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Abstract 

Persistent accumulation of free radicals in cells leads to oxidative stress, which plays a 

causative role in the induction and progression of various chronic diseases. Therapeutic 

focus has therefore shifted towards the use of antioxidants, with recent interest in those of 

plant origin. This study investigated radical scavenging and cytoprotective activities of 

phytochemicals (quercetin, curcumin, sulforaphane, rosmarinic acid, caffeic acid, 

danshensu (3,4-dihydroxyphenyllactic acid), ferulic acid and m-coumaric acid) against 

DPPH free radical in a non-cellular assay, and oxidative damage in hepatic (HepG2) and 

pancreatic (1.1B4) cells, elicited by an organic hydroperoxide (tert-butylhydroperoxide - 

tBHP) and a more physiologically relevant stressor (palmitate). Direct and indirect 

cytoprotective activities were assessed by neutral red viability assay after 5 h co-

exposure and 20 h pre-exposure conditions, respectively.  

Radical scavenging activities of three well-known phytochemicals - quercetin, curcumin 

and sulforaphane - were initially validated against DPPH (non-cellular assay), where 

quercetin was shown to be more potent than curcumin; sulforaphane was without effect. 

With quercetin as positive control, radical scavenging activities of rosmarinic acid and 

three of its principal metabolites (caffeic acid, danshensu and ferulic acid) were 

comparable, while m-coumaric acid lacked antiradical activity against DPPH radical.  

Subsequently in HepG2 hepatoma cells, quercetin and curcumin were confirmed to 

possess direct and indirect cytoprotective acitivities against 0.5 mM tBHP while, 

sulforaphane only had indirect cytoprotective acitivities. Additionally, co-treatment of 

HepG2 cells with low concentrations of quercetin and curcumin (used together) exhibited 

direct cytoprotective activities against tBHP. However, direct cytoprotective potencies of 

rosmarinic acid and caffeic acid were less than quercetin. Similar pattern was observed 

for indirect cytoprotective activities; with danshensu, ferulic acid and m-coumaric acid 

lacking hepatoprotective activity in co-exposure and pre-exposure conditions. These 

results highlight the discrepancy between non-cellular and cellular antioxidant activities, 

which could be accounted to the poor lipophilicity profiles of rosmarinic acid and its 

principal metabolites.  
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Cytotoxicity assay in 1.1B4 human pancreatic β-cells revealed that these cells were more 

vulnerable to tBHP-induced oxidative damage than HepG2 cells. An investigation of 

selected phytochemicals in 1.1B4 cells produced novel findings, with quercetin exhibiting 

direct and indirect cytoprotective activities against tBHP (0.125 mM and 0.5 mM). 

Curcumin and caffeic acid were also cytoprotective against 0.125mM tBHP but only 

exhibited direct cytoprotection against 0.5mM tBHP. Sulforaphane lacked both direct and 

indirect cytoprotective activities in 1.1B4 cells, exhibiting marked cytotoxic effects in both 

conditions.  

Further analysis in both HepG2 and 1.1B4 cells proved that indirect cytoprotective 

activities of selected phytochemicals were not dependent on pro-proliferative activities of 

quercetin, curcumin, caffeic acid and sulforaphane. Moreover, it was observed that high 

concentrations of curcumin and sulforaphane caused necrosis in both cell types, rather 

than apoptosis; caffeic acid also produced necrotic effect in 1.1B4 cells. 

Whilst prolonged exposure of HepG2 and 1.1B4 cells to high glucose concentrations 

failed to elicit any evidence of glucotoxicity, sodium palmitate caused concentration-

dependent cytotoxicity after short-term (5 h) and long-term (20 h) exposure to both cell 

types. Overall, selected phytochemicals caused additive cytotoxicity in the presence of 

palmitate, although quercetin demonstrated direct cytoprotection alone in HepG2 cells. 

Using Western blot, curcumin, caffeic acid and sulforaphane did not upregulate NQO1, 

but 20 h exposure to 0.1 mM quercetin resulted in upregulation in HepG2 cells, amidst 

high basal levels of NQO1 in this cell type. However, both basal and inductive expression 

of NQO1 has not been observed in 1.1B4 cells.  

Thus, although rosmarinic acid, danshensu, caffeic acid and ferulic acid may possess 

good intrinsic antioxidant properties, their physicochemical properties may limit 

pharmacological activities at the cellular level. Moreover, the additive cytotoxicity resulting 

from treatment with selected phytochemicals and sodium palmitate highlights a 

discrepancy between mechanisms of cytotoxicities by tBHP and palmitate. 
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Chapter 1 

CHAPTER 1   -   General introduction 

1.1  Cellular generation of reactive free radicals 

Free radicals are highly reactive atoms, ions or molecules which bear unpaired electrons 

and are predominantly formed during various cellular metabolic activities; but can be 

induced by environmental factors such as radiation and heat. Free radicals can be 

classified as reactive oxygen species (ROS), reactive nitrogen species and reactive 

sulphur species. Reactive oxygen species include superoxide anion (O2
.-
), perhydroxyl 

radical (HO2
.
), hydroxyl radical (.OH), hydrogen peroxide (H2O2), singlet oxygen (

1
O2), 

hypochlorous acid (HOCl), lipid-derived peroxyl radical (ROO.), alkoxyl radical (RO.) and 

nitric oxide (NO.) (Singh, 2006; Lu et al., 2010).  

During aerobic respiration, oxygen undergoes tetravalent reduction catalysed by 

cytochrome oxidase of complex IV (cytochrome c, oxidoreductase) in the electron 

transport chain, and this is vital for adenosine triphosphate (ATP) production (Cadenas 

and Davies, 2000) (Fig 1.1). In the electron transport chain, transfer of electrons between 

electron carriers is facilitated in the active mitochondrial respiratory state (state 3), when 

electron carriers are highly oxidized. Although the electron transport process is 

adequately efficient, it is associated with electron leakages and prone to ROS generation 

(Singh, 2006), (Fig 1.1). In the resting mitochondrial state (state 4), there is lack of 

adenine dinucleotide phosphate (ADP) and a decreased rate of respiration which could 

be due to the high reduction state of electron carriers (Cadenas and Davies, 2000). This 

also predisposes the electron transport process to univalent reduction of oxygen to 

generate O2
.-
 and  facilitates high ROS generation (Boveris and Chance, 1973; Boveris et 

al., 1999; Cadenas and Davies, 2000).  

