORC2 complexes are closely
associated with phosphorylation of Akt (Sarbassov et al., 2005). The present findings

revealed that treatment with DET abolished Akt activation as a result of inhibition of
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mTOR phosphorylation further hindering the growth of colorectal carcinoma cells. In
addition, constitutive inactivation of Akt abrogated mTORC1 leading to inhibition of cell
proliferation preceding the initiation of apoptosis and autophagy. Collectively, our results
demonstrated that modulation of mTOR and Akt were correlated with the initiation of
autophagy and apoptosis in DET-treated cells. Notably, PTEN, a negative regulator of
PI3K/Akt pathway, frequently mutated in human colorectal cancer, directly suppressed
the PI3K/Akt/mTOR signalling transduction to sensitize apoptosis via dephosphorylation
of PIP3 to PIP2 (Molinari & Frattini, 2013). In consistent with this, DET-induced
activation of PTEN led to attenuation of PI3BK/Akt/mTOR signalling cascades which

resulted in the decline of colorectal cancer cell survival.

Insulin-like growth factors (e.g. IGF-I and IGF-11), IGF-IR and IGF-binding proteins
(IGFBPs) are involved in various pathogenesis including cancers. Binding of IGF-I to
IGF1R further activates the survival pathways such as PI3K/Akt/mTOR which promotes
colon tumourigenesis (Browne et al., 2011; Terashima et al., 2012). Therefore, targeting
IGFR could restore and enhance the sensitivity towards chemotherapy which is a
promising alternative for patients who develop drug resistance (Sanchez et al., 2016). A
tumour suppressor, IGFBP5, functions to attenuate cell proliferation by binding to IGF-
I/IGF-Il, to deter IGF-I/-11 from inciting the activation of IGF1R that leads to mitigation
of PI3K/Akt/mTOR pathway (Giovannucci, 2001; J. Wang et al., 2015). Interestingly,
our findings clearly suggested that DET-induced release of IGFBP5 resulted in reduction
of IGF-1/-11 that suppresses activation of IGF1sR, followed by growth inhibition via
inactivation of PI3K/Akt pathway. The present findings are in agreement with the recent
report on the inhibition of PI3K/Akt pathway through inactivation of IGF1R in gastric
cancer (J. Chenetal., 2016). Recent evidence has shown that PI3K/Akt pathway regulates
numerous downstream signalling molecules including caspases, Bcl-2 family proteins

and 1APs family proteins to transmit its anti-apoptotic signal (Osaki et al., 2004). It is
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conceivable that activation of Akt averts p-Bad from interacting with the anti-apoptotic
Bcl-xL and Bcl-2 proteins or augments the release of 1APs including XIAP and survivin
to inactivate the intrinsic pathway by antagonizing caspase-9 and caspase-3 (Dan et al.,
2004; Holcik et al., 2001; Jin et al., 2004). This is in accordance with our observations
that DET suppressed the PI3K/Akt pathway leading to inhibition of survivin thereby

facilitated apoptosis via caspase cascades in HCT116 cells.

Autophagy fell under heavy debate in recent years and was proposed to possess a
double-edged sword effect either as a promoter or suppresser of tumour cells. In addition
to apoptosis, there is growing interest in exploiting the tumour cellular fate determinant,
autophagy, as a promising target for anticancer strategies (Amaravadi et al., 2011).
Interestingly, the present study has shown that DET induced autophagy which was
substantiated by the increase in AO-stained acidic vesicular organelles (AVOs) and the
formation of autophagosomes detected by the TEM analysis. Additionally, the drastic
accumulation of LC3B-II proteins, an essential autophagy indicator, was observed upon
exposure of HCT116 cells to DET which further suggested the induction of autophagy. It
is well established that mTOR is a key negative effector of autophagy initiation
(Kimmelman, 2011). Inhibition of mTOR triggers the onset of autophagy via vesicular
elongation preceded by the amalgamation of Atg5, Atgl2 and Atg7 which consequently
led to the binding of phosphatidylethanolamine to LC3-I thus facilitating the lipidation of
LC3-11 (Fulda & Kogel, 2015; Geng & Klionsky, 2008). LC3 interacts with p62/SQSTM1
adaptor to allow autophagic degradation upon closure (Bjorkoy et al., 2005; Ranjan &
Srivastava, 2016). It has been reported that a number of natural-derived drugs such as
rottlerin and betulinic acid act as autophagy and apoptosis inducers by modulating Atg
proteins, LC3 and the degradation of p62 in prostate cancer stem cells and colon
adenocarcinoma cells, respectively (Dutta et al., 2016; Kumar et al., 2014). In our study,

