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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

Due to the continued growth in ageing population, report from World Health 

Organization forecasted the neurodegenerative disorders will rise above cancer in the 

next 30 years, as a second leading cause of death following cardiovascular disease. 

More than 600 disorders afflict the nervous system especially Alzheimer's disease and 

Parkinson’s disease, as the world's leading cause of approximately 50-75 % dementia 

that have been associated with free radical generation. Growing substantial evidences 

have shown that various neurodegenerative diseases arise as a result from free radical 

generation. On the other hand, reactive oxygen species-induced oxidative stress has 

been implicated in various neurodegenerative diseases namely Alzheimer's disease, 

Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis, Friedreich's 

ataxia, Lewy body disease, and spinal muscular atrophy with serious and life-

threatening consequences. Neurodegenerative disorders involved the dysfunction in 

central and peripheral nervous system which might cause failure in movement, balance, 

speaking, breathing and heart function. Yet, most of the neurodegenerative diseases 

have no cure and subject to solemn negative side effects after drugs treatment. Also, 

their etiology is poorly understood and complicated. In view of that, a raise in the 

efforts to seek natural-based treatment is enforced for the sake of overcoming 

neurodegenerative diseases in a manner of side effects-free. Phytochemical plays an 

important role in phytotheraphy particularly in neurodegenerative diseases as most of 

the antioxidants have been proven scientifically for their significant potential in the 

contribution of neuroprotection. Extensive natural product researches have been 
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identified in the exploration of effective neuroprotective agent as an urgent need to 

resolve the burden raise in the neurodegeneration phenomenon lately. For that reason, a 

Chinese folk medicine, L. parasiticus has been selected to investigate the antioxidative 

and neuroprotective activities in an oxidative stress-induced neuroprotection model in 

the present study, hypothesing that L. parasiticus in exhibiting significant antioxidative 

and neuroprotective properties as well as a novel molecular therapeutic target site in L. 

parasiticus-mediated neuroprotective mechanism to be established.  

 

1.2 Objectives 

 

1.2.1 Overall objective 

The present work was performed to investigate the antioxidative and 

neuroprotective activities of L. parasiticus against hydrogen peroxide (H2O2)-induced 

oxidative stress in NG108-15 cells, as well as to identify the most potent 

neuroprotective compound through bioactivity-guided isolation approach and 

subsequently to elucidate the underlying neuroprotective mechanisms of the most potent 

neuroprotective compound isolated from L. parasiticus in NG108-15 neuroprotection 

model.  

 

1.2.2 Specific objectives 

The specific objectives of the present study were the following:   

a. to evaluate the antioxidative activities of L. parasiticus 

b. to investigate the neuroprotective effects of L. parasiticus against H2O2-induced 
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oxidative damage in NG108-15 cells via 3-(4,5-domethylthiazol-2-yl)-2,5-

diphenyltetrazolim (MTT) cell viability assay 

c. to determine the H2O2-induced apoptotic effect and neuroprotective effect of L. 

parasiticus on nuclear morphological changes by 4',6-diamidino-2-phenylindole (DAPI) 

staining in NG108-15 cells 

d. to elucidate and confirm the neuroprotective mechanisms via the antiapoptotic effects 

of L. parasiticus through the alteration in intracellular glutathione (GSH) level, 

intracellular reactive oxygen species level, externalization of phosphatidylserine, change 

in mitochondrial membrane potential, and cell cycle distribution in H2O2-induced 

oxidative damaged NG108-15 cells 

e. to isolate and elucidate the chemical structure of the most potent neuroprotective 

compound from L. parasiticus against H2O2-induced oxidative damage in NG108-15 

cells, via neuroprotective activity-guided fractionation approach 

f. to elucidate the neuroprotective mechanisms via the antiapoptotic effects of (+)-

catechin through the alteration in intracellular reactive oxygen species level, 

externalization of phosphatidylserine, change in mitochondrial membrane potential, cell 

cycle progression, and intracellular antioxidant enzymes (SOD and GPx) in H2O2-

induced oxidative damaged NG108-15 cells  

g. to investigate the neuroprotective effects of (+)-catechin on the expression level of 

Bax and Bcl-2 following H2O2-induced oxidative damage in NG108-15 cells 

h. to investigate the role of neuronal chemokine CCL21 in the neuroprotective action of 

(+)-catechin in H2O2-induced oxidative damaged NG108-15 cells 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Neurodegeneration 

 

By 2040, World Health Organization forecasts that neurodegenerative diseases will 

have overtaken cancer to become the world’s second leading cause of death following 

cardiovascular disease, as an outcome of continual growth in ageing population.  Yet, 

distinct from the condition in cancer and cardiovascular disease, governments and 

pharmaceutical sectors have yet to make a major commitment in treating 

neurodegenerative diseases. 

According to the National Institute of Neurological Disorders and Stroke, more than 

600 neurologic disorders afflict the nervous system, with approximately 50 million 

Americans affected every year. Among the neurological disorders, oxidative stress plays 

a prominent role in all type of dementia which leads to the amendment in one’s memory, 

activity, behaviour and ability to think clearly. 

Neurons are building blocks of the nervous system that contain the brain and spinal 

cord. Generally, neuronal cells are not able to reproduce themselves and unable to 

replace by the body as well in the context of neuronal damage. Neurodegenerative 

diseases can be defined as sporadic and hereditary circumstances that are characterized 

by progressive dysfunction of nervous system. Generally, neurodegenerative diseases 

are incurable which result in progressive degeneration and death of nerve cells, 

embracing a situation in which nerve cells from brain and central nervous system are 

lost leading to either sensory dysfunction (dementia) or functional loss (ataxia). 

Oxidative stress has long been implicated in numerous neurodegenerative diseases 

such as Parkinson’s disease (Seaton, 1997; Smith and Bennett, 1997; Cassarino et al., 



5 
 

1997; Merad-Boudia et al., 1998; Merad-Saidoune et al., 1999; Thomas et al., 2000), 

Alzheimer's disease (Mecocci et al., 1994; Mecocci et al., 1997a; Mecocci et al., 

1997b), amyotrophic lateral sclerosis (Yim et al., 1996; Yim et al., 1997; Wiedau-Pazos 

et al., 1996; Warita et al., 2001), Huntington's disease (Schapira, 1998; Polidori et al 

1999; Browne et al., 1997), and Friedreich's ataxia (Rotig et al., 1997; Pandolfo, 1998) 

which coupled with the onset of mechanisms between increment of reactive oxygen 

species production, depletion of intracellular antioxidant enzymes, abnormal 

mitochondrial function, modulation of Bcl-2 family members, regulation of neuronal 

chemokines, and eventually neuronal cell death. 

 

2.1.1 Brain and nervous system 

Brain, the center of nervous system consists of high level of unsaturated fatty 

acids that are vulnerable to peroxidation and oxidative modification, which consumes 

an inordinate fraction (20 %) of total oxygen consumption for its relatively small weight 

(2 %). Unsaturated fatty acids with double bonded chemical structure prompts the brain 

to be more susceptible to free radical harass and therefore accounts for the onset of 

chain reaction to further damage the adjacent unsaturated fatty acids (Butterfield et al., 

2002). Moreover, the neuronal cells in brain are low in antioxidant activity and 

antioxidant defenses compared with other tissues. These abnormal neuronal biochemical 

compositions in brain have been claimed from various researchers in regards to its 

sensitivity to oxidative stress (Chance et al., 1979; Floyd and Carney, 1992; Zaleska and 

Floyd, 1985). Also, long-term impact of the increased deleterious effects of reactive 

oxygen species generation (Schaffer et al., 2006) leading to a cascade of oxidative 

stress-induced apoptosis in brain (Salganik, 2001).        
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2.1.2 Reactive oxygen species 

Under physiological circumstance, 1-2 % of oxygen consumed is converted to 

reactive oxygen species. However, this percentage rises up due to the decrease 

observation of antioxidants and low regenerative capacity in aged brain (Lepoivre et al., 

1994). The generation of reactive oxygen species required metabolic system to facilitate 

the interaction of organic molecules with oxygen in vivo. Also, molecular oxygen has to 

be activated and cellular system needs to evolve range of metallo-enzymes which assists 

reactive oxygen species formation during the interaction of redox metals with oxygen 

by a range of catalytic pathways. Under normal biological conditions, cells have 

proficient regulatory system and defense system for the interaction between metal ion 

and oxygen causing the formation of reactive oxygen species as well as free radicals 

(Bush, 2000). 

Reactive oxygen species consist of highly reactive hydroxyl radicals (OH•), 

superoxide anions (O2
−), nitric oxide (NO), and H2O2. Damaged mitochondria and 

activated microglia acts as reservoir of reactive oxygen species. Formerly reactive 

oxygen species formation was understood to be an imbalance outcome between 

elimination and generation of reactive oxygen species and reactive nitrogen species but 

recently many molecular biology and chemistry revealed the regulatory role of reactive 

oxygen species in modulating key cellular functions (Klaus and Heribert, 2004). For 

instance, Haber Weiss and Fenton reaction (Figure 1) kick off the free radicals and 

reactive oxygen species formation to trigger mitogen activated protein kinase cascade, 

excitotoxic calcium mobilization and eventually apoptotic cell death (Hyman, 2004). 

The toxicity effect of free radicals have been reported for their significant contribution 

to neuronal loss in Alzheimer's disease, Parkinson's disease, cerebral ischemia, 

schizophrenia, and seizure disorders (Cadet, 1998; Demopoulos et al., 1980).  

The nature of neuronal biochemical composition is vulnerable to reactive 
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oxygen species since it involves pool of unsaturated lipids which are labile to oxidative 

damage. As evident from terminology, reactive oxygen species are highly reactive to 

various cellular elementary molecules to initiate cascade of biochemical reactions 

simultaneously which leading to neuronal cell death eventually. Under oxidative stress 

circumstance, oxidation of lipids, proteins, and DNA occurred in neuronal 

microenvironment and produces numerous byproducts such as aldehydes, peroxides, 

ketones, cholesterol oxide, and alcohols which are toxic to macrophages and blood 

lymphocyte, paralyzing the defense system in vivo (Ferrari, 2000). 

 

2.1.3 Oxidative stress 

The term ‘oxidative stress’ was first coined by Sies to account for the imbalance 

between reactive oxygen species and the antioxidant opposing forces (Sies, 1985). 

Oxygen is essential for all living cells including neuronal cells but absurdly, it produces 

reactive oxygen species which are extremely toxic to cells as a by-product. Reactive 

oxygen species are predominantly vigorous in the nervous system as neurotransmitters 

and excitatory amino acids, whose metabolism is the factory of reactive oxygen species, 

serve as sources of oxidative stress. Excess in reactive oxygen species generation 

caused an imbalance of intracellular antioxidant enzymes and overwhelms antioxidant 

defensive system. Toxic accumulation of reactive oxygen species which subsequently 

leads to the occurrence of oxidative stress persist in the contribution of various 

neurodegenerative diseases (Halliwell, 1994; Sies, 1997). In most cases, low degree of 

reactive oxygen species act as signaling molecules and modulators whereas high degree 

of reactive oxygen species causes oxidative stress, and eventually leading to neuronal 

apoptosis (Dumont et al., 1999; Slater et al., 1995).  
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Figure 1. Free radical and reactive oxygen species formation as shown in equations (Kehrer, 2000) 
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Oxidative stress has long been postulated to play a vital role in aging process 

(Harman, 1956). In aged brain, oxidative stress levels were high and intracellular 

antioxidant enzymes such as catalase, superoxide dismutase, glutathione reductase and 

glutathione peroxidase were greatly reduced associated with the increased in oxidized 

glutathione levels, lipid peroxidation, and protein oxidation (Sugaya et al., 1996; Tian et 

al., 1998) in aged rodents (Mo et al., 1995). 

Apart from its role in aging, oxidative stress has also been implicated in various 

neurodegenerative diseases. For instance, high levels of oxidized nuclear DNA (Gabbita 

et al., 1998) and mitochondrial DNA (Mecocci et al., 1994) have been shown in the 

central nervous system of Alzheimer's patients. Also, augmented protein oxidation was 

found in the central nervous system of Alzheimer's patients, especially in the region of 

hippocampus (Hensley et al., 1995). Furthermore, dinitrotyrosine and nitrotyrosine (Su 

et al., 1997) are found to be elevated in the central nervous system (particularly in the 

hippocampus and neocortex) and ventricular cerebrospinal fluid of Alzheimer's patients 

(Good et al., 1996; Smith et al., 1997; Hensley et al., 1998). Furthermore, oxidized 

mitochondrial DNA has been found in the central nervous system of Huntington's 

patients (Polidori et al., 1999) as well. 

 

2.1.4 Mitochondria in relation to neurodegeneration 

During the second half of the 20th century, mitochondria were considered 

entirely as the cell’s powerhouse, organelles with particular biochemical composition 

and architecture which serve only one main principle specifically in energy production 

by oxidative phosphorylation. In the year of 1995, mitochondria were being discovered 

a second vital role, called the control of cell death. Until now, it is complicated to 

disregard that cell death, in both its pathological and physiological occurrence, is 

intimately correlated to mitochondrial structure and dysfunction. The context of control 



10 
 

cell death in mitochondrial is crucial to recognize the complexity of mitochondrial life 

and death decision making devoid of getting lost in details. 

In healthy cells, the inner mitochondrial membrane, the frontier between the 

intermembrane or intercristae space and the matrix, is nearly impermeable to all ions, 

including protons. This permits complexes I–IV of the mitochondrial respiratory chain 

to develop, across the inner mitochondrial membrane, the proton gradient which is 

required for oxidative phosphorylation (Mitchell and Moyle, 1965a; Mitchell and Moyle, 

1965b). The imbalance of charge that results from the formation of an electrochemical 

gradient across the inner mitochondrial membrane forms the basis of the inner 

mitochondrial transmembrane potential. In the end, the proton gradient is exploited by 

complex V of the respiratory chain to force the synthesis of ATP. Thus, the 

maintenance of proton gradient is pivotal for cellular bioenergetics (Mitchell and Moyle, 

1965a; Mitchell and Moyle, 1965b), in which all the elements of mitochondrial matrix 

as well as all metabolites that cross the inner mitochondrial membrane are well 

regulated by specific transport proteins and highly selective channels. Even though a 

transient loss of the mitochondrial transmembrane potential, through the “flickering” of 

one or several inner mitochondrial membrane pores, may occur in physiological 

circumstances (Kroemer et al., 1998; Zoratti and Szabo, 1995), a long-lasting or 

permanent mitochondrial transmembrane potential depolarization is frequently related 

to cell death (Marchetti et al., 1996; Zamzami et al., 2005). 

The outer mitochondrial membrane permeability that delimits the outer contour 

of mitochondria is also well regulated in both normal life and the onset of cell death. 

During cell death circumstance, there was an increment in the outer mitochondrial 

membrane permeability which permits the release of soluble proteins that generally are 

retained within mitochondria, in the intermembrane space. The death-associated outer 

mitochondrial membrane permeabilization is also a tightly regulated process with major 
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consequences in health and various diseases.  

Mitochondria play an imperative role in cell death regulation, a key feature of 

both acute and chronic neuronal death (Mattson and Kroemer, 2003). Accumulated 

experimental evidences support the death of neurons occurs via mitochondrial pathways 

following an acute stroke or a traumatic injury (Fiskum, 2000; Mattson, 2000). Even 

though apoptosis is not the only cell death mode in all brain regions (Friberg et al., 

1999), the majority of neuronal death occurred via apoptosis pathway, exhibiting the 

typical features of nuclear shrinkage, chromatin condensation, caspase activation, and 

DNA fragmentation. Fascinatingly, mitochondrial membrane potential modulators 

which inhibit mitochondrial apoptosis are able to proficiently suspend neuronal cell 

death following hypoglycemic insult or stroke (Cao et al., 2002; Friberg et al., 1998) 

and actively participated in models of spinal cord injury and traumatic brain as well 

(Nesic-Taylor et al., 2005; Sato et al., 2003).  

Conclusively, mitochondria function as ATP and Ca2+ generator as well as 

altering the reduction-oxidation potential of cells. Mitochondria also release proteins 

that activate caspases family of proteases (Folio, 2003). However, oxidative damage 

occurs mainly via mitochondrial electron transport chain. Generally, cells convert a 

small portion of oxygen into superoxide in the mitochondrial electron transport chain 

(Turrens et al., 1985; Nohl et al., 1996; Loschen et al., 1974; Dalton et al., 1999; 

Ksenzenko et al., 1983) as reactive oxygen species are normal byproducts of 

mitochondrial respiratory chain activity. Nevertheless, over production of reactive 

oxygen species leads to oxidative damage condition in mitochondria, cellular lipids, 

proteins, and nucleic acids, causing a shutdown in mitochondrial energy production 

(Reddy and Beal, 2005; Reddy, 2006). Additionally, high polyunsaturated level of 

mitochondrial phospholipids in brain prompt them to the activity of peroxidation and 

therefore, brain mitochondria are more vulnerable to neurological disorders which 
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evolved through the mechanisms of mitochondrial oxidative damage (Brookes et al., 

1998). 

 

2.1.5 Apoptosis in neuronal cell death 

Programmed cell death is a genetically controlled and highly selective 

progression of cell deletion whereas cellular necrosis is a passive type of cellular injury 

which leads to the loss of membrane integrity and subsequently cell lysis (Wyllie, 

1980). Programmed cell death is an essential element in the progression of the nervous 

system (Lo and Anderson, 1995) and also in numerous pathophysiological 

circumstances that result in neurodegeneration. Neuronal programmed cell death is 

thought to match neuronal number to target size and to rid the neurons from appropriate 

neuronal connections. Characteristics of neuronal programmed cell death such as 

plasma membrane blebbing, neuronal soma shrinkage with intact organelles, DNA 

fragmentation into oligonucleosomes, and nuclear condensation are the hallmarks of 

apoptosis, a mode of cell death seen during both development and normal tissue 

maintenance (Kerr et al., 1972).  

In general, apoptosis can be elicited by two prominent molecular pathways 

namely the extrinsic (death receptor) pathway and intrinsic (mitochondrial) pathway 

(Figure 2). Apoptosis is activated at the death receptors of the cell surface via the 

ligand-induced activation in the extrinsic pathway. Death receptors consist of tumor 

necrosis factor (TNF) receptor-1, TNF-related apoptosis inducing ligand receptors, and 

cluster of differentiation (CD) 95/Fas receptor. On the other hand, apoptosis is triggered 

from mitochondrial membrane permeabilization via an intracellular cascade of events in 

intrinsic pathway (Scaffidi et al., 1998).  

Both extrinsic and intrinsic routes to apoptotic cell death can be divided at least 

in three distinct phases: initiation, integration/decision, and execution/degradation 
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(Kroemer et al., 1997). During the initiation phase, the occurrence of apoptosis is 

extremely heterogeneous which depends on either extrinsic or intrinsic death signals. In 

the integration/decision phase, the death signals are transmitted into a complex 

molecular interplay and “point of no return” is set for the cells to undergo apoptosis. 

Lastly, the execution/degradation phase involved the damage of cellular function and 

structure which is subsequently causing the biochemical and morphological phenotypes 

of apoptosis (Kroemer et al., 1997). The typical morphological characteristic of 

extrinsic and the intrinsic pathways in apoptosis are membrane blebbing, 

phosphatidylserine exposure, cell shrinkage, DNA fragmentation, and chromatin 

condensation (Zamzami et al., 1996). 

The caspases, a specific class of proteases are mandatory in the execution of 

apoptosis. Nevertheless, only a limited subset of caspases is activated particularly 

caspases-3, caspases-6, and caspases-7 (Fuentes-Prior and Salvesen, 2004), which 

belong to the “executioner” caspases by mediating their effects through the cleavage of 

specific cellular substrates. Initiator caspases-8, caspases-9, and caspases-10 that 

activate executioner caspases-3 and caspases-7 were identified as the most common 

apoptotic pathways. 

Throughout the extrinsic pathway which initiated by the ligation of death 

receptors, the oligomerization and recruitment of Fas-associated protein with death 

domain (FADD) within the death-inducing signaling complex took place, in which the 

FADD attaches to the initiator caspases-8 and caspases-10 and leading to the event of 

dimerization and activation in apoptosis (Debatin and Krammer, 2004). Alternatively, 

dependency receptors can also be triggered in extrinsic pathway to activate a cascade of 

caspases as well without the ligand-induced activation event, and subsequently turn on 

cell death via a state of cellular dependence from their ligands (Mehlen and Bredesen, 

2004). 
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However, most cell death is activated via the intrinsic or mitochondrial pathway 

of apoptosis (Green and Kroemer, 2004). Here, the multimerization on the apoptosis 

protease activating factor (APAF) 1 triggers the cleavage and activation of executioner 

caspases via the initiator caspase-9, within a multiprotein complex called “apoptosome.” 

