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ABSTRACT

Annona muricata Linn. is a popular fruit tree growing in tropical countries. Its leaves
have been extensively employed in folk medicine to treat a variety of ailments and
diseases. In this study, anticancer, gastroprotective and wound healing properties of A.
muricata leaves and their possible mechanisms of action were determined using in vitro
and in vivo models. Solvent extraction yielded crude ethyl acetate extract (AMEAE),
which demonstrated remarkable cytotoxicity against different cancer cell lines including
A549, HT-29 and HCT-116. Hence, AMEAE anticancer property was investigated
against the respective cell lines. In addition, in vivo chemopreventive potential of
AMEAE was determined against azoxymethane-induced colonic aberrant crypt foci
(ACF) in rats, and AMEAE was subjected to a bioassay-guided approach to isolate the
cytotoxic compound and evaluate its apoptosis-inducing effect. AMEAE was found to
induce mitochondrial-initiated events in cancer cells, as the treated cells shown disruption
of mitochondrial membrane potential, cytochrome ¢ leakage and elevation of Bax
expression. Inversely, Bcl-2 expression was lowered in the treated cells. The following
experiments suggested apoptosis induction in cancer cells, as was reflected by increase in
total nuclear intensity, augmentation in sub-Gi cells, externalization of
phosphatidylserine and activation of initiator (-9) and executioner (-3/7) caspases. These
findings strongly implied that exposure of AMEAE to cancer cells have resulted in
apoptosis induction through the intrinsic pathway. A bioassay-guided investigation on
AMEAE led to the isolation of annonaceous acetogenin, annomuricin E which induced
significant apoptosis-inducing effects in HT-29 cancer cells through mitochondrial-
mediated mechanism. The in vivo chemopreventive potential of AMEAE was examined
in five groups of rats, namely negative control, cancer control and AMEAE (250, 500

mg/kg) and positive control (5-fluorouracil). Oral treatment of AMEAE at both doses

il



decreased the formation of colonic ACF. The expression of PCNA protein, a marker of
cell proliferation, was downregulated in treated cells and associated with upregulation of
Bax and downregulation of Bcl-2. These results substantiated the traditional use of 4.
muricata leaves against cancer and tumors.

The gastroprotective activity of AMEAE at two doses of 1 g/kg and 2 g/kg was examined
against ethanol-induced gastric injury in rats. Gross and histological characterizations
suggested the antiulcerogenic property of AMEAE. Immunostaining revealed
upregulation of Hsp70 protein and downregulation of Bax protein. This activity was
associated with attenuation in oxidative stress evidenced by an increase in the level of
enzymatic antioxidants and nitric oxide and decrease in the level of malondialdehyde.
These findings revealed promising gastroprotective potential for AMEAE, which was
mediated through antioxidant and anti-inflammatory mechanisms.

Wound healing potential of AMEAE (5% w/w and 10% w/w) was evaluated against
excisional wound models in rats. Significant wound healing activity was observed after
topical treatment with AMEAE, assessed by macroscopic and microscopic analyses. This
was associated with a decrease in the number of inflammatory cells, supported by
upregulation in the expression of Hsp70 protein. In addition, level of enzymatic
antioxidants showed augmentation which led to the attenuation in the malondialdehyde

formation.
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ABSTRAK

Annona muricata Linn. merupakan pokok berbuah yang ditanam di negara tropikal. Daun
pokok ini telah digunakan secara meluas sebagai ubat tradisional bagi mengubati pelbagai
penyakit. Dalan kajian ini, ciri-ciri antikanser, perlindungan gastro dan pemulihan luka
oleh daun Annona muricata dan tindakan mekanisma yang berkemungkinan telah
dikenalpasti dalam model in vivo dan in vitro. Pengekstrakan menggunakan pelarut
menghasilkan ekstrak mentah etil asetat (AMEAE) yang menunjukkan tindakan
sitotoksisiti yang amat berkesan terhadap sel-sel kanser seperti A549, HT-29 dan HCT-
116. Oleh demikian, ciri-ciri antikanser AMEAE terhadap sel-sel tersebut dikaji. Selain
itu, potensi kemopreventif in vivo AMEAE menentang induksi ‘aberrant crypt foci’
(ACF) kolon yang didorong oleh azoxymetana ke atas tikus turut dikaji. Di samping itu,
pengasingan sebatian sitotoksik AMEAE dijalankan melalui pendekatan pengasingan
berpandukan bioesei dan kesan induksi apoptosis disiasat. Sel-sel yang dirawat dengan
AMEAE menunjukkan induksi program diaruhkan oleh mitokondria seperti gangguan
terhadap potensi membran mitokondria, pelepasan sitokrom ¢ dan peningkatan ekspresi
Bax yang diikuti dengan penurunan ekspresi Bcl-2. Seterusnya, AMEAE memulakan
induksi apoptosis dalam sel kanser seperti peningkatan keamatan jumlah nuklear,
penumpuan sel pada fasa sub-Gi, pendedahan fosfatidilserin dan pengaktifan caspase
pemula-9 dan pelaksana (-3/7). Penemuan ini menguatkan implikasi AMEAE dalam
mengaruhkan tindakan apoptosis ke atas sel kanser melalui laluan intrinsik. Pendekatan
pengasingan berpandukan bioesei terhadap AMEAE menghasilkan pengasingan sebatian
annonaceous acetogenin, annomuricin E yang menunjukkan kesan tindakan apoptosis
yang signifikan terhadap sel kanser HT-29 melalui mekanisme pengantaraan
mitokondria. Potensi kemopenghalang in vivo bagi AMEAE dikaji dalam lima kumpulan

tikus iaitu kawalan negatif, kawalan kanser dan AMEAE (250, 500 mg/kg) dan kawalan
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positif (5-fluorouracil). Rawatan AMEAE secara oral pada kedua-dua dos menunjukkan
pengurangan pembentukan ACF kolon. Ekspresi protein PCNA yang merupakan penanda
bagi poliferasi sel juga diturunkan dan diiringi dengan peningkatan kawalatur Bax dan
penurunan kawalatur Bcl-2 dalam sel yang dirawat. Keputusan ini seterusnya menyokong
kegunaan tradisional daun A. muricata dalam rawatan kanser dan tumor.

Aktiviti perlindungan gastro oleh AMEAE pada dua dos, 1 g/kg dan 2 g/kg menentang
kecederaan gastrik yang diaruhkan oleh etanol terhadap tikus juga turut diperiksa.
Pencirian secara kasar dan kaedah histologi mencadangkan ciri-ciri antiulserogenik
AMEAE. Kaedah pewarnaan imunosasi juga menunjukkan peningkatan kawalatur
protein Hsp70 dan penurunan kawalatur protein Bax. Aktiviti ini seterusnya dikaitkan
dengan tindakan penghalangan tekanan oksidatif yang dibuktikan dengan peningkatan
aras enzim antioksida dan nitrik oksida bersama penurunan aras malondialdehid.
Penemuan ini membuktikan potensi perlindungan gastro oleh AMEAE adalah
berpandukan tindakan mekanisme antioksida dan antikeradangan.

Potensi pemulihan luka bagi AMEAE (5% w/w and 10% w/w) dinilai dalam model luka
eksisional pada tikus. Aktiviti penyembuhan luka yang signifikan didapati selepas
rawatan secara topikal dengan AMEAE yang dinilaikan melalui kaedah analisasi
makroskopik dan mikroskopik. Pemerhatian ini dikaitkan dengan penurunan jumlah sel-
sel keradangan yang disokong oleh peningkatan kawalatur protein Hsp70. Di samping
itu, peningkatan aras enzim antioksida juga bertanggungjawab dalam menurunkan kadar

pembentukan malondialdehid.
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CHAPTER 1: INTRODUCTION

The prevalence of cancer remains high worldwide despite the extensive international
attempts to treat it, triggering the need for further effective action to minimize its growth
(Atawodi, 2011). The increasing resistance to available chemotherapeutic drugs is a
major obstacle to cancer therapy, as a remarkable proportion of the tumor deteriorates
and expands its resistance, ultimately leading to multidrug resistance after exposure to
different pharmaceuticals with prevailing compositions and cellular targets (Perez, 2009).
Moreover, preferred anticancer pharmaceuticals are expected to exclusively target
cancerous cells, although the various chemotherapeutic treatments currently employed
for cancer cases cause substantial side effects, such as diarrhea, bleeding,
immunosuppression and hair loss (Kranz & Dobbelstein, 2012). Consequently,
discovering novel natural products and metabolites derived from animals, plants and
microorganisms with high efficiency against malignant cells with no cytotoxicity towards
normal cells is a huge breakthrough in scientific research. Apoptosis is a type of regulated
programmed cell death that has attracted a great deal of interest in oncology and cancer
treatment owing to the high potential of diverse anticancer agents to provoke apoptosis
in different cancer cells (Elmore, 2007). Hence, extensive research on natural products
with the ability to induce apoptosis in cancer cells that can be used individually or
combined with other chemotherapeutic drugs has been developing, seeking to promote
the therapeutic impacts and diminish the side effects in cancer therapy (Gurib-Fakim,
2006).

The treatment of ailments and diseases related to gastrointestinal disorders with natural
products is prevalent in folk medicine worldwide. Medicinal plants are extensively
employed against gastric ulcers as decoctions, infusions or macerates, either in alcoholic

beverages or in water (Schmeda-Hirschmann & Yesilada, 2005). Plants, spices and herbs



are recognized as an arsenal of natural antioxidants that can be gastroprotective against
diseases affected by oxidative stress and lipid peroxidation (Repetto & Llesuy, 2002). It
is also well established that the endogenous and exogenous production of free radicals
and reactive oxygen species (ROS) can cause severe mucosal damage and lead to
gastrointestinal inflammation (Yoshikawa et al., 1989). Therefore, traditional plants with
antioxidant and anti-inflammatory activities can be promising candidates against
gastrointestinal disorders.

Natural products possess the remarkable potential to be used for the treatment and
management of wounds. In various countries, folklore and tribal sources employ a variety
of plants to treat burns and wounds. The induction of healing and reconstruction of the
damaged tissue are mediated through various mechanisms (Thakur, Jain, Pathak, &
Sandhu, 2011). The availability and affordability of these traditional plants in
combination with their safety have enhanced their role as popular choices for wound
healing (Nayak & Pereira, 2006). The presence of various functional ingredients in plants
has stimulated significant scientific interest in the examination of these plants with a view
to exploring new wound healing agents with elevated therapeutic effects (Schmidt et al.,
2009).

Natural products, particularly ones obtained from plants, have been employed to benefit
humankind and preserve its well-being since the advent of medicine. Since the twentieth
century, phytoconstituents have been an essential source for therapeutic discoveries
(Newman & Cragg, 2012). The significance of phytochemicals in medicine and
agriculture has attracted substantial scientific interest in the biological potential of these
ingredients (Karim & Azlan, 2012). Despite these investigations, however, only a limited
series of plant species has undergone comprehensive scientific assessment, and our
understanding is relatively inadequate regarding their potential function and abilities in

nature. Therefore, achieving a rational recognition of natural products demands wide-



ranging studies and fieldwork on the biological effects of these plants and their pivotal
phytochemicals (Jothy et al., 2012). Regarding therapeutic prospects, plants with a long
historical background of use in ethnological medicine represent a valuable source of
effective phytoconstituents that provide curative or health advantages against numerous
diseases and ailments (Duraipandiyan, Ayyanar, & Ignacimuthu, 2006). One such plant
with prevalent ethnomedicinal usage is Annona muricata.

The effect of 4. muricata leaves on various cancer cells has only been explored by basic
cytotoxic investigations, and no detailed molecular mechanisms have hitherto been
reported. In vivo evaluations of the possible anticancer and antitumor potential of 4.
muricata leaves have also been neglected in previous studies. Therefore, this study was
designed to investigate in vitro and in vivo the cytotoxic properties of different extracts
of the 4. muricata leaves, followed by the determination of a bioactive compound
responsible for the induction of apoptosis in human cancer cells. In addition, based on the
marked antioxidant and anti-inflammatory activities reported for A. muricata leaves, this
study sought to investigate its gastroprotective and wound healing properties and the
factors involved.

The specific objectives of the study were:

1. To determine the in vitro cytotoxic activity of different extracts of the 4. muricata
leaves against various human cancer cell lines and investigate the apoptotic effects against
human A549 lung cancer cells.

2. To evaluate the apoptosis-inducing potential of the A. muricata leaves and their
inhibitory effects on migration and invasion against human HCT-116 and HT-29 colon
cancer cells.

3. To investigate the chemopreventive potential of the A. muricata leaves against
azoxymethane-induced colonic aberrant crypt foci in rats and to isolate, purify, and

elucidate the structure of a bioactive compound responsible for the induction of apoptosis



in HT-29 cells through fractionation, applying various methods of chromatography,
nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) in a
bioassay-guided approach.

4. To evaluate the gastroprotective potential and the possible mechanism of 4. muricata
leaves against ethanol-induced gastric injury model in rats.

5. To determine the wound healing effect and the possible mechanism of A. muricata

leaves against excisional wound model in rats.



CHAPTER 2: LITERATURE REVIEW

2.1 Cancer

In the fifth century BC, Hippocrates noted the intractable growth and spread of tissues
throughout the body in a family of diseases with eventual outcome of death. This
observation was later described by the term cancer, which means “crab” in Latin (Hajdu,
2004). Depending on the source of cells, cancers are categorized into different types,
including carcinomas, leukemia, lymphomas and sarcomas. The uncontrollable division
of cancer cells leads to an exponential augmentation in the number of dividing cells,
which can form a mass of growing tissue referred to as a tumor or neoplasm. The pivotal
factor in tumor progression is the perturbation in the homeostasis of normal tissues and
unbalanced cell proliferation and cell differentiation, rather than the faster replication rate
(Danial & Korsmeyer, 2004).

Detailed scientific inspections of the underlying steps of cancer development have
resulted in a growing consensus of opinion that changes in various biological processes
are required to transform cells into a fully malignant state. Essential features related to
oncogenic conversion include the avoidance of immune surveillance and apoptosis, cell
cycle dysregulation, genomic instability, independence from growth factor signaling and
the induction of angiogenesis (Hanahan & Weinberg, 2000). Although most or all of these
respective traits are necessary for various stages of cancer and tumors, the bases of the
mutations causing these changes can differ greatly with every individual case of
malignant cancer, which progressively complicates cancer molecular mechanisms by
orders of magnitude. Hence, thorough perspectives are necessary in studying the multi-
sequence process of cancer development (Kirienko, Mani, & Fay, 2010). However, the
process is generally divided into three stages: initiation, promotion and progression

(Balkwill, 2006).



Carcinogenesis or cancer development is triggered by non-lethal forms of DNA mutations
that generate altered cells, known as the initiation stage (Taylor & Turnbull, 2005). For
instance, the excessive production of ROS elevates the level of intracellular Ca (II), which
activates calcium-dependent endonucleases and subsequent DNA mutations (Wiseman,
Kaur, & Halliwell, 1995). A variety of factors, including the insertion of retrovirus,
radiation, chemical carcinogens and pollution, random DNA mutations and cleavage
during replication can induce the required genetic deficiency for the initiation stage.
However, heritable genetic changes are responsible for certain cases (Irigaray et al.,
2007).

The promotion stage requires the activation of uncontrollable cell division and subsequent
generation of recognizable focal lesion. In this reversible stage, a relentless source of
tumor stimulus is required to promote the mutated cells to the progression stage. The
initial carcinogenic changes of a proto-oncogene to an oncogene may be intensified by
subsequent alterations involving tumor promoters (Wiseman et al., 1995). These
promoters are not exclusively foreign agents, and internal substances such as hormones
and growth factors can reinforce the mutated cells that have already survived the initiation
stage (Becker, Kleinsmith, Hardin, & Raasch, 2003).

Progression, the final stage of cancer, is generally characterized by the tumor becoming
aggressive and aberrant. The key traits of this stage include apoptosis evasion, the ability
to survive in the blood stream, elevated growth rate, and drug and immune killing
resistance, among others. Induction of the transformation stage from benign to malignant
due to the excessive build-up of genetic alterations makes this stage irreversible (Friedl
& Wolf, 2003; Tkushima & Miyazono, 2010). At this stage, the cell surface molecules
and connections show various alterations that can lead to metastasis. Parting from the
tumor and resisting the immune system allows the malignant cells to move and

metastasize in other exposed areas of the body (Nguyen & Massagué, 2007).



2.1.1 Treatment of Cancer

Extensive research over the past two decades has changed the patterns of cancer therapy
from nonselective therapeutics to mechanism-based and specific treatments. The initial
approach to the identification of new anticancer agents was screening for drugs with the
strong potential to kill dividing cells (Vanneman & Dranoff, 2012). Although this mode
of treatment remains the backbone of contemporary therapy, varying degrees of failure
due to the notable toxicities, high acquired resistance and poor therapeutic index cause
insufficient survival benefits (Gieseler, Rudolph, Kloeppel, & Foelsch, 2003). For
instance, the prevalent anticancer drugs, including doxorubicin, irinotecan, platinum
derivatives and 5-fluorouracil, nonselectively interfere with RNA and DNA metabolism
and arrest the cell cycle in the S phase, while taxol derivatives function through mitotic
arrest (Longley & Johnston, 2005).

Plants have a long history of application in cancer therapy, and natural compounds of
plant origin have provided a number of clinically principal anticancer drugs. Some of the
plant-derived anticancer agents that have been employed clinically include camptothecin
derivatives, docetaxel, elliptinium, etoposide, teniposide, irinotecan, topotecan, taxol,
vincristine and vinblastine. In addition, there are other plant-derived drugs under clinical
development that function against different molecular targets in the malignant cells, such
as combretastatin A4 phosphate and flavopiridol (Cragg & Newman, 2005).

Over recent years, a better understanding of molecular oncology has triggered the
introduction of new modes of single or combined treatments, such as cancer
immunotherapy and targeted drugs. Immunotherapy stimulates the immune system to
annihilate tumor progression, while targeted agents aim at vital molecular targets in the
cancer machinery in a more specific manner (Vanneman & Dranoff, 2012). For example,
growth factor-related antibodies such as bevacizumab and cetuximab or small molecule

kinase suppressors such as imatinib, everolimus and sorafenib directly target molecular



pathways involved in cell survival or death and demonstrate promising results in terms of
survival rates for different types of cancer. More recently, the growing body of knowledge
on programmed cell death or apoptosis has stimulated significant scientific interest in
inhibiting malignant cells through specific targets with higher efficiency and attenuated
adverse side effects (Ocker & Hopfner, 2012).

2.1.2 Apoptosis

In 1980™, Currie, Kerr and Wyllie coined the term “apoptosis”, although certain elements
of this mode of cell death had been explained beforehand (Kerr, Wyllie, & Currie, 1972).
The general description of apoptosis in mammalian cells was elicited from the scientific
study of Caenorhabditis elegans (Horvitz, 1999). Invariant elimination of a certain
number of cells during the growth cycle of this nematode provided highly accurate
surveillance of apoptosis, which is genetically regulated by a variety of factors (Norbury
& Hickson, 2001). In mammalian species, the role of apoptosis is more highlighted during
the phase of development and aging; however, homeostatic and immunological
mechanisms tightly correlate with this mode of cell death. A variety of stimuli and factors,
both pathological and physiological, can trigger the induction of apoptosis; however, the
response of different cells may vary based on the nature of an individual stimulation. A
signal that kills certain cells can leave others unaffected (Elmore, 2007).

2.1.2.1 Morphological Changes in Apoptosis

The morphological changes of apoptosis have been clarified by various forms of
microscopy. Light microscopy illustrates cell shrinkage and pyknosis as early
characteristic features of apoptosis (Kerr et al., 1972). Cell shrinkage is defined by
compact cell size, dense cytoplasm and the close packing of organelles, and as the most
important characteristic feature of apoptosis, chromatin condensation is responsible for
pyknosis. In the next stage, there is a budding phase in which, as a result of considerable

blebbing of the plasma membrane accompanied by cell fragmentation and karyorrhexis,
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apoptotic bodies are formed containing closely packed organelles, cytoplasm and
probable nuclear fragments (Figure 2.1). In the process of apoptosis, the cellular integrity
is preserved until the apoptotic bodies are digested by phagolysosomes, parenchymal
cells, macrophages and neoplastic cells. Due to the maintenance of cellular integrity,
digestion of the apoptotic cells and non-secretion of anti-inflammatory cytokines by the
engulfing cells, the process of apoptosis is not generally accompanied by inflammatory
reactions (Kurosaka, Takahashi, Watanabe, & Kobayashi, 2003; Savill & Fadok, 2000).
2.1.2.2 Biochemical Changes in Apoptosis

Apoptotic cells undergo various biochemical alterations, including DNA fragmentation,
protein digestion, the cross-linking of proteins and phagocytic markings that make them
structurally distinguishable (Figure 2.1) (Hengartner, 2000). Endonucleases dependent on
Mg?" and Ca*" mediate DNA cleavage leading to pieces of 180 to 200 base pairs, which
can be detected as a DNA ladder by agarose gel electrophoresis (Zhang & Ming, 2000).
Meanwhile, tissue transglutaminase has the main role for protein cross-linking (Nemes Jr
et al., 1996). Phagocytosis of the apoptotic cells is mediated by the expression of cellular
ligands and diagnosis by neighboring cells. The most recognized cellular marker is
attributed to the externalization of inward-facing phosphatidylserine on the plasma
membrane; however, there are other known markers such as calreticulin and Annexin I
(Bratton et al., 1997). As a recombinant protein with high affinity for phosphatidylserine,
Annexin V is widely employed to detect phosphatidylserine externalization and the
subsequent induction of apoptosis. On the surrounding cells, the complex of LDL-
receptor-related protein and calreticulin interacts with outward-facing phosphatidylserine
and produces a diagnostic marker (Arur et al., 2003; Brumatti, Sheridan, & Martin, 2008;
Gardai et al., 2005).

As cysteinyl aspartate proteinases, caspases essentially mediate these biochemical

apoptotic changes. These proteolytic enzymes are highly abundant in inactive proforms
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inside cells and, after activation, can trigger a caspase cascade, leading to apoptotic
biomodification (H. H. Park et al., 2007). Therefore, it is believed that after the activation
of this cascade, cell death becomes an irreversible procedure. There are three main types
of caspases based on their activities, namely inflammatory caspases (-1, -4, -5),
executioners or effectors (-3, -6, -7) and initiators (-2, -8, -9, -10). In addition, other
caspases including -11, -12, -13 and -14 have been identified (Kang, Wang, Kuida, &
Yuan, 2002; Nakagawa et al., 2000; Rai, Tripathi, Sharma, & Shukla, 2005).

2.1.2.3 Apoptosis Pathways

The complex molecular cascades of apoptosis basically include two main apoptotic
pathways, namely the mitochondrial or intrinsic pathway and the death receptor or
extrinsic pathway. However, extensive research shows the linkage of the two pathways
and a shared execution or common process. This process is triggered by caspase-3
activation and continued by DNA breakdown, the degradation of nuclear and cytoskeletal
proteins, the production of apoptotic bodies and finally the expression of cellular signals
for phagocytosis (Figure 2.1) (Igney & Krammer, 2002; Martinvalet, Zhu, & Lieberman,

2005).
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Figure 2.1: Scheme representing the main steps of two apoptosis pathways, namely

extrinsic and intrinsic, associated with the execution process.

2.1.2.4 Extrinsic Pathway

The interactions between death receptors and special ligands at the cell surface primarily
trigger the extrinsic machinery of apoptosis (Figure 2.2) (Locksley, Killeen, & Lenardo,
2001). The death receptor superfamily of tumor necrosis factor (TNF) is located inside
the cell membrane, with the cytoplasmic death domain containing 80 amino acids and the
extracellular domains containing extra cysteine residues. The death domain plays a
pivotal role in the transformation of apoptotic signals from the cell membrane to
intracellular structures (Ashkenazi & Dixit, 1998). The well-known receptors and their
cognate ligands include DR5/Apo2L, DR4/Apo2L, DR3/Apo3L, TNFRI1/TNF-a and
FasR/FasL. Detailed molecular studies based on the TNFR1/TNF-o and FasR/FasL
models reveal that upon the interaction of ligands and death receptors, a dimer of the
death domain intervenes in the recruitment of adaptor molecules and results in the

formation of a death-inducing signaling complex (DISC). As part of DISC, procaspase-8
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is then autocatalyzed and triggers the execution phase (Ocker & Hopfner, 2012). This
process can be aborted by a protein named c-FLIP through the neutralization of caspase-

8 and the death domain of the Fas ligand (Scaffidi, Schmitz, Krammer, & Peter, 1999).
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Figure 2.2: Schematic representation of the main molecules involved in apoptosis

pathway.

2.1.2.5 Intrinsic Pathway
In the intrinsic or mitochondria-dependent pathway, non-receptor-mediated factors play

the essential role (Figure 2.2). A variety of negative or positive factors can trigger this
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pathway. The lack of certain cytokines, hormones and growth factors is defined as
negative stimuli, while positive stimuli include excessive exposure to certain factors,
including ROS, viral infections, hyperthermia, radiation, hypoxia and toxins. After
exposure to either type of factor, the inhibition of cell death is attenuated, and the
apoptosis machinery is activated through mitochondrially initiated events (Elmore, 2007).
This course of events is started by attenuation of the mitochondrial membrane potential
through the mitochondrial permeability transition pores and the leakage of two groups of
pro-apoptotic factors (Saelens et al., 2004).

The serine protease HtrA2/Omi, Smac/DIABLO and cytochrome ¢ form the first pro-
apoptotic group of proteins, which is primarily responsible for activating the caspase
cascade. The combination of cytochrome ¢ with procaspase-9 and Apaf-1 produces the
apoptosome complex, which subsequently autocatalyzes the initiator caspase (Hill,
Adrain, Duriez, Creagh, & Martin, 2004). HtrA2/Omi and Smac/DIABLO suppress
inhibitors of apoptosis proteins (IAPs). There are also other mitochondrial proteins that
bind to IAPs and inhibit them, but gene knockout studies have demonstrated that the
interaction between [APs and these other proteins does not include them as pro-apoptotic
factors (Ekert & Vaux, 2005; Schimmer, 2004).

After cells are condemned to die, the role of a second group of released factors, including
CAD, AIF and endonuclease G, begins with stage I of condensation. In this step, the
translocation of AIF to the nucleus results in the cleavage of DNA into large parts and
some nuclear condensation (Joza et al., 2001). Next, endonuclease G translocates to the
nucleus and breaks down the large DNA parts into smaller oligonucleosomal pieces.
Endonuclease G and AIF function caspase-independently; however, CAD is dependent
on caspase-3 proteolytic activity for stage II of condensation. This later stage is
accompanied by more definite DNA cleavage and chromatin condensation (Susin et al.,

2000).
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The mitochondrially initiated events are tightly regulated by the Bcl-2 family of proteins
under the function and regulation of the p53 tumor suppressor protein. Approximately 25
members of this family are either anti-apoptotic or pro-apoptotic protein (Schuler &
Green, 2001). Anti-apoptotic members include BAG, Bcl-XS, Bcl-x, Bel-2, Bel-w, Bcel-
XL, while Blk, Bim, Bid, Bax, Bik, Bad, Bcl-10 are pro-apoptotic proteins. These
respective proteins substantially help to determine whether cells undergo apoptosis or
suppress the procedure. This role is believed to be mediated through the control of
cytochrome ¢ leakage from the mitochondria. There are several proposed mechanisms for
this process; however, none of them have been definitively substantiated (Cory & Adams,
2002).

As a one good illustration of cross-talk between the intrinsic and extrinsic pathways of
apoptosis, the Bid protein can cause mitochondrial disruption through the proteolytic
activity of caspase-8 in the Fas pathway (Igney & Krammer, 2002). Bad is generally
located in the cytosol in its phosphorylated form, but after being unphosphorylated, it
relocates to the mitochondria to mediate cytochrome ¢ leakage (Yang et al., 1995; Zha,
Harada, Yang, Jockel, & Korsmeyer, 1996). The heterodimerization of Bad with Bcl-2
and Bcl-XI nullifies their inhibitory roles and encourages apoptosis induction. In the
absence of Bad, Bcl-2 and Bcl-XI1 suppress the cytochrome ¢ release and manage the
caspase activation. In addition, there is the Aven protein, which interacts with Apaf-1 and
Bcl-X1 and prevents the pro-caspase-9 activity. The upregulation of either Bel-X1 or Bel-
2 results in the reduced expression of the other protein, demonstrating the opposing
correlation pattern between their expression levels (Newmeyer et al., 2000).

Noxa and Puma are also considered to be important pro-apoptotic proteins. As an
associate factor of p53-induced apoptosis, Noxa localization to the mitochondria and
interaction with anti-apoptotic proteins triggers the pro-caspase-9 activity (Oda et al.,

2000). An in vitro study has shown that after the mediation of cell death by p53, Puma
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overexpression is followed by the upregulation of Bax and subsequent characteristic
alterations, collapse of the mitochondrial membrane potential and leakage of cytochrome
¢ (Liu, Newland, & Jia, 2003). The dependence of Noxa and Puma on p53 activity
suggests their potential role in apoptosis induction after oncogene stimulation and
genotoxic disruptions. In addition, the oncoprotein Myc also plays an important role in
mediating apoptosis in both p53-independent and -dependent manners (Elmore, 2007).
2.1.2.6 Common Pathway

In the last step, both the extrinsic and intrinsic pathways end in the execution phase.
Various proteases and endonucleases are activated in this phase by effector caspases to
cleave cytoskeletal and nuclear proteins and DNA, respectively. The effector caspases,
including -7, -6 and -3, react with different molecular targets such as nuclear protein
NuMA, PARP, cytokeratins and the actin-binding protein a-fodrin and subsequently
mediate biochemical and morphological alterations (Slee, Adrain, & Martin, 2001). As
the most pivotal effector caspase, caspase-3 can be activated by different initiator
caspases and cleave the complex of CAD endonuclease and its suppressor (ICAD) to free
the CAD protein. This endonuclease is responsible for chromatin condensation and DNA
breakdown in the nucleus. In addition, the induction of apoptotic body formation and
cytoskeletal rearrangement is attributed to caspase-3 (Nagata, 2000). Activation of the
actin-binding protein gelsolin is also mediated by caspase-3. In healthy cells, gelsolin
plays an essential role in the modulation of the actin cytoskeleton. After being cleaved by
caspase-3, the gelsolin parts break down actin filaments calcium-independently and throw
cellular transportation and signaling into disarray. The final step of apoptosis is the
phagocytosis of apoptotic cell material (Brentnall, Rodriguez-Menocal, De Guevara,
Cepero, & Boise, 2013). The essential mark of phagocytic digestion is considered to be
phosphatidylserine translocation on the outer membrane and subsequent membrane

phospholipid asymmetry. The presence of phosphatidylserine on outward-facing sites of
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the cell surface promotes the identification of apoptotic cells for further non-
inflammatory phagocytosis and cellular clearance (Fadok, de Cathelineau, Daleke,
Henson, & Bratton, 2001).

2.1.3 Apoptosis and Carcinogenesis

Resistance to apoptosis or its attenuation has a pivotal role in human malignancies.
Cancer cells can develop apoptosis resistance or decrease through different mechanisms.
There are three main factors for the apoptosis deficiency, namely attenuated caspase
activity, defective death receptor signaling and perturbation in the balance of anti-
apoptotic and pro-apoptotic proteins. As one of the key players in the initiation and
execution of apoptosis, it is evident than any impaired function or reduced activity of
these proteins may result in the serious defect in the apoptosis progression and
subsequently carcinogenesis (Fink & Cookson, 2005; Wong, 2011). Death receptor
signaling can be also disrupted through different abnormalities, which leads to abortion
of the extrinsic pathway of apoptosis. Such dysregulations include reduction in the level
of death signals, underexpression of the receptor and defect in receptor functions. All of
these contributing factors strengthen cancer development through disruption of the
extrinsic pathway (Fulda, 2010; Wong, 2011).

Among various proteins involved in apoptosis induction, the ratio between anti-apoptotic
and pro-apoptotic proteins plays a pivotal role in the apoptosis progression, rather than
the absolute quantity of proteins. However, changes in the expression of some genes and
their corresponding proteins can lead to carcinogenesis through suppression of apoptosis
in malignant cells (Hanahan & Weinberg, 2000; Wong, 2011). In the Bcl-2 family of
proteins, the imbalance between pro-apoptotic and anti-apoptotic members results in the
dysregulation of apoptosis in the aberrant cells. This perturbation can be due to an
underexpression of one or few pro-apoptotic proteins or an overexpression of one or few

anti-apoptotic proteins or their combination (Wong, 2011).
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At the short arm chromosome 17, the tumor suppressor gene TP53 encodes one of the
most important tumor suppressor proteins, tumor protein 53 or p53, which is named after
its molecular weight. After its identification in 1979, extensive research has been
performed on the underlying role of p53 in carcinogenesis. Besides apoptosis, p53 is a
key player in different cellular mechanisms, including chromosomal segregation, DNA
recombination, gene amplification, cell cycle regulation and development. Deficiency in
the p53 function has been detected in more than 50% of human malignancies (Bai & Zhu,
2006; Levine, Momand, & Finlay, 1991; Oren & Rotter, 1999).

2.1.4 Nuclear Factor kB (NF-kB) and Carcinogenesis

As a family of transcription factors, NF-kB has a pivotal role in the modulation of
different cellular processes such as inflammation, immune responses and oncogenesis.
Expression of a variety of genes involved in different facets of cancer, including
apoptosis, migration and proliferation, is rigorously regulated by NF-kB. Perturbation in
the NF-kB activity has been reported in various types of cancer. The growing body of
experimental evidence supporting the functional roles of NF-kB activation in molecular
oncology has stimulated significant scientific interest in characterizing NF-kB as a
therapeutic target for the cancer treatment (Dolcet, Llobet, Pallares, & Matias-Guiu,
2005).

NF-kB family of transcription factors contains five genes, namely RelA (p65), RelB, c-
Rel, NF-xB1 (p50/p105) and NF-«xB2 (p52/p100) with a mutual sequence of Rel
Homology Domain (RHD), and produces seven proteins. The RHD is responsible for
dimerization and attachment to DNA and specific inhibitors. NF-kB1 (p50/p105) and NF-
kB2 (p52/p100) are synthetized in an initial structure, while RelA, RelB and c-Rel are
produced in their complete structures and their transactivation domain mediates binding
to transcriptional factors. The proteins of p52 and p50 are matured through proteolysis of

p105 and p100 at C-terminal ankyrin repeats by the proteasome. Although p52 and p50
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have the DNA binding domain, but do not include transactivation domain (Karin & Ben-
Neriah, 2000).

NF-kB can inhibit both extrinsic and intrinsic pathways of apoptosis through activation
of some cellular factors, which subsequently suppress apoptosis proteins. The extrinsic
pathway can be interfered through upregulation of some proteins by NF-kB. One such a
protein is c-FLIP, which have a structural similarity with caspase-8 and compete with this
protein for binding to DISC. However, c-FLIP does not have any protease activity and
suppress the caspase cascade. Extensive research into the upregulation of c-FLIP in
numerous tumors has led to the general consensus that this protein may be responsible
for the resistance to death receptor apoptosis in certain types of cancer. In addition, NF-
kB can also target other TNF-a-related proteins like TRAF6 and TRAF2 and activate pro-
survival factors (Olsson et al., 2001; Panka, Mano, Suhara, Walsh, & Mier, 2001; Thomas
et al., 2002; Wang, Mayo, Korneluk, Goeddel, & Baldwin, 1998).

Upregulation of certain anti-apoptotic Bcl-2 family members and IAPs by NF-kB can
also affect the quality of apoptosis induction. IAPs (XIAP, c-IAP1 and c-IAP2) directly
suppress executioner caspases and subsequently abort apoptosis through both intrinsic
and extrinsic pathways. Meanwhile, expression of anti-apoptotic proteins of the Bcl-2
family neutralizes the activity of pro-apoptotic proteins and only suppress the
mitochondrial dependent pathway. Furthermore, interaction between NF-kB and p53
transcriptional activity may lead to the suppression of p53-induced apoptosis. This
process is mediated by downregulation of p5S3 and expression of certain anti-apoptotic
genes (Deveraux et al., 1998; Dolcet et al., 2005; Wang et al., 1998).

2.1.5 Cell Cycle

Cell replication is mediated through a chain of actions known as the cell cycle. This
process contains two main phases, namely S and M, whereby chromosome synthesis

(duplication) and cell mitosis are performed and result in two daughter cells. Cells are
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separated and prepared for the respective phases by other two phases, namely G1 and G2,
to form the full cycle of M-G1-S-G2 as demonstrated in Figure. 2.3 (Kinjyo, Weninger,
& Hodgkin, 2015). In mammalian cells, a variety of antiproliferative and proliferative
signals strictly regulate the quality of cell division at specific cell cycle check points. The
checkpoints have a pivotal role to assure the precise replication of nuclear DNA through
a detailed assessment of DNA damage (Thornton & Rincon, 2009). The cell cycle
progression relies on the physical interactions of small serine/threonine kinases known as
cyclin dependent kinases (CDKs) and their activating cyclin subunits. In the presence of
unfixable DNA damages, suppression or expression of certain regulators aborts cell

division through cell cycle arrest and apoptosis induction (Malumbres et al., 2009).
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Figure 2.3: The different phases in cell cycle.