the observations were in parallel with the notion supporting DET as an effective
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autophagy inducer. Considerable studies have outlined the crosstalk between autophagy
and apoptosis. The present findings revealed that Z-VAD-FMK induced the accumulation
of LC3B-II indicating the attenuation of apoptosis. DET-treated cells drive autophagy
induction. However, inhibition of autophagy reduced the cleavage of PARP and caspase-
3 indicating that autophagy facilitates the initiation of apoptosis. Similarly, these findings
corroborated with a report that celastrol could induce both apoptosis and autophagy
whereby the suppression of apoptosis promotes autophagy while the withdrawal of

autophagy induction reduces apoptosis (Li et al., 2015).

ROS has been widely reported to exert detrimental role in regulating cell proliferation
and tumourigenesis or beneficial role in mediating apoptosis and autophagy by damaging
cellular components such as DNA, protein and lipids in cancer cells (Maiuri et al., 2007).
Mounting evidence has emphasized the role of ROS in the interference of multiple
signalling pathways to provoke apoptotic signal by several anticancer agents, for instance,
oxaliplatin, capsaicin and curcumin (Kim et al., 2008; Su et al., 2006; Zhang et al., 2008).
ROS generated by mitochondria leads to depolarization of mitochondrial membrane
potential and induction of apoptosis. In accordance with these, our results demonstrated
that DET instigated excessive release of ROS concomitantly with the occurrence of
apoptosis induction in HCT116 cells. Intriguingly, the presence of ROS scavenger, NAC,
reversed DET-induced MAPK activation concurrently with the deactivation of apoptosis
and autophagy induction. In line with our findings, momordin Ic was found to activate
apoptotic and autophagic cell death via ROS/MAPK signalling cascades in human
hepatocellular carcinoma cells (Mi et al., 2016; Wang et al., 2013). Therefore, it is
conceivable that ROS functions as a prominent stimulator in the induction of apoptosis

and autophagy in DET-treated cells.
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To further verify the in vitro anticancer effect of DET, in vivo anti-tumour activity was
evaluated. Our in vivo data demonstrated that the treatment with DET significantly
inhibited the tumour growth along with the prominent enhancement in the survival of
mice. In addition, it is clearly shown that no apparent signs of toxicity and weight loss
was noted in the treated mice. These findings were corroborated with a previous toxicity
findings which revealed the maximum tolerated dose for DET to be 40mg/kg in the mice
model (Singh et al., 2005). Disequilibrium between apoptosis and cell proliferation leads
to colorectal tumourigenesis which is often linked to the proliferative determinant,
PCNA. It has been well established that colorectal carcinoma exhibited high PCNA
expression and thus is widely used as a biomarker to identify colorectal carcinoma
(Guzinska et al., 2009). PCNA is crucial for DNA replication during S-phase of cell cycle
and hence accelerates DNA synthesis and enhances cell proliferation. Accordingly, our
in vivo data showed that DET-induced blockade of tumour cell growth was substantiated
by a significantly lower PCNA labelling index when compared to the control group.
Furthermore, our immunohistochemical findings showed that DET down-modulated Bcl-
2, activated Bax, cleaved caspase-3 and LC-II proteins which is in line with the in vitro
results further indicating the potential of DET in targeting colorectal cancer via induction

apoptosis and autophagy.