APAF1 appeared as a monomer in cytosol and activated in the existence of cytochrome 

c and ATP/dATP (Cain et al., 2002). The production of apoptosome depends on the 

release of cytochrome c (Bernardi and Azzone, 1981). For this reason, mitochondrial 

membrane permeabilization is the decisive matter in accounting for the caspases 

activation in the intrinsic pathway. Moreover, mitochondrial membrane 

permeabilization can lead to cell death even in the event of caspases inactivation. The 

occurrence of “caspase-independent death” (Chipuk and Green, 2005; Kroemer and 

Martin, 2005) is due to the mitochondrial release of caspase independent death effectors 

such as apoptosis-inducing factor (AIF) (Susin et al., 1999), endonuclease G (Li et al., 

2001), and others (Chipuk and Green, 2005; Kroemer and Martin, 2005), and also an 

irreversible functional loss of mitochondrial. 

Neuronal programmed cell death can be induced via various toxic insults, for 

example nitric oxide exposure (Palluy and Rigaud, 1996; Maiese, 1998; Vincent and 

Maiese, 1999), excitotoxicity (Didier et al., 1996), cerebral ischemia (Hara et al., 1997), 

and oxidative stress (Bei et al., 2004; Kang et al., 2004; Yoon et al., 2000). Reactive 

oxygen species-induced oxidative stress plays an important role in neuronal apoptosis. 

For example, over expression in sympathetic neurons of Bcl-2 with known antioxidant 

properties (Hockenbery et al., 1993; Kane et al., 1993), delays the process of apoptosis 

with regards to nerve growth factor deprivation (Garcia et al., 1992), signifying the role 

of reactive oxygen species in neuronal apoptosis. Additionally, high oxygen-induced 

oxidative stress in different culture system (Enokido and Hatanaka, 1993) with beta-

amyloid (Forloni et al., 1993; Loo et al., 1993; Behl et al., 1994), and transient ischemia 
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(Linnik et al., 1993; Okamoto et al., 1993; MacManus et al., 1994) exposure have been 

shown to activate apoptotic course in different neuronal types. A role for reactive 

oxygen species in motor neuron death has been suggested by the identification of 

mutations in copper/zinc SOD linked to familial amyotrophic lateral sclerosis (Deng et 

al., 1993; Rosen et al., 1993; Robberecht et al., 1994). Reactive oxygen species are also 

play an important function in lymphocyte programmed cell death as the over expression 

of either Bcl-2 or GPx delays the interleukin-3 deprivation-induced apoptosis in a B-cell 

line (Hockenbery et al., 1990). 

 

2.1.6 Cell cycle event 
 

Cell cycle, a precisely regulated process by cell cycle related proteins, is critical 

in the development, differentiation, proliferation and cellular death. Increasing empirical 

evidences indicate that activation of aberrant cell cycle elements in neuronal cells plays 

a vigorous role in many neurodegenerative diseases (Hoglinger et al., 2007; Osuga et al., 

2000). Inappropriate activation of cell cycle regulators has been associated with a broad 

pathophysiology related central nervous system diseases, as well as both acute and 

chronic neurological disorders. 
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Figure 2. Two major apoptotic signaling routes: extrinsic (death receptor-mediated) pathway and intrinsic 
(mitochondrial-mediated) pathway (Gomez-Sintes et al., 2011) 
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Neurons and glia are the fundamental components of the central nervous system. 

Central nervous system progression is a complicated process that involves cell 

proliferation, differentiation, migration, and apoptosis of progenitor cells in an 

extremely regulated mode. Approximately half of neuronal cells formed during 

neurogenesis undergo cell death via apoptosis prior to the maturation of nervous system. 

Oxidative stress-induced DNA damage has been shown to trigger programmed cell 

death via the activation of cell cycle. Activated cell cycle associated molecules 

subsequently amend the transcription of several genes, such as bax and AIF to initiate 

apoptosis (Lossi and Merighi, 2003; Simonati et al., 1999). Furthermore, cell cycle 

components take part in the development of distinct regions in the central nervous 

system. For instance, gene targeting experiments revealed that cyclin-dependent kinase 

(CDK) 5 is a requisite in the progression of axonal migration, neurite outgrowth, control 

of cell adhesion, cortical lamination, synaptic activity, axonal transport, motor functions, 

and neuronal adaptive changes (Dhavan and Tsai, 2001). 

In general, cell division in a cell cycle is typically divided into four phases: G1, 

S, G2, and M (Figure 3). G1 phase is the primary and main growth phase where the 

cells are preparing for DNA synthesis. In the S phase, the cells start to undergo DNA 

replication. G2 phase is the secondary growth phase where the cells are preparing for 

mitosis. In the M phase, the cells divide into two daughter cells. Briefly, G1, S, and G2 

phases are recognized as interphase whereas M phase can be subdivided into prophase 

(condensation of chromosomes), metaphase (attachment of chromosomes to mitotic 

spindle), anaphase (separation of sister chromatids to opposite poles), and telophase 

(division into two daughter cells). The activation and expression of cell cycle proteins 

such as cyclins, CDKs, and CDK inhibitors drive these essential cell cycle events to 

generate a highly complicated biological coordination (Kohn, 1999). Hence, the core of 
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the cell cycle machinery accounts with the ordered and periodic activation or 

inactivation of CDKs (Han et al., 2005). 

Neurons are classically illustrated as terminally differentiated that are 

permanently held at the G1 phase of the cell cycle. However, current findings have 

revealed that post-mitotic neurons attempt to re-enter the cell cycle in numerous 

pathological conditions (Malik et al., 2008; Osuga et al., 2000; Timsit et al., 1999). For 

instance, expression of CDK1/cyclin B1 complex (G2/M phase transition marker) has 

been demonstrated in Alzheimer’s disease (Vincent et al., 1997) and also in vivo 

evidence has reported that S phase re-entry in ischemic neurons (Kuan et al., 2004). 

Nonetheless, cell cycle reactivation (S phase re-entry) in neuronal cells initiates the 

signals for neuronal death as opposed to neuronal proliferation. 

Several studies have established the connection between neuronal cell death and 

dysregulation of cell cycle events (Yang and Herrup, 2007), both in acute 

neurodegenerative diseases such as trauma and stroke (Di Giovanni et al., 2005; Osuga 

et al., 2000) and chronic neurodegenerative diseases including Alzheimer’s disease 

(Busser et al., 1998; Vincent et al., 1997), Parkinson’s disease (Hoglinger et al., 2007; 

Jordan-Sciutto et al., 2003), amyotrophic lateral sclerosis (Nguyen et al., 2001; 

Ranganathan and Bowser, 2003), and Niemann-Pick disease type C (Bu et al., 2002a; 

Bu et al., 2002b). However, the exact cell cycle mechanisms leading to neuronal cell 

death are not entirely understood. 

Cell cycle progression is tightly regulated by a family of protein kinases called 

CDKs. For instance, activation of CDK4 has been shown in the blockade of G1/S phase 

which is associated with neuronal apoptosis, in an acute central nervous system model 

(Di Giovanni et al., 2005; Osuga et al., 2000). Conversely, in chronic neurodegenerative 

diseases, neuronal cells may have passed through G1/S checkpoint to enter S phase of 

the cell cycle for DNA replication. The cell cycle machinery at this stage drives the 
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neuronal cells into G2/M transition accompany with highly activated CDK1. However, 

these highly expressed CDK1 were mislocated in cytoplasm and undergo a cascade of 

phosphorylation that subsequently arrested the neuronal cells at G2/M transition and 

contribute to the neuronal apoptosis (Vincent et al., 1997). 

 

2.2 Neuroprotection  

 

Neuroprotection is the strategies and mechanisms utilized in the protection of 

neuronal cells against neuronal injury or degeneration both in acute disorders and in 

chronic diseases. Neuroprotection approach is aim to limit neuronal dysfunction and 

neuronal death following central nervous system injury as well as to preserve a highest 

integrity and regulatory cellular communications within the nervous system. 

Since oxidative stress have been recognized as the principle pathological cause of 

neurodegeneration, antioxidants as inhibitors of the process of oxidation, are proposed 

as therapeutic options to balance the formation of free radical. In general, antioxidative 

system includes both non-enzymatic (α-tocopherol, β-carotene, ascorbic acid, GSH, uric 

acid) and enzymatic systems (SOD, GPx, catalase), as well as some hormones (estrogen, 

angiotensin) which are capable of removing reactive oxygen species generated in cells 

and thus protecting against oxidative damage (Tawaha et al., 2007). Antioxidants have 

currently turned into a therapeutic focus against solemn neuronal injury or neuronal 

apoptosis, as they possessed the ability to neutralize free radicals. Also, antioxidants are 

capable to battle with other oxidizable substrates at relatively low concentrations to 

inhibit the oxidation event (Halliwell and Gutteridge, 1999). Recognition of upstream 

and downstream antioxidant remedy with regards to oxidative stress is essential to 

prevent free radicals-induced oxidative stress in neuronal damage. 
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Figure 3. Phases of cell cycle 
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In view of that, effective neuroprotection therapy is essential in the context of 

neurodegenerative diseases. Antioxidants play a crucial role in neuroprotection by 

exhibiting neuroregenerative properties in preventing neuronal apoptosis (Moosmann 

and Behl, 2002). Antioxidants can be classified into endogenous antioxidants and 

exogenous antioxidants in nature. Endogenous antioxidants consist of intracellular 

enzymes (SOD, GPx, and catalase) and proteins (albumin, ceruloplasmin, transferrin, 

haptoglobin, and metallothionein). On the other hand, exogenous antioxidants include 

phytochemicals (flavonoids, polyphenols, catechins, quinones, terpenoids, and 

coumarins) and smaller molecules (ascorbic acid, beta-carotene, and alpha-tocopherol).  

The process of antioxidant can occur in cytoplasm, plasma, and mitochondria 

(Larson, 1988; Namiki et al., 1993; Berger, 2005). Antioxidants, particularly plant-

derived antioxidants present a promising therapy in various neurodegenerative diseases 

such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic 

lateral sclerosis, ischaemic, and haemorrhagic stroke (Maxwell, 1995; Floyd, 1999; 

Mattson, 2000; Moosmann and Behl, 2002; Nair et al., 2003; Berger, 2005). The free 

radical scavenging properties afforded by antioxidants to limit the production of 

reactive oxygen species slow the development of neurodegenerative diseases (Halliwell, 

2001; Singh et al., 2004). Given that endogenous antioxidants defense system is not 

entirely effective with the increase of oxidative stress environment exposure, exogenous 

antioxidants play a critical and pivotal role in combating the accumulated effects of 

oxidative damage (Gilgun-Sherki et al., 2001). Additionally, the focus of medication 

has shifted from treatment to prevention, particularly the naturally derived 

phytochemicals with the four pillars of phytochemistry, phytopharmacy, 

phytopharmacology, and phytotherapy have come into consideration as the key 

contribution in neuroprotection (Weiss and Fintelmann, 2000). A statistic has been 

reported in the developing countries that approximately 80 % of the people believe in 
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phytomedicine for the basic healthcare intended for man and livestock (Plotkin, 1992; 

McCorkle et al., 1996). 

 

2.2.1 Phytochemicals as neuroprotective agents 

Majority of neuroprotectants are antioxidants. Food is the main source of 

antioxidants particularly diets that comprise natural phytochemicals has its significant 

contribution in neuroprotection presently. Plants have established an array of defense 

strategies (antioxidant system) to cope with oxidative stress. Extensive free radical 

scavenging molecules including phenolic compounds (phenolic acids, flavones, 

quinones, flavonoids, lignans, coumarins, tannins, stilbenes), nitrogen compounds 

(amines, alkaloids, betalains), terpenoids, vitamins, and other endogenous metabolites 

that possess antioxidant properties, can be found in medicinal herbs, fruits, and 

vegetables (Cai et al., 2003; Cotelle et al., 1996; Velioglu et al., 1998; Zheng and Wang, 

2001). Polyphenolic compounds protect neuronal cells against oxidative stress-induced 

cell death via different molecular mechanisms as antioxidants are good source of 

neuroprotective agents in nature. For instance, hydroxyl groups of catechins may be 

critical for various biological activities including the antioxidative and free radical 

scavenging activities (van Acker et al., 1996; Nanjo et al., 1996), and subsequently 

impacted on the cellular events leading to apoptosis. Likewise, naturally derived 

antioxidants have been demonstrated to serve as singlet and triplet oxygen quenchers, 

free radical scavengers, enzyme inhibitors, peroxide decomposers, and synergists 

(Manach et al., 1998), and compounds belonging to several classes of phytochemical 

components such as phenols, flavonoids, and carotenoids are able to scavenge free 

radical in plasma (Gutteridge and Halliwell, 2000). 
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2.2.2 Catechins  

Traditional Chinese medicine played an imperative role in the health care needs 

of Chinese and other oriental countries for thousands of years. As a result, traditional 

Chinese herbs have gained interest from the international medical, biomedical and 

pharmaceutical institutions due to the valuable phytochemicals contain in developing 

new antioxidants and neuroprotectants (Tawaha et al., 2007; Bouayed et al., 2006). This 

interest needed to apply modern research and development and to explore the full 

medical potential of resources from Chinese traditional herbs in the contribution to 

manage oxidative stress-related neurodegenerative diseases. 

According to Chinese history, a cup of tea daily could dissolve body poisons as 

declared by emperor Sin-Non more than 3000 years ago. Tea consumption has been 

traditionally believed in oriental cultures to possess a variety of medicinal efficacies in 

the prevention and treatment of numerous diseases as well as to promote longevity 

(Liao, 2001). Conventionally, the consumption of green tea by the Chinese and 

Japanese communities is perhaps the most consumed beverage after water for centuries 

(Zaveri, 2006). Lately, green tea has gained significant attention in the contribution of 

health benefits for various diseases both in consumer as well as scientific communities, 

leading to the insertion of green tea extract in supplementation market and an increment 

in green tea consumption by the general and patient population. To date, the health 

benefits of green tea catechin are mainly based on the presence of polyphenolic 

compounds, particularly catechins that comprise 30 % of the dry weight of green tea 

leaves (Graham, 1992). Several polyphenolic catechins of green tea have been 

identified, for instance, (+)-catechin, (+)-gallocatechin, (−)-epicatechin, (−)-epicatechin-

3-gallate, (−)-epigallocatechin, and (−)-epigallocatechin-3-gallate (EGCG) (Figure 4-9). 

Green tea catechins have been reported to protect neuronal cells in Alzheimer's 

disease, Parkinson's disease, and ischemic damage significantly among the neurological 
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diseases (Mandel and Youdim, 2004). Green tea catechins are known to function as a 

pro-survival role in neuroprotection by showing their far lower treatment concentration 

than antitumor activities (Mandel et al., 2004). The neuroprotective mechanism of green 

tea catechins in neuronal cultures is principally due to the antioxidant properties to 

scavenge reactive oxygen species (Yang, 1999) and metal chelating activity (Brown et 

al., 1998; Hider et al., 2001; Kumamoto et al., 2001). However, experimental data 

proposed that catechins are able to trigger or activate a variety of signaling pathways 

leading to neuroprotection (Weinreb et al., 2003; Mandel et al., 2003). For example, 

green tea catechins exhibited a reduction in the expression of proapoptotic genes bad, 

bax, p21, and caspases at significantly low doses of treatment concentration in neuronal 

cells (Levites et al., 2002; Weinreb et al., 2003). Furthermore, green tea catechins also 

revealed to promote amyloid precursor protein processing through the 

nonamyloidogenic α-secretase pathway (Levites et al., 2003) as well as to inhibit the β-

secretase pathway which leads to the development of β-amyloid fibrils (Jeon et al., 

2003b), signifying a pro-survival neuroprotective effect afforded by green tea catechins 

in brain.  

More recently, green tea catechins shown to attenuate neuronal death signals in a 

mouse amyotrophic lateral sclerosis model (Koh et al., 2006), enhanced learning ability 

and spatial cognition in a rodent model (Haque et al., 2006), decreased cerebral 

amyloidosis in an Alzheimer’s transgenic mice model (Rezai-Zadeh et al., 2005), 

promoted neurorescue activity and neurite outgrowth in a serum deprived PC12 model 

(Reznichenko et al., 2005), and rapid degradation of Bad protein mediated by protein 

kinase C via ubiquitin proteasome system in culture cells (Kalfon et al., 2007). 

Green tea catechin has been scientifically proven via various mechanisms of 

action in the contribution of neuroprotection particularly the most abundant catechin in 

green tea, EGCG. Nonetheless, little has been known about (+)-catechin. (+)-Catechin is 
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a flavanol, a class of flavonoids which attributed to the building blocks of 

proanthocyanidins. (+)-Catechin, an established powerful antioxidant compound that 

can be found abundantly in tea, particularly green tea (Manning and Roberts, 2003), is 

well-known for its anti-carcinogenesis, anti-cancer, and neuroprotection properties. (+)-

Catechin has been reported to exhibit a variety of other pharmacological properties such 

as inhibition of intestinal tumor, depression ultraviolet B-induced skin stress, and 

treatment of viral hepatitis (Jeon et al., 2003a; Suzuki et al., 1986; Wcyant et al., 2001). 

Alternatively, (+)-catechin has also been revealed to possess neuropharmacological 

function in several neuroprotection model (Bastianetto et al., 2000; Conte et al., 2003; 

Inanami et al., 1998; Nobre Junior et al., 2003). Conversely, none has been reported on 

the effects of (+)-catechin against H2O2-induced oxidative damage in NG108-15 cells. 

Furthermore, the underlying neuroprotective mechanism afforded by (+)-catechin under 

oxidative stress condition remains unclear and has not been fully discovered. In view of 

that, investigating the role of (+)-catechin will be indispensable for the input of future 

therapeutic neuroprotective agent. 

 

2.2.3 The role of intracellular GSH in neuroprotection 

GSH was discovered in 1888 by de Rey Pailhade as an extract from baker’s 

yeast, called “philothione”, that had the ability to reduce sulphur to hydrogen sulphide 

(Meister, 1988). GSH is a major antioxidant in the brain (Dringen, 2000), with a 

concentration of approximately 2-3 mM, which is much higher than that in blood or 

cerebrospinal fluid (Cooper and Kristal, 1997). GSH exerts its functions via several 

mechanisms. 

 

 

 



26 
 

 

 

Figure 4. Chemical structure of (-)-epicatechin 

 

 

 

 

Figure 5. Chemical structure of (-)-epicatechin gallate 
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Figure 6. Chemical structure of (-)-epigallocatechin 

 

 

 

 

Figure 7. Chemical structure of (-)-epigallocatechin gallate 
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Figure 8. Chemical structure of (+)-catechin 

 

 

 

 

Figure 9. Chemical structure of (+)-gallocatechin 
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First, GSH reacts with O2
− (Winterbourn and Metodiewa, 1994), NO (Clancy et 

al., 1994), peroxynitrite (ONOO−) (Koppal et al., 1999), and OH• (Bains and Shaw, 

1997) non-enzymatically. In particular, GSH has a higher ability to scavenge O2
− than 

cysteine (Hussain et al., 1996). Furthermore, there is no known enzymatic defense 

against OH•, making GSH the only compound capable of scavenging these radicals 

(Bains and Shaw, 1997).  

Second, GSH serves as an essential cofactor for a number of enzymes. As an 

electron donor, GSH plays a vital role in the reduction of H2O2 or other peroxides 

catalyzed by GPx (Chance et al., 1979). The brain has a relatively high level of GPx as 

compared with that of catalase (Maher, 2005). H2O2 is reduced to water (H2O) via the 

reaction of GPx with GSH, which is oxidized to GSH disulfide (GSSG) (Dringen, 

2000). GSSG is subsequently reduced back to GSH, a step catalyzed by GSH reductase 

(GR) with nicotinamide adenine dinucleotide phosphate (NADPH), and is then reused 

as a GPx substrate. The relative ratio of the reduced/oxidized forms is over 100 under 

normal conditions, but is decreased to 49 under stressed conditions (Maher, 2005), 

serving as an indicator in the cellular redox environment (Schafer and Buettner, 2001). 

GSH reacts with a range of xenobiotic and endogenous compounds mediated through 

glutathione-S-transferase (GST) (Commandeur et al., 1995) to form mixed disulfides 

that are exported to the outer of the cell. GSH can also react with 4-hydroxy-2-nonenal 

(HNE) via the action of GST to form GSH-HNE adduct (Xie et al., 1998) in cellular 

detoxification.  

A third important role of GSH is serving as a carrier /storage form for cysteine. 

Cysteine itself has neurotoxic effects mediated by free radical generation, increasing 

extracellular glutamate, and triggering overactivation of N-methyl-D-aspartate (NMDA) 

receptors (Janaky et al., 2000). GSH is a non-toxic cysteine storage form with 10-100 

times higher concentrations in mammalian tissues than cysteine (Cooper and Kristal, 
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1997). Approximately one-third to one-half of the total liver GSH serves as a cysteine 

reservoir that can be released, when necessary (Tateishi et al., 1977). 

