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1. Defatted sesame seed water-soluble fraction 

Sesame (Sesamum indicum L.) is considered to be one of the oldest oilseed crops 

(Ram et al., 1990). Sesame belongs to the Lamiales order and Pedaliaceae family, which 

includes 17 genera. Sesamum genus includes 37 species and S. indicum is the most widely 

cultivated specie, however, some wild species such as S. angustifolium, S. calycium, S. baumii, 

S. auriculatum, S. brasiliense, S. malabaricum, S. prostratum, S. indicatum, S. radiatum, S. 

occidentale, and S. radiatum are cultivated in small areas in Africa and India. Those wild 

species despite their low oil content compared to S. indicum are used for plant breeding to 

contribute to ameliorate agronomic characters such as resistance to diseases, pests and 

drought (Hwang, 2005). 

Sesame is an annual self pollinating plant which grows best in tropical climates and 

depending on culture conditions and varieties it grows from about 0.5 to 2.5 m tall. The leaves 

are ovate growing alternately up the stem and are deeply veined; the flowers are bell-shaped, 

white with a hint of blue, red, or yellow and the fruits are elongated capsules about 2.5 cm 

length. Each plant may grow 15 to 20 fruits which contain 70 to 100 seeds (3 – 4 mm long 

and 1.5 – 2 mm wide). Sesame is grown for the production of its seed, which comes in a 

variety of colors from white, yellow, gray, red, and brown to black. In general, the light 

colored varieties of sesame seeds are more valued in West and Middle-East, while the black 

varieties are preferred in the Far East (Hwang, 2005; Chakraborthy, Sharma, and Kaushik, 

2008). 

The chemical composition of sesame seeds shows that it’s an important source of oil 

(44 to 58%); it also contains 18 to 25% of proteins, around 13.5% of carbohydrates, and 

around 5% of ash (Elleuch et al., 2007).  
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About 70% of the world’s production of sesame seeds is used for the extraction of oil, 

which is used as a food product and also used in the formulation of pharmaceutical and 

cosmetic preparations. In addition to sesame oil, in Asian countries such as Japan, Korea, and 

China, there are a wide variety of sesame seed products and a belief in their health benefits. 

While in Europe and USA whole sesame seeds are used as flavoring or garnish for baked and 

confectionary goods. In Mediterranean and Middle-East counties, slightly toasted sesame 

seeds are transformed to a paste used in salads or as a spread on bread (Moazzami, Haese, and 

Kamal-Eldin, 2007). 

Sesame is considered to be an important oil seed crop, not only because of its high 

content of lipid but also because of its resistance to oxidative rancidity despite its high content 

of unsaturated fatty acids; oleic and linoleic acid constitute around 80% of the total fatty acids 

in sesame oil (Hwang, 2005; Kumazawa et al., 2003; Kansoula and Liakopoulou-Kyriakides, 

2010). This oxidative stability has been attributed to the presence of tocopherols and also 

sesame lignans. Lignans are phenolic compounds widely distributed in plants. The major 

lignans in sesame seeds are the oil soluble sesamin and sesamolin, and other types of lignans 

such as sesamol, sesamolinol, sesaminol, and pinoresinol are only present in minor quantity. 

Structures of sesame lignans are shown in Fig. 1 (Hwang, 2005; Sok, Cui, and Kim, 2009). In 

addition to antioxidant potential, sesame lignans are reported to possess a number of 

beneficial effects on human health including cholesterol and blood pressure lowering capacity, 

protecting the liver against ethanol-induced injury, as well as anti-cancer properties in vitro 

and in vivo (Chen et al., 2005; Kang et al., 1999; Sheng et al., 2007). In particular, sesamin 

metabolite has been reported to possess a neuroprotective effect and sesamolin to possess 

anti-mutagenic activity (Hamada et al., 2011; Grougnet et al., 2012).  
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Fig. 1. Chemical structures of sesame lignans. 
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On the other hand, few studies focused on the antioxidant compounds present in 

defatted sesame seeds. Lignan glycosides have been purified from defatted sesame seeds and 

identified as sesaminol glucosides, pinoresinol glucosides, and sesamolinol glucosides; 

however, they have been reported to possess low antioxidant potential compared to the 

corresponding aglycones (Kanf et al., 1999; Katsuzaki, Kawakishi, and Osawa, 1994). 

Moreover, some reports suggested that sesame seeds defatted flour contains antioxidant 

compounds other than lignan glycosides (Xu, Chen, and Hu, 2005).  

In a previous study, we purified water-soluble fractions from defatted white and gold 

sesame seed flour obtained as a byproduct after sesame oil extraction. Water-soluble fractions 

from white and gold sesame seeds exhibited a good antioxidant potential in vitro as measured 

by DPPH radical scavenging activity and oxygen radical absorbance capacity (ORAC). 

UPLC-QTof MS analysis showed that both fractions mainly contained oligosaccharides. In 

addition, ferulic and vanillic acids were detected in both fractions and identified as potential 

bioactive antioxidants (Ben Othman et al., 2015).  

Chemical assays such as DPPH scavenging and ORAC assay provide data on the 

potential of antioxidants to protect molecules from oxidative damage. But, in order to 

determine the relevance of these fractions as dietary antioxidants it is important to investigate 

their efficacy in a living system (Amorati and Valgimigli, 2015). Thus, in the present study 

we focus on the potential physiological functions of defatted sesame seed water-soluble 

fractions. 
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2. Oxidative stress and phytochemicals antioxidant potential 

2.1. Oxidative stress 

Free radicals were first reported in 1900 by Moses Gomberg, and linked to aging 56 

years later when Denham Harman (1956) proposed that free radicals were a vital factor in the 

aging process (Friedman, 2011a; Lushchak, 2014). Today, the role of free radicals and 

oxidative stress in aging-related diseases is widely recognized and largely studied. Oxidative 

stress-induced damage to biomolecules is a central feature of the pathology of a broad 

spectrum of human diseases including neurodegenerative diseases, cardiovascular diseases, 

diabetes, and cancer (Halliwell, 2005; Cheli and Baldi, 2011). 

Oxidative stress in living cells is defined as the imbalance between the oxidants 

generated by cellular respiration and metabolism, and the cell’s antioxidant defense system in 

favor of the oxidants. Reactive oxygen species (ROS) are continuously generated by the 

mitochondrial electron-transport chain. In healthy cells, ROS levels are under homeostatic 

control by the endogenous antioxidant defense system that includes biological antioxidants 

such as glutathione (GSH), vitamin E, vitamin C and antioxidant enzymes including catalase, 

superoxide dismutase (SOD), glutathione peroxidase (GPx), and heme-oxygenase 1 (HO-1). 

Thus, oxidative stress occurs when levels of ROS generated exceed the cellular antioxidant 

capacity (Finkel and Holbrook, 2000; Klein and Ackerman, 2003; Cheli and Baldi, 2011). 
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2.2. Induction of oxidative stress in vitro 

Considering the important role of oxidative stress in the development and pathology of 

aging related diseases, different methods are used to induce oxidative stress in vitro in 

cultured cells in order to study involved mechanisms in oxidative damage or to study 

antioxidant potential of phytochemical and other potential antioxidants. In the present study, 

hydrogen peroxide (H2O2) and the free radical-generating azo compound 2,2′- azobis (2-

amidinopropane) dihydrochloride (AAPH) were used to induce oxidative stress in cultured 

cells.  

2.2.1.  H2O2 -induced oxidative stress 

In eukaryotic organisms, ROS are continuously produced by the mitochondrial 

electron transport chain where molecular oxygen is reduced to O2●- due to the escape of an 

active electron. As shown in Fig. 2, the generated O2●- is spontaneously or enzymatically 

converted to H2O2. Thereafter, H2O2 can be converted to OH● and OH- by accepting an 

electron in a reaction catalyzed by transition metal ions (Fe2+ or Cu+). The generated hydroxyl 

radicals are highly reactive and are believed to cause significant oxidative damage. In order to 

prevent the formation of these harmful hydroxyl radicals, H2O2 is converted to water via 

reactions catalyzed by enzymes such as catalase and GPx (Lushchak, 2014). The intracellular 

concentration of H2O2 is therefore tightly controlled by the cellular antioxidant defense 

system. The homeostatic concentration of H2O2 ranges between 1 and 700 nM, and an 

intracellular concentration above 1 μM is considered to induce oxidative stress (Gülden et al., 

2010). 

 



11 
 

 

H2O2 is being increasingly recognized as a messenger molecule. It is involved in 

signaling pathways involved in changes to cell shape, the formation of actomyosin, and the 

recruitment of immune cells (Sies, 2014). Oxidative stress induced by H2O2 was first thought 

to cause only lipid peroxidation, DNA and protein damage, but it is now known that H2O2 

activates various intracellular signaling pathways closely associated with neuronal cell death 

and survival (Ruffels et al., 2004). The cellular response to H2O2 depends on its intracellular 

concentration: low levels (3–15 μM) stimulate growth, whereas increasing concentrations 

induce cell growth arrest, apoptosis, and finally necrosis (at levels above 1 mM) (Gülden et 

al., 2010). The turning point between signaling and toxicity is still to be determined and may 

vary depending on the cell type and metabolic conditions (Saito et al., 2006; Sies, 2014). 
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Fig. 2. ROS generation and neutralization in the cell. ROS, reactive oxygen species; mito-

ETC, mitochondrial electron transport channel; SOD, superoxide dismutase; GPx, glutathione 

peroxidase; GSH, reduced glutathione; GSSG, oxidized glutathione (Ben Othman and Yabe, 

2015). 
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2.2.2.  Peroxyl radicals-induced oxidative stress 

Azo compounds are commonly used as free radical initiators. AAPH is a hydrophilic 

radical initiator. AAPH decomposes spontaneously at 37°C to yield molecular nitrogen and 

two carbon radicals, R●. The generated radicals react rapidly with oxygen to form peroxyl 

radical ROO● (Niki, 1990; Werber et al., 2011). Peroxyl radicals were initially considered the 

predominant radical generated by AAPH, but Werber and co-workers (2011) recently showed 

by using LC-MS/MS that the predominant radical species generated by AAPH is in fact  

alkoxyl radical RO●. Although ROO● must be produced to generate RO●, the researchers 

postulate that it is short-lived in solution.  

Unlike H2O2, which can be transported across the cell membrane via simple diffusion 

or aquaporins (Sies, 2014) and induce different signaling pathways, AAPH generates peroxyl 

and alkoxyl radicals that react with cell membrane components (primarily PUFAs), initiating 

an oxidative chain reaction resulting in cell death. AAPH was reported to induce the oxidation 

of membrane lipids and proteins (Niki, 1990). PUFAs are the most oxygen-sensitive 

constituents of cells, and the lipid peroxyl radicals (LOO●) they produce are very reactive and 

have been associated with the development of neurodegenerative diseases (Spiteller, 2006; 

Friedman, 2011). 
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2.3. Antioxidant potential of phytochemicals 

A large number of studies have pointed out the beneficial effects of several 

compounds extracted from food and medicinal plants in preventing various age-related 

diseases symptoms mainly via their antioxidant potential (Scapagnini et al., 2011). Many of 

these phytochemicals exhibited intrinsic antioxidant properties via free radical scavenging 

activity (Kelsey, Wilkins, and Linseman, 2010).  For examples phenolic compounds such as 

green tea catechins, quercetin, or curcumin are known as powerful free radical scavengers in 

vitro (Nanjo et al., 1999; Salah et al., 1995; Ak and Gülçin, 2008).  

In recent years, there is increasing evidence that, in addition to free radical scavenging, 

phytochemicals exert their beneficial physiological functions through the modulation of 

intracellular signal transduction cascade and effect on gene expression (Kelsey, Wilkins, and 

Linseman, 2010). In fact, the relatively low amount of phytochemicals typically consumed is 

unlikely to achieve efficient direct free radical scavenging in the cells emphasizing their role 

in activating adaptative stress response signaling pathways (Mattson, 2008). For instance, the 

nuclear factor erythroid 2-related factor 2 (Nrf-2), a crucial regulator of cellular resistance to 

oxidative stress, can be activated by antioxidant phytochemicals resulting in an increasing 

resistance to oxidative stress in vitro and in vivo (Scapagnini et al., 2011; Mattson, 2008). 