Based on our collective findings, the proposed mechanistic insight demonstrated the
potent DET induced apoptosis and autophagy in in vitro and in vivo models (Figure 5.2).
DET triggered extrinsic pathway by activation of death receptor subsequently led to
intrinsic pathway via modulation of the Bcl-2 family member protein expression and
caspase cascades activation resulting in cleavage of PARP, eventually apoptosis. Apart
from this, anticancer effect of DET was shown to suppress cell growth attributed to the
inactivation of PI3K/Akt/mTOR signalling involving inhibition of IGF-1sR by the

IGFBP5 complexed with IGF-I1. It is well documented that dephosphorylation of PTEN
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further allows activation of PDK-1 leading to inactivation of Akt and the downstream
signalling molecule, mTOR. Consequently, inactivation of PI3K/Akt/mTOR pathway
first led to apoptosis by attenuating the production of IAPs and activating the cleavage of
caspase-9 and -3. Alternatively, inactivation of PISK/Akt/mTOR pathway resulted in
conjugation of Atgl2 and Atg 5 with the aid of Atg7. This led to the lipidation of LC3-I
to LC3-Il and facilitate the degradation of p62 eventually executed the autophagy.
Additionally, JNK and p38 MAPK signalling were also found initiated by DET.
Surprisingly, apoptosis via multiple signalling pathways including intrinsic, extrinsic and
MAPK pathway conferred by DET, was potentiated by the oxidative stress stimuli, ROS.
This study outlines a new insight on DET executing cell death via multiple signalling
pathways thereby highlighting the potential of DET as a multi-functional therapeutic
agent for colorectal cancer. Taken together, the in vivo evidences were in line with the in
vitro observations demonstrating that DET induced apoptosis and autophagy in HCT116
cells. In summary, current findings are the first reported that DET from E. scaber
possesses the in vitro and in vivo anti-tumour effect in HCT116 human colorectal

carcinoma.

Great interest is emerging on utilization of natural-based anti-inflammatory agents to
protect neuronal cell survival and target neuroinflammation which is commonly
characterized by activated microglia in various neurodegenerative diseases (Block &
Hong, 2005; Smith et al., 2012). Based on the ethnomedicinal evidences, E. scaber was
shown to possess manifold of health benefits which was traditionally used to treat eczema,
arthritis, hepatitis and cancer. In Malaysia, Malay midwives traditionally used E. scaber
as an oxytoxin aiding in the process of childbirth as well to counteract post-partum
inflammation (Ho et al., 2009). Several lines of scientific evidences supported the anti-
inflammatory properties of E. scaber as demonstrated in different inflammatory agent-
stimulated in vitro and in vivo models (Lin et al., 1995; Rajesh & Latha, 2001).
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Nevertheless, the anti-inflammatory effect of E. scaber and the underlying mechanisms
in LPS-induced microglia cells remains elusive. Thus, our present findings were the first

to reveal that ESEAF possessed anti-neuroinflammatory and antioxidative effects.

Aberrant release of inflammatory signalling molecules is primarily triggered upon the
over activation of microglial cells which is manifested as a feature of neuroinflammation
(Block et al., 2007). It is well documented that excessive production of pro-inflammatory
mediators such as NO and PGE2 by activated microglia is demonstrated to possess
neurotoxic effects (Chao et al., 1992; Jayasooriya et al., 2015; Jeong et al., 2015).
Uncontrollable production of NO derived from L-arginine is attributed to the excessive
INOS generation which is known to be a potent neurotoxin in disintegrating DNA, lipids
and proteins (Aktan, 2004; Bloodsworth et al., 2000). Abnormal increase in COX-2, a
rate-limiting enzyme, catalyses the synthesis of PGE2 which is strongly considered to be
involved in inflammation-mediated cytotoxicity (Simon, 1999). It is conceivable that the
concerted action of NO, INOS, PGE2 and COX-2 resulted in relentless
neuroinflammation which is evidently implicated in the pathogenesis of
neurodegenerative disorders including AD (Block et al., 2007; Minghetti, 2004). Notably,
regulation of pro-inflammatory mediators in CNS is one of the potential approaches in
targeting neuroinflammation. Accordingly, our results suggested that 2004). Notably,
regulation of pro-inflammatory mediators in CNS is one of the potential approaches in
targeting neuroinflammation. Accordingly, our results suggested that ESEAF prevented
NO and PGE2 production in LPS-stimulated BV-2 cells pertaining to the transcriptional
mitigation of COX-2 and iNOS suggesting its potential anti-neuroinflammatory effect.
Transcription factor NF-kB functions as an integral molecule which orchestrates the onset
of inflammatory response in the presence of oxidative stress stimulation (Mattson, 2001).