2.1.5.1 Mechanisms of Cell Cycle
The cyclin dependent kinases (CDKs) contain at least two important subunits, namely a

cyclin and a kinase, and are the core of the regulatory apparatus. Changes in the structures
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of these complexes drive the cells from passing through their checkpoints and moving to
the next stages. Phosphorylation of different proteins by CDKs leads to the inactivation
or activation of the respective proteins and directs the cell cycle progression. In
mammalian cells, a constellation of cyclins (D, E, A and B) is expressed along with a
constellation of kinases (CDK4, CDK6, CDK2 and CDC2) to promote cell cycle
progression from G1 phase to M phase. In response to growth factors or other cellular
signals, there is accumulation of CDKs (CDK4 and CDK6) and several D-type cyclins
(D1, D2 and D3) in the early entry of G1 phase. In the late G1 phase, expressed cyclins
A and E establish complexes with CDK2 to mediate the G1 to S transition and DNA
duplication (M.-T. Park & Lee, 2003).

Since the regulation of the cell cycle progression is pivotal for appropriate proliferation
and homeostasis, CDKs are subjected to a wealth of controls, including the
dephosphorylation and phosphorylation of key sites on CDKs, the proteosomal
degradation of selected regulatory proteins and transcriptional regulation of cyclin genes
(Kirienko et al., 2010). While CDKSs and their corresponding cyclins positively regulate
cell cycle progression, there are suppressive factors, such as cyclin-dependent kinase
inhibitors (CKIs), which inhibit this process in response to different cellular signals.
Physical interactions between CKIs and CDKs can suppress CDKs activity. There are
two main families of CKIs, namely INK family and CIP/KIP family. Members of the INK
family, namely INK4D (p19), INK4C (p18), INK4A (p16) and INK4B (p15) negatively
regulate cell cycle progression through direct association with CDK4 and CDK6, and
prevention of their attachment with D-type cyclins. Members of the CIP/KIP family,
namely KIP1 (p27), KIP2 (p57) and CIP1 (p21) mediate their negative regulatory effects
through complex formation with the G1/S CDKs (Figure 2.3). Generally, KIP1 (p27) is
highly expressed in quiescent cells. As one of the effectors of p53, CIP1 (p21) plays an

important role in DNA damage checkpoint (Massagué, 2004; Sherr, 2000; Sherr &
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Roberts, 1999). In the late G1 phase, there is the restriction point, which is the pivotal
point of cell cycle regulation and irreversibly mediates the next stage of the cell cycle.
Cyclin E-dependent kinases and cyclin D are responsible for the regulation of the
restriction point (Adams, 2001).

As a timer of transcriptional events and a tumor suppressor protein, the retinoblastoma
protein (pRb) functions after being phosphorylated by activated Gl-phase CDK
complexes. Hyper- or hypo-phosphorylated pRb can suppress or activate the E2F family
of transcription factors. There are a host of genes, including cyclin A, cyclin E, CDK1,
dihydrofolate reductase and thymidylate synthase, which are regulated by E2Fs and
regulate the progression of cells through S, G2 and M phases (Harbour & Dean, 2000).
Completion of the DNA duplication process prepares the cell to move to the next stage
through G2 phase. A noted elevation in cyclin B expression facilities this process and
interaction of cyclin B with CDK1 in the presence of CDC2 forms the complex of mitosis-
promoting factor (MPF). Activation of MPF is mediated by phosphorylation of CDK 1
on a threonine residue (Thr 161) by CDC25 phosphatase. Later, the MPF complex causes
cyclin B degradation and the initiation of anaphase through induction of the ubiquitin
proteasome pathway. At the end, dephosphorylation of CDK1 at Thr 161 resets the cell
cycle clock (King, Deshaies, Peters, & Kirschner, 1996; King, Jackson, & Kirschner,
1994).

2.1.6 Cell Cycle Control and Cancer Treatment

Perturbation in the cell cycle regulation in different types of cancer has highlighted an
auspicious therapeutic approach. In fact, the quiescence of cancer cells can be mediated
by regulating appropriate restriction point control. In addition, excessive proliferation of
cancer cells can be also employed for facilitation of apoptosis and selective treatment

with chemotherapeutic agents (Y.-N. P. Chen et al., 1999).
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Due to their important role in the cell cycle machinery, CDKs have been potential targets,
and development of their selective inhibitors is the most promising paradigm. Extensive
research has led to the establishment and modification of potent CDK suppressors. There
are three main properties, which make CDK suppressors interesting therapeutic agents.
Firstly, they can abort cell proliferation through cell cycle arrest at G1 or G2/M phases
(Soni et al., 2001). Second, their administration alone or in combination with other
anticancer agents can mediate apoptosis induction (Edamatsu, Gau, Nemoto, Guo, &
Tamanoi, 2000). Third, in some cases, CDK suppression can contribute to the cell
differentiation (Matushansky, Radparvar, & Skoultchi, 2000).

Promising gene therapeutic approaches have been also developed, which target negative
regulator of the cell cycle apparatus, including KIP1 (p27), CIP1 (p21) and INK4A (p16),
to suppress cell transformation and malignancy development. If the origin of cancer is
fully illustrated, gene therapy can provide the highest opportunity for tumor treatment.
However, the gene delivery system should be delicately optimized for maximum transfer
of the target gene to the specific tissue (M.-T. Park & Lee, 2003).

2.2 Peptic Ulcer

Duodenal and gastric ulcers give rise to peptic ulcer disease, which has been a critical
threat to the human population worldwide since the nineteenth century, with heightened
outbreaks and extensive fatality. Epidemiological statistics for this disorder and its
difficulties have revealed remarkable geographic diversities in prevalence and frequency.
Ulcer disease development and the resultant death have been correlated with the
emergence of population growth and urbanization and were construed as a birth-cohort
incident while the disease was at its peak in newborns during the late 19th century
(Sonnenberg, 2006; Susser & Stein, 1962). Our knowledge of the illness improved
significantly with the discovery of Helicobacter pylori in 1982 by Warren and Marshall

(Warren & Marshall, 1983). This breakthrough changed the perspective on the peptic
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ulcer disease from an acid-induced disorder to an infectious disease, revealing an
enormous area for thorough investigation that led to the more detailed explanation of

formerly proposed pathogenic processes (Peter Malfertheiner, Chan, & McColl, 2009).

The current therapeutic principle is based on the theory of the collapse of acid secretion,

which had obtained undeniable approval during and after the advent of histamine H»-

receptor antagonists. The extensive use of acid inhibitory treatment for gastric damage,
which resolved previous surgical difficulties, was steadily replaced by a provisional
antibiotic treatment aimed at the extermination of H. pylori infection (Peter Malfertheiner
et al., 2007). The eradication of H. pylori to treat peptic ulcers received its utmost credit
when Warren and Marshall were granted the Nobel Prize for Medicine and Physiology in
2005. Yet, this discovery has not ended the challenges of peptic ulcer complications. Low
doses of aspirin and non-steroidal anti-inflammatory drugs (NSAIDs) are increasingly
common initiators of ulcers and their difficulties even in H. pylori-negative cases.
Nonetheless, in addition to aspirin, NSAIDs and H pylori, there are also other uncommon

causes of ulcer disorder (Rodriguez & Tolosa, 2007).

2.2.1 Clinical Symptoms and Diagnosis

The main sign of the basic peptic ulcer is epigastric ache probably accompanied by further
dyspeptic manifestations such as nausea, a sensation of early fullness and bloating. In
patients suffering from intestinal ulcer, the epigastric pain generally strikes during the
night or in the food abstinence state and can typically be alleviated by food ingestion or
acid-counteracting mediators. Approximately one-third of these cases also suffer from
heartburn, mainly without erosive esophagitis. However, symptomless progression has
been reported for chronic ulcers (P Malfertheiner et al., 2002). In particular, this lack of
symptoms is observed in NSAID-driven ulcers, where perforation and upper gastric and

intestinal bleeding could be the initial medical indication of the ailment. Bleeding is the
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most prevalent and harsh adversity of peptic ulcers, reportedly occurring in 50—170 cases
per 100,000, and individuals older than 60 years have the highest risk. Perforation, of
course, occurs less frequently than bleeding, with a rate of approximately 7-10 cases per
100,000. The infiltration of retroperitoneal organs is accompanied by continuous acute
stinging and pain but is fortunately uncommon. Likewise, gastric outlet obstruction
caused by ulcer-driven fibrosis rarely occurs and would promote the concept of a latent
invasive disease (J. P. Gisbert & Pajares, 2003; Longstreth, 1995; Peter Malfertheiner et

al., 2009).

Endoscopy is employed for the diagnosis of a peptic ulcer, identified as a mucosal wall
break of a least 5 mm in diameter, while the term “erosion” is used for a mucosal break
of less than 5 mm. The 5-mm diameter is specifically used in clinical experiments and
could vary for other considerations, as its correlation with the clinical standard of mucosal
penetration is not yet fully clarified. The distinctive site of the intestinal ulcer is in the
duodenal bulb, where the digestive contents infiltrate into the small intestine, and the
number of ulcers can be notably different. Although capable of occurring at any location
from the pylorus to the cardia, the position of preference for gastric ulcers is the angulus
of the lesser curvature. Infrequently, kissing ulcers are detected facing the posterior and
anterior of the duodenal bulb walls. The observation of ulcers in the more distal
duodenum strongly implies latent ischemia, Crohn’s disease or the uncommon Zollinger-
Ellison syndrome. To diagnose gastrointestinal ulcer endoscopically and detect infection
by H. pylori, biopsy collection should be performed from the antral and fundus or body
mucosa using quick urease kits and histological examinations (Peter Malfertheiner et al.,

2009).

In most developed countries, symptoms similar to ulcer in patients older than 55 years

are normally not examined by endoscopic checkup but by non-aggressive examination
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for H. pylori, and positive cases must be treated with effective antibiotics. The respective
test-and-treat strategy can be rationalized based on the idea that symptoms in a number
of patients are the result of unrevealed ulcer disorder that can be treated by H. pylori
eradication. Furthermore, invasive disorder is rarely seen in the youthful population in
the absence of manifestations including vomiting, weight loss, anemia and loss of appetite

(Kenneth McColl, 2000; KEL McColl et al., 2002).

2.2.2 Pathogenesis

The pathogenesis of gastrointestinal ulcers has been described as a complicated process
that mainly involves deficiency in the protective activity of mucosal wall, perturbation in
gastric acid secretion and over-activation of pepsin. There are certain environmental
factors that facilitate ulcer production through the augmentation of gastric acid secretion
and attenuation of the gastric wall. These contributing factors include drug consumption,
inordinate alcohol intake and smoking; however, except for NSAIDs, none of them have
been described as a primary pathogenic factor (Lau et al., 2011; Rosenstock, Jergensen,
Bonnevie, & Andersen, 2003). In addition, the intensifying role of psychosocial
difficulties and social problems cannot be neglected in ulcer formation, although
duodenal ulcers have been primarily attributed to these factors only in limited cases. One
clarifying illustration here was the notable hemorrhagic ulcers in the aged after Great East
Japan Earthquake. Therefore, to be more accurate, the role of stress can be narrowed to
the bleeding ulcer (Gratrix, Enright, & O'Beirne, 2007; Rosenstock et al., 2003).

2.2.3 H. pylori-positive ulcer

Epidemiological data have shown a close correlation between infection with H. pylori
and gastric and duodenal ulcers. The most cogent substantiation of H. pylori as the critical
contributing factor in ulcer development was the irreversible treatment of peptic ulcers
after the deracination of bacterial infections. Less than 10% of H. pylori infections on the

mucosal wall become ulcers, although over half of the world’s population is infected with
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this bacteria. Determining factors of whether the infection will promote disease are the
histological framework for the gastritis induction; inheritable factors; ulcerogenic strains;
perturbations in acid secretion and gastric hormone homeostasis; interplay of H. pylori
with the mucosal wall; and immunopathogenesis and gastric metaplasia in the duodenum

(Peter Malfertheiner, Leodolter, & Peitz, 2000; Rauws & Tytgat, 1990).

2.2.4 Mechanisms of Peptic Ulcer and Gastroprotection

Preservation of the gastric mucosal barrier is highly dependent on the homeostasis
between healthy cells and aged, damaged or death cells. It is well established that the
gastric mucosa normally has a fast rate of exfoliation and proliferation with a three to five
day regeneration rate. Cell homeostasis is regulated in each part of the stomach through
apoptosis induction and involves 2% to 3% of all epithelial cells, although apoptosis
substantially affects the higher regions of the gastric glands (Szabo & Tarnawski, 2000).
H. pylori infection is among the critical factors that can influence the apoptotic process
in gastric cells (Backert et al., 2000). If the gastrotoxicity of contributing factors
overcomes the gastroprotective approaches of the human body, acute inflammation and
the production of different proinflammatory cytokines will result (Xu et al., 2010). Then,
the induction of acute inflammation subsequently causes neutrophil infiltration through
the gastric mucosal barrier (La Casa, Villegas, De La Lastra, Motilva, & Calero, 2000).
As a conserved family of proteins, heat shock proteins play a pivotal role in preserving
cells from stressful and destructive states. The folding of new proteins and refolding of
structurally flawed proteins is the main responsibility of these molecular chaperones
(Rokutan, 2000). Hsp70 (70 kDa), a member of the heat shock protein family, is
plentifully expressed in multiple cellular regions such as the nucleus, cytosol,
endoplasmic reticulum and mitochondria to protect cells against various types of stress,
including heat shock, oxidative damage, infection, toxic factors, heavy metals and

ischemia. The expression of Hsp70 can be reduced during the peptic ulcer formation,
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intensifying inflammatory responses (Konturek et al., 2001; Robert, Ménoret, Basu,
Cohen, & Srivastava, 2001).

As the rate-limiting enzyme, cyclooxygenase (COX), with its two isoforms COX-1 and
COX-2, is responsible for the production of prostaglandin Hz from arachidonic acid. To
preserve physiological homeostasis and contribute to prostaglandin production, the
regular expression of COX-1 in various tissues is required, while the role of COX-2 is
more highlighted in inflammatory reactions through the stimulation of different factors
such as growth factors, hormones, cytokines and mitogens (Church, Fleshman, &
McLeod, 2003). It is believed that COX-1 suppression contributes to ulcerogenic side
effects (Kurumbail, Kiefer, & Marnett, 2001).

2.2.5 Etiology and Management of Ulcers

Previously, it was believed that the induction of ulcers by NSAID was mediated through
the attenuation of mucosal surface hydrophobicity and ion trapping. More recently, it was
demonstrated that the inhibition of prostaglandin production is a contributing factor in
NSAID-induced ulcers. The identification of COX-1 and COX-2 greatly encouraged
pharmacological companies to create new NSAIDs that can selectively target COX-2.
However, while these NSAIDs cause less gastrointestinal damage, the possibility has not
been totally eliminated (Lanas et al., 2007; Wallace, 2008).

Animal studies have demonstrated that the interaction of gastric microcirculation with
neutrophils plays a pivotal role in triggering NSAID damage. Neutrophil adherence to the
vascular endothelium mediates gastric damage through ROS

production, protease liberation and the disturbance of gastric blood flow. The alleviation
of ulcer formation after the suppression of neutrophil adherence in animal studies
substantiated this pathogenic mechanism of NSAIDs (Fiorucci, Santucci, & Distrutti,
2007; Wallace, Keenan, & Granger, 1990). The growing body of experimental evidence
supports the protective role of hydrogen sulfide (H2S) and nitric oxide (NO) for the gastric
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mucosal barrier. H2S and No encourage mucus production, suppress neutrophil adherence
and elevate gastric blood flow. Therefore, NSAIDs that promote the release of H2S and
No were found to have greatly reduced destructive effects. In humans, the role of
neutrophils in the initiation of NSAID-induced injury remains under investigation
(Fiorucci et al., 2007).

The alleviation of acid secretion is the most essential approach to managing NSAID-
mediated gastric damage. Acid production apparently intensifies gastric ulcers through
its aggravation of mucosal lesions, interference in platelet activity and disruption of the
healing process (Papatheodoridis, Sougioultzis, & Archimandritis, 2006). The chance of
ulcer difficulties such as bleeding is four-fold higher in cases consuming NSAIDs than in
normal patients. Other contributing factors include the high-dose intake of NSAIDs; the
simultaneous consumption of anticoagulants, aspirin or corticosteroids; comorbidities; a
history of gastric related problems; and old age (Huang, Sridhar, & Hunt, 2002; Peter
Malfertheiner et al., 2009).

In 1910, Karl Schwarz began the innovation of the first generation of antiulcer drugs
based on targeting the molecular systems of the mucosal barrier and acid production, but
only an exiguous number of agents were medically approved to date (Schwarz, 1910).
The healing and management of ulcers were completely transformed after the
introduction of Ha-receptor antagonists. However, these antagonists were gradually
replaced by other therapeutic agents named PPIs (proton-pump inhibitors), which also
function through the suppression of acid production. PPIs were established in 1989 and
target parietal cells for the selective inhibition of H'K™ ATPase. Based on the close
correlation between the severity of ulcers and the level of acid production, PPIs were
widely acknowledged as the standard ulcer treatment. However, the reoccurrence of
ulcers after the treatment period convinced pharmacologists to ensure the continuation of

the drug consumption and suppression of the acid production even for years. Then, the
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revolution of ulcer therapy by the introduction of antibiotic treatment against H. pylori
changed this pattern (Fellenius et al., 1981; J. Gisbert et al., 2001; Peter Malfertheiner et
al., 2009).

Another group of antiulcer pharmaceutical agents was designed to function against
aspirin and NSAIDs and reinforce the mucosal wall. In this group, as a prostaglandin
analogue, misoprostol was commonly employed; however, its adverse side effects have
restricted its consumption. In addition, bismuth salts and sucralfate mediate ulcer
treatment through the strength of the mucosal barrier. The attenuation of H. pylori
infection and acid production also partially contributes to the therapeutic effect of
sucralfate (F. K. Chan et al., 2002; Ford, Delaney, Forman, & Moayyedi, 2004). The
limited antibiotic effect of bismuth salts against H. pylori enables them to be employed
as complementary treatment with antibiotics. In the last few decades, typical
cytoprotective agents were replaced by a new efficient therapy that applies PPIs and
antibiotic treatment against ulcers induced by gastrotoxic agents and H. pylori,
respectively (Peter Malfertheiner et al., 2009).

2.3 Wound Healing

Wounds, especially chronic wounds, are devitalizing afflictions that affect a patient’s
recuperation process and severely reduce quality of life. Recent research on the Western
pharmacopeia revealed that only 1%—3% of the recorded drugs are acceptable for skin-
related afflictions involving wounds. In contrast, almost one-third of herbal medicines
may be efficiently employed for such a purpose (Hayouni et al., 2011). Hence, novel
medications derived from natural products with the capability of healing wounds have
become a thriving approach as a means to improve curative impacts and accelerate the
wound-healing process (Kumar, Vijayakumar, Govindarajan, & Pushpangadan, 2007).
2.3.1 Mechanisms of Wound Healing

Wound healing is a dynamic procedure involving four overlapping, nonstop, and
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accurately organized phases, namely coagulation, inflammation, proliferation and
maturation (Gouin & Kiecolt-Glaser, 2011; Vidinsky et al., 2006). Every phase must
occur in an accurate and structured routine. Prolongation, disruption or deviation of the
procedure can result in long-lasting wound healing or an incurable chronic wound. In
optimum wound healing, these four phases consist of the following processes in adult
individuals: (I) instant hemostasis; (II) inflammatory responses; (III) migration,
reproduction and differentiation of mesenchymal cells to the wound area; (IV)
appropriate angiogenesis; (V) rapid re-epithelialization (re-development of epithelial
tissue around the wound area); and (V) suitable synthesis, cross-linking, and association
of collagen to strengthen the tissue in recovery (Gosain & DiPietro, 2004). Immediately
after wounding, the first stage of hemostasis instigates straightaway with vascular
compression and expansion of the fibrin clot. Consequently, the clot and adjacent wound
tissue secrete growth factors and pro-inflammatory cytokines such as platelet-derived
growth factor (PDGF), transforming growth factor (TGF)-B, epidermal growth factor
(EGF) and fibroblast growth factor (FGF). After control of the bleeding, chemotaxis
occurs, which is the migration of inflammatory cells into the wound leading to promotion
of the inflammatory stage, which is marked by the successive permeation of neutrophils,
macrophages and lymphocytes. The removal of intruding microbes and cellular detritus
in the wound site is a crucial role of neutrophils; however, these cells also generate
materials such as ROS and proteases, which result in some further side damage (Campos,

Groth, & Branco, 2008; Gosain & DiPietro, 2004).

Macrophages perform multiple functions in the wound healing process. In the early phase
of wound incidence, macrophages produce cytokines that stimulate the inflammatory
reaction by employing and triggering supplementary leukocytes. In addition,
macrophages can control the induction and removal of apoptotic cells (involving

neutrophils), thereby preparing the pathway for inflammation activity. While
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macrophages remove these apoptotic cells, they undergo a phenotypic change to a
recovering condition that activates fibroblasts, angiogenesis and keratinocytes to induce
tissue reinforcement. Thus, macrophages support the transformation to the proliferative

state of healing (Meszaros, Reichner, & Albina, 2000; Mosser & Edwards, 2008).

After the inflammatory cells and macrophages, T-lymphocytes drift towards wounds, and
their presence peaks throughout the late proliferation and initial maturation phases. The
function of T-lymphocytes is not fully understood and is currently an area of rigorous
scrutiny. Numerous investigations indicate that overdue T-cell permeation and reduced
T-cell aggregation in the wound area are correlated with debilitated wound healing, as
other studies have reported that CD 4+ cells (helper T cells) play a beneficial role in
wound healing, while CD 8+ cells (suppressor-cytotoxic T cells) exhibit a preventive
function in wound healing (J. E. Park & Barbul, 2004; Swift, Burns, Gray, & DiPietro,
2001). Remarkably, an in vivo study performed by Gawronska-Kozak et al. (Gawronska-
Kozak, Bogacki, Rim, Monroe, & Manuel, 2006) in mice lacking in both T- and B-cells
revealed that the maturation phase is devitalized in the absence of lymphocytes.
Furthermore, epidermis gamma-delta T-cells control several facets of wound healing,
with functions that include preserving tissue structure, shielding against pathogens and
adjusting inflammation. Due to their distinctive dendritic (branched form) morphology,
these cells are also known as dendritic epidermal T-cells (DETCs). DETCs are stimulated
by agitated, impaired, or distorted keratinocytes and generate keratinocyte growth factors,
fibroblast growth factor 7 (FGF-7), and insulin-like growth factor-1 to maintain
keratinocyte reproduction and cell vitality. Additionally, DETCs produce chemokines
and cytokines that participate in the induction and balancing of the inflammatory reaction
in the course of wound healing. While interference between keratinocytes and epidermis

gamma-delta T-cells is a factor in the preservation of ordinary skin and wound restoration,
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mice with the absence of skin gamma-delta T-cells reveal interruption in wound closing
and a reduction in the propagation of keratinocytes at the wound area (Jameson & Havran,

2007; Mills, Taylor, Podshivalova, McKay, & Jameson, 2008).

The proliferation phase, in general, follows and overlaps with the inflammation phase and
is identified by epithelial division and movement over the temporary matrix surrounding
the wound (re-epithelialization). In the recovering dermis, the most prominent cell types
are endothelial cells and fibroblasts, which sustain collagen production, capillary
development and the construction of granulation tissue at the injury area. Within the site
of the wound, fibroblasts give rise to collagen in addition to proteoglycans and
glycosaminoglycans, which happen to be main factors of the extracellular matrix (ECM).
After potent proliferation and ECM production, the ultimate maturation phase of wound
healing begins, which can continue for years. The restoration of numerous newly
produced blood vessels happens in this phase, allowing the vascular density of the wound
to return to normal. One of the essential characteristics of the maturation phase is the
transformation of the ECM to a structure that matches the normal tissue. In addition, the
wound undergoes physical constriction throughout the wound-healing procedure, which
is evidently facilitated by flexible fibroblasts (myofibroblasts) that are developed in the

wound (Campos et al., 2008; Gosain & DiPietro, 2004).

2.3.2 Wound Healing Therapeutic Potential of Phytochemicals

The investigation of wound healing medications is an ongoing process in modern
biomedical studies, and the exploration of plant-derived compounds represents a major
chapter of this research. The utilization of herbs and their extracts dates back to the
prehistoric cultures of the East as well as Africa and of Indigenous American and
Indigenous South American civilizations. Over 50% of all medications in experimental

use with a natural product source reveal the significance of plants as an origin of
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medicinal agents (Davis & Perez, 2009). Wound healing stimulation by plant-derived
products is mainly characterized by high admissibility and desirable toleration (Jagetia,
Venkatesha, & Reddy, 2003). Although various natural products have been declared to
possess therapeutic effects, many of them do not represent well-conducted scientific
records and must be analyzed with regard to the active chemical combinations and

clarification of the molecular process of their activities (Dulak, 2005).

The wound healing mechanism is stimulated by a number of natural products composed
of'active components such as flavonoids, triterpenes and alkaloids (Sumitra, Manikandan,
& Suguna, 2005). Curcumin derived from Curcuma longa, asiaticoside from Centella
asiatica, quercetin, isorhamnetin and kaempferol derivatives of Hippophae rhamnoides,
phenolic acids from Chromolaena odorata, B-sitosterol and glycoprotein from the gel of
Aloe vera, fukinolic acid and cimicifugic acids from Cimicifuga sps., proanthocyanidins
and resveratrol derived from Vitis vinifera, oleanolic acid from Anredera diffusa, acylated
iridoid glycosides extracted from Scrophularia nodosa and xyloglucan from Tamarindus
indicus are a few of the significant plant-derived compounds effective in wound healing,

which have been examined through in vivo trials (Ayyanar & Ignacimuthu, 2009).

While in vitro investigations are exceedingly critical to determine the primary suitable
amount of possible compounds, further in vivo examinations are required to determine
the impact of different factors such as the antimicrobial component in wound exudate,
antimicrobial peptides and growth factors. Alongside the limited clinical experiments
certifying their application for therapeutic involvement in wound remedies, further
investigations are required with meticulous and reproducible compound preparations

(Davis & Bouzari, 2004).
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2.4 Annona muricata

A. muricata L., locally known as sirsak, paw-paw, guanabana, graviola and soursop, is a
member of the Annonaceae family, which contains approximately 2,300 species and 130
genera (Leboeuf, Cavé, Bhaumik, Mukherjee, & Mukherjee, 1980; Mishra, Ahmad,
Kumar, & Sharma, 2013). 4. muricata belongs originally to the tropical countries in North
and South America but currently has a wide distribution throughout subtropical and
tropical areas of the world, including Nigeria, Malaysia and India (S. O. Adewole &
Caxton-Martins, 2006). 4. muricata is an erect, terrestrial evergreen tree of 5-8 m in
height and shows a roundish, open canopy with dark green, glossy, large leaves. The
heart-shaped green fruits of the tree are edible and reach 15-20 cm in diameter (Figure
2.4) (de Souza, Benassi, da Silva, Afonso, & Scarminio, 2009). There are numerous data
in the literature showing various biological activities of A. muricata, which exhibits anti-
arthritic (P. Chan, Ah, & Mh, 2010), anticancer (Asare et al., 2015), anticonvulsant
(N'gouemo, Koudogbo, Tchivounda, Akono-Nguema, & Etoua, 1997), antidiabetic and
hypolipidemic (Adeyemi, Komolafe, Adewole, Obuotor, & Adenowo, 2009), anti-
inflammatory and anti-nociceptive (Hamid, Foong, Ahmad, & Hussain, 2012),
antioxidant (George, Kumar, Suresh, & Kumar, 2014), antihypertensive (Nwokocha et
al., 2012), antiparasitic (Osorio et al., 2007), hepatoprotective and bilirubin-lowering
(Arthur, Terlabi, Larbie, & Woode, 2012), insecticidal (Ribeiro, Akhtar, Vendramim, &

Isman, 2014) and molluscicidal activities (Dos Santos & Sant'Ana, 2001).
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Figure 2.4: (A) Whole tree, (B) leaves, (C) flowers and (D) fruits of 4. muricata.

2.4.1 Ethnomedicinal Usage of A. muricata

Different parts of the A. muricata tree, like other Annona species such as A. reticulata
and A. squamosa, are prevalently employed in ethnomedicine for various diseases and
ailments, especially parasitic infections and cancer. The leaves are used to treat
headaches, diabetes, insomnia and cystitis. In addition, neuralgic and anti-rheumatic
effects have also been attributed to the internal administration of the leaf’s decoction,
while topical administration of the cooked leaves is used against rheumatism and
abscesses. As a natural medicine, the fruits are used for skin rushes and parasites, and
they are also consumed to augment a mother’s milk after childbirth (S. O. Adewole &
Caxton-Martins, 2006; De Sousa, Vieira, De Pinho, Yamamoto, & Alves, 2010; Mishra
et al., 2013). The crushed seeds are considered to possess anthelmintic effects against
parasites, internal and external worms. In tropical Africa, the plant is used as an
astringent, insecticide and piscicide agent and to treat coughs, pain and skin diseases. In

tropical areas of Africa such as Nigeria and in South America, A. muricata leaves are
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used as a traditional medicine against cancer and tumors (S. Adewole & Ojewole, 2009).
In Malaysia, the combination of 4. muricata crushed leaves with Hibiscus rosa-sinensis
and A. squamosa is employed to protect against fainting (Ong & Norzalina, 1999). In
India, the leaves and root-bark are believed to possess anthelmintic and antiphlogistic
effects, while the flower and fruit are used as a catarrh treatment (S. Adewole & Ojewole,
2009; Watt & Breyer-Bnodwijk, 1962). Moreover, hypotensive, sedative, antispasmodic,
smooth muscle relaxant, hypoglycemic and anti-inflammatory effects have also been
reported for the roots, leaves and bark of A. muricata (S. O. Adewole & Caxton-Martins,
2006; Mishra et al., 2013). In addition to its traditional usage, there is widespread use of
the fruits in the production of shakes, ice creams, syrups, candy and beverages (Jaramillo-

Flores & Hernandez-Sanchez, 2000; Wu, Gu, et al., 1995).

2.4.2 Phytochemicals of A. muricata

Thorough phytochemical research on all portions of the A. muricata tree has revealed the
existence of different classes of compounds, namely phenolics (PLs) (Jiménez,
Gruschwitz, Schweiggert, Carle, & Esquivel, 2014), alkaloids (ALKs) (Leboeuf et al.,
1980; Leboeuf et al., 1981), flavonol triglycosides (FTGs) (Nawwar et al., 2012),
megastigmanes (MGs) (Matsushige, Matsunami, Kotake, Otsuka, & Ohta, 2012),
essential oils and cyclopeptides (CPs) (Figure 2.4, Table 2.1) (Kossouoh, Moudachirou,
Adjakidje, Chalchat, & Figuérédo, 2007; Pélissier et al., 1994). However, like other
Annona species, A. muricata is well-known to possess a variety of acetogenin compounds
(AGESs) (Rupprecht, Hui, & McLaughlin, 1990). In addition, as a rich source of minerals,
including Fe, Na, K, Mg and Cu, the 4. muricata fruit can supply certain required

elements and essential nutrients for the human body (Gyamfi et al., 2011).

36



2.4.3 Essential Oil of A. muricata

A phytochemical investigation on A. muricata leaves gathered from Vietnam reported
major volatile oil constituents of f-elemene (9.1%), a-pinene (9.4%), p-mentha-2,4(8)-
diene (9.8%), germacrene D (18.1%) and pS-pinene (20.6%) (Thang, Dai, Hoi, &
Ogunwande, 2013). In addition, a-cadinol, epi-a-cadinol and d6-cadinene have been
identified as other significant phytoconstituents in the leaf oil extracts (Kossouoh et al.,
2007). GC analysis of A. muricata leaves gathered from Cameroon revealed the existence
of mostly sesquiterpenes, with B-caryophyllene as the major compound (Fekam Boyom,
Amvam Zollo, Menut, Lamaty, & Bessiére, 1996). The essential oil of the fruit pulp
contained esters of aliphatic acids with significant phytoconstituents of 2-hexenoic acid
ethyl ester and 2-hexenoic acid methyl ester. Moreover, high concentrations of mono-
and sesquiterpenes such as linalool, 1,8-cineole and B-caryophyllene were identified in
the fruit pulp (Jirovetz, Buchbauer, & Ngassoum, 1998).

2.4.4 Annonaceous Acetogenins of A. muricata

AGEs are a unique class of C-35/C37 secondary metabolites derived from long chain (C-
32/C34) fatty acids in the polyketide pathway. They are usually characterized by a
combination of fatty acids with a 2-propanol unit at C-2 that forms a methyl-substituted
a,B-unsaturated y-lactone (Alali, Liu, & McLaughlin, 1999). Since the isolation of
uvaricin from Uvaria accuminata in 1982, over 500 AGEs have been characterized from
various members of the Annonaceae family (McLaughlin, 2008; Tempesta, Kriek, &
Bates, 1982). Due to their broad biological activities and unique chemical structures,
AGEs have attracted substantial scientific attention over the past few decades. A wide
array of biological activities such as pesticidal, antiparasitic and antimalarial activity have
been reported for AGEs (Alali et al., 1999; Carmen Zafra-Polo, Figadére, Gallardo,
Tormo, & Cortes, 1998). However, the biological characterization of AGEs is generally

evaluated based on suppressive activity against the mitochondrial complex I and cancer
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cells (Chih, Chiu, Tang, Chang, & Wu, 2001; Zafra-Polo, Gonzélez, Estornell, Sahpaz,

& Cortes, 1996). Extensive biological and phytochemical research on 4. muricata has led

to the isolation of more than 100 AGEs, as shown in Table 2.1 and Figure 2.5.

Table 2.1: Annona muricata isolated chemical compounds. CP: cyclopeptide; PL:

phenolic; AGE: annonaceous acetogenin; ALK: alkaloid; FTG: flavonol triglycoside;

MG: megastigmane.