Fourth, GSH is the key redox buffer in the maintenance of intracellular redox 

homeostasis. During oxidative stress circumstances, GSH is able to cause the reversible 

generation of mixed disulfides between protein thiol groups (S-glutathionylation), a 

crucial process in the inhibition of irreversible  protein oxidation (Giustarini et al., 

2004). Thus, GSH modulates a variety of protein functions via S-glutathionylation. 

Fifth, GSH can serve as a neuromodulator and neurotransmitter. GSH binds via 

its gamma-glutamyl moiety to NMDA receptors (Janaky et al., 1999). GSH is thought 

to exert agonistic as well as antagonistic actions on neuronal responses mediated by 

NMDA receptors in the brain. GSH also serves as an endogenous NO reservoir to form 

S-nitrosoglutathione (Singh et al., 1996). S-nitrosoglutathione can release NO under 

certain conditions with biological effects, while S-nitrosoglutathione has a protective 

effect in the brain under oxidative stress conditions (Rauhala et al., 1998). 

Moreover, GSH is important in the neuronal differentiation and cell proliferation 

(Poot et al., 1995; Sagara and Makino, 2008). GSH is a low mass molecule with thiol-

containing tripeptide of glutamate-cysteine-glycine through the -SH oxidation in the 

cysteine residue, leading to the formation of disulphide bridge (Halliwell and 

Gutteridge, 1999). Hence, cysteine residue is the rate-limiting substrate in the synthesis 

of GSH within neurons. GSH is in existence in aerobic bacteria, plants, animals, and 

humans with high concentration which involved many vital roles in cellular functions 

and biochemical pathways such as antioxidant, cysteine storage form, enzyme cofactor, 

major redox buffer, neuromodulator, and also to interact with OH• to become a GSH 

radical that can be restored back to its reduced form (Gul et al., 2000; Halliwell and 

Gutteridge, 1999). However, GSH deficiency has been implicated in several 

neurodegenerative diseases. For instance, a significant reduction in GSH level has been 
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revealed to induce programmed cell death in dopaminergic neurons and conversely, 

addition of GSH reversed the effects by preventing dopamine-dependent neurotoxicity 

(Emdadul Haque et al., 2003; Canals et al., 2001; Stokes et al., 2000). 

 

2.2.4 The role of intracellular antioxidant enzymes in neuroprotection 

Generally, living organisms are able to decompose H2O2 enzymatically. 

Enzymes are belonging to a class of spheroproteins play a pivotal role in a variety of 

chemical and biochemical activities of organisms. Enzymes can serve as catalysts to 

accelerate chemical and biochemical reactions without being damaged or distorted. 

Also, enzymes are tremendously efficient and a single enzyme might catalyze thousands 

reactions per second. 

A dual stage reaction is involved in the detoxification of O2
− generated in 

ischemia reperfusion injury. Firstly, SOD catalyzes the reduction of O2
− to H2O2 

throughout the Fenton reaction (Cuzzocrea et al., 2001). The later stage involves the 

reduction of H2O2 to H2O via GPx and catalase (Figure 10). In brief, SOD catalyses the 

conversion of O2
− to H2O2 and H2O (Malstrom et al, 1975). Subsequently, GPx as the 

major H2O2 detoxifying enzyme in neurons (De Haan et al., 1998) continues where 

SOD leaves off by catalyzing the reduction of H2O2 to H2O at the expense of GSH 

(Comhair and Erzurum, 2005). 

Also, catalase is a homotetrameric enzyme that is primarily located in 

peroxisomes (Chance et al., 1979). This enzyme catalyses the decomposition of H2O2 to 

oxygen and H2O, providing a substantial protection against toxic effects from oxygen 

radical. Furthermore, catalase enzyme which plays a vital role in promoting cell survival 

as well as in preventing tumor proliferation supports the antioxidant function of this 

enzyme (Jones et al., 1985; Lewis, 1985; Agar et al., 1986). 
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Figure 10. Outline of main intracellular antioxidant enzymes namely SOD, GPx, and catalase involved in 
the prevention of reactive oxygen species (Reiter, 1995) 
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2.2.5 Bcl-2 family members as regulators of apoptosis  

Apoptosis, a form of programmed cell death, is a highly regulated process via 

the activation and expression of numerous proteins and genes (Steller, 1995), especially 

the Bcl-2 family members. The Bcl-2 family members of related genes encoding 

proteins that either promote (pro-apoptotic) or suppress (anti-apoptotic) programmed 

cell death in the regulation of apoptosis (Hockenbery, 1995). Bcl-2 family members 

share one or among the four characteristic homology domains termed the Bcl-2 

homology (BH) domains, namely BH1, BH2, BH3, and BH4 to form either 

homodimers or heterodimers. Under BH domains, Bcl-2 family members can be 

categorized into three groups. First, the pro-apoptotic members with multi-domain 

(consist of BH1, BH2 and BH3): Bax, Bok, Bak. Second, the pro-apoptotic members 

with only BH-3 domain: Bad, Bid, Bik, Bim, Bcl-xS, Bmf, Hrk, Puma, and Noxa. 

Third, the anti-apoptotic members with BH1, BH2, BH3, and BH4 domains: Bcl-2, Bcl-

xL, Bcl-W, A1, and Mcl-1 (Adams and Cory, 1998; Danial, 2007). In an apoptotic 

cascade, life and death of a cell’s fate is mainly based on the balance between the pro-

apoptotic and anti-apoptotic proteins of the Bcl-2 family members. The ratio of 

Bax/Bcl-2 is superior to the absolute concentrations of Bax or Bcl-2 alone and 

whichever changes in the Bax/Bcl-2 ratio will influence the cell’s life and death 

decision (Cory and Adams, 2002).  

 

2.2.5.1 Bcl-2 

Bcl-2, a proto-oncogene which was first cloned in a B-cell lymphoma line (Vaux 

et al., 1988), has been known in the regulation of apoptosis. Bcl-2 protein is localized at 

the outer membranes of both nuclei and mitochondria, together with a family of proteins 

to form heterodimers which consist of a unique helical domain called BH3. Bcl-2 gene 

encodes 26 kDa protein with 239 amino acids. The recognition of Bcl-2 kicks off a 
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novel category in the context of oncogenes in which most of the oncogenes promote cell 

proliferation whereas the Bcl-2 inhibits cell death by halting the cell propagation 

(Korsmeyer, 1992; Nunez et al., 1990; Vaux et al., 1988). Bcl-2 is expressed in the 

growth of fetal survival cells (LeBrun et al., 1993; Novack and Korsmeyer, 1994) and 

prevented programmed cell death in a range of in vitro systems (Vaux et al., 1988; 

Hockenbery et al., 1990; Sentman et al., 1991). The changes in the mitochondrial 

membrane permeability are highly manipulated via Bcl-2 by triggering the 

mitochondrial to inhibit the release of apoptotic factors such as AIF and cytochrome c, 

and also to activate the caspases (Antonsson and Martinou, 2000). Additionally, the 

anti-apoptotic Bcl-2 protein significantly protects neuronal cells against a variety of 

stimuli-induced neuronal apoptosis such as deprivation of nerve growth factor (Garcia 

et al., 1992), deprivation of neurotrophic factors (Allsopp et al., 1993), serum 

deprivation (Batistatou et al., 1993), afferent neuron deprivation (Mostafapour et al., 

2002), reactive oxygen species generation (Kane et al., 1993), glucose withdrawal, 

serum withdrawal, membrane peroxidation, as well as growth factor withdrawal (Zhong 

et al., 1993). For example, Bcl-2 upregulation has been reported in the protection of 

neuronal cells against oxidative damage-induced neuronal apoptosis such as ONOO− 

(Spear et al., 1998), H2O2 (Satoh et al., 1996; Bruce-Keller et al., 1998; Distelhorst et 

al., 1996), beta-amyloid (Ivins et al., 1999), and NO (Melkova et al., 1997; Bonfoco et 

al., 1996). Also, the overexpression of Bcl-2 improved the endogenous antioxidant 

defense system to protect the cells from reactive oxygen species by decreasing the 

accumulation of reactive oxygen species. Hence, the raise in Bcl-2 expression will cause 

the cells to be more resistant to reactive oxygen species and resistance to various types 

of oxidative stress (Hockenbery et al., 1993). Also, overexpression of Bcl-2 increased 

survival and delayed the onset of symptoms in SOD1 transgenic mice (Azzouz et al., 

2000), prevented the occurrence of apoptosis during early neuronal development 
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(Putcha and Johnson, 2004), and decreased the infarct size in areas of ischemic insult in 

sublethally injured neurons (Ferrer and Planas, 2003). 

 

2.2.5.2 Bax 

Bax, a Bcl-2 associated protein was the first identified pro-apoptotic member of 

the Bcl-2 family proteins via the co-immunoprecipitation with Bcl-2 (Oltvai et al., 

1993). Bax is a 21 kDa protein with 191 amino acids which shares 21 % identical amino 

acids with Bcl-2 protein. Bax is generally localized in the cytosol of healthy cells. 

However, a conformational change occurs and leads to an insertion of Bax into the 

organelle membranes particularly the outer membrane of mitochondrial, upon the 

induction of apoptosis (Wolter et al., 1997).  

Bax is known in promoting apoptosis as the key activator in mitochondria-

dependent signaling pathway. During the onset of apoptosis, Bax triggers the formation 

of oligomeric pores at the outer membranes of mitochondria, leading to the release of 

cytochrome c as well as other pro-apoptotic factors from mitochondria. The change in 

the mitochondrial membrane permeability by Bax subsequently activates the caspases 

and causes the occurrence of apoptosis. Therefore, Bax as a death promoter works 

directly on the mitochondrial membrane potential to accelerate apoptosis by 

antagonizing the death inhibitory effects of Bcl-2 via its BH1 and BH2 domains (Yin et 

al., 1994). Also, Bax has been revealed to enhance the rate of cell death in an interleukin 

3-dependent cell line without the surviving factor. However, upregulation of Bax has 

been shown to counteract with death repressor activity of Bcl-2 (Oltvai et al., 1993) in 

which direct binding of Bcl-2 to Bax was necessary for the death repressor activity of 

Bcl-2 (Yin et al., 1994). Hence, the balance between the Bax and Bcl-2 indicates a 

crucial decision of a cell to either undergo survival or death. 
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2.2.6 The role of neuronal chemokines in neuroprotection  

Chemokines are a class of proteins that are secrected by cells. Chemokines can 

be defined as a small cytokines family with chemotactic effect, which is associated with 

the chemotaxis capability to induce the neighboring cells. Ever since the first protein 

detected with chemotactic activity (Yoshimura et al., 1987), around 50 chemokines 

(Laing and Secombes, 2004) and 20 receptors (Murphy, 2002) have been discovered in 

the family of chemokines. In general, based on the position of four conserved cysteine 

residues at the N-terminal region of the protein, chemokines can be categorized into 

four groups, namely CXC, CC, CX3C, and C. The CXC and CC belong to the bigger 

groups of chemokines as the first two cysteines in the CXC chemokine are separated by 

an amino acid residue while the first two cysteines in the CC chemokine are next to 

each other (Fernandez and Lolis, 2002; Rossi and Zlotnik, 2000). On the other hand, the 

CX3C and C belong to the smaller groups of chemokines as the first two cysteines in 

the CX3C chemokine are separated by three amino acids residues whereas only one 

cysteine at the N-terminal region in the C chemokine (Rossi and Zlotnik, 2000).  

Chemokine receptors are designated in accordance with the preferential binding 

of chemokine groups. For instance, the CC chemokines will be binding to CC receptors. 

Nevertheless, an exceptional chemokine, CCL21 binds not only to CCR7 receptor but 

also involved in the binding of CXCR3 receptor (Biber et al., 2002; Dijkstra et al., 2004; 

Soto et al., 1998). Commonly, all chemokine receptors can be categorized in the G-

protein coupled receptors (GPCRs) family. Various G-proteins can bind to GPCRs and 

trigger a range of intracellular signaling pathways (Neves et al., 2002). For example, 

chemokine receptors have been shown in the activation of intracellular molecules like 

phospholipases, adenylcyclase, phosphatidyl inositol-3 kinases, and mitogen-activated 

protein kinases (Balkwill, 1998; Mellado et al., 2001). The chemokine receptors are able 

to trigger a broad intracellular signaling pathway as well as participating in cellular 
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migration to activate distinct pathways, chemokine receptors are proficient to serve in a 

vast spectrum of cellular functions (Laudanna and Alon, 2006; Rittner and Brack, 

2006). 

Chemokines are capable in mediating all leukocyte migration and play critical 

roles in the pathogenesis of numerous human diseases, from AIDS to atherosclerosis to 

autoimmune disorders (Alkhatib et al., 1996; Baggiolini and Dahinden, 1994; Dragic et 

al., 1996; Feng et al., 1996; Furie and Randolph, 1995; Hosaka et al., 1994; Kukielka et 

al., 1995). Chemokines have been reported in the regulation of peripheral immune cell 

trafficking under both pathological and physiological circumstances (Baggiolini, 1998; 

Moser and Loetscher, 2001; Rot and von Andrian, 2004). Also, chemokines have been 

implicated in diverse cellular functions, for example wound healing (Charo and 

Ransohoff, 2006; Kunkel, 1999), asthma (Murray et al., 2006), angiogenesis (Mackay, 

2001; Benelli et al., 2006), pain and analgesia (Rittner and Brack, 2006), allergic (Pease 

and Williams, 2006), metastasis (Zlotnik, 2006), and tumor growth (Rossi and Zlotnik, 

2000). As a result, chemokines can serve as versatile messengers due to the capability in 

managing the interaction among a broad distinctive cell lines. In neurons, chemokines 

are being expressed not only at the peripheral nervous system but also at the central 

nervous system which represents a vital role in both pathological and physiological 

circumstances, like synaptic transmission, neuroinflammation associated diseases, 

injury, homeostasis, and development (Charo and Ransohoff, 2006; Ubogu et al., 2006; 

Bertollini et al., 2006). Even though microglia and astrocytes represent the principal 

source of chemokines, neurons secrete and express chemokines as well, pointing to 

chemokine signaling via neuronal contribution.   
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2.2.7 Chemokine CCL21  

 CCL21, a chemokine ligand 21, is a small cytokine belonging to the family of 

CC chemokine. Since chemokine CCL21 has six conserved cysteine residues rather 

than four typical cysteine residues, it is also known as 6Ckine, secondary lymphoid-

tissue chemokine, and exodus-2 (Hedrick and Zlotnik, 1997; Hromas et al., 1997; 

Nagira et al., 1997). The expression of chemokine CCL21 is based on the binding onto 

chemokine receptors such as CCR7 and CXCR3 which are localized at the cell surface 

(Yoshida et al., 1998). Increasing evidence supports the role of chemokines in providing 

neuroprotective effects in endangered neurons, particularly chemokine CCL21. During 

oxidative stress circumstances, neurons exclusively express the microglia-activating 

CCL21 (Biber et al., 2001; Dijkstra et al., 2004; Rappert et al., 2002; Rappert et al., 

2004). Neuronal chemokines CCL21 are distributed throughout neuronal cells in 

vesicle-like structures and suggested to serve as a neuronal signal to activate microglia 

from primary lesion at distant sites (De Jong et al., 2005). Therefore, neuronal 

chemokine CCL21 is responsible in neuron-microglia signaling as the chemokine CC21 

has the ability to activate microglia particularly in endangered neurons of the brain 

region.  

 

2.3 Mistletoes 

 

Mistletoes, semiparasitic plants distributed mainly in China, Korea, and Japan 

have long been recognized as therapeutic herbs (Li, 1975). Mistletoes are traditionally 

used as sedative, analgesic, spasmolytic, cardiac and anticancer agent; the herbs are also 

used to tone the liver and kidneys, strengthen tendons and bones, expel pathogens 

associated with rheumatism, stabilise the fetus and cause lactogenesis. The use of 

mistletoes as a remedy for circulatory and nervous disorders dates from antiquity. 
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2.3.1 The plant, L. parasiticus 

Loranthus parasiticus grows on mulberry (Morus alba L.) and sapodilla 

(Manilkara zapota) in Southern China and Malaysia, respectively. The broad leaves are 

ovate or oblong and are arranged oppositely or alternately. The red brown flowers are 

bisexual and umbrella-shaped. The elliptical berries are ripening in autumn. 

 

2.3.2 Ethnopharmacological uses of L. parasiticus 

Loranthus parasiticus belongs to the family Loranthaceae according to the 

taxonomy. Loranthus parasiticus is commonly known as benalu teh (in Malay), baso-

kisei (in Japan), and Sang Ji Sheng (in Chinese), which is distributed in south and 

southwest region of China, has been utilized as a traditional medicine for the treatment 

of schizophrenia in southwest China (Okuda et al., 1987). Loranthus parasiticus has 

been used as folk medicine for brain, bone, liver, kidney, prevents miscarriage, and 

expels wind-damp. 

 

2.3.3 Reported phytochemical and biological activities of L. parasiticus  

Among the semiparasitic plants, Loranthus species have been reported to 

produce various bioactive compounds; i.e., (+)-catechin, 3,4-dimethoxycinnamyl 

alcohol, and 3,4,5-trimethoxycinnamylalcohol from L. globosus for the antifungal and 

antimicrobial activities (Sadik et al., 2003). Also, chemical components like 

triterpenoids from L. falcatus (Anjaneyulu et al., 1977) and L. grewinkii (Rahman et al., 

1973), flavonoids from the leaves of L. europaeus (Harvala et al., 1984) and L. kaoi 

(Lin and Lin, 1999), and phenolics from L. longiflorus (Indrani et at., 1980) have been 

reported up to this point. However, sesquiterpene lactones (coriamyrtin, tutin, coriatin, 

and corianin) and flavonoids (avicularin, quercetin, and quercetin-3-arabinoside) (Tseng 

and Chen, 1957; Wang and Yuan, 1980; Wu et al., 1982; Wu and Zhang, 1984; Okuda 
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et al., 1987) have been isolated so far from L. parasiticus (Figure 12-18). Also, 

sesquiterpene lactones from have been shown to be effective in managing schizophrenia 

disease (Okuda et al., 1987). In addition, L. parasiticus also demonstrated the highest 

total phenolic content and antioxidant activities among the 50 tested medicinal plants, 

which could provide a rich natural resource of antioxidant (Gan et al., 2010; Cha et al., 

2003). Moreover, L. parasiticus efficiently improved the rate of tissue regeneration in 

damaged bones (Yao et al., 2005) and possessed inhibitory activity on avian 

myeloblastosis virus -reverse transcriptase (Kusumoto et al., 1992). 

 

2.4 NG108-15 neuroprotection model  

 

NG108-15 cell line, an adherent culture, was initially termed 108CC15 and 

developed by Bernd Hamprecht. NG108-15 hybridoma cell line was produced via the 

inactivated Sendai virus fusion of mouse N18TG2 neuroblastoma cells and rat C6-BV-1 

glioma cells (Hamprecht et al., 1985). NG108-15 cells represent a useful model for 

study of neuroprotection because all cells are identical and show synchronous 

propagation in culture dishes which has been utilized as neuroprotection model by many 

researchers (Sukma and Siripong, 2006; Dakshinamurti et al., 2003; Vajragupta et al., 

2003; Suma et al., 1997; Tanaka et al., 2001).  

NG108-15 hybridoma cell line was designed in an attempt to increase the range 

of neuronal properties available in one hybrid clone. Also, NG108-15 cells offer 

advantage over the parent neuroblastoma cells on the enhancement in the expression of 

neuronal properties (Harvey, 1984). Therefore, NG108-15 hybridoma cell line has been 

widely used as neuronal model (Bei et al., 2005; Cheng Chew et al., 2003; Tetich et al., 

2003; Mahakunakorn et al., 2004; Kawpoomhae et al., 2010) due to the simultaneous 

presence in one cell of various properties observed in neurons. Moreover, their 
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superiority to neuroblastoma cells is also based on such neuronal properties that are 

more strongly expressed in the hybrids than in the neuroblastoma clones (Harvey, 

1984). In view of that, NG108-15 cell line has been employed as present 

neuroprotection model towards the investigation of neuroprotective potential exhibited 

by L. parasiticus against H2O2-induced oxidative damage (Figure 19). 
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Figure 11. Image of Loranthus parasiticus 
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Figure 12. Chemical structure of coriamyrtin 

 

 

 

Figure 13. Chemical structure of tutin 
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Figure 14. Chemical structure of coriatin 

 

 

 

Figure 15. Chemical structure of corianin 
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Figure 16. Chemical structure of avicularin 

 

 

 

 

 

Figure 17. Chemical structure of quercetin 
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Figure 18. Chemical structure of quercetin-3-arabinoside 
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Figure 19. Graphical abstract illustrating experimental design 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Materials 

 

3.1.1 Solvents  

Methanol, ethanol, ethyl acetate, acetone, chloroform, benzene-ethyl formate-formic 

acid, benzene-ethyl formate-formic acid, ferric chloride (FeCl3), and ferrous sulfate 

(FeSO4) were purchased from Merck, United States of America. Sulfuric acid (H2SO4) 

was obtained from Fisher Scientific, United States of America.   