Nrf-2 induces antioxidant genes expression by binding to the antioxidant response 

element (ARE) located in the promoters of genes encoding for detoxication and antioxidant 

enzymes including NADPH quinone oxidoreductase 1 (NQO-1), glutathione S-transferase 

(GST), heme oxygenase 1 (HO-1), thioredoxins, glutathione peroxidase (GPx), etc. Nrf-2 

activity is regulated by the actin-associated Kelch-like ECH-associated protein 1 (Keap 1) 

which binds to Nrf-2 via direct protein-protein interactions. It is proposed that under non-

stress conditions Keap1 binding to Nrf-2 retains it in the cytoplasm and induces its 
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ubiquitylation and degradation. Keap1 cysteine residues reduction by ROS, electrophiles, or 

antioxidants results in protein structure modification and release of Nrf-2 that translocates to 

the nucleus to induce antioxidant genes expression by binding to the ARE (Niture et al., 2010). 

However, a review by Nguyen, Nioi, and Pickett (2009) proposes another mechanism to Nrf-2 

regulation by Keap1. The authors reported that several studies suggest that under non-stress 

conditions Nrf-2 is mainly localized in the nucleus and that Keap1 transiently shuttles to the 

nucleus where it binds to Nrf-2 and induces its ubiquitylation and degradation. Both 

hypotheses indicate that antioxidants induce Nrf-2/ARE signaling pathway via the reduction 

of Keap1 cysteine residues and therefore releasing Nrf-2 and inhibiting its degradation as 

summarized in Fig. 3. 
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Fig. 3. Schematic presentation of Nrf-2/ARE pathway activation. (A) Keap1 cystein residue 

reduction by electrophile compounds (ROS, antioxidants) results in Nrf-2 release and 

translocation to the nucleus where it binds to ARE and induces antioxidant enzymes 

expression. (B) Keap1 cystein residue reduction by electrophile compounds (ROS, 

antioxidants) represses Keap1 binding to Nrf-2 in the nucleus which results in enhanced Nrf-2 

stability and increased antioxidant enzymes expression. 
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3. Neuroprotection and apoptosis 

Neurodegeneration occurs in different neuropathological conditions as well as brain 

aging that result in the loss of nerve structure and function. Giving the increasing number of 

elderly population, especially in industrialized countries, it is predictable that the proportion 

of persons suffering from neurodegenerative disorders will considerably increase too. 

Therefore, proper management of neurodegenerative diseases has become essential and 

research focusing on the different factors involved in neurodegeneration and also protective 

mechanisms is flourishing. Neuroprotective potential of phytochemicals is considered as a 

promising lead in preventing the development of neurodegenerative diseases (Przedborski, 

Vila, and Jackson-Lewis, 2003; Kumar and Khanum, 2012). In fact, based on the role of 

oxidative stress in the development of neurodegenerative diseases, dietary and other natural 

antioxidants have gained attention as viable candidates for preventing and alleviating 

neurodegeneration and acute neuronal injury symptoms (Kelsey, Wilkins, and Linseman, 

2010). In addition to their potential to protect neuronal cells against ROS accumulation and 

enhancing antioxidant defense via Nrf-2 activation, dietary antioxidants are also reported to 

exert neuroprotective effects via induction of anti-apoptotic and pro-survival signaling 

pathways. 

Apoptosis is a programmed cell death mechanism naturally occurring during 

development, aging and to maintain homeostasis of multicellular organisms. For example, in 

the development of mammalian central nervous system, extensive apoptosis plays an 

important role in establishing the correct size of neuronal and glial populations. Apoptosis 

also occurs as a defense mechanism to remove damage or infected cells (Elmore, 2007; 

Kannan and Jain, 2000; Kristiansen and Ham, 2014). Two main pathways are involved in 

apoptosis designated as the extrinsic and intrinsic pathway respectively (Fig. 4).  The extrinsic 
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pathway is mediated by the activation of death receptors such as TNFR, FasR, and DR3 

which lead to the recruitment and activation of caspase 8 and 10. On the other hand, the 

autonomous or intrinsic pathway is regulated by the mitochondria. This pathway is initiated 

by stress-mediated release of cytochrome c from the mitochondria that results in the formation 

of apoptosome and caspase 9 activation leading to the execution pathway initiated by caspase 

3 activation. Other pro-apoptotic proteins are also released by the mitochondria including 

Smac/Diablo and AIF (Elmore, 2007; Portt et al., 2011).  
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Fig. 4. Schematic presentation of extrinsic and intrinsic apoptotic pathways in mammalian 
cells. 
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Excessive down-regulation or up-regulation of apoptotic cell death can lead to diverse 

pathologies. Rheumatoid arthritis and cancer are an example of a high resistance of cells to 

apoptosis. On the other hand, neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s diseases are in part caused by high rate of apoptotic cell death (Kannan and Jain, 

2000). Therefore, the regulation of apoptosis is critical for the proper functioning of the 

nervous system. The implication of apoptosis as an important element of several major 

neurological diseases increased the interest in anti-apoptotic signaling (Hetman and Xia, 

2000).  

Several pathways are implicated in anti-apoptotic signaling, the three main pathways 

that have been related to natural antioxidants neuroprotective effects are summarized in Fig. 5. 

Activation of PI-3K/Akt kinases pathway is one of the most widely recognized anti-apoptotic 

signaling events. It is required for the suppression of apoptosis by neurotrophins. A large 

number of natural antioxidants have been reported to activate PI-3K/Akt pathway such as 

carnosic acid (De Oliveira et al., 2015), quercetin (Yao et al., 2012), ginsenoside (Liu et al., 

2015), and salidroside (Zhang et al., 2012). PI-3K/Akt pathway activation results in the 

upregulation of anti-apoptotic protein Bcl-2 expression and the direct inhibition of pro-

apoptotic protein such as Bax and Bad as well as GSK-3β. 

Protein kinase C (PKC) is also involved in anti-apoptotic signaling. The major green 

tea catechin EGCC is reported to activate PKC phosphorylation underlying its protective 

effect against amyloid β-induced apoptosis (Levites et al., 2003). PKC activation induces Bad 

phosphorylation and degradation (Kelsey, Wilkins, and Linseman, 2010).  
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Sirtuin-1 (SIRT-1) is a homologue of the yeast silent information regulator 2 (Sir 2) 

gene linked to longevity. SIRT-1 has been first reported to be involved in caloric restriction-

induced neuroprotection. Resveratrol, a dietary antioxidant, is reported to exert 

neuroporotective effect via SIRT-1 activation. SIRT-1 pro-survival effects involve the 

inhibition of Bax-induced cytochrome c release from the mitochondria and the repression of 

pro-apoptotic transcription factors p53 and FOXO (Kelsey, Wilkins, and Linseman, 2010; 

Ghosh, Liu, and Zhou, 2013). 
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Fig. 5. Schematic presentation of anti- apoptotic pathways involved in the neuroprotective 
effect of dietary antioxidants. 
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4. Aim of the study 

Defatted sesame seed flour is the byproduct obtained after sesame oil extraction. It is 

usually considered as waste and therefore not appreciated for its potential health benefits. 

Thus, our final aim is to valorize this byproduct by investigating its potential uses as a 

functional food ingredient.  

In addition, several studies have focused on lignan glucosides remaining in defatted 

sesame seeds (Katsuzaki, Kawakishi, and Osawa, 1994; Moazzami, Andersson, and Kamal-

Eldin, 2006). In the present study, we focus on the water-soluble fractions purified from 

defatted white and gold sesame seed flour. We previously showed that these purified fractions 

do not contain lignan glucosides (Ben Othman et al., 2015). The objective of this study is to 

investigate the potential physiological functions of white and gold sesame seed water-soluble 

fractions using in vitro cell culture models. To this aim, we first investigated the protective 

effect against both peroxyl radicals and hydrogen peroxide induced oxidative stress in human 

B lymphocyte Raji cell line and human neuroblast SH-SY5Y cell line. In the second part, we 

examined the potential neuroprotective effect of white sesame seed water-soluble fraction 

using SH-SY5Y cells as a neuronal cell model. 
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1. Materials 

In this study we used sesame seeds flour recovered as sesame oil extraction byproduct 

which was provided by Shinsei Co., Ltd. Two different colored varieties were used: white 

sesame (imported from Paraguay) and gold sesame (imported from Turkey) which are used 

for oil extraction by the company. 

Ferulic acid (LKT Laboratories, St. Paul, MN, USA) and vanillic acid (Nacalai Tesque 

Inc., Kyoto, Japan) were used as standard antioxidant compounds in order to investigate their 

role in sesame seed water-soluble fraction’s antioxidant effect. Hydrogen peroxide (H2O2; 

Wako Pure Chemical Industries, Osaka, Japan) and the peroxyl radical initiator 2,2'-azobis(2-

amidino-propane) dihydrochloride (AAPH; Sigma-Aldrich, St. Louis, MO, USA) were used 

to induce oxidative stress in cultured cells. Camptothecin (CPT; Wako) was used to induce 

apoptosis in SH-SY5Y neuroblast cells. All-trans-retinoic acid (retinoic acid, RA; Sigma-

Aldrich) was used as a positive control inducing neuronal cell pro-survival signaling. 

 

2. Purification of water-soluble fractions from defatted white and gold 

sesame seed flour 

The flow chart in Fig. 6 illustrates the different steps to recover water-soluble extract 

from sesame seed powder. Both white and gold sesame seed powder (100 g) were defatted 

using acetone as a solvent in which fats were dissolved, acetone was added (1:4, w/v) to 

sesame powder which was extracted for 24 h at room temperature. Next, acetone-sesame 

powder mixture was filtered and the residue was washed with diethyl ether. The obtained 

dried defatted powder was extracted with 70% ethanol; the extraction was performed three 

times in order to obtain a better yield of extraction. The polar-soluble extract obtained was 
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concentrated by ethanol evaporation using a rotary evaporator and remaining aqueous solution 

was lyophilized to obtain respectively white and gold sesame polar-soluble crude extract 

powder.  

White and gold sesame seeds polar-soluble crude extract (1 g) was dissolved in 50 ml 

of distilled water, the same volume of butanol was added and we proceeded to extraction and 

phase separation using a separating funnel. This extraction process was repeated 6 times to 

obtain the final purified water-soluble fraction. Purified water-soluble fraction was 

concentrated by evaporation using a rotary evaporator then lyophilized and kept in the freezer 

at -20°C until further uses. 
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Fig. 6. Sesame seeds water-soluble fraction extraction flow chart. 
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3. Cell culture 

Caco-2 cell line derived from human colorectal adenocarcinoma was used as a model 

of intestinal cells. Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 2 mM glutamine, 1% non-essential amino acids, 100 U/mL penicillin, 100 

μg/mL streptomycin, and 10% heat-inactivated fetal bovine serum (FBS). 

Raji cell line derived from human Burkitt’s lymphoma was used as a model of B 

lymphocyte model. Cells were grown in RPMI-1640 supplemented with 2 mM glutamine, 

100 U/mL penicillin, 100 μg/mL streptomycin, and heat-inactivated 10% FBS. 

SH-SY5Y human neuroblastoma cell line was used as a model of neuronal cells. Cells 

were grown in 1:1 DMEM and Ham’s F12 nutrient mixture supplement with 100 U/mL 

penicillin, 100 μg/mL streptomycin, and 10% FBS. 