Plant part Compound Class  Biological activity References
Fruits annonaine ALK anti-depressive (Hasrat, Bruyne,
BACKER,
Vauquelin, &
Vlietinck, 1997,
Hasrat, Pieters, De
Backer, Vauquelin,
& Vlietinck, 1997)
Fruits nornuciferine ALK anti-depressive (Hasrat, Bruyne, et
al., 1997; Hasrat,
Pieters, et al., 1997)
Fruits asimilobine ALK  anti-depressive (Hasrat, Bruyne, et
al., 1997; Hasrat,
Pieters, et al., 1997)
Fruits epomusenin-A AGE - (Melot, Fall, Gleye,
& Champy, 2009)
Fruits epomusenin-B AGE - (Melot et al., 2009)
Fruits epomurinin-A AGE - (Melot et al., 2009)
Fruits epomurinin-B AGE - (Melot et al., 2009)
Fruits cis-annoreticuin AGE - (Ragasa, Soriano,
Torres, Don, &
Shen, 2012)
Fruits muricin J AGE toxicity against PC-  (Sun, Liu, Kadouh,
3 cancer cells Sun, & Zhou, 2014)
Fruits muricin K AGE toxicity against PC- (Sun et al., 2014)
3 cancer cells
Fruits muricin L AGE toxicity against PC-  (Sun et al., 2014)
3 cancer cells
Fruits cinnamic acid derivative PL - (Jiménez et al.,
2014)
Fruits coumaric acid hexose PL - (Jiménez et al.,
2014)
Fruits 5-caffeoylquinic acid PL - (Jiménez et al.,
2014)
Fruits dihydrokaempferol- PL - (Jiménez et al.,
hexoside 2014)
Fruits p-coumaric acid PL - (Jiménez et al.,
2014)
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Fruits caffeic acid derivative PL - (Jiménez et al.,
2014)

Fruits dicaffeoylquinic acid PL - (Jiménez et al.,
2014)

Fruits feruloylglycoside PL - (Jiménez et al.,
2014)

Fruits 4-feruloyl-5- PL - (Jiménez et al.,
caffeoylquinic acid 2014)

Fruits p-coumaric acid methyl PL - (Jiménez et al.,
ester 2014)

Leaves, annomuricin A AGE toxicity against (Jaramillo, Arango,

Pericarp brine shrimp, HT- Gonzalez, Robledo,
29, MCF-7 and & Velez, 2000;
A549 cancer cells Wu, Gu, et al.,

1995)

Leaves annomuricin B AGE toxicity against (Wu, Gu, et al.,
brine shrimp, HT- 1995)

29, MCF-7 and
A549 cancer cells

Leaves annomuricin C AGE  toxicity against (W, Zeng, et al.,
brine shrimp, HT- 1995b)
29, MCF-7 and
A549 cancer cells

Leaves annomuricin E AGE toxicity against HT- (Kim, Zeng, Alali,
29 and PACA-2 Rogers, Wu,
cancer cells McLaughlin, et al.,

1998)

Leaves annomutacin AGE toxicity against (Wu, Zhao, et al.,
A549 cancer cells 1995)

Leaves (2,4-cis)-10R- AGE toxicity against (Wu, Zhao, et al.,

annonacin-A-one A549 cancer cells 1995)
Leaves (2,4-trans)-10R- AGE toxicity against (Wu, Zhao, et al.,
annonacin-A-one A549 cancer cells 1995)

Leaves annohexocin AGE toxicity against (Zeng, Wu, &
brine shrimp and McLaughlin, 1995)
different cancer
cells

Leaves muricapentocin AGE toxicity against HT-  (Kim, Zeng, Alali,
29 and PACA-2 Rogers, Wu,
cancer cells McLaughlin, et al.,

1998)

Leaves (2,4-cis)-isoannonacin AGE - (W, Zeng, et al.,

1995a)

Leaves, (2,4-trans)-isoannonacin AGE - (D.-Y. Lietal,

Seeds 2001; Wu, Zeng, et

al., 1995a)

Leaves muricatocin A AGE toxicity against (Wu, Zeng, et al.,
A549 cancer cells 1995a)

Leaves muricatocin B AGE toxicity against (Wu, Zeng, et al.,
A549 cancer cells 1995a)

Leaves muricatocin C AGE toxicity against (Wu, Zeng, et al.,

brine shrimp, HT-
29, MCF-7 and
A549 cancer cells

1995b)
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Leaves, gigantetronenin AGE - (D.-Y. Lietal,
Seeds 2001; Wu, Zeng, et
al., 1995b)
Leaves, annonacin A AGE - (Jaramillo et al.,
Seeds, 2000; Wu, Zeng, et
Pericarp al., 1995a; Yu, Gui,
Luo, & Sun, 1998)
Leaves annopentocin A AGE  toxicity against (Zeng, Wu,
PACA-2 cancer Oberlies,
cells McLaughlin, &
Sastrodihadjo,
1996)
Leaves annopentocin B AGE toxicity against (Zeng et al., 1996)
A549 cancer cells
Leaves annopentocin C AGE  toxicity against (Zeng et al., 1996)
A549 cancer cells
Leaves cis-annomuricin-D-one  AGE toxicity against (Zeng et al., 1996)
PACA-2, HT-29
and A549 cancer
cells
Leaves trans-annomuricin-D- AGE toxicity against (Zeng et al., 1996)
one PACA-2, HT-29
and A549 cancer
cells
Leaves murihexocin A AGE toxicity against (Zeng, Wu, Gu, &
different cancer McLaughlin, 1995)
cells
Leaves murihexocin B AGE toxicity against (Zeng, Wu, Gu, et
different cancer al., 1995)
cells
Leaves murihexocin C AGE toxicity against (Kim, Zeng, Alali,
different cancer Rogers, Wu,
cells Sastrodihardjo, et
al., 1998)
Leaves muricoreacin AGE toxicity against (Kim, Zeng, Alali,
different cancer Rogers, Wu,
cells Sastrodihardjo, et
al., 1998)
Leaves cis-corossolone AGE  toxicity against (Liaw et al., 2002)
human hepatoma
cells
Leaves annocatalin AGE toxicity against (Liaw et al., 2002)
human hepatoma
cells
Leaves annocatacin B AGE toxicity against (Chang et al., 2003)
human hepatoma
cells
Leaves anonaine ALK neurotoxic (Fofana, Ziyaev,
Abdusamatov, &
Zakirov, 2011;
Matsushige,
Kotake, et al.,
2012)
Leaves isolaureline ALK - (Fofana et al.,
2011)
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Leaves xylopine ALK - (Fofana et al.,

2011)
Leaves Quercetin 3-O-a- FTG - (Nawwar et al.,
rhamnosyl- (1— 6)- 2012)
B-sophoroside
Leaves gallic acid FTG - (Nawwar et al.,
2012)

Leaves epicatechine FTG - (Nawwar et al.,
2012)

Leaves quercetin 3-O-rutinosid ~ FTG - (Nawwar et al.,
2012)

Leaves quercetin 3-O0- FTG - (Nawwar et al.,
neohispredoside 2012)

Leaves quercetin 3-O- FTG - (Nawwar et al.,
robinoside 2012)

Leaves catechine FTG - (Nawwar et al.,

2012)
Leaves chlorogenic acid FTG - (Nawwar et al.,
2012)
Leaves argentinine (I-N,N- FTG - (Nawwar et al.,
dimethylethanyl- 2012)
4,6-dimethoxy-3,8-
dihydroxy-
phenanthrene)
Leaves kaempferol 3-0- FTG - (Nawwar et al.,
rutinoside 2012)
Leaves quercetin 3-O-glucoside FTG - (Nawwar et al.,
2012)

Leaves quercetin FTG - (Nawwar et al.,
2012)

Leaves kaempferol FTG - (Nawwar et al.,
2012)

Leaves annonamine ALK - (Matsushige,
Kotake, et al.,
2012)

Leaves (S)-norcorydine ALK - (Matsushige,
Kotake, et al.,
2012)

Leaves (R)-4'-0O- ALK - (Matsushige,
methylcoclaurine Kotake, et al.,

2012)
Leaves (R)-0,0- ALK - (Matsushige,
dimethylcoclaurine Kotake, et al.,

2012)

Leaves annoionol A MG - (Matsushige,
Matsunami, et al.,
2012)

Leaves annoionol B MG - (Matsushige,
Matsunami, et al.,
2012)

Leaves annoionol C MG - (Matsushige,

Matsunami, et al.,
2012)




Leaves annoionoside MG (Matsushige,
Matsunami, et al.,
2012)

Leaves vomifoliol MG (Matsushige,
Matsunami, et al.,
2012)

Leaves roseoside MG (Matsushige,
Matsunami, et al.,
2012)

Leaves turpinionoside A MG (Matsushige,
Matsunami, et al.,
2012)

Leaves citroside A MG (Matsushige,
Matsunami, et al.,
2012)

Leaves blumenol C MG (Matsushige,
Matsunami, et al.,
2012)

Leaves (+)-epiloliolide MG (Matsushige,
Matsunami, et al.,
2012)

Leaves loliolide MG (Matsushige,
Matsunami, et al.,
2012)

Leaves (18,28,4R)-trans-2- MG (Matsushige,
hydroxy-1,8-cineole - Matsunami, et al.,
D-glucopyranoside 2012)

Leaves (Z)-3-hexenyl p-D- MG (Matsushige,
glucopyranoside Matsunami, et al.,

2012)

Leaves rutin MG (Matsushige,
Matsunami, et al.,
2012)

Leaves kaempferol 3-0- MG (Matsushige,
rutinoside Matsunami, et al.,

2012)

Leaves kaempferol 3-0- MG (Matsushige,

robinobioside Matsunami, et al.,
2012)

Leaves kaempferol 3-O-f-D- MG (Matsushige,
(2"-0-p-D- Matsunami, et al.,
glucopyranosyl,6"-O-a- 2012)

L-
rhamnopyranosyl)gluco
pyranoside
Roots montecristin AGE (C Gleye et al.,
1997)
Roots cohibin A AGE (Christophe Gleye
etal., 1997)
Roots cohibin B AGE (Christophe Gleye
etal., 1997)
Roots cis-solamin AGE (Gleye, Duret,
Laurens,
Hocquemiller, &
Cavé, 1998)
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Roots

cis-panatellin

AGE

(Christophe Gleye
et al., 1998)

Roots

cis-uvariamicin IV

AGE

(Christophe Gleye
et al., 1998)

Roots

cis-uvariamicin |

AGE

(Christophe Gleye
et al., 1998)

Roots

cis-reticulatacin

AGE

(Christophe Gleye
et al., 1998)

Roots

cis-reticulatacin-10-one

AGE

(Christophe Gleye
et al., 1998)

Roots

chatenaytrienin 1

AGE

(Christope Gleye et
al., 1998)

Roots

chatenaytrienin 2

AGE

(Christope Gleye et
al., 1998)

Roots

chatenaytrienin 3

AGE

(Christope Gleye et
al., 1998)

Roots

muridienin 3

AGE

(Christope Gleye et
al., 1998)

Roots

muridienin 4

AGE

(Christope Gleye et
al., 1998)

Roots

muricadienin

AGE

(Christope Gleye et
al., 1998)

Roots

coronin

AGE

(Gleye,
Akendengue,
Laurens, &
Hocquemiller,
2001)

Roots,
Fruits

sabadelin

AGE

(Gleye, Laurens,
Laprévote, Serani,
& Hocquemiller,
1999; Ragasa et al.,
2012)

Seeds

murisolin

AGE

(MYINT et al.,
1990)

Seeds

muricatacin

AGE

toxicity against HT-
29, MCF-7 and
A549 cancer cells

(Rieser, Kozlowski,
Wood, &
McLaughlin, 1991)

Seeds,
Leaves,
Pericarp

annonacin

AGE

neurotoxic,
molluscicidal,
inhibitor of
mitochondrial
complex |

(Champy et al.,
2004; Escobar-
Khondiker et al.,
2007; Jaramillo et
al., 2000; Luna et
al., 2006; Rieser et
al., 1991; Wu, Gu,
et al., 1995)

Seeds,
Leaves

corossolone

AGE

toxicity against KB
cancer cells and
brine shrimp larva,
antileishmanial

(Cortes et al., 1991;
Liaw et al., 2002;
Vila-Nova et al.,
2013; Vila-Nova et
al., 2011)

Seeds

corossolin

AGE

toxicity against KB
cancer cells and
brine shrimp larva

(Cortes et al., 1991)
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Seeds, solamin AGE toxicity against KB (Christophe Gleye

Roots, and VERO cancer et al., 1998; Hla

Leaves cells Myint et al., 1991;
Liaw et al., 2002)

Seeds corepoxylone AGE - (Gromek, Figadere,
Hocquemiller,
Cavé, & Cortes,
1993)

Seeds, annonacin-10-one AGE - (Rieser, Fang,

Leaves Rupprecht, et al.,
1993; Wu, Gu, et
al., 1995)

Seeds isoannonacin AGE molluscicidal, (Luna et al., 2006;

anticancer Rieser, Fang,

Rupprecht, et al.,
1993)

Seeds isoannonacin-10-one AGE - (Rieser, Fang,
Rupprecht, et al.,
1993)

Seeds, goniothalamicin AGE molluscicidal (Luna et al., 2006;

Leaves Rieser, Fang,
Rupprecht, et al.,
1993; Wu, Gu, et
al., 1995)

Seeds gigantetrocin AGE - (Rieser, Fang,
Rupprecht, et al.,
1993)

Seeds, gigantetrocin A AGE  toxicity against HT- (D.-Y. Lietal.,

Leaves 29 cancer cells 2001; Rieser, Fang,
Anderson, et al.,
1993; Wu, Gu, et
al., 1995)

Seeds gigantetrocin B AGE toxicity against HT- (D.-Y. Liet al,,

29 cancer cells 2001; Rieser, Fang,

Anderson, et al.,
1993; Wu, Gu, et
al., 1995)

Seeds, muricatetrocin A AGE toxicity against HT- (Rieser, Fang,

Leaves 29 cancer cells Anderson, et al.,
1993)

Seeds, muricatetrocin B AGE toxicity against HT- (Rieser, Fang,

Leaves 29 cancer cells Anderson, et al.,
1993)

Seeds, epomuricenin A AGE - (Melot et al., 2009;

Leaves Roblot, Laugel,
Lebceuf, Cavé, &
Laprévote, 1993)

Seeds, epomuricenin B AGE - (Melot et al., 2009;

Leaves Roblot et al., 1993)

Seeds annomuricatin A CP - (Chao-Ming et al.,
1998; C.-M. Li et
al., 1995)

Seeds annocatacin A AGE toxicity against (Chang et al., 2003)

human hepatoma
cells
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Seeds annomuricatin C CP - (Wélé et al., 2004)
Seeds cis-annonacin AGE crown gall tumor (Rieser et al., 1996)
inhibition, toxicity
against brine
shrimp, HT-29,
MCF-7 and A549
cancer cells
Seeds cis-annonacin-10-one AGE crown gall tumor (Rieser et al., 1996)
inhibition, toxicity
against brine
shrimp, HT-29,
MCF-7 and A549
cancer cells
Seeds cis-goniothalamicin AGE crown gall tumor (Rieser et al., 1996)
inhibition, toxicity
against brine
shrimp, HT-29,
MCF-7 and A549
cancer cells
Seeds arianacin AGE crown gall tumor (Rieser et al., 1996)
inhibition, toxicity
against brine
shrimp, HT-29,
MCF-7 and A549
cancer cells
Seeds javoricin AGE crown gall tumor (Rieser et al., 1996)
inhibition, toxicity
against brine
shrimp, HT-29,
MCF-7 and A549
cancer cells
Seeds murihexol AGE - (Yuetal., 1998)
Seeds donhexocin AGE - (Yuetal., 1998)
Seeds cohibin C AGE - (Gleye et al., 2000)
Seeds cohibin D AGE - (Gleye et al., 2000)
Seeds muricatenol AGE - (De Yu, YU, Xiu
Zhen, Lan, &
YANG, 2000; D.-
Y. Lietal, 2001)
Seeds 2,4-cis-gigantetrocinone  AGE - (D.-Y. Lietal.,
2001)
Seeds 2, 4-trans- AGE - (D.-Y. Lietal.,
gigantetrocinone 2001)
Seeds 2., 4-trans-isoannonacin- AGE - (D.-Y. Lietal.,,
10-one 2001)
Seeds annomontacin AGE - (D.-Y.Lietal.,
2001)
Seeds longifolicin AGE toxicity against (Chang & Whu,
human hepatoma 2001)
cells
Seeds muricin A AGE toxicity against (Chang & Wu,
human hepatoma 2001)

cells
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Seeds muricin B AGE toxicity against (Chang & Whu,
human hepatoma 2001)
cells
Seeds muricin C AGE toxicity against (Chang & Wu,
human hepatoma 2001)
cells
Seeds muricin D AGE toxicity against (Chang & Wu,
human hepatoma 2001)
cells
Seeds muricin E AGE toxicity against (Chang & Wu,
human hepatoma 2001)
cells
Seeds muricin F AGE toxicity against (Chang & Wu,
human hepatoma 2001)
cells
Seeds muricin G AGE toxicity against (Chang & Whu,
human hepatoma 2001)
cells
Seeds muricin H AGE toxicity against (Liaw et al., 2002)
human hepatoma
cells
Seeds muricin [ AGE toxicity against (Liaw et al., 2002)
human hepatoma
cells
Seeds cis-annomontacin AGE  toxicity against (Liaw et al., 2002)
human hepatoma
cells
Seeds, annonacinone AGE - (Liaw et al., 2002)
Leaves
Seeds xylomaticin AGE - (Liaw et al., 2002)
Seeds N-fatty acyl tryptamines ALK - (D.-Y. Lietal,
2001)
Seeds annoreticuin-9-one AGE - (Ragasa et al.,
2012)
Stem barks  epoxymurin A AGE - (Hisham et al.,
1993)
Stem barks  epoxymurin B AGE - (Hisham et al.,
1993)
Leaves, reticuline ALK - (Leboeuf et al.,
Roots, 1981)
Stems,
Barks
Leaves, coclaurine ALK - (Leboeuf et al.,
Roots, 1981)
Stems,
Barks
Leaves, coreximine ALK - (Leboeuf et al.,
Roots, 1981)
Stems,
Barks
Leaves, atherosperminine ALK - (Leboeuf et al.,
Roots, 1981)
Stems,
Barks
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Leaves, stepharine ALK (Leboeuf et al.,
Roots, 1981)

Stems,

Barks

Leaves, anomurine ALK (Leboeuf et al.,
Roots, 1981)

Stems,

Barks

Leaves, anomuricine ALK (Leboeuf et al.,
Roots, 1981)

Stems,

Barks
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Figure 2.5: Structures of the major chemical compounds of Annona muricata.
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2.4.5 Anticancer Activity of A. muricata

Describing A. muricata as “the cancer killer” highlights the marked anticancer potential
of this plant and AGEs (Mishra et al., 2013). Extensive research has reported the
substantial cytotoxic activity of A. muricata and its identified AGEs against different
cancer cells (Arroyo, Prashad, Vasquez, Li, & Tomas, 2005; Astirin, Artanti, Fitria,
Perwitasari, & Prayitno, 2013; Gavamukulya, Abou-Elella, Wamunyokoli, & AEI-
Shemy, 2014; George, Kumar, Rajkumar, Suresh, & Kumar, 2012; Jaramillo et al., 2000).
Nonetheless, only limited investigations have tried to clarify the molecular mechanisms
of this anticancer potential (Table 2.2). A recent study on the ethanolic extract of A.
muricata leaves showed caspase-3 activation upon treatment in myelogenous leukemic
K562 cells, suggesting apoptosis induction, which was substantiated by the TUNEL assay
(Ezirim et al., 2013). The anticancer potential of the 4. muricata leaf water extract was
also determined against rat prostates and the benign prostatic hyperplasia (BPH-1) cell
line. The in vitro findings demonstrated an ICso value of 1.36 mg/ml against BPH-1 cells
after 72 hours. The extract also caused the down-regulation of Bcl-2 and up-regulation of
Bax, as assessed by gene analysis. Upon in vivo testing, prostate size in rats was reduced
after administration of the extract (30 and 300 mg/ml), which was proposed to occur
through apoptosis induction (Asare et al., 2015). Another investigation on 7, 12-
dimethylbenzene anthracene (DMBA )-induced cell proliferation in mouse breast tissues
also confirmed this anticancer activity, implying notable antitumor potential against
breast carcinogenesis (Minari & Okeke, 2014). In addition, skin papillomagenesis
induced by croton oil and DMBA in mice was inhibited by A. muricata leaves (30 mg/kg)
at the initiation and promotion stages (Hamizah et al., 2012). A. muricata anticancer and
antitumor research has not been restricted solely to in vitro and in vivo studies. A case
study on a 66-year old woman demonstrated that the concomitant intake of Xeloda and

boiled 4. muricata leaves stabilized metastatic breast cancer (Hansra, Silva, Mehta, &
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Ahn, 2014). The promising antitumor and anticancer potential of 4. muricata leaves has
resulted in tablet formulations to be consumed as a complementary therapy against cancer

(Elisya, Kardono, & Simanjuntak, 2014).

Table 2.2: Anticancer studies on A. muricata.

Plant part Subject of study Effect Reference
water extract of rat’s prostate reduction of prostate size (Asare et al.,
the leaves 2015)
ethanolic extract breast tissues of prevention of DMBA-induced DNA (Minari &
of the leaves mice damage Okeke,
2014)
ethanolic extract DMBA/croton oil suppression of tumor initiation and (Hamizah et
of the leaves induced mice skin promotion al., 2012)
papillomagenesis
ethanolic extract DMH induced reduction of ACF formation (Eggadi et
of the leaves colon cancer al., 2014)
ethanolic extract K562 induction of apoptosis (Ezirim et
of the leaves al., 2013)
leaves boiled in metastatic  breast stabilization of disease (Hansra et
water cancer al., 2014)

2.4.6 Anti-inflammatory and Anti-nociceptive Activities of A. muricata

Oral treatment in rats with A. muricata ethanolic leaf extracts (10, 30, 100 and 300 mg/kg)
significantly reduced carrageenan-induced edema in rat paws by 79% in a dose-dependent
manner, demonstrating its anti-inflammatory activities (Roslida, Tay, Zuraini, & Chan,
2010). This anti-inflammatory effect was accompanied by reductions in leukocyte
migration and exudate volume (De Sousa et al., 2010). Oral administration of the same
extract in mice showed significant suppression of abdominal contortions induced with
acetic acid (0.6% v/v), exhibiting a powerful anti-nociceptive activity (Hamid et al., 2012;
Roslida et al., 2010). In addition, the formalin test, paw licking and hot-plate responses
also corroborated the marked analgesic effect of 4. muricata leaves (De Sousa et al.,
2010; Hamid et al., 2012; Roslida et al., 2010). The protective effect of A. muricata leaves
against Complete Freund’s adjuvant (CFA)-induced arthritis in rats and xylene-induced

ear edema in mice was associated with attenuation in TNF-a and IL-1B protein
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expression, demonstrating that the leaves could be used against both acute and chronic
inflammation (Hamid et al., 2012). The same assays have shown anti-inflammatory and
analgesic activities for A. muricata fruits, which were demonstrated to be induced through
the suppression of inflammatory mediators and interactions with the opioidergic pathway,
respectively (Ishola, Awodele, Olusayero, & Ochieng, 2014). These findings
demonstrated the anti-nociceptive and anti-inflammatory effects of A. muricata and
substantiated its traditional consumption as a pain killer.

2.4.7 Antioxidant Activity of A. muricata

The immoderate generation of intracellular ROS is a precursor of oxidative stress, which
subsequently catalyzes metabolic deficiency and cellular death through biochemical and
physiological lesions (Chance, Sies, & Boveris, 1979). The identification of antioxidants
from natural products has become a matter of great interest in recent studies for their
noteworthy role in nullifying the destructive effects of ROS (W. Chen, Weng, & Tseng,
2003; Liao et al., 2012). DRSA, FRAP and HRSA tests on the aqueous and methanolic
leaf extracts of 4. muricata revealed the marked antioxidative activities of both extracts,
accompanied by DNA protective effects against H2Oz-induced toxicity (George et al.,
2014). The antioxidant activity of 4. muricata leaves was found to be stronger than for
the A. squamosa and A. reticulata species, as shown in different in vitro models, such as
ABTS, nitric oxide and hydroxyl radicals (Baskar, Rajeswari, & Kumar, 2007). The seeds
and leaves of the plant are reported to possess enzymatic antioxidants, including catalase
and superoxide dismutase, and non-enzymatic antioxidants, including vitamin C and E
(Vijayameena, Subhashini, Loganayagi, & Ramesh, 2013). Padma and colleagues
showed that the ethanolic extract of A. muricata stem bark caused a reduction in lipid
peroxidation induced by cold immobilization stress in the brain and liver of rats,
indicating the adaptogenic potential of this plant (Padma, Chansauria, Khosa, & Ray,

2001; Padma, Chansouria, & Khosa, 1997). The stem bark extract (200 mg/kg) also
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showed protective effects against oxidative stress induced by carbon tetrachloride in rats
and significantly increased the oxidant levels and serum enzyme activities to near-normal
levels. The DPPH test showed the antioxidant activity of the stem bark (Olakunle,
Onyechi, & James, 2014). These findings strongly suggest the potential use of A. muricata

as a natural source of antioxidants.
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Abstract

Background: Annona muricata leaves have been reported to have antiproliferative effects against various cancer
cell lines. However, the detailed mechanism has yet to be defined, The current study was designed to evaluate the
molecular mechanisms of A muricata leaves ethyl acetate extract (AMEAE) against lung cancer A549 cells,

Methods: The effect of AMEAE on cell proliferation of different cell lines was analyzed by MTT assay. High content
screening (HCS) was applied to investigate the suppression of NF-kB translocation, cell membrane permeability,
mitochondrial membrane potential (MMP) and cytochrome ¢ translocation from mitochondria to cytosol. Reactive
oxygen species (ROS) formation, lactate dehydrogenase (LDH) release and activation of caspase-3/7, -8 and -9 were
measured while treatment. The westem blot analysis also carried out to determine the protein expression of cleaved
caspase-3 and —9. Flow cytometry analysis was used to determine the cell gycle distribution and phosphatidylserine
externalization. Quantitative PCR analysis was performed to measure the gene expression of Bax and Bcl-2 proteins.

Results: Cell viability analysis revealed the selective cytotoxic effect of AMEAE towards lung cancer cells, A549, with an
ICsp value of 5,09 + 041 pg/ml after 72 h of treatment. Significant LDH leakage and phosphatidylserine externalization
were observed in AMEAE treated cells by fluorescence analysis. Treatment of A54% cells with AMEAE significantly
elevated ROS formation, followed by attenuation of MMP via upregulation of Bax and downregulation of Bd-2,
accompanied by cytochrome ¢ release to the cytosol. The incubation of A549 cells with superoxide dismutase and
catalase significantly attenuated the cytotoxicity caused by AMEAE, indicating that intracellular ROS plays a pivotal role
in cell death. The released cytachrome ¢ tiggered the activation of caspase-2 followed by caspase-3. In addition,
AMEAE-induced apoptosis was accompanied by cell cycle amest at Gy/G, phase. Moreover, AMEAE suppressed the
induced translocation of NF-kB from cytoplasm to nudleus,

Conclusions: Cur data showed for the first time that the ethyl acetate extract of Annona muricata inhibited the
proliferation of A543 cells, leading to cell cycle arrest and programmed cell death through activation of the
mitochondrial-mediated signaling pathway with the involverment of the NF-kB signalling pathway.
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Background

Lung cancer as one of the critical causes of cancer death
throughout the world has the prevalent complication of
apoptosis resistance against different anticancer agents
[1]. Due to the typical asymptomatic progression of lung
cancer at an early stage, it is normally diagnosed at an
advanced stage (56%). In spite of all the development in
chemoradiation and surgical techniques, the 5-vear sur-
vival rate for patients with advanced stage disease is still
3.6% [2]. In addition, numerous lung cancer survivors
suffer from lung dysfunction, particularly patients with
the lung sargical history [3]. Thereby, centinued re-
search into the development of safe and efficient new
anticancer agents against lung cancer cells is urgently
necessary for further improvements in cancer therapy.

Apoptosis is a critical physiolegical process responsible
for the homeostatic mechanism and maintenance of cell
populations in tissues {4]. Due to the close correlation
between the mechanism of apoptosis and the effect of
anticancer agents, extensive research has been done on
this mode of cell death [5]. The accumulation of reactive
oxygen species (ROS) in cancer cells is a critical factor
for the induction of apoptosis by natural preducts [6,7],
since it will result in oxidative DNA damage following
by a collapse in mitochondrial membrane potential
(MMF) and leakage of cytochrome ¢, which lead to the
activation of the caspase cascade [8]. Furthermore, the
perturbation in the expression level of Bax and Ble-2
proteins is an important factor to determine the suscep-
tibility of tumor cells to anticancer agents [9]. Previous
anticancer studies also proved that constitutive activa-
tion of the ubiquitous transcription factor of NF-xB
(nuclear factor-kappa B} is involved in governing the
promoting tumor progression of solid and hemopoietic
malignaneies [10,11]. Therefore, anticancer agents with
the ability to suppress the NF-«B translocation are ef-
fectively induce the apoptosis in cancer cells.

Annona muyricata L. known as gravel, guanabana and
soursop is a member of Custard-Apple plants in the
Annonaceae family due to a custard-like texture of its
fruit. It is a small deciduous tree with a height of 5-8 m
and roundish canopy [12]. This popular fruit tree has
been widely cultivated in many tropical countries and
traditionally used for an array of diseases and ailments
[13]. Previous studies demonstrated a significant cyto-
toxicity for A. muricata leaves against various cancer cell
lines without affecting the normal cells [14,15]. Due to
this tremendous antiproliferative effect, A. muricata was
described as “the cancer killer” [15]. Ethanolic extract of
A muricata leaves was suggested to have apoptosis-
inducing potential against myelogenous leukemic K562
cells, although the detailed mechanism of action has not
been explained {16]. Amongst constituents isolated from
A. muricata leaves, namely annonaceous acetogenins,
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alkaloids and essential oils, annonaceous acetogenins are
strongly implied to be responsible for the promising an-
ticancer effect [17]. The principle objective of this study
was to examine how A mnricata leaves affecting A549
lung cancer cells, and to investigate the possible mech-
anism of action involved in this effect.

Methods

Plant material and extraction procedures

The plant species (Annona muricaia) collected from
Ipoh, Malaysia, was authenticated by Dr. Yong Kien
Thai, an ethnobotanist from the department of Bio-
logical Sciences, University of Malaya. The voucher spe-
cimen number for this plant is KLU47978. The air-dried
leaves of A. muwricata (1 kg) were cut into fine pieces
using a mill grinder and soaked in n-hexane (1500 ml,
three times) in conical flasks for four days at room
temperature (25-27°C). The n-hexane extract was fil-
tered and the residues were sequentially re-extracted
with ethyl acetate (1500 ml, three times) and methanol
(1500 ml, three times) using the same method. The result-
ant. filtrate was concentrated to dryness by a Buchi R110
Rotavapor (Buchi Labortechnik AG, Flawil, Switzerland)
at 40°C and stored at — 30°C until use. The isolated ex-
tracts were dissolved in dimethyl sulfoxide (DMSO) for
further experiments.

Cell culture and MY assay
MCF-7 (human breast cancer cells)) MDA-MB-231
(human breast cancer cells), A549 (human lung cancer
cells), HepG2 (human hepatoma cells) and WRL-68 (human
hepatic cellsy cell lines were obtained from American
Type Cell Collection (ATCC, Manassas, VA, USA).
Cells were cultured in RPMI-1640 medium (Sigma, St.
Louis, MG, USA) supplemented with 10% FBS (PAA,
Pasching, Austria), 100 U/mL penicillin (PAA) and
50 pg/ml amphotericin B (PAA) at 37°C with 5% CO».
The negative contrel for all the assays was represented by
the untreated medium containing vehicle DMSO (0.1%).
The cytotoxicity of the extracts was determined using
the MTT assay as originally described by Mossman [18].
Briefly, cells were treated with different concentrations
(1.56, 3.12, 6.25, 12.5, 25, 50 and 100 pg/mlL) of three
isolated extracts (hexane, ethyl acetate and methanol)
and carcumin (positive control) in 96-well plates and in-
cubated for 72 h. After the incubation time, MTT dye
(20 pL, 5 mg/mL, Sigma) was added to the cells for 4 h
followed by incubation with DMSO for 10 min. The
colorimetric assay was measured at the absorbance of
570 nm using a microplate reader (Asys UVM340,
Eugendorf, Austria). The antiproliferative potential of
the extracts was expressed as IC;, values. As an ethyl
acetate extract of the leaves (AMEAF) demonstrated
the lowest ICs, value against lung cancer A549 cells,
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we used only AMEAE to continue this study against
AB49 cells.

LDH release assay

To confirm the cytotoxicity of AMEAE, we carried out lac-
tate dehydrogenase (LDH) release assay using Pierce™ LDH
Cytotoxicity Assay Kit (Thermo Scientific™, Pittsburgh, PA,
USA). In brief, A549 cells were treated with AMEAE at dif-
ferent cencentrations for 48 h. The supernatant of treated
A549 cells was transferred into 96-well plate to assess the
LDH activity. Triton X-100 (2%) served as a positive con-
trol was used to completely lyse the cells and release
the maximum LDH. Next, the LDH reaction sclution
(100 pl) was added to the cells for 30 min. The red color
intensity presenting the LDH activity was measured by the
absorbance at 490 using a Tecan Infinite*200 Pro (Tecan,
Minnedorf, Switzerland) microplate reader. The level of
released LDH from treated cells was expressed as a per-
centage of positive control.

Acridine orange/propidium iodide (AQ/P)) double staining
assay

Morphelogical changes induced by AMEAE in A549
cells were analyzed using Acridine orange/Propidium
iodide (AQ/PI) double staining assay. Briefly, A549 cells
were seeded in 60 mm? culture dishes followed by treat-
ment with AMEAE (10 pg/mL) for 24, 48 and 72 h, After
the incubation time, extract-untreated and treated A549
cells were harvested and washed with PBS. Then, the pel-
lets were stained with 10 pg/mL of AQ/PI (1 mg/mL).
The stained cells were then observed under a BX51 UV-
fluorescent microscope (Olympus, Tokyo, Japan) within
30 min.

Annexin-V-FITC assay

Induction of the early and late apoptosis by AMEAE was
further studied via Annexin-V/PI staining assay. Briefly,
A549 cells (1 x 10% were plated in 60 mm? culture dishes
and treated with vehicle DMSQO and AMEAE (10 pg/ml)
for 24, 48 and 72 h. After harvest of adherent and suspen-
sion cells and washing them twice with PBS, they were re-
suspended in Annexin-V binding buffer (BD Biosciences,
San Jose, CA, USA) and stained with Annexin-V-FITC
(BD) and PI (Sigma) according to the manufacturers in-
stractions. The fluorescence intensity of A549 cells was
then analyzed by flow cytometry (BD) FACSCanto™ If, San
Jose, CA, USA) through quadrant statistics for necrotic
and apoptotic cell populations. PI was used for detection of
the late apoptosis and necrosis while Annexin-V was con-
sumed for the detection of the early and late apoptosis.

Celf cycle assay
A fow cytometry analysis was carried out to determine
the cell cycle distribution in treated A549 cells with
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AMEAE. In brief, A549 cells (5% 10" cells/mL) were
treated with AMEAE (10 pg/mL) for 24, 48 and 72 h
After fixation with cold ethanol, cells were washed with
PBS and stained with PI (50 pl, 10 mg/mlL) for 1 h.at 37°C.
In addition, RNase A (10 mg/mL) was also used te limit
the ability of the PI to bind cnly to DNA mclecules. The
stained cells were analyzed for DNA content using flow

cytometer (BD FACSCanto™ I1).

Reactive oxygen species (ROS) assay

The effect of AMEAE on the ROS formation in A549
cells was determined by ROS assay. Briefly, treated lung
cancer cells with AMEAE at different concentrations in
96-well plates were incubated for 24 h. After the incuba-
tion time, the treated cells were stained with dihy-
droethidium (DEH} at 2.5 pg/mlL and Heechst 33342
(500 nM) dyes for 30 min. Then, cells were fixed with
paraformaldehyde (3.5%) for 15 min and washed with PBS
twice. The Cellomics ArrayScan HCS reader was used to
measure the ROS generation in treated A549 cells.

To farther determine the role of ROS generation in
AMEAE-induced antiproliferative effect, A549 cells were
treated with antioxidants prior to treatment with
AMEAE and the cell viability was measured after 24 h
In brief, A549 cells in the exponential phase of growth
were supplemented with antioxidants superoxide dis-
mutase (SOD, 300 U/mL) and catalase (400 U/ml) for
1 h prior to AMEAE (20 pg/ml) treatment for 24 h
After incabation time, the cell viability analysis was car-
ried out using a microplate reader (Asys UVM340,
Eugendorf, Austria).

Multiple cytotoxicity assay

Teo simultaneously determine the crucial apoptotic
events in A549 cells after treatment with AMEAE, we used
Cellomics Multiparameter Cytotoxicity 3 Kit (Thermo
Scientific™, Pittsburgh, PA, USA). Briefly, lung cancer
ABAY cells were seeded into 96-well plates for 24 h.
The cells were treated with AMEAFE at different con-
centrations prior to staining the cells with cell perme-
ability and mitochondrial membrane potential (MMP)
dyes. Then, cells were fixed and blocked with 1X blocking
buffer according to the manufacture’s protocol. Next, pri-
mary cytochrome ¢ antibody and secondary DyLight 649
conjugated goat antimouse 1gG were added for 1 h. Nuclei
of treated cells were also stained with Hoechst 33342 dye.
Stained A549 cells in 96-well plates were analyzed using
ArrayScan high content screening (HCS) system.

Bioluminescent assays for caspase-8, ~9 and ~3/7
activities

A dose-dependent study on the caspase-8, -9 and -3/7
activation was carried out using Caspase-Glo® 3/7, 8 and
9 kit (Promega, Madison, W1, USA). In brief, a total of
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5 10° A549 cells were seeded per well in a white 96-
well microplate and incubated with different concentra-
tions of AMEAE for 24 h. Then, caspase-Glo reagent
(100 b} was added to the cells for 30 min. The induced
activation of caspases was measured using a Tecan Infin-
ite"200 Pro (Tecan, Minnedorf, Switzerland) microplate
reader.

Tao determine the protein expression of cleaved caspase-
3 and -9, western blot analysis was carried out as previ-
ously described in detail [19]. In brief, A549 cells treated
with vehicle DMSO or AMEAE at different concentra-
tions were washed with PBS and lysed in ice-celd Radio
Immuno Precipitation Assay (RIPA) buffer. Cell extracts
(80 pg protein) were subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to nitrocellulose membrane, probed with anti-
B-actin, anti-cleaved caspase-9 and anti-cleaved caspase-3
(Cell Signaling Technology, Danvers, MA, USAj). HRP-
conjugated secondary antibodies were used followed by
the detection of protein expression using the ECL plus
chemiluminescence kit {(Amersham Biosciences, Piscat-

away, NJ, USA).

Quantitative PCR analysis

The expression of the Bax and Bel-2 in treated A549 cells
was analyzed by guantitative PCR analysis. After treatmaent
of A549 cells with the AMEAE extract at different concen-
trations for 24 h, Zymeo Research Quick-RNA™ MiniPrep
kit (Zymo Research, Freiburg, Germany} was used to iso-
late total RNAs according to the manufactures protocel
Then, High Capacity RNA-to-cDNA™ kit (Applied Biosys-
tems, Foster City, CA, USA) was used to synthesize
complementary DNAs. Quantitative PCR was carried
out with TagMan® Gene Expression Assays and Tag-
Man® Fast Advanced Master Mix using the Applied Biosys-
tems StepOnePlus™ system. GAPDH was used to normalize
all data. The IDs for TaghMan® Gene Expression Assays
used in this study are GAPDH: Hs02758991_gl, Bel-2:
Hs00608023_m1 and Bax: Hs00180269_ml.

Measurement of NF-kB activity

The Cellomics ArrayScan HCS system was used to
analyze the suppressive effect of AMEAE on the nuclear
translocation of NF-kB induced by TNF-a. The experi-
ment was carried out using Cellomics nucleus factor-xB
(NF-kB) activation kit (Thermo Scientific) as previously
described [20]. In brief, A549 cells (1.0 x 10% cells/well)
were treated with AMEAE at different concentrations in
a 96-well plate for 3 h. The treated A549 cells were stim-
ulated by TNF-« (1 ng/mL} for 30 min. Then, cells were
fixed and stained according to the manufacturer’s protocol
and analyzed using Array Scan HCS Reader and Cyto-
plasm to Nucleus Translocation Bioapplication software.
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Statistical analysis

Data are presented as mean + SEM of three individual
experiments. Statistical analysis was performed with a
one-way ANCOVA analysis using the Prism statistical
software package (GraphPad Software, USA). Differences
were considered as being significant at *p < 0.05.