Considerable evidence revealed that translocated NF-kB bound to the promoter region
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of pro-inflammatory genes encoding cytokines, COX-2 and iNOS which exacerbates
inflammatory response and results in the development of neuroinflammatory-related
diseases (Baeuerle & Baltimore, 1996; Karin et al., 2004; Mattson, 2001). It has been
proposed that dampening of NF-kB transcriptional activity may rescue the neurons from
death and ameliorate the susceptibility towards neurodegenerative diseases which has
become a promising target for the treatment of neuroinflammatory diseases. In addition,
MAPK cascades encompassing p38, JNK and ERK are required in transcriptional
changes of NF-kB during activation of microglia in response to several stimuli (Jung et
al., 2007; Kaminska, 2005). The p38 MAPK, also known as an important upstream
signalling molecule, primarily activates NF-xB translocation followed by sequential
stimulation of INOS and COX-2 release in LPS-stimulated microglia (Kim et al., 2006).
This notion was supported by several lines of evidences in which the anti-
neuroinflammatory agents, resveratrol and curcumenol, mitigated iINOS and COX-2
accompanied with the attenuation of NF-«xB via the inactivation of p38 signalling (Lo et
al., 2015; Zhong et al., 2012). In our present data, exposure to ESEAF prevented the p38
phosphorylation via blockade of NF-kB translocation which ultimately modulated LPS-
stimulated iINOS and COX-2 in microglia cells, indicating ESEAF acts as a potent

inhibitor of p38.

Constitutive activation of NF-«B is closely associated with the dysregulation of pro-
inflammatory cytokines such as TNF-a and IL-1 upon sustained activation of microglia
cells. The neurotoxic TNF-o and IL-1B cytokines may result in neuronal damage along
with the accumulation of AP which exacerbates the development and progression of

neurodegenerative diseases particularly AD (Chen et al., 2012; Wang et al., 2015).

Hence, the modulation of pro-inflammatory cytokines, TNF-o and IL-1pB, is one of
potential strategies to mitigate neuroinflammation and thereby remove the deposition of

AP in the brain (Heneka et al., 2015). Considerable studies have revealed the anti-
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neuroinflammatory agents such as celastrol and resveratrol suppressed the propagation of
microglial via withdrawal of TNF-a and IL-1B (Jung et al., 2007; Zhong et al., 2012).
Our present findings unveiled an interesting phenomenon that ESEAF hindered the
inflammatory response by suppressing the production of pro-inflammatory TNF-a and
IL-1pB via the abrogation of LPS-induced NF-kB in BV-2 cells. This was further verified
by the CAEE, a specific NF-kB inhibitor, which shared similar outcome as ESEAF-
treated group. Thus, these findings suggested that the beneficial effects of ESEAF are

attributable to the mitigation of neuroinflammatory responses.

Oxidative stress arises owing to the disequilibrium between generation of oxidants and
antioxidant defence system creating a vicious cycle amplifying inflammation (Barnham
et al., 2004; Rosales et al., 2010). In CNS, aberrant release of ROS promotes the
activation of microglia which further provokes neuroinflammation responses resulting in
progression of neurodegenerative disorders (Hsieh & Yang, 2013; Uttara et al., 2009).
Notably, aberrant production of ROS amplifies inflammatory responses which leads to
release of pro-inflammatory components such as NO and PGE: in microglia via distinct
signalling cascades such as NF-xB and MAPK (Park et al., 2015; Rosenberger et al.,
2001). Numerous studies has suggested that combating oxidative stress in activated
microglia exhibits as an anti-inflammatory therapeutic intervention for
neuroinflammation-related diseases. This corroborated our findings in demonstrating that
ESEAF restored redox balance by reversing LPS-induced ROS accumulation in BV-2
cells. These data suggested that ESEAF transforms the activated microglia back to

quiescent state via detoxifying ROS.