Cultured cells were maintained at 37°C in a humidified atmosphere with 95% air and 

5% CO2. Medium was changed every 2 to 3 days and cells were subcultured when 80 to 90% 

confluency was reached. Caco-2 and SH-SY5Y cell lines were obtained from the American 

tissue culture collection (ATCC, Manassas, VA, USA), and Raji cell line was from the Cell 

Resource Center for Biomedical Research institute of Development, Aging and Cancer 

(Tohoku University, Sendai, Japan).  

 

4. WST-8 cell viability assay 

Cell viability was assessed using water-soluble tetrazolium salt (WST-8) cell counting 

kit (Dojindo, Kumamoto, Japan). Cells were seeded in 96-well plate and cultured for 3 days 

until reaching around 70% confluency. Cells were then treated with different samples and 

incubated for determined times. After treatment, medium was changed to fresh medium 
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containing 10% WST-8 reagent and incubated for 4 h at 37°C, 5% CO2 and absorbance was 

measured at 450 nm using Infinite® M200 microplate reader (TECAN, Zurich, Switzerland). 

WST-8 measures cell viability based on the mitochondrial enzymes activity which reduces 

WST-8 reagent to a water-soluble formazan; the amount of formazan dye (λabs = 450 nm) is 

directly proportional to the number of living cells. Cell viability was expressed as percentage 

of untreated control. 

 

5. Cell proliferation assay 

Cell proliferation was measured using 5-bromo-2-desoxyuridine (BrdU) cell 

proliferation ELISA colometric kit (Roche Diagnostics GmbH, Mannheim, Germany) 

according to the manufacturer’s instructions. Cells were seeded in 96-well plate and cultured 

for 3 days until reaching around 70% confluency. Cells were then treated with different 

samples and incubated for determined times. After treatment, medium was changed to fresh 

medium containing 100 μM BrdU labeling reagent and incubated for 2 h at 37°C, 5% CO2; 

BrdU is incorporated in newly synthesized DNA strands as a substitute of thymidine in 

proliferating cells. After labeling, BrdU incorporation was measured immunochemically by 

peroxidase-labeled anti-BrdU antibody using colorimetric substrate. Absorbance was 

measured at 370 nm-492 nm with Infinite® M200 microplate reader and cell proliferation was 

expressed as percentage of untreated control. 

 

6. Measurement of cell membrane lipid peroxidation 

Lipid peroxidation was measured to assess cell membrane damage induced by 

oxidative stress. Diphenyl-1-pyrenylphosphine (DPPP; Dojindo, Kumamoto, Japan) is a 
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hydrophobic synthetic compound with a high reactivity with hydroperoxides resulting in 

DPPP-oxide which is fluorescent (λexc = 351 nm, λem = 380 nm). It was initially used in high-

performance liquid chromatography (HPLC)-post column detection system for lipid peroxides 

analysis. Later, it was also used to detect cell membrane lipid peroxidation thanks to its 

hydrophobicity and low cytotoxicity (Okimoto et al., 2000; Takahashi, Shibata, and Niki, 

2001). 

Cells were seeded in black 96-well plate with clear bottom (Nalgene, Thermo Fisher 

Scientific Inc.) and cultured for 3 days until reaching around 70% confluency. Cells were then 

incubated with medium containing DPPP (25 μg/mL) for 30 min at 37°C in the dark. After 

removal of DPPP, cells were treated with 10 mM AAPH with or without different samples 

and incubated for determined times. Cell membrane lipid peroxidation was determined by 

measuring fluorescence intenstity at λexc = 351 nm and λem = 380 nm with Infinite® M200 

microplate reader using fluorescence bottom reading mode. 

 

7. Flow cytometric analysis for apoptosis 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6x105cell/well and 

cultured for 3 days. Cells were pretreated with white sesame seed water-soluble fraction for 

24 h and then CPT (10 – 100 ng/mL) was added to induce apoptotic cell death. Apoptotic 

cells were detected using Annexin-V-FLUOS staining kit (Roche) according to the 

manufacturer’s protocol. After treatment for 8 h with CPT, cells were washed with cold 1x 

phosphate buffered saline (PBS), detached by trypsin treatment  and centrifuged at 1000 x g, 

4°C for 5 min. Harvested cells pellet was resuspended in 100 μL incubation buffer containing 

2 μL Annexin-V-FLUOS and 2 μL propidium idodide (PI) and incubated at room temperature 

for 15 min. After 15 min, 500 μL incubation buffer was added to each sample and samples 
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were analyzed by flow cytometry (FACS Calibur, Beckton Dickinson, Franklin Lakes, NJ, 

USA). At least 20,000 events of each sample were recorded and apoptotic cells were 

expressed as a percentage of total number of cells. 

 

8. Western blotting analysis 

8.1. Preparation of whole cell lysate 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6x105cell/well and 

cultured for 3 days. Cells were then treated with different samples and incubated for 

determined times. After treatment, cells were washed with cold PBS and 200 μL of cells lysis 

buffer (150 mM sodium chloride (NaCl), 50 mM Tris(hydroxymethyl)aminomethane (Tris)-

HCl pH 7.4, 1% Nonidet-P40), containing 1% protease inhibitors cocktail, and 1% 

phosphatase inhibitors cocktail (Nacalai Tesque), was added to each well and incubated on ice 

for 30 min with gentle wave agitation. After 30 min, cells were collected by gentle pipetting 

and transferred to 1.5 mL microtube and centrifuged at 1000 x g, 4°C for 10 min. Supernatant 

(180 μL) was recovered as  total protein isolate. 

8.2. Preparation of cytosolic and nuclear protein fractions 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6x105cell/well and 

cultured for 3 days. Cells were then treated with different samples and incubated for 

determined times. After treatment, cells were detached by trypsin treatment and centrifuged at 

1000 x g, 4°C for 5 min. Harvested cells pellet was washed with cold PBS and centrifuged 

again at 1000 x g, 4°C for 2 min. Cell pellet was resuspended in 220 μL of buffer A (cell lysis 

buffer; 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.9, 1.5 mM 

MgCl2, 10 mM KCl, 0.5 mM Dithiothreitol (DTT), and 1% protease inhibitors cocktail) and 
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incubated on ice for 30 min and vortexed for 20 s every 15 min. After centrifugation at 100 x 

g, 4°C for 2 min to precipitate cell debris, 200 μL of the supernatant were transferred to a new 

1.5 mL microtube and centrifuged at 10,000 x g, 4°C for 3 min to precipitate nuclei. 

Supernatant (180 μL) was recovered as cytosolic fraction and nuclei pellet was washed by 

adding 40 μL of buffer A and centrifugation again at 10,000 x g, 4°C for 3 min; 50 μL of the 

supernatant was collected and added to the cytosolic fraction. Nuclei pellet was resuspended 

in 100 μL buffer B (nucleus extraction buffer; 20 mM HEPES pH 7.9, 1.5 mM MgCl2, 420 

mM NaCl, 0.2 mM di-sodium ethylenediaminetetraacetic acid (Na2EDTA) pH 8.0, 1 mM 

DTT, 25% glycerol, and 1% protease inhibitors cocktail), vortexed for 10 s and incubated on 

ice for 20 min. After 20 min, nuclei protein fraction was solubilized by sonication for 3 s 

using ultrasonic homogenizer (UltraS Homoginizer VP-55, TAITEC, Saitama, Japan). 

8.3. Determination of protein concentration 

Protein concentration in recovered whole cell lysate, cytosolic, and nuclear fractions 

was determined by bicinchoninic acid (BCA) assay using Pierce® BCA Protein Assay kit 

(Thermo Fisher Scientific). Bovine serum albumin (BSA; Roche) (5 – 700 μg/mL) was used 

as protein standard and samples were diluted 1:4 (v/v); 25 μL of each sample were transferred 

in 96-well plate and 200 μL/well of BCA reagents A and B (50:1, v/v) were added to each 

well and the plate was incubated at 37°C for 30 min. Absorbance was measured at 462 nm 

with Infinite® M200 microplate reader. Protein concentration in each sample was calculated 

from BSA standard curve equation. 
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8.4. Protein sample Sodium Dodecyl Sulfate (SDS)-reduction and denaturation  

In order to prepare samples for SDS-polyacrylamide gel electrophoresis, Laemmi 4x 

SDS-sample buffer (0.25 M Tris-HCl pH 6.9, 10% SDS, 40% glycerol, 0.008% bromophenol 

blue, and 20% 2-mercaptoethanol) was added to each sample at ratio of 1:3 (v/v), the mixture 

was vortexed and heated in boiling water for 5 min. Cooled denaturated protein samples were 

directly loaded to electrophoresis gel or kept at -80°C. 

8.5.  SDS- polyacrylamide gel electrophoresis 

8.5.1. Polyacrylamide gel preparation 

(1) Reagents 

 A solution: 30% Acrylamide solution 

Acrylamide monomer (29.2 g) and N, N'-methylenebisacrylamide (0.8 g) (Nacalai Tesque) 

were dissolved in a final volume of 100 mL distilled water and kept at 4°C. 

 B solution: Separating gel buffer (1.5 M Tris-HCl buffer, pH 8.8) 

18.5 g Tris were dissolved in distilled water, pH was adjusted to 8.8 with HCl, volume was 

adjusted to 100 mL, and kept at 4°C. 

 C solution: Stacking gel buffer (0.5 M Tris-HCl buffer pH 6.8) 

6.06 g Tris were dissolved in distilled water, pH was adjusted to 6.8 with HCl, volume was 

adjusted to 100 mL, and kept at 4°C. 

 Other reagents: 10% SDS, 10% ammonium persulfate (APS), tetramethylethylene-

diamine (TEMED). 
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(2) Gel preparation 

In this study, 4% stacking gel and 10% or 12% separating gel were used for protein 

separation. 

 10% gel composition for 2 gels: 4.0 mL A solution, 3.0 mL B solution, 0.12 mL 10% 

SDS, and 4.9 mL distilled water. 

 12% gel composition for 2 gels: 4.8 mL A solution, 3.0 mL B solution, 0.12 mL 10% 

SDS, and 4.1 mL distilled water. 

 4% stacking gel composition for 2 gels: 0.5 mL A solution, 1.0 mL C solution, 0.04 

mL 10% SDS, and 2.4 mL distilled water. 

60 μL 10% APS and 6 μL TEMED were added to separating gel mixture to catalyze 

polyacrylamide polymerization; the mixture was then transferred to gel casting set and left to 

polymerize for 1 h at room temperature. After separating gel polymerization, 20 μL 10% APS 

and 4 μL TEMED were added to stacking gel mixture and transferred to the casting set and 

left to polymerize for 30 min at room temperature. After polymerization, gels were either 

directly used or kept humidified at 4°C for up to 3 days. 

8.5.2. Electrophoresis 

Precision Plus Protein Standards (BIO-RAD) and denaturated protein samples (15 μg) 

were loaded to the gel and electrophoresed at 20 mA/gel for 1 h. Electrophoresis buffer 

composition was as follows: glycine (14.4 g), Tris (3 g), SDS (1 g) dissolved in distilled water 

to 1 L final volume. 
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8.6.Western blotting 

8.6.1. Reagents 

 Transfer buffer: Glycine (14.4 g), Tris (3.6 g), methanol (40 mL) dissolved in distilled 

water 800 mL final volume. Transfer buffer was pre-cooled at 4°C before use. 

 Tris buffered saline TBS (10x) pH 7.4: Tris (6.06 g) and NaCl (45 g) were dissolved 

in distilled water, pH was adjusted to 7.4 with HCl and final volume was adjusted to 

500 mL. This stock solution was kept at 4°C and working 1xTBS-Tween solution was 

prepared by 10 times dilution and addition of 0.1% Tween-20. 

 Membrane blocking buffer: 1% BSA in 1x TBS-T. 

 Antibody dilution buffer: 0.25% BSA in 1x TBS-T. 

8.6.2. Method  

(1) Protein transfer to PVDF membrane 

The gel and polyvenylidene difluoride membrane (PVDF; Merck Millipore, Darmstadt, 

Germany) were sandwiched between sponge and paper (sponge / paper / gel / membrane / 

paper / sponge) and clamped tightly together after ensuring no air bubbles have been formed 

between the gel and membrane. The sandwich was submerged in transfer buffer and transfer 

was conducted at 200 mA for 1 h. 