Monoamine oxidase located on the outer mitochondrial membrane also catalyses 

deamination of biogenic amines to produce H2O2, contributing to the amount of ROS in 

the mitochondrial matrix and cytosol. The mitochondria principally generate ROS from 

reactions involving NADH dehydrogenase (complex I) and ubiquinone-cytochrome C 

reductase (complex II) (Koek et al., 2011). In addition, O2
.-
 and H2O2 are generated in 
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close proximity to redox-active atoms copper and iron, facilitating the Fenton reaction to 

form hydroxyl radical (OH
.
). This makes mitochondria and, hence, aerobic respiration 

major sources for cellular free radical generation, with an estimated 1 -2% of daily oxygen 

consumption forming O2
.-
 (Cadenas and Davies, 2000). Cellular activities involving 

xanthine oxidase, cytochrome P450 and peroxisomes also make up common sources of 

endogenous ROS (Koek et al., 2011). 

 

 

Figure 1.1 Pathway for electron transfer in mitochondrial electron transport chain. NADH generated by the 

tricyclic acid cycle donates electrons to the transport chain which are ferried individually from one complex to 

the other by ubiquinone (Q) and cytochrome c (Alberts et al., 2002). Succinate dehydrogenase complex also 

supplies ubiquinone (Q) with electrons from reduced flavin adenine dinucleotide (FADH2). Electron transport by 

cytochrome oxidase complex commences when a total of four electrons have been received from cytochrome c. 

The electron transport chain, maintains proton gradient through proton pumping to power ATP synthesis from 

adenine dinucleotide phosphate (ADP) and phosphate (Pi).  ROS are also generated during electron transport 

(Liu et al., 2002).  

 

ROS are beneficial in mediating physiological responses, such as immune defences 

(Keisari et al., 1983; Lander et al., 1997; Droge, 2002), the cell proliferation cycle (Singh, 

2006) and apoptosis (Slater et al., 1995; Dumont et al., 1999; Droge, 2002). O2
.-
 and 

H2O2 also act as intracellular messengers during insulin signalling (Pi et al., 2007) and  

other cellular signalling cascades (Droge, 2002). However, ROS can react with cellular 

proteins, lipids, DNA and other macromolecules during redox imbalance leading to cell 

dysfunction, and ultimately cell death (Droge, 2002).  
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1.2 Oxidative stress and the cellular stress 

response mechanism  

1.2.1  Oxidative stress 

The presence of antioxidant enzymes: superoxide dismutase, catalase and glutathione 

peroxidase in the mitochondria, promotes redox homeostasis in aerobic organisms 

(Hauptmann et al., 1996). Superoxide anions are dismutated by the enzymatic activities 

of manganese superoxide dismutase to produce H2O2, which is readily neutralised by the 

peroxisome enzyme catalase to form water molecules, in a ferric-catalysed reaction (Fig 

1.2). In addition to catalase, glutathione (GSH) is oxidized to glutathione disulphide 

(GSSG) as selenium-dependent glutathione peroxidase detoxifies H2O2 to form water. 

Subsequently, GSH levels are restored by glutathione reductase (GR) in a riboflavin-

dependent process using reducing equivalent nicotinamide adenine dinucleotide 

phosphate (NADPH), as shown in Fig 1.2. 

 

 

Figure 1.2 Schematic representation of ROS production and antioxidant activities which promote oxidative 

stress. Superoxide anions (O2
.-
) are a primary source for generating other ROS when metabolised by 

superoxide dismutase to produce H2O2 (Singh, 2006).  
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During oxidative stress, cellular antioxidant defence is overwhelmed by persistent 

accumulation of ROS, leading to depletion of antioxidant enzymes and oxidative cell 

damage. Depletion of the cellular defence molecule GSH with the accumulation of GSSG 

levels indicate redox imbalance and this GSH/GSSG ratio is often used as a marker for 

oxidative stress (Koek et al., 2011). In response to oxidative stress, GSH levels are 

depleted, and the subsequent use of NADPH to restore the antioxidant system leads to a 

build-up of NADP
+
 in the mitochondria (Fig 1.2). This disturbs respiratory activities of the 

electron transport chain as well as mitochondrial membrane integrity, resulting in calcium 

imbalance, cytochrome c release and activation of caspase signalling towards cell death 

(Alessio and Hagerman, 2006; Lima et al., 2006). In addition, hydrogen peroxide can 

undergo the Fenton reaction to produce the highly reactive hydroxide radicals (
.
OH), 

which attack lipid molecules to initiate and propagate lipid peroxidation (Singh, 2006), as 

shown in Fig 1.2.  

Endogenous antioxidants such as superoxide dismutase, glutathione peroxidases and 

catalase are enzymatic in function, while GSH, thioredoxin, peroxiredoxin, metal-binding 

proteins and vitamins have non-enzymatic actions (Koek et al., 2011). In addition to 

endogenous antioxidants, exogenous antioxidant molecules usually obtained from diet 

may augment existing cellular defence mechanisms.  

 

1.2.2  Redox homeostasis 

Redox signalling triggers a cascade of antioxidant activities, where some cellular small 

molecules are utilized to reset other cellular antioxidants to their reduced state (see Fig 

1.3). For example, vitamin C also restores GSH to its reduced state (Liu et al., 2002) in 

addition to its radical scavenging activities, and is referred to as a direct antioxidant. The 

terms direct and indirect antioxidants have been defined by the Food and Drinks 

Administration as radical scavenging agents and inducers of co-enzymes, respectively 

(Dinkova-Kostova and Talalay, 2008). Fig 1.3 shows the functional interplay between 

enzymatic and non-enzymatic antioxidants, as reviewed by Dinkova-Kostova and Talalay, 

(2008). Direct antioxidants (such as GSH, ubiquinol, ascorbate, tocopherols, lipoic acid, 

vitamin K) are redox-active low molecular weight compounds that are either modified or 
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used up during redox activities and need to be replenished, while indirect antioxidants are 

not always redox-active (Dinkova-Kostova and Talalay, 2008). In addition, a number of 

enzymes (the so-called “Phase II metabolising enzymes”), which play a key role in 

detoxification, catalyse regeneration of direct antioxidants leading to long-lasting 

antioxidant activities (Dinkova-Kostova and Talalay, 2008). For comprehensive reviews 

on cellular antioxidant systems, refer to Lui et al., (2002) and Dinkova-Kostova and 

Talalay, (2008). 