Plants as a natural source of antioxidants has been proposed to function as free radical
scavenger and possesses the ability in ameliorating the neuroinflammatory response

(Block & Hong, 2005). In addition, antioxidants play a crucial role in the neutralization
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of oxidative stress by terminating free radicals or scavenging ROS to prevent aberrant
ROS production which could potently intensify the event of inflammation (Valko et al.,
2006). Hence, counteraction by antioxidants can attenuate neuroinflammation and the
development of neurodegenerative diseases. Accordingly, ESEAF displayed a
noteworthy DPPH scavenging activity implying that ESEAF contained a rich source of
antioxidants. It is well established that excessive accumulation of neurotoxic factors such
as NO, ROS and superoxide radicals (O2") in the activated microglia is implicated in the
pathogenesis of neurodegenerative diseases (Colton & Wilcock, 2010; Ha et al., 2012).
Therefore, enzymatic antioxidants including SOD, CAT and GPx act as crucial
components in eliminating the detrimental free radicals to restore the redox balance in the
cells (Limén & Gonsebatt, 2009). Superoxide radical (O2) is catalysed by SOD enzymes
yielding H20: and oxygen (Weydert & Cullen, 2010) while H.O: is converted by catalase
into water and oxygen. Based on the results obtained, present findings showed that
ESEAF significantly enhanced catalase and superoxide anion scavenging activity which

further validated the antioxidant potential of ESEAF.

Previous studies provided insights on the nuclear factor-2 erythroid related factor-2
(Nrf2) which is considered as an important regulator of the antioxidant response against
oxidative insults (Hybertson et al., 2011). Conversely, ablation of Nrf2 accompanied by
the dysregulation of antioxidant defence system which renders cells more susceptible to
the inflammatory response consequently leading to neuronal and brain injury. Hence,
Nrf2 has recently raised great interest owing to their anti-neuroinflammatory properties.
In this regard, ample evidence revealed that plant-derived therapeutic agents may activate
antioxidant defence mechanism via Nrf2 cascades signalling against inflammation-
related neurodegenerative diseases followed by abolishing oxidative stress via a series of
antioxidant responsive genes encompassing HO-1, SOD and catalase (Gonzalez et al.,

2013; Lee et al.,, 2013; Muiswinkel & Kuiperij, 2005). Our present findings are
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corresponded to this notion indicating ESEAF promoted the translocation of Nrf2 to
nucleus in LPS-stimulated microglia consequently enhance the antioxidant enzyme levels
including SOD and catalase limiting the production of ROS. In addition, recent studies
have shown that crosstalk between HO-1 and NF-kB is primarily orchestrated by Nrf2
which emerges as a potential therapeutic intervention to alleviate inflammation and
microgliosis (Foresti et al., 2013; Kang et al., 2013; Paine et al., 2010; Surh & Na, 2008).
Mechanistically, oxidative stress stimulated Nrf2 to transcriptionally activate ARE
encoding HO-1 gene followed by repression of NF-kB which led to a decline in
inflammatory mediators such as iNOS and COX2 (Srisook & Cha, 2005; Wakabayashi
et al., 2010). Substantial evidences revealed that quercetin and 3,4,5-trihydroxycinnamic
acid abrogated inflammatory response via Nrf2/HO-1 signalling involving NF-xB in BV-
2 cells (Lee et al., 2014; Sun et al., 2015). This was corroborated with current data that
enhancement of Nrf2 translocation along with induction of HO-1 further repressed NF-
kB via modulation of the downstream pro-inflammatory molecules in BV-2 cells which
stimulated by LPS. Present findings supported the potential of ESEAF in alleviating
neuroinflammatory response. Collectively, the involvement of signalling pathways

conferred by ESEAF in LPS-induced BV-2 cells was illustrated in Figure 5.3.