(2) Memebrane blocking 

PVDF membrane was blocked with 1% BSA TBS-T solution (25 mL/membrane) for 1 h at 

room temperature while agitating. 
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(3) Incubation with primary antibody 

After blocking, membrane was washed with 1x TBS-T (1 x 10 min, 3 x 5 min). 

Membrane was incubated with primary antibody of the target protein at the appropriate 

dilution (2 mL/membrane) overnight at 4°C. See table 1 for used antibodies in this study. 

(4) Incubation with secondary antibody 

Membrane was washed with 1x TBS-T (1 x 10 min, 3 x 5 min) and incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibody of the target protein at the 

appropriate dilution (2 mL/membrane) 1 h at room temperature while agitating. See Table 1 

for used antibodies in this study. 

(5) Chemiluminescence HRP-reaction 

The target protein bands were visualized by chemiluminescent peroxidase reaction with 

ImmobilonTM Western Chemiluminescent HRP Substrate (Merck Millipore) using 

luminescence image analyzer LAS-3000 UV mini (Fujifilm, Tokyo, Japan).  Multi Gauge 

software (Fujifilm) was used for the densiometric analysis of each band intensity. 
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Table 1. List of primary and secondary antibodies used for western blot analysis 

Antibody Dilution 

Target 

protein 

size 

(kDa) 

Maker 

Rabbit polyclonal anti-Nrf2 (C20) antibody 1:500 57 Santa Cruz Biotechnology 

Rabbit monoclonal anti-Bcl-2 (50E3) antibody 1:1000 26 Cell Signaling Technology  

Rabbit monoclonal anti-Akt (pan) antibody 1:1000 60 Cell Signaling Technology  

Rabbit monoclonal anti-pAkt (Ser473) 

antibody 
1:1000 60 Cell Signaling Technology 

Mouse monoclonal anti-β-actin antibody 1:2000 42 
Medical and Biological 

Laboratories  

Rabbit monoclonal anti-Lamin B1 antibody 1:1000 70 Abcam 

Goat anti-rabbit HRP-conjugate antibody 1:10000 - Bio-Rad 

Goat anti-mouse HRP-conjugate antibody 1:10000 - Bio-Rad 
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9. Quantitative real time RT-PCR 

9.1.  Total RNA isolation and purification 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6x105cell/well and 

cultured for 3 days. Cells were then treated with different samples and incubated for 

determined times. After treatment, 6-well plate was incubated on ice for 30 min; then cells 

were washed with cold PBS and 1.2 mL/well RNAiso PLUS reagent (Takara Bio Inc., Shiga, 

Japan) were added. After pipetting several times, each well’s content was transferred to 1.5 

mL tube and left at room temperature for 5 min. 0.24 mL of chloroform were added to each 

sample and vortexed for 20 s. The mixture was left at room temperature for 5 min and then 

centrifuged at 12,000 x g, 4°C for 20 min. After centrifugation, 300 μL of the upper aqueous 

phase were recovered and 300 μL 2-propanol were added and mixed well. The mixture was 

left at room temperature for 5 min and then centrifuged at 12,000 x g, 4°C for 10 min. After 

centrifugation, supernatant was removed without disturbing the RNA pellet and 100 μL of 

ice-cold 75% DEPC-ethanol were added to wash the pellet and tubes were centrifuged again 

at 12,000 x g, 4°C for 5 min. Ethanol was removed and pellet was left to dry for a few 

minutes. Dried RNA pellet was resuspended in 41.5 μL DEPC-water, 8.5 μL of DNase 

reaction mix (Table 2) were added and incubated in water-bath at 37°C for 30 min.  

Table 2. Composition of DNase reaction mixture 

DNase I 10x buffer 5.0 μL 

DNase I (5 U/mL) 3.0 μL 

RNase Inhibitor 0.5 μL 

 

2.5 μL of 0.5 M EDTA were added to each sample and incubated for 2 min at 80°C. 

Then, total volume was increased to 100 μL with DEC-water, 10 μL 3 M sodium acetate and 
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110 μL 2-propanol were added and mixed well. After incubation at -80°C for 20 min, mixture 

was centrifuged at 12,000 x g, 4°C for 10 min to precipitate RNA. After centrifugation, 

supernatant was removed without disturbing the RNA pellet and 100 μL of ice-cold 75% 

DEPC-ethanol were added to wash the pellet and tubes were centrifuged again at 12,000 x g, 

4°C for 5 min. Ethanol was removed and pellet was left to dry for a few minutes. Dried RNA 

pellet was re-suspended in 20 μL DEPC-water. 

Purified total RNA quality was evaluated by measuring absorbance at 260 nm and 280 

nm, A260 nm/A280 nm ratio between 1.8 and 2.0 was considered as good RNA quality. A260 nm 

was used to calculate total RNA amount according to that A260 reading of 1.0 is equivalent to 

~40 μg/mL single-stranded RNA. 

Purified RNA quality was also evaluated by running 3 μL of total RNA sample in 

1.5 % agarose gel at 100 V for 15 min in 1x TAE buffer. RNA bands were detected by adding 

a drop of ethidium bromide (Nacalai Tesque) to the agarose gel. After electrophoresis, 

agarose gel was analyzed under UV light using image analyzer LAS-3000 UV mini (Fujifilm) 

and Multi Gauge software (Fujifilm). 

9.2. cDNA synthesis 

Purified total RNA sample (1 μg) was used for reverse transcription using ReverTra 

Ace (Toyobo, Osaka, Japan) in a total reaction volume of 20 μL (see reaction mix 

composition in Table 3). Reaction mix was incubated at 42°C for 30 min and reaction was 

stopped by heating at 99°C for 5 min. The obtained cDNA samples were cooled down and 

kept at -80°C until further use. 

Genomic DNA contamination in the purified RNA samples was checked by running 

PCR of control gene (β-actin) of cDNA samples and Rever Tra Ace (-) samples and running 

PCR product in 2 % agarose gel at 100 V for 30 min. 
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Table 3. Composition of reverse transcription reaction mixture 

Oligo(dT) 20 (10 pmol/μL) 1.0 μL 

5x RT buffer 2.0 μL 

dNTP mixture (10 mM) 8.0 μL 

RNase inhibitor 0.5 μL 

ReverTra Ace 1.0 μL 

Total RNA (in DEPC water) 5.5 μL 

 

9.3.Quantitative real time PCR 

Changes in mRNA expression after treatment with different samples for indicated time 

were determined by quantitative real time RT-PCR. Using cDNA synthesized as mentioned in 

the previous section, qReal-time PCR was conducted using Thermal Cycler DiceTM Real Time 

System Single (Takara Bio). THUNDERBIRD qPCR mix (Toyobo) was used for the PCR 

reaction, the reaction mix composition and reaction conditions are detailed in Table 4. Primers 

were purchased from Integrated DNA Technologies; primers’ sequences used in this study are 

listed in Table 5. To obtain the relative quantitative values for gene expression β-actin was 

used as an endogenous control. The results were calculated by Thermal Cycler DiceTM Real 

Time System Single software and the 2-∆∆Ct method was used for quantitative calculation. 
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Table 4. qReal time PCR conditions 

a. Reaction mix composition 

Thunderbird qPCR mastermix (2x)  7.50 μL 

Sterile milliQ water  5.60 μL 

Fw. Primer (0.3 μM)  0.45 μL 

Rv. Primer (0.3 μM)  0.45 μL 

cDNA template  1.00 μL 

Reaction total volume 15.00 μL 

 

b. PCR reaction condition 

Step Temperature Time 

Holding stage 95°C 60 s 

Cycling stage 

(45 cycles) 

Denaturation 95°C 15 s 

Annealing 60°C 30 s 

Extension 72°C 60 s 

Melting curve 

Step 1 95°C 15 s 

Step 2 60°C 60 s 

  gradient  

Step 3 95°C 15 s 
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Table 5. Sequences of primers 

Gene Sequence Tm Product size 

HO-1 
Fw. AAGATTGCCCAGAAAGCCCTGGAC 61.6°C 

399 bp 
Rv. AACTGTCGCCACCAGAAAGCTGAG 61.4°C 

GPx 
Fw. CCTCAAGTACGTCCGGCCTG 60.1 °C 

197 bp 
Rv. CAACATCGTTGCGACACACC 57.1°C 

Bcl-2 
Fw. CGACGACTTCTCCCGCTACTACCGC 64.2°C 

319 bp 
Rv. CCGCATGCTGGGGCCGTACAGTTC 67.7°C 

Bax 
Fw. GCGAGTGTCTCAAGCGCATC 58.9°C 

143 bp 
Rv. CCAGTTGAAGTTGCCGTCAGAA 57.7°C 

p53 
Fw. GAACAAGTTGGCCTGCACTG 57.0°C 

172 bp 
Rv. GAA GTGGGCCCCTACCTAGA 58.1°C 

β-actin 
Fw. TCAGCAAGCAGGAGTACGATG 58.0°C 

117 bp 
Rv. TGCGCAAGTTAGGTTTTGTCAA 55.7°C 
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Chapter III 

 

Results 
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Part I. Protective effect of white and gold sesame seed water-soluble 

fractions against oxidative stress 

Water-soluble fractions purified from defatted white and gold sesame seed flour 

exhibited a good antioxidant potential in vitro as measured by 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging activity and oxygen radical absorbance capacity (ORAC). 

Chemical assays such as DPPH scavenging and ORAC assay provide data on the potential of 

antioxidants to protect molecules from oxidative damage. But, in order to determine the 

relevance of these fractions as dietary antioxidants it is important to investigate their efficacy 

in a living system. Thus, as a first approach, we investigated the potential of white and gold 

sesame seed water-soluble fractions to protect cells against oxidative stress induced by 

peroxyl radicals and hydrogen peroxide. 

 

1. Protective effect against peroxyl radicals-induced oxidative stress 

1.1.  Sesame seed water-soluble fractions protect Raji cells from AAPH-induced 

oxidative stress 

Raji cell line is a human B lymphocyte cell line derived from Burkitt’s lymphoma. 

Raji cells were seeded in 96-well plate at a cell density of 104 cells/well and incubated for 24 

h at 37°C, 5% CO2. Cells were then pretreated with white or gold sesame seed water-soluble 

fractions (0.5 – 1 mg/mL) or vanillic or ferulic acids (5 – 50 μg/mL) and incubated for 24 h. 

After pretreatment, AAPH dissolved in culture medium was added to obtain a final 

concentration of 20 mM and cells were incubated for additional 6 h. Finally, Raji cells 

viability was measured using WST-8 assay. As shown in Fig. 7, treatment with 20 mM AAPH 

for 6 h significantly reduced cell viability to 27% of control viability. Pretreatment with 
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different samples enhanced cell viability after treatment with AAPH suggesting that both 

white and gold sesame seed water-soluble fractions protected Raji cells from peroxyl radicals 

induced cellular damage resulting in cell death. Ferulic and vanillic acids, previously 

identified as the potential bioactive antioxidant compounds in sesame seed water-soluble 

fractions, exhibited similar protective effect against AAPH-induced cytotoxicity confirming 

their role as bioactive antioxidants in white and gold sesame seed water-soluble fractions. 
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Fig. 7. Effect of treatment with white and gold sesame seed water-soluble fractions, ferulic 

and vanillic acids on Raji cells viability after treatment with 20 mM AAPH for 6 h. A: 

treatment with white sesame (WS) or gold sesame (GS) water-soluble fractions; B: treatment 

with ferulic acid or vanillic acid. Results are mean values of 3 independent experiments ± 

standard deviation; *: p < 0.05, **: p< 0.01 compared to “AAPH only” determined by 

Dunnett’s test. 
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1.2. Sesame seed water-soluble fractions protect SH-SY5Y cells from AAPH-induced 

oxidative stress 

1.2.1. Effect of pretreatment with sesame seed water-soluble fractions against AAPH-

induced oxidative damage 

SH-SY5Y cell line is a human neuroblast cell line derived from bone marrow 

neuroblastoma with neuronal cell-like properties. SH-SY5Y cells were seeded in 96-well 

plate at a cell density of 1.5 x 104 cells/well and cultured for 3 days at 37°C, 5% CO2 until 

reaching 70% confluency. Cells were then pretreated with white or gold sesame seed water-

soluble fractions (0.1 – 1 mg/mL) or ferulic acid (5 – 25 μg/mL) and incubated for 24 h. After 

pretreatment, medium containing samples was removed and changed to fresh medium 

containing 25 mM AAPH and cells were incubated for additional 6 h. Finally, SH-SY5Y cells 

viability was measured using WST-8 assay.  