 

 

Figure 1.3 A schematic diagram showing the complex functional interplay between enzymatic and non-

enzymatic antioxidant components of the cellular defence system. In this scheme, NADPH is used a cofactor to 

restore direct antioxidants GSH, ascorbate, thioredoxin, ubiquinol and tocopherol-hydroquinone to their reduced 

states. Thioredoxin is regenerated by thioredoxin reductase (ThR), while quinone reductase (NQO1) facilitates 

restoration of ubiquinol and tocopherol-hydroquinone. Also, glutamate-cysteine ligase (GCL) catalyses rate-

limiting step in the biosynthesis of GSH, which is regenerated by glutathione reductase (GR). GSH is also used 

as a cofactor by glutathione S-transferase (GST) and glutathione peroxidase (GP). Adapted from Dinkova-

Kostova and Talalay, (2008).  

 

1.2.2.1 Phase II metabolising enzymes  

In accordance with their cytoprotective activities, low expression of Phase II enzymes 

could present a risk for progression of diseases, where oxidative damage plays a key role 

(Talalay, 2000). Induction of cytoprotective enzymes in response to redox imbalance is 

dependent on three key cellular components, namely Kelch ECH associating protein 1 

(Keap1), nuclear factor erythroid 2-related factor 2 (Nrf2) and antioxidant response 
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element (ARE), which together form the Keap1/Nrf2/ARE pathway (Motohashi and 

Yamamoto, 2004). The Keap1/Nrf2 complex is uniquely positioned in the cytosol to 

respond to inducers, playing a key role in adaption to environmental stressors. Keap1 is a 

cysteine-rich cytosolic protein that possess a BTB dimerization domain (Broad-Complex, 

Tramtrack, and Bric à brac), cysteine-rich IVR domain (Intervening region) and a Kelch 

domain, which contains 6 Kelch repeats and serves as an attachment point for binding 

Nrf2 (Baird and Dinkova-Kostova, 2011) (Fig 1.4A). Nrf2, which regulates effects of 

inducers on  cytoprotective genes  is a bZIP transcription factor belonging to the ‘Cap and 

Collar’ family of regulatory proteins such as NF-E2, Nrf1, Nrf3, Bach 1 and Bach 2 

(Motohashi et al., 2002) (Fig 1.4B). Under basal conditions, Keap1 repression of Nrf2 

promotes proteosomal degradation in the cytoplasm, facilitated by the BTB domain of 

Keap1 protein which serves as a substrate adaptor for Cullin-3 based E3 ubiquitin ligase 

(Cul3) (Zhang et al., 2004) (Fig  14A). Thus, Nrf2 is negatively regulated by the Keap1-

Cul3-Rbx-1 E3 ubiquitin ligase which targets multiple lysine residues in the N-terminal 

Neh2 domain of Nrf2 for ubiquitination.  

 

 

Figure 1.4 Domain structures of Keap1 and Nrf2. Figure shows (A) Keap1 domain for binding to Cullin-3 and 

Nrf2, as well as (B) Nrf2 domain for binding to Keap1 (Dinkova-Kostova and Wang, 2011).  
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During redox signalling, the Keap1 protein undergoes a conformational change following 

interaction with inducers at specific cysteine residues located on the IVR domain, 

stabilising Nrf2 which escapes ubiquitination and translocates to the nucleus (Fig 1.5). In 

the nucleus, Nrf2 partners with small Maf (sMaf) through the bZIP DNA binding and 

heterodimerisation domain to form a heterodimer (Nrf2/sMaf), and binds to the ARE 

promoter region to trigger transcriptional induction of cytoprotective genes (Itoh et al., 

1995; Itoh et al., 1997; Marini et al., 1997), as illustrated in Fig 1.5.  

 

 

Figure 1.5 Transcriptional activation of Nrf2 from the Keap1/Cul3/Rbx-1 complex. Inducers of cytoprotective 

genes stabilize Nrf2 by interacting with cysteine residues on Keap1 protein in addition to phosphorylation by 

protein kinase C (PKC) (Dinkova-Kostova and Wang, 2011). 

 

Three possible mechanisms have been proposed to mediate stabilization of Nrf2 based 

on correlation with evidence provided (Baird and Dinkova-Kostova, 2011). One proposal 

is interaction between inducer and the BTB domain of Keap1 via reacting with Cys 151 

(located within BTB domain and surrounded by positively charged amino acid groups 

(Fourquet et al., 2010)). As a consequence, binding of Keap1 to Cullin-3 is altered, 

leading to inhibition of Nrf2 ubiquitination (Zhang et al., 2004; Rachakonda et al., 2008). It 

is also proposed that inducers, such as tert-butylhydroquinone, trigger Cul3-mediated 

ubiquitination of Keap1 by reacting with lysine-298 located on IVR domain of the Keap 1 

protein (Hong et al., 2005; Zhang et al., 2005). Hence, there is less Keap1 to act as a 
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repressor of Nrf2. Lastly, in concert with Keap1 induction, Nrf2 becomes a target for 

phosphorylation at serine 40 (Ser40) site by protein kinase C, leading to its release from 

Keap1 repression and elevated ARE-dependent gene expression (Huang et al., 2002; 

Bloom and Jaiswal, 2003; Niture et al., 2009).  

The list of over two hundred ARE-regulated genes is extensive and has recently been 

reviewed (Higgins and Hayes, 2011); however, Nrf2 modulates the activities of about half 

of these genes. Among the battery of Nrf2-regulated genes are genes which encode for 

GSH homeostasis, NADPH replenishing enzymes and other cytoprotective enzymes 

(Table 1.1), as reviewed by Dinkova-Kostova and Wang, (2011) and Higgins and Hayes, 

(2011).  

 

Categories  of Nrf2 

regulated genes 

Some examples of Nrf2 

regulated genes 

References 

GSH homeostasis 

glutathione peroxidase 

glutathione reductase-1 

glutamate-cysteine ligase 

(GCL) 

(Thimmulappa et al., 2002) 

NADPH replenishing 

enzymes   

6-phosphogluconate  

glucose 6-phosphate 

dehydrogenase  

malic enzyme 

(Thimmulappa et al., 2002) 

Other cytoprotective 

enzymes 

quinone reductase (NQO1)  

haem oxygenase-1 (HO-1) 

peroxiredoxins 

thioredoxin  

thioredoxin reductase 1 

(Ishii et al., 2000; Soriano et 

al., 2008; Dinkova-Kostova 

and Talalay, 2010; Dinkova-

Kostova and Wang, 2011) 

Metal-binding proteins  Metallothonein ferritin (Dalton et al., 1994) 

 

Table 1.1 Compilation of some ARE-associated genes regulated by Nrf2.  
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1.2.2.2 Inducers of cytoprotective enzymes   

There are numerous inducers of Phase II enzymes, including cellular stresses (for 

example oxidative stress, endoplasmic reticulum stress) and chemically diverse small 

molecules of both endogenous and exogenous origins. However, small molecules have 

been classified into the following ten main groups: (i) oxidisable diphenols, 

phenylenediamines and quinones; (ii) Michael reaction acceptors (olefins or acetylenes 

with electrophilic groups); (iii) isothiocyanates and sulfoxythiocarbamates; (iv) 

thiocarbamates; (v) dithiolethiones; (vi) conjugated polyenes; (vii) hydroperoxides; (viii) 

trivalent arsenicals; (ix) heavy metals and (x) vicinal dimercaptans (Baird and Dinkova-

Kostova, 2011).  