Results and discussion

AMEAE inhibited the proliferation of cancer cells

We first examined the cytotoxic effect of three extracts
(hexane, ethyl acetate and methanol) against MCE-7
(human breast cancer cells), MDA-MB-231 (human
breast cancer cells), A549 (human lung cancer cells),
HepG2 (human hepatoma cells) and WRL-68 (human
hepatic cells) cell lines by using MTT assay. Treatment
with AMEAE for 72 h significantly reduced the cell pro-
liferation in cancer cells. As shown in Table 1, the results
showed the significant cytotoxic activity of ethyl acetate
extract towards all cancer cells. The ethyl acetate extract
(ICs ranged from 5.09+ 041 to 1136+ 067 pg/ml)
showed the highest cytotoxicity against all cancer cells
as compared to others. Furthermore, the ethyl acetate
extract exhibited the highest cytotoxic activity towards
A549 cells with the ICs; of 5.09+ 041 compared to
11.32 + 1.54 for the positive control curcumin. After 24
and 48 h treatment with AMEAE, A549 cells elicited the
ICs0 values of 17.542 + 0.92 and 10612 +#1.34 pg/mlL. It
is worth noting that normal human hepatic WRL-68
cells were not noticeably affected by AMEAE treatient.
The cell viability results suggested that the AMEAE in-
hibitory effect is selective for cancer cells.

Induction of LDH release by AMEAE

A stable cytosolic enzyme of lactate dehydrogenase (LDH)
catalyzes the oxidation of L-lactate te pyruvate. Upon
membrane damage in cells, LDH enzyme is released into
the culture medium, suggesting the loss of membrane in-
tegrity [21]. Therefore, to further confirm the cytotoxic ef-
fect of AMEAE on A549 cells, LDH assay was also
performed as another indicator of A549 cytotoxicity. As
shown in Figure 1, LDH leakage of A549 cells was signifi-
cantly increased with the presence of AMEAE by 59
folds.

Quantification of apoptosis using fluorascence
microscope and AO/P! double-staining

Energy-dependent biochemical pathways and distinet
morphological features are the main characteristics of
apoptosis, or programmed cell death. During the early
apoptosis, pyknosis and cell shrinkage are characterized
in apoptotic cells [22]. Cell shrinkage is a result of con-
densation of organelles and the density of cytoplasm,
and chromatin condensation or pyknosis is the most
critical feature of early apoptosis [23]. The process of

65



Moghadamtousi et af. BMC Complementary and Alternative Medicine 2014, 14:299 Page 5 of 13
http:/fwwem biomedcentral.com/1472-6882/14/299
Table 1 1C;, values of A. muricata leaves extracts on five different cell lines after 72 h treatment
Extract ICsp (pg/mL)

MCF-7 MDA-MB-231 AS49 HepG2 WRL-68
Hexane 4852+223 3872055 21.05 £ 042 FT02+223 8553+£393
Ethyl acetate 635+ (343 1136 +067 505+ 041 G3+091 4710+123
Wethanol 8558355 = 100® =100 = 100 = 100
Curcumin 765+ 055 534+ 076 1132+ 154 1766+ 121 5424+ 221

The data represent the means + SEM of three independent experiments.
#3100 represents the |Csg values greater than 100 ug/mL

late apoptosis is accompanied by budding which contains
extensive blebbing of plasma membrane with tightly
packed organelles [24]. In the present study, AMEAE was
examined for its apoptotic-inducing activity by fluores-
cence microscopy analysis. Morphological changes in con-
trol and treated A549 cells were observed after treatment
with AMEAE at 24, 48 and 72 h. [t is noteworthy that
at 72 h the control cells remained intact and displayed
normal structures with a green infact nuclear structure
(Figure 2A). After 24 h of treatment, clear signs of
apoptosis, such as cytoplasmic shrinkage and mem-
brane blebbing, were observed at a treatment concen-
tration of 10 pg/mL. The early apoptotic cells were

Fold higher than control

Concentration (pg/ml)

Figure 1 Lactate dehydregenase (LDH) assay showed the
cytotoxicity of AMEAE against A549 cells. The result revealed
significant cytotoxicity at concentrations of 5 to 40 pg/ml, in a
dose-dependent manner. The data represent the means = SEM of
three independent experiments. o < 0.05 compared with the
untreated group.

detected via the binding of AQ within the fragmented
DNA emanating a bright green fluorescence. At 24 h
treatment with AMEAE, moderate apoptosis was seen by
nuclear chromatin condensation and blebbing {Figure 2B).
In addition, the late stages of apoptosis as indicated by
changes such as the presence of a reddish-orange color
because of the binding of I to denatured DNA were ob-
served after 48 and 72 h of treatment (Figure 2C and D).
The results showed that AMEAE generated morpho-
logical features that are associated with apoptosis in a
time-dependent manner.

Induction of early and late apoptosis using flow
cytometry analysis

Our investigations thus far revealed the typical morpho-
logical features of apoptosis in AMEAE-treated A549
cells. The morphological changes in apoptotic cells are
accompanied by several biochemical modifications, in-
cluding DNA breakdown, protein cross-linking and pro-
tein deavage which lead to the phagocytic recognition of
apoptotic cells by adjacent cells [25]. One such biochemical
modification is the expression of cell surface markers such
as inward-facing phosphatidylserine which translocates to
the outer side of plasma membrane during the early apop-
tosis [26]. To investigate the biochemical characterization
of apoptosis, we examined the externalization of phospha-
tidylserine {PS) in A549 cells by Annexin-V-FITC assay.
Annexin-V as a recombinant phosphatidylserine-binding
protein with a high affinity for externalized PS is used for
detection of early apoptosis [27]. PI was used for detection
of the late apoptosis and necrosis, while Annexin-V was
for the detection of the early and late apoptosis. Accord-
ingly, to evaluate whether A54% cells undergo apoptosis,
untreated and AMEAE-treated cells were stained with
Annexin-V and PL. Flow cytometry analysis of stained cells
can distinguish the cells into four categories, namely viable
{Annexin-V and PI negative), early apoptosis {Annexin-V
positive, PI negative), late apoptosis {Annexin-V and PI
positive) and necrotic {Annexin-V negative, PI positive}
cells. As illustrated in Figure 3, AMEAE treatment at dif-
ferent time periods {24, 48 and 72 h) resulted in a time-
dependent increment of early apoptotic and late apoptotic
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the cell membrane; LA: Late apoptosis
\.

Figure 2 Fluorescent micrographs of AQ/Pl-double-stained A549 cells. (&) Untreated A549 cells after 72 h depict healthy structures.
Early apoptosis features such as chromatin condensation and Blelking were observed after (B) 24, (C) 48 and 72 h (D) of treatrment with AMEAE.
Late apoptosis was observed at the late stage of treatment (magnification: 200x). VC Viable cells; CC Chromatin condensation; BL: Blebbing of

J

populations which peaked at 34.1% and 42.6%, respectively,
after 72 h treatment.

AMEAE-induced G, cell cycle arrest

Cancer is often considered as a disease of cell cycle de-
regulation. Cell size, extracellular growth signals and
DNA integrity are tightly regulated by multiple check-
points in cell cycle progression [28]. Cancer can origin-
ate from perturbation in the expression of positive or
negative regulators of cell cycle machinery leading to ab-
normal proliferation of cancer cells [29]. Thus, induction
of cell cycle arrest in cancer cells is considered to be one
of the crucial cancer treatment strategies. Phytochemi-
cals with the ability to modulate the cell cycle progres-
sion are gaining extensive attention because of the
supporting evidences of the concomitant involvement of
cell cycle suppression and apoptosis [3¢,31]. Thus, flow
cytometry analysis was performed to evaluate the effect
of AMEAE on the DNA content at various cell cycle
checkpoints of A54% cells by cell cycle phase distribution
{Ga, G1, 8, G» and M) after treatment for 24, 48 and
72 h. As shown in Figure 4, there was a significant Gy/
G, phase arrest in a time-dependent manner demon-
strating that AMEAE arrested cell cycle progression at

the Gg/Gy phase (Figure 4). Moreover, the increase in
the sub-G; phase confirms the apoptosis findings.

ROS generation induced by AMEAE

Reactive oxygen species are produced as the result of
normal metabolism during the reduction of oxygen to
water. Oxidative stress due to increase in the level of
intracellilar ROS leads to a variety of biochemical and
physiological lesions following to metabolic impairments
and cell death [32). The stimulus of free radicals and
oxidative stress can trigger the mitochondrial initiated
events leading to the activation of intrinsic pathway [33].
Thus, there is an upsurge of interest in cancer studies to
use this major role for induction of apoptosis in cancer
cells. To investigate this association, the levels of intra-
cellular ROS in A549 cells treated with AMEAE was ex-
amined by flow cytometry analysis. In the present study, it
was found that AMEAE has noteworthy potential in the
induction of ROS generation in A549 cells as shown in
Figure 5. As a result of ROS generation, non-fluorescent
dihydroethidium {DHE) convert to the fluorescent dye of
ethidium, which can bind to DNA. A dose-dependent ele-
vation in ethidium fluorescence in the nuclens was de-
tected in treated A549 cells {Figure 5A). As shown in
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Figure 3 Time-dependent induction of early and late apoptosis by AMEAE indicated the percentage of early apoptotic, late apoptotic

and necrotic cells after (B) 24, (C) 48 and (I}) 72 h of treatment. (&) shows the cells treated with vehide DMSC. The early and late apoptotic
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compared with the untreated group.

Figure 5B, ROS production was at the basal level in con-
trol untreated A549 cells. In contrast, treatment with
AMEAE (24 h) resulted in dose-dependent increase of
ROS production as shown by increased ethidium staining
in the nuclens (Figure 5A and B). However, pretreatment
of A549 cells with antioxidants, namely SOD and Cat sig-
nificantly increased the cell viability after 24 h compared
to the treatment with AMEAE alone (Figure 5C). The vi-
able cells was 62% and 78% by pretreatment with SOD
and Cat, respectively, compared with only about 43% by
treatment with AMEAE alone. This result supports the
close correlation between ROS burst and cytotoxic effect
of AMEAE, which suggests to be through activation of the
mitonchondrial initiated events.

Mitochondria-initiated events induced by AMEAE

During apoptosis, mitochondrial membrane potential is
frequently disrupted due to the formation of permeability
transition pores or the insertions of proapoptotic proteins,
such as, Bid or Bax in the mitochondrial membrane [34].
A variety of non-receptor mediated stimuli, including free
radicals, radiation, hypoxia and toxin can frigger the in-
trinsic signaling pathway [26]. The stimuli produce intra-
cellular signals that cause loss in MMP and the opening of
the mitochondrial permeability transition pore. These
changes in the inner mitochondrial membrane lead to the
release of various proteins from the intermenibrane space
into the cytosol [35). The main group of released proteins

consists of serine protease HtrA2/Omi, cytochrome ¢ and
Smac/DIABLO. Cytochrome ¢ forms apoptosome through
binding to pro-caspase-9 as well as Apaf-1. Apoptosome
activates caspase-9 following with activation of caspase-3
[36,37].

It is well established that extensive ROS production
could result in the disruption of the plasma membrane
and mitochondrial damage, thus we further examined
the cell membrane permeability, MMP and cytochrome
¢ translocation [38). T'o determine the function of mito-
chondria, we applied MMP fluorescent probe. As shown
in Figure 6A, untreated A549 cells were strongly stained
with red MMP dye, while treated A54% cells with AMEAE
were not markedly stained after 24 h. The dose-dependent
reduction in fluorescence intensities of MMP was associ-
ated with significant elevation in cell membrane perme-
ability which is shown by green fluorescence intensities in
Pigure 6A. Purthermore, AMEAE significantly elevated
the translocation of cytochrome ¢ from mitochondria to
cytosol in A549 cells after 24 h. In the treated A549
cells, the cyan fluorescence intensities of cytochrome ¢
dye (Pigure 6A) were markedly increased presenting the
significant cytochrome ¢ release from mitochondria.
The present findings demonstrated that treatment with
AMEAE revealed a concentration-dependent increase
in membrane permeability, attenuation of MMP, and
increase in cytochrome ¢ in the cytosol when compared
to the control.
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AMEAE induced caspase-8, —% and —3/7 activation

Caspase activation with proteolytic effect at aspartic acid
residues are involved in an energy-dependent cascade of
molecular events towards apoptosis. To date, two major
groups of caspases have been identified to be involved in
apoptosis pathways, including executioners or effectors
{caspase-3, -6, —7) and initiators {caspase-2, -8, -9, —10)
[36]. Intrinsic and extrinsic pathways are activated by
their own initiator caspases, namely caspase-9 and -8,
respectively. The activation of initiator caspases will, in

turn, lead to activation of executioner caspases. The
most critical of executioner caspases is considered to
be caspase-3 [26]. The execution pathway leads to cyto-
morphological changes, namely chromatin condensation,
cell shrinkage, formation of apoptotic bodies followed by
phagocytosis of the apoptotic cell [3%]. In the present
study, we investigated whether AMEAE can activate the
caspases by examining A549 cells treated with different
concentrations for 24 h. The activity of both caspase-9
and caspase-3/7 were significantly elevated at 10, 20 and
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Figure 5 Effect of AMEAE on ROS generation in A549 cells. (&) Representative images of AS49 cells treated with mediurm alone and 10 pg/
L of AMEAE for 24 h and stained with dibydroethidium and Hoechst 33342 dyes for 30 min. (B) Representative bar chart indicated dose-
dependent elevation in ROS formation in treated A542 cells. The level of RGS was significantly elevated at 5 to 40 pg/mL concentrations. {C)
Pretreatment of A545 cells with Cat and SOD for 1 h prior to the incubation with AMEAE caused a significant elevation in cell viability compared
to the treatment alone with AMEAE The data represent the means £ SEM of three independent experiments. *p < 005 compared with the

untreated group.

40 pg/mL AMPAE treatment, while activation of caspase-
8 was only triggered at higher concentrations of 2¢ and
40 pg/ml, suggesting that AMEAE induced apoptosis
predominantly throngh mitochondrial-mediated intrin-
sic pathway (Figure 7). The western blot analysis of cas-
pases also showed that the protein expression of
cleaved caspase-3 and -$ was dose-dependently in-
creased upon treatment with AMEAE The caspase-3
and -9 protein expressions were significantly up-regulated
at 10 to 40 pg/ml concentrations. These results suggest
the involvement of caspase cascade in AMEAE-mediated
apoptosis.

AMEAE induced upregulation of Bax and downragulation
of Bel-2 at the gene expression level

The mitochondria-initiated events are tightly regulated
by the Bal-2 family of proteins, including pro-apoptotic
and anti-apoptotic proteins. Progression and abortion of
apoptosis are governed by 25 genes in this family of pro-
teins [40]. The pro-apoptotic protein of Bax is involved
in the cytochrome ¢ release from mitochondria to cytosol
via dimerization and translocation to the outer mitochon-
drial membrane [41]. Meanwhile, anti-apoptotic proteins
such as Bcl-2 suppress the translocation of cytochrome ¢
(5). The levels of both Bel-2 and Bax mRNA expression

were estimated by using quantitative PCR analysis. The re-
sults demonstrated that Bcl-2 expression decreased sig-
nificantly when A549 cells were treated with 20 and
40 pg/ml of AMEAE after 24 h as compared with the
control cells {Figure 8). The expression of the proapop-
totic Bax, however, increased significantly when treated
with 26 and 40 pg/ml of AMEAE (Figure 8). Therefore,
downregulation of Bcl-2 and upregulation of Bax upon
AMEAE treatment could lead to loss of MMP, which
facilitated cytochrome ¢ release and activation of the
caspase cascade. These changes in the gene expression
of Bcl-2 and Bax confirmed the induction of apoptosis
via mitochondrial-mediated intrinsic pathway.

NF-kB translocation suppressed by AMEAE

The ability of nuclear factor-kB (NF-kB) to inhibit the
induction of apoptosis is considered to be involved in re-
sistance against cytotoxic therapies. A variety of stimuli
namely, anticancer agents and cellular stress can frigger
NF-xB activation, which has been linked to extrinsic sig-
naling pathway and inducible chemoresistance [42].
Thus, suppression of NF-kB translocation in conjunction
with chemotherapy can effectively elevate the effect of
cancer therapy [43]. In this study, the ArrayScan HSC
system was used to determine the role of AMEAE in the
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AMEAE caused a marked elevation in cytodhrome ¢ leakage and cell membrane pemeakility, and a noteworthy decrease in MMP. Representative bar
charts indicating dose-dependent inoeased (B) cell permeakility and reduced {C) MMP in treated A543 cells at 5 to 40 pg/mL concentrations. Mearwhile,
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suppression of activated NF-kB. In control cells, a high
NE-xB fluorescence intensity was detected in the cyto-
plasm of A549 cells compared to the nudlei {Figure 9A).
After treatment with AMEAE, nuclear NF-xB fluores-
cent intensity was dose-dependently reduced (Figure 9B).
Stimulation of A549 cells by TNF-a resulted in a signifi-
cant elevation in NF-xB fluorescence intensity in the nu-
clei, while, A549 cells treated with AMEAE elicited

significant suppressive effects on the activation of NF-xB
{Figure %A and B), at 10, 20 and 40 pg/mL in a
concentration-dependent manner. The present findings
demonstrated that AMEAE treatment can effectively re-
duce the activation of NE-xB signaling pathway in A549
cells. We have shown here that the NF-kB translocation
can be suppressed by AMEAE, which suggests the involve-
ment of an NF-«B inhibition mechanism in apoptosis.

A

Nucleus NF-kB Merged

- . .
Untreated +1
ng/ml TNF-u s
AMEAE
10 pg/ml +
1 ng/ml TNF-a

Nuclear NF-kB average
fluorescent intensity

Figure 9 Effect of AMEAE on NF-kB activation. {A) Represeritative images of the intracellular targets of stained A545 cells that were exposed
to AMEAE (10 pg/mL) and then stimulated with THF-o. (B) Representative bar chart revealed the translocation of NF-kB nuclear in treated A54%
cells with AMEAE. The data represent the means + SEM of three independent experiments. *p < .08 compared with the untreated control group.
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Conclusions

In conclusion, the anticancer potential of ethyl acetate
extract of A. muricata leaves was supported by the evi-
dence provided in the present study, including lactate
dehydrogenase leakage, reactive oxygen species gener-
ation, loss in mitochondrial membrane potential, in-
crease in the level of cytochrome ¢, upregulation of Bax,
downregulation of Bcl-2 and activation of initiater and exe-
cutioner caspases. The antiproliferative effect of AMEAE
was accompanied by cell cycle airest at Gy phase and sup-
pression of NF-«B translocation. The results confirmed the
involvement of intrinsic pathways in induced apoptosis.
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Cihnophurmucological relevance: Annona muricate known as “Lhe cancer killer” has been widely used in
the traditional medicine for the treatment of cancer and tumors. The purpose of this study is o
investigate the anticancer propertices of ethyl acetate extract of Annona muricata leaves (CEAM) on HT-29
and HCT-116 colon cancer cells and the underlying mechanisms.
Materials and etheds: The effect of EEAM on the cell proliferation of HT-29 and HCT-116 cells was
analyzed by the MTT (3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium) assay. High content screening
system (HCS) was applied to investigate the cell membrane permeability, mitochondrial membrane
potential (MMP), nuclear condensation and cytochrome ¢ translocation from mitochondria to cytosol.
Reaclive oxygen species (ROS) formation, laclale dehydrogenase (LDH) release and aclivation of caspase-3/
7, -8 and -9 were measured while Lreatment, Flow cytometric analysis was used 1o delermine the cell cycle
distribution and phosphalidylserine exlernalizalion. The prolein expression ol Bax and Bcl-2 was
determined using immunofluorescence analysis. In addition, the polential of EEAM Lo suppress the
migration and invasion of colon cancer cells was also examined.
Resuits: EEAM exerted significant cytotoxic effects on HCT-116 and HT-29 cells as determined by MTT and
LDH assays. After 24 h treatment, EEAM exhibited the [Cs value of 1143 | 1.87 pg/ml and 8.98 1 1.24 pg/
ml against HT-29 and HCT-116 cells, respectively. Flow cytometric analysis demonstrated the cell cycle
arrest at G; phase and phosphatidylserine externalization confirming the induction of apoptosis, EEAM
treatment caused excessive accumulation of ROS followed by distuption of MMP, cytochrome ¢ leakage and
activation of the iniliator and execulioner caspases in both colon cancer cells. Immunofluorescence analysis
depicted Lthe up-regulation of Bax and down-regulation ol Bcl-2 proteins while treated with EEAM
Furthermore, EEAM conspicuously blocked the migration and invasion ol HT-29 and HCT-116 cells.
Conclusions: These lindings provide a sdentific basis [or Lthe use of A. muricata leaves in Lhe Lreatment ol
cancer, although (urther in vivo studies are still required.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

development of approximately 60% of all therapeutic agents between
1981 and 2012 (Newman and Cragg, 2012). For anticancer agents,

Plants as a tremendous source of chemically active metabolites
have received emerging attention in the area of pharmacology due to
their various curative properties (Moghadamtousi et al, 2013). This
critical role in progression of novel drugs is more highlighted
considering the fact that natural products were involved in the

*Carresponding author. Tel: | 60 3 78674363; fax: | 603 79674178,
F-mail address: habsah@um.cdumy (H. Abdul Kadir).

http: [fdx deiorg/ 10.1016{j.jep.2014.08.011
0378-8741]2 2014 Elsevier Treland Ltd. All rights reserved.

this proportion reaches roughly 75% (Newman and Cragg, 2007,
2012), Nonetheless, there are still numerous plant species that
require detailed scientific scrutiny. Plants with extensive application
in ethnomedicine are a potent source of active constituents for the
treatment of different ailments and diseases {Duraipandiyan et al.,
2006). Thus, validating the traditional use of these plants and
investigating the possible mechanism of bioactivities can provide a
rich source of new pharmaceutical products.
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Annona muricatn L. (Annona muricatn) as a member of the
Annonaceae family, the custard apple family, is a small tropical tree
widely cultivated throughout the tropical countries. Annona species
such as Annona squamosa and Annona reticulata are well known to
have traditional application in the tropics (Baskar et al, 2007 The
popular fruit tree of Annona muricata known also as “graviola” or
“soursop” has extensive ethnobotonical uses, such as sedative, astrin-
gent, piscicide, insecticide, vermifuge, hypotensive, antiparasitic and
antispasmodic. Furthermore, it is traditionally used for the reatment
of fevers, asthma, pain, coughs, wound and skin remedies (Adewole
and Ojewaole, 2009). Annona muricata was described as “the cancer
killer” due to its remarkable cytotoxicity against various cancer cell
lines. The seeds and leaves of Annona muricata have been widely used
by the natives in South America for the treatment of cancer and
tamors (Mishra et al, 2013} In wopical Africa, including Nigeria,
Annona muricaia is generally used in folk medicine as an anticancer
agent (Watt and Breyer-Brandwijk, 1962; Adewole and Ojewole,
2009) The stems, barks and leaves of Annona muricata revealed
noteworthy antiproliferative effects against cancer cells without affect-
ing normal cells (Jaramillo et al, 2000; George et al, 2012; Mishra et
al., 2013 ). However, detailed mechanisms of action of Annona muricata
leaves have not been investigated thus far. The investigation on the
ethanolic extract of Annone muricala leaves against myelogenous
leukemic K562 cell line suggested the induction of apoptosis, although
the possible signaling pathway and the role of cell cycle machinery in
the induced-apoptosis has not been explained (Ezirim et al, 2013}
According to numerous studies, alkaloids (Leboeul et al, 1980; Leboeul
et al. 1981}, acetogenins (Zeng et al., 18956: Chang et al. 2003} and
essential oils {Kossouoh et al, 2007} are the main phytoconstituents
isolated from Amnona muricate leaves. Amongst isolated constituents,
annonacesus acetogenins are strongly suggested to be involved in the
promising antitumer and anticancer effect of Annona muricata leaves
{Zeng et al, 1996}

The programmed cell death of apoptosis is a critical factor in
tissue homeostasis and development which is generally character-
ized by distinct morphological changes and energy-dependent
hiochemical mechanisms, namely cell shrinkage, pyknosis, plasma
membrane blebbing, phosphatidylserine externalization and
reduction in the mitochondrial membrane potential (Peter,
2011}, To date, two main apoptotic pathways of extrinsic {death
receptor pathway)} and intrinsic (mitochondrial pathway) are
suggested for apoptosis {Elmore, 2007}, A loss in mitochondrial
membrane potential leads to the translocation of pro-apoptotic
protein Bax to mitochondria, which results in the release of
cytochrome ¢ into cytosol and subsequent activation of the
initiator and executioner caspases { Wyllie, 1997 ). The maintenance
af the constant cell number in colonic mucosa is tightly regulated
via balance between cell proliferation and apoptosis. Any altera-
tion in this balance leads to an escape from the homeostasis which
can result in the development of cancer cells (Hao et al, 1998;
Whitfield, 2009}, Thus, the key mechanisms in the prevention and
suppression of colon cancer are inhibition of cell cycle machinery
and induction of apoptosis in these aberrant cells. Hence, there is
an urgent need and interest in the development of novel
apoptosis-inducing agents showing more specificity and efficacy
with minimal side-effects. In this study, we aimed to establish the
puossible apoptotic pathways induced in HT-29 and HCT-116 colon
cancer cells by ethyl acetate extract of Amnona muricata leaves.

2. Materials and methods

2.1. Plant materials

The leaves of Annona muricata were collected from Ipoh, Malaysia,
in March 2013 and identified by Dr. Yong Kien Thai. A voucher

specimen of this plant has been deposited at the herbarium of the
University of Malaya {No. KLU47978).

2.2, Preparation of the extracts

The dried leaves of Annona muricata (1 kg} were first extracted
with n-hexane (1500 ml, three times). Then, the extract was
filtered and dried on the rotary evaporator. The residue was
sequentially re-extracted with ethyl acetate (1500 ml, three times)
and methanol (1500 ml, three times) and the resulting filtrates
were dried under reduced pressure by a rotary evaporator at 40 °C
to yield n-hexane {7 g}, ethyl acetate (11 g} and methanol {5 g}
extracts, respectively.

2.3, Cell culture

CCDE41 (normal human colon epithelial cells}, HT-29 and HCT-
116 {(human celon cancer cells) were obtained from the American
Type Cell Collection {ATCC, Manassas, VA, USA). The cells were
maintained in RPMI-1640 medium (Sigma, St. Louis, MO, USA)
supplemented with 10% FBS [ PAA Lab, Pasching, Austria), 50 pgiml
amphotericin B {PAA Lab} and 100 U{ml penicillin {PAA Lab} in a
humidified atmosphere with 5% CO; in the air at 37 °C. Cells in the
exponential growth phase were collected for the following experi-
ments. The negative control for all the assays was represented by
the untreated medium containing vehicle DMSO (0.1%).

2.4. Cell viability assay

Cell viability was evaluated by using the 3-{4.5-dimethylthia-
zol-2-yl1}-2 5-diphenyltetrazolium  (MTT} assay as previously
described (Mosmann, 1983). In brief, cells (5 « 107 cells/ml) were
treated with three isolated extracts at different concentrations in
96-well plate and incubated for 72 h. The colorimetric assay was
measured at the absorbance of 570 nm using a microplate reader
(Asys UVM340, Eugendorf, Austria). In MTT assay, 5-Fluorouracil
(5-FU} (Sigma, St. Louis, MO, USA) as a standard anticancer drug
was used as a positive control. The colorimetric assay was
measured at the absorbance of 570 nm using a microplate reader
[Asys UVM340, Eugendorf, Austria). The antiproliferative potential
of the three isolated extracts was expressed as 1Cq, value, the
concentration of plant extract that caused 50% inhibition of cell
growth which was calculated based on the percentage of cell
viability. As ethyl acetate extract of Annona muricata leaves (EEAM)
showed the strongest 1Cs,, we used only EEAM to continue the
study. The percentage of cell viability =(absorbance of treated
cellsfabsorbance of untreated cells) < 100%

2.5. Gas chromatography of EEAM

To examine the chemical profiling of EEAM, the analysis of
ethyl acetate extract was carried out using an Agilent and LECO
RESTEK, Rxi-5MS capillary column (30 m, 0.25 mm id, 0.25 pm
film thickness}] and a mass spectrometer Pegasus HT High
Throughput TOFMS, as previously described in detail {Daferera et
al., 2000}, The carrier gas was helium at a flow rate of 1 mljmin.
Initially, colomn temperature was 40 °C for 5 min, then gradually
elevated to 160 °C at 4 °C/min, and finally reached 280 °C at 5 °C/min
and held for 10 min. For GC-MS detection, an electron ionization
system was used with ionization energy of 70 eV. The fraction was
diluted 1:100 (vjv] with ethyl acetate and 1.0 pl of the diluted
sample was injected automatically in splitless mode. Injector tem-
perature was set at 250 °C. Compounds were identified from their
mass spectra, by comparison of the retention times of peaks with
interpretation of M5 fragmentation patterns from the National
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Institute of Standards and Technology (NIST147) Mass Spectral
Database.

2.6, LDH release assay

LDH release assay was carried out using Pierce LDH Cytotoxicity
Assay Kit {Thermo Scientific, Pittsburgh, PA, USA}, as previously
described (Hajrezaie et al, 2014). Measurement of lactate dehy-
drogenase (LDH} release in the media is an easy biomarker for
determining the extent of cell death showing the elevated perme-
ahility of the plasma membrane. In brief, different concentrations
of colon cancer cells were treated with EEAM and Triton X-100 as
paositive control for 48 h. After transferring the supernatant of the
treated colon cancer cells inte 9G-well plates, LDH reaction
solution (100 ul} was added for 30 min. Then, a Tecan Infi-
nite®200 Pro (Tecan, Mannedorf, Switzerland} microplate reader
was used to measure the absorbance of red color intensity at
490 nm showing the LDH activity.

2.7. Reactive oxygen species (ROS) assay

To examine the effect of EEAM on the ROS generation, we
carried out ROS assay, as previously described in detail
{Peshavariya et al., 2007}, In brief, treated colon cancer cells with
EEAM at different concentrations in 96-well plates were incubated
for 24 h prior to staining with dihydroethidium (2.5 pg/ml) for
30 min. After fixing and washing the cells, the fluorescent inten-
sity was measured at 485 nm excitation and 520 nm emission
using a Tecan Infinite®200 Pro (Tecan, Mannedorf, Switzerland}
microplate reader.

2.8 Annexin-V-FITC assay

Distribution of early and late apoptotic cells after treatment
with EEAM was further investigated using Annexin-V/Pl staining
assay (Vermes et al., 1995). In brief, colon cancer cells were seeded
in 60 mm® culture dishes and treated with vehicle DMSO and
EEAM {10 pgiml] for 24, 48 and 72 h. After incubation time, cells
were harvested and washed twice with PBS. Then, cells were re-
suspended in Annexin-V binding buffer (BD Biosciences, San Jose,
CA, USA) and stained with Annexin-V-FITC (BD) and PI {Sigma)
following the vendor's kit manual. The fluorescent intensity of
colon stained cells was then determined using BD FACSCanto Il
flow cytometer (BD Biosciences, San Jose, CA, USA} through
quadrant statistics for necrotic and apoptatic cell populations.

29 Cell cycle assay

Changes in cell cycle distribution induced by EEAM were
analyzed using a flow cytometric analysis {MNicolett et al, 1991).
In brief, colon cancer cells (5 = 107 cellsfml} were treated with
DMS0 as a negative control and EEAM (10 pg/ml) for 24, 48 and
72 h. Then, the treated cells were centrifuged at 1800 rpm for
5 min and the pellet was washed twice with PBS. Then, cells were
fixed by mixing 700 pl of 90% cold ethanol. The fixed cells stained
with P1 {50 ul, 10 mg/ml) for 1 h at 37 °C. RMNase A {10 mg/ml) was
also used to limit the ability of PI to bind only to DNA molecules.
The stained cells were analyzed for DNA centent using BD
FACSCanto 11 flow cytometer.

2.10. Multiple cytotoxicity assay

To analyze the critical apoptotic events in colon cancer cells
after treatment with EEAM, including cell permeability, mitochon-
drial membrane potential (MMF), cytochrome ¢ release and total
nuclear intensity, we used Cellomics Multiparameter Cytotoxicity

3 Kit {Therma Scientific, Pittshurgh, PA) as previously described in
detail {Lévborg et al, 2004} In brief, colen cancer cells were
seeded into 96-well plates for 24, 48 and 72 h. After treatment of
cells with EEAM (10 pg{ml}, cell permeability and MMP dyes were
added to live cells prior to fixing and blocking the cells with 1 =
blocking buffer. Then, primary cytochrome ¢ antibody and sec-
ondary DyLight 649 conjugated goat anti-mouse 1gG were added
for 1h. Staining solution was also supplemented with Hoechst
33342 dye to stain nucleus. Stained cells in 96-well plates were
analyzed using ArrayScan high content screening (HCS) system.

211, Biol scent assays for caspase-8, -9 and -3/7 activities

To determine the pathways involved in induced apoptosis, we
carried out a dose-dependent study on caspase-8, -9 and -3{7
activation using Caspase-Glo-3/7, -8 and -9 kit { Fromega, Madison,
W1, USA] according to the manufacture's protocols. In brief, colon
cancer cells (1= 107 cellsjwell) were seeded into white 96-well
microplate for 24 h and treated with 10 pg/ml of EEAM or DMSO
vehicle control. After 24, 48 and 72 h of incubation, caspase-Glo
reagent (100 pl} was added to the wells following with incubation
for 30 min. The induced activation of caspases was determined
using a Tecan Infinite 200 Pro {Tecan, Miannedorf, Switzerland)
microplate reader (Muhammad Nadzri et al., 2013}

212, Immunofiuorescence analysis for Bax and Bcl-2

Colon cancer cells {5 x 10% cells/ml) were cultured in 96-well
plates and treated with EEAM {10 pgiml} for 24, 48 and 72 h. The
treated cells were fixed with 3.5% paraformaldehyde for 15 min
and supplemented with blocking buffer followed by 1 h of incuba-
tion in 0.03% Triton X-100/PBS and normal serum. Then, blocking
buffer was aspirated prior to adding diluted primary antibody
solution containing 1 = PBS/1% BSA/0.3% Triton X-100. Cells were
incubated at 4 °C for 24 h. Bel-2 and Bax fluorochrome-conjugated
secondary antibody (Santa Cruz Biotechnology, Santa Crugz, CA)
diluted in antibody dilution and added to the cells following with
incubation for 1 h. After every step, cells were gently washed three
times with PBS. Calon cancer cells were supplemented with DAPI
prior to being examined using CellReporter, Melecular Devices,
USA (Karimian et al., 2014).

213, Migration assay

To determine the suppressive effect of EEAM on migration of
colon cancer cells, HCT-116 and HT-29 cells were seeded in a
G-well plate for 24 h. Then, cells were scratched with 100 pl
pipette tip following with treatment with EEAM (10 pgfml}. After
washing the cells with PBS twice to remove nonadherent cells,
photomicrographs were captured in 0, 24, 48 and 72 h after
wounding using a microscope Olympus BX51 (Olympus, Tokyo,
Japan} {Sims et al,, 2011},

214, Invasion assay

We used the commercial kit of Cultrex86 Well BME Cell
Invasion Assay (Trevigen, Gaithersburg, MD, USA) according to
the vendor's instructions. In brief, basement membrane extract
coating solution {100 pl} was used at 37 °C for 4 h to evenly coat a
96-well unit containing 8 um polycarbonate nucleopore filters
{(Corning). Colon cancer cells {2 = 10° cellsjml} in RPMI medium
were placed in the upper compartment, and the lower compart-
ment was also filled with the medium. After treatment with EEAM
(10 pg/ml} for 24, 48 and 72 h, a cotton swab was used to remove
the cells that had not invaded. At the end, invasion of treated colon
cancer cells to the lower surface was measured using a microplate
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reader (Infinite M200PRO, Tecan, Mannedorf, Switzerland) {Sims
et al, 2011),

2.15. Statistical analysis

All values were presented as mean 1+ SEM of three different
experiments. A one-way analysis of variance {ANOVA) was per-
formed using the Prism statistical software package (GraphPad
Software, USA). Differences were considered as being significant at
*p = 0,05,

3. Results
3.1. EEAM suppressed the proliferation of colon cancer ceils

The isolated extracts of Annona muricata elicited different
suppressive effects on colon cancer cells. The growth inhibitory
effect on the proliferation of cell lines are shown in Table 1 with
IG5 values presented. After treatment with hexane and ethyl
acetate extracts for 72 h, both H1-29 and HCI-116 cell numbers
reduced dose-dependently, whereas the methanol extract did not
affect the proliferation of colon cancer cells. IC5q values revealed
that EEAM seemed to be the most active extract with ICsq values of
391 £ 035 ug/ml and 4.29 1 0.24 pg/ml against HCI-116 and

Table 1

Suppressive eflect of EEAM and 5-FU on the proliferation of human colen cancer
cells. 1C5p values of Annona muricaia leaves extracts on HT-29, HCT-116 and CCD841
cell lines alter 72 h treatment with EEAM.