As shown in Fig. 8, treatment with 20 mM AAPH for 6 h significantly reduced cell 

viability to 65% of control viability. Pretreatment with white and gold sesame seed water-

soluble fractions did not significantly affect cell viability suggesting that pretreatment with 

these fractions was not effective in protecting neuroblast cells from peroxyl radicals induced 

oxidative damage. Pretreatment with ferulic acid was also ineffective against AAPH-induced 

oxidative damage. 
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Fig. 8. Effect of pretreatment with white (WS) and gold (GS) sesame seed water-soluble 

fractions, ferulic acid on SH-SY5Y cells viability after treatment with 25 mM AAPH for 6 h. 

Results are mean values of 3 independent experiments ± standard error (SE); compared to 

“AAPH only” determined by Dunnett’s test. 
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1.2.2. Effect of co-treatment with sesame seed water-soluble fractions against AAPH-

induced oxidative damage 

SH-SY5Y cells were seeded in 96-well plate at a cell density of 1.5 x 104 cells/well 

and cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were then co-

treated with white or gold sesame seed water-soluble fractions (0.25 – 2 mg/mL) or ferulic or 

vanillic acid (5 – 20 μg/mL) and 5 mM AAPH; cells were then incubated for 24 h. SH-SY5Y 

cells viability was measured using WST-8 assay. As shown in Fig. 9, treatment with 5 mM 

AAPH for 24 h significantly reduced cell viability to 58% of the control cells viability. Co-

treatment with white or gold sesame seed water-soluble fraction significantly increased cell 

viability at concentrations higher than 0.5 and 1 mg/mL for white and gold sesame fractions 

respectively. Treatment with ferulic and vanillic acids also significantly protected SH-SY5Y 

cells from AAPH-induced cytotoxicity. However, both phenolic acids did not exhibit a 

concentration dependent effect in the concentration range (5 – 20 μg/mL) used in this 

experiment.  

These results confirm the potential antioxidant effect of white and gold sesame seed 

water-soluble fractions against peroxyl radicals induced oxidative stress. The results suggest 

that the presence of white and gold sesame seeds water-soluble fractions simultaneously with 

AAPH in the extracellular medium is crucial to efficiently neutralize peroxyl radicals induced 

cell damage. In addition, ferulic and vanillic acids effect was correlated to sesame seeds 

water-soluble fractions in both pretreatment and co-treatment experiments suggesting the both 

phenolic acids might be the bioactive antioxidants in the water-soluble fractions. 
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Fig. 9. Effect of co-treatment with white and gold sesame seed water-soluble fractions, ferulic 

and vanillic acids on SH-SY5Y cells viability after treatment with 5 mM AAPH for 24 h. A: 

co-treatment with white sesame (WS) or gold sesame (GS) water soluble fractions; B: co-

treatment with ferulic acid or vanillic acid. Results are mean values of 3 independent 

experiments ± SE; **: p< 0.01 compared to “AAPH only” determined by Dunnett’s test. 
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1.2.3. Effect of co-treatment with sesame seed water-soluble fractions against AAPH-

induced cell membrane lipid peroxidation 

SH-SY5Y cells were seeded in 96-well plate at a cell density of 1.5 x 104 cells/well 

and cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were then 

incubated with medium containing DPPP (25 μg/mL) for 30 min in the dark at 37°C. After 

removal of DPPP, cells were treated with 10 mM AAPH or co-treated with white or gold 

sesame seed water-soluble fraction (2 mg/mL) or ferulic and vanillic acid (10 μg/mL); cells 

were the incubated for 3 h. DPPP oxide produced by reacting with cell membrane lipid 

peroxides was determined by measuring fluorescence intensity (λexc = 351 nm and λem = 380 

nm) every 30 min after addition of AAPH. Treatment with 10 mM AAPH resulted in a 

gradual increase in fluorescence intensity reaching a plateau after 2 h (Fig. 10A) suggesting 

that DPPP-oxide is correlated to lipid peroxidation induced by peroxyl radicals generated by 

AAPH. As shown in Fig. 10A and B, the presence of white and gold sesame seed water-

soluble fractions as well as ferulic and vanillic acids reduced fluorescence intensity compared 

to AAPH alone. After 3 h, fluorescence of cells treated with AAPH only was 273% of control 

while it was only 158%, 187%, 153%, and 202% for cells co-treated with WS-wsf, GS-wsf, 

FA, and VA, respectively (Fig. 10B). These results suggest that white and gold sesame seed 

water-soluble fractions protect SH-SY5Y cells from cell membrane lipid peroxidation 

induced by AAPH-generated peroxyl radicals. 
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Fig. 10. Effect of white and gold sesame seed water-soluble fractions, ferulic and vanillic acid 

on AAPH-induced cell membrane lipid peroxidation. A: cell membrane lipid peroxidation 

induced by  AAPH (10 mM) in absence or presence of white sesame (WS) and gold sesame 

(GS) water soluble fractions (wsf),  ferulic acid (FA) and vanillic acid (VA); B: effect of 

samples on lipid peroxidation induced by 10 mM AAPH after 3 h incuvation. Results are 

presented as mean values ± SD from 3 independent experiments; **: p< 0.01 compared to 

“AAPH only” determined by Dunnett’s test. 
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2. Protective effect against hydrogen peroxide-induced oxidative stress  

Unlike AAPH which generates peroxyl radicals that react with cell membrane 

components to induce extracellular oxidative stress, hydrogen peroxide (H2O2) is internalized 

by the cells via aquaporins or by simple diffusion where it increases ROS production and 

induces different signaling pathways resulting in intracellular oxidative stress. Therefore, we 

investigated the effect of white and gold sesame seed water-soluble fractions against H2O2–

induced oxidative stress in human neuroblast SH-SY5Y cells. 

2.1. Effect of pretreatment with sesame seed water-soluble fractions against H2O2-

induced oxidative damage 

SH-SY5Y cells were seeded in 96-well plate at a cell density of 1.5 x 104 cells/well 

and cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were then 

pretreated with white or gold sesame seed water-soluble fractions (0.25 – 2 mg/mL) or ferulic 

or vanillic acid (1 - 10 μg/mL) and incubated for 12 h. After pretreatment, medium containing 

samples was removed and changed to fresh medium containing 75 μM H2O2 and cells were 

incubated for additional 24 h. Finally, SH-SY5Y cells viability was measured using WST-8 

assay. Treatment with H2O2 significantly decreased neuroblast viability to 60% of the control 

as shown in Fig. 11. Pretreatment for 12 h with both white and gold sesame seed water-

soluble fractions significantly enhanced cell viability after H2O2 treatment for samples 

concentration higher than 1 mg/mL (Fig. 11A). These results show that pretreatment with 

sesame seed water-soluble fractions, which was ineffective to protect SH-SY5Y cells against 

AAPH-induced oxidative damage, effectively enhanced cell resistance to H2O2-induced 

cytotoxicity. Similarly to water-soluble fraction, pretreatment with ferulic and vanillic acids 

also significantly enhanced SH-SY5Y cell viability after H2O2 treatment (Fig. 11B). These 

results support the role of both phenolic acids as bioactive antioxidants in sesame seed water-
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soluble fractions. However, both ferulic and vanillic acids did not exhibit a concentration-

dependent effect in the concentration range used in this experiment (1 -10 μg/mL). 

 

Fig. 11. Effect of pretreatment with white and gold sesame seed water-soluble fractions, 

ferulic and vanillic acids on SH-SY5Y cells viability after treatment with 75 μM H2O2 for 24 

h. A: pretreatment with white sesame (WS) or gold sesame (GS) water soluble fractions for 

12 h; B: pretreatment with ferulic acid or vanillic acid for 12 h. Results are mean values of 3 

independent experiments ± SE; *: p < 0.05, **: p< 0.01 compared to “H2O2 only” determined 

by Dunnett’s test. 
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2.2. Effect of sesame seed water-soluble fractions on the expression of antioxidant 

enzymes 

Results in the previous section showed that pretreatment for 12 h with sesame seed 

water-soluble fractions increased SH-SY5Y cell resistance to H2O2-induced cytotoxicity 

which suggests that pretreatment with water-soluble fractions enhanced cell defense against 

ROS-induced intracellular damage. Several antioxidant enzymes including heme oxygenase 1 

(HO-1), glutathione synthase (GS), glutathione S-transeferase (GST), glutathione peroxidase 

(GPx), peroxiredoxin (Prx), etc, constitute the cell phase II antioxidant defense. Phase II 

antioxidant enzymes expression is induced via the activation of the Nrf-2/ARE pathway (Fig. 

3). This pathway is induced by increased intracellular ROS concentration; it can also be 

activated by antioxidant compounds enhancing as a result cells resistance to oxidation. Thus, 

we assessed the involvement of Nrf-2/ARE pathway in the protective effect of sesame seed 

water-soluble fractions.  

To this aim, we first investigated the effect of SH-SY5Y cells treatment with white 

and gold sesame seed water-soluble fractions as well as ferulic and vanillic acids on the 

expression level of HO-1 and GPx mRNA using qReal time RT-PCR. SH-SY5Y cells were 

seeded in 6-well plate at a cell density of 6 x 105 cells/well and cultured for 3 days at 37°C, 

5% CO2 until reaching 70% confluency. Cells were then treated with white or gold sesame 

seed water-soluble fraction (2 mg/mL) or ferulic or vanillic acid (1 μg/mL) and incubated for 

6 h. Total RNA was isolated and purified, then cDNA was synthesized by reverse 

transcription and mRNA expression level was determined by qReal time PCR. As shown in 

Fig. 12A, treatment with white sesame seed water-soluble fraction significantly increased 

relative HO-1 mRNA expression compared to control. Relative HO-1 mRNA expression also 

relatively increased after treatment with gold sesame seed water-soluble fraction, however 

this increase was not statistically significant (p = 0.0575). Treatment with both ferulic and 
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vanillic acids (1 μg/mL) did not induce significant change in relative HO-1 mRNA expression 

level. Moreover, relative GPx mRNA expression level was not significantly changed after 

treatment with all samples (Fig. 12B). 

Nrf-2/ARE pathway is correlated with Nrf-2 translocation to the nucleus where it 

binds to ARE and induces antioxidant genes expression. Thus, we investigated the effect of 

treatment for 12 h with sesame seed water-soluble fractions and ferulic and vanillic acids on 

the protein level of Nrf-2 protein in the cytosolic and the nuclear fractions using western 

blotting (Fig. 13). Results showed that treatment with different samples increased Nrf2 

protein level in the nuclear fraction (Fig. 13 B); while Nrf2 protein level in the cytosolic 

fraction slightly decreased after treatment with WS-wsf and GS-wsf and increased when cells 

were treated with FA and VA (Fig. 13 B).  