In oxidative stress conditions, redox signalling also triggers cytoprotective response via 

the sMaf/Nrf2/ARE pathway. RNS and ROS display oxidative effect on Keap1 via 

intermolecular disulphide formation at Cys 151 residues of BTB domain leading to 

inhibition of Nrf2 ubiquitination (Fourquet et al., 2010), or facilitate Nrf2 phosphorylation 

by increasing activity of protein kinase C σ (PKCσ) (Konishi et al., 1997). Whilst 

transcriptional activation of Nrf2 by ROS induces cytoprotective genes, persistently high 

level of ROS could lead to depletion of antioxidant enzymes and then oxidative stress.  

 

1.3 The role of oxidative damage in chronic 

diseases 

In recent years, there has been increasing awareness of the role of oxidative stress in the 

onset and pathogenesis of disease conditions including atherosclerosis, diabetes, liver 

cirrhosis and neurodegenerative diseases. The causative role of oxidative stress is 

generally marked by indicators such as pro-oxidative shift in thiol/disulphide redox state 

(Droge, 2002), which signifies depletion of cellular antioxidant defence mechanisms. 

Cellular damage in such conditions is mediated by mitochondrial oxidative stress, 

inflammatory-mediated oxidative stress and endoplasmic reticulum stress (Droge, 2002).  
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1.3.1  Non-alcoholic steatohepatitis (NASH) 

Non-alcoholic steatohepatitis (NASH) is pathologically rarely differentiated from non-

alcoholic fatty liver disease (NAFLD), which encompasses a broad spectrum of hepatic 

modifications including hepatic steatosis (fat accumulation in liver exceeding 5-10% liver 

mass), fibrosis, cirrhosis, liver failure and hepatocellular carcinoma (Marra et al., 2008). 

NASH was first described in non-alcohol consuming patients who presented with liver 

cirrhosis, similar to observations in alcoholic cirrhosis; also liver biopsies showed lobular 

hepatitis, focal necrosis with inflammation and fibrosis among other findings (Ludwig et 

al., 1980). NASH is mainly associated with western lifestyle and has prevalence of 20–

30% around the world, with 70-100% incidence in individuals with body mass index (BMI) 

greater than 30 (Fan et al., 2007). There is also increasing prevalence among the 

paediatric population (10%), which has been associated with rising childhood obesity 

(Manco et al., 2008). NASH is also associated with type 2 diabetes mellitus (T2DM) and 

metabolic syndrome (Thounaojam et al., 2012), and most patients show hyperglycaemia, 

hypertension, hypertriglyceridemia and low levels of high-density lipoprotein cholesterol 

(Charlton, 2004), in addition to general fatigue and malaise (Bacon et al., 1994; 

Thounaojam et al., 2012). Risk factors for NASH include high calorie consumption, 

sedentary lifestyle, genetic predisposition, metabolic syndrome, diabetes and 

cardiovascular disorder, in addition to exposure to drugs such as tetracyclines, nucleotide 

analogues and antimitotic agents (Thounaojam et al., 2012). 

The aetiology of NASH is poorly understood, with a complex interplay of visceral 

adiposity, inflammation and liver fibrosis (Marra et al., 2008; Thounaojam et al., 2012). A 

number of reviewers have proposed that the pathogenesis of NASH can be distinctly 

categorised into steatosis and steatohepatitis (Day and James, 1998; Shifflet and Wu, 

2009); however, Thounaojam et al., (2012) have included as the final stages of this 

metabolic disorder, cirrhosis and hepatocellular carcinoma, to propose a series of ‘three-

hit’ stages (Fig 1.6). Nevertheless, it is important to mention that events identified in each 

of these ‘three-hit stages’ do not necessarily occur in any particular order, although some 

events may serve as triggers for others within the same stage or different stages. 
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Figure 1.6 The ‘three hit stage’ model for pathogenesis of NASH. This figure was adapted from Asaokai et al., 

(Asaoka et al., 2013) and modified according to Thounaojam et al., (2012).  

 

1.3.1.1 The three-hit stage of NASH 

The ‘first hit’ stage is characterised by peripheral insulin resistance and steatosis 

(increased triglyceride accumulation), as a result of a complex network of events. High fat 

diet is a major source of elevated circulatory free fatty acids (FFA) and, together with 

increased de novo lipogenesis, could result in excessive hepatic FFA levels with 

subsequent accumulation of triglycerides (Shiota and Tsuchiya, 2006; Marra et al., 2008). 

Increasing circulatory FFA levels have also been linked to insulin resistance, where lipid-

mediated desensitisation of insulin receptors interrupts insulin signalling (Marra et al., 

2008). Insulin resistance, which is impaired glucose uptake in peripheral tissues (e.g. 

skeletal muscles), can lead to decreased anti-lipolytic effect of insulin on adipose tissues 

(Marra et al., 2008). Excessive free fatty acids can overwhelm the mitochondrial β-

oxidation process, promoting electron leakage and aberration in mitochondrial function 

and structure (Marra et al., 2008; Koek et al., 2011). This in turn exacerbates ROS 

production, causing oxidative stress and mitochondrial DNA damage (Marra et al., 2008). 

This can disrupt lipid metabolism which may facilitate steatosis. FFA activates 

perixosome proliferation activator receptor–α (PPAR-α) to promote respiratory activities of 

the mitochondria and uncoupling protein 2 (UCP-2) in attempt to reduce rate of ROS 

generation (Lee et al., 2003; Koek et al., 2011). However, this adaptive mechanism 

promotes high ROS levels produced from increased fatty acid oxidation and upregulation 
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of UCP-2 levels, reducing the membrane proton gradient and ATP synthesis which 

promote necrosis (Serviddio et al., 2008).  