HT-29 cells, respectively, which were comparable with 5-FU
cytotoxic potential as a standard anticancer drug. EEAM exhibited
the ICsp values of 11.43 + 1.87 pg/ml and 8.98 + 1.24 pg/ml against
HT-29 and HCT-116 cells after 24 h, respectively. 1Csq values
towards HT-29 and HCT-116 cells after 48 h treatment with EEAM
were found to be 6.89 + 0,70 pg/ml and 5.41 + 0.44 pg/ml, respec-
tively. It is worth noting that three isolated extracts revealed no
noteworthy growth inhibitory potential towards normal human
colon CCD841 cells compared to colon cancer cells. DMSO (0.1%)
did not show any sign of toxicity, which was used as a vehicle
control. The MTT result suggests that EEAM suppressive effect is
selective for colon cancer cells with the safety index of 7.98 and
8.75 towards HCT-116 and HT-29 cells, respectively.

3.2. Gas chromatography profile of EEAM using GC-MS-TOF analysis

As depicted in Fig. 1, chemical profiling of EEAM was investi-
gated by use of GC-MS-TOF. The chromatogram showed the
presence of 11 different compounds (Table 2) and the major
compound of EEAM was found to be 1,2,3-Propanetriol, 1-acetate.

3.3. EEAM induced LDH leakage from colon cancer cells

A stable cytosolic enzyme of LDH which catalyzes the oxidation
of 1-lactate to pyruvate is released from cytosol after any irrever-
sible membrane damage to cells (Furtado et al, 2012). After
exposure to EEAM, LDH release was dose-dependently elevated
in colon cancer cells compared to the untreated cells. At 10-80 pg/ml
concentrations, LDH leakage was significantly increased, con-
firming the observed cytotoxicity in M1 assay (Fig. 2 B}, while EEAM
at 5 pgfml concentration did not cause the significant release of the
enzyme. The result suggested that EEAM has roughly the same
cytotoxic effect on both HCT-116 and HT-29 cells, although the MTT
result showed the stronger cytotoxic effect on HCT-116 cell.

Extract Cell lines, 1C5, value (ugiml)
HT-29 HCT-116 €CDs41
Hexane extract 1493+ 0.64 12.26 - 042 42.19 + 4.66
Ethyl acetate extract 429+ 024 3914035 34.24 + 212
Methanol extract =100 =100 =100
5-FU Lio - 011 0.90 + 0.09 -
7
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=
o
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Fig. 1. GC-MS-TOF analysis of EEAM.
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3.4. ROS formation induced by EEAM

Oxidative stress in cancer cells because of various biochemical
and physiological lesions results in metabolic impairments and
cell death {Cairns et al., 2011). ROS-induced oxidative injury
leading to apoptotic death is a critical factor involved in the
cytotoxic effects of the various phytoconstituents (Ziech et al,
2011). Thus, we measured the effect of EEAM on the production of
ROS in the colon cancer cells. As illustrated in Fig. 2, there was a
dose-dependent elevation in the level of generated ROS in the
treated colon cancer cells compared to untreated cells. EEAM
caused significant ROS production at 10-80 ug/ml concentrations
{Fig. 2A).

3.5, Annexin-V externglization induced by EEAM

To examine the effect of EEAM on the apoptosis of colon cancer
cells, Annexin-V-FITC probe was used to determine the percentage
of cells undergoing apoptosis. Apoptotic cells were examined by
counting the percentage of early apoptotic cells {Annexin-V
positive and PI negative) and late apoptotic cells (both Annexin-
V and Pl positive), After treatment with EEAM, both the percen-
tages of early and late apoptotic cells were clevated time-
dependently (Fig. 3). After 72 h of treatment, the late apoptotic
percentage of HCT-116 cells was elevated to 46.21 + 3.13%, while
the percentage of HT-29 cells increased to 12.53 + 1.65%. The early
apoptotic population was increased to 27.23 | 4.65% and
16.65 | 2.15% for HCI-116 and HT-29 cells, respectively. After
72 h treatment, the percentage of viable HCT-116 cells was

Table 2
The detected compounds in EEAM were characterized using GC-MS-TOF analysis.

Peak Name of compounds Retention Similarity
no. time {s) (%)
1 3-Hexenoic acid 364 90
2 Hexenoic acid 386 81
3 2-Pyrrolidinene 460 58
4 1,2,3-Propanetriol, 1-acetate 503 36
5 4H-Pyran-4-one, 2,3-dihydro-3,5- 144 33
dihydroxy-6-methyl
3] Thenal, 4-ethenyl-, acetate 703 85
7 1.2,3-Propanetriol, 1-acetate 741 84
8 Fumaric acid, 4-chlorophenyl ethyl ester 1236 78
9 Thytol acetate 1584 86
10 Phytol 1899 82
11 Tocopherel 2856 63
54
£ 4
s
Z 3
v
R
0

I TS S

reduced more effectively compared to the HT-29 cells. The result
implies that EEAM can effectively induce apoptosis in both colon
cancer cells.

3.6. Cell cycle arrest at G, induced by EEAM

As depicted in Fig. 4, there is a significant G, phase arrest in
treated colon cancer cells in a time-dependent manner. After 72 h
of treatment, the number of cells at G, phase significantly elevated
from roughly 40% (untreated control) to 62.45% for HCT-116 and
7022% for H1-29 cells, The number of cells in sub-Go/G; phase
with hypodiploid DNA in DNA histogram considered as apoptotic
cells were significantly elevated after 72 h of treatment. Subse-
quently, the number of cells in the S phase also significantly
decreased promoting cell cycle arrest at G, phase.

3.7. Mitochondria-initiated events mduced by EEAM

‘lo further confirm the induction of apoptosis as suggested by
Annexin-V-FITC assay, we examined the critical apoptotic markers
in colon cancer cells. Treatment with EEAM led in a dose-
dependent elevation in cell membrane permeability (Fig. 6) shown
by a noteworthy increase in green fluorescent intensity of colon
cancer cells (Fig. 5). The red fluorescent intensity showing MMP
was significantly decreased after EEAM (10 pg/ml) treatment.
Quantitative measurement of MMP perturbations showed the
significant collapse in MMP after EEAM (10 ug/ml) treatment
(Fig. 6). Assessment of cytochrome ¢ release from mitochondria
using cyan fluorescent probes demonstrated the significant trans-
location of cytochrome ¢ to the cytosol (Fig. 5). Release of
cytochrome ¢ was found elevated in a time-dependent manner
(Fig. 6). These results further confirmed that EEAM suppressed
colon cancer cell proliferation by induction of apoptosis.

3.8, Caspase activation induced by EEAM

The increase in the level of ROS and reduction in MMP may
trigger the caspase cascade. Therefore, the activation of caspase-3/7,
-8 and -9 in colon cancer cells upon treatment with EEAM was
investigated through measuring the bioluminescent intensities. As
shown in Fig. 7, all the caspases under investigation in both HCT-
116 and HT-29 cells found to be induced while treatment. At the
concentration of 10 ugfml, the activity of caspases was elevated in a
time-dependent manner. The activity of caspase-9 was significantly
increased after 12 h of treatment, while caspase-8 and caspase-3/7

HCT-116
HT29

Concentration (ng/ml)

Fig. 2. The result of (A) ROS and (B) LDH assays on HCT-116 and HT-29 cells demonstrated significant LDH release and ROS generation at concentrations of 10-80 pg/ml. The
data represent the means + SEM of three independent experiments. *P < 0.05 compared with the untreated group.
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Fig. 3. Time-dependent apoplosis rates of colon cancer cells Lreated with EEAM detected by Now cylometry alter (A) O b, (B) 24 h, (C) 48 h and (D) 72 h. The bar charts
illustrated the percentage of (E) HCT-116 and (F) HT-29 cells undergoing carly and late apoptosis. The data represent the means — SEM of three independent experiments.

*P < 0.05 compared with the untreated group.
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Fig. 4. Flow cytometric analysis of cell cycle arrest of colon cancer cells treated with EEAM (10 pg/ml) in a time-dependent manner, (A) control, (B) 24, (C) 48 and (D) 72 b
The representative bar charts for (E) HCT-116 and (F) HT-29 cells depicted the significant cell cycle arrest in the G, phase after 72 h of treatment. The data represent the
means | SEM of three independent experiments. *P < 0.05 compared with the untreated group.

was significantly activated only after 24 h of treatment (Fig. 7). Our
present findings demonstrated that EEAM induced apoptosis in
both colon cancer cells is predominantly through the intrinsic
pathway.

3.9, Bax up-regulation and Bcl-2 down-regulation induced by EEAM

To determine whether EEAM induced apoptosis in colon cancer
cells by altering the expression of Bax and Bcl-2 proteins, levels of
these proteins following EEAM treatment were examined by
immunofluorescence analysis. Treatment of HCT-116 {Fig. 8) and
HT-29 (Fig. 9) cells with EEAM (10 pg/ml) significantly induced the
time-dependent elevation in the expression level of Bax and
reduction in the expression level of Bcl-2 (Fig. 10), After 72 h of
treatment, the numbers of cells markedly reduced shown by DAPL

staining, which identifies all cell nuclei (blue) (Figs. 8 and 9). The
fluorescent intensity of FITC (green) conjugated to the Bax anti-
bodies was time-dependently increased, while the fluorescent
intensity of Bcl-2 protein was decreased after 72 h of treatment.

‘These results implied that EEAM can induce apoptosis of colon

cancer cells through the perturbation in the expression of Bax and
Bcl-2 proteins.

3.10. Inhibitory effect of EEAM on the migration and invasion
of colon cancer celis

In the present study, the wound healing effect of EEAM was
determined against colon cancer cells, which are known to be
highly metastatic. The migration assay elicited that EEAM
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Fig. 5. Representative images of colon cancer cells treated with EEAM (10 pgfml), stained with Hoechst 33342, cell permeability, MMP and cytochrome ¢ dyes. EEAM
treatment caused a noteworthy elevation in fluorescent intensity of cytochreme ¢ and membrane permeability dyes associated with reduction in fluorescent intensity
of MMP.
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Fig. 6. Representative bar charts of EEAM mediated apoptosis markers for (A) HCT-116 and (B) HT-29 cells. Changes in cell membrane permeability, MMP and cytochrome ¢
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Fig. 7. Relative luminescence expression of caspase-3/7, -8 and -9 in (A) HCT-116 and (B) HT-29 cells treated with EEAM {10 pg/ml) for 3, 6, 12, 24 and 48 h. The data
represent the means + SEM of three independent experiments. “P < 0.05 compared with the untreated group.

markedly inhibited the migration of colon cancer cells (Fig. 11).
‘The representative bar charts of the EEAM suppressive effect
depicted more than 70% inhibition of treated colon cancer cells
compared to the untreated cells after 72 h. The inhibitory effect of
EEAM against the invasion of colon cancer cells was determined
using a chamber assay and measuring the number of migrated
HCT-116 and HT-29 cells through the barrier. After 72 h of treat-
ment, the invasion of HCT-116 cells and HT-29 cells was decreased
to 8.13% and 17.25% compared to the control, respectively (Fig. 51).
The present findings showed that EEAM can effectively suppress
the invasion of colon cancer cells. These results suggested that
EEAM can effectively suppress the migration and invasion of colon
cancer cells besides the induction of apoptosis.

4. Discussion

The growing body of molecular and histological experiments
supporting the correlation between apoptosis and anticancer
activity of pharmaceutical agents has attracted many researchers
to focus on the development of new anticancer agents with potent
apoptotic-inducing effects (Khan et al, 2010; Zorofchian
Moghadamtousi et al, 2014). In the present study, we have
investigated the apoptosis-inducing capability of Annona muricata
leaves. Our studies using two colon cancer cell lines imply that
irrespective of the type of colon cancer cells, EEAM could induce
anti-proliferative effects as determined by MTT and LDH assays.
However, EEAM was found to induce cytotoxicity in the normal
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Fig. 8. Immunofluorescent detection of Bax and Bel-2 in HCT-116 cells. The fluorescent intensity of (A) Bax and (B) Bcl-2 antibodies conjugated to FITC was increased and
decreased, respectively, in a time-dependent manner. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

colon cells at markedly higher doses than the cancer cells.
Previously, it has been reported that Annona muricata leaves
induced cytotoxicity in other cancer cell lines, such as MDA-MB-
435S and Hela, with the results comparable to our study (George
et al, 2012; Heri Suselo and Jusuf, 2012; Mishra et al, 2013).
However, the detailed mechanism by which the Annona muricata
leaves induce apoptosis has not been identified.

Cancer is generally well known as a disease of the cell cycle
dysfunction. Deregulation of the molecular machinery of the cell
cycle is one of the most critical alterations during tumor progres-
sion (Williams and Stoeber, 2012). The ability to block the cell
cycle progression in cancer cells can effectively elevate the antic-
ancer potential of natural products (Mantena et al, 2006). To
investigate whether EEAM induced growth suppression is
mediated by the cell cycle arrest, we examined the cell cycle
distribution of colon cancer cells using flow cytometric analysis.
The present study demonstrated that EEAM arrests the cell cycle of
colon cancer cells at G, phase,

The results of our present study using flow cytometric analysis
of Annexin V/PI staining demonstrated that EEAM elicited a
markedly induced apoptosis in colon cancer cells. This finding
was confirmed by HCS multiple cytotoxicity analysis that revealed
critical characterizations of apoptosis, including nuclear condensa-
tion, decrease in MMP, cytochrome ¢ leakage and perturbation in
the membrane symmetry. Among the various initiating stimuli for
disruption in the MMP, ROS has a critical role in the induction of
apoptosis by natural products, since excessive accumulation of
ROS cause oxidative DNA damage (Schumacker, 2006). The present

study demonstrated that treatment with EEAM significantly
increased the generation of ROS in colon cancer cells, in a
concentration dependent manner. These results suggested that
disruption in the MMP was caused by excessive accumulation of
ROS in cancer cells. Collapse in MMP as an early apoptotic event
leads to the release of pro-apoptotic molecules, mainly cyto-
chrome ¢ (Ly et al, 2003), Collectively, these findings revealed
pro-apoptotic molecules involvement in the activation of the
caspase cascade and subsequent demise of the cell (Liu et al,
2010).

To date, intensive molecular studies prove that two main
apoptotic pathways, namely extrinsic via death receptor and
mitochondrial-mediated intrinsic pathways can be triggered by
the caspases {Ocker and Hopfner, 2012). Intrinsic pathway trig-
gered by cytochrome c activates the caspase-9, while the extrinsic
pathway activates the caspase-8 {Mishra and Kumar, 2005). Once
these initiator caspases are activated, the execution phase of
apoptosis via activation of the caspase-3, -6 and -7 is triggered.
These executioner caspases are responsible for the later morpho-
logical changes in the apoptotic cells, such as chromatin conden-
sation, DNA fragmentation, membrane blebbing and formation of
apoptotic bodies {Hengartner, 2000). The present findings showed
that treatment with EEAM eclevated the activities of caspase-3/7
and caspase-9 in H1-29 and HCT-116 cells. It is postulated that the
induction of apoptosis in colorectal cancer cells is via a
mitochondrial-mediated pathway. Pro-caspase-8 is an important
factor in the formation of a death-inducing signaling complex
(DISC) and its activation in the EEAM-treated colon cancer cells
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implies that apoptosis is also induced via the death receptor
mediated pathway (Young et al, 2012). Activation of both path-
ways of apoptosis by natural products such as curcumin has been
reported in the earlier studies (Karunagaran et al.,, 2005; Lee et al.,
2011).

‘The apoptotic mitochondrial events are tightly regulated by the
members of the Bcl-2 family of proteins {(Cory and Adams, 2002).
Pro-apoptotic and anti-apoptotic proteins in this family govern the
mitochondrial membrane permeability. Pro-apoptotic protein of
Bax via conformational changes and translocation to the mito-
chondria mediates the cytochrome ¢ release (Liu et al, 2003).
Meanwhile, anti-apoptotic protein of Bcl-2 suppresses the cyto-
chrome ¢ leakage from mitochondria {Martinou and Youle, 2011).
The present findings indicated that EEAM treatment elevated the
protein expression of Bax and decreased the expression of Bcl-2
proteins in colon cancer cells, which confirmed the involvement of
the intrinsic pathway of apoptosis in colon cancer cells. The
potential to suppress the invasive and migratory activity of tumor
cells provides an effective approach to the treatment of cancers.

Migration and invasion of cancer cells allow them to penetrate
and attach to the surrounding tissues. Metastatic tumors due to
uncontrollable spread to different tissues and organs are the main
cause of death in cancer patients (Hood and Cheresh, 2002), The
most prevalent sites for the metastasis of the rectal and colon
cancer are liver and lung (Mills and Stamos, 2014). Furthermore, it
was reported earlier that HT-29 and HCI-116 cells are highly
metastatic (Ishizu et al, 2007; Murakami et al., 2013). The present

study demonstrated that EEAM treatment could conspicuously
block the migration and invasion of both colon cancer cells.

Some of the phytoconstituents detected in EEAM by GC-MS-TOF
analysis when isolated from various plants have shown apoptosis
inducing effects in different cancer cell lines, For example, phytol
and phytol acetate are well established to have apoptotic potential
and anticancer activity in several plants such as Kedrostis foetidissima
(Kalaisezhiyen and Sasikumar, 2012), Lofium multiflorum (Komiya et
al., 1999) and Typhonium flagelliforme (Lai et al., 2008). Tocopherol
and its derivatives have demonstrated an extensive range of
apoptotic effects against various cancer cells, including erythroleu-
kemia, prostate and breast cancer cells (Sigounas et al., 1997; Yu et
al., 1999; Gysin et al,, 2002; Jiang et al,, 2004 ). The apoptotic activity
of the compounds detected in EEAM is closely correlated with the
findings of our present investigation. However, further studies on
the pure compounds isolated from Annona muricata leaves through
bioassay guided approach are still required in order to certainly
explore the major active compounds responsible for the promising
anticancer activity of the leaves.

5. Conclusions

In summary, these findings demonstrate that Annona muricata
leaves has noteworthy pro-apoptotic potential, irrespective of the
type of colon cancer cells, Our study shows that EEAM induced
mitochondrial-mediated apoptosis in colon cancer cells associated
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Fig. 11. EEAM inhibited migraticn of colon cancer cells. Seeded celon cancer cells in 8-well plates were wounded and imaged (0 h). Treated (A) HCT-116 and {B) HT-29 cells
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with the G; cell cycle arrest. EEAM induces apoptosis by generat-
ing ROS and down-regulating anti-apoptotic Bcl-2 while
up-regulating pro-apoptotic Bax. These processes subsequently
lead to attenuation of MMP and cytochrome ¢ release. Release of
cytochrome c activates caspase cascade that triggers execution of
apoptosis through DNA fragmentation. Furthermore, migration
and invasion of colon cancer cells were blocked by EEAM where
constitutive metastasis of tumor cells remains a critical obstacle in
cancer treatment. These findings suggest the potential therapeutic

value of EEAM and in vivo antitumor investigation of the leaves
extract is underway.

Acknowledgment

This research was supported by the High Impact Research
Chancellery Grant UM.C/625/1/HIR{175 from the University of
Malaya and Postgraduate Research Fund (PG118-2013A).

87



288 5. Zorofchian Moghadamtous et al. [ fournal of Ethnopharmacelogy 156 (2014) 277-28%

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doiorg/ 10,1016/ jep.2014.08.011,

References

Adewele, 0., Ojewole, LA, 2009 Protective effects of Annona muricata Linn.
[Annonaceae) leal aqueons extract on serum lipid profiles and axidative stress
in hrpalnrylﬁ ul’ streplogotocin-treated  diabetic rats, Alrican Journal of

i ¥, and ive Medicines 6, 30-41,

Baskar, B, R.1Jsmn V. l.nmlr T.5, 2007, In virro antioxidant studies in leaves of
Annong species. Indian Journal of Experimental Biology 45, 480485,

Cairns, BA, Harns, 15, Mak, TW, 2011 Regulation of cancer cell baolk

Lai, -5, Mas, RH, MNair, N, Majid, M, Mansor, S, Mavaratnam, V., 2008, Typhomium
Sfageliforme inhibits cancer cell growth in vitre and ind uces apoptosis: An evaluation
by the bicactivity guided approach Journal of Ethnepharmacelogy 118, 14-200

Leboeuf, M., Cawé, A, Bhaumik, P. Mukherjee, B, Mukheriee, R, 1980. The
phytochemistry of the Annonaceae. Phytochemistry 21, 2783-2813.

Leboeuf, M, Legueut, C, Cavé, A, Desconclois, |, Forgacs, P, Jacquemin, H, 1981,
Alcaloides des Annonacées XXIX: Alcaloides de I'Annong muricata L Planta
Medica 42, 37-44,

Lee, 5T, Wong P-F, Cheah, 5-C, Mustafa, MR, 2011, Alpha-tomatine induces
apoplosis and inhibits nuclear factor-kappa B activation on human prostatic
adenocarcinoma PC-3 cells. Plos One 6, €18915.

Lie, F-T, Newland. A.C, Jia, L, 2003, Bax conformational change is a crucial step for
PLUMA-medi is in human . Biochemical and Biophysical
Research Communications 310, 956-962.

Lie, T, Wiy LY, Chai, J.K., Berkman, CE, 2010. Targeted photodynamic therapy for
prostate cancer inducing apoptosis via activation of the caspase-8/-3 cascade

Nature Reviews Cancer 11, 85-95.

Chang, F-R, Liaw, C-C, Lin, C-Y, Chou, €], Chiy, W, ¥.-C, 2003, Mew
adjacent his-tetrahydrofuran Annonacecus acelogening from Anmona muricaa,
Planta Medica 69, 241-246.

Cory, 5., Adams, | M., 2002. The Bcl2 Family: regulaters of the cellular life-or-death
switch, Mature Reviews Cancer 2, 647656,

Daferera, D), Ziogas, BN, Polissiou, MG, 2000, GC-M5 analysis of essential oils
from some Greek arematic plants and their fungitexicity en Penicilliim
digitatm. Journal of Agricultural and Food Chemistry 48, 2576-2581.

Duraipandiyan, V., Ayyanar, M., Ignacimuthu, S, 2006, Antimicrobial activity of
some ethnomedicinal plants used by Paliyar tribe from Tamil Madu, India. BMC
Complementary and Alternative Medicine &, 35,

Elmare, S, 2007, Apoptosis: a review of programmed cell death. Texicologic
Pathalogy 35, 495-516.

Ezirim, A, Okachi, V., James, A, Adebeshi, 0., Ogunnowo, S, Odeghe, O, 2013,
Induction of apeptesis in myelogenous leukemic K562 cells by ethanolic leaf
extract af Annona muricato. Indian Journal of Drugs and Diseases 2, 241-247,

Furtade, CM., Marcondes, M.C., Sola-Penna, M., de Souza, ML, Zancan, P, 2012
Clotrimazele preferentially inhibits human breast cancer cell proliferation,
wvia rty and glycolysis. PloS One 7, e30462.

George, V.C, Kumar, DN, Rajkumar, V., Suresh, P, Ashok, R, )‘.DIZ. Quantitative
assessment of the relative i i ial ol the cal
extract of Annong Muricata Linn. in normal and lmmornllzed human cell lines.
Asian Pacific Journal of Cancer Prevention 13, 699-704,

Gysin, R, Azzl. A, Visarius, T, 2002, - “Tecophero! ln}ublrs human cancer cell cycle

and cell proli y down. of cyclins. The FASER
]oumnl. 16, 1952-1954,

Hajrezaie, M., Paydar, M., Moghad SZ. H darvish, P, Gwaram, NS,
Zahedifard, M., Rouhollahi, E, Karimian, H.. Looi, CY, Ali, HM., 2014, A Schiff
base-derived copper (I} complex is a potent inducer of apoptosis in colon
cancer cells by activating the intrinsic pathway. The Scientific World Journal
2014, 12, hitp://dx.doi.org/ 10.1155/2014/540463, Article 1D 540463,

Hae, X, Dw M., Bishop, AE, Talbot. 1, 1998, Imbalance between proliferation and
apoptosis in the development of colorectal carcinoma. Virchows Archiv 433,
523-527.

Hengartner, M.0,, 2000, The bicchemistry of apoptosis, Mature 407, 770-776

Heri Susele, Y., Jusul, 5.4, 2002 The selective cytatoxicity of ethanalic extract of
Annona muricata leal on Hela cervical cancer cells, 24-27,

Hood, 0., Cheresh, DA, 2002 Role of integring in cell invasion and migration.
Mature Reviews Cancer 2, 91-100,

Ishizu, K., Stnose, N. Yamazaki, K, Tsuruo, T, Sadahiro, 5., Makuuchi, H., Yamori, T., 2007,

and characl fa model of liver metastasis using human colen
cancer HCT-116 cells. Biological and Pharmacentical Bulletin 30, 17791783,

Jaramille, M., Arango, G., Gonzalez, M., Robleda, 5., Velez, 1D, 2000, Cyroloxicity
and antileishmanial activity of Annons muricafe pericarp, Filoterapia 71,
183-186.

Jiang. Q.. Wang, |, Fyrst, H, 5aba, |.0, Ames, BN, 2004, y-Tocopherol or combina-
tions of vitamin E forms induce cell death in human prostate cancer cells by
interrupting sphingolipid synthesis. Preceedings of the National Academy of
sciences of the United States of America 101, 17825~ 17830,

Journal of Oncclogy 36, 777- ?84.

Lﬂvborg Nygmn. P, Larszon, B, 2004, Multip luation of
effects of standard cyloloxic agents and the cyanoguanidine CHS 8?8 Mulr—
cular Cancer Therapeutics 3, 521-526.

Ly, .. Grubb, D, Lawen, A, 2003, The mitochondrial membrane potential (A ¥m)in
apoplosis; an update, Apoplosis 8, 115-128.

Mantena, 5K, Sharma, 5D, Katiyar, 5K, 2006. Berberine, a natural pmduu:[
induces Gl-phase cell cycle arrest and caspase-3-dependent apoplos
human prostate carcinoma cells. Molecular Cancer Therapeutics 5, 296- 306,

Martinou, [.-C, Youle, R], 2011, Mitechondria in apoptosis: Bel-2 family members
and mlmchondl al dynamics. Developmental Cell 21, 92-101.

ills, 5., Stames, M., 2014, Metastatic celorectal cancer. Complexities in Colorectal

segery, 91-104,

Mishra, N.C, Kumar, 5, 2005, Apoplosis: a mitochondrial perspective on cell death,
Indian Journal of Experimental Biology 43, 25-34.

Mishra, 5. Ahmad, 5. Kumar, N, Sharma, BE. 2013, Annona muricafe (The cancer
killer): a revi The Glebal Journal of Pharmaceutical Research 2, 16131618,

Moghadamtousi, CGoh, BH, Chan, CK, shabab, T, Kadir, HA_, 2013, Biological
activities and phytechemicals of Swietenta macrophylas King. Molecules 18,
10465~ 104383,

Mosmann, T, 1983. Rapid colorimetric assay for cellular growth and servival:
application to preliferation and cytotexicity assays. Journal of Immunolegical
Methods 65, 55-63,

Muhammad Nadzri, N, Abdul, A.B, Sukari, MA, Abdehwahab, 5.1, Eid, EE., Mohan,
S. Kamalidehghan, B, Anasamy, T, Ng‘. K.B sgram. 5., 2013, Inclusion complex
of zerumbone with fi-cyel in induces apoptosis in liver
hepatocellular Hepcz cells via caspase 8/BID cleavage switch and modulating
Bel2[Bax ratio. Evidence-Based lementary and Alternative Medicine 2013,
16. http:/jdx.doiorg/10.1155/2013/8 10632, Article ID 810632,

Murakami, T, Kawada, K, lwamote, M., Akagami, M., Hida, K., Nakanishi, ¥., Kanda,
K., Kawada, M., Seno, H, Taketo, MM, 2013, The role of CXCR3 and O(CR4 1
colorectal cancer metastasis. International journal of Cancer 132, 276-287.

Newman, D], Cragg, G.M.. 2007, Natural products as sources of new drugs over the
last 25 years L. Journal of Natural Products 70, 461477,

Mewman, Du), Cragg, G.M, 2012, Natural products as sources of new drugs over the
30 years from 1981 to 2010, Journal of Natural Products 75, 311-335,

Micole Mighorati, G., Plgln(rl M. ergnlm F. Ihrrald C., 1991, A rapid and
simple method for pop by idi iedide
stamning and flow cy v. Journal of logical hods 138, 271-279,

Ocker, M., Heépfner, M., 2012. Apoptosi dul drugs for imp d cancer

therapy. European Surgical Research 48, 111-120,

Peshavariya, HM., Dusting, G]. Selemi 5. 2007, Analysis of dibwdroethidiom
flucrescence for the detection of intracellular and extracellular superoxide
produced by NADPH oxldasd. Free Radical RCSI:alCh 41, 699-712,

Peter, ME, 2011 | d cell death: meets necrosie. Nature 471,
310-312.

Schumacker, PT, 2006, Reactive oxygen species in cancer cells: live by the sword,
die by the sword. Cancer Cell 10, 175-176,

ngnums (’ nnagnmlnu. A, Steiner, M, 1997, dl-e-tocopherol induces apoplosis in

pa, prostate, and breast cancer . Mutrition and Cancer 28, 30-35,

Kalaisezhiyen, P. Sasikumar, V., 2012, GC-MS evalution of chemical ¢
from methanalic leal exiract of Kedrosris foetidissima (Jacq.) cogn. Asian Journal
of Pharmaceutical and Clinical Research 5. 77-81.

Karimian, H, Mohan, £, Moghad. 52, Fad b, M., Razavi, M., Arya, A,
L1rr|.1l|dshgh.1n B, Al HM Moordin, M1, 2014 Tnnurﬂlum palyreplmium (L. )
Schultz-Bip. induces mitochondrial-mediated apoprosis and inhibits migration
and invasion in MCF? Cells. Malecules 19, 9473-9501,

Karunagaran, [, Rashmi, R, Kumar, T., 2005. Induction of apoptosis by curcumin
and its implications for cancer therapy. Current Cancer Drug Targets 5, 117-129,

Khan, M, Adhami V.M., Mukhtar, H, 2000, Apoplosis by dietary agents for
prevention and treatment of prostate cancer. Endocrine-related Cancer 17,
R39-R52.

Komiya, T, Kyohken, M. Ohwaki, 5. Eto, |, Katsuzaki, H., Imai K., Kataoka, T.,
Yoshioka, K., Ishii, Y., Hibasami, H.. 1999 Phytol induces programmed cell death
in human lympheid leukemia Melt 4B cells. International Journal of Molecular
Medicine 4, 377-457,

Kossoueh, C, Moudachirow, M., Adjakidje, V., Chalchat. |-C., Figuérédo, G, 2007,
Essential cil chemical composition of Annona muricata L leaves from Benin.
Journal of Essential Oil Research 10, 307-300,

S1ms.] D, MeCready, |, Jay. D.G., 2001, Extracellular heat shock protein (Hsp) 70 and
Hspaie assist in matrix melalloproteinase-2 activation and breast cancer cell
migration and invasicn. Plos One 6, e13848.

Vermes, |, Haanen, C, Steffens-Makken, H, Reutellingsperger, C, 1995 A novel
aszay for apoptosis flow cytometric detection of phosphatidylserine expression
on early apopl colls using fuorescein labelled annexin V. Journal of
Immunclogical Metheds 184, 39-51.

‘Wan, |, Breyer-Brandwijk, M., 1962. The Medicinal and Poisonous Plants of Southern
and Eastern Africa, 2nd ed. E & § Livingstone Ltd, Edinburgh, Londen p. 1457,

‘Whithield, JF, 2009. Calcium, calcium-sensing receptor and colon cancer. Cancer
Letters 275, 9-16.

Williams, G.H, Stoeber, K. 2012, The cell cycle and cancer. The Journal of Pathology
226, 352-364.

L 1997, Apoptosis: an overview. British Medical Bulletin 53, 451465,

Takahashi, ¥., Khan, 0., Park, 5., Hori, T, Yun, ], Sharma, A K, Amin, 5,

Hu, C. Zhang, |, 2012, Autophagosomal membrane serves as platform for

intracellular death-inducing signaling complex [iDISC)-mediated caspase-§

activation and apoptosis. Jeurnal of Biological Chemistry 287, 1245512468,

88



5. Zorofchian Moghadamtousi et gl / journal of Ethnopharmacology 156 (2014) 277-289 289

Yu, W, Simmens-Menchaca, M., Gapor, A, Sanders, B.G., Kline, K, 1999. Inducticn Mutaticn Research/Fundamental and Molecular Mechanisms of Mutagenesis
of apoptosis in human breast cancer cells by tecopherols and tocotrienols. 711, 167-173.
Nutrition and Cancer 33, 26-32. Zorafchian Moghadamtousi, 5., Karimian, H.. Khanabdali, R. Razavi, M., Firoozinia,
Zeng, L, Wu, E-E., Oberlies, NH., McLaughlin, |.L, Sastrodihadjo, S, 1996, Five new M., Zandi, K., Abdul Kadir, H. 2014, Anticancer and antitumor potential of
monotetrahydrofuran ring acetogenins from the leaves of Annona muricata fucoidan and fucoxanthin, twe main metabolites isclated from brown algae,
Journal of Natural Products 59, 1035-1042. The Scientific World Journal 2014, 10. hrip:/jdx.doi.org/10.1155/2014/768323,
Ziech, D., Franco, R. Pappa, A, Panayictidis, M.L, 2011. Reactive Oxygen Species Article 1D 768323,

(ROS}-induced genetic and epigenetic alterations in human carcinogenesis.

89



Published Paper 3: The Chemopotential Effect of Annona muricata
Leaves against Azoxymethane-Induced Colonic Aberrant Crypt Foci in
Rats and the Apoptotic Effect of Acetogenin Annomuricin E in HT-29

Cells: A Bioassay- Guided Approach

S. Z. Moghadamtousi,'! E. Rouhollahi,> H. Karimian,> M. Fadaeinasab,> M.

Firoozinia!, M. A. Abdulla?, H. A. Kadir,""

!Biomolecular Research Group, Biochemistry Program, Institute of Biological Sciences,
Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia

’Department of Biomedical Science, Faculty of Medicine, University of Malaya, 50603
Kuala Lumpur, Malaysia

3Department of Chemistry, Faculty of Science, University of Malaya, 50603 Kuala

Lumpur, Malaysia

Published: Journal of Plos One, 2015, 10(4): e0122288. doi: 10.1371/journal. pone.

0122288 (1SI-Cited Publication).

Statement of contributions of joint Authorship
S. Z. Moghadamtousi: (Candidate)
Conceived and designed the study, performed the experiments, analyzed the data and
wrote the manuscript. Main author of the manuscript.
E. Rouhollahi: (Research collaborator)
Assisted in performing the experiments. Co-author of the manuscript.
H. Karimian: (Research collaborator)

90



Assisted in performing the experiments. Co-author of the manuscript.

M. Fadaeinasab: (Research collaborator)

Performed the experiments. Co-author of the manuscript.

M. Firoozinia: (Research collaborator)

Assisted in analyzing the data. Co-author of the manuscript.

M. A. Abdulla: (Research collaborator)

Conceived and designed the study. Co-author of the manuscript.

H. A. Kadir: (Principal Supervisor)

Conceived and designed the study, supervised and assisted with experiments, edited the

manuscript. Co-author of the manuscript.

91



@' PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Zorcfchian Moghadamtous! S, Rouhollahi
E, Karimian H, Fadaginasab M, Firoozinia M, Ameen
Atdulla M, et al. 2015) The Chemopotential Effect of
Annona muricata Leaves against Azoxymethane-
Induced Colonic Aberant Crypt Foci in Rats and the
Apoptetic Effect of Acetogenin Annomuricin E in HT-
29 Cells: A Bioassay-Guided Approach. PLoS ONE
10(4): e0122288. doiz10.137/journal.pone 0122288

Academic Editor: Mahifosh Mandal, Indian Institute
of Technology, INDIA

Received: November 1, 2014
Accepted: February 10, 2015
Published: April 10, 2015

Copyright: € 2015 Zerofchian Meghadam tousi e al.
This is an open access arficle distributed under the
terms of the Creative Commons Affribution License,
which pemits unrestricted use, distribufion, and
reproducton in any medium, provided the origial
author and source are credited.

Data Availability Statement: All relevant data are
within te paper and its Supporting Information files.

Funding: This research was supported by the
University of Malaya High Impact Research
Chancellery (UM.CB25/1HIR/T7S), University of
Malaya Research Grant (RP001-2012C), and
Postgraduate Research Fund (PG11820134). The
funders had no role in study design, dafa collecton
and analysis, decision to publish, or preparation of
the manuscript.