 



57 
 

 

 

Fig. 12. Effect of treatment for 6 h with white and gold sesame seed water-soluble fractions, 

ferulic and vanillic acids on SH-SY5Y cells phase II antioxidant enzymes mRNAexpression 

level. A: HO-1 mRNA expression level; B: GPx mRNA expression level. Results are mean 

values of 3 independent experiments ± SE; **: p< 0.01 compared to control determined by 

Dunnett’s test. 
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Fig. 13. Western blot analysis of Nrf-2 expression level in the cytosolic and nuclear fractions 

of SH-SY5Y cells after treatment for 12 h with white (WS) or gold (GS) sesame seed water-

soluble fraction (wsf) or ferulic acid (FA) or vanillic acid (VA). (A): Relative Nrf-2 protein 

expression in the cytosolic fraction; (B): Relative Nrf-2 protein expression in the nuclear 

fraction. Upper panels show representative immunoblot image from 3 independent 

experiments and bottom panels show calculated relative Nrf-2 expression level from 

densiometric analysis of 3 independent experiments. Results are mean values of 3 

independent experiments ± SE; **: p< 0.01 compared to control determined by Dunnett’s test. 
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Part II. Neuroprotective effect of white sesame seed water-soluble 

fraction 

Considering the role of ROS accumulation-induced oxidative stress in the 

development of many degenerative diseases, dietary antioxidants have gained attention for 

their potential to prevent and alleviate neurodegeneration symptoms. In addition to their 

potential to protect cells from ROS accumulation and enhancing intracellular antioxidant 

defense, several dietary antioxidants are able to protect neuronal cells from apoptosis via the 

activation of anti-apoptotic signaling pathways. White sesame seed water-soluble fraction 

exhibited a specific potential to increase SH-SY5Y neuroblast cell viability. Thus, in the 

second part of this study, we focused on the neuroprotective potential of this fraction by 

investigating its effect against apoptosis and attempting to elucidate its mechanism of action. 

 

1. Effect of white sesame seed water-soluble fraction on SH-SY5Y 

neuroblast cell viability 

1.1.  White sesame seed water-soluble fraction enhances SH-SY5Y cell viability 

SH-SY5Y cells were seeded in 96-well plate at a cell density of 1.5 x 104 cells/well 

and cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were treated 

with white or gold sesame seed water-soluble fraction (0.25 – 3 mg/mL) or ferulic or vanillic 

acid (10 – 50 μg/mL); cells were then incubated for 24 h. SH-SY5Y cell viability was 

measured using WST-8 assay. As shown in Fig. 14A, treatment with white sesame seed 

water-slouble fraction significantly increased SH-SY5Y cell viability in a concentration-

dependent manner. SH-SY5Y cell viability reached a maximum upon treatment with 2 

mg/mL of white sesame seed water-soluble fraction and slightly decreased at 3 mg/mL. 
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Treatment with gold sesame seed water-soluble fraction at the same concentration range did 

not significantly affect SH-SY5Y cell viability suggesting that white sesame seed water-

soluble fraction exhibits a specific effect enhancing neuroblast cell viability. In addition, 

according to the results from Fig. 14B, treatment with ferulic and vanillic acids did not 

increase SH-SY5Y cell viability compared to control. Moreover, ferulic acid at concentrations 

higher than 25 μg/mL had cytotoxic effect toward SH-SY5Y cells. These results suggest that 

white sesame seed water-soluble fraction ameliorates SH-SY5Y cell viability through a 

specific mechanism which is independent from its antioxidant activity related to ferulic and 

vanillic acids activity reported in the first part. 

1.2. White sesame seed water-soluble fraction enhances SH-SY5Y cell proliferation 

SH-SY5Y cells were seeded in 96-well plate at a cell density of 1.5 x 104 cells/well 

and cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were treated 

with white or gold sesame seed water-soluble fraction (0.5 – 2 mg/mL) or ferulic or vanillic 

acid (5 – 50 μg/mL); cells were then incubated for 24 h. SH-SY5Y cell proliferation was 

measured using BrdU-ELISA assay. Treatment with 1 and 2 mg/mL white sesame seed water-

soluble fraction significantly increased the percentage of proliferating cells compared to 

control (Fig. 15A). These results confirm the capacity of white sesame seed water-soluble 

fraction to enhance neuroblast cell viability showed in WST-8 assay. Treatment with gold 

sesame seed water-soluble fraction as well as ferulic and vanillic acids did not significantly 

affect SH-SY5Y cell viability (Fig. 15A and B) confirming the specific potential of white 

sesame seed water-soluble fraction to enhance neuroblast cell viability through a pathway 

independent from its antioxidant effect. 
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Fig. 14. Effect of white and gold sesame seed water-soluble fractions, ferulic and vanillic 

acids on Sh-SY5Y cell viability. A: cells were treated with white sesame (WS) or gold sesame 

(GS) water-soluble fraction for 24 h; B: cells were treated with ferulic or vanillic acid for 24 h. 

Results are mean values ± SE of 3 independent experiments; *: p < 0.05, **: p< 0.01 

compared to control determined by Dunnett’s test. 
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Fig. 15. Effect of white and gold sesame seed water-soluble fractions, ferulic and vanillic 

acids on Sh-SY5Y cell proliferation. A: cells were treated with white sesame (WS) or gold 

sesame (GS) water-soluble fraction for 24 h; B: cells were treated with ferulic or vanillic acid 

for 24 h. Results are mean values ± SE of 3 independent experiments; **: p< 0.01 compared 

to control determined by Dunnett’s test.
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1.3. White sesame seed water-soluble fraction effect on cell viability is specific to 

neuroblast cells 

The effect of white sesame seed water-soluble fraction was investigated on 3 different 

cell lines, i.e., human intestinal cell line (Caco-2), human B lymphocyte cell line (Raji) and 

the human neuroblast cell line (SH-SY5Y). Cells were seeded in 96-well plate and cultured 

until reaching 70% confluency. Cells were then treated with white sesame seed water-soluble 

fraction for 24 h. Cell viability was measured by WST-8 assay. Treatment with different 

concentrations of white sesame seed water-soluble fraction, 0.2 to 2 mg/mL for Caco-2 cells 

and 0.5 to 1 mg/mL for Raji cells, did not significantly affect both cell lines viability (Fig. 

16A and B). In the same concentration range (0.5 to 2 mg/mL), SH-SY5Y cell viability 

significantly increased (Fig. 16C). These results suggest that white sesame seed water-soluble 

fraction specifically interact with neuroblast cells.  

As mentioned previously, several dietary antioxidants have been reported to exert 

neuroprotective effect through the inhibition of apoptosis. Therefore, in order to better 

understand white sesame seed water-soluble fraction effect on neuroblast cell viability, we 

investigated its ability to protect SH-SY5Y cells from apoptosis. 
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Fig. 16. Effect of white sesame (WS) seed water-soluble fraction on different cell lines 

viability. A: Coco-2 cells were treated with WS water-soluble fraction for 24 h; B: Raji cells 

were treated with WS water-soluble fraction for 24 h; (C) SH-SY5Y cells were treated with 

WS water-soluble fraction for 24 h. Results are mean values ± SE of 3 independent 

experiments; *: p < 0.05, **: p< 0.01 compared to control determined by Dunnett’s test. 
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2. Anti-apoptotic effect of white sesame seed water-soluble fraction 

Camptothecin (CPT) is a cytotoxic plant alkaloid originally isolated from the Chinese 

Camptotheca acuminata tree. CPT is a specific inhibitor of mammalian topoisomerase I, it 

has been reported to induce apoptosis in different cells including neuronal cells (Morris and 

Geller, 1996).  CPT induces apoptosis via the inhibition of DNA topoisomerase I resulting in 

the formation of DNA double-strand breaks (DSB) which induce apoptotic signaling pathway.  

In the following experiment we used CPT to induce apoptosis in SH-SY5Y cells and 

investigated the effect of white sesame seed water-soluble fraction against apoptosis. 

2.1. White sesame seed water-soluble fraction protect SH-SY5Y cells from CPT-

induced apoptosis 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6 x 105 cells/well and 

cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were then 

pretreated with white sesame seed water-soluble fraction (2 mg/mL) and incubated for 24 h. 

After 24 h, cells were treated with CPT (10 – 100 ng/mL) and incubated for additional 8 h. 

Cells were then harvested, stained with annexin-V-Fluorescein and PI and analyzed by flow 

cytometry to determine apoptotic cells. This assay is based on the cell surface changes that 

occur during early stages of apoptosis; in presence of Ca2+, annexin-V binds to 

phosphatidylserine (PS), a membrane phospholipid, which is translocated from inner part of 

the membrane to the outer layer during apoptosis. On the other hand, necrotic cells are 

characterized by cell membrane permeability; thus necrotic cells are stained by PI (nucleic 

acids binding molecule) but not apoptotic cells.   

As shown in Fig. 17A, panels were divided into 4 parts according to annexin-V-FITX 

(x axis) and PI (y axis) signal intensity; normal viable cells are characterized by low annexin-
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V and PI signals and therefore localized in the bottom left part, cells with high annexin-V and 

low PI signal in the bottom right part were counted as apoptotic cells and finally upper parts 

show necrotic cells. Fig. 17B summarizes flow cytometry results from 3 experiments. The 

percentage of apoptotic cells increased after treatment with CPT (10 – 100 ng/mL) for 8 h 

compared to control. Pretreatment with white sesame seed water-soluble fraction (2 mg/mL) 

decreased the number of apoptotic cells induced by CPT; this effect was statistically 

significant for 50 and 100 ng/mL CPT. Flow cytometry results also showed that the 

percentage of annexin-V positive cells after treatment with 50 ng/mL CPT (28%) was greater 

than in 100 ng/mL treated cells (18%). We think that the decrease in the annexin-V positive 

cells is due to a greater number of cells in the final phase of apoptosis. In fact, cell viability 

results showed in Fig. 17C, confirm this observation since cell viability decreased to 75 and 

72% of control for 50 and 100 ng/mL CPT-treated cells, respectively. Cell viability results 

also confirmed the protective effect of white sesame seed water-soluble fraction (2 mg/mL) 

which significantly enhanced cell viability after treatment with different CPT concentrations. 
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Fig. 17. Effect of white sesame seed water-soluble fraction on camptothecin (CPT)-induced 

apoptosis in SH-SY5Y cells. (A) An example of flow cytometry results after 8 h treatment 

with increasing concentrations of CPT with or without pretreatment with WS water-soluble 

fraction (2 mg/mL) for 24h; (B) flow cytometry results from 3 independent experiments; (C): 

SH-SY5Y cell viability after 5 h treatment with increasing concentrations of CPT with or 

without pretreatment with WS water-soluble fraction (2 mg/mL) for 24h. Results in (B and C) 

are mean values ± SE of 3 independent experiments; **: p< 0.01 determined by Student’s t-

test. 
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2.2. Concentration-dependent protective effect of white sesame seed water-soluble 

fraction against CPT-induced apoptosis 

After assessing the protective effect of white sesame seed water-soluble fraction (2 

mg/mL) against apoptosis induced by different CPT concentrations in SH-SY5Y cells. Using 

the same experimental conditions, we investigated the effect of pretreatment with different 

concentrations of white sesame seed water-soluble fraction (0.5 – 3 mg/mL) on apoptosis 

induced by CPT (50 ng/mL), results are shown in Fig. 18. As previously reported the 

percentage of apoptotic cells increased after treatment with CPT for 8 h. Pretreatment with 

white sesame seed water-soluble fraction reduced the number of apoptotic cells in a 

concentration-dependent manner. White sesame seed water-soluble fraction effect was 

statistically significant for a concentration higher than 2 mg/mL. Cell viability results 

obtained by WST-8 assay (Fig. 18C) confirm the flow cytometry results; pretreatment with 2 

and 3 mg/mL white sesame seed water-soluble fraction significantly enhanced cell viability 

after treatment with camptothecin. 
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Fig. 18. Concentration-dependent effect of white sesame seed water soluble fraction on 

camptothecin (CPT)-induced apoptosis in SH-SY5Y cells. (A) An example of flow cytometry 

results after 8 h treatment with CPT (50 ng/mL) with or without pretreatment with increasing 

concentrations of WS water-soluble fraction for 24h; (B) flow cytometry results from 3 

independent experiments; (C): SH-SY5Y cell viability after 5 h treatment with CPT (50 

ng/mL) with or without pretreatment with increasing concentrations of WS water-soluble 

fraction for 24h. Results in (B and C) are mean values ± SE of 3 independent experiments; *: 

p < 0.05, **: p< 0.01 compared to CPT-treated group determined by Dunnett’s test. 
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3. Effect of white sesame seed water-soluble fraction on anti-apoptosis 

signaling 

Several pathways are implicated in pro-survival signaling protecting neuronal cells 

from apoptosis. Activation of PI-3K/Akt kinases pathway is one of the most widely 

recognized anti-apoptotic signaling events. It is required for the suppression of apoptosis by 

neurotrophins. Here, we investigated the effect of white sesame seed water-soluble fraction on 

Akt phosphorylation using western blot analysis. Retinoic acid (RA) is a naturally occurring 

and biologically active metabolite of vitamin A. RA is a potent regulator of neuronal cell 

proliferation and differentiation. In addition, RA has been reported to protect neuroblast cells 

from apoptosis through the activation of PI-3K/Akt pathway (Cheng et al., 2013). Therefore, 

we used RA as a positive control for comparison with our sample. 