Steatosis predisposes the liver to the ‘second hit stage’ which is characterised by 

complex interactions between hepatocytes, stellate cells, adipose cells, Kupffer cells, 

inflammatory mediators and ROS, and is driven by harmful adducts from FFA oxidation in 

mitochondria, perixosomes and microsomes which contribute to oxidative stress in NASH 

(Thounaojam et al., 2012). Again, this stage involves a combination of inter-related 

activities including inflammation and oxidative stress, which when put together can 

promote rapid decline in liver function from NAFLD to NASH. The role of stellate cells 

could involve activation of cellular lipid peroxidation and generation of high 

malondialdehyde and 4-hydroxynonenal levels, which prevent cytochrome c oxidase 

activity and could trigger fibrosis (Browning and Horton, 2004).  

Fibrosis of the liver is also induced by escalating circulatory adipokines, oxidative stress, 

fat accrual in hepatocytes and metabolic syndrome (Marra et al., 2008), and is enhanced 

by leptin-mediated insulin resistance (Honda et al., 2002). The second phase of NASH is 

also marked by down-regulation of uncoupling proteins, increased ROS generation and 

activation of Kupffer cells (Thounaojam et al., 2012), and these can aggravate 

inflammation of the liver (Cai et al., 2005) and hepatocyte damage (Marra et al., 2008). 

While nuclear factor kappa B (NF-KB) is active in maintaining survival of cells (Schwabe 

and Brenner, 2007), conditional activation by hepatic lipid accumulation can also induce 

sub-acute inflammation and steatosis in the liver, and insulin resistance (Cai et al., 2005). 

Inflammatory cytokines such as tumour necrosis factor-α (TNF-α) can also interfere with 

the mitochondrial respiratory chain as well as generate RNS and ROS via induction of 

nitric oxide synthase 2, and this aggravates mitochondrial dysfunction and hepatic injury 

(Pessayre et al., 2004). Expression of interleukin-8 and monocyte chemoattractant 

protein-1 are elevated in steatohepatitis patients and animal models (Haukeland et al., 

2006). TNF-α and lipid peroxidation products decrease transport of electrons along the 

respiratory chain, promoting reduction of components of electron chain and increased 

mitochondrial ROS generation and mitochondrial DNA damage (Pessayre et al., 2002). 
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The final stage of NASH represents a multi-hit phase where impaired hepatocyte 

proliferation triggers progenitor cells towards hepatocyte differentiation, deepening 

fibrosis and leading to cirrhosis and carcinogenesis of the liver (Jou et al., 2008). In spite 

of the elaborate antioxidant system, hepatocyte damage is facilitated by oxidative stress 

and inflammation to cause apoptosis, marked by increased caspase-3 and -7 activities 

(Feldstein et al., 2003).  

 

1.3.1.2 Evidence of oxidative damage in NASH 

Oxidative stress in NASH is characterised by oxidative damage to lipids, proteins and 

DNA, producing high levels of thiobarbituric acid-reactive substances such as 

malonaldehyde, 4-hydroxynonenal, nitrotyrosine and 8-hydroxydeoxyguanosine (Marra et 

al., 2008). Development of steatosis and NASH was exacerbated by lack of GSH 

synthesis in mice, following deletion of the liver-specific enzyme GCL (Chen et al., 2007). 

In a recent study, mice lacking transcription factor Nrf2 showed increased progression to 

NASH and decreased GSH levels, which occurred concomitantly with increased oxidative 

stress and hepatic inflammation (Chowdhry et al., 2010). Furthermore, decreased levels 

of superoxide dismutase have been reported in NASH patients (Koruk et al., 2004).   

 

1.3.1.3 Antioxidants as a treatment option for NASH 

There are currently no pharmacological agents specified for the treatment of NASH, 

hence, lifestyle modification such as decreased caloric intake along with controlled weight 

loss remain the first-line for managing patient condition (Okita et al., 2001), since obesity 

and metabolic disorders are closely associated with NASH. However, insulin sensitizers 

such as metformin, glitazones and antihyperlipidaemic agents have shown promise in 

NASH treatment (Stein et al., 2009), considering the role of insulin resistance in disease 

onset and progression (Shifflet and Wu, 2009), although routine use is limited by adverse 

effects. There is also growing interest in the use of anti-inflammatory and antifibrotic 

agents, as well as probiotics and antioxidants (Thounaojam et al., 2012) to retard disease 

progression and potentially as preventative measures.  
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Although very few studies have been conducted, there are reports indicating high 

potential of herbal products in NASH treatment. Preclinical studies with the well-known 

hepatoprotective phytochemical silymarin, a flavonolignan isolated from Silybum 

marianum, showed reduction in alanine transaminase, aspartate transaminase levels and 

lipid markers of liver function in NASH patients, when used alone (Hajaghamohammadi et 

al., 2008) or in conjunction with vitamin E (Hajiani and Hashemi, 2009). The current 

status of herbal products in NASH treatment has been reviewed (Singal et al., 2011; 

Thounaojam et al., 2012). The plant-derived antioxidant compound epigallocatechin 

gallate (EGCG), which is abundant in green tea, also decreased serum and lipid markers 

of NASH, while increasing GSH levels in Sprague-Dawley rats fed on a high-fat diet 

(Kuzu et al., 2008).   

 

1.3.2  Type 2 diabetes mellitus (T2DM)  

Diabetes mellitus is a group of chronic metabolic disorders marked by prolonged 

hyperglycaemia and/or impaired insulin signalling, which causes secondary complications 

such as hypertension, nephropathy, retinopathy and neuropathy in a time-dependent 

manner. In 2016, the International Diabetes Federation estimates that one in 11 adults 

worldwide have diabetes, with more than 80% of diabetic patients living in low-income 

and middle income countries (International Diabetes Federation, 2015; Chan et al., 

2016). In the UK alone the cost of diabetes treatment is a growing concern, with one in 

ten hospital admissions being due to diabetes and an annual death rate of 15% (Hex et 

al., 2012). Diabetes occurs in two main forms, type 1 and type 2. Onset of type 1 diabetes 

(HLA-related) typically occurs before age 30 and is reported in 5 – 15% of patients with 

diabetes depending on the population, a condition resulting from progressive autoimmune 

destruction of insulin-producing β-cells in the islet of Langerhans of the pancreas, leading 

to a lack of insulin production (Hex et al., 2012). T2DM accounts for the remaining 85 – 

95% depending on population of cases of diabetes, caused by variable risk factors 

including obesity, smoking, genetic predisposition and aging (Hex et al., 2012). 

In healthy individuals, plasma glucose levels (ranging from 4 to 7 mM) are maintained by 

controlled intestinal absorption, hepatic glucose synthesis, and uptake and metabolism by 
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peripheral tissues (Saltiel and Kahn, 2001). The pancreas remains at the centre of 

glucose homeostasis with hormonal activities of α- and β-cells of the islets of Langerhans. 