The Chemopotential Effect of Annona
muricata Leaves against Azoxymethane-
Induced Colonic Aberrant Crypt Fociin Rats
and the Apoptotic Effect of Acetogenin
Annomuricin E in HT-29 Cells: A Bioassay-
Guided Approach

Soheil Zorofchian Moghadamtousi', Elham Rouhollzhi?, Hamed Karimian?,
Mehran Fadaeinasab®, Mohammad Firoozinia', Mahmood Ameen Abdulla®, Habsah Abdul
Kadir'*

1 Biomolecular Research Group, Biochemistry Frogram, Institute of Biological Sciences, Faculty of Science,
University of Malaya, Kuala Lumpur, Malaysia, 2 Cepartment of Biomedical Science, Faculty of Medicine,
University of Malaya, Kuala Lumpur, Malaysia, 3 Department of chemistry, Faculty of Science, University of
Malaya, Kuala Lumpur, Malaysia

# habsah{@ um.edu.my

Abstract

Annona muticata has been used in folk medicine for the treatment of cancer and turmors. This
study evaluated the chemopreventive properties of an ethyl acetate extract of A. muricala
leaves {EEAML) on azoxymethane-induced colonic aberrant erypt foci {ACF) in rats. More-
over, the cytotoxic compound of EEAML {Annomuricin E) was isolated, and its apoptosis-
inducing effect was investigated against HT-29 colon cancer cell line using a bivassay-guided
approach. This experiment was performed on five groups of rats: negative control, cancer
control, EEAML {250 mg/kg), EEAML {500 mg/kg) and positive control {5-fluorouracil). Methy-
lene blue staining of colorectal specimens showed that application of EEAML at both doses
significantly reduced the colonic ACF formation compared with the cancer control group.
Immunohistochemistry analysis showed the down-regulation of PCNA and Bel-2 proteins and
the up-regulation of Bax protein after administration of EEAML compared with the cancer con-
trol group. In addition, an increase in the levels of enzymatic antioxidants and a decrease in
the malondialdehyde level of the colon tissue homogenates were observed, suggesting the
suppression of lipid peroxidation. Annomuricin E inhibited the growth of HT-29 cells with an
1C50 value of 1.62 £ 0.24 ug/mi after 48 h. The cytotoxic effect of annomuricin E was further
substantiated by G1 cell cycle arrest and early apoptosis induction in HT-29 cells. Annomuri-
cin E triggered mitochondria-initiated events, including the dissipation of the mitochondrial
membrane potential and the leakage of cytochrome ¢ from the mitochondria. Prior to these
events, annomuricin E activated caspase 3/7 and caspase 9. Upstream, annomuricin E in-
duced a time-dependent upregulation of Bax and downregulation of Bel-2 at the mRNA and
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protein levels. In conclusion, these findings substantiate the usage of A. muricata leaves in
ethnomedicine against cancer and highlight annomuricin E as one of the contributing com-
pounds in the anticancer activity of A. muricaia leaves.

Introduction

The complex and multistep process of carcinogenesis generally involves three main stages: ini-
tiation, promotion and progression [1]. Perturbations in the genetic level as a result of exposure
to carcinogenic agents, including chemical, physical or viral agents, can trigger the initiation
phase [2]. Morphological changes and the expansion of altered cells are paramount characteri-
zations of the promotion stage. In the progression stage, genotypic and phenotypic conversions
are accompanied with malignancy and metastasis [3].

Colorectal cancer evolves through the deregulation and aberrant growth of epithelial cells in
the appendix, colon or rectum [4]. Early detection is pivotal to reduce the number of colorectel
cancer victitms [5]. The promotion stage in this type of cancer is characterized by aberrant crypt
foci { ACF), which are the earliest identifiable precancerous lesions in colon carcinogenetic mod-
els in both animals and humans [6]. Therefore, monitoring for ACF is widely employed to in-
spect the effects of various anticarcinogens against colorectal cancer [7]. The carcinogen
azoxymethane (ACGM, C;HzN;G), an oxide of azomethane, has been widely utilized to start the
initiation phase of colorectal cancer, thus stimulating AOM-induced ACE in experimental mod-
els. This carcinogenic agent is particulatly effective for the induction of colorectal cancer [3].

The evasion of apoptosis is an important property of human cancers, which effectively
cause tumeor formation and cancer progression [9]. The resistance of cancer cells to apoptosis
in response to pertinent stimuli is a critical rationale behind treatment failure [10,11]. There-
fore, the majority of strategies used in cancer treatment, including chemotherapy and radiation
therapy, are generally based on inducing apoptosis in cancer cells [12]. The induction of apo-
ptosis in cancer cells is primarily triggered through two apoptosis pathways: the intrinsic {mi-
tochondrial) pathway and the extrinsic (receptor) pathway, which both eventually lead to the
executioner phase via caspase activation [13]. Caspases, including initiators and executioners,
are a family of enzymes that act as death effector proteins in different types of cell death [14].

The long history of employing natural products in ethnomedicine with low-prices and limit-
ed side effects, in contrast to expensive synthetic drugs with severe adverse side effects, was the
main reason for the development of new pharmaceutical drugs from natural sources [15,16].
Inaddition, a marked similarity between numerous plant ingredients and the compositions of
the human body has evolved acceptable immunity to the majority of plant-derived products.
Over the past few decades, natural compounds with apoptosis-inducing effects have attracted
noteworthy interest in the area of anticancer pharmaceutical agents [15,16]. There is a growing
trend towards natural products with high hopes for new anticancer drugs with similar effect to
camptothecin {Camptotheca acuminate) and paclitaxel {Taxus brevifolia) [17]. Numerous
plants were subjected to detailed scientific scrutiny and plenty of them, including A#lium sati-
v [18], Andrographis pariculata [19], Glycine max [20], Gyrura procumbens [21], Panax
ginseng [22], Zingiber officinale [23], reported to possess noteworthy anticancer and antitumor
activity. Therefore, screening for new plant-derived anticancer agents may lead to cost-effective
chemotherapeutic drugs with diminished side effects while maintaining therapeutic efficacy.

Annona muricate L. {A. muricata), commonly named “graviola” or “soursop”, is a small
tropical tree from the Annonaceae family, also known the custard apple family [24,25]. This
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popular fruit tree, known as “the cancer killer”, has an extensive traditional history in the treat-
ment of cancer and tumors in South America and tropical Africa, especially Nigeria [26-28].
Different studies on A. smuricata leaves have demonstrated noteworthy cytotoxic effects against
various cancer cell lines [28-30]. In our previous cytotoxicity screening, the ethyl acetate ex-
tract of A. muricate leaves (EEAML) was found to induce apoptosis in A549, HT-29 and HCT-
116 cancer cells [28,30]. Moreover, the safety of EEAML for animal studies was proven by the
acute toxicity study in rats, which showed no sign of toxicity, even at a high dose of 2 gfkg [25].
The present study was designed to evaluate the chemopreventive propetties of EEAML on the
development and growth of AOM-induced colorectal cancer in rats by analyzing the incidence
of ACF. Moreover, EEAML was subjected to a bioassay-guided approach to isolate the cytotox-
ic compound annomuricin E from A. smuricate and examine its apoptosis-inducing effects.

Materials and Methods
General Experimental Procedures

Column chromatography {CC) was run on a silica gel 60 column {(40-63 pm particle size,
Merck, Darmstadt, Germany). Thin layer chromatography {TLC) was performed on an alumi-
num supported silica gel 60 Fysy column {Merck}). Preparative TLC {PTLC) was run on glass
coated with silica gel 60 Fysq {(Metck). "H NMR and "*C NMR spectra were analyzed in CDCly
on a JEOL JNM-EX500 spectrometer {Tokyo, Japan). The ultraviolet absorption spectra were
obtained on a Shimadzu UV-160A spectrophotometer {Kyoto, Japan} using methanol
{CH;0H) as a solvent. The separation was performed on a HPLC machine {Gilson, Inc., Mid-
dleton, W1, USA) with a photodiode array {PDA) detector and an ODS Cy3 column {Phenom-
enex, Torrance, CA, USA). The mass spectra were measured with an Agilent 6530 mass
spectrometer {3ainta Clara, CA, USA). The infrared spectra were obtained on a Perkin Elimer
Spectrum 400-FT1IR spectrometer (Waltham, MA, USA) with CHCl; as a solvent.

Plant Material and Extraction

Fresh leaves of the A. muricata plant were collected from Ipoh, Malaysia, in March 2013. We
obtained prior permission from all landowners and no endangered or protected species were
sampled. Botanical identification was performed by Dr. Yong Kien Thai, an ethnobotanist
from the Department of Biological Sciences at the University of Malaya. A voucher specimen
(No. KLU47978) has been deposited in the herbarium of the University of Malaya. The dried
powdered leaves {3 kg) of A. muricata were macerated with ethyl acetate {3 x 2,500 ml} three
times at room temperature. The extracting solvent was decanted and concentrated to dryness
using a rotary vacuwm evaporator {Buchi Labortechnik AG, Flawil, Switzerland) at 40°C. The
percentage yield after extraction was 3.9% (117 g). The isolated extract was dissolved in 10%
Tween-20 {Sigma, St. Louis, MO, USA) to prepare 250 mg/kg and 500 mg/kg stocks for
further experiments.

Animals and Ethics Statement

Healthy adult male Sprague Dawley rats {180-250 g weight) were provided by the Animal
House of the AEU {Animal Experimental Unit, University of Malaya) in clean, sterile and poly-
vinyl cages. Rats were housed in a standard animal room air-conditioned at 22-24°C and 55%
humidity with a normal pellet diet and water ad kbitum. Light and dark cydes were scheduled
tor 12 h each. Atthe end of the experiment, each animal was sacrificed under ketaminefxyla-
zine anesthesia. The animal studies were performed in the AEU after approval of the protocol
by the FOM Institutional Animal Care and Use Committee, University of Malaya (FOM
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TACUC, ethic No.: 2014-03-05-PHAR/R/SZM). All rats received humane care in accordance
with national guidelines {Guide for the Care and Use of Laboratory Animals) [31].

Experimental Protocols

The experiment was performed as previously described in detail [32]. Thirty male rats {n=6
per group) in five groups {negative control, cancer control, low dose of EEAML, high dose of
EEAML and treatment control) were subcutaneously injected once a week for two consecutive
weeks according to the “Induction” column in Table 1. Then, all of the rodents were orally fed
once a day for two months based on the experimental design { Table 1), except for the treatment
control group, which was intra-peritoneally injected with 35 mg/kg of 5-FU {Sigma, St. Louis,
MO, USA) for five consecutive days. The condition of the animals was observed every morning
throughout the experimental period.

Counting the ACF

To determine the intensity of colonic ACF formation after 10 weeks of injection with AOM,
ACF counting was performed as previously described in detail [33]. In brief, rats were anesthe-
tized with a high dose of ketamine {30 mg/kg, 100 mg/mL) and xylazine (3 mg/kg, 100 mg/mL)
under aseptic conditions. The excised colon was flushed with phosphate buffered saline (PBS,
Sigma), opened longitudinally and fixed flat between filter papers overnight at 4°C using 10%
buffered formalin. Equal lengths of the proximal and distal portions of the fixed colons were
stained with 0.5% methylene blue solution. After washing away the excess stain, topographic
analysis was performed under a light microscope {Nikon, Tokyo, Japan) to score the total num-
ber of ACF, as well as the number of crypts per focus.

Immunohistochemistry

Immunohistochemical evaluation of proliferating cell nuclear antigen {PCNA), Bax and Bel-2
proteins was performed on deparaffinized tissue sections using the commercial Dako ARK Per-
oxidase kit (DAKO, Carpinteria, CA, USA) according to the vendot’s instructions. In brief, the
antigen retrieval process of tissue sections was performed using 10 mM citrate buffer (pH 6.0};
the tissue sections were then washed with PBS and blocked with peroxidase blocking buffer.
Next, the tissue sections were incubated with diluted mouse PCNA {1:100, Cat: ab2426), Bax
(1:100, Cat: ab7977) and Bcl-2 (1:100, Cat: ab7973) antibodies (Abcam, Cambridge, MA, USA)
for 15 min. All of the slides were then incubated with the appropriate amount of streptavidin-
HRP for 30 min at room temperature. The slides were developed with a diaminobenzidine
{DAB) substrate-chromogen systein and were counterstained in hematexylin. The

Table 1. The experimental design and specifications.

Group Description
Fegalive control
Cancer control
Low dose

High dose
Treatment control

moomp

doiz10.1371fournal.pone.(M22268.6001

Induction

normal saline {15 mL/kg)
ACM (15 mLikg)
ACM (15 mLikg)
ACM (15 mLikg)
ACM (15 mLi/kg)

Treatment

10% Tween-20 (& mlkg)
10% Tween-20 {5 mlkg)
EEAML {250 mg/kg)
EEAML (500 mgkg)
5-FU (35 mg/kg)
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measurement of the PCNA labeling index {PI) was calculated using the formula below [34].

number of positive cells

PI =
total number of epithelial cells

x 100

Enzymatic Antioxidants

The colon tissue samples were homogenized in phosphate buffer solution {10% w/v) using a
Teflon homogenizer (Polytron, Heidolph RZR 1, Germany). The supernatant was separated
after centrifugation at 4000 rpm for 10 min at -4°C. The antioxidant enzymatic activities were
assessed using catalase {(CAT), glutathione peroxidase {GPx) and superoxide dismutase {SOD)
assay kits { Cayman Chemical, Ann Arbor, MI, USA) following the vendor’s instructions.

Malondialdehyde

A commercial kit {Cayman Chemical, Ann Arbor, MI, USA ) was used to measure the malon-
dialdehyde (MDA levels in colon tissue homogenates employing the thiobarbituric acid reac-
tive substances {TBARS) assay as previously described in detail [35]. The TBARS assay
determines the MDA level, which represents the intensity of lipid peroxidation.

Bioassay-Guided Fractionation and Isolation of Compound

Based on the results of the MTT assay from our previous study [28], the ethyl acetate extract of
A. muricata leaves was selected for further purification. The crude ethyl acetate extract (9 g)
was subjected to CC, which was performed on a silica gel 60 column. The column was eluted
with hexane/ethyl acetate mixtures of increasing polarity (70:30 — 0:100). TLC analysis was
performed on the collected eluates, and those samples displaying similar Re values on the TLC
were pooled to yield six fractions {designated F,-Fg). Each fraction was subjected to an MTT
assay. Because fraction 3 {F;) elicited the strongest cytotoxic effect on HT-29 cells {Fig 1), it
was used for further purification. Approximately 3.9 g of the bioactive fraction was subjected to
another step of chromatography on a silica 60 micro column and were eluted stepwise with
ethyl acetate/dichloromethane mixtures of increasing polarity (70:30 — 0:100), and five

‘ Aunona muricataethyl acetate extract

I T — I ‘ ‘ 1
TR

F1 Fa Fu Fs Fo

32.0242.30 | | 25.35£1.18 5.04£0.17 8.22+0.64 17,75+ 1.51 >50
— - = L 1

Fa Fa» Fae Fa Fae

2539 2.56 12,89 1,66 304017 6.43£0.37 >80
[
Fa Pl Fia
36.43%2.49 4412 0,21 2294032

1

Fig 1. Schematic representation of the bicassay-guided isolation of annomuricin E from EEAML. The
cytotoxic effect of each fraction was examined against HT-2& cells for 48 husing an MTT assay. The [Cgq
values (pg/ml) represent the means + SEM of three independent experiments.

doi:10.1371joumal.pone.0122288.g001

annomuricin E
1.62+0.24
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tractions {Fs,-Fs.) were obtained. The bioactive fraction Fs_ {1.8 g) was further fractionated on
apreparative TLC using dichloromethane/methanol mixtures of increasing polarity {70:30).
Another three fractions {F3.,-F3.s) were obtained and subjected to an MTT assay. The succes-
sive separation of F3.5 (0.75 g} by preparative HPLC with an ODS C18 column (4.6 x 250 mm,
5.0 pm, 70 A) and the mobile system {50-100% MeOTH-H2C ingredient, detection at 220 nm,
7 ml/min} yielded 5 mg of annomuricin E {0.0025%).

Annomuricin E

Oil, [6)D +13 {c = 0.5 MeOH) UV {(MeOH) 3mup 220 nim; IR {CHCly) ymar 2401, 1704 e
'H NMR (CDCls, 500 MHz), **C NMR {CDCls, 125 MHz) {see Table 2); LCMS m/z 613.4734
[M+1]"—{caleulated for CyoH,,O4).

Cell Culture

CCD841 (normal human colon epithelial cells) and HT-29 {human colon cancer cells) were
purchased from the American Type Cell Collection {(ATCC, Manassas, VA, USA). The cells
were maintained at 37°C in a humidified atmosphere of 5% CO;. The culture medium con-
sisted of Dulbecco’s Modified Eagles medium {Sigma) that was supplemented with 10% Fetal
Bovine Serum (PAA Laboratories, Pasching, Australia), 100 pg/ml streptomycin (Sigma) and
100 U/ml penicillin {Sigma). The untreated medium containing 0.1% vehicle DMSC was ap-
plied as the negative control for all of the assays in the in vitro study.

Table 2. "H NMR (500 MHz) and '*C NMR (125 MHz) spectral data of annomuricin E in CDCl, (5 in ppm,
Jin Hz).

Pasition TH-NMR (5 ppm) 13C-NMR (3 ppm)
1 174.7
2 131.2
3 249 m 33.4
4 3.83m 70.0
5 1.43m 37.3
65-8 1.46 m 227
4] 1.40 m 32.0
10 3.40m 77
11 341 m 75.2
12-14 1.88m 32.0
15 3.77m 75.2
16 3.83m 81.7
17-18 240m 29.4
19 383m 785
20 3.77m 75.2
21-31 1.28 28.5
32 0.85m 181
33 717 d (2.2) 152.0
34 5.04 m 78.1
35 1404 (2.1) 14.2

doi10.1371/joumal.pone 01222881002
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MTT Assay

Cell viability analysis was performed using the MTT assay as desctibed previously [36]. In
brief, cells (5 % 10* cells/ml) at the exponential phase of growth were seeded ina 96-well plate
and treated with serial concentrations of the tested agent {0.62, 1.25, 2.5, 5, 10, 20, 40 and

80 pg/ml) for 12, 24 and 48 h. 5-FU, astandard anticancer drug, was used as a positive control
in this assay. After incubation, 20 pl ofthe MTT selution {5.0 mg/ml, Sigma) was loaded into
each well, and the cells were further incubated at 37°C for 4 h. DMSO (150 pl) was then used to
dissolve the formazan crystals. The cytotoxicity against cancer and normal cells was measured
at the absotbance of 570 nm using an ELISA reader (Asys UVM340, Eugendotf, Austria). The
data were then processed, and the antiproliferative potential of the tested agents was expressed
as ICg, values, the concentration that causes a 50% inhibition of cell growth.

Lactate Dehydrogenase (LDH) Release Assay

To further confirm the cytotoxic effects of annomuricin E on HT-29 cells, the LDH release
assay was performed using the Pierce LDH Cytotoxicity Assay Kit {Thermo Scientific, Pitts-
burgh, PA, USA) as previously described [28]. Brietly, HT-29 cells at the exponential phase of
growth were treated with different concentrations of annomuricin E and Triton X- 100 (posi-
tive control) for 24 h. After the incubation, the treated HT-29 cells were exposed to the LDH
reaction solution {100 pl) for 30 min. The red color intensity, representing the level of released
LDH, was then measured at 490 nm using the Tecan Infinite 200 Pro {Tecan, Mannedorf, Swit-
zerland) microplate reader. The result of LDH release was calculated as a percentage of the
positive control.

Cell Cycle Assay

To determine the effect of annomuricin E on the cell cycle distribution, flow cytometric analy-
sis was performed as described previously [37]. In brief, HT-29 cells (1 x 10° cells/ml) at the ex-
ponential phase of growth were seeded in 6-well plates and treated with annemuricin E at the
1Cs; concentration for 12, 24 and 48 h. After incubation, the treated HT-29 cells were hat-
vested, washed twice with ice-cold PBS and fixed overnight at 4°C with 90% ethanol. The fol-
lowing day, the cells were washed and stained with propidium iodide (PI, 100 pl, 1 mg/ml}).
The cellular KNA was degraded using the enzyme RNAse A {200 pg/ml, Sigma). The stained
cells were instantly examined using a BD FACSCanto II flow cytometer (BD Biosciences, San
Jose, CA, USA) by analyzing 10,000 cells per sample. The data were processed using ModFit
LT software (Verity Software House, Inc., Topsham, ME, USA).

Quantitative Detection of Early and Late Apoptosis

Flow cytometric analysis was performed to quantity early and late apoptosis in treated HT-29
cells using the commercial BD Pharmingen Annexin V-FITC Apoptosis Detection kit (APOA-
lert Annexin V; Clontech, Mountain View, CA, USA). Briefly, HT-29 cells {1 x 10° cells/ml) at
the exponential phase of growth were incubated with annomuricin E at the ICs, concentration
for 12, 24 and 48 h. After incubation, the treated cells were harvested, washed twice with PBS
and suspended in the A nnexin-V binding buffer. The cells were then supplemented with
Annexin-V-FITC and P1, according to the vendor’s instructions. The stained cells were exam-
ined using a BD FACSCanto II flow cytometer. Early and late apoptotic cells and necrotic cells
were quantitatively detected using a quadrant statistics analysis [38].
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Detection of Caspases Activation

A luminescence-based analysis was performed to investigate the activity of caspase 3/7 and cas-
pase 9 using the Caspase-Glo 9 Assay and Caspase-Glo 3/7 Assay commercial kits {Promega
Cotpotation, Fitchburg, W1, USA) as described previously [39]. Btiefly, HT-29 cells (2 x 10°
cells/ml} were seeded overnight in a white-walled 96-well plate and treated with an ICs; dose
of annemuricin E for 3, 6, 12, 24 and 48 h. After incubation, 100 pl of the caspase-Glo reagent
was added to each well according to the manufacturer’s protocol. Luminescence, which repre-
sents the caspase activities, was measured using a luminescence microplate reader { Tecan Infi-
nite 200 Pro).

Multiple Cytotoxicity Assay

The simultaneous analysis of critical apoptosis markers, namely cell membrane permeability,
cytochrome cleakage from the mitochondria, mitochondrial membrane potential {MMP) and
total nuclear intensity, in HT-29 cells was performed using the Cellomics Multiparameter Cy-
totoxicity 3 Kit (Cellomics, Pittsburgh, PA, USA) as previously described in detail [40]. In
brief, HT-29 cells {1 x 10° cells/ml} were plated overnight in a 96-well plate and were exposed
to an ICs; dose of annomuricin E for 12, 24 and 48 h. After incubation, the treated cells were
stained with a cell permeability dye (FITC), a cytochrome ¢ dye {Cy3), a mitochondrial mem-
brane potential dye {Cy5>) and a nuclear dye {Hoechst 33342), according to the vendot’s proto-
col. The plates were analyzed using a Cell Reporter cytofluorimeter system (Gentix/Molecular
Devices, United Kingdom).

Gene Expression Analysis of Bel-2/Bax

The mRNA expression of two proteins, Bcl-2 and Bax, was quantified using real-time Q-PCR
analysis as described previously with some modifications [41]. In brief, HHT-29 cells at the expo-
nential phase of growth were treated with annomuricin E at the ICsp concentration for 12, 24
and 48 h. The total RN A of treated cells was isolated using the RNeasy Plus Mini kit {Qlagen,
Hilden, Germany) followed by the synthesis of the complementary DNA using the iScript
cDNA synthesis kit {Biorad, Hercules, CA, USA). Q-PCR was performed on the StepOne
PLUS real-time PCR machine {Applied Biosystems, Carlsbad, CA, USA}. The B-actin house-
keeping gene was used as a positive reference and was applied to normalize the target mRNA.
The (3-PCR master mix was provided by Solaris Q-PCR Expression Assays {Thermo Fisher
Scientific, Waltham, MA, USA) for the gene expression analysis of Bcl-2, AX-003307-00-0100;
Bax, AX-003308-00-0100; and B-actin, AX-003451-00-0100.

Immunoflucrescence Analysis of Bcl-2/Bax

The perturbation in the protein expressions of Bcl-2 and Bax was investigated using immuno-
fluorescence analysis as previously described in detail [37]. In brief, the HT-29 cells {5 x 10*
cells/ml} were seeded in a 96-well plate and exposed to the 1G5 dose of annomuricin E for 12,
24 and 48 h. After washing the cells twice with PBS, they were fixed in 4% paraformaldehyde at
25°C for 20 min prior to blocking with blocking buffer (0.03% Triton X- 100/PBS and normal
serum) for 1 h. The cells were then supplemented with a primary antibody solution and incu-
bated overnight at 4°C. After incubation, the cells were treated with Bcl-2 and Bax fluro-
chrome-conjugated secondary antibody {Santa Cruz Biotechnology, Santa Cruz, CA, USA} for
1h. The cells were then washed twice with PBS prior to staining with DAPI. The stained cells
were examined using the Cell Reporter cytofluorimeter systerm.
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Statistical Analysis

Data from the rat study were reported as the means + standard error of n animals per group.
The experimental data were analyzed with one-way analysis of variance, followed by Tukey’s
post hoc test using the SAS 9.1 statistical program (SAS Institute Inc., Cary, NC, USA}. In vitro
results were presented as the means + standard error of the mean from three independent ex-
periments. Statistical analysis was performed using the statistical package GraphPad Prism
Version 5 { GraphPad Software Inc., San Diego, USA). One-way analysis of variance { Dunnett’s
multiple comparison test) was used to distinguish the difference among groups. All values at
P<0.05 were considered significant.

Results and Discussion

ACF Frequency

To evaluate the effect of EEAML on suppressing colon carcinogenesis, ACFE were employed as
a biomarker to assess eatly stage AOM-induced celon cancer in rats. The incidence of ACF on
the proximal and distal parts of the colon mucosa were analyzed with methylene blue staining
immediately after the sacrifice of animals, and these data are shown in Fig 2 and Table 3. ACE
were characterized by crypts with elevated sizes, altered luminal epithelia and easily discernible
pericryptal zones. Topographical views of the stained colon specimens did not elicit any micro-
scopic changes in the negative control group (Fig 3). Meanwhile, all rats injected with ACM de-
veloped ACF containing different numbers of crypts {Table 3). In agreement with previously
published findings, ACF formation in the distal colon was significantly higher than the proxi-
mal colon [20,42]. Compared with the cancer control group, the administration of 5-FU or
EEAML at 250 mg/kg or 500 mg/kg significantly suppressed the formation of ACF {79.5%,
61.2% and 72.5%, respectively). The doses used in this experiment were chosen based on the
previous studies on the effect of different plant extracts against ACGM-induced ACF formation
[21,32]. A recent investigation on anticancer activity of A. muricata at a single dose of 300 mg/
kg confirmed that these two doses would be appropriate for this study [43]. The respective in-
vestigation reported a similar reduction in ACF formation that demonstrated a potent
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Fig 2. The number of ACF formed in proximal and distal parts of the colon. Tissue specimens were
collected from five groups of rats: (A) negative control, {B) cancercontrol, (C} low dose of EEAML, (D) high
dose of EEAML and (E) treatment control. Data are expressed as the means + SEM of {n = 6/group).
*P<0.08 compared with cancer control.

dol:10.1371/joumal.pone 0122288.9002
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Tahle 3. Distribution of aberrant crypt categories (1, 2, 3, 4 and more) in the colans of five groups of rats: (A) negative control, (B) cancer control, {C)
low dose of EEAML, (D) high dose of EEAML and {E) treatment control.

Group No. of ctypts per ACF
1 crypt 2 crypt 3crypt 4 crypt and maore Total Inhibition (%)
A [0} [0} 0 0 [0} =
B 331246 29+ 1.89 48 £ 2,49 32232 142 +7.88 °
C 18 + 0.62% 17 + 0.68* 11 + 0.66* 4+ 0.48*% 56 + 2.32% 61.2
D 10 + 0.65% 14 + 0.50% 9 £ 0.52% B £ 0.25% 30 +1.48% 72.5
E 12 + 0.26% 6 + 0.45% 7 £ 0.78% 4 +0.18% 28 + 1.40% 79.5

Data expressed as the means + SEM of {n = 8/group).
*P<0.05 compared with cancer control.

doiz10.1371 Journal.pone.01 222664003

Fig 3. Topographical views of the colon mucosa. Tissue specimens were collected from five groups of rats: (A) negative control, (B) cancer control, (C)
low dose of EEAML, {D) high dose of EEAML and (E) treatment control and were stained with methylene blue dye. The red arrows depict ACF in the colon
mucosa. Scale bar: 500 pm.

doiz10.1371 fournal pone.0122288.003
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anticancer activity of A. muricata leaves against 1, 2-dimethyl hydrazine- induced colon cancer,
which was associated with an elevated apoptosis index [43]. In addition, another study on the
breast tissues of female albino mice demonstrated that A. muricata leaves exhibited preventa-
tive effects against 7, 12-dimethylbenzene anthracene-induced breast cancer cell proliferation
[44]. This growing body of experimental evidence supports the preventive effects of A. rruri-
cata leaves against cancer development and strongly supports the ethnomedicinal application
of this plant.

EEAML Induced the Down-Regulation of PCNA

Proliferating cell nuclear antigen {PCNA), originally known as DNA polymerase delta auxiliary
protein, is a marker of cell proliferation because it is an indicator of a cell’s replication capabili-
ty [45]. In mammalian cells, PCNA is involved in several metabolic pathways, including cell
cycle, chromatin remodeling, DNA methylation, DN A repair, DNA synthesis and Qlkazaki
fragment processing [46]. A number of clinical studies evaluating the inverse correlation be-
tween PCNA expression and cancer progression have led to the suggestion that the ratio of
PCNA-positive cells provides a prognostic index for cancer [47,48].

Because an elevated rate of proliferation is a critical hallmark for ACF formation in colon
tissues, we investigated PCNA expression using immunostaining. Microscopic examinations of
colon tissue sections cleatly revealed an elevated level of PCNA-positive cells in the cancer con-
trol group (PL: 81%) compared with the negative control group (PI: 4%). The rats treated with
5-FU (PI: 24%) exhibited a significantly lower number of positive cells compared with the rats
treated with AOM, and similar results were obsetrved in rats treated with EEAML at doses of
250 mgrky (PL: 42%) and 500 myfky (P1: 31%) (Fig 4).

Oncology studies have proven that aberrant proliferation of epithelial cells is one of the
early indicators of pre-neoplasia [49,50]. Deschner et al. [51] eatlier reported that the adminis-
tration of chemical carcinogens to animals leads to an extensive proliferation zone with an ele-
vated labeling index. The results of the present study revealed the potential role of PCNA
down-regulation on the protective effects of EEAML against induced colon cancer. We found
that EEAML administration caused an attenuated proliferation zone and a lower labeling
index. A similar decline in PCNA expression was reported earlier in an investigation that
showed effective chemoprevention against AOM-induced colon cancer in rats [52]. Based on
our results, EEAML is postulated to suppress ACF formation through perturbations in cell
proliferation pathways.

EEAML Induced the Up-Regulation of Bax and the Down-Regulation of
Bel-2

The Bel-2 family of proteins, including pro-apoptotic and anti-apoptotic proteins, contains a
total of 25 genes and plays a pivotal role in the control and regulation of mitochondria-mediat-
ed apoptosis [53,54]. The pro-apoptotic protein Bax mediates the leakage of pro-apoptotic fac-
tors, including cytochrome ¢, Ca™* and Smac/DIABLO, into the cytosol through dimerization
and translocation to the outer mitochondtial membrane [13]. Anti-apoptotic proteins, includ-
ing Bcl-2, in turn suppress the function of apoptosis mediators [55].

In the present study, immunohistochemical evaluation demonstrated the up-regulation of
Bax and down-regulation of Bcdl-2 in colon tissues after treatment with EEAML {both doses)
and 5-FU. Cur results showed that an accumulation of Bax in the colon tissues of rats treated
with EEAML was comparable to that of rats treated with 5-FU (Fig 5). As shown in Fig 6, Bcl-2
expression in the cancer control group was noticeably higher than the negative control group,
representing the suppression of apoptosis among colon cells. In rats treated with EEAML at
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102



. o
@ ) PLos | ONE The Chemopotential Effect of Annona muricata

100+

Group

Fig 4. Immunchistochemical analysis of colon tissue sections for PCNA. Tissue specimens were collected from five groups of rats: {A) negative control,
({B) cancer control, {C) low dose of EEAML, (D) high dose of EEAML and (E) treatment control. Quantitative analysis of immunopositivity shown as brown
staining demenstrated a significant down-regulation of PCNA in groups C-E compared with the cancer control group. Data are expressed as the

means + SEM of (n = 6/group). *P<0.05 compared with the cancer control group. Scale bar: 10 pm.

doiz10.1371journal pone. (122288 004
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Fig 5. Expression of Bax in colon tissue sections. Tissue specimens were collected from five groups of rats {n = 6/group) and were analyzed using
immunohistochemistry: {A) negative control, (B) cancercontrol, (C) low dose of EEAML, (D) high dose of EEAML and (E) treatment control. The up-
regulation of Bax in groups C-E is shown as brown staining. Scale bar 10pm.

doiz10.1371ournal pone. (122288 005

doses of 250 mg/kg and 500 mygrkg and 5-FU, an accumulation of Bel-2 protein in colon tissues
was markedly decreased. Administration of EEAML {500 mg/kg) and 5-FU decreased Bel-2
protein expression to approximately the level of the negative control group.

Previous studies have reported that high Bax protein expression may augment the median
survival among cancer patients [56]. In addition, a deficiency in Bax protein has a strong im-
pact on tumor clonal evolution [57]. The results of our present study demonstrate that EEAML
has the potential to induce apoptosis in colon cells that are susceptible to ACM damage. This
in vivo observation agreed with our previous in vitro study by illustrating the up-regulation of
Bax and the down-regulation of Bcl-2 in HT-29 cells treated with EEAML [30].

EEAML Augmented Enzymatic Antioxidants Activities

As an aggressive factor, reactive oxygen species {ROS) play a pivotal role in the pathogenesis of
colorectal cancer [58]. The production of reactive oxygen species (ROS) are part of the normal
metabolistn in the human bedy, and cellular antioxidants containing enzymatic and non-enzy-
matic scavengers maintain ROS at their physiological levels [59]. Nonetheless, an extensive
generation of ROS, including hydrogen radicals, hydrogen peroxide and superoxide anions,
causes oxidative stress, which leads to metabolic impairments and irreversible cell damages

PLOS ONE | BCI:10.1371/joumal.pone.0122288  April 10, 2015 13/28
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Fig 6. Immunchistochemical analysis of colon tissue sections for Bel-2. Tissue specimens were collected from five groups of rats {n = 6/group): (A)
negative control, (B) cancer control, (C) low dose of EEAML, (D) high dose of EEAML and (E) treatment control. Immunop osilivity shown as brown staining
revealed the down-regulation of Bcl-2 in groups C-E. Scale bar: 10 ym.

dol:10.1371 Journal pone. (122266 006

[60]. SOD, the first scavenging barrier against ROS, converts the superoxide to hydrogen per-
oxide, which is subsequently degraded to water and oxygen by CAT [61]. The degradation of
lipid peroxides to hydroxyl lipids and water is mediated by GPx through oxidation of glutathi-
one to glutathione disulfide [62,63].

The activities of antioxidant enzymes were significantly reduced in the AOM-treated group
compared with the negative control group (Fig 7). However, EEAML supplementation at both
doses significantly restored the levels of these enzymes towards normal values. As expected,
EEAML showed a greater antioxidant defense than 5-FU. A number of earlier ## vitro and in
vivo studies have demonstrated that the leaves of A. muricata possess significant antioxidant
potential [64-66]. Moreover, the leaves elicited noticeable defensive activities against acute and
chronic inflammation in rats through suppressive effects on the secretion of proinflammatory
cytokines [67]. Immunological studies have led to the suggestion that concomitant administra-
tion of chemotherapeutic agents and antioxidant drugs counteract chemotherapy toxicity and
enhance the survival rate among cancer patients [68,62]. Therefore, an establishment of anti-

cancer agents with innate antioxidant defense may result in the discovery of new generations
of anticancer drugs.
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Fig 7. Level of CAT, GPx, MDA and SOD in colontissue homogenates. Samples were collected from five
groups of rats: (A) negative control, (B) cancer control, (C) low dose of EEAML, {D) high dose of EEAML and
(E) treatment control. Data are expressed as the means + SEM of (n = 6/group). *P<0.05 compared with
cancer control.

doi:10.1371/joumal pone 0122268.g007

EEAML Suppressed Lipid Peroxidation

Excessive ROS generation results in the production oflipid radicals and rearrangements of un-
saturated lipids, leading to the formation of different degraded metabolites, including alkenes,
lipid hydroperoxides and MDA, which eventually disrupt the integrity of membrane lipids
[70,71]. MDA, a major metabolite of this process, is an easy indicator of lipid peroxidation and
oxidative stress [72]. As a carcinogenic agent, AOM causes lipid peroxidation as a result of oxi-
dative stress [73], which was observed in our study after administration of AOM to the cancer
control group (Fig 7). This result appears to be in line with previous reports that plasma and
tissue MDA concentrations are markedly elevated in patients suffering from colorectal cancer
[74,75]. As expected, because of the augmentation in the enzymatic and antioxidant activities,
EEAML treatment at both doses significantly reduced MDA formation in colon tissues, and
this reduction was stronget than the reduction found after treatment with 5-FU. This result
confirmed the protective effects of EEAML against oxidative stress in colon tissues, which was
reflected by reduced MDA production.

Isolation of the Bioactive Compound, Annomuricin E

The dried leaves of A. muricata were extracted with ethyl acetate at room termperature. After
concentrating the solution until dry, the ethyl acetate extract was obtained. The ethyl acetate
extract was fractionated by chromatography on a silica gel 60 column, which vielded six frac-
tions. Fraction 3 (3.9 g) was further purified on a micro column followed by preparative TLC
and finally preparative HPLC using an ODS C-18 column and a PDA detector to obtain anno-
muricin E {Fig 8), which was identified by 1D and 2D NMR, mass spectrometry and other
physical properties that were then compated with reported data [76].