 

3.1.2 Cell line  

NG108-15 was acquired from American Type Culture Collection (ATCC), United 

States of America, with catalogue number HB-12317. 

 

3.1.3 Culture medium  

Hypoxanthine-aminopterin-thymidine (HAT), Dulbecco’s modified Eagle’s medium 

(DMEM), penicillin/streptomycin (100x), amphotericin B (250 μg/mL), and fetal 

bovine serum (FBS) were provided by PAA Laboratories, United Kingdom. Accutase 

was purchased from Innovative Cell Technologies, Inc, United States of America. 

 

3.1.4 Reagents and chemicals  

Dimethyl sulfoxide (DMSO) and trichloroacetic acid (TCA) were purchased from 

Merck, United States of America. Phosphate buffer saline (PBS), MTT, 2,2-diphenyl-1-

picrylhydrazyl (DPPH), Folin-Ciocalteu’s phenol reagents, butylated hydroxytoluene 

(BHT), curcumin, gallic acid, GSH, 5',5'-dithio-bis(2-nitrobenzoic acid) (DTNB), 
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NADPH, ethylenediaminetetraacetic acid (EDTA), GR, 5-sulfosalicylic acid, sodium 

citrate, RNAse, Triton-X-100, propidium iodide (PI), and DAPI were provided by 

Sigma-Aldrich, United States of America. H2O2, sodium dihydrogen phosphate 

(NaH2PO4), disodium hydrogen phosphate (Na2HPO4), sodium carbonate (Na2CO3), 

and thiobarbituric acid (TBA) were bought from Systerm®, Malaysia. 2,7 

dichlorofluorescein diacetate (DCF-DA), fluorescein isothiocyanate (FITC)-labeled 

annexin V, annexin V binding buffer, 5,5’,6,6’-tetrachloro-1,1’,3,3’-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1), JC-1 solution were obtained from 

Becton Dickinson (BD), United States of America. All solvents and chemicals used 

were all of analytical grade without further purification.  

 

3.1.5 Biochemical assay kits  

Intracellular SOD and GPx activity determination kits were bought from Sigma-

Aldrich, United States of America. RNAqueous-4PCR kit was obtained from Applied 

Biosystem, United States of America. SensiMix One-Step Kit for real time-polymerase 

chain reaction (Q-PCR) was procured from Quantace, United Kingdom. Intracellular 

flow cytometry system was bought from Santa Cruz Biotechnology, Inc, United States 

of America. Lightning-LinkTM fluorescein conjugation kit was acquired from Innova 

Biosciences Ltd, United Kingdom. 

 

3.1.6 Oligonucleotides  

Forward and reverse primer sequences of Bax, Bcl-2, chemokine CCL21, and 

hydroxymethylbilane synthase (HMBS) were synthesized from 1st BASE, Singapore, as 

listed in Table 1. 
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3.1.7 Antibodies  

FITC-conjugated Bax mouse monoclonal antibody and phycoerythrin (PE)-conjugated 

Bcl-2 mouse monoclonal antibody were purchased from Santa Cruz Biotechnology, Inc, 

United States of America. Rabbit anti-murine exodus-2 CCL21 polyclonal antibody was 

bought from Peprotech Inc, United States of America. Rabbit immunoglobulin G (IgG) 

isotype control was acquired from Abcam plc, United States of America. 

 

3.1.8 Instruments/Equipments  

Rotary evaporator (Buchi, Switzerland), spectrophotometer (Amersham Biosciences 

Ultrospec 2100 pro, Sweden), CO2 incubator chamber (RS Biotech, United Kingdom), 

inverted microscope (Motic, Hong Kong), microplate reader (Asys UVM 340, United 

Kingdom), flow cytometry (BD FACSCalibur, United States of America), fluorescence 

microscope (Nikon, Japan), thin layer chromatography (TLC) (Merck, United States of 

America), Sephadex LH-20 (Amersham Biosciences, Sweden), Diaion HP20SS column 

(Supelco, United States of America), 1H nuclear magnetic resonance (NMR) and 13C 

NMR spectroscopic were recorded in ppm (δ), acetone-d6 and DMSO-d6 by a Bruker 

DRX 300 NMR spectrometer, Germany. Liquid chromatography mass spectroscopy 

(LC-MS) analysis was carried out via Thermo Scientific LTQ Orbitrap mass 

spectrometer at 30,000 resolutions (Thermo Fisher Scientific, Breman, Germany) fitted 

with an electrospray interface. 
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Table 1. Primer sequence for Bax, Bcl-2, CCL21, and HMBS 

 

Genes Function Sequence 

Bax Forward 5'-GCA GGG AGG ATG GCT GGG GAG-3' 

Reverse 5'-TCC AGA CAA GCA AGC AGC CGC TCA CG-3' 

Bcl-2 Forward 5'-CAC CCC TGG CAT CTT CTC CT-3' 

Reverse 5'-GTT GAC GCT CCC CAC ACA CA-3' 

CCL21 Forward 5'-TGC CTT AAG TAC AGC CAG AAG-3' 

Reverse 5'-TTC CTC AGG GTT TGC ACA TAG-3' 

HMBS  Forward 5'-CCG AGC CAA GGA CCA GGA TA-3' 

Reverse 5'-CTC CTT CCA GGT GCC TCA GA-3' 
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3.2 Methods  

 

3.2.1 Extraction and fractionation of L. parasiticus 

 

3.2.1.1 Collection of L. parasiticus 

Leaves of L. parasiticus were obtained from a licensed Chinese medicine outlet in the 

state of Selangor, Malaysia, due to the limited availablility of the fresh sample in 

Malaysia. Loranthus parasiticus grows on mulberry (Morus alba L.) and the leaves of 

L. parasiticus originated from Wuzhou, province of Guangxi, China. 

 

3.2.1.2 Preparation of L. parasiticus  

Leaves of L. parasiticus (10 kg) were ground into fine powder by dry grinder. The 

ground dried leaves were soaked in 95 % ethanol for three days at ambient temperature 

followed by the addition of activated charcoal to get rid of the chlorophyll. The extract 

was filtered by Whatman No.1 filter paper and evaporated at 40 °C by a rotary 

evaporator under reduced pressure. The remaining residues were re-extracted twice with 

95 % ethanol and accumulated as crude L. parasiticus ethanol extract (LPEE). 

 

3.2.1.3 Solvent extraction and fractionation of L. parasiticus 

Leaves of L. parasiticus were extracted as crude LPEE after repeated extraction with 

ethanol solvent. Crude LPEE was subsequently partitioned between ethyl acetate and 

water to form an ethyl acetate-soluble fraction. The ethyl acetate-soluble fraction was 

evaporated while the water-soluble fraction was freeze-dried to yield L. parasiticus 

ethyl acetate fraction (LPEAF) and L. parasiticus aqueous fraction (LPAF), 

respectively. LPEE, LPEAF, and LPAF were dissolved in DMSO (less than 0.5 % v/v) 

and subjected to antioxidative and neuroprotective activities screening. 
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3.2.2 Antioxidant studies  

 

3.2.2.1 DPPH free radical scavenging activity assay  

DPPH free radical scavenging assay was performed according to the method described 

by Blois (1958). Briefly, 1.0 ml LPEE, LPEAF, and LPAF with various concentrations 

(15, 30, 60, 120, 240 and 480 μg/mL in ethanol) were added with 1.0 ml 0.2 mM DPPH 

solution and incubated in the dark at ambient temperature for 30 min. BHT with various 

concentrations (15, 30, 60, 120, 240 and 480 μg/mL in ethanol) was used as a positive 

control. Absorbance at 517 nm was measured using spectrophotometer. The percentage 

of antioxidant activity was calculated as below: 

 

% of antioxidant activity = [1- AS/AC] X 100 % 

 

Where AS is the absorbance of LPEE, LPEAF, and LPAF or BHT and Ac is the 

absorbance of control (DPPH solution + ethanol) 

 

3.2.2.2 Reducing power activity assay  

Reducing power assay was performed according to the method reported by Karawita et 

al. (2005) with some modifications. 1.0 ml of LPEE, LPEAF, and LPAF (15, 30, 60, 

120, 240, 480 and 960 μg/mL in ethanol) was added to 1.0 ml sodium phosphate buffer 

(0.2 M, pH 6.6) and 1.0 ml potassium ferricyanide (10 mg/mL in distilled water). The 

mixture was incubated at 50 °C for 20 min. After incubation, 1.0 ml TCA (100 mg/mL 

in distilled water) was added to LPEE, LPEAF, and LPAF and centrifuged at 1500 rpm 

for 8 min. 1.0 ml of supernatant was transferred into 1.0 ml distilled water, followed by 

0.1 ml of FeCl3 (1.0 mg/mL in distilled water). BHT (15, 30, 60, 120, 240, 480 and 960 

μg/mL in ethanol) was used as positive control. Absorbance at 700 nm was measured 
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after 10 min. The higher absorbance represents the stronger reducing power activity. 

 

3.2.2.3 Lipid peroxidation inhibitory assay  

Lipid peroxidation assay was conducted according to the method modified from 

Kuppusamy et al. (2002). Egg yolk homogenates which mainly comprised of 

phospholipids, triacyglycerols and proteins were used as an alternative to rodent liver 

microsomes and linoleic acid. Reaction mixture for the induction of lipid peroxidation 

consisted of 1.0 ml egg yolk emulsified with PBS (0.1 M, pH 7.4), to give a 

concentration of 12.50 g/L. 0.1 ml of serial concentrations of LPEE, LPEAF, and LPAF 

ranging from 0.3125 mg/mL to 10 mg/mL was then added to the buffered egg yolk. 0.2 

ml of 3.0 mM FeSO4 was added to the mixture and incubated at 37 °C for 1 h. After 

incubation, the mixture was treated with 0.5 ml of 15 % TCA and 1.0 ml of 1 % TBA. 

The reaction tubes were kept for 10 min in boiling water bath and centrifuged at 3,500 g 

for 10 min upon cooling to get rid of the precipitated proteins. Absorbance was 

determined at 532 nm. Curcumin with various concentrations (0.3125, 0.625, 1.25, 2.5 

and 5 mg/mL in ethanol) was used as positive control. The percentage of inhibition was 

calculated from the following equation:       

 

% inhibition = [(AC - AS)/AC] X 100 % 

 

Where AS is the absorbance of LPEE, LPEAF, and LPAF or curcumin and Ac is the 

absorbance of control (buffered egg + FeSO4) 

 

3.2.2.4 Total phenolic content  

Total phenolic content was determined by the method of Lee et al. (2004) with some 

modifications. 200 μl of 100 μg/mL LPEE, LPEAF, and LPAF as well as various 
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concentrations of gallic acid (3.75, 7.5. 15, 30, 60, 120 and 240 μg/mL in ethanol) were 

prepared. 1.5 ml of Folin-Ciocalteu’s phenol reagent (10x dilutions in distilled water) 

was added into LPEE, LPEAF, and LPAF to incubate at ambient temperature for 5 min. 

After incubation, 1.5 ml sodium carbonate (60 mg/mL in distilled water) was added and 

the final mixture was incubated in darkness for an additional 2 h at ambient 

temperature. Absorbance at 725 nm was measured and total phenolic content was 

determined from the gallic acid calibration curve. Results were expressed as milligram 

of gallic acid equivalent per gram of dry weight of plant (GAE/gDW).  

 

3.2.3 Cell culture  

 

3.2.3.1 Maintenance of cells  

NG108-15 hybridoma cells were cultured in DMEM supplemented with 2 % 

penicillin/streptomycin, 1 % amphotericin B, 10 % heat inactivated FBS, and HAT as a 

complete medium. The cells were maintained and cultured at 37 °C in 5 % CO2 

atmosphere with 95 % humidity incubator chamber. 

 

3.2.3.2 Cryopreservation of cells  

NG108-15 cells were observed under an inverted microscope to confirm the cultures 

were in a healthy, log phase of growth, and absence of bacterial or fungal contaminants. 

Cells were harvested with accutase, washed with PBS, and centrifuged to obtain the cell 

pellet. 1.0 ml of freezing medium which consisted of 70 % basic medium, 20 % FBS, 

and 10 % DMSO was added and aliquoted into a cryoprotective ampoule. Cells were 

then cooled down gradually and stored in a liquid nitrogen tank eventually for 

preservation. 
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3.2.3.3 Reviving of cells  

To revive frozen NG108-15 cells from liquid nitrogen, cryoprotective ampoule which 

consisted of cells was thawed rapidly by transferring directly from liquid nitrogen tank 

to a water bath at 37 °C. Cells were pipetted to a Falcon tube consisting of fresh pre-

warmed medium as soon as they are defrosted. Cells were subsequently centrifuged to 

discard the old medium containing DMSO (as growth inhibitor) and pipetted gently into 

a 25 cm3 or 75 cm3 culture flask consisting complete growth medium to grow. 

 

3.2.3.4 Subculturing of cells  

Flasks with actively growing NG108-15 cells of 80-90 % confluence were harvested 

with accutase. Cells were observed under inverted microscope for detachment. If the 

cells were detached lesser than 90 %, a longer incubation period was added. Detached 

cells were centrifuged to discard the used medium and cell pellet was subsequently 

transferred into several culture flasks as desired. Cells were usually subcultured every 3-

4 days. 

 

3.2.3.5 Counting of cells  

NG108-15 cells that achieved 80-90 % confluency were selected for assay. Cells were 

harvested with accutase and centrifuged to collect the cell pellet. Cells were then 

resuspended in 1.0 ml fresh medium and 20 μl of cell suspension was subjected to 

tryphan blue exclusion assay in which, live cells with intact cell membranes excluded 

tryphan blue dye while dead cells did not. In another words, viable cells possess clear 

cytoplasm whereas non-viable cells stain blue under inverted microscope. Cell count 

was visualized utilizing haemocytometer under an inverted microscope. Viable 

(unstained) and non-viable (stained) cells were counted separately in hemocytometer to 

obtain the total number of cells and subsequently aliquoted to desired concentrations in 
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various assays. 

 

3.2.4 Neuroprotective experimental design 

 

3.2.4.1 Induction of oxidative damage 

Oxidative stress treatment was initiated by adding the H2O2 in NG108-15 cells. Cells 

were treated with serial concentrations of H2O2 prepared in complete medium for up to 

10 h. 

                

3.2.4.2 MTT cell viability assay 

NG108-15 cell viability in neuroprotection was analyzed by MTT assay (Mosmann, 

1983). This test is based on a reduction of tetrazolium salts into purple formazan 

derivatives in intact mitochondria of viable cells. Cells were raised to confluence, 

harvested by accutase, rinsed with PBS and plated at a density of 5x103 cells/well in 96-

well plate. The cells were incubated at 37 °C with 5 % CO2 for 48 h. After the 

incubation period, cells were pretreated with varying concentrations of LPEE, LPEAF, 

and LPAF for 2 h at 37 °C with 5 % CO2 followed by 10 h H2O2-induced oxidative 

damage. After 10 h exposure to H2O2, tetrazolium salt solution was added into each 

well and incubated for subsequent 4 h. Plates were analyzed in microplate reader at 570 

nm with 650 nm as reference wavelength. Resveratrol was used as positive control. 

Percentage of cell viability was calculated according to the equation below: 

 

% of cell viability = [As/AC] x 100 %                  

 

Where As is the absorbance of LPEE, LPEAF, and LPAF pretreated cells and Ac is the 

absorbance of control cells 
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3.2.5 Bioassay-guided isolation of neuroprotective compounds from LPAF 

 

3.2.5.1 Fractionation and purification of LPAF 

LPEE, LPEAF and LPAF were subjected to neuroprotective activity screening by MTT 

cell viability assay. Results indicated that LPAF exhibited the strongest neuroprotective 

activity and thus, LPAF was further fractionated via neuroprotective activity-directed 

fractionation and purification. Firstly, LPAF was purified utilizing Diaion HP20SS 

column with the elution of a constant gradient solvent system from 0 to 100 % with 10 

% methanol increment in water to elute the compounds with different polarity. The 

chemical composition of fractions was determined using TLC. TLC was carried out on 

pre-coated silica gel 60 F254 plates (0.2 mm thick, Merck) with CHCl3-MeOH-H2O 

(7:3:0.5 or 6:4:1 v/v) or C6F6-HCOOEt-HCOOH (1:7:1 v/v) and spots were detected 

under ultraviolet illumination (254nm and 365nm) and sprayed with 10 % H2SO4 

followed by heating or sprayed with 2 % ethanolic FeCl3 reagent. After evaporation 

under reduced pressure, ten fractions (designated as LPAF1, LPAF2, LPAF3, LPAF4, 

LPAF5, LPAF6, LPAF7, LPAF8, LPAF9, and LPAF10) were collected from Diaion 

HP20SS column and subjected to neuroprotective activity screening subsequently. Both 

LPAF6 and LPAF7 showed the strongest neuroprotective activity with the highest 

percentage cell viability following H2O2 insult and hence, LPAF6 and LPAF7 were 

subjected to further fractionation. LPAF6 was purified using Sephadex LH-20 column 

with the elution of a constant gradient solvent system from 0 to 100 % with 10 % 

methanol increment in water. Eight fractions (designated as LPAF61, LPAF62, 

LPAF63, LPAF64, LPAF65, LPAF66, LPAF67, and LPAF68) were yielded and the 

most active fraction (LPAF66) was further fractionated on Sephadex LH-20 column 

using methanol-water solvent system from 20 to 100 % with 10 % methanol increment 

in water. A total of five fractions (designated as LPAF661, LPAF662, LPAF663, 
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LPAF664, and LPAF665) were collected. LPAF662 with the strongest activity was 

identified through LC-MS, 1H NMR, and 13C NMR. On the other hand, LPAF7 was 

purified using Sephadex LH-20 column with the elution of a constant gradient solvent 

system from 20 to 100 % with 10 % methanol increment in water. Eight fractions 

(designated as LPAF71, LPAF72, LPAF73, LPAF74, LPAF75, LPAF76, LPAF77, and 

LPAF78) were yielded and the most active fraction (LPAF76) was further fractionated 

on Sephadex LH-20 column using the identical methanol-water solvent system. A total 

of four fractions (designated as LPAF761, LPAF762, LPAF763, and LPAF764) were 

collected. LPAF762 with the strongest neuroprotective activity was identified through 

LC-MS, 1H NMR, and 13C NMR. The stationary phase consisted of a glass column 

packed with either Diaion HP20SS or Sephadex LH-20 while the mobile phase 

comprised a constant gradient combination of methanol and water with the gradually 

eluting strength increment in the percentage of more polar solvent. The initial solvent 

composition was water (100 %, 300 ml), and subsequently changed to chloroform-

methanol-water (5:5:1.5, v/v/v, 200 ml), followed by chloroform-methanol-water 

(7:3:0.5, v/v/v, 200 ml), chloroform-methanol-water (6:4:1, v/v/v, 200 ml), benzene-

ethyl formate-formic acid (1:7:1, v/v/v, 200 ml), and benzene-ethyl formate-formic acid 

(1:7:2, v/v/v, 200 ml). 

 

3.2.5.2 Thin layer chromatography  

TLC was performed by TLC aluminum sheets coated with silica gel 60 F254 6 cm x 6 

cm. Standard fractions chromatograms were prepared by inducing a few drops of 

solution onto a silica gel TLC plate and developing by distinct solvent systems to 

improve the separation under saturated conditions. Separated bands were detected under 

ultraviolet light with 254 nm and 365 nm. 
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3.2.5.3 Liquid chromatography mass spectroscopy 

Mass spectra of the isolated compounds were recorded via electrospray ionization fitted 

with Finnigan LTQ orbitrap mass spectrometer. LC-MS was carried out in positive ion 

mode through the setting of needle voltage at 4000 V, capillary voltage at 35 V, and 

capillary temperature at 285 °C. 

 

3.2.5.4 NMR spectroscopy 

1H NMR and 13C NMR spectra of the isolated compounds were recorded using Bruker 

DRX 300 NMR spectrometer with 300 MHz and 75 MHz for 1H-NMR and 13C-NMR, 

respectively. 

 

3.2.5.4.1 AC trimer 

Tan amorphous powder, C45H38O18: [M+H]+ peak at m/z 867.21. 1H-NMR (Acetone-d6 

+ D2O, 300 MHz) δ: 4.88 (1H, d, J = 6.0 Hz, H-2); 13C-NMR (Acetone-d6 + D2O, 75 

MHz) δ: 101.4 (C-10), 100.7 (C-10', 10"), 81.6 (C-2), 76.6 (C-2', 2"), 72.8 (C-3"), 71.3 

(C-3'), 67.5 (C-3), 36.8 (C-4', 4"). 