The β-cells, which make up about 50% of the islet cells in humans, serves as primary 

regulator for blood glucose levels by secreting insulin, while glucagon is secreted during 

hypoglycaemia by α-cells, which make up 40% of islets (Brissova et al., 2005; Steiner et 

al., 2010). Insulin is a 51 amino acid peptide hormone with plasma half-life of 

approximately 5 mins (Mincu and Ionescu-Tirgoviste, 1980). The main physiological 

regulator of insulin release is glucose. Glucose is taken up by glucose transporter-2 

(GLUT-2) into β-cells by facilitated diffusion and metabolised to produce ATP (Pi et al., 

2010). Increased ATP levels signal for cell depolarisation by closure of KATP-gated 

channels and increased Ca
2+ 

influx via Ca
2+

 voltage-gated channels (Newgard and 

McGarry, 1995; Jensen et al., 2008). Insulin is subsequently released into the plasma 

through exocytosis; insulin promotes glucose uptake mainly into muscles and adipose 

tissues (Klip and Paquet, 1990). Thus, insulin lowers blood glucose levels. During fasting 

periods, low insulin levels also regulates blood glucose levels by promoting glycolysis and 

glycogenolysis and inhibiting glycogenesis.  

 

1.3.2.1 Insulin resistance 

Insulin receptor signalling on target cells is initiated by tyrosine phosphorylation of insulin 

receptor substrates (IRS-1 and IRS-2) by binding to insulin (Saltiel and Kahn, 2001). 

Subsequently, a series of secondary messenger pathways involving activation of 

phosphatidylinositol-3-phosphate and TC10, ras and the MAP kinase cascade promote 

glucose entry via GLUT-4 receptors, following their translocation from intracellular sites 

(in skeletal muscles and adipose tissues) to cell membrane (Saltiel and Kahn, 2001). 

However, insulin receptor signalling can be disabled by a negative feedback mechanism 

mediated by serine phosphorylation of insulin receptors and IRS, which reduces insulin-

mediated tyrosine phosphorylation (Aguirre et al., 2002).  

Attenuation of insulin signalling via this feedback pathway is mediated by hypertrophic 

adipocytes, which release TNF-α (Hotamisligil et al., 1996). Furthermore, continuous 

activation of protein kinase C and IkappaB kinase beta (IKKbeta) may contribute to 
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obesity-induced inhibition of insulin signalling (Kim et al., 2001; Yuan et al., 2001). Thus, 

increased plasma FFA levels, which predispose cells to mitochondrial ROS generation, 

could also be linked to increase in TNF-α activity. Nevertheless, as mentioned in Section 

1.2.2, cellular redox-regulating proteins are induced to enhance adaptation to rising ROS 

levels. Activation of c-jun NH2-terminal kinases (JNK), a TNF-α target could mediate 

ASK1-induced phosphorylation at serine 307 of IRS (Aguirre et al., 2000). Thus, the 

dimeric form of ASK1 is activated in the presence of ROS, which is also elevated by 

increased lipid oxidation in the presence of high FFA levels. Other signalling kinases that 

could mediate insulin resistance including phosphoinositide 3-kinase (PI3K), glycogen 

synthase kinase (GSK)-3, and mammalian target of rapamycin (mTOR) have been 

reviewed (Saltiel and Kahn, 2001). Insulin resistance consequently results in reduced 

insulin-stimulated glucose uptake in muscles, adipocytes and other peripheral tissues, 

leading to high plasma glucose levels. 

 

1.3.2.2 Hyperglycaemia 

Hyperglycaemia (persistent high plasma glucose levels) occurs as a consequence of 

impaired insulin signalling and impaired glucose tolerance. Hyperglycaemia occurs when 

blood glucose levels exceed 7 mM during fasting, or exceed 11.1 mM – 2 h after meals 

(Giugliano et al., 2008). It is unanimously accepted that hyperglycaemia is a precursor for 

the diverse secondary complications, such as nephropathy, neuropathy and 

hypertension, which develop in diabetes patients. Glucose metabolism in β-cells is 

regulated by glucokinase, a hexokinase analogue responsible for initiating the glycolytic 

pathway, to generate pyruvate for ATP production via the tricarboxylic acid cycle. 

However, compensatory activities of β-cells such as increased glucokinase activity, are 

activated to restore blood glucose levels to the normal range (Fridlyand and Philipson, 

2004) leading to increased mitochondrial ROS levels. Emerging evidence indicates that 

minimal ROS levels may be beneficial to insulin signalling in β-cells, since H2O2 

stimulated a surge in insulin release via increase in Ca
2+

 influx in rat islets (Janjic et al., 

1999; Maechler and Wollheim, 1999). 
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However, high ROS levels cause β-cell dysfunction by initiating a series of debilitating 

activities on glucokinase gene expression, mitochondrial function and insulin secretory 

mechanism, via oxidative damage (Maechler and Wollheim, 1999; Butler et al., 2003). 

ROS can also impair glucose sensing in β-cells, which can result in decreased insulin 

output and consequently impaired inhibition of hepatic glucose production, lipolysis and 

decreased glycogen formation, so exacerbating hyperglycaemic condition (Fig 1.7).  

 

 

Figure 1.7 Scheme illustrating complex interplay of diverse mechanisms involved in β-cell damage in the 

pathophysiology of T2DM. This scheme which is adapted from Bensellam et al., (2012) summarises aetiology of 

T2DM (Henquin, 2000; Wollheim and Maechler, 2002; Cnop et al., 2005). Onset of T2DM is triggered by genetic 

and environmental factors that cause lack of insulin sensitivity, affecting insulin uptake. This initiates a series of 

mechanisms including high ROS levels and inflammatory mediators to result in impaired glucose tolerance; 

although transient β-cell regeneration serves as a compensatory mechanism. Also, increased demand for 

insulin synthesis puts a strain on the endoplasmaic reticulum (ER), which can be compensated in the short-term 

by activation of uncoupled protein response (UPR). Coupled to depletion of antioxidant defences, persistent 

elevation of ROS and impaired glucose-stimulated insulin secretion (GSIS) can lead to β-cell apoptosis.  