Since ancient times, herbal plant has always been traditionally used in treating human
diseases (Leonti & Casu, 2013; Verma & Singh, 2008). However, some have been
mistakenly regarded as safe due to the natural source and a lack of experimental evidence
on the toxicity and adverse effect of these treatments. In the present study, the untreated
group were administered with vehicle while the treated group was administered with ethyl
acetate fraction. The toxic symptoms and mortality were observed daily for fourteen days
in the mice. After 14 days treatment, mice which were orally dosed with the highest dose
of 2000mg/kg showed absence of mortalities, distress or toxic symptoms. The body
weight of the mice increased both in the control and treated groups. Other than body
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weight, organ coefficient is an essential determinant of physiological and pathological
status. Therefore, organ coefficient is essential to assess the damage to the organs
including heart, kidney, liver, lungs and spleen triggered by the toxicant (Dybing et al.,
2002; Jothy et al., 2011). In addition, the histopathological findings were corroborated
with the organ and body weight evidenced by the negligible structural changes in the
organs including heart, kidney, spleen, lungs and liver. This study reckoned that ESEAF

may be considered as safe and possesses an LDso value of greater than 2000mg/kg.
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CHAPTER 6: CONCLUSION

To the best of our knowledge, the present study is the first to provide new insight on
the anticancer, anti-neuroinflammatory and antioxidant activities of Elephantopus scaber.
Our current findings demonstrated that E. scaber possesses anticancer effect against
HCT116 human colorectal cancer cells. The colorectal cancer cell growth inhibitory
effect conferred by ESEAF via caspase-dependent mitochondrial-mediated apoptosis in
response to oxidative stress stimulation. The anticancer potential of ESEAF was
investigated further via bioassay-guided approach leading to the isolation of bioactive
compound, deoxyelephantopin (DET). DET was shown to exert cytotoxic effect against
HCT116 cells. The anti-proliferative effect of DET was observed in HCT116 cells
whereby DET abrogated cell cycle progression via S and G2/M phase upon p53 and p21
activation. Cell cycle arrest triggered by DET was negatively coordinated by a concerted
action of cyclins and CDKs encompassing CDK2, CDK4, cyclin B1, cyclin E2, cyclin
D1 and cyclin A2. In addition, accumulation of apoptotic cell populations at sub G1 phase
by DET was corroborated with the apoptosis inducing effects evidenced by the cleavage
of caspase-3 and PARP. This led to further investigation on the apoptosis inducing effects
underlying mechanisms of DET. Exposure to DET triggered apoptosis via intrinsic and
extrinsic pathways involving modulation of Bcl-2 family members and activation of
caspase cascades in HCT116 cells. One of the interesting findings revealed that the
activation of MAPK signalling pathways is conceivable to be associated with the
apoptotic response elicited by DET in HCT116 cells. Additionally, the cellular event of
autophagy was activated by DET in response to ROS on HCT116 cells. Apart from this,
growth inhibitory effect of DET was strongly correlated to the inactivation of PI3K/Akt
signalling pathway which consequently resulted in the induction of apoptosis and
autophagy. It is deduced that DET stimulated cell cycle arrest, apoptosis and autophagy

via inhibition of PI3K/Akt/mTOR signalling and activation of ROS-dependent MAPK
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pathway. More importantly, the in vitro study was validated by the in vivo data exhibiting
a pronounced tumour growth suppression via apoptosis and autophagy. In summary, the
compelling evidences outlined in this study shed new light on the enormous potential of

DET as a multi-target therapeutic agent for colorectal cancer.

Our study also demonstrated that ESEAF exerts anti-neuroinflammatory activity
against LPS-induced BV-2 cells. Exposure to ESEAF ameliorated inflammatory response
by mitigating LPS-induced pro-inflammatory cytokines and molecules via inactivation of
p38 and NF-kB in BV-2 cells. Furthermore, ESEAF also functions as a potent antioxidant
to strengthen the antioxidant defense mechanism via Nrf2/HO-1 signalling to attenuate
inflammatory response in microglia cells. Notably, ESEAF could be considered safe with
no toxic symptoms observed (LDso>2000mg/kg). The potential of ESEAF in targeting
neuroinflammatory-related diseases such as Alzheimer’s disease is attributed to the

antioxidative and anti-inflammatory effects.

From past to present, E. scaber has been widely consumed as tea or decoction for
preventive and curative purposes based on the manifold of ethnomedicinal benefits.
Therefore, the ethnopharmacological claims of E. scaber related to anticancer and anti-
inflammatory properties advocated by our collective evidence could potentially
contribute to the pharmaceutical and nutraceutical industry for the intervention of cancer

and neurodegenerative diseases.
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