 

3.2.5.4.2 (+)-Catechin 

White amorphous powder, C15H14O6: [M+H]+ peak at m/z 291.09. 1H-NMR (Acetone-

d6, 300 MHz) δ: 6.87 (1H, d, J = 1.8 Hz, H-2'), 6.77 (1H, d, J = 8.1 Hz, H-5'), 6.71 (1H, 

dd, J = 2.1, 8.1 Hz, H-6'), 5.99 (1H, d, J = 2.4 Hz, H-8), 5.83(1H, d, J = 2.4 Hz, H-6), 

4.50 (1H, d, J = 7.8 Hz, H-2), 3.95 (1H, m, H-3), 2.88 (1H, dd, J = 5.4, 15.9  Hz, H-4b),  

2.48 (1H, dd, J = 8.7, 15.9 Hz, H-4a); 13C-NMR (Acetone-d6, 75 MHz) δ: 157.5 (C-7), 

157.1 (C-5), 156.6 (C-9), 145.6 (C-3'), 145.5 (C-4'), 131.7 (C-1'), 119.8 (C-6'), 115.5 

(C-5'), 115.1 (C-2'), 100.3 (C-10), 95.9 (C-6), 95.0 (C-8), 82.4 (C-2), 68.0 (C-3), 28.7 

(C-4). 
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3.2.6 Fluorescence microscopy detection of DAPI nuclear stain 

  

NG108-15 cells were cultured on cover slips and pretreated with LPAF for 2 h at 

various treatment concentrations followed by H2O2 insult for subsequent 10 h. Upon 

treatment, cells were rinsed with PBS and fixed for 30 min in ice cold acetone. Fixed 

cells were rinsed with PBS and stained with DAPI solution for 30 min at 4 oC. Cover 

slips were mounted onto the glass microscope slides subsequently and analyzed via 

fluorescence microscope with the excitation and emission fluorescent filter at 350 nm 

and 460 nm, respectively. 

 

3.2.7 Measurement of total intracellular GSH content 

 

Intracellular GSH level was determined through the method of Griffith (1980). In brief, 

total GSH content was measured via enzymatic recycling method by DTNB and GR in 

which GSH is oxidized by DTNB and reduced by NADPH in the presence of GR. 

NG108-15 cells were pretreated with LPAF for 2 h followed by the induction of H2O2 

for subsequent 10 h. Upon treatment, cells were harvested, rinsed with ice-cold PBS, 

and resuspended in 500 μl 5 % 5-sulfosalicylic acid on ice for 15 min. Cells were 

centrifuged for 15 min at 10000 rpm after 15 min incubation on ice and supernatant was 

utilized in the measurement of total GSH content. Reaction mixture consisting of 

NADPH, DTNB, and GSH standards in phosphate buffer was prepared and initiated by 

the addition of GR. Final concentrations of each component in the reaction mixture 

were 0.038 mg/mL (48 μM) NADPH, 0.95 mM EDTA, 0.031 mg/mL DTNB, 0.115 

units/mL GR, 0.24 % 5-sulfosalicylic acid, and 95 mM potassium phosphate buffer with 

pH 7.0. Absorbance was measured for 10 min with 1 min intervals at 405 nm via 

microplate reader, and compared with GSH standard curve.  
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3.2.8 Determination of intracellular reactive oxygen species using DCF-DA stain  

 

Intracellular oxidative stress level was determined by fluorescent probe, DCF-DA. 

NG108-15 cells were pretreated with various concentrations of LPAF and (+)-catechin 

for 2 h followed by H2O2-induced oxidative stress for 10 h. After treatment, cells were 

harvested, rinsed, and incubated in the existence of 10 μM DCF-DA at 37 °C for 30 min 

in cell loading medium. PI solution of 10 μg/mL was added subsequently for 5 min at 

ambient temperature. Lastly, fluorescence was determined by flow cytometry with 490 

nm excitation and 520 nm emission fluorescent filter. 

 

3.2.9 Assessment of externalization of phosphatidylserine using annexin V/PI     

         labeling  

 

To confirm the occurrence of apoptosis in NG108-15 cells, annexin V/PI dual staining 

was carried out based on the membrane phosphatidylserine translocation. Annexin V/PI 

double stained cells were elucidated with FITC-labeled annexin V (green fluorescence), 

simultaneously with dye exclusion of PI (negative for red fluorescence). Upon treatment 

with LPAF and (+)-catechin for 2 h at various concentrations and subsequently 10 h 

oxidative stress induction by H2O2, cells were harvested, pelleted, and resuspended in 

annexin V binding buffer followed by annexin V and PI staining for 30 min at ambient 

temperature in dark. Finally, cells were examined by flow cytometry.  

 

3.2.10 Detection of mitochondrial membrane potential by JC-1 stain  

 

Mitochondrial membrane potential was assayed by a mitochondrial-specific and cell-

permeable fluorescent probe, JC-1 according to the method of Reers et al. (1995). JC-1 
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probe is a cationic and lipophilic dye that goes into mitochondria in proportion to the 

membrane potential and forms J-aggregates at high mitochondrial membrane potential. 

After pretreatment with LPAF and (+)-catechin at various concentrations for 2 h 

followed by H2O2 insult for subsequent 10 h, NG108-15 cells were harvested, 

resuspended in JC-1 solution and incubated for 15 min at 37 °C in the CO2 incubator. 

Cells were rinsed twice with fresh media and resuspended in fresh medium. The ratio of 

green/red fluorescence of each cell that indicates mitochondrial membrane potential was 

evaluated via flow cytometry. In healthy cells, JC-1 forms J-aggregates within 

mitochondria spontaneously which fluoresces red and detected in FL-2 channel. In 

unhealthy or apoptotic cells, JC-1 cannot accumulate within mitochondria and remains 

monomeric form in cytoplasm which shows only green fluorescence, were detected in 

FL-1 channel.   

 

3.2.11 Analysis of cell cycle events using PI stain  

 

Cell cycle distribution and DNA content were evaluated via PI staining (Nicoletti et al., 

1991). NG108-15 cells were pretreated with various concentrations of LPAF and (+)-

catechin for 2 h followed by H2O2-induced oxidative damage for subsequent 10 h. After 

treatment, cells were harvested, rinsed with PBS, and fixed with ice-cold absolute 

ethanol at -20 °C overnight. Fixed cells were rinsed and resuspended in PI solution 

containing 0.1 % sodium citrate, 0.1 % Triton-X-100, 100 μg/mL RNAse, and 10 

mg/mL PI to incubate in dark for 30 min at ambient temperature. PI-stained cells were 

ready to be examined using flow cytometry. The percentage of apoptotic and non-

apoptotic populations in every cell cycle phase was measured and the arrest at sub-G1 

phase reflected on the apoptotic population. 
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3.2.12 SOD enzyme activity assay 

 

SOD enzyme activity assay was assessed based on the manufacturer’s protocol. After 2 

h pretreatment with various concentrations of (+)-catechin followed by 10 h H2O2-

induced oxidative stress, NG108-15 cells were harvested and lysed to obtain the 

supernatant for SOD enzyme activity assay. SOD assay kit utilizes Dojindo’s highly 

water-soluble tetrazolium salt, 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium, monosodium salt (WST-1) which forms a water-soluble 

formazan dye during the reduction with a O2
-. The O2 reduction rate is proportional to 

xanthine oxidase (XO) activity which is inhibited by SOD, as shown in Figure 20. 

Hence, the IC50 of SOD can be measured by a colorimetric method. SOD enzyme 

activity was expressed in percentage of inhibition. Hence, one unit of SOD is defined as 

the amount of the enzyme which inhibits the reduction of WST-1 with O2
-. 

 

3.2.13 GPx enzyme activity assay  

 

GPx enzyme activity was assayed based on the manufacturer’s protocol. Upon 

pretreatment with (+)-catechin at various concentrations for 2 h followed by H2O2 insult 

for subsequent 10 h, NG108-15 cells were harvested and lysed to acquire the 

supernatant for GPx enzyme activity assay. GPx assay kit determines the GPx level 

indirectly via a coupled reaction with GR. During the reduction of an organic 

hydroperoxide by GPx, GSSG is formed and recycled to its reduced state by NADPH 

and GR. The decrease in NADPH absorbance was measured at 340 nm upon the 

oxidation of NADPH to NADP+ is an indicator of GPx enzyme activity as shown in 

Figure 21, since GPx is the rate limiting factor of the coupled reactions. The level of 

GPx enzyme activity was expressed as nmol/min/ml. Hence, one unit of GPx will cause 



65 
 

the formation of NADP+ from NADPH per minute at pH 8.0 at 25 °C in the presence of 

reduced glutathione, GR, and organic hydroperoxide. 

 

3.2.14 Analysis of Bax, Bcl-2, and CCL21 gene expression via Q-PCR 

 

To examine the role of Bax, Bcl-2, and CCL21 in the present NG108-15 

neuroprotection model, we determined the gene expression of Bax, Bcl-2, and CCL21 

via Q-PCR. A density of 0.5x106 cells were exposed to desired treatment. Upon 

pretreatment with (+)-catechin for 2 h followed by H2O2 for subsequent 10 h, total RNA 

was isolated using RNAqueous-4PCR kit according to the manufacturer’s protocol. 

Bax, Bcl-2, and CCL21 gene expression were evaluated using one-step SYBR Green 

relative Q-PCR and normalized to HMBS as reference gene. The reactions were 

performed in a total volume of 25 μl by SensiMix One-Step Kit. The Q-PCR 

amplification conditions for Bax was 40 cycles of 10 seconds at 95 oC, 45 seconds at 60 

oC and 10 seconds at 72 oC, whereas Bcl-2 was 40 cycles of 10 seconds at 95 oC, 45 

seconds at 51 oC and 10 seconds at 72 oC, while for CCL21 was 40 cycles of 10 seconds 

at 95 oC, 45 seconds at 45 oC and 10 seconds at 72 oC. Fluorescence threshold Ct values 

and ΔCt values were calculated by the formula ΔCt = Ct Bax or Bcl-2 or CCL21 – Ct HMBS. The 

ΔΔCt values were calculated subsequently based on formula ΔΔCt = ΔCt treated - ΔCt 

untreated. The expression levels of Bax, Bcl-2, and CCL21 in the treated cells was 

measured relative to the level obtained in the H2O2-treated cells, and was quantitated by 

formula 2-ΔΔCt (Livak and Schmittgen, 2001). The primer sequences, cycling conditions, 

and reaction mixture for Q-PCR were shown in Table 1, Table 2, and Table 3, 

respectively. 
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Figure 20. Principle of SOD assay kit 
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Figure 21. Principle of GPx assay kit 
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Table 2. Cycling conditions for Q-PCR 
 
 
 
Target  
gene  
 

 
Reference  
gene 
 

 
Denaturation  

 
Annealing 

 
Extension 

 
Bax 
 

 
HMBS 

 
At 95 °C  
for 10 seconds  
 

 
At 51 °C 
for 45 seconds, 
40 cycles 
 

 
At 72 °C  
for 10 seconds  

 
Bcl-2 
 

 
HMBS 

 
At 95 °C  
for 10 seconds  
 

 
At 60 °C  
for 45 seconds,  
40 cycles 
 

 
At 72 °C  
for 10 seconds  

 
CCL21 
 

 
HMBS 

 
At 95 °C  
for 10 seconds  
 

 
At 45 °C  
for 45 seconds,  
40 cycles 
 

 
At 72 °C  
for 10 seconds  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

Table 3. Reaction mixture for Q-PCR 
 
 
Reagents  
 

1 reaction (total volume 25 μl) Final concentration  

Water (H2O) 
 

4.5 μl - 

Sensimix SYBR One-Step 
 

12.5 μl 1x 

SYBR green  
 

0.5 μl 1x 

MgCl2 
 

- 3 mM 

Forward primer  
 

1.0 μl 200 nM 

Reverse primer  
 

1.0 μl 200 nM 

RNase inhibitor 
 

0.5 μl 10 units 

RNA 5.0 μl 20 ng/μL 
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3.2.15 Flow cytometric analysis of Bax, Bcl-2, and CCL21 protein expression by      

           immunofluorescence staining  

 

The immunoexpression of Bax, Bcl-2, and CCL21 were measured via flow cytometric 

immunofluorescence staining according to Roussi et al. (2007) with some 

modifications. Upon pretreatment with (+)-catechin for 2 h followed by H2O2 insult for 

subsequent 10 h, NG108-15 cells were harvested, rinsed with ice-cold PBS, fixed, and 

permeabilized using intracellular flow cytometry system. Cells were subsequently 

resuspended in 1.0x106 cells/mL and aliquot into 100 μl using flow cytometry wash 

buffer. For Bax and Bcl-2 direct staining, cells were incubated for 60 min in dark with 

20 μl of FITC-conjugated Bax mouse monoclonal antibody or rabbit IgG isotype 

control, and PE-conjugated Bcl-2 mouse monoclonal antibody or rabbit IgG isotype 

control, respectively. For CCL21 staining, rabbit anti-murine exodus-2 CCL21 

polyclonal antibody was conjugated directly using Lightning-LinkTM fluorescein 

conjugation kit. Cells were then mixed with 20 μL of FITC-conjugated CCL21 

polyclonal antibody or rabbit IgG isotype control and incubated for 60 min in dark. 

Upon staining, cells were washed twice with flow cytometry wash buffer and 

resuspended in 500 μl flow cytometry wash buffer. Cells were ready to be measured via 

flow cytometry. 

 

3.2.16 Data analysis  

 

The experimental results were expressed as mean ± SE of at least two independent 

experiments with minimum three replicates each. Data were analyzed using Pearson 

correlation test and one-way analysis of variance (ANOVA) followed by Dunnett’s test. 

(* p < 0.01 and ** p < 0.05) were considered statistically significant. 
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CHAPTER 4 

RESULTS 

 

4.1. Evaluation of antioxidative activities of the extract and fractions of L.      

        parasiticus 

 

4.1.1 LPAF showed the strongest DPPH free radical scavenging activity  

From the extraction and fractionation of L. parasiticus, LPEE, LPEAF, and LPAF 

obtained, demonstrated strong DPPH free radical scavenging activity with 50 % 

inhibitory concentration (IC50) values of 20.51 + 0.18 μg/mL, 55.66 + 0.55 μg/mL, and 

16.82 + 0.27 μg/mL, respectively (Table 4). LPAF showed the strongest scavenging 

ability as compared with LPEE and LPEAF. Moreover, all the L. parasiticus extract and 

fractions (LPEE, LPEAF, and LPAF) resulted in higher antioxidant scavenging activity 

than the positive control, BHT with IC50 value of 57.20 + 4.92 μg/mL as shown in 

Figure 22. Also, the LPAF showed significant (p < 0.05) positive correlation (r = 0.814) 

between total phenolic content and DPPH IC50 value. 
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Figure 22. Effects of LPEE, LPEAF, and LPAF on DPPH free radical scavenging activity. 0.2 mM 
DPPH solution was added in LPEE, LPEAF, and LPAF to incubate for 30 min in dark at ambient 
temperature. Asterisk (**) represented significant positive correlation  between DPPH free radical 
scavenging assay and total phenolic content (P<0.05). Data shown are mean ± SE of at least two 
independent experiments with minimum three replicates each. 
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Table 4. Antioxidative properties of L. parasiticus extract and fractions (LPEE, LPEAF, and LPAF) in 
DPPH free radical scavenging activity, lipid peroxidation inhibitory activity, and total phenolic content 
quantified by Folin-Ciocalteu reaction 
 

 
Group DPPH IC50 

(μg/mL) 
Lipid peroxidation 

IC50 (mg/mL) 
Total phenolic 

content 
(GAE/gDW) 

LPEE 20.51 + 0.18** 3.39 + 0.24** 52.08 + 1.76 
 
LPEAF 

 
55.66 + 0.55 

 
7.68 + 0.37 

 
18.82 + 0.53 

 
LPAF 

 
16.82 + 0.27** 

 
1.05 + 0.04** 

 
56.51 + 1.43 

 
BHT 

 
57.20 + 4.92 

 
- 

 
- 

 
Curcumin 

 
- 

 
0.47 + 0.02 

 
- 

    
 
 

BHT and curcumin were employed as positive control in DPPH free radical scavenging activity assay and 
lipid peroxidation inhibitory activity assay, respectively. Asterisk (**) represented significant positive 
correlation between DPPH free radical scavenging assay, lipid peroxidation inhibitory assay, and total 
phenolic content (P<0.05). Data shown are mean ± SE of at least two independent experiments with 
minimum three replicates each. 
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4.1.2 LPAF possessed the highest reducing power activity  

Hydrogen donation from phenolic compounds has the capability to reduce Fe (III) 

(Shimada et al., 1992), which is also associated with the existence of reductant agents 

(Duh, 1998). Figure 23 shows the reducing power activity of the LPEE, LPEAF, LPAF, 

and BHT. LPAF possessed the strongest reducing power followed by the standard 

positive control, BHT, LPEE, and LPEAF in a descending order. Also, LPAF showed 

significant (p < 0.05) positive correlation (r = 0.899) between total phenolic content and 

reducing power activity. All the L. parasiticus extract and fractions (LPEE, LPEAF, and 

LPAF) showed a dose-dependent reducing power activity as shown in Figure 23. 

 

4.1.3 LPAF exhibited the strongest inhibitory activity in lipid peroxidation  

From the results shown in Table 4, the positive control, curcumin, possessed the lowest 

IC50 value of 0.47 + 0.02 mg/mL which indicated its ability to inhibit the oxidative 

degradation of lipids from egg yolk. The highest inhibition was shown by LPAF with 

IC50 value of 1.05 + 0.04 mg/mL followed by LPEE and LPEAF with IC50 values of 

3.39 + 0.24 mg/mL and 7.68 + 0.37 mg/mL, respectively (Figure 24; Table 4). LPAF 

showed significant (p < 0.05) positive correlation (r = 0.859) between total phenolic 

content and IC50 value for lipid peroxidation assay. 
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Figure 24. Effects of LPEE, LPEAF, and LPAF on lipid peroxidation inhibitory activity. Egg yolk 
homogenate was used as an alternative to rodent liver microsomes and linoleic acid in the present lipid 
peroxidation assay. Asterisk (**) represented significant positive correlation between lipid peroxidation 
inhibitory assay and total phenolic content (P<0.05). Data shown are mean ± SE of at least two 
independent experiments with minimum three replicates each. 
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4.1.4 LPAF yielded the highest phenolic content  

Folin-Ciocalteu reagent was determined according to the color measurement that was 

non-specific on phenol. However, the measurement of color changes after 2 h of 

incubation in the dark is appropriated to measure the presence of phenol in LPEE, 

LPEAF, and LPAF. At the concentration of 100 μg/mL, LPAF yielded the highest total 

phenolic content with 56.51 + 1.43 GAE/gDW, followed by LPEE and LPEAF with 

52.08 + 1.76 GAE/gDW and 18.82 + 0.53 GAE/gDW, respectively as shown in Table 4. 

 

4.2 Assessment of neuroprotective effect of the extract and fractions of L.         

      parasiticus  

 

4.2.1 Effect of H2O2-induced oxidative damage in NG108-15 cells  

In order to determine the optimal H2O2 concentration to induce oxidative stress in 

NG108-15 cells, cells were treated with different H2O2 concentrations.  A significant 

(P<0.01) dose-dependent cell death was observed (Figure 25) when cells were treated 

with various concentrations of H2O2 (0.125 mM - 4.0 mM) for 10 h. Figure 24 showed 

that the highest percentage of cell death (79.45 + 1.03) occurred at the treatment 

concentration of 4.0 mM H2O2.  After determination of H2O2 concentrations, 2.0 mM of 

H2O2 which killed approximately 50 % of cells was selected and found to be suitable in 

the present neuroprotection model. The untreated cells were used as the control group 

which was considered as 100 % cell viability. 
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Figure 25. Effects of H2O2-induced oxidative stress in NG108-15 cells by MTT cell viability assay. Cells 
were treated with various concentration of H2O2 for 10 h and cell viability was examined via MTT assay. 
Asterisk (*) represented significantly di fferent value from untreated control group (P<0.01). Data shown 
are mean ± SE of at least two independent experiments with minimum three replicates each. 
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4.2.2 LPAF increased the cell viability after H2O2 insult  

As measured by MTT assay, oxidative damage induced by 2.0 mM H2O2 decreased cell 

viability significantly (P <0.01) by 46.64 + 1.29% as compared with the untreated 

control group (Figure 25). LPAF and LPEE showed the ability to inhibit cell death 

against H2O2 insult dose-dependently (Figure 25). 2 h pretreatment with LPAF exhibited 

stronger protective activity than LPEE with 78.00 + 1.85 % and 67.23 + 1.85 % cell 

viability, respectively.  However, LPEAF failed to protect NG108-15 cells against 

H2O2-induced oxidative damage even at the highest treatment concentration of 100 

μg/mL (Figure 26). The positive control, resveratrol, showed a dose-dependent increase 

in the precentage cell viability with 78.49 + 1.09 at 100 μg/mL treatment concentration. 