 

Another compensatory mechanism is insulin hypersensitization, which results in 

enhanced insulin synthesis and release from β-cells (Fig 1.7). Thus, in the presence of 

high glucose levels, β-cells become more sensitive to glucose, increasing glucose 

metabolism, proinsulin biosynthesis and insulin secretion (Cnop et al., 2005). Evidence of 

Endogenous defenses 

Antioxidant defenses
UPR (short-term)
Islet blood flow
β-cell replication
β-cell neogenesis
β-cell size

Impaired GSIS
Altered insulin gene expression
β-cell apoptosis

Glucolipotoxicity

ROS generation
UPR (prolonged)
AGEs
Hexosamine pathway
PKC activation
ER stress
Hypoxia
β-cell differentiation

Insulin resistance

Peripheral tissue damage

Genetic and environmental factors

β-cell exhaustion

Impaired glucose tolerance

FFA-induced ROS generation 
and inflammation

β-cell mass
Insulin biosynthesis
Insulin secretion

β-cell compensation

Impaired GSIS
Increased ROS generation
Altered insulin gene expression
β-cell apoptosis

T2DM- hyperglycaemia



 

18 
 

Chapter 1 

abnormal proinsulin synthesis has been found in T2DM, correlating with fasting 

hyperinsulinaemia (Sempoux et al., 2001), which could be facilitated by increased ATP 

synthesis and accumulation of calcium in the cytosol (Cnop et al., 2005). However, insulin 

hypersensitization may promote β-cell exhaustion due to depletion of insulin stores; 

subsequently, this could induce high mitochondrial ROS levels, which will deepen β-cell 

dysfunction and activate apoptotic mechanisms (Tanaka et al., 2002), leading to β-cell 

loss and disease progression. 

 

1.3.2.3 Advanced glycation end products (AGEs) 

As illustrated in Figure 1.7, hyperglycaemia can also cause reduced glucose-stimulated 

insulin-secretion (Cnop et al., 2005). Persistent hyperglycaemia enhances free radical 

generation via autoxidation of membrane proteins and plasma unsaturated fatty acids, in 

addition to autoxidation by sugars and sugar adducts (Baynes, 1991), and increased 

glyceraldehyde-3-phosphate or dihydroxacetate phosphate levels (Nishikawa et al., 

2000). Also, activation of protein kinase C (PKC) during high glucose levels induces c-

Myc via PKC beta 2 regulation (Kaneto et al., 2002); c-Myc supresses insulin gene 

transcription (Kaneto et al., 2002) and PKC activation, which contribute towards 

increased ROS levels. Increased ROS generation in hyperglycaemic conditions were also 

marked by GSH depletion in red blood cells (Mizukami et al., 2014). 

 

1.3.2.4 Glucolipotoxicity in pathogenesis of T2DM 

Elevated mitochondrial ROS generation induced by insulin resistance and 

hyperglycaemic conditions promote oxidative damage to pancreatic β-cells, this is 

exacerbated by glucolipotoxicity (cell damage caused by high glucose and lipid 

exposure). In β-cells, it has been suggested that lipotoxicity and glucotoxicity may be 

inter-dependent on each other (Jacqueminet et al., 2000), due to the ability of glucose to 

promote esterification of fatty acids into neutral lipids (Briaud et al., 2001). Although an 

earlier review proposed that glucotoxicity occurs prior to lipotoxicity (Poitout and 

Robertson, 2002), the complexity of both processes rather points towards an inter-

relation, based on their association with increased ROS production and β-cell damage, as 
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reviewed by Newsholme et al., (2007). Following 72 h exposure to 2 mM FFA, cultured 

islets (isolated from pre-diabetic Zucker diabetic fatty rats, a rodent model of T2DM) 

showed increased ceramide formation, decreased insulin signalling, and increased nitric 

oxide (NO) levels which facilitated NO-mediated β-cell apoptosis (Shimabukuro et al., 

1997). In addition, the endoplasmic reticulum (ER) which is responsible for esterification 

of FFA is overloaded in the presence of high lipid levels, causing impaired ER function 

and ER stress, leading to β-cell death (Cnop et al., 2005). 

It has been suggested that low expression of antioxidant enzymes in β-cells is required to 

allow ROS–mediated insulin signalling (Lenzen et al., 1996; Pi et al., 2007); however, this 

works to the disadvantage of β-cells during prolonged exposure to high ROS levels. 

Thus, accumulation of increased ROS levels due to high glucose and high lipid load 

overwhelms the low antioxidant capacity, so causing apoptosis (Robertson and Harmon, 

2007). In keeping with the proposal of ROS-mediated β-cell damage in diabetes, 

adenoviral overexpression of glutathione peroxidase in clonal hamster insulinoma HIT-

T15 cells protected against glucose and ribose-induced oxidative stress, and promoted 

glucose-induced insulin release (Tanaka et al., 2002). Although β-cell deficit as a 

consequence of glucolipotoxicity is still debated, decreased β-cell volume correlated 

positively with increased glycated haemoglobin (Hb1Ac) levels in diabetic subjects 

(Mizukami et al., 2014). An increase in oxidative stress markers including 8-oxo-2’-

deoxyguanosine and 4-hydroxynonenal have also been recorded during glucotoxicity in 

T2DM patients (Sakuraba et al., 2002; Mizukami et al., 2014). The complex interplay of 

insulin resistance, hyperglycaemia, ROS and β-cell apoptosis in the pathophysiology of 

T2DM has been debated further (Kahn, 2003; Robertson et al., 2003; Fridlyand and 

Philipson, 2004; Cnop et al., 2005; Pi et al., 2007). Therefore, it is proposed that the use 

of antioxidants could prevent oxidative stress and promote insulin secretion. Hence, 

upregulation of cellular antioxidant enzymes and use of radical scavengers may promote 

β-cell protection and repair, whilst relieving cell damage and low insulin secretion. 
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1.3.2.5 Antioxidants as a treatment option for T2DM 

Although lifestyle modification is recommended as first-line in management of T2DM, 

pharmacological agents such as oral antihyperglycaemics, incretin-based therapies, and 

insulin are commonly used in sequential order as disease progresses (Kahn et al., 2014). 

However, current treatment options are not always effective and their use is often limited 

by adverse effects and contraindications. Therefore, more effective treatment options are 

needed to address the issue of β-cell dysfunction and loss of viability of β-cells, which 

play a fundamental role in the pathogenesis of diabetes. Hence, there is growing interest 

in the use of herbal medicinal products in diabetes treatment.  

The use of medicinal plants such as Momordica charantia, Blighia sapida and Vernonia 

amygdalinain, in the treatment of diabetes dates back to many years and are common to 

various communities around the world (Rao M U. et al., 2010; Kibiti and Afolayan, 2015). 