The annonaceous acetogenins, a series of C-35/C-37 fatty acid derivatives, are a class of nat-
ural products that are uniquely isolated from the Annonaceae family [77]. The isolation of
more than 500 annonaceous acetogenins from different parts of plants in this family has been
performed for more than 27 years [78]. This hyperbioactive group of natural products exhibits
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Fig 8. Chemical structure of annomuricin E.
doi:10.1371/joumal.pone 01222 88,9008

a variety of bioactivities, including anticancer, antiparasitic, immunosuppressive and insecti-
cidal effects [72,80]. Due to the broad spectrum of bioactivities in annonaceous acetogenins,
modified analogues and mimics of these compounds were synthesized to substantiate the ideas
regarding the mechanisms of these compound [78]. Previous studies have reported that they
are potent suppressors of complex I {NADH, ubiquinone oxidoreductase) in insect and mam-
malian mitochondrial electron transport systems and of NADH oxidase in the plasma mem-
brane of cancer cells [81-83]. Hence, further studies on annenacecus acetogenins may lead to

the establishment of new generations of anticancer drugs.

Annomuricin E Suppressed the Proliferation of HT-29 Cells

Annomuricin E was investigated for its suppressive effect against HT-29 colon cancer cells and
CCD#841 normal colon cells using the MTT assay. As shown in Table 4, the ICsq value of anno-
muricin E on HT-29 cells was 5.72 + 041 pg/ml, 3.49 + 0.22 pg/ml and 1.62 + 0.24 pg/ml after
12, 24 and 48 h treatments, respectively, which were comparable with the suppressive potential
of 5-FU as a standard anticancer drug. When compared with HT-29 cells, annomuricin E was
far less cytotoxic to the normal cells, as revealed by the relatively high ICsp, value on CCD841
(32.51 + 1.18 pg/ml for 48 h). These results are in line with a previous report that showed the
cytotoxic effect of annomuricin E against six different human cancer cells with selectivities to-
ward PACA-2 {a pancreatic carcinoma cell line) and HT-29 cells [76]. In addition, earlier stud-
ies have shown that acetogenins are potentially effective against multidrug resistant cancer cell
lines [84,85].

Annomuricin E Induced LDH Leakage in HT-29 Cells

Because any irreversible membrane damage to cells causes a leakage of LDH from the cytosol,
the level of this stable cytosolic enzymie in cellular culture supernatants is a simple and quick
assay to determine the cellular cytotoxicity [86]. The cytotoxic effect of annomuricin E against
HT-29 cells was further substantiated by an LDH assay. As depicted in Fig 9, the control cells
treated with 0.1% vehicle DMSO showed alow level of LDH release after 24 h of treatment. In
contrast, LDH leakage modestly increased with the presence of annomuricin E at concentra-
tions of 1 and 2 pg/ml. Meanwhile, treatment of concentrations from 4 te 16 pg/ml led toa

Table 4. Cytatoxic effects of annomuricin E and 5-FU on the proliferation of CCD841 and HT-29 cells after 12, 24 and 48 h of treatment.

Cell line 1C50 (ug/ml}y

Annomuricin E 12 h 5FU12h Annomuricin E 24 h 5-FU 24 h Annomuricin E 48 h 5-FU48 h
HT-2¢ 5.72 + 0.41 4.85+0.38 3.48 +0.22 2.96 +0.43 1.62+ 0.24 150+ 017
cChad 64.32 + 3.76 58.50 +2.08 47.10+0.47 44.35+ 2.25 32.51+1.18 36.32 +0.43

The 1G5, values represent the means + SEM of three independent experiments.

doiz10.1371fournal.pone. 01222861004
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Fig 9. Etfects of annomuricin E on LDH leakage formation in HT-2% cells. Cells were exposedto 0.1%
vehicle BMSO (control) and annomuricin E at different concentrations for 24 h. The treated HT-29 cells
showed a significant LDH release at 4 1o 16 pg/mlconcentrations compared with the control. The data
represent the means + SEM of three independent experiments. *P<0.05 compared with the control.

doi10.1371/joumal.pone 0122288.6009

significant LDH release compared with the contrel. The significant LDH leakage from HT-29
cells was shown at concentrations as low as 4 pg/ml, which was compatible with the 24-h 1Cs,
value of annomuricin E {3.49 £ 0.22 pg/ml) against HT-29 cells.

Cell Cycle Arrest at Gy Induced by Annomuricin E

Cancer progression is often associated with irregularities in cell cyde function [87]. A growing
body of experimental evidence supporting the concomitant involvement of cell cycle suppres-
sion and apoptosis has stimulated widespread attention to phytochemicals with cell-cycle mod-
ulatory effects [15,88]. Hence, we first evaluated whether the suppressive effect of annomuricin
E was accompanied by a block in the cell cycle using PI staining and flow cytometry analysis.
As illustrated in Fig 10, the augmented accumulation of HT-29 cells in the G, phase was initiat-
ed after 12 h of treatment with annomuricin E, and this accumulation of cells in the G, phase
continued in a time-dependent manner. After 24 and 48 h, the percentage of HT-29 cells treat-
ed with annomuricin E that were arrested at the G, phase reached §9.65% and 94.60%, respec-
tively. This was accompanied by a concurrent decline in the § and G,/M cell populations
compared with the control. These results indicated that annomuricin E arrested HT-29 cells at
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108



. o
@ ) PLOS ‘ ONE The Chemopotential Effect of Annona muricata

A B

3 1y
Channels Pl

C D

ChannelsPIA)

Time (h)

f\v A \\F‘J‘.\

[ ® L
ChannelsPl-A)

Fig 10. Effect of annomuricin E on cell cycle distribution in HT-29 cells. Cells were treated with {A) 0.1% vehicle DMSO {control) for 48 h and
annomuricin E at the IC5; concentration for (B) 12, (C) 24 and (D) 48 h. After staining the cells with PI, the DNA contents were monitored using flow
cytometry. (E) The representative bar chart shows the significant induction of G, cell cycle arrest by annomuricin E after 12 h of treatment. The data represent
the means + SEM of three independent experiments. *P<0.05 compared with the control.

doiz10.1371 fournal pone. (122288 9010

the G phase. An eatlier study on annonacin, an ahnonaceous acetogenin from the seeds of
Annona reticulata, also showed the induction of cell cyde arrest in T24 bladder cancer cells at
the G, phase through the activation of p21 [89].

Phosphatidylserine Externalization Induced by Annomuricin E

As one of the biochemical characterizations of apoptosis, a transverse redistribution of phos-
phatidylserine {(PS) on the outer plasma membrane arises duting eatly apoptosis [20]. A fluo-
rescent probe of Annexin V-FITC is a recombinant protein with a high affinity for externalized
PS [21]. To gain insight into the mechanism through which annomuricin E induces its cytotox-
ic effects, HT-29 cells were stained with Annexin V-FITC/PI and analyzed using flow cytome-
try. In cells treated with 0.1% vehicle DMSC (control), only 3.6% and 0.5% of cells were in
early {Annexin V*/PI7) and late {Annexin V*/PI*) apoptosis after 48 b, respectively {Fig 11).
However, the percentage of early and late apoptotic cells were significantly increased to 13.9%
and 6.9%, respectively, after being treated with annomuticin E {ICs; concentration) for 12 h.
The percentages of early and late apoptotic populations peaked at 24 h with values of 27.3%
and 13.6%, respectively, and were reduced slightly at 48 h. This was reduction was associated
with a sighificant elevation in the number of necrotic cells (Annexin V7/PI*} at 24 and 48 h.
This increase in necrotic cells can be explained by the long exposure of annomutricin E to HT-
29 cells that allowed the cells to enter secondary necrosis from primary apoptosis, increasing
the number of dead cells. These data showed that annomuricin E caused its cytotoxic effects
through the induction of apoptosis in HT-29 cells.
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Fig11. Effect of annomuricin E on apoptosis in HT-29 cells via quadrant statistics. After treatment with annomuricin E (ICsq concentration) for (B) 12,
{C) 24 and (D) 48 h, the cells were double stained with Annexin V-FITC/P| and monitored using flow cytometry. Cells treated with 0.1% vehicle DMSO were
employed as the (A) control treatment. {E) The representative bar chart depicted the percentages of early apoptotic, late apoptotic and necrotic cells. The
data represent the means + SEM of three independent experiments. *P<0.05 comparad with the control.

dolz10.1371 Journal pone. 0 22266.011

Caspase Activation Induced by Annomuricin E

The energy-dependent process of apoptosis relies heavily on the family of caspases, or cysteinyl
aspartate proteinases, to hierarchically convert the initiating cellular stimuli to the final cell de-
mise [14]. Caspases, which are initially synthesized as inactive proforms, consist of three main
classes: inflammatory {caspase-1, -4, -5), initiator (caspase-2, -8, -9, -10) and executioner or ef-
fector caspases (caspase -3, -6, -7) [24]. A complex cascade of caspase-dependent events in the
apoptosis process is triggered by initiators and is finalized by effectors that mediate the typical
biochemical modifications during apoptosis execution [22]. To determine whether annomuri-
cin E-induced apoptosis in HT-29 cells is mediated through caspases, the activities of caspase 9
and caspase 3/7 were investigated using bioluminescent analysis. In this assay, the luminescent
intensity is proportional to the activation of caspases. As shown in Fig 12, both caspase 9 and
caspase 3/7 were activated in a time-dependent manner after exposure to annomuricin E at the
IG5, concentration. After 12 to 48 h of treatment, the activities of both caspases were signifi-
cantly elevated, suggesting that annomuricin E-induced apoptosis occurs through the involve-
ment of caspase 9 and caspase 3/7 activation.

Mitochondria-Initiated Events Induced by Annomuricin E

As a convergent center of internal apoptotic stimuli, mitochondria play a pivotal role in the in-
trinsic pathway of apoptosis. Depletion of MMP leads to the opening of mitochondria perme-
ability transition pores and the further release of pro-apoptotic proteins, such as cytochrome ¢,
from the mitochondtia to the cytosol, resulting in the formation of the apoptosome and the
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Fig 12. Effect of annamuricin E on caspase 3/7 and caspase 9 activities in HT-23 cells using
bicluminescent analysis. Cells were treated with the |Cg, concentration of annomuricin Efor 3, 6, 12, 24
and 48 h. The activities of both caspase were significantly elevated after 12 h of treatment. Cells treated with
0.1% vehicle DMSQ were employed as the control treatment. The data represent the means + SEM of three
independent expetiments. *P<0.05 compared with the control.

dol:10.1371/joumal.pone 0122288.9012

activation of caspase 9 [93]. The aforementioned results revealed that caspase 9 activation oc-
cutred during the exposure of HT-29 cells to annomuricin E. Subsequently, we examined the
mitochondria-initiated events in treated HT-29 cells using a cell reporter system. As shown in
Fig 13, the number of cells was considerably reduced after exposure to annomuticin E at the
1Csp concentration. Four florescent markets were used to monitor the changes in total nucear
intensity, cell membrane permeability, MMP and cytochrome c release of the treated cellsin a
time-course experiment. A 12-h treatment of annomuricin E induced a significant collapse in
MMP associated with an increase in cytochrome ¢ leakage from the mitochondria in a time-
dependent manner {Fig 14). The total nuclear intensity represents pyknosis as a result chroma-
tin condensation, which is the most characteristic property of apoptosis [54], and was signifi-
cantly elevated at 12, 24 and 48 h (Fig 14). In addition, the cell membrane permeability of HT-
29 cells was significantly increased only at the later stages of treatment (24 and 48 h). These

Membrane
Nucleus permeability MMP Cytochrome ¢ Merged

Conrol

Treatment

Fig 13. Images of HT-29 cells treated with annomuricin E at the IC5, concentration for 24 h. The treated
cells were stained with different and specific dyes for the detection of total nuclear intensity, cellmembrane
permeability, MMP and cytochrome ¢ release. Cells treated with 0.1% vehicle DMSC were employed as the
control treatment.

doi:10.1371joumal.pone 0122268.9013
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Fig 14. Representative bar charts of the multiple cytotoxicity assay. After 12 h of treatment with

annomuricin E at the ICsy concentration, the total nuclear intensity, MMP and cytochrome ¢ release were

significantly elevated compared with the control. However, cell membrane permeability showed a significant

increase only after 24 h. Cells reated with 0.1% vehicle GMSO were employed as the control treatment. The
datarepresent the means + SEM of three independent expariments. *P<0.05 compared with the control.

doi:10.1371/joumal.pone.0122268.9014

results suggest that annomuricin E caused the dissipation of MMP and the leakage of cyto-
chrome ¢ from mitochondria, which resulted in the activation of caspase 9.

Bax Up-Regulation and Bel-2 Down-Regulation Induced by Annomuricin
E

Because annomuricin E elicited the ability to interfere with MMP in HT-29 cells, we raised the
possibility of Bax and Bel-2 involvement in annomuricin E-induced apoptosis. Hence, the ex-
pression of Bax and Bel-2 was investigated at both the mRNA and protein levels using Q-PCR
and immunofluorescence analysis, respectively. As shown in Fig 15, the mRNA expression of
the Bax protein was significantly and time-dependently elevated after 12 h treatment and
reached an approximately 5-fold higher level after 48 h. In spite of Bax up-regulation, the
mRNA expression of the anti-apoptotic protein Bcl-2 was time-dependently reduced from 12
to 48 h. Immunofluorescence analysis demonstrated that the number of HT-29 cells treated
with annomuricin E decreased in a time-dependent manner after 12, 24 and 48 h, as illustrated
by the blue fluorescent staining of DAPI, which identifies all cell nuclei (Fig 16). The time-de-
pendent reduction in the number of surviving cells was accompanied with a distinct increase in
the fluorescent intensity of FITC dye (green) that represented Bax protein expression, which
reached a value approximately 10-fold higher than the control after 48 h {Fig 17). Bcl-2 protein
expression also significantly and dose-dependently reduced compared with the control. The
perturbations in Bax and Bel-2 expression at the mRNA and protein level substantiated the
idea that annomuricin E-induced apoptosis was through the mitochondria-mediated pathway.
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Fig 15. Effect of annomuricin E on Bax and Bcl-2 mRNA expression was assessed using Q-PCR
analysis. The housekeeping gene B-actin was used for the normalization of the mRNA expression. The
result depicted a time-dependent upregulation of Eax and down-regulation of Bcl-2 after treatment with
annomuricin E at the ICg, concentration. The data represent the means + SEM of three independent
experimerts. ¥ P<0.05 compared with the control.

doi:10.1371/joumal pone 0122268.g015
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Fig 16. Immunofluarascence analysis of (A) Bax and (B} Bcl-2 protein exprassion in HT-29 cells. Cells wers treated with annomuricin E atthe ICs;
concentration for 12, 24 and 48 h and were stained with DAP| and Eax/Bcl-2 antibodies conjugated to FITC. Cells treated with 0.1% vehicle DMSO were
employed as the control ireatment. As the number of cells reduced in a time-dependent manner, the fluorescent intensity showed a marked upregulation and
down-regulation for Bax and Ble-2 proteins, respectively.

doiz10.1371jeurnal pone. (122286 G016
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Fig 17. Representative bar charts of Bax and Bcl-2 immuncfluarescence analysis. Annomuricin E at
ICs5 concentration induced significant upregulation of Bax and down-regulation of Ecl-2 after 12 h. Cells
treated with 1% vehicle DMSO were employed as the control treatment. The data represent the

means + SEM of three independent experiments. *P<0.05 compared with the control.

doi:10.1371/joumal pone 0122268.g017

Conclusions

Overall, we provided evidence that the ethyl acetate extract of A. muricata leaves has the poten-
tial to suppress the AOM-induced development of ACF in rats. The data substantiated the tra-
ditional use of A. muricata leaves against cancer and tumors. The suppressed formation of
ACF inrats after EEAML oral administration was accompanied with down-regulation of
PCNA and Bcl-2 proteins and up-regulation of Bax protein in the colon tissue, indicating a
possible mechanism at the molecularlevel. The reported pharmacological effect of the A. smuri-
ceta leaves may be partially due to the presence of annomuricin E. This acetogenin suppressed
the proliferation of HT-29 cells selectively and induced apoptosis that was associated with G,
cell cycle arrest and mitochondria-mediated pathways.
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Abstract: The popular fruit tree of Annona muwicata L. (Annonaceae), known as soursop and
graviola, is a widely distributed plant in Central and South America and tropical countries.
Leaves of 4 muricata have been reported to possess antioxidant and anti-inflammatory activi-
ties. In this studv, the gastroprotective effects of ethyl acetate extract of 4. muricata leaves
(EEAM) were investigated against ethanol-induced gastric injury models in rats, The acute
toxicity test of EEAM in rats, carried out in two doses of 1 g/kg and 2 g/kg, showed the safety
of this plant, even at the highest dose of 2 g/kg. The antiulcer study in rats (five groups, n=6)
was performed with two doses of EEAM (200 mg/kg and 400 mg/kg) and with omeprazole
(20 mg/kg), as a standard antiulcer drug. Gross and histological features showed the antiul-
cerogenic characterizations of EEAM. There was significant suppression on the ulcer lesion
index of rats pretreated with EEAM, which was comparable to the omeprazole effect in the
omeprazole control group. Oral administration of EEAM to rats caused a significant increase in
the level of nitric oxide and antioxidant activities, inchiding catalase, glutathione, and superoxide
dismutase associated with attenuation in gastric acidity, and compensatory effect on the loss of
gastric wall mucus. In addition, pretreatment of rats with EEAM caused significant reduction
in the level of malondialdehyde, as a marker for oxidative stress, associated with an increase
in prostaglandin E2 activity, Immunchistochemical staining also demonstrated that EEAM
induced the downregulation of Bax and upregulation of Hsp70 proteins after pretreatment.
Collectively, the present results suggest that EEAM has a promising antiulcer potential, which
could be attributed to its suppressive effect against oxidative damage and preservative effect
toward gastric wall mucus.

Keywords: dnnona muricata, annenaceae, gastric injury, antioxidants, Hsp70/Bax
Introduction

Peptic ulcer is a debilitating disease which affects 4 million people of all ages globally
each year.™ This prevalent gastrointestinal disorder is defined as integrity disturbance
of the duodenum or gastric mucosa, which is characterized by mucosal damage due to
gastric acid and pepsin secretion.™ The gastrointestinal inflammation caused by a peptic
uleer can detericrate into a perforated peptic ulcer and become a life-threatening disease,
with the mortality rate of 10%6-40%.%7 The increased incidence of contributing factors
to peptic ulcer among people, including aleohol consumption, nutritional deficiencies,
smoking, and stress has made this disease a major health problem of global concern.® 10
In addition, the available therapeutic drugs for peptic ulcers have failed to meet phar-
macological expectations, to a certain degree, due to arrhythmia, gynecomastia, hyper-
sensitivity, impotence, and hematopoietic changes of drugs, including anticholinergics,
H -receptor antagenists, and proton pump inhibitors.'"' Therefore, there is a surge
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of interest in developing new pharmacological agents with
gastroprotective effect against peptic ulcers.

Investigation into different diseases at the cellular level
and exploring the molecular pathway have provided a new
approach for the development of pharmacological products.’?
Inrecent studies, it is well established that heat shock proteins
(Hsps) have a critical role in the gastric defense mechanism
at the intracellular level.'*" Hsp70, as a major molecular
chaperone, is responsible for cellular recovery against various
stimuli, through modulation of the denatured and unfolded
proteins. ™1 The protective role of this protein against gastric
mucosal damage induced by ulcerogenic conditions and toxic
agents has made it a key factor in gastrointestinal studies.” '
Therefore, studies on antiuleer agents with the potential to
increase the expression of Hsp70 can lead to the development
of new gastroprotective drugs with marked improvements
in efficiency.

Annona muricata L., amember of the Annonaceae family,
is a widely distributed plant in Central and South America
and tropical countries.”™ Also known as soursop and gravi-
ola, this small tropical tree plant has long been cultivated
by native peoples, due to its extensive applications in folk
medicine and heart-shaped, edible fruits.** The lanceolate
dark green leaves of A muricata are traditionally used as an
antispasmodic nervine for heart conditions and as a sedative.
Inaddition, the leaves are applied to treat asthma, cough, fever,
headache, hypertension, and toothache.”**** The leaves of 4.
muricata have been found to possess significant antioxidant
effects, assessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical-scavenging activity, ferric reducing antioxidant
power, and hydroxyl-scavenging activity technigues in animal
models.” % In addition, the leaves demonstrated a notable
protective effect against acute and chronic inflammations in
rats, through suppression of proinflammatory eytokines.™
Previous studies have shown that the main chemical constitu-
ents in 4. muricata are annonaceous acetogenins, alkaloids,
and essential oils.” Due to the significant antioxidant and
anti-inflammatory features of 4. muricata leaves, this plant
may be a promising candidate for antiuleer agents. Hence, the
present study was carried out to investigate the acute toxicity
and gastroprotective activity of 4. muricata leaves against
ethanol-induced gastric injury in rats,

Materials and methods
Plant collection and preparation of the

ethyl acetate extract
The leaves of A, muricata were collected from Ipoh, Malaysia,
in June 2013, The plant was authenticated by Dr Yong
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Kien Thai, Institute of Biological Sciences, University of
Malaya. A voucher specimen has been deposited at the her-
barium of the University of Malaya (Number KL147978).
The leaves were dried at 35°C and subsequently powdered
(1,981 g}, followed by maceration at room temperature with
ethyl acetate for 4 days. After filtering the extract, the solvent
was removed using a rotary evaporator (Buchi, Germany ) at
40°C. The percentage yield after extraction, three times with
ethyl acetate was 4.1% (81.3 g).

Drugs and chemicals

In this study, omeprazole (Sigma-Aldrich, St Louis, MO,
USA) was used as the reference antiulcer medicine. All
substances administered to animals, including ethyl acetate
extract of 4. muricata leaves (EEAM) and omeprazole, were
dissolved in the vehicle (3% Tween® 20).

Chemical analysis of EEAM

Chemical profiling of EEAM was carried out using an Agilent,
a LECO Restek Rxi®-3MS capillary column {30 minutes,
.25 mm internal diameter, 0.25 pm film thickness), and
a LECO Pegasus® HT high throughput time-of-flight mass
spectrometer, as previously described in detail.”” The carrier
gas was helium, at a flow rate of 1 mL per minute (min). Col-
umn temperature was initially 40°C for 5 min, then gradually
elevated to 160°C at 4°C/min, and finally increased to 280°C
at 5°C/min and held for 10 min. For gas chromatography—
mass spectrometry detection, an electron ionization system
was used, with ionization energy of 70 eV, The fraction was
diluted 1:100 (by volume) with ethyl acetate, and 1.0 pL of the
diluted sample was injected automatically in splitless mode.
Injector temperature was set at 250°C. Compounds were iden-
tified from their mass spectra, by comparison of the retention
times of peak with interpretation of mass spectroscopy frag-
mentation patterns from the National Institute of Standards
and Technology (NIST147) mass specteral database.

Animals

Adult and healthy Sprague Dawley® strain rats (180-250 g)
of both sexes were obtained from Animal House, Faculty of
Medicine, University of Malaya (Kuala Lumpur, Malaysia).
Animals were housed at controlled room temperature
(~24°C) with free access to standard rat pellets and tap
water ad libitum, under an artificial lighting system (daily
ratio 1:1). The experiments were carried out after approval
ofthe protocol by the committee for animal experimentation,
Faculty of Medicine, University of Malaya (Ethic Number
2014-03-05/PHAR/R/SZM).

Drug Design, Devdopment and Therapy 2014:8
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Toxicity evaluation of EEAM

Eighteen female rats (6-8 weeks old) were divided into three
groups (n=0), namely, vehicle, low dose, and high dose, and
orally administered with Tween 20 (3%), 1 g/kg EEAM, and
2 ghkg EEAM, respectively. Prior to dosing, rodents were
fasted overnight (water was accessible), and fasting was
continued for 3 hours after dosing. The rats were then moni-
tored for mortality, ifany, or any other sign of toxicological
symptoms twice per day during a period of 2 weeks, On day
15, the rats were euthanized using an overdose of xylazine
and ketamine, and tested for biochemical parameters and

histological examinations of liver and kidney.

Ethanol-induced gastric injury

The experiment was performed as previously described
in detail.’' After 24 hours of fasting (water was accessible
except for the last 2 hours), the 30 male rats (n=0 per group)
in five groups were pretreated according to Table 1. To induce
gastric injury, 1 hour after treatment, all the rodents were
orally administered with absolute ethanol (5 mL/kg), except
for the normal control group, which was administered with
5% Tween 20. The rats were euthanized 1 hour later with an
overdose of xylazine and ketamine, and their stomachs were
removed and prepared for further analysis,

Macroscopic evaluation of lesions

After rinsing the stomachs of the rats with water to remove
blood clots and gastric contents, they were opened along
the greater curvature and fixed to examine the gastric lesion
index, as previously described.” Microscopic scores were
caleulated, based on the following parameters: edema or
hemorrhage, loss of mucosal folding, mucosal discoloration
(score: 1 each); uleers less than 1 mm/em? (score: number
of ulcers »2}; ulcers more than 1 mm/em’ {score: number of

uleers 3); perforated uleers (score: number of ulcers x4).

Table | The experimental design and specifications

Group D pti P Treatment
A Normal 5% Tween®™ 20 5% Tween 20
control {5 mUlkg)
B Ulcer 5% Tween 20 Absclute ethancl
cantral (5 mUkg)
C Low dose EEAM Absolute ethancl
(200 mglkg)
] High dose EEAM Absolute ethancl
(400 mgfkg)
E Omeprazole Omeprazole Absclute ethancl
control (20 mgfkg)

Abbreviation: EEAM, ethyl acetate extract of Anmomo muricolo leaves.

Drug Design, Development and Therapy 2014:8
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Evaluation of the loss in gastric wall
mucus (GWM) and gastric juice acidity

To determine gastric juice acidity, the stormachs were dis-
sected and the contents were drained into falcon tubes and
centrifuged at 3,000 rpm for 15 min. Then, gastric acidity
was measured using a digital pH meter. Perturbation in GWM
was determined for each group.” In brief, the glandular seg-
ments of each stomach were removed prior o immersing the
stomach tissue in 1% alcian blue solution { in sucrose solution,
bufTered with sodium acetate at pH 3). Then, the excess dye
was removed by rinsing with sucrose solution. Magnesium
chloride solution was used to extract the dye complexed with
GWDM. After mixing the extract with diethyl ether, the level
of GWM in each group was determined through measure-
ment of the absorbance at 580 nm. The quantity of GWM
was expressed as pg of alcian blue per gram of tissue.

Enzymatic activities of stomach tissue
homogenate

Preparation of the gastric tissue homogenate (150 mg tis-
sue/ml phosphate buffered saline) for each rat was per-
formed using a teflon homogenizer (Polytron, Heidolph,
Germany). Then, the supernatant oftissue homogenate was
isolated after centrifugation at 4,000 rpm for 10 min and
used for further assessment of enzymatic activities. The
levels of catalase (CAT), glutathione (GSH), nitric oxide
(NO), and superoxide dismutase {SOD) were determined
using commercial kits { Cayman Chemical, Ann Arbor, M1,
USA), according to the vendor's instructions. In addition,
determination of the levels ofmalondialdehyde (MDA and
prostaglandin E2 (PGE-2) was also carried out using com-
mercial kits (Cayman Chemical), based on the protocols
provided by the manufacturer.

Histopathology

Stomachs were fixed in 10% formalin. For microscopic
analysis, after processing the tissues in a paraffin tissue-
processing machine {Leica Microsystems Incorporated, Nus-
sloch, Germany), 5 (m sections of tissue were stained with
hematoxylin and eosin (H&E ) dye and Periodic acid-Schiff
(PAS) dye (Sigma- Aldrich), to examine tissue architecture,
and changes in glycogen and generated mucus, respectively.
Lastly, a light microscope (Nikon, Tokyo, Japan) was used
to observe the gastric sections,

Immunohistochemistry evaluation
Immunchistochemistry analysis of Bax and Hsp70 was

carried out, as previously described in detail.** Briefly,
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after processing the specimens of gastric tissue as previ-
ously mentioned, 5 pumn sections were fixed on 3-amino-
propyltrimethoxysilane-( APES) treated glass slides and
supplemented with Bax and Hsp70 ( Abcam, Cambridge, MA,
USA}, for immunohistochemical staining using a streptavidin
peroxidase { Abcam). The slides were then observed under
a light microscope with brown color representing positive
immunohistochemical staining.

Statistical analysis

All values were reported as mean L standard error of n
animals per group. Statistical evaluation of the data was
carried out using one-way analysis of variance, followed
by Tukey’s test, In the cases of uleer index and gastric juice
acidity, data were analysed using the Kruskal-Wallis test, and
Dunn’s multiple comparison test, as a post hoe test. A value
of P</0.05 was considered significant.

Results and discussion

Nutraceuticals, including dietary supplements, functional
foods, and herbal products have maintained their importance
in the treatment of various ailments and diseases, irrespective
of the extensive development of synthetic drugs in the phar-
maceutical industry.” Inrecent years, considering the promi-
nence of gastric injury and unpredictable side effects of the
long-term use of synthetic drugs, interest in the use of herbal
products has markedly elevated.” Previous studies have illus-
trated that numerous plants from different families, includ-
ing Annonaceae, possess promising antiulcer properties.’™#
An in vitro and in vivo study on 4. squamosa, a member of
the Annonaceae family, showed that the twigs of this plant
possess antiulcer constituents with suppressive effect on H*
K'-ATPase activity.” Uvaria chamae leaves { Annonaceae),
with extensive application in folk medicine, are an antiuleer
herb, scientifically proven to have antiulcer activity in rats.”
Folyalthia longifolia, belonging to the Annonaceae family,
was found to have anti-inflammatory and antiulcer properties
in its fresh leaves, associated with antioxidant activity.
In the current study, we investigated the antiulcer effects of
EEAM against ethanol-induced gastric injury in rats.

Chemical profiling of EEAM

The chemical profiling of EEAM showed the presence
of two major compounds, namely, caryophyllene and
ot-copaene (Figure 1). Previous studies showed that among
80 essential oil compounds detected in 4. muricata leaves,
caryophyllene was the most abundant constituent { 13,6%),*
A recent investigation exhibited that the antioxidant effect
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of f-caryophyllene can effectively protect the rat liver
from carbon tetrachloride-induced fibrosis, by suppressing
hepatic stellate cell activation.* Caryophyllene oxide iso-
lated from the bark of 4. squamosa demonstrated significant
anti-inflammatory and analgesic activities.* In addition,
o-copaene was also reported as one of the significant
chemical constituents (2.0%-7.3%) detected in volatile oil
contents of 4. muricata.” Caryophyllene and d-copaene
were previously found to have promising antioxidant activity
when they were isolated from A. salzmannii.** Considering
the anti-inflammatory and antioxidant activities reported
for caryophyllene and w-copaene, as the major compounds
detected in EEAM, this extract may be a potential antiulcer
candidate against ethanol-induced gastric injury in rats,

EEAM safety

Examination of acute toxicity is the first step in the study of
the biological activities of plants.* In this study, no mortality
in rats was observed with two concentrations of the EEAM
extract (1 g’lkg and 2 g/kg). After 2 weeks of treatment with
EEAM, the rats did not demonstrate important changes in
body weight, behavior (ie, ataxia, hypoactivity, and hyper-
activity}, microscopic morphology, and functional tests of
kidney and liver (Table 2 and Figure 2. From these results, it
is concluded that EEAM is quite safe, even at the highest dose
of 4 g/kg, with no detectable sign of acute toxicity; the oral
lethal dose (LD, ) of EEAM in rats was higher than 2 g’kg
body weight. Our result was comparable with a previous
investigation on the ethanol extract from A, muricata leaves,
which showedan LD, of 1.67 g/kg in mice, presenting high
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Figure | A chromategram analysis of EEAM, characterized with the GC-MS.TOF.
Maotes: GC-METOF analysis demanstrated che presence of owa major compounds,
namely (1) caryophyllene and {2) G-copaene.

Abbreviations: EEAM, echyl acetate extract of Apnome muricota leaves; GC.MS.
TOF, gas cime-of-flight mass sp v AIC, analydical ion
chramatogram.

Drug Design, Devdopment and Therapy 2014:8

125



Dovepress

Gastroprotective activity of Annona muricata leaves

Table 2 Effects of EEAM on renal and liver function tests of rats after 14 days of acute toxicity study did not show any significant

differences between vehicle control and EEAM treared groups

Renal function test

Group Sodium Potassium Chloride co, Anion Urea Creatinine
(mM/L) (mMiL) (mM/L) (mM/L) (mMIL) (mM/L) (uMIL)

Vehicle 141.5£0.6 3.9140.05 105.7+0.9 23.1:02 17.3+0.4 6.340.2 30.6+1.5

| gilkg 140.6+0.3 4.14+0.07 104.3=1.1 244+0.3 16.6+0.3 5.840.1 30.7£1.2

2 gilkg 140.7+0.4 42240.03 104410 25.1:0.2 16.9£0.6 56102 31.8£1.1

Liver function test

Group Total protein Albumin Globulin TB AP ALT AST GGT
(g'L) (gL gLy (kMIL) (U (uiLy (UiLy (G

Vehicle 70.5+0.7 354+0.8 27.3+0.8 314011 160.4+2.4 274409 25.1422 1.1+,

1 gikg 71.4-03 366104 26.5+0.4 32402 159.3+1.9 28.2+1.1 27.5+1.5 1.0+0.1

2 gikg 71.7-08 37.140.2 26.1+0.2 3.240.1 158.5+2.5 28.9+1.5 26.3+1.4 1.240.1

Notes: Values expressed as mean £ SEM. A value of P<<0.05 was considered significant.
Abbreviations: EEAM, cthyl acetate extract of Anncna muricata leaves; TB, total bilirubin; AP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; GGT, gamma-glutamyl transferase; SEM, standard error of the mean.

safety of A. muricata leaves * However, a previous study on
the acute toxicity of A. muricata leaf aqueous extract reported
the relatively low LD, value of 155 mg/kg in mice, which
showed moderate safety of aqueous extract in mice.””

Macroscopic analysis of gross appearances
of stomach and gastric ulcer index

The rodents that were administrated with absolute ethanol
experienced severe macroscopic damage, compared to the nor-
mal control group (Figure 3A), which was evidenced by devel-
opment ofhemorrhagic ulceration (Figure 3B). The consequent
hemorrhagic detriment was conspicuously attenuated by

pretreatment with EEAM at 200 mg/kg and 400 mg/kg doses,
with a few fields of hyperemia (Figure 3C and 3D). Tn addi-
tion, rats with prior administration of omeprazole (20 mg’kg)
were able to suppress damage to the stomach, showing similar
features to the normal control group (Figure 3E). Macroscopic
analysis of the gross appearances of the stomach demonstrated
that EEAM administration, especially at 400 mg/kg dose, had a
protective effect against ethanol-induced gastric injury, which
was comparable to the protective effect of omeprazole, as a
standard antiulcer drug.

In the ethanol-induced gastric injury model, pretreat-
ment with EEAM at 200 mg/kg and 400 mg/kg doses

Figure 2 Histopathology analysis (H&E staining, 20-) of kidney and liver from control, EEAM at | ghkg, and EEAM at 2 g/kg demonstrated no significant differences in the

structures of kidney and liver between vehicle control and EEAM-treated groups.

Abbreviations: EEAM, ethyl acetate extract of Annena muricata leaves; H&E, hematoxylin and eosin.

Drug Design, Development and Therapy 2014:8
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Figure 3 Gross appearances of stomach from five groups of rats, namely: (A) normal control, {B) lesion control, {C) low dose of EEAM, (D) high dose of EEAM, and
{E) omeprazole control. Quantitative analysis of ulcer index showed significant reduction in the ulcer index after pretreatment with EEAM (200 mg/kg and 400 mg/kg), and

omeprazole.

Notes: Dataare reported as means + SEM of six animals per group. Strtistical comparison was performed using the Kruskal-Wallis test, followed by the Dunn test. A value

of ¥7-<0.05 was considered significant.

Abbreviations: EEAM, ethyl acetate extract of Amneng muricata leaves; SEM, standard error of the mean.

caused significant inhibition on the ulcer lesion index,
compared to the ulcer control group (Figure 3). In addi-
tion, there was a significant reduction in all the gastric
ulcer parameters afler preadministration with omeprazole,
as a standard antiulcer drug (Figure 3). This proton pump
inhibitor drug has been extensively used to treat various
ailments regarding gastric acid secretion.’' Besides the
antisecretory effect of omeprazole in acid-dependent ulcer

models, it is well known to have a mucosal protective effect
in non-antisecretory doses.” The noteworthy healing rates
of omeprazole among patients suffering from peptic ulcer
are mainly due to its gastric mucosa-protective effect,
associated with the ability to suppress gastric juice acidity
via proton pump inhibitory activity.** Therefore, any herbal
medicine with the same protective effects may possibly
show promising antiulcer potential** Hence, in the next

2104 submit your manuscript
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step of this study, we investigated the effeet of EEAM on
GWM and gastric juice acidity.

EEAM protected the GWM and
attenuated gastric juice acidity

Among the various factors involved in the intensification of
lesion ulcers, exogenous gastric acid is known to be a crucial
aggressive factor in the stomach.™ The excessive production
of gastric acid in patients suffering from peptic ulcers can
severely intensify the gastric injury, which generally parallels
reduction in the level of GWM.* Perturbation in the balance
between aggressive lactors and delensive [actors, including
cellular mucus, cell proliferation, cell shedding, and mucus
secretion, results in gastric hyperacidity.’” In patients with
peplic ulcers, proton pump inhibitors attenuate acid secre-
tion in the stomach and recover the production of GWM 4Tt
is well established that ethanol is a potent necrotizing agent
that severely damages the protective factors of the timicosa.*®
TIn our study, alter administration of ethanol (o rats, levels of
GWM and pIT were significantly reduced, compared to the
normal control group (Figure 4). TTowever, pretreatment of
rats with two doses of EEAM caused significant attenuation
in gastric acidity, compared to the uleer control group. In
addition, EEAM significantly rctricved the loss in GWM.
Nonetheless, rats pretreated with omeprazole had compara-
tively higher protection of GWM and lower gastric acidity,
compared to EEAM at both doses (Figure 4).