 

4.3 Evaluation of neuroprotective potential of LPAF   

 

4.3.1 LPAF inhibited apoptotic nuclear morphological changes  

Morphological apoptotic nuclear alteration which was assessed via DAPI staining, 

observed in H2O2-treated group and such nuclear apoptotic morphogies were greatly 

decreased in LPAF pretreated NG108-15 cells. In untreated control group, cells were 

stained less bright blue homogenously and were in round shape (Figure 27a). 

Nonetheless, a much more condensed and brighter blue staining was observed in cells 

following H2O2 challenge. Also, characteristics of apoptosis such as nuclear shrinkage, 

fragmentation, and condensation were observed (Figure 27b). Conversely, cells 

pretreated with 1.0 mg/mL LPAF for 2 h exhibited similar morphologies (Figure 27c) as 

in untreated control group, indicating the neuroprotective effects afforded by LPAF 

under oxidative stress conditions. 
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4.3.2 LPAF attenuated H2O2-induced depletion of GSH  

In order to investigate the regulation of LPAF on intracellular GSH level in H2O2-

induced oxidative damaged NG108-15 cells, total GSH content was assessed. Results 

demonstrated that the intracellular GSH was higher in untreated control group but 

decreased approximately 3-fold following H2O2 insult (Figure 28). Increasing 

concentration of LPAF significantly (P <0.01) elevated the intracellular GSH level, 

signifying the neuroprotective role exerted by LPAF against oxidative stress 

circumstances. 

 

4.3.3 LPAF decreased H2O2-induced reactive oxygen species formation  

Results demonstrated that H2O2-induced oxidative damage leads to an excessive 

accumulation of reactive oxygen species as compared with untreated control group. 

Intracellular reactive oxygen species generation by H2O2 was significantly (P <0.01) 

decreased in LPAF pretreated NG108-15 cells as shown in Figure 29. 
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Figure 28. Effect of LPAF against H2O2-induced GSH depletion in NG108-15 cells. Cells were 
pretreated with LPAF for 2 h followed by 10 h H2O2 insult. Total intracellular GSH content was 
measured as picomoles per 0.5 x 106 NG108-15 cells based on GSH standard curve. Asterisk (*) 
represented significantly different value from H2O2 treated group (P<0.01). Data shown are mean ± SE of 
at least two independent experiments with minimum three replicates each. 
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Figure 29. Effect of LPAF on reactive oxygen species formation by H2O2 in NG108-15 cells. Cells were 
pretreated with LPAF for 2 h followed by H2O2 insult for subsequent 10 h. Intracellular reactive oxygen 
species generation resulting from H2O2 challenge was determined via DCF-DA fluorescent probe. 
Asterisk (*) represented significantly different value from H2O2 treated group (P<0.01). Data shown are 
mean ± SE of at least two independent experiments with minimum three replicates each. 
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4.3.4 LPAF mitigated H2O2-induced externalization of phosphatidylserine  

In the investigation of membrane phosphatidylserine externalization, annexin V stained 

only (lower right quadrant) cells represented early apoptotic population whereas 

annexin V and PI stained (upper right quadrant) cells indicated later stage of apoptotic 

population. Results showed a substantial increase in the percentage of annexin V 

positive population (lower right and upper right quadrant) in H2O2 treated cells as 

shown in Figure 30a. However, LPAF pretreated cells significantly (P <0.01) decreased 

the percentage of annexin V positive population dose-dependently (Figure 30b), 

accounting for 86.27 + 0.29 %, 68.67 + 0.63 %, and 13.59 + 2.03 %, following 2 h 

pretreatment with 0.1 mg/mL, 0.5 mg/mL, and 1.0 mg/mL LPAF, respectively. 

 

4.3.5 LPAF prevented H2O2-induced depolarization of mitochondrial membrane    

         potential  

We further evaluated the H2O2-induced apoptotic effects as well as the neuroprotective 

potential of LPAF by assessing the mitochondrial membrane potential via JC-1 

fluorescent probe. Results revealed that the majority of the untreated population 

showing red fluorescence appeared on the upper right quadrant. However, upon the 

induction of H2O2, there was a fluorescence signal shift from the upper right quadrant to 

the lower right quadrant, representing the loss of red fluorescence (Figure 31a). 

Conversely, pretreatment with LPAF significantly (P <0.01) increased the red/green 

fluorescence ratio (60.57 + 1.33 %) at 1.0 mg/mL treatment concentration as shown in 

Figure 31b, as compared with H2O2 treated group. 
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a) 
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b) 

 

Figure 30. Effect of LPAF against H2O2-induced externalization of phosphatidylserine in NG108-15 
cells. Cells were pretreated with LPAF followed by H2O2-induced oxidative damage. The externalization 
of phosphatidylserine induced by H2O2 was detected using annexin V-FITC/PI double labeled 
fluorescence dye via flow cytometry analysis. a) Flow cytometric fluorescence patterns of annexin V-
FITC/PI double staining. b) Percentage of annexin V positive cells following desired treatment. Asterisk 
(*) represented significantly different value from H2O2 treated group (P<0.01). Data shown are mean ± SE 
of at least two independent experiments with minimum three replicates each. 
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a) 
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b) 

 

Figure 31. Effect of LPAF on the change of mitochondrial membrane potential following H2O2 insult in 
NG108-15 cells. Cells were pretreated with LPAF for 2 h followed by 10 h H2O2-induced oxidative 
damage. JC-1 fluorescent probe was applied to check the dissipation of mitochondrial membrane 
potential in the present neuroprotection model. a) Flow cytometric fluorescence pattern analysis of JC-1 
staining. b) Quantitative analysis of mitochondrial membrane potential as red (585 nm)/green (530 nm) 
fluorescence, expressed as percentage of control, indicated the ratio of high/low mitochondrial membrane 
potential. Asterisk (*) represented significantly di fferent value from H2O2 treated group (P<0.01). Data 
shown are mean ± SE of at least two independent experiments with minimum three replicates each. 
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4.3.6 LPAF abrogated H2O2-induced appearance of subG1-cells  

Cell cycle event was elucidated subsequently using flow cytometry via PI staining. 

Figure 32a showed a substantial increase in sub-G1 population (54.77 + 2.95 %) 

following H2O2-induced oxidative damage, as demonstrated by the appearance of sub-

G1 peak. On the other hand, LPAF significantly (P <0.01) reversed the sub-G1-induced 

effect of H2O2 in sub-G1 population (13.58 + 0.48 %) at 1.0 mg/mL pretreatment 

concentration, signifying a neuroprotective role of LPAF. 

 

4.4 Isolation of AC trimer and (+)-catechin via bioacitivity-guided approach  

 

4.4.1 Phytochemical analysis of LPAF  

Throughout the fractionation and isolation of LPAF, the percentage cell viability against 

H2O2-induced oxidative damage assessed by MTT assay was compared as shown in 

Figure 33. Two known proanthocyanidins were isolated and identified from LPAF662 

and LPAF762 namely AC trimer (Figure 34) and (+)-catechin (Figure 35), respectively, 

by evaluating the 1H-NMR and 13C-NMR spectroscopic data with literature values 

(Nonaka et al., 1981; Nonaka et al., 1983; Cren-Olivé et al., 2002) as shown in Table 5-

8. Also, coupling constant and chemical shift values were compared to the literature 

values (Nonaka et al., 1983) in order to verify the isomer type of (+)-catechin. 
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a) 
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b) 

 

 

Figure 32. Effect of LPAF on cell cycle event in NG108-15 cells. Cells were pretreated with LPAF 
followed by H2O2-induced oxidative damage. Cellular DNA was stained with PI solution and flow 
cytometric analysis was carried out. a) Histograms acquired from PI staining and the M1, M2, M3, and 
M4 regions are corresponding to the cell population with sub-G1, G1, S, and G2/M DNA content, 
respectively. b) Cell cycle distribution by LPAF upon the oxidative damage induction by H2O2. Asterisk 
(*) represented significantly different value from H2O2 treated group (P<0.01). Data shown are mean ± SE 
of at least two independent experiments with minimum three replicates each. 
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Figure 34. AC trimer isolated from L. parasiticus 
 
 

 

 

OH

OH

HO O

OH

OH

2

4
7

8
9

10

2'

5'
6'

 

 

Figure 35. (+)-Catechin isolated from L. parasiticus 
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Table 5. 1H-NMR spectroscopic data of AC trimer 
 

 
 δH 

 Experimental Literature 

H-2 4.88 d (6.0) 4.91 d (6.0) 

 
 
 

Table 6. 13C-NMR spectroscopic data of AC trimer 
 

 
 δC 

 Experimental Literature 

C-2 81.6 81.7 

C-3 67.5 67.8 

C-10 101.4 101.5 

C-2' 76.6 76.7 

C-3' 71.3 71.5 

C-4' 36.8 36.7 

C-10' 100.7 100.5 

C-2" 76.6 76.7 

C-3" 72.8 72.8 

C-4" 36.8 36.7 

C-10" 100.7 100.5 
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Table 7. 1H-NMR spectroscopic data of (+)-catechin 
 
 

 δH 

 Experimental Literature 

H-2 4.50 d (7.8)  4.57 d (8) 

H-3 3.95 m 3.99 m 

H-4a   2.48 dd (8.7, 15.9) 2.52 dd (8.0, 16.0)   

H-4b  2.88 dd (5.4, 15.9) 2.92 dd (6.0, 16.0)  

H-6 5.83 d (2.4) 5.86 d (2.0)  

H-8 5.99 d (2.4) 6.02 d (2.0)  

H-2' 6.87 d (1.8)  6.75-6.96 m 

H-5' 6.77  d (8.1)  6.75-6.96 m 

H-6' 6.71 dd (2.1, 8.1)  6.75-6.96 m 

 
 
 
Table 8. 13C-NMR spectroscopic data of (+)-catechin 
 
 

 δC 

 Experimental Literature 

C-2 82.4 83.0 

C-3 68.0 68.9 

C-4 28.7 28.6 

C-5 157.1 157.7 

C-6 95.9 96.4 

C-7 157.5  157.9 

C-8 95.0 95.6 

C-9 156.6 157.0 

C-10 100.3 100.9 

C-1' 131.7 132.3 

C-2' 115.1 115.4 

C-3' 145.6 146.4 

C-4' 145.5 146.3 

C-5' 115.5 116.2 

C-6' 119.8 120.2 
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4.4.2 (+)-Catechin exerted stronger neuroprotective activity compared to AC     

         trimer by showing a higher precentage cell viability after H2O2 insult  

Neuroprotective activites of the isolated AC trimer and (+)-catechin were assessed with 

varying concentrations of 0.01-1.00 mM in NG108-15 cells. Results demonstrated that 

both isolated proanthocyanidins significantly (P<0.01) alleviated H2O2-induced 

oxidative damage by increasing percentage cell viability of 93.38 + 2.36 and 102.41 + 

3.89 for AC trimer and (+)-catechin, respectively at their highest treatment 

concentration as shown in Table 9. (+)-Catechin possessed a stronger neuroprotective 

activity than AC trimer in the present neuroprotection model.  

 

4.5 Neuroprotective mechanism elucidation on (+)-catechin  

 

4.5.1 Effect of (+)-catechin on apoptotic markers  

 

4.5.1.1 (+)-Catechin reduced reactive oxygen species formation  

In order to ascertain the neuroprotective mechanism exerted by (+)-catechin, we first 

introduced the DCF-DA probe to check the H2O2-induced intracelular reactive oxygen 

species level. Upon 10 h treatment, H2O2 increased reactive oxygen species production 

in NG108-15 cells. However, (+)-catechin significantly (P<0.01) mitigated the H2O2-

induced reactive oxygen species generation, indicating a substantial neuroprotection 

against oxidative stress. Interestingly, a dose-dependent neuroprotective effect was 

afforded by (+)-catechin as shown in Figure 36.  
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Table 9. Neuroprotective activities of two isolated proanthocyanidins from LPAF namely AC trimer and 
(+)-catechin following H2O2 insult in NG108-15 cellsa 
 

Group Cell viability (%)b 

 
Control 

 
100 

 
 
H2O2

c 
 

47.73 + 2.72# 
 

 
AC trimer 
 
0.01 mM 
 
0.05 mM 
 
0.10 mM 
 
0.50 mM 
 
1.00 mM 
 

 
 
 

61.74 + 2.16* 
 

77.21 + 2.16* 
 

88.18 + 1.69* 
 

92.51 + 2.84* 
 

93.38 + 2.36* 
 

 
(+)-Catechin 
 
0.01 mM 
 
0.05 mM 
 
0.10 mM 
 
0.50 mM 
 
1.00 mM  
 

 
 
 

65.34 + 2.56* 
 

76.19 + 2.36* 
 

81.88 + 2.22* 
 

99.07 + 2.12* 
 

102.41 + 3.89* 
 

 
Resveratrold 

 
78.49 + 1.09* 

 
 

a NG108-15 cells were pretreated with proanthocyanidins (0.01 mM-1.00 mM) for 2 h. Cells were then       
  exposed to 2.0 mM H2O2 for 10 h. After desired incubation period, cells were assessed by MTT to    
  measure the percentage cell viability after oxidative stress-induced neuronal damage; 
b Cell viability was determined by MTT assay; 
c H2O2 treated alone group differed significantly from the untreated control group at the level of # p <    
  0.01; 
d Resveratrol as positive control. 
 
The values shown are the means ± SE of at least two independent experiments with minimum three 
replicates each. Results differ significantly from H2O2 treated group compared to untreated control group: 
# p < 0.01, and significantly from H2O2 treated group compared to the proanthocyanidins pretreatment 
group:  * p < 0.01.  
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Figure 36. Effect of (+)-catechin on H2O2-induced reactive oxygen species formation in NG108-15 cells. 
DCF-DA fluorescent probe was introduced to detect the intracellular reactive oxygen species level. Cells 
were pretreated with (+)-catechin followed by H2O2-induced oxidative damage. Asterisk (*) represented 
significantly different value from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two 
independent experiments with minimum three replicates each. 
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4.5.1.2 (+)-Catechin alleviated externalization of phosphatidylserine  

Low level of oxidative stress causes apoptosis wheareas higher level of oxidative stress 

triggers the occurrence of necrosis (Dypbukt et al., 1994). Therefore, we checked the 

plasma membrane integrity of the phosphatidylserine externalization as one of the early 

apoptosis hallmark event in NG108-15 cells. Results revealed that untreated control 

group showed the total percentage annexin V positive (early and late apoptotic) 

population of 5.10 + 0.20, via fluorescent activated cell sorting (FACS) analysis. After 

10 h exposure to H2O2, the percentage of population in early and late apoptosis 

increased to 62.88 + 0.07 (Figure 37a). Nevertheless, 2 h pretreatment with 0.1 mM, 0.5 

mM, and 1.0 mM (+)-catechin prior to H2O2 exposure reduced dose-dependently the 

total annexin V population to 30.25 + 0.29 %, 18.89 + 0.37 %, and 14.45 + 0.26 %, 

respectively as shown in Figure 37b. (+)-Catechin significantly (P<0.01) reversed the 

H2O2-induced externalization of phosphatidylserine effects, representing its potential 

neuroprotective role in preventing apoptosis challenged by H2O2. 

 

 

 

 

 

 

 

 

 

 

 

 



101 
 

a) 
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b) 

 

Figure 37. Effect of (+)-catechin on the phosphatidylserine externalization in NG108-15 cells. Dual 
staining of annexin V/PI was employed in the investigation of phosphatidylserine externalization. Cells 
were undergoing 2 h pretreatment with (+)-catechin and subsequently 10 h H2O2-induced oxidative 
damage. a) Flow cytometric fluorescence patterns of annexin V/PI dual labeling. b) Percentage of annexin 
V positive cells upon 2 h pretreatment with (+)-catechin. Asterisk (*) represented significantly di fferent 
value from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent 
experiments with minimum three replicates each. 
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4.5.1.3 (+)-Catechin attenuated dissipation of mitochondrial membrane potential  

Other than the externalization of phosphatidylserine, dissipation of mitochondrial 

membrane potential has also been demonstrated to be one of the early apoptosis 

hallmarks in various studies (Zamzami et al, 1995). JC-1 probe was applied to check the 

disruption of mitochondrial membrane potential in NG108-15 cells. Results showed that 

upon the oxidative damage induction of H2O2, there was a fluorescence signal shift 

from the upper right quadrant to the lower right quadrant resulting in the H2O2 treated 

cells having lower red fluorescence signal than the untreated control cells, showing the 

dissipation of mitochondrial membrane potential. Nevertheless, this observation was 

attenuated dose-dependently by 2 h pretreatment with (+)-catechin as shown in Figure 

38a. Pretreatment with 1.0 mM (+)-catechin significantly (P<0.01) opposed the effect of 

H2O2-induced depolarization of mitochondrial membrane potential as shown by JC-1 

fluorescence ratio (Figure 38b). 
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a) 
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b) 

 

Figure 38. Effect of (+)-catechin on mitochondrial membrane potential in NG108-15 cells. Cells were 
pretreated with (+)-catechin followed by H2O2-induced oxidative damage. Upon desired treatment, cells 
were stained with JC-1 probe and analyzed via flow cytometry. a) Flow cytometric fluorescence patterns 
of JC-1 staining. b) Fluorescence ratio of red (585nm)/green (530nm), expressed as percentage of control, 
indicated the ratio of high/low mitochondrial membrane potential. Asterisk (*) represented significantly 
different value from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent 
experiments with minimum three replicates each. 
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4.5.1.4 (+)-Catechin blocked accumulation of subG1-cells  

We further investigated the cell cycle progression to check the DNA degradation as 

revealed in sub-G1 peak in cell cycle DNA histogram. PI fluorescent dye was applied to 

identify dead cells in a population. We found that in cells treated with 10 h H2O2 alone, 

the sub-G1 population elevated to 40.26 + 0.34 % compared with 1.83 + 0.12 % of 

untreated control population, which was accompanied by a decrease in G2/M population 

in H2O2 treated group compared with untreated control group (Figure 39a). However, 2 

h pretreatment with 1.0 mM (+)-catechin significantly (P<0.01) opposed the H2O2-

induced increase in sub-G1 peak effects by giving 18.60 + 0.55 % in sub-G1 population, 

signifying the neuroprotective potential of (+)-catechin by halting the cell cycle arrest at 

sub-G1 phase, as shown in cell cycle DNA histogram (Figure 39a). 

 

4.5.2 Effect of (+)-catechin on intracellular antioxidant enzymes  

 

4.5.2.1 (+)-Catechin improved SOD enzyme activity  

SOD catalyzes the dismutation of O2
− to form H2O2, which in turn is decomposed to 

H2O and oxygen by GPx. These enzymes work together to protect the cells from 

oxidative stress. 10 h induction of H2O2 showed a substantial decrease in SOD enzyme 

activity, revealing the H2O2-induced oxidative damage in the present model (Figure 40). 

The H2O2-induced reduction of SOD activity prompted the cells to be more accessible 

to oxidative damage. However, SOD enzyme activity was improved significantly 

(P<0.01) in cells pretreated with (+)-catechin (Table 10), presenting the neuroprotection 

role of (+)-catechin in attenuating H2O2-induced oxidative damage. 

 

 

 



107 
 

a) 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

b) 

 

 
Figure 39. Effect of (+)-catechin on cell cycle distribution in NG108-15 cells. Cells were pretreated with 
(+)-catechin followed by H2O2-induced oxidative damage. Upon treatment, cells were stained with PI 
solution and analyzed using flow cytometry. a) DNA histograms acquired from PI staining. b) Cell cycle 
distribution by (+)-catechin against H2O2 insult in NG108-15 cells. Asterisk (*) represented significantly 
different value from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent 
experiments with minimum three replicates each. 
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Figure 40. Effect of (+)-catechin on SOD activity in NG108-15 cells. Cells were pretreated with (+)-
catechin for 2 h and subsequently by H2O2-induced oxidative damage for 10 h. Upon desired treatment, 
cells were harvested, rinsed, and centrifuged to obtain the supernatant for SOD activity assay. EGCG was 
used as positive control in the present experiment. Asterisk (*) represented significantly different value 
from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent experiments 
with minimum three replicates each. 
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4.5.2.2 (+)-Catechin increased GPx enzyme activity  

GPx catalyzes the reduction of H2O2 to H2O and O2 at the expense of GSH. In another 

word, the increase in GPx enzyme activity advocates the more GSSG is being reduced 

to GSH. We found that the GPx enzyme activity was greatly reduced upon the 10 h 

H2O2-induced oxidative damage as compared to untreated control group (Figure 41). 

Conversely, GPx activity was significantly (P<0.01) improved in a dose-dependent 

manner by 2 h pretreatment with (+)-catechin (Table 10), indicating the elevation in 

GSH recycling by (+)-catechin-induced GPx enzyme activity. 