3.1. Effect of white sesame seed water soluble fraction on Akt phosphorylation 

SH-SY5Y cells were seeded in 6-well plate at a cell density of 6 x 105 cells/well and 

cultured for 3 days at 37°C, 5% CO2 until reaching 70% confluency. Cells were then treated 

with white sesame seed water-soluble fraction (1 and 2 mg/mL) or RA (10 μM) and incubated 

for 24 h. Total Akt and phosphorylated Akt (Ser473, pAkt) levels were measured by western 

blotting (Fig. 19). Treatment with white sesame seed water-soluble fraction relatively 

increased both total Akt and pAkt band intensity compared to control (Fig. 19B and C). 

Similar results were also observed after treatment with RA. However, Akt phosphorylation 

ratio calculated from these data (Fig. 19D) was not significantly different from control. 
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Fig. 19. Effect of white sesame seed (WS) water-soluble fraction and retinoic acid (RA) on 

Akt phosphorylation. (A): image of the immunoblot of total Akt, phosphorylated Akt (pAkt), 

and β-actin; (B) relative expression of total Akt; (C): relative intensity of pAkt; and (D): Akt 

phosphorylation ratio (pAkt/total Akt). Data shown in panels b, c and d are mean values ± SE 

of 3 or 4 independent experiments; *: p< 0.05 compared to control determined by Dunnett’s 

test. 
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3.2. Effect of white sesame seed water-soluble fraction on the expression of anti-

apoptotic and pro-apoptotic proteins 

Bcl-2 protein is one of the main anti-apoptotic proteins. It protects cells from apoptosis 

through the inhibition of Bax-induced cytochrome c release from the mitochondria. Thus, we 

investigated the effect of treatment with white sesame seed water-soluble fraction (1 and 2 

mg/mL) and RA (10 μM) on the expression level of Bcl-2 protein in SH-SY5Y cells. As 

shown in Fig. 20, Bcl-2 protein expression level doubled after treatment for 24 h with white 

sesame seed water-soluble fraction and RA; however this change was not statistically 

significant. In addition, we also determined change in Bcl-2 mRNA expression level (Fig. 

21A) by qReal time RT-PCR. Relative Bcl-2 mRNA expression slightly increased after 

treatment with white sesame seed water-soluble fraction (2 mg/mL) and RA (10 μM) but 

again the increase was not significant compared to control.  

We also investigated the effect of treatment with white sesame seed water-soluble 

fraction and RA on the mRNA expression level of pro-apoptotic protein Bax and the pro-

apoptotic transcription regulator p53 (Fig. 21B and C). The relative mRNA expression level 

of Bax and p53 significantly decreased after treatment with white sesame seed water-soluble 

fraction and RA for 24 h. 

Taken together, these results show that white sesame seed water-soluble fraction (1 

and 2 mg/mL) might induce anti-apoptotic signaling in SH-SY5Y neuroblast cells protecting 

them from apoptosis which can explain the increase in SH-SY5Y cell viability after treatment 

with white sesame seed water-soluble fraction (Fig. 14A). 
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Fig. 20. Effect of white sesame seed (WS) water-soluble fraction and retinoic acid (RA) on 

Bcl-2 protein expression. (a): image of the immunoblot of Bcl-2 and β-actin; (b) relative 

expression of Bcl-2. Data shown in panels b are mean values ± SE of 3 independent 

experiments. Statistical analysis was conducted using Dunnett’s test. 
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Fig. 21. Effect of white sesame seed (WS) water-soluble fraction and retinoic acid (RA) on 

anti-apoptotic and pro-apoptotic genes mRNA expression. (A): relative mRNA expression 

level of anti-apoptotic Bcl-2; (B): relative mRNA expression level of pro-apoptotic Bax; and 

(C): relative mRNA expression level of pro-apoptotic p53. Results are mean values ± SE of 3 

independent experiments; *: p < 0.05, **: p< 0.01 determined by Dunnett’s test. 
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Part I. Protective effect of white and gold sesame seed water-soluble 

fractions against oxidative stress 

In the first part of this study we investigated the protective effect of white and gold 

sesame seed water-soluble fractions against oxidative stress in cultured cells in vitro. It is 

known that various oxidants with different structures and reactivities cause different types of 

oxidative stress (Piga et al., 2007). Therefore, we used two different oxidants, i.e., free 

radicals generated by the spontaneous decomposition of AAPH and hydrogen peroxide 

(H2O2).  

White and gold sesame seed water-soluble fractions efficiently alleviated AAPH-

derived peroxyl radicals induced oxidative stress in both human B lymphocyte Raji cells and 

human neuroblast SH-SY5Y cells when cells were co-treated with samples and AAPH (Fig. 

7A and Fig. 9A). However, pretreatment with both sesame seed water-soluble fractions was 

not effective in protecting SH-SY5Y cells from AAPH-induced oxidative stress (Fig. 8). In 

fact, AAPH generates peroxyl and alkoxyl radicals that react with cell membrane components 

initiating an oxidative chain reaction resulting in cell death (Niki, 1990). Polyunsaturated fatty 

acids are the most oxygen sensitive constituents of the cell membrane producing highly 

reactive lipid peroxyl radicals (Friedman, 2011). AAPH treatment induced increase in DPPP-

oxide fluorescence intensity with time (Fig. 10 A); these results concur with results reported 

by Takahashi and co-authors (2001) using U937 lymphocytes. Co-treatment with WS-wsf and 

GS-wsf significantly reduced fluorescence intensity induced by AAPH treatment (Fig. 10 B) 

suggesting that both fractions inhibited cell membrane lipid peroxidation. We previously 

showed that white and gold sesame seed water-soluble fractions exhibited good oxygen 

radical absorbance capacity (ORAC) (Ben Othman et al., 2015). This assay measures the 

capacity of antioxidants to protect fluorescein, a fluorescent protein, from structure changes 
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induced by AAPH-derived free radicals. These results suggest that white and gold sesame 

seed water-soluble fractions protect cells from AAPH-induced oxidative damage via direct 

scavenging of generated peroxyl and alkoxyl radicals.  

Ferulic and vanillic acids, previously identified as the potential bioactive antioxidants 

in sesame seed water-soluble fractions, exhibited similar effect against AAPH-induced 

oxidative stress by showing significant protective effect only during co-treatment with AAPH 

(Fig. 9B). Both phenolic acids have been previously reported to protect hippocampal neuronal 

cells from AAPH-induced oxidative damage (Kanski et al., 2002). Kanski and co-authors 

reported that treatment with ferulic acid (250 μM, 38.8 μg/mL) and vanillic acid (200 μM, 

33.6 μg/mL) significantly reduced ROS level in synaptosomes after treatment with AAPH (10 

mM); while lower concentrations (25 and 50 μM) of both phenolic acids significantly 

increased hippocampal neuronal cell viability after treatment with AAPH (1 and 2 mM). 

Concentrations range used in our study (5 – 50 μg/mL) are similar to those cited above, which 

confirms the protective potential of ferulic and vanillic acids. 

Pretreatment for 12 h with white and gold sesame seed water-soluble fractions 

protected SH-SY5Y cells from H2O2-induced oxidative stress (Fig. 11A). H2O2 induces 

intracellular oxidative stress since it is able to cross the cell membrane via aquaporins or by 

simple diffusion (Sies, 2014). Treatment with H2O2 results in an increase in the intracellular 

ROS level (Xiao et al., 2013); in fact H2O2 can be converted to highly reactive hydroxyl 

radicals which are believed to induce a significant oxidative damage (Lushchak, 2014). Thus, 

the capacity of pretreatment with sesame seed water-soluble fractions to increase cell viability 

after treatment with H2O2 after sample removal suggests that these water-soluble fractions can 

enhance intracellular antioxidant defense system resulting in a higher cell resistance to 

hydroxyl radicals generated by H2O2. 
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Under normal conditions, the intracellular ROS level is tightly controlled by 

antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT). Under 

oxidative stress, phase II antioxidant enzymes, including glutathione (GSH) and thioredoxin 

(Trx) enzymes systems as well as detoxifying enzymes (HO-1 and NQO-1), are expressed via 

the activation of the Nrf-2/ARE pathway to protect cells (Zhang et al., 2013). To determine 

the involvement of Nrf-2/ARE pathway in the protective effect of sesame seed water-soluble 

fractions, we first investigated the effect of treatment with white and gold sesame seed water-

soluble fractions as well as ferulic and vanillic acids on the expression level of  HO-1 and 

GPx mRNA (Fig. 12). GPx mRNA expression level was not significantly changed after 

treatment with different samples; according to the real time PCR results, under normal 

conditions (control) GPx mRNA is highly expressed and is rather unlikely to change under 

unstressed conditions. On the other hand, HO-1 mRNA expression significantly increased 

after treatment with white sesame seed water-soluble fraction (2 mg/mL). HO-1 mRNA 

expression level also relatively increased after treatment with gold sesame seed water-soluble 

fraction (2 mg/mL) but was not significantly different from the control (p = 0.057). However, 

ferulic and vanillic acids (1 μg/mL) did not affect HO-1 mRNA expression level. Vanillic 

acid potential to induce phase II enzymes has not been studied before, but several studies have 

focused on ferulic acid as a dietary antioxidant (Barone, Calabrese, and Mancuso, 2009). Ma 

and co-authors (2011) reported that lymphocytes treated with ferulic acid (0.001 - 0.1 μM) 

exhibited an increased expression of HO-1 protein and mRNA expression level compared to 

untreated cells. In neuronal cells, ferulic acid was not directly shown to induce HO-1 

expression but its naturally occurring ester, ethyl ferulate (5 - 50 μM) was reported to induce 

HO-1 in rat neuronal cells (Scapagnini et al., 2004). Ferulic acid concentrations used in these 

studies are relatively lower that those we used in our work especially in the case of 

lymphocyte treated with 0.1 μM (0.02 μg/mL). In addition, results in Fig. 11B did not show a 
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dose-dependent effect of ferulic acid indicating that the concentration range used might be 

higher than the effective concentrations. On the other hand, western blotting results showed 

that treatment with different samples increased Nrf2 expression level in the nucleus (Fig. 