EEAM induced changes in enzymatic

activities of stomach tissue homogenate
Administration of absolute ethanol to rodents induced sig-
nificant reduction in antioxidant activities and NO level of

A

GWM

Group

stomach homogenate, compared to the normal control group.
Meanwhile, pretreatment with EEAM al two doses, and
omeprazole, signilicantly surged the levels ol antioxidant
activities and NO (Table 3). Tt is well established that reac-
tive oxygen species (ROS), including hydrogen peroxide,
hydroxyl radicals, and superoxide anions, as an aggressive
factor, have a critical role in oxidative damage to the gas-
tric mucosa.”’ Cellular antioxidants maintain ROS at their
physiological levels to attenuate tissue damages, The higher
level of GSH was found to minimize oxidative damages.®
By converting into glutathione disullide; this tripeptide with
thiol groups reduces cellular ROS.% Tn addition, SOD has a
scavenging effect against ROS, by converting the superoxide
to hydrogen peroxide, which is subsequently converted to
water by CAT.®?

One of the important factors for the slow flow of gastric
blood. which leads to the development of hemorrhagic lesions
and subsequent solubilization of gastric mucus contents,
was found o be a reduction in the level of NO. This leads
w an elevation in the flow of K*, Na®, and pepsin secretion
associated with a loss in the level of T ions.* The protec-
tive barrier produced by NO, through the suppression of
neutrophil infiltration, inhibits gastric damage from ethanol
Through an inhibitory effect on neutrophil infiltration, NO
also attenuates the secretion of inflammatory mediators.®
Therefore, antiulcer agents with the ability to promote NO
production can provide a more protective effect against
gastric lesions.

The level 0of MDA, as a final product of lipid peroxidation,
is an easy biomarker (o delermine oxidative stress.®® Lipid
peroxidation is mediated by neutrophils, via generation ol
superoxide anions.” As a necrolizing agent, ethanol caused

B

O = N W s e N

Group

Figure 4 Measurement of (A) GWM (g of alcian blue per gram of tissue} and (B} pH in five groups of rats, namely: (A) normal control, (B) lesion control, (C) low dose of

EEAM, (D) high dose of EEAM, and (E) omeprazole contral

Notes: Data for GWHM are reported as means + SEM of six animals per group. Statistical comparison for the median pH values was performed using the Kruskal-Wallis test,

followed by the Dunn test. A value of “P<0.05 was considered significant.

Abbreviations: GYYM, gastric wall mucus; EEAM, ethyl acetate extract of Annona muricata leaves; SEM, standard error of the mean

Drug Design, Development and Therapy 2014:8
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Table 3 Effect of EEAM at (C) 200 mg/kg and (D) 400 mg/kg doses, and (E) omeprazole on enzymatic activities of stomach tissue
homogenate. (A) and (B) are presenting the normal control and lesion control groups, respectively

Animal CAT GSH NO SoD MDA PGE-2

group nM/min/mL (WM/mg protein) (UMig protein) (Uimg protein) (UWM/g protein) (ng/mg protein)
A 116.11+4.17 16.49:0.44 11£0.9 19.66+0.25 7223411 4.07£0.09

B 70.144321 9.1910.38 5.7+0.09 10.19£0.55 168.23+4.58 2.12+0.03

c 81.53%2.1| 1251%+0.18 77407 12.89%+0.56 123.88%6.7 | 2.840.1

D 1032344431 13.4940.12 9.1%k1 1 1479%40.61 95.2240.22 34407

E 113.23445. 15.0240.33 10. %21 17.11%£0.7 89.23*10.41 3.8'10.06

Notes: Data are reparted as means £ SEM of six animals per group. A value of %005 was considered significant.

A iation: EEAM, ethy|
PGE-2, prostaglandin E2: SEM, standard error of the mean.

an increase inthe level of MDA S which was observed in our
study after administration of absolute ethanol to rats in the
normal control group (Table 3). Ay is to be expected, due to
the elevation in the activity of antioxidants, pretreatment with
EEAM significantly suppressed MDA production in gastric
tissue, which was close to the omeprazole effect (Table 3).
Prostaglandins, duc to the regulatory effeet on the func-
tion of the gut, have promising potential in the treatment of
different gastric ailments.®® PGE-2 with E prostanoid recep-
tors has a critical role in the motility and secretion of the
stomach. Previous studics have shown that the cytoprotective
cffect of PGE-2 provides noteworthy resistance to gastric
mucosal cells against strong irritants, including ethanol.#7
In our study, the ulcer control group showed significant
reduction in the level of PGE-2, while rats in groups C—E
demonstrated compensatory incrcases. However, omeprazolc

ract of Annena muricata leaves; CAT, catalase; GSH, glutathione; NO, nitric oxide; SOD, superoxide dismutase; MDA, malondialdehyde;

administration to rats caused the highest level of PGE-2 in
gastric tissue homogenates (Table 3).

Histopathological effect of EEAM

on gastric lesions

As was observed in the macroscopic appearance, histologi-
cal analysis of the gastric tissucs also demonstrated various
microscopic characterizations, as illustrated in Figures 5
and 6. H&E staining of the gastric tissues illustrated the
severe superficial injury induced by ethanol (Figure 5).
Apparent features of gastric uleers, including edema and leu-
kocyte infiltration, were observed in the Iesion control group.
Histological analysis indicated that oral administration of
EEAM (200 mg/kg and 400 mg/ke doses), and omeprazole,
markedly protected the gastric tissues from hemorrhagic
lesions associated with attenuation of leukocyte infiltration

Tl

Figure § Histapathological staining of gastric tissues after treatment with EEAM at (C) 200 mgfkg and (D) 400 me/kg doses, and (E) omeprazale, using H&E staining (205,
(A) and (B} are presenting the normal control and lesion contral groups, respectively. In the lesion contral group, there are clear signs af severe damage to the surface

epithelium (white arrow) and leukocyte infiltration (yellow arrow).

Abbreviations: EEAM, ethyl acerate extract of Annona muricato leaves; H&E, hematoxylin and eosin.
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Figure & Histoparhelogical staining of gastric tissues after trearment with EEAM at (C) 200 mgskg and (D) 400 mg/kg doses, and (E) omeprazrole, using PAS staining (20x),
(A)and (B)are prasenting the normal corttrol and lesion cortrol groups, respectively. P.AS staining illustrated the glycogen accumulation (red arrow) in rats pretreated with

EEAM and omeprazole,

Abbreviations: EEAM, ethyl acetate extract of Anrone muricata |eaves; PAS, Periodic adid-Schiff.

and submucosal edema. In spite of a conspicuous protective
effect of EEAM, the sign of hemorrhagic lesions was clearly
evident in EEAM 200 mg/kg pretreated rats. Nonetheless,
administration of EEAM at 400 mg/kg dose, and omeprazole,
demonstrated approximately the same characterizations as
the normal control group (Figure 5).

Glycogen production in the gastric epithelium was exam-
ined using PAS staining. The glycogen content in gastric
mucosa, presented as magenta colorin PAS staining, showed
an almost similarlevel in all groups of rats, except the lesion
control, which suggested a collapse in glycoge n production in
this group (Figure 6). The PAS staining intensity was elevated
in the pretre ated groups of rats, with EEAM and omeprazole,
compared to the lesion control group, showing the beneficial
effect of EEAM on glycogen generation. Induction of glyco-
gen formation by EEAM at 400 mg/kg dose approximates the
effect of omeprazole. The findings of histopathological stain-
ing confirmed the role of EEAM, particularly at 400 mg/kg
dose, in the enhancement of mucus level.

EEAM induced up-regulation of Hsp70
and down-regulation of Bax

Hsp70, alow-molecular weight chaperone and a member of
the four families of heat shock proteins, has a critical role
in the posttranslational characterizations of polypeptides.™
Previous studies have shown the cytoprotective role of

Hsp70 against different stress conditions.”>™ In the cur-
rent study, immunchistochemical analysis showed that
mucosal expression of Hsp70 was upregulated in EEAM-
and omeprazole-pretreated groups (Figure 7). However,
accumulation of Hsp70 in the gastric tissue of rats pretreated
with omeprazole was comparable to rats pretreated with
EEAM. The normal control group also elicited a higher
level of Hsp70 expression, compared to the lesion control
group (Figure 7).

ABcl-2 family of proteins, with 25 members, consists of
two groups of proapoptotic and antiapoptotic proteins.™ Bax,
a proapoptotic protein, promotes the induction of apoptosis
in stressed cells via mitochondrial-initiated events.”™ There-
fore, an inhibitory effect on Bax protein expression attenuates
cellular damage to the gastric tissue.” As illustrated in Figure
8, the expression of Bax protein in the lesion control group
was markedly higher, compared to the normal control group,
representing the undergoing process of apoptosis among
gastric cells. In pretreated rats with EEAM at 200 mg/kg
and 400 mg/kg doses, and omeprazole, accumulation of Bax
protein in gastric tissue was noticeably reduced (Figure 8).
Administration of EEAM (400 mg/kg), and omeprazole,
reduced Bax protein expression to approximately the level
of the normal control group. However, rats treated with
EEAM at 200 mg/kg dose still elicited the accurmulation of
Bax protein in gastric tissue (Figure 8).
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Figure 7 Immunchistachemical analysis of Hsp70 expression from five groups of rats, namely: (&) normal control, (B) lesion control, (C) low dose of EEAM, (D) high dose

of EEAM, and (E) le control. | L b

staining showed upregulation of Hsp70 in groups C-E. (A} and (B) are presenting the normal control and

lesion control groups, respectively. The yellow arrow shows Hsp70 accumulation in gastric tissue (20<).

Abbreviation: EEAM, ethyl acetate extract of Annong muricata leaves.

Conclusion

The results obtained in this study showed the safety of
EFEAM in rats, cven at the highest dose of 2 g/kg, However,
[urther chronic loxicity testing should be conducted Lo con-
firm its sale usage. In vivo study 1o rats demonsirated the
promising antiulcer effect of EEAM against gastric mucosal
injury induced by ethanol. EEAM mediated its antiulcer

potential probably through its ROS-scavenging activity
and protective effect against GWM damage. In addition,
Hsp70 upregulation and Bax downregulation were found to
be involved in the suppression of gastric injurics. TTowever,
an investigation on the major active compound in EEAM
is slill required, to fully illustrale the antiulcer potential ol

Annona muricata leaves,

Figure B Immunohistochemical analysis of Bax protein expression from five groups of rats, namely: (A) normal control, (B) lesion cantrol, (C) low dose of EEAM, (D} high
dose of FEAM, and (E) omeprazale control. Immunchistochemistry staining showed downregulation of Bax in groups €—E. {A) and (B) are presenting the normal control
and lesion control groups, respectively. The red arrow shows Bax protein accumulation in gastric tissue {20x).

Abbreviation: EEAM, ethyl acetate extract of Annong muricoto leaves.
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HIGHLIGHTS

« This study subslantiated the tradilional use of Annona muricata upon wound injury.

o A muricata leaves accelerated various stages of wound healing,

« Wound healing effects were accompanicd with epithelialization and collagen synthesis.
« Immunghistochemical analysis showed the up-regulation of HSP70 protein.

» The protective mechanism was through suppression of the oxidative stress.

ARTICLE INFO ABSTRACT

Article histary: Introduction: Annoita muricatd, a member of the Annonaceae [amily, is commonly known as soursop and
Received 7 October 2014 graviola. The leaves of this tropical [ruit tree are widely used in [olk medicine against skin diseases and
Received in revised form abscesses, however there is no scientific evidence justifying the use of A. muricata leaves. The aim of the
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present study is to evaluate the wound healing potential of ethyl acetate extract of A. muricata leaves
{EEAM) towards excisional wound models in rats,

Methods: Sprague Dawley rats (24) were randomly divided into four groups, viz. (A) vehicle control, {B)
low dose of EEAM (5% w/w), (C) high dose of EEAM (10% wjw) and (D) positive control with excisional
wound created on the neck area. Wounds were topically dressed twice a day for 15 days. On the 15th day,

Keywards:
Annona muricata

Annenaceae animals were sacrificed and then processed for immunohistochemical and histological evaluations,
Wotund healing including Hemaloxylin & Cosin and Masson Trichrome slainings, The aclivily ol antioxidants, namely
Inflammatory cells calalase, glutathione peroxidase and superoxide dismutase, and malondialdehyde (MDA) was measured
Hsp70 in wound tissue homogenate.

Antioxidant defence Resuifs: Macroscopic and microscopic analysis of wounds demenstrated a significant wound healing

activity shown by EEAM at two doses. Treatment of wounds with ointment containing EEAM caused
significant surge in antioxidants activities and decrease in the MDA level of wound tissues compared
with vehicle control. The immunohistochemical evaluation revealed conspicuous up-regulation of Hsp70
in treated wounds with EEAM, suggesting the anti-inflammatory effect of EEAM.

Conclusion: EEAM exhibited a promising wound healing potential towards excisional wound models in

rats,
© 2015 Published by Elsevier Lid on behall of []S Publishing Group Limited.
1. Introduction
Awound is generally defined as a loss or damage of cells which
+ Corresponding author. breaks the anatomic or functional continuity of the skin [1]. A dy-
F-mail address: habsah@um.edu my (HA. Kadir). namic process of wound healing requires an elaborate biological

1743-9191/© 2015 Publi ‘h(-d by Elsevier Ltd on behalf of I]S Publishing Group Limited.
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cascade of cellular, biochemical, molecular and physiological events
which mainly consists of four phases, namely coagulation, inflam-
mation, proliferation and maturation or tissue remodeling [2.3].
The constant cell-matrix and cell-cell interactions during the
process of wound healing makes these phases fairly integrated and
overlapped [4]. The result of this complex phenomenon leads to
connective tissue recovery and fibrous scar reconstruction which
result in mending of anatomical continuity and functional role of
the living tissue 5],

A variety of cells and tssues with collaborative efforts are
involved in the process of healing, Coagulation and inflammation
together as phase 1 of the healing process requires the neutrophils
migration at wound margin, developing to the fibrin clot. In phase 2
or the proliferation phase, replacement of neutrophils by macro-
phages is an important step |G]. In addition, the incision space is
filled by the invasion of granulation tissue. In the maturation or
tissue remodeling as the last step of healing, the collagen accu-
mulation and fibroblast preliferation cause an elevation in the
tensile strength of the skin associated with conspicuous decrease in
edema and leukocyte infiloration [6,7]. The healing process is only
finished after complete mending of disrupted surface by collagen
[8]. In recent years, there has been a noteworthy surge of interestin
using natural remedies with more efficient healing potential
against different dermatological and skin disorders, including
burns, cuts and wounds [9]. Medicinal plants have provided more
affordable weund healing products with higher safety from hy-
persensitive reactions compared to the synthetic pharmaceutical
agents [10,11].

The popular fruit tree of Annona muricata L {Annonaceae)
commonly known as graviola or soursop is commercially cultured
in Central and South America and tropical countries [ 12]. The edible
fruit of this small tropical tree is extensively used to produce candy,
Jjuice and sherbets [ 13]. In addition, the importance of this plant is
also contributed to its various applications in folk medicine | 14]. All
parts of this plant, including the bark, fruit-seeds, leaves and root
are used in natural medicines in the tropics [ 15]. Traditionally, the
leaves are used for cystitis, diabetes, headaches, hypertension,
insomnia, liver problems and as an  antidysenteric, anti-
inflammatory and antispasmodic [16]. The cooked leaves are topi-
cally applied against abscesses [16]. In tropical Africa, including
Migeria, leaves are traditionally used against skin diseases |[15].
However, the wound healing potential of the A. muricata leaves has
not been replicated in an experimental animal study as of yet.
Therefore, the present study was designed to examine the efficacy
of ethyl acetate extract of A, muricata leaves (EEAM) towards
excisional wound healing on rats.

2. Materials and methods
21, Materials

A blank placebo (an aqueous semisolid cream) and intrasite gel
(standard wound dressing drug, Smith & Nephew Lid., UK} were
purchased from the pharmacy of University of Malaya Medical
Centre. The intrasite gel used as positive control contains modified
carboxymethyl cellulose polymer (2.3%), propylene glycol (20%)
and water, and promotes natural debridement by rehydrating
necrotic tissue. The leaves of A muricata were collected from Ipoh,
Malaysia, in March 2013, and was authenticated by Dr. Yong Kien
Thai at Institute of Biological Sciences, Faculty of Science Building,
University ef Malaya. The voucher specimen of the same has been
deposited at the herbarium of the University of Malaya {voucher
specimen No. KLU47978).
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2.2, Preparation of the leaves extract

The leaves {1 kg) were cut into small pieces, washed with
distilled water and dried in the oven at 45 °C for 5 days. After
grinding the leaves, the leaf powder was soaked in ethyl acetate
(1500 ml, three times) in conical flasks for 3 days at 25 °C. The
residue was removed by filtration using filter papers (Whatman No.
1). Afterwards, the extract was concentrated by recovering the
solvent using a rotator evaporator (Buchi, Flawil, Switzerland). Af-
ter drying the extract in the vacuum cven at 40 °C, the semisolid
mass of EEAM (15 g, ethyl acetate free} was homogeneously mixed
with the placebo in two concentrations (5% and 10% wjw] and
stored at 2—8 C in the refrigerator for further evaluation of wound
healing activity.

23 Animals

Healthy adult male Sprague Dawley rats weighing 180-250 g
from the animal house of AEU {Animal Experimental Unit, Uni-
versity of Malaya) were used in this study. Rodents were main-
tained in clean, sterile, polyvinyl cages with normal pellet diet and
water ad libituim. They were housed under standard environmental
conditions of humidity and temperature (25 +0.50 °C) with 12 h
light/dark cycle. The animal studies were carried out in AEU with
due permission from the FOM Institutional Animal Care and Use
Committee, University of Malaya (FOM IACUC, ethic No.: 2014-03-
05-PHAR/R{SZM).

24, Excision wound model

The acute wound healing activity of EEAM in this study was
tested on uninfected excisional wounds. The wounding creation
was performed under general anaesthesia by using 2 ml of diethyl
ether {99% purity, Sigma Chemical Co., St Louis, MO, USA). After
shaving and wfecting the skin with alcohol (70%), a local
anaesthetic injection was performed by lignocaine HCI (1 ml, 2%,
20 mgiml}. After marking an oval wound, a uniform wound
(approx. 500 mm?) with 2 mm depth was excised from the nape of
the dorsal neck of each rat using a pair of surgical scissors asepti-
cally (Fig. 1). The neck area of wound was chosen to avoid any
unwanted biting and stretching from the rats. Any damage to the
muscle layer was carefully avoided and all the procedure was per-
formed with the constant tension of the skin. The forceps and
scissors were cleansed with alcohol (70%) after each use.

25, Grouping, topical reatment and sampling

Rats were grouped into four groups, viz. (A} vehicle control, (B} low
dose (3% wiw), (C] high dose {10% wjw) and {D] positive control
group. Each group consisted of six animals, and treatments were
started 24 h after the wounding procedure. The wounds of the vehicle
contral group (group A) were dressed topically twice daily with blank
placebo (0.2 ml). With the same procedure, the positive control group
{group D} was treated with intrasite gel (0.2 ml} and two doses of
EEAM (5% and 10% wiw, 0.2 ml) were used for the treatment of the low
dose (group B} and high dose (group C} groups, respectively.

26. Determination of the wound closure percentage

The wound closure area (mm?) of each rat was measured by
tracing the wound on days 5, 10 and 15 using a permanent marker
and transparent papers under light anaesthesia with ketamine and
xylazine. At these days, the percent wound healing values were
determined for each group by calculating the percentage of wound
reduction from the original wouncd.
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Fig. 1. Excisional skin wound on day 0, belore starting Lreaiments. A uniform wound
was excised [rom the nape of the dorsal neck of each rat.

2.7, Histological evaluation of healed wounds

On day 15th, the rats were euthanized using an overdose of
ketamine (30 mg/kg, 100 mg/ml) and xylazine (3 mgfkg, 100 mg/
ml). The specimens of skin from healed wounds and surrounding
tissues were excised from each rat. After processing the tissues in
the paraffin tissue-processing machine {Leica Microsystems Incor-
porated, Nussloch, Germany), 5 pm tissue sections were proceeded
with Hematoxylin & Eosin (H & E) and Masson ‘Itichrome staining
for microscopic analysis.

2.8. Immunohistochemistry

Immunohistochemical evaluation was performed as previously
described in detail [17]. In brief, the EGFR pharmDx kit (DakoCy-
tomation; Carpinteria, CA, USA) was used for immunohistochem-
ical staining according to the vendor's instructions, After blocking
the endogenous peroxidase using peroxidase block, the tissue
sections were incubated with Hsp70 (1:500, Cat: ab2787, Abcam,
Cambridge, MA, USA) biotinylated primary antibody for 15 min.
Slides were then incubated with sufficient amounts of streptavi-
din—HRP for 15 min. Tissue staining was visualized using a DAB
substrate chromogen solution. Then, sections were stained with
hematoxylin for 5 s. The positive findings of samples were
demonstrated with brown color under a light microscope.

2.9. Enzymatic activities

On day 15th after surgery, tissue specimens excised from the
wounds were homogenized in 1.15% calcium chloride (1:5 w/v)
using a teflon homogenizer (Polytron, Germany). After centrifuging
the tissue homogenate at 5000 rpm for 5 min, the supernatant was
used for the further assessment on enzymatic activities. To deter-
mine the level of glutathione peroxidase {GPx) activity in tissue
homogenate, the Lawrence and Burk method was used as previ-
ously described | 18]. In brief, the reaction mixture contained EDTA
(0.2 ml), GSH (0.1 ml, 1 mM}, NADPH (0.1 ml, 0.2 mM), phosphate

buffer (2 mlL 50 mM, pH 7.0) and sedium azide (0.3 ml, 1 mM). The
enzyme solution {0.2 ml) was added to the reaction mixture
following incubation for 5 min at 25 “C, Then, the reaction was
started by adding H»0, (0.2 ml, 8.25 mM). The optical density
presenting the GPx activity was determined at 340 nm. The result is
expressed as nmol of NADPH oxidized/min/mg protein. The level of
catalase (CAT) and superoxide dismutase (SOD) in tissue homoge-
nate was measured using commercial kits (Cayman, Ann Arbor, MI,
USA) according to the manufacturer’s instructions.

2.10. Lipid peroxidation

Determination of Lipid peroxidation in wound tissue homoge-
nate was performed using the 1BA reaction as previously described
in detail | 19]. TBA reaction measures the level of malondialdehyde
(MDA) as a product of lipid peroxidation. The result is expressed as
nmol of MDA formed/mg protein.

211, Sratistical analysis

All values were reported as means + SEM of n animals per group.
Statistical evaluation of the data was performed using one-way
analysis of variance (ANOVA) followed by Tukey's test. Differ-
ences were considered statistically significant when P < 0.05.

3. Results and discussion
3.1. Effect of EEAM on wound closure

As it is illustrated from Fig. 2, on day 5 of treatments, each group
revealed different rates of wound contraction, however intrasite gel
and EEAM (only at 10% concentration) caused significant reduction
in the wound area, compared to the vehicle control (Fig. 3). After 10
days of topical treatments with EEAM (5% and 10%) and intrasite
gel, all three groups showed significant elevation in wound
contraction, compared to the vehicle control. Administration of
EEAM (5% and 10%) and intrasite gel after 15 days caused 69%, 77%
and 81% wound closure, respectively (Fig. 3).

3.2, Histopathological effect of EEAM in wound tissues

Histopathological survey of wound tissues after the surgery on
day 15 was carried out using H & E and Masson Trichrome stainings.
As illustrated in Fig. 4, tissue sections stained with H & E demon-
strated that wound areas in treated rats with EEAM (5% and 10%)
and intrasite gel were conspicuously smaller than those treated
with the blank placebo. On day 15, EEAM treated rats at both
concentrations, especially 10%, demonstrated very close profiles
when compared to the positive control group. Dermis maturation
and organization of collagen fibers were examined by the Masson
‘Itichrome staining (Fig. 5). In bank placebo treated wounds,
collagen fibers were characterized by poor orientation and disor-
ganization. The scattered collections of inflammatory cells,
including macrophages and neutrophils, with disorganized-
oriented collagen fibers displayed the immature tissue granula-
tion in vehicle control group. However, EEAM treatment markedly
stimulated and elevated the deposition of collagen fibers which
were comparable with the positive control.

3.3, EEAM induced up-regulation of Hsp70 in wound tissues

In our study, upon treatment of wounds with EEAM (5% and
10%), protein expression of Hsp70 was markedly increased in the
wound tissues, which were comparable with Hsp70 up-regulation
in the positive control group (Fig, 6.
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B

Fig. 2. Gross appearance of the healing of excisional wound in rats at day 15. The rats were topically dressed (0.2 ml) with (A} blank placebo, EEAM at two doses (B} 5%, (C) 10% wiw
and (D) intrasite gel. EEAM, ethyl acetate extract of A. muricata leaves.

3.4. Effect of EEAM on enzymatic activities in wound tissues Topical treatment with EEAM (5% and 10%) and intrasite gel led to
significant elevated activity of the enzyme in the wound tissue

Changes in the SOD activity of the wound tissue of rats after compared to the vehicle control. The significant increase in SOD
administration of EEAM and intrasite gel are shown in Table 1. activity after EEAM (5% and 10%) treatment appears to be a

#Day5 wDay10 =Day15

Percentage of wound closure (%)
3

.
:

A B C D
Group

Fig. 3. Effect of topical treatments on percentage of wound closure in four groups. Four groups of rats include (A} vehicle control, (B) low dose of EEAM, (C) high dose of EEAM and
(D} positive control. Data are reported as means + SEM of six animals per group. A value of P < 0.05 was considered significant. EEAM, ethyl acetate extract of A. muricata leaves.
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Fig. 4. Histological analysis (H & E) of wound fissues on day 15 after operation, from four groups of rats. Four groups of rats include (A} vehicle control, (B} low dose of EEAM, (C)
high dosc of EEAM and (D) positive control. The white arrows illustrate the wound area for cach group. D, derms; E, epidermis; EEAM, cthyl acetate extract of A. muricata leaves; GT,

granulation tissue; S: scar width. Seale bar: 500 pm.

protective mechanism to promote the wound healing process in
rats. The CAT activity was significantly elevated in the wound tis-
sues of rats treated with EEAM (5% and 10%) and intrasite gel. The
increased CAT activity in the wound tissue is a protective response
like SOD against oxidative damages to accelerate the wound heal-
ing process. It is clearly evident from the data in Table 1 that EEAM
treatment at both doses resulted in significant elevation in the GPx
activity in the wound tissues compared to the vehicle control.

3.5. Effect of EEAM on MDA level in wound tissues

Levels of MDA in the topically treated rats with EEAM {5% and
10%) and intrasite gel revealed a significant reduction compared to
the vehicle control group (Fig. 7). This result strongly suggests that
EEAM treatment at both doses markedly attenuated the lipid per-
oxidation in the wound site of rats.

4. Discussion

A. muricata were previously found to possess chemical constit-
uents of different alkaloids and essential oils [20—22]. Nonetheless,
species of the Annonaceae family, including A. muricata are well
known to have a variety of acetogenins compounds that act as
major bioactive compounds in these species [23]. Previous studies
have shown that Annona species have promising wound healing
capability. A study on wound healing activity of A. muricata stem
bark revealed conspicuous decrease in the wound area of rats after
topical treatment with the alcoholic extract of stem bark [24]. In
another study, Annona sguamosa leaves demonstrated a promising
wound healing effect against streptozotocin-induced diabetic rats
[25]. Wound healing studies generally evaluate two simple and
reproducible wound models, namely incisional and excisional [26].
Considering the promising wound healing activity of the Annona

species, in this study, full thickness excisional wound model was
applied to macroscopically and histologically investigate the
wound healing potential of EEAM on rats,

The untreated wounds in vehicle control group were charac-
terized with stiff and intact dark brown scabs (Fig. 2). The findings
in the current study demonstrated that topical administration of
EEAM noticeably accelerated the wound healing process in rats.
New thin epidermis formed in EEAM (5% and 10%) treated wounds
which provided the protection to the wounds from further injuries
by covering the entire wound area (Fig. 4). Epidermis layer of
wounds from EEAM (5% and 10%) treated rats was thicker than the
wounds from the positive control group. However, the wounds
from vehicle control group was just at the early phase of epitheli-
alization. The tissue sections from EEAM {5% and 10%) treated rats
elicited a well-advanced organization of granulation tissue and on-
going formation of new blood vessels which were comparable with
positive control group. The tissue sections from the EEAM (5% and
10%) treated wounds revealed well-organized accumulation of
collagen fibers with fewer inflammatory cells compared to the
vehicle contral group {(Fig. 5). The histological analyses of rats
demonstrated that treatment of wound area with EEAM extract at
both doses markedly accelerated the original tissue regeneration.

Heat shock proteins (Hsps) are crucial factors for the wound
healing process due to their role in cell proliferation, collagen
synthesis, modulation of inflammation and wound debris clear-
ance. Despite the abundance of Hsps in cells, their expressions are
modulated at the basic levels under normal physiological condi-
tions |27]. Under the wound healing stress, Hsps expression
dramatically elevates to attenuate the inflammatory responses and
to accelerate the wound healing process [28]. Therefore, any
perturbation in the expression and function of Hsps in response to
various cellular stress may lead to a wide variety of wound healing
complexities [29]. As the abundant inducible Hsp in the wound bed,
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Fig. 5. Histological analysis (Masson Trichrome) of wound tissues on day 15 after operation, from lour groups of rats. Four graups of rats include (A} vehicle control, (B} low dose of
EEAM, (C) high dose of EEAM and (D) positive conlrol. CF, collagen (ibet; EEAM, ethyl acetate extract of A. reuricata leaves; IN: inflammatory cell. Scale bar: 10 pm.

Hsp70 is effectively responsible for the cell survival and protein
homeostasis within the healing wound [30]. The immunohisto-
chemistry analysis in our study revealed that the up-regulation of
Hsp70 by EEAM was comparable with the effect of intrasite gel. This
result strongly implies that EEAM induced the protein expression of
Hsp70 in the wound tissue which led to amelioration of the wound
healing process.

The process of wound healing is accompanied with skin
ischemia, which promotes the generation of reactive oxygen spe-
cies by activated leukocytes in the tissue site. The more release of
oxygen-derived free radicals through the positive feedback attracts
more leukocytes and amplifies the oxidative damages in the wound
tissue |31]. Under normal conditions, body homeostasis balances
the level of free radicals using the endogenous antioxidant capacity
of the human body. However, when this level exceeds the normal
capacity of antioxidants to balance, highly activated radicals will
cause different structural changes and further reversible or irre-
versible cell injuries [32,33]. Antioxidant defence systems of cells
contains a variety of enzymatic and non-enzymatic scavengers. The
enzymatic antioxidants of cells, including CAT, GPx, glutathione
reductase {GR), glutathione-s-transferase {GST), SOD play a critical
role in the attenuation of oxidative stress induced by reactive ox-
ygen species [34]. The first defensive mechanism against reactive
oxygen species is provided by SOD, which attenuates oxidative
stress through dismutation of 0,. CAT enzyme has an important
role in converting the endogenous H,0, to water and oxygen [35].

The accumulation of Ho05 in cells results in the generation of highly
reactive free hydroxyl radical (OH") through Fenton reaction, which
has an important devastating role in oxidative damages [36,37].
Another important antioxidant enzyme, GPx, degrades lipid per-
oxides to hydroxyl lipids and waters through conversion of gluta-
thione to glutathione disulfide [38].

The excessive production of reactive oxygen species and
oxidative stress in the wound site is known to cause lipid peroxi-
dation in the respective tissue [39,40]. Lipid peroxidation of
organelle and cellular membranes, being one of the destructive
effects of oxygen radicals, is responsible for the defect in endo-
thelial cells, fibroblast and collagen metabolism and keratinocyte
capillary permeability. In addition, the elevated lipid peroxidation
in the wound tissue may have been a contributing factor in the
impairment of vascular endothelial growth factor (VECF) expres-
sion and subsequently deficiency of the wound healing process
[41]. As the main oxidation product of peroxidized polyunsaturated
fatty acids, MDA is a critical biomarker for lipid peroxidation [42].

Previous in vitro and in vivo studies also reported the antioxidant
activity of A, muricata leaves (43,44, Among different Annona
species, leaves of A. muricata were found to have the highest anti-
oxidant activity assessed by DRSA (DPPH radical scavenging activ-
ity). FRAP (Ferric reducing antioxidant property) and HRSA
(hydroxyl scavenging activity) techniques |44/, An in vivo study also
showed that ethyl acetate extract of A, muricata leaves caused an
increase in the activity of CAT, glutathione and SOD on gastric cells
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Fig. 6. Immunohistochemical analysis of Hsp70 protein expression from four groups of rats. Four groups of rats include (A} vehicle control, (B} low dosc of EEAM, (C} high dose of
EEAM and (I3} positive control. Inmunchistochemistry staining showed up-regulation of Hsp70 in groups B—D. The red arrows depict Hsp70 protein accumulation in gastric tissue.

EEAM, ethyl acetate extract of A. muricata leaves. Scale bar: 10 pm.

Table 1

Effect of ointment treatment on antioxidants activities.
Group CAT GPx S0D

{nM/min/ml} (nM/min/mg) (UJmg protein)

A 8545 — 3.78 1619 + 1.34 1425 —1.15
B 1157 - 129" 23.19 + 0.947 1925 - 0.73°
< 13129 = 2.44° 2925+ 14" 2725 = 113"
D 14611 =417 3167 +2.02° 3678 =26

Antioxidant enzymes include CAT, SOD and GPx from four groups of rats namely, (A)
vehicle control, (B} low dose of EEAM, {C} high dose of EFAM and (D) positive
control. Data are reported as means + SEM of six animals per group. A value of
P < 0.05 was considered significant. CAT, catalase; SOD, superoxide dismutase: GPx,
glutathione peroxidase.

of ethanol-treated rats [45]. Our findings in the present study
strongly suggested that topical administration of EEAM on wounds
of rats conspicuously increased the antioxidant capacity of the
wound tissue leading to hastening of the wound healing process.

5. Conclusion

In conclusion, these findings showed that EEAM accelerates
various stages of wound healing, including wound contraction,
epithelialization and collagen synthesis. In addition, it also
decreased the oxidative and inflammatory stresses in the wound
area. Treated wounds with EEAM displayed organized generation of
collagen fibers with reduced number of inflammatory cells.

However, further study with bio-assay guided approach is still
required to establish the principle bioactive compound responsible
for the wound healing effect of EEAM.

L.

Fig. 7. Effect of ointment treatments on MDA level in wound tissuc homogenate from
four groups. Four groups of rats include (A) vehicle control, {B} low dose of EEAM, (C)
high dose of EEAM and (D} positive contrel. Data are reported as means + SEM of six
animals per group. A value of P < 0.05 was considered significant. EEAM, cthyl acetate
extract of A muricata leaves.
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CHAPTER 4: CONCLUSION

In summary, these results from the current investigation have yielded insight into the
chemopreventive potential of Annona muricata. The apoptosis-inducing effect of A.
muricata on three different cancer cell lines and subsequent bio-assay-guided
investigation on AMEAE have resulted in the isolation of annomuricin E. Annomuricin
E was demonstrated to possess cytotoxic effects towards HT-29 cells. The exposure of
annomuricin E to HT-29 cells triggered mitochondrial-mediated events and altered the
balance of the mitochondrial membrane potential in favor of cytochrome c release
through the elevation of Bax expression and the attenuation of Bcl-2 expression. These
changes were accompanied by Gi cell cycle arrest in the treated cells. An in vivo study
on azoxymethane-induced colonic aberrant crypt foci in rats also revealed similar
promising chemopreventive effects. The decrease in the number of aberrant crypt foci
and PCNA expression associated with changes in Bax and Bcl-2 expression levels
strongly substantiated the in vitro results.

The in vivo gastroprotective potential of AMEAE was tested against ethanol-induced
gastric mucosal injury in rats. Our findings showed a promising antiulcer effect of the
plant extract. Hsp70 protein expression was down-regulated after the oral administration
of AMEAE, which was associated with elevation in the activities of enzymatic
antioxidants. The gastroprotective potential of 4. muricata leaves is strongly attributed to
the anti-inflammatory activity of AMEAE and inhibitory effect against oxidative damage,
leading to the preservation of the gastric wall mucus.

Wound healing studies of AMEAE have revealed that the plant extract accelerates
different stages of wound healing, such as collagen synthesis, epithelialization and wound
contraction. The topical application of AMEAE to the wounds led to the attenuation of

inflammatory cells and the arranged formation of collagen fibers. The wound healing
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effect of AMEAE is probably mediated through the anti-inflammatory and anti-oxidative
activities of A. muricata leaves.

In addition to being an important source for the food industry and an indigenous medicinal
plant, A. muricata has been proven to possess a wide spectrum of biological activities.
Because the majority of previous studies were focused on the biological activities of the
plant extract, further investigations on the biochemical and physiological functions of
active compounds and the more detailed mechanisms underlying these activities are

pivotal for the development of nutraceutical products.
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