 

4.5.3 Effect of (+)-catechin on gene expression analysis 

 

4.5.3.1 (+)-Catechin decreased the expression of Bax, increased the expression of  

            Bcl-2, and reduced the ratio of Bax/Bcl-2  

Mitochondria are primary cellular source of reactive oxygen species as they generate 

huge numbers of oxidation-reduction reactions and consume massive amounts of 

oxygen. Thus, mitochondria are critical to brain cell in response to oxidative stress, with 

multiple pivotal roles such as ATP production, free radicals generation, and apoptosis 

regulation. Bcl-2 family members, namely Bcl-2 and Bax play an essential role in the 

interference of mitochondrial membrane potential and the effect of (+)-catechin on 

mitochondrial membrane potential have been demonstrated earlier, we therefore 

analyzed the gene expression of Bax and Bcl-2 in regards to the present neuroprotective 

activity exerted by (+)-catechin. Our results showed that H2O2 increased Bax and 

decreased Bcl-2 expression in H2O2 treated cells whereas a significant (P <0.01) 

reversed effect was observed in (+)-catechin pretreated cells (Figure 42a; Figure 42b). 

The decrease in Bax and increase in Bcl-2 expression significantly (P <0.01) decline the 
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Bax/Bcl-2 ratio (Figure 42c), indicating neuroprotective role afforded by (+)-catechin in 

NG108-15 cells. 

 

4.5.3.2 (+)-Catechin attenuated the induction of chemokine CCL21  

Neuronal chemokine CCL21, a microglia-activating chemokine, is exclusively found in 

endangered neurons in brain region which plays a vital role in neuron-microglia 

communication. Since chemokine CCL21 has been demonstrated to be overexpressed in 

endangered neruons (Biber et al., 2001) and (+)-catechin is known to exhibit potent 

antioxidative and neuroprotective effects, therefore, we evaluated the role of (+)-

catechin on chemokine CCL21 expression against H2O2-induced oxidative damage 

insult. Q-PCR result revealed a substantial increase in the expression of chemokine 

CCL21 in H2O2 treated cells as compared to untreated control cells. Reversely, 2 h 

pretreatment with (+)-catechin significantly (P <0.01) decreased the expression of 

chemokine CCL21 (Figure 43), showing a novel (+)-catechin-mediated neuroprotection 

via the regulation of chemokine CCL21 against oxidative damage induced by H2O2. 

 

 



112 
 

 

Figure 41. Effect of (+)-catechin on GPx activity in NG108-15 cells. Cells were pretreated for 2 h with 
(+)-catechin and subsequently to induce oxidative damage for 10 h by H2O2. Upon desired treatment, 
cells were harvested, rinsed, and centrifuged to obtain the supernatant for GPx activity assay. EGCG was 
used as positive control in the present experiment. Asterisk (*) represented significantly di fferent value 
from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent experiments 
with minimum three replicates each. 
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Table 10. Alterations in the activities of SOD and GPx by (+)-catechina and EGCGb following H2O2 
exposure in NG108-15c cells 

 

 
Group SOD Activity (% 

Inihibtion) 
GPx Activity 

(nmol/min/ml) 
Control 88.72 + 0.20 165.68 + 6.20 
 
H2O2 

 
18.85 + 0.85 

 
24.52 + 5.35 

 
(+)-Catechin 

 
86.84 + 1.47 * 

 
104.99 + 5.93 * 

 
EGCG 

 
88.14 + 0.58 * 

 
130.72 + 4.59 * 

   
 

a (+)-Catechin: The most neuroprotective compound isolated from LPAF. 

b EGCG as standard positive control. 

c NG108-15 cells were pretreated with (+)-catechin (0.10 mM-1.00 mM) for 2 h and   exposed to 2.0 mM    
  H2O2 for subsequent10 h.  
 
Values shown are means ± SE of at least two independent experiments with minimum three replicates 
each. Results differ significantly from H2O2 treated group compared with (+)-catechin pretreated group: * 
p < 0.01. 
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a) 
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b) 
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c) 

 

Figure 42. Effect of (+)-catechin on the Bcl-2 and Bax gene expression levels in NG108-15 cells. Upon 
treatment, cells were harvested, rinsed, and pelleted. Total RNA was extracted subsequently and 
subjected to one-step SYBR Green relative Q-PCR analysis. a) Relative gene expression level of Bax 
which was normalized against HMBS expression by 2–ΔΔCT formulation. b) Relative gene expression level 
of Bcl-2 which was normalized against HMBS expression by 2–ΔΔCT formulation. c) Bar chart 
presentation of Bax/Bcl-2 ratio analyzed from Q-PCR. Asterisk (*) represented significantly di fferent 
value from H2O2 treated group (P<0.01). Data shown are mean ± SE of at least two independent 
experiments with minimum three replicates each. 
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Figure 43. Effect of (+)-catechin on chemokine CCL21 gene expression level in NG108-15 cells. Cells 
were harvested, rinsed, and pellected after desired treatment. Total RNA was isolated subsequently and 
subjected to one-step SYBR Green relative Q-PCR analysis. Bar chart showed relative gene expression 
level of chemokine CCL21 which was normalized against HMBS expression by 2–ΔΔCT formulation. 
Asterisk (*) represented significantly di fferent value from H2O2 treated group (P<0.01). Data shown are 
mean ± SE of at least two independent experiments with minimum three replicates each. 
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4.5.4 Effect of (+)-catechin on protein expression level 

 

4.5.4.1 (+)-Catechin downregulated Bax expression and upregulated Bcl-2    

            expression  

Next, we employed immunofluorescence staining using flow cytometric approach to 

verify the Bcl-2 and Bax expression in individual cells. As compared with H2O2 treated 

cells, (+)-catechin pretreated cells profiles shifted to the left in Bax histogram (Figure 

44a) whereas (+)-catechin pretreated cells profiles shifted to the right in Bcl-2 

histogram (Figure 44b). These immunofluorescence associated-results were in 

agreement with the gene expression outcomes obtained from Q-PCR, showing that Bax 

was downregulated and Bcl-2 was upregulated upon the 2 h pretreatment with (+)-

catechin following H2O2-induced oxidative damage insult.  

 

4.5.4.2 (+)-Catechin downregulated the expression of chemokine CCL21 

Subsequently, we further analyzed the expression of chemokine CCL21 in individual 

cell by flow cytometric immunofluorescence staining detection. We observed a shift to 

the left in (+)-catechin pretreated cells profiles in CCL21 histogram as compared with 

H2O2-treated cells (Figure 45) which was consistent with CCL21 gene expression result 

from Q-PCR. Respectively, these findings reflected the novel chemokine CCL21 

mediated-neuroprotective pathway as demonstrated by (+)-catechin in the 

downregulation of chemokine CCL21 against H2O2-induced oxidative damage in 

NG108-15 cells.   
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a) 

 

b) 

 

Figure 44. Effect of (+)-catechin on Bcl-2 and Bax protein expression in NG108-15 cells. Cells were 
washed, fixed and permeabilized using intracellular flow cytometry system. Intracellular levels of Bcl-2 
and Bax were subsequently stained directly and examined via flow cytometry. Representative overlay of 
histograms showing a) Bax and b) Bcl-2-associated immunofluorescence. 
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Figure 45. Effect of (+)-catechin on CCL21 protein expression in NG108-15 cells. Upon treatment, cells 
were washed, fixed and permeabilized using intracellular flow cytometry system. Lightning-LinkTM 
fluorescein conjugation kit was employed in CCL21 direct conjugation staining and analyzed using flow 
cytometry. Representative overlay of histogram showing chemokine CCL21-associated 
immunofluorescence. 
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CHAPTER 5 

DISCUSSION 

 

NG108-15, a mouse neuroblastoma-rat glioma hybridoma cell line, has been 

utilized extensively as a neuronal model in electrophysiology and pharmacology 

research by possessing both neuronal and glial properties. Among a great variety of 

reactive oxygen species, H2O2 is known to be generated from nearly all sources of 

oxidative stress in biological condition. Due to its high membrane permeability, 

exogenous H2O2 causes oxidative stress by entering cellular membrane and leads to the 

generation of highly oxidizing, tissue-damaging radicals such as OH•, which is able to 

induce toxicity to the cellular system. Therefore, H2O2 was selected to induce oxidative 

damage in the present NG108-15 neuroprotection model.  

L. parasiticus, a traditional medicinal herb which is known as a supplement for 

brain diseases was investigated for its antioxidative and neuroprotective ability. DPPH 

free radical scavenging assay was carried out initially. DPPH, a free radical with an 

unpaired electron, has been used broadly for the elucidation of antioxidant activity. Due 

to the unpaired electron, DPPH in ethanol gives a deep color as it absorbs strongly at 

517 nm. After the unpaired electron paired off, decolorization occurred as the 

absorption vanishes, and this is proportional to the number of electrons taken up (Blois, 

1958). When DPPH is being scavenged by an antioxidant, it accepts an electron from 

the antioxidant and becomes a stable yellow substance known as 2,2-diphenyl-1,2-

picryhydrazyl. The extent of this reaction depends on the hydrogen or electron donating 

capability of the antioxidant. In the present study, LPAF showed the highest DPPH 

radical scavenging activity as shown in Table 4. Even at a low concentration of 16.82 + 

0.27 μg/mL, LPAF exhibited 50 % antioxidant activity. LPEE possessed the second 
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highest DPPH radical scavenging activity, followed by LPEAF with the IC50 value of 

20.51 + 0.18 μg/mL and 55.66 + 0.55 μg/mL, respectively (Figure 22). 

In reducing power assay, the presence of antioxidant reduces ferricyanide ions to 

ferrocyanide ions, which further react with ferric chloride to form ferric ferrocyanide. 

This Fe3+-Fe2+ transformation gives rise to the Prussian blue complex that absorbs light 

at 700 nm. The intensity of the colored complex increased with the electron or hydrogen 

donating ability from the antioxidant. Figure 23 reveals the absorbance of L. parasiticus 

extract and fractions (LPEE, LPEAF, and LPAF) at various concentrations. LPAF 

exhibited the strongest DPPH free radical scavenging activity as well as reducing power 

activity compared to LPEE and LPEAF. Hence, LPAF might have the ability to reduce 

both free radicals and ferric ions, which may due to the main constituents consisting of 

phenolic acids, polyphenols which are primarily flavonoids and flavonoid glycosides.  It 

has been reported that flavonoids and phenolic acids are the sources of antioxidants in 

plants (Cook and Samman, 1996). However, LPEE which showed a much lower 

antioxidant activities may due to the composition of chlorophylls, chlorophyll 

derivatives, and luteins. LPAF exhibited the strongest reducing power compared to the 

other fractions but its reducing power was lower than BHT, the standard positive 

control. Nevertheless, these data indicate that LPAF had a higher potential to act as a 

reductant or antioxidant. 

Lipid peroxidation inhibitory assay was performed subsequently to determine 

the amount of malondialdehyde formation, in which malondialdehyde is a breakdown 

product of lipid peroxides (Jentzsch et al., 1996). In the presence of acid and heat, 

malondialdehyde reacts with TBA to produce a red pigment which has a peak 

wavelength at 530 nm (Janero, 1990). Since the reaction is not specific to 

malonaldehyde and therefore results are reported as TBA reactive substances. The 

present TBA reactive substances assay utilized egg yolk as lipid substrate. It is known 



123 
 

that linoleic acid and linolenic acid are two of the polyunsaturated fatty acids present in 

this substrate. Upon reaction with oxygen, these fatty acids produce malonaldehyde 

which reacts with TBA producing a pink color. Results indicated that LPAF was again 

possessed the highest inhibitory effects towards lipid peroxidation by exhibiting the 

lowest IC50 value of 1.05 + 0.04 mg/mL. On the other hand, LPEE also inhibited lipid 

peroxidation as indicated by low color formation with TBA. However, LPEAF yielded 

the highest IC50 value, showing the least inhibition towards the oxidative degradation of 

lipids among LPAF and LPEE (Figure 24). 

Phenolic compounds are chemical compounds that comprise hydroxyl group 

attached to an aromatic hydrocarbon group. Among the natural antioxidants isolated 

from various plants, phenolic compounds are in the forefront due to their wide 

distribution in the plant kingdom (Duan et al., 2006). There are many types of phenolic 

compounds found in plants, such as simple phenolics, flavonoids, anthocyanins, 

phenolic acids, and, hydroxycinnamic acid derivatives. Every phenolic compound 

possesses the structural requirements of free radical scavengers and serves as potent 

antioxidant in food (Duan et al., 2006). Folin-Ciocalteu’s phenol reagent, a mixture of 

phosphotungstate and phosphomolybdate has been widely employed for the 

colorimetric assay of polyphenolic as well as phenolic antioxidants (Singleton et al., 

1999). It reacts with phenolic compounds to generate chromogens which can be 

detected using spectrophotometer. Color development is caused by the transfer of 

electrons at basic pH to decrease the phosphomolybdate and phosphotungstate 

complexes and produce chromogens where the metals have lower valence. In this study, 

a comparison between LPEE, LPEAF, and LPAF for their total phenolic content was 

assayed at 100 μg/mL as shown in Table 4. LPAF possessed the highest total phenolic 

content by giving 56.51 + 1.43 GAE/gDW, followed by LPEE and LPEAF with 52.08 + 

1.76 GAE/gDW and 18.82 + 0.53 GAE/gDW, respectively. Hence, the highest antioxidant 
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ability exhibited by LPAF may due to the phenolic compounds which were found to be 

present the most in LPAF. 

It is well acknowledged that neurodegeneration such as in ischemic stroke, 

Alzheimer’s disease and Parkinson’s disease, is closely associated with neuronal 

damage which is mediated by free radicals-induced oxidative stress. The remarkable 

antioxidative effect of L. parasiticus has led to the investigation of its relevancy in 

neuroprotection. Neuroprotective effect of LPEE, LPEAF, and LPAF were assessed by 

MTT cell viability assay. MTT is a yellow color tetrazolium salt which can be 

converted into insoluble purple formazan via mitochondrial enzyme present solely in 

living cells, succinate dehydrogenase (Lee et al., 2004). Thus, the amount of purple 

formazan formed is directly proportional to the number of viable cells (Van de 

Loosdrecht et al., 1994). The decrease in cell viability is due to the conversion of H2O2 

into OH• through the Fenton reaction in cells. OH•, which in turn, damage the proteins, 

lipids and DNA of the cells, resulting in the cell damage followed by cell death. As 

determined by MTT assay, 10 h exposure of NG108-15 hybridoma cells to 2.0 mM 

H2O2 significantly (P<0.01) revealed oxidative damage (Figure 25). LPAF and LPEE 

showed significantly (P<0.01) ability to protect cell death induced by H2O2 with 78.00 + 

1.85 % and 67.23 + 1.85 % cell viability at 100 μg/mL treatment concentration, 

respectively. LPAF exhibited stronger neuroprotective effect compared with LPEE 

which may due to the stronger antioxidant capability possessed by LPAF that shown 

previously and the presence of higher total phenolic content compared with LPEE. A 

dose-dependency was observed in cells pretreated with both LPAF and LPEE (Figure 

26) but the neuroprotective effect of LPEAF was not observed with the percentage cell 

viability of 45.78 + 0.91 at 100 μg/mL treatment concentration which may due to the 

weak antioxidative activities and low phenolic content presented in LPEAF. 
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LPAF exhibited the highest neuroprotective activity and presented obvious 

radical scavenging activity against DPPH with the IC50 value of 16.82 + 0.27 μg/mL, 

indicating that LPAF may be a potent neuroprotectant owing to its free radical 

scavenging activity. LPAF also exhibited strongest reducing power ability and lipid 

peroxidation inhibitory activity. Moreover, total phenolic content screening showed that 

LPAF yielded the highest phenolic content of 56.51 + 1.43 GAE/gDW which may 

explain the highest presence of phenolic compounds in LPAF that possessed the 

strongest antioxidative and neuroprotective activities due to the reactivity of metal ion 

chelating properties, electron- as well as hydrogen-donating agents (Rice-Evans et al., 

1996), and may be the occurrence of synergistic effects from phenolic compounds 

contained in LPAF that contributes to the potent antioxidant and neuroprotection ability. 

The presence of the highest phenolic content of LPAF demonstrated the strongest 

antioxidant capacity compared with LPEE and LPEAF, showed a consistency with 

many researchers who revealed such positive correlation between antioxidative activity 

and total phenolic content (Cai et al., 2004; Tawaha et al., 2007; Zheng and Wang, 

2001). Additionally, total phenolic concentration of medicinal plants is generally 

ranging from 0.23 GAE/gDW to 2.85 GAE/gDW (Zheng and Wang, 2001) while the 

phenolic content of LPAF found in our present study established substantial amount of 

phenolic concentration which contributed to the effective antioxidant activity.  

In view of that, we further analyzed the neuroprotective potential afforded by 

LPAF through the employment of several apoptosis markers. Apoptosis is initially 

characterized by morphological features, such as nuclear fragmentation and 

condensation (Kerr et al., 1972). Exogenous H2O2 has been reported to increase 

oxidative damage despite the neuroprotective ability of endogenous antioxidant defense 

system and subsequently to induce apoptosis or necrosis in cultured cortical neurons 

(Koh et al., 1995a; Koh et al., 1995b; Whittemore et al., 1995) and PC12 cell line (Tong 
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and Perez-Polo, 1996; Maroto and Perez-Polo, 1997). Nevertheless, low level of 

oxidative damage causes apoptosis whereas high level of oxidative damage triggers 

necrosis (Dypbukt et al., 1994). Hence, NG108-15 cells were stained with DAPI 

fluorescent dye to check the nuclear morphologies upon the pretreatment with LPAF 

following H2O2-induced oxidative damage insult. Results showed signs of nuclear 

shrinkage, fragmentation, and condensation in H2O2 treated cells while such 

morphological changes were not observed in cells pretreated with 1.0 mg/mL LPAF as 

shown in Figure 27.  This indicates the occurrence of apoptosis by H2O2 insult and 

LPAF showed a substantial neuroprotection against oxidative damage in NG108-15 

cells.  

Depletion and alteration of the intracellular GSH has been reported in the 

contribution of cellular apoptosis by rendering the cells to be more sensitive and 

susceptible to apoptotic agents (Macho et al., 1997). Thus, the intracellular GSH content 

was evaluated against H2O2-induced oxidative damage insult. A substantial loss in the 

intracellular GSH level was observed in H2O2 treated group. Nonetheless, pretreatment 

with LPAF for 2 h opposed the H2O2-induced GSH depleting effect, signifying the 

neuroprotective effect of LPAF against oxidative damage and moreover, a dose- 

dependent elevation in the intracellular GSH level with the increase in LPAF 

pretreatment concentration was observed as shown in Figure 28.  

Reactive oxygen species formation plays a vital role in the protection, function, 

and signaling of the immune system. During aerobic metabolism in cells, reactive 

oxygen species is regularly produced. Nevertheless, excessive formation of reactive 

oxygen species will initiate a condition called oxidative stress that overwhelms the 

intracellular antioxidant defense system and subsequently destroys the cellular system. 

In this investigation, DCF-DA, a cell permeable fluorescent probe was utilized to 

determine the levels of intracellular reactive oxygen species induced by exogenous 
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H2O2. From the results obtained, LPAF significantly (P <0.01) decreased the reactive 

oxygen species production by H2O2 as shown in Figure 29. Nonetheless, DCF positive 

population was observed in the untreated control group as well, due to the reason in 

which, H2O2 formed as a natural byproduct of enzymatic oxidase action and serves as 

an endogenous source of free radicals that contributes to the background level of 

cellular oxidative stress (Halliwell, 1992; Richardson et al., 1992). Interestingly, when 

treated with high concentrations of H2O2, DCF positive population was not observed but 

an increase in PI positive population was found. This is probably due to the high degree 

of H2O2 that causes the event of necrosis in NG108-15 cells (Dypbukt et al., 1994). 

Pretreatment with LPAF exhibited a significant (P <0.01) decreased in DCF positive 

population as compared with H2O2 treated group, indicates its potential relevance in the 

management of reactive oxygen species-induced neurodegenerative disorders.   

The idea of using annexin V to detect apoptosis was derived from a cellular 

phenomenon, first described by Fadok et al. (1992). They have reported that the 

exposure of phosphatidylserine on the surface of apoptotic cells which was originally 

present in the inner leaflet of plasma membrane (Fadok et al., 1992). The event of 

phosphatidylserine externalization is one of the early apoptosis hallmark occruring well 

before the detection of DNA fragmentation and nuclear condensation microscopically. 

FITC-annexin V, a fluorescent dye that binds to the exposed phosphatidylserine to 

identify the early stage of apoptosis, has been employed in the detection of apoptotic 

cells (Koopman et al., 1994; Dumont et al., 2000). Flow cytometric analyses, 

monitoring the appearance of annexin V+/PI- apoptotic population, thereby carried out to 

examine whether H2O2-induced oxidative damage, occurring in the existence of LPAF 

pretreatment, exhibited this apoptotic feature. Results demonstrated that early apoptotic 

population (annexin V+/PI-) and late apoptotic population (annexin V+/PI+) were 

detected in H2O2 treated group as shown in Figure 30a. However, pretreatment with 
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LPAF for 2 h significantly (P <0.01) decreased the percentage of total annexin V 

positive population (early and late apoptotic cells) dose-dependently (Figure 30b) in 

which, the percentage of total apoptotic cells continued to reduce with the increasing 

concentrations of LPAF in NG108-15 cells.  