13B) which suggests the involvement of Nrf2/ARE pathway activation in the increased cell 

resistance to H2O2-induced oxidative stress when cells were pretreated with different samples 

Taken together, the first part results demonstrate that white and gold sesame seed 

water-soluble fractions can protect cells from both extracellular and intracellular oxidative 

stress. In a recent review, Forman, Davies, and Ursini (2014) proposed that major mechanism 

of action for nutritional antioxidants is the activation of the Nrf-2 pathway rather than the 

direct scavenging of free radicals. Our results show that both mechanisms are important and 

their relevance depends on the type of the oxidative stress cells are exposed to. 
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Part II. Neuroprotective effect of white sesame seed water-soluble 

fraction 

In the second part of this study, we focused on the neuroprotective potential of white 

sesame seed water-soluble fraction. In absence of any oxidative stress, SH-SY5Y neuroblast 

cell viability significantly increased after treatment for 24 h with white sesame seed water-

soluble fraction (Fig. 14 and 15). However, gold sesame seed water-soluble fraction did not 

show a similar effect. In our previous work (Ben Othman et al., 2015), we analyzed both 

white and gold sesame seed water-soluble fractions by UPLC-MS and found that both 

fractions had a similar composition mainly containing oligosaccharides in addition to ferulic 

and vanillic acids. Yet, the present study results suggest that white sesame seed water-soluble 

fraction contains some unidentified bioactive compound that is not present in gold sesame 

seed water-soluble fraction. In addition, ferulic and vanillic acids did not significantly affect 

SH-SY5Y cell viability which excludes their role in this neuroprotective activity. 

Moreover, the effect of white sesame seed water-soluble fraction was specific to 

neuroblast cells with no significant effect on B lymphocyte or intestinal cell viability (Fig. 16). 

These results suggest that some compound in white sesame seed water-soluble fraction 

interacts specifically with neuronal cells. Neuronal cells are among the most sensitive cells in 

the organism and withdrawal of nerve growth factor rapidly induces apoptotic cell death. In 

fact, neurotrophins including nerve growth factor (NGF) and brain derived neurotrophic 

factor (BDNF) have been shown to suppress neuronal apoptosis via anti-apoptotic signaling 

triggered by their interaction with receptor tyrosine kinases (Trks) (Kristiansen and Ham, 

2014; Hetman and Xia, 2000). Therefore, neuronal cells might constitute a sensitive target to 

bioactive compounds inducing anti-apoptotic signaling. Indeed, many neuroprotective 
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phytochemicals have been reported to activate anti-apoptotic signaling (Kelsey, Wilkins, and 

Linseman, 2010). 

To better understand the effect of white sesame seed water-soluble fraction on 

neuroblast cells, we investigated its effect on CPT-induced apoptosis. To exclude the 

contribution of antioxidant ferulic and vanillic acids present in the water-soluble fraction, we 

chose to induce apoptosis via ROS-independent pathway. CPT induces apoptosis by 

inhibiting DNA topoisomerase I resulting in the formation of DNA double strand breaks 

resulting in a pro-apoptotic signaling pathway activation in different cells including neuronal 

cells (Morris and Geller, 1996). Pretreatment for 24 h with white sesame seed water-soluble 

fraction significantly reduced the percentage of apoptotic cells after treatment with different 

CPT concentrations (Fig. 17). Results in Fig. 17A and B showed a lower percentage of 

annexin-V+/PI- cells in 100 ng/mL CPT-treated cells than in 50 ng/mL CPT-treated ones. 

However, results in Fig. 17C show that both CPT concentration reduced cell viability to 

around 70% of the control. These results might be explained by the fact that increasing CPT 

concentration does not increase the number of apoptotic cells, but cells treated with 100 

ng/mL CPT are in a more advanced stage of apoptosis. Annexin-V is a recombinant 

phosphatidylserine (PS)-binding protein that interact specifically and strongly with PS 

residues which are translocated from inward of the cells lipid bilayer to the outer layer of the 

cell membrane so the apoptotic cells can be recognized by phagocytes (Elmore, 2007). 

Denecker et al. (2000) reported that PS exposure to the extracellular side of cell membrane 

occurs in an early stage of apoptosis which precedes the release of cytochrome c from the 

mitochondria. On the other hand, the late apoptosis stage is characterized by cell shrinkage 

due to cytoplasm condensation (Elmore, 2007). This increases the probability that late-stage 

apoptotic cells may be discarded during cell washing and centrifugation before cell staining 

and flow cytometric analysis. White sesame seed water-soluble fraction also exhibited a 
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concentration-dependent effect against apoptosis induced by 50 ng/mL CPT (Fig. 18). This 

result confirms the anti-apoptotic potential of white sesame seed water-soluble fraction.  

To elucidate the anti-apoptotic mechanism of white sesame seed water-soluble fraction, 

we investigated its effect on Akt phosphorylation. Activation of the PI-3K/Akt kinase 

pathway is one of the most widely recognized anti-apoptotic signaling events and a large 

number of natural antioxidants have been reported to activate PI-3K/Akt pathway (Kelsey, 

Wilkins, and Linseman, 2010). The results showed that treatment with white sesame seed 

water-soluble fraction for 24 h relatively increased the expression level of both total Akt and 

phosphorylated Akt (pAkt) but phosphorylation ratio did not increase (Fig. 19). In addition, 

retinoic acid (RA, 10 μM), used as a positive control did not significantly increase Akt 

phosphorylation rate. Recently, Cheng et al. (2013) reported that RA protected SH-SY5Y 

cells from proteasome inhibition associated apoptosis mainly by inducing Akt 

phosphorylation. They showed that Akt phosphorylation peaked at 18 h and still elevated after 

24 h treatment with 0.5 μM RA. In this paper results, total Akt level was not changed over 

time or sample and band intensity was relatively dense. Thus, our results might indicate that 

Akt was not appropriately detected by the antibody we used. 

Akt phosphorylation can activate many downstream targets including Bcl-2 to inhibit 

apoptosis (Wu et al., 2011). Bcl-2 is the most studied and potent anti-apoptotic gene; Bcl-2 

protein is ubiquitously expressed and regulates mitochondria permeability by inhibiting pro-

apoptotic Bax-induce cytochrome c release (Portt et al., 2011). According to western blotting 

results (Fig. 20), Bcl-2 protein expression level doubled after treatment for 24 h with white 

sesame seed water-soluble fraction and RA; however this change was not statistically 

significant. In addition, Bcl-2 mRNA expression level (Fig. 21A) slightly increased after 

treatment with white sesame seed water-soluble fraction (2 mg/mL) and RA (10 μM) but 

again the increase was not significant compared to control. Taken together, Akt 
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phosphorylation and Bcl-2 expression results indicate that PI-3K/Akt pathway might be 

involved in white sesame seed water-soluble fraction ant-apoptotic effect. 

Treatment with white sesame seed water-soluble fraction and RA significantly reduced 

the mRNA expression level of pro-apoptotic protein Bax and the pro-apoptotic transcription 

regulator p53 (Fig. 21B and C). Wang et al. (2006), showed that treatment of SH-SY5Y cells 

with CPT increased p53 expression and Bax translocation to the mitochondrial membrane. 

Thus, the down regulation of both p53 and Bax expression after treatment with white sesame 

seed water-soluble fraction is correlated with its protective effect from CPT-induced apoptosis 

(Fig. 17 and Fig. 18). Dietary antioxidants such as resveratrol protect neuronal cells from 

apoptosis by enhancing SIRT-1 activation (Ghosh, Liu, and Zhou, 2013). SIRT-1 pro-survival 

effects involve the inhibition of Bax-induced cytochrome c release from the mitochondria and 

the repression of pro-apoptotic transcription factors p53 and FOXO (Kelsey, Wilkins, and 

Linseman, 2010). Thus, white sesame seed water-soluble fraction might contain some 

compound that has similar effect with resveratrol. Until this step, we are unable to determine 

the exact mechanism of action of white sesame seed water soluble fraction since it contains 

several compound that might have different effects on several pathways. Therefore, the 

isolation and identification of the bioactive anti-apoptotic compound in white sesame seed 

water-soluble fraction is a crucial step to be able to elucidate the exact mechanism of action 

underlying the anti-apoptotic effect. 
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Conclusion 
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Sesame (Sesamum indicum L.) is an important oil seed crop with around 70% of the 

annual world’s production used for the extraction of oil. Defatted sesame seed flour is 

recovered as a byproduct after oil extraction; it is usually considered as a waste and not 

appreciated for its potential benefits for health. Previously, we showed that water-soluble 

fractions, purified from defatted white and gold sesame seed flour, exhibited a good 

antioxidant activity in vitro as measured by DPPH free radical scavenging and ORAC. In the 

present study, we focused on the potential physiological functions of these water-soluble 

fractions.  

In the first part of this study, we demonstrated that white and gold sesame seed water-

soluble fractions protect cells from both extracellular and intracellular oxidative stress. Co-

treatment with water-soluble fractions and AAPH protected B lymphocyte Raji cell and 

neuroblast SH-SY5Y cell from peroxyl radicals-induced oxidative damage. The 

ineffectiveness of pretreatment with water-soluble fractions against AAPH-induce oxidative 

damage suggests that water-soluble fractions protect cell by directly scavenging generated 

free radicals in the extracellular medium and therefore inhibits free radical-induced cell 

membrane damage. 

On the other hand, pretreatment with white and gold sesame seed water-soluble 

fractions protected SH-SY5Y cells from H2O2-induce oxidative damage. This suggests that 

sesame seed water-soluble fractions can also protect cells from hydroxyl radicals-induced 

intracellular oxidative stress by enhancing cell resistance to oxidative stress. In fact, treatment 

with white and gold sesame seed water-soluble fractions increased HO-1 mRNA expression 

level as well as Nrf-2 protein level in the nucleus. 
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Results also showed that ferulic and vanillic acids, previously identified as bioactive 

antioxidants in sesame seed water-soluble fractions, contribute to the protective effect of these 

fractions against both peroxyl and hydroxyl radicals-induced oxidative stress. 

In the second part of this study, we focused on the neuroprotective effect of white 

sesame seed water-soluble fraction. Results showed that treatment white sesame seed water-

soluble fraction significantly increased neuroblast SH-SY5Y cell viability in a dose-

dependent manner; while gold sesame seed water-soluble fraction as well as ferulic and 

vanillic acids did not significantly affect SH-SY5Y cell viability. Furthermore, white sesame 

seed water-soluble fraction effect on cell viability is specific to neuroblast cells, since 

treatment with white sesame seed water-soluble fraction did not significantly affect the 

viability of Raji cells or intestinal Caco-2 cells. 

Pretreatment with white sesame seed water-soluble fraction protected SH-SY5Y cells 

from apoptosis when cells were treated with different CPT concentrations. White sesame seed 

water-soluble fraction also exhibited a dose-dependent effect against CPT-induced apoptosis. 

These results suggest that white sesame seed water-soluble fraction may enhance SH-SY5Y 

cell viability by inhibiting apoptotic cell death. 

To better understand the anti-apoptotic mechanism induced by white sesame seed 

water-soluble fraction, we investigated its effect on anti-apoptotic signaling. Treatment with 

white sesame seed water-soluble fraction relatively increased phosphorylated Akt level and 

Bcl-2 protein and mRNA expression level compared to control. Thus, it is still unclear 

whether white sesame seed water-soluble fraction induces anti-apoptotic PI3K/Akt pathway 

or not. In addition, treatment with white sesame seed water-soluble fraction significantly 

decreased pro-apoptotic Bax and p53 mRNA expression levels. These results indicate that 

other anti-apoptotic pathway may be involved in white sesame seed water-soluble fraction 



88 
 

 

anti-apoptotic mechanism. Therefore, considering the complex composition of sesame seed 

water-soluble fraction, it is important to isolate and identify the potential anti-apoptotic 

bioactive compound in this fraction in order to be able to understand its anti-apoptotic 

mechanism. 

In conclusion, our results show that sesame seed water-soluble fractions have a good 

potential to protect cells from oxidative stress. In particular, thanks to its good antioxidant 

potential in addition to its anti-apoptotic effect in neuroblast cells, white sesame seed water-

soluble fraction might have a significant effect on preventing neurodegeneration. Studies on 

the exact mechanism of action of this fraction as well as its effect on neurodegenerative 

diseases in both in vitro and in vivo models should be performed to determine the potential 

use of defatted sesame seed water-soluble fraction as a functional food ingredient. 
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