JC-1 fluorescent probe, one of the early apoptosis hallmarks was utilized in the 

evaluation of mitochondrial membrane potential via flow cytometry. In the 

mitochondria of healthy cells, with a high mitochondrial membrane potential, JC-1 

forms J-aggregates and emits red fluorescence. Upon the induction of apoptosis, with 

low mitochondrial membrane potential, JC-1 remains in the monomeric form and emits 

green fluorescence. For that reason, the ratio of red to green fluorescence determines the 

ratio of high to low mitochondrial membrane potential (Zamzami et al., 1995). JC-1 

fluorescent probe was applied to investigate the neuroprotective effect of LPAF on the 

H2O2-induced dissipation of mitochondrial membrane potential in the present 

neuroprotection model. In the untreated control group, JC-1 forms J-aggregates within 

the mitochondria, giving a higher level of red fluorescence signal, which corresponded 

to a polarized mitochondrial membrane potential and appeared in the upper right 

quadrant. Conversely, H2O2 treated group dramatically decreased the red fluorescent J-

aggregates signals, leading to a fluorescence signal shifted from the upper right 

quadrant to the lower right quadrant, presenting a disruption of mitochondrial 

membrane potential as shown in Figure 31a. H2O2 induced a rapid increment of cells 

with low mitochondrial membrane potential, causing the depolarization of 

mitochondrial membrane potential as shown by JC-1 fluorescence ratios (Figure 31b). 

Interestingly, H2O2-mediated low mitochondrial membrane potential was abrogated by 

LPAF in which, pretreatment with highest concentration of 1.0 mg/mL LPAF shifted 

the fluorescence signal from the lower right quadrant to the upper right quadrant, almost 

entirely reversing the H2O2-induced depolarization of mitochondrial membrane 
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potential. Altogether, these findings obviously showed that LPAF evoked a significant 

(P <0.01) suppression in the loss of mitochondrial membrane potential (depolarization) 

against H2O2-induced oxidative damage insult, representing the onset of 

neuroprotection afforded by LPAF.  

LPAF-mediated substantial neuroprotective effects were also observed in cell 

cycle progression event. Cell cycle arrest at sub-G1 phase in DNA histogram is an 

indication of apoptotic cells, representing cells with hypodiploid DNA content and this 

sub-G1 population was considered as apoptotic fraction (Darzynkiewicz et al., 1992). 

Results showed that H2O2-induced oxidative damage for 10 h in NG108-15 cells 

increased the sub-G1 population, as exhibited by the apoptotic peak which arrested at 

sub-G1 phase in DNA histogram. Conversely, 1.0 mg/mL LPAF pretreatment blocked 

the induction of cell cycle at sub-G1 phase, resulting in the inhibition of apoptosis 

(Figure 32a). 

Collectively, our findings advocated the significant (P <0.01) antioxidative and 

neuroprotective effects exerted by LPAF which draw our attention to isolate the most 

neuroprotective compound from LPAF. Throughout the neuroprotective activity-guided 

fractionation and isolation from LPAF, repeated sephadex LH-20 as well as diaion 

HP20SS columns were employed to isolate the most neuroprotective compound via 

MTT cell viability screening assay (Figure 33). The isolated compounds from LPAF 

were characterized mainly based on LC-MS and NMR. After comparing the 1H-NMR 

and 13C-NMR spectral data with literature values (Nonaka et al., 1981; Nonaka et al., 

1983), two known proanthocyanidins were isolated and identified from fractions 

LPAF662 and LPAF762, namely AC trimer (Figure 34) and (+)-catechin (Figure 35), 

respectively. Next, we continued to examine and compare the neuroprotective activity 

of AC trimer and (+)-catechin against H2O2-induced oxidative damage in NG108-15 

cells. Results showed that (+)-catechin revealed higher cell viability (102.41 + 3.89 %) 
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than AC trimer after 10 h H2O2 insult at the highest treatment concentration as shown in 

Table 9. Thus, as our continual study, we keep on to evaluate the possible 

neuroprotective mechanism affored by (+)-catechin in our present NG108-15 

neuroprotection model. 

(+)-Catechin, a natural proanthocyanidin or flavanol which belongs to a class of 

flavonoids, can be found abundantly in teas, cocoas, vegetables, fruits, and plants. (+)-

Catechin has been known for its various biological acivities in the context of 

pharmacology as well as neuropharmacology such as neuroprotection (Bastianetto et al., 

2000), treatment of viral hepatitis (Suzuki et al., 1986), antioxidant (Pedrielli et al., 

2001), anti-tumor (Wcyant et al., 2001) as well as anti-bacterial (Bais et al., 2002) 

properties. Nonetheless, the precise mechanism underlying neuroprotection afforded by 

(+)-catechin against oxidative stress circumstances stay ambiguous and less explored. 

Also, there is no report on the mechanism possessed by (+)-catechin in NG108-15 cells 

against H2O2-induced oxidative damage insult. In view of that, the possible 

neuroprotective mechanism against H2O2-induced oxidative damage by the isolated 

compound, (+)-catechin from LPAF in NG108-15 cells was discussed and demonstrated 

for the first time. 

In order to ascertain the neuroprotective effects exerted by (+)-catechin in 

NG108-15 cells, intracellular reactive oxygen species level was assessed initially via 

DCFH-DA fluorescent probe. DCFH-DA is a cell-permeable dye that diffuses through 

the cell membrane easily to form non-fluorescent DCFH by intracellular esterases and 

subsequently oxidized to highly fluorescent DCF rapidly in the existence of OH• 

(Hempel et al., 1999; Royall and Ischiropoulos, 1993). DCF fluorescence intensity is 

relative to the OH• amount that produced intracellularly. Since exogenous H2O2 is 

known to diffuse into cell nucleus and injure DNA by generating OH• in cultures (Chen 

et al., 2003), therefore, the intracellular reactive oxygen species level was investigated 
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to check if (+)-catechin could inhibit the H2O2-induced reactive oxygen species 

formation in the present model. From the results obtained, reactive oxygen species was 

markedly increased following H2O2 insult. Reactive oxygen species have been reported 

to serve in a range of cellular functions and receptor-mediated signal transduction 

events (Coffer et al., 1995; Huang et al., 1996; Knebel et al., 1996). Nevertheless, 

excessive reactive oxygen species formation causes the lipids, proteins, and DNA 

damage, leading to a cascade of inflammation and subsequently cell death. Our findings 

exhibited that (+)-catechin significantly (P<0.01) attenuated the effects of H2O2-induced 

reactive oxygen species generation in a dose dependent manner in NG108-15 cells, as 

shown in Figure 36.  

Apoptotic neuronal cell injury comprises the early stage of membrane 

phosphatidylserine externalization as well as the later stage of genomic DNA 

degradation (Maiese et al., 2009a; Maiese et al., 2009b). Phosphatidylserine refers to a 

phospholipid which is generally found in the inner leaflet of plasma membrane and 

externalized upon the onset of early apoptotic event. Therefore, FITC-labeled annexin 

V/PI double staining was introduced to evaluate the neuroprotective effects of (+)-

catechin on the early and late apoptotic NG108-15 cells against H2O2 insult. Results 

showed that untreated control group demonstrated the total annexin V positive (early 

and late apoptotic cells) population of 5.10 + 0.20 %, via FACS analysis. Upon the 10 h 

oxidative induction by H2O2, the percentage of total annexin V positive population 

increased to 62.88 + 0.07 %. Nevertheless, 2 h pretreatment with (+)-catechin prior to 

H2O2 exposure reduced the total annexin V positive population dose dependently to 

30.25 + 0.29 %, 18.89 + 0.37 %, and 14.45 + 0.26 %, respectively as shown in Figure 

37b. Hence, (+)-catechin significantly (P<0.01) reversed the H2O2-induced 

phosphatidylserine externalization effect to protect NG108-15 cells from oxidative 

damage.  
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The disruption of mitochondrial membrane potential represents one of the early 

apoptotic hallmarks during the onset of cellular apoptosis (Zamzami et al., 1995). JC-1, 

a lipophilic and cationic fluorescent dye was introduced to signal the loss of 

mitochondrial membrane potential. Results advocated a fluorescence signal shifted from 

the upper right quadrant to the lower right quadrant in 10 h H2O2 treated group as 

compared to untreated control group as shown in Figure 38a, resulting in a low red 

fluorescence signal which indicates the depolarization of mitochondrial membrane 

potential in H2O2 treated group. Nonetheless, 2 h pretreatment with (+)-catechin 

significantly (P<0.01) opposed the effect of H2O2-mediated dissipation of mitochondrial 

membrane potential in a dose dependent manner as shown in JC-1 fluorescence ratio 

(Figure 38b), signifying a substantial neuroprotective role of (+)-catechin in the 

regulation of mitochondrial membrane potential. 

Next, cell cycle distribution was evaluated by employing PI solution to 

determine the DNA content. PI is a fluorescent dye that binds to DNA to serve in the 

identification of dead cells in a population, which is usually excluded from viable cells. 

During the onset of cellular apoptosis, DNA fragmentation and degradation events 

occurred which can be detected as sub-G1 population peak in cell cycle DNA histogram 

(Darzynkiewicz et al., 1992). For this reason, we elucidate whether (+)-catechin could 

protect NG108-15 cells against H2O2-induced oxidative damage via cell cycle 

evaluation by determining the sub-G1 peak in DNA histogram. Flow cytometric analysis 

demonstrated that the sub-G1 population increased to 40.26 + 0.34 % in H2O2 treated 

group as compared with 1.83 + 0.12 % in untreated control group, accompanied by a 

decrease in G2/M population in H2O2 treated group (Figure 39a). Conversely, 2 h 

pretreatment with 1.0 mM (+)-catechin significantly (P<0.01) opposed the H2O2-

induced sub-G1 effect by presenting a drastic decrease in sub-G1 population (18.60 + 
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0.55 %), signifying the neuroprotective role of (+)-catechin by halting the cell cycle 

arrest at sub-G1 phase, as shown in DNA histogram (Figure 39a). 

Subsequently, the role of (+)-catechin in intracellular antioxidant enzymes, 

namely SOD and GPx was further analyzed in the present neuroprotection model. SOD 

is a metalloenzyme that catalyzes the dismutation of O2
- to form H2O2 and oxygen. 

H2O2 is then decomposed to H2O by GPx (McCord and Fridovich, 1969; Flohé et al., 

1972). Empirical studies revealed that each of these enzymes has their specific 

functional role in maintaining a global cell protection, and the optimal protection of 

cells could be achieved only when an appropriate balance between the activities of these 

enzymes is maintained (Hodgson and Fridovich, 1975; Spector, 1995). Results showed 

that 10 h oxidative insult by H2O2 was accompanied by the reduction of SOD and GPx 

enzyme activities. Nevertheless, 2 h pretreatment with (+)-catechin significantly (P 

<0.01) increased the SOD and GPx enzyme activities against H2O2 insult (Figure 40; 

Figure 41; Table 10). These results probably can be explained by the free radical 

scavenging effects and the rapid recycling of GSSG to GSH triggered by (+)-catechin 

which leads to a significant (P<0.01) increase in SOD and GPx activities, respectively. 

Hence, we addressed that the induction of intracellular antioxidant enzymes namely 

SOD and GPx, as well as the restoration of intracellular GSH participating in the 

neuroprotective activity exerted by (+)-catechin in NG108-15 cells. 

On the other hand, Bcl-2 family members have been implicated in numerous 

neuropathological conditions as a key regulator in neuronal cell death. Bcl-2, an anti-

apoptotic molecule is the prototypical member of the Bcl-2 family (Korsmeyer, 1999). 

Bcl-2 plays a crucial role in the regulation of neuronal programmed cell death through 

several experimental approaches (Mah et al., 1993; Farlie et al., 1995; Allsopp et al., 

1993; Garcia et al., 1992; Martinou et al., 1994). Hence, overexpression of Bcl-2 has 

evidently demonstrated a significant inhibition of neuronal cell death as well as to 
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promote neuronal survival. Adversely, Bax as a pro-apoptotic molecule reverses the 

action of Bcl-2. Bax was initially identified as a binding partner for Bcl-2 (Oltvai et al., 

1993). Bax regulates the release of cytochrome c from mitochondria via the 

mitochondrial transition pore formation (Ju¨rgensmeier et al., 1998; Narita et al., 1998). 

Also, there is evidence advocating that Bcl-2 maintained the mitochondrial integrity, 

whereas Bax damaged the mitochondrial integrity leading to the loss in mitochondrial 

membrane potential (Sharpe et al., 2004), which in turn triggered neuronal programmed 

cell death. As a result, Bax/Bcl-2 ratio measures a cell’s life and death vulnerability in 

response to apoptosis and therefore, directing the cell either to continue to survive or to 

undergo cell death (Chang et al., 2005; Wall et al., 1999). In view of that, since (+)-

catechin has been implicated in the interference of mitochondrial membrane potential in 

this study and therefore, mitochondria-mediated neuroprotective mechanism through the 

gene expression of Bcl-2 and Bax was investigated subsequently. From the results 

obtained via Q-PCR, H2O2 treated group demonstrated a marked increase in the Bax 

expression (Figure 42a) and a drastic decrease in the expression of Bcl-2 (Figure 42b). 

However, 2 h pretreatment with (+)-catechin reversed the effects of H2O2 treated group 

through the downregulation of bax and upregulation of Bcl-2, leading to a significant (P 

<0.01) reduction in Bax/Bcl-2 ratio (Figure 42c). Subsequently, immunofluorescence 

staining exhibited a shift to the left in Bax histogram and a shift to the right in Bcl-2 

histogram in (+)-catechin pretreated cells profiles (Figure 44), reflecting an increase and 

decrease of Bcl-2 and Bax-associated immunofluorescence which was in agreement 

with the gene expression outcome. Taken together, these results delivered the notion 

that (+)-catechin protects NG108-15 cells significantly (P <0.01) via the downregulation 

of Bax and upregulation of Bcl-2 against H2O2-induced oxidative damage in the present 

neuroprotection model. 
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Chemokines are small chemotaxis cytokines which regulate the peripheral 

immune cell trafficking under both pathological and physiological circumstances 

(Baggiolini, 1998; Moser and Loetscher, 2001; Rot and von Andrian, 2004). Apart from 

their chemotaxis effect on immune cells, chemokines have been known to serve in 

various cellular functions like tumor growth (Rossi and Zlotnik, 2000), metastasis 

(Zlotnik, 2006), asthma (Murray et al., 2006), angiogenesis (Benelli et al., 2006; 

Mackay, 2001), allergic (Pease and Williams, 2006), pain and analgesia (Rittner and 

Brack, 2006) as well as wound healing (Charo and Ransohoff, 2006; Kunkel, 1999). On 

the other hand, several studies have revealed that chemokines are also expressed in the 

central nervous system besides their existence in the periphery which plays a pivotal 

role in both pathological and physiological circumstances (Ubogu et al., 2006; Charo 

and Ransohoff, 2006; Bertollini et al., 2006). Therefore, chemokines constitutively exist 

in glial cells as well as neuronal cells in the brain, other than appearing and expressed 

during neuroinflammation circumstances. For that reason, chemokines might play its 

significant role in neuroprotection. Additionally, overexpression of chemokine CCL21 

has been evidenced in endangered neurons. In view of that, here for the first time, a 

novel neuroprotective role afforded by (+)-catechin via chemokine CCL21-mediated 

neuroprotective pathway against H2O2-induced oxidative damage in NG108-15 cells 

was speculated. Q-PCR results revealed an increase expression of chemokine CCL21 in 

H2O2-treated cells while a significant (P <0.01) decreased expression of chemokine 

CCL21 was observed upon 2 h pretreatment with (+)-catechin (Figure 43). This finding 

was in accordance with chemokine CCL21 immunofluorescence staining whereby a 

shift to the left was witnessed in CCL21 histogram in (+)-catechin pretreated cells 

profiles (Figure 45). Hence, chemokine CCL21 was overexpressed in H2O2-treated cells 

while (+)-catechin as a known powerful antioxidant and neuroprotectant candidate, 

presented a novel neuroprotective pathway by downregulating chemokine CCL21 
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against H2O2-induced oxidative damage in the present NG108-15 neuroprotection 

model, for the first time.         

Collectively, the present findings have demonstrated that L. parasiticus exerts 

substantial antioxidative effects through the DPPH free radical scavenging activity, 

reducing power activity, lipid peroxidation inhibitory activity and total phenolic content 

assessment. H2O2-induced apoptotic effect has been confirmed in our present NG108-15 

neuroprotection model. Also, L. parasiticus has been subsequently shown to exhibit 

signficant neuroprotective activity against H2O2-induced apoptotic cell death by 

inhibiting the H2O2-induced apoptotic nuclear morphological changes, attenuating the 

fall in intracellular GSH, decreasing intracellular reactive oxygen species formation, 

reducing apoptotic features such as externalization of phosphatidylserine, depolarization 

of mitochondrial membrane potential and appearance of sub-G1 apoptotic population, 

leading to the isolation of the most potent neuroprotective compound, (+)-catechin via 

the bioassay-guided fractionation approach. Our data revealed that (+)-catechin 

significantly protected cells by reducing H2O2-induced cell loss, decreasing the 

intracellular reactive oxygen species generation, mitigating the externalization of 

phosphatidylserine, attenuating the dissipation of mitochondrial membrane potential, 

blocking the cell cycle arrest at sub-G1 apoptotic fraction, increasing the intracellular 

antioxidant enzymes activity namely SOD and GPx, reducing the Bax/Bcl-2 ratio and 

downregulating the H2O2-induced overexpression of neuronal chemokine CCL21. The 

antioxidative and neuroprotective properties of L. parasiticus have been investigated 

and validated successfully in this present etiology, in which an antioxidant mediating 

free radical scavenging effect, various apoptotic markers in neuroprotection elucidation, 

and more importantly a novel role of neuronal chemokine CCL21 associated with 

neuroprotection signaling pathway has been established. Therefore, the present research 
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supports the use of L. parasiticus in treating and preventing neurodegenerative diseases 

where oxidative stress is implicated. 
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CHAPTER 6 

CONCLUSION 

 

According to the current neurobiology research, apparently the hectic 

environmental and lifestyle factors cause the formation of free radicals which 

subsequently leads to a condition known as oxidative stress. However, excessive 

oxidative damage prompts significant pathological changes in neuronal cells 

particularly in central nervous system. Therefore, a need in the management of free 

radical-induced oxidative damage is crucial to maintain the highest possible integrity in 

the brain. Here, we have demonstrated that L. parasiticus exhibited substantial 

antioxidative as well as neuroprotective activities against H2O2-induced oxidative 

damage in our present NG108-15 neuroprotection model. Moreover, a novel neuronal 

chemokine CCL21-mediated neuroprotective mechanism has been illustrated by the 

most potent isolated neuroprotective compound, (+)-catechin, for the first time. In view 

of that, these findings provide a basis for future studies to investigate the impact of (+)-

catechin on vesicle-mediated transport and release of chemokine CCL21 in oxidative 

damaged neurons, as well as to activate the microglia via chemokine receptor CXCR3, 

throughout the entire neuronal process. A clear and precise neuroprotective mechanism 

afforded by (+)-catechin to induce chemokine CCL21-mediated neuroprotection 

signaling pathway is recommended to provide a novel role of (+)-catechin in its 

contribution to neuroprotection via chemokine CCL21. 
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Appendix 1. Standard curve of GSH 
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Appendix 2. H represents 1H-NMR spectrum for AC Trimer 
 
 
 
 

 
 
 
Appendix 3. C represents 13C-NMR spectrum for AC Trimer 
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Appendix 4. H represents 1H-NMR spectrum for (+)-catechin 
 
 
 
 

 
 
 
Appendix 5. C represents 13C-NMR spectrum for (+)-catechin 
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Appendix 6. Amplification curve of Bax 
 
 

 
 
 
Appendix 7. Melt curve of Bax 
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Appendix 8. Standard curve of Bax 
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Appendix 9. Amplification curve of HMBS 
 
 

 
 
 
Appendix 10. Melt curve of HMBS 
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Appendix 11. Standard curve of HMBS 
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Appendix 12. Amplification curve of Bcl-2 
 
 

 
 
 
Appendix 13. Melt curve of Bcl-2 
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Appendix 14. Standard curve of Bcl-2 
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Appendix 15. Amplification curve of HMBS 
 
 

 
 
 
Appendix 16. Melt curve of HMBS 
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Appendix 17. Standard curve of HMBS 
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Appendix 18. Amplification curve of CCL21 
 
 

 
 
 
Appendix 19. Melt curve of CCL21 
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Appendix 20. Standard curve of CCL21 
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Appendix 21. Amplification curve of HMBS 
 
 

 
 
 
Appendix 22. Melt curve of HMBS 
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Appendix 23. Standard curve of HMBS 
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