Evidence in rodents also suggest that PPAR agonists could protect against insults by 

oxidative stress and inflammation in β-cells, see references within (Bonora, 2008). The 

link between antioxidant activities and preservation of β-cell function with improved 

glycaemic control has been established using the well-known antioxidant compound N-

acetyl-L-cysteine (Kaneto et al., 1999; Takatori et al., 2004). In addition, antioxidant and 

anti-apoptotic activities of catalase (Chen et al., 2001), thioredoxin (Chen et al., 2005) 

and metallothionine (Kasono et al., 2004) recovered β-cells from streptozotocin-induced 

damage. 

   

1.4  Phytochemicals as antioxidants 

According to the US Food and Drugs Administration, an antioxidant is defined as “a 

substance for which there is scientific evidence that following absorption from 

gastrointestinal tract, the substance participates in physiological, biochemical and cellular 

processes that inactivate free radicals or that prevent free radical-initiated chemical 

reactions” (Dinkova-Kostova and Talalay, 2008). Interest in the importance of antioxidants 

was enhanced by the earlier discovery of vitamins E and C as reducing agents (Jacob, 

1996; Wolf, 2005). Over the past decade, consumption of fruits and vegetables has 
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become the focus of public health campaigns. This is because most fruits and vegetables 

are believed to be a rich source of phytochemicals which can act as antioxidants, in 

addition to possessing diverse minerals and vitamins that form part of a healthy diet. 

Hence, it has been proposed that increased consumption of fruits and vegetables will 

provide preventative benefits against a wide range of diseases (Riboli and Norat, 2003). 

The search for plant-derived antioxidants has led to several reports of cytoprotection by 

dietary compounds such as polyphenols (Duvoix et al., 2005; Hamaguchi et al., 2009).  

In this thesis, eight phytochemicals: quercetin, curcumin, sulforaphane, rosmarinic acid, 

caffeic acid, ferulic acid, m-coumaric acid and danshensu; were assessed for radical 

scavenging and cytoprotective activities against free radicals. Among the selected 

phytochemicals, quercetin, curcumin and sulforaphane were used as reference 

phytochemicals, owing to strong evidence of their antioxidant activities (Sections 1.5.1 – 

1.5.3). Furthermore, there is compeling evidence from animal studies that rosmarinic acid 

exhibits antioxidant effects. Hence, there is the need to assess the contribution of 

activities by its principal metabolites towards in vivo effects of rosmarinic acid.  

 

1.5 Review of metabolic and pharmacological 

profile of phytochemicals used in this study  

This section presents metabolic profiles of quercetin, curcumin, sulforaphane, rosmarinic 

acid and its principal metabolites. Subsequently, evidence of pharmacological activities is 

highlighted, with focus on antioxidant activities. 

 

1.5.1  Quercetin  

Quercetin is a flavonoid widely distributed in nuts, fruits and vegetables (Harnly et al., 

2006), such as onion, chilli pepper, tomato, broccoli, apple and cranberry (Rothwell et al., 

2015), principally occurring as a glycoside (Yoo et al., 2010). Daily consumption of 

quercetin is by the order of 6 – 31 mg  (Metodiewa et al., 1999), which is far less than the 

safety limit of 1000 mg/day or 756 mg/day following oral and intravenous administration 
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respectively (Harwood et al., 2007). Thus, among other phytochemicals, quercetin is 

considered relatively safe (Lamson and Brignall, 2000). 

 

1.5.1.1  Metabolism and bioavailability 

The presence of quercetin in plasma is influenced by metabolism prior to its absorption. 

Following incubation with quercetin 4’-glucoside, β-glycosidases in saliva cleave the 

attached glycosides to release quercetin (Walle et al., 2005), promoting buccal absorption 

of quercetin (Fig 1.8). Additionally, quercetin is also released by the β-glucosidase lactate 

phlorizin hydrolase (LPH, EC 3.2.1.62), resident on micro-villi of small intestinal 

epithelium (Németh et al., 2003), to facilitate passive diffusion in the small intestine (Day 

et al., 2003) (Fig 1.8).  

 

Figure 1.8 Hydrolysis of quercetin-glucoside in oral cavity by β-glycosidases to form quercetin and glucose. 

 

Intestinal absorption of quercetin is also supported by organ anion transport polypeptides 

(OATP) (Nait et al., 2009). Enzymes within small intestinal epithelium are also involved in 
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degradation of quercetin to phenolic acids such as 3-hydroxyphenylacetic acid, benzoic 

acid, hippuric acid and CO2 (Aura et al., 2002), which are excreted via urine and faeces 

(Mullen et al., 2008) (Fig 1.9). Thus, the integrity of gut microbiota plays a crucial role in 

the fate of quercetin and its metabolites following oral intake. 

 

 

Figure 1.9 Intestinal metabolism of quercetin-glycoside following oral intake. Cleavage of remaining quercetin 

glycosides (Q-G) occurs partially due to cytosolic β-glycosidases and lactate phlorizin hydrolase (LPH) in the 

small intestines, causing release of quercetin (Q) for absorption and conjugation. Absorption of quercetin is 

facilitated by sodium-glucose linked transporter 1 (SGLT1) and organic anion-transporting polypeptide (OATP), 

while efflux is via multidrug resistance-associated protein 2 (MRP2). Adapted from Vargas and Burd, (2010). 

 

Quercetin is metabolised to glucuronic acid, sulphate and methyl conjugates, catalysed 

by uridine 5ʹ-diphosphoglucuronosyl transferase (UGT), phenosulfotransferase (sulfate 

conjugation- SULT) and catechol-O-methyltransferase (methylation - COMT) respectively 

(Walgren et al., 2000; Murota and Terao, 2003; van der Woude et al., 2004; Del Rio et al., 

2013). A comprehensive list of Phase II metabolites has been provided by Guo et al., 

(2015). These metabolites enter the blood circulation reaching the liver via the portal vein, 

where passive diffusion and organ anion transport (OAT) and OATP-mediated transport 

account for uptake in hepatocytes (Wong et al., 2012).  

Quercetin and its metabolites are distributed in various tissues, with free and methylated 

forms, ranging from 2 – 6 µM detected in porcine kidneys, liver and jejenum (Bieger et al., 

2008). Studies in rats also confirmed 60 µM in plasma after feeding on quercetin 45 - 47 

mg/day for 2 weeks (Silberberg et al., 2005). In human subjects receiving oral dose of 
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150 mg quercetin per day, plasma levels reached 380 nM after 2 weeks (Egert et al., 

2008). A Phase I clinical trial in cancer patients recorded serum levels in the range of 200 

– 400 µM within 30 min of intravenous administration of 945 mg/m
2
 quercetin at a 3-week 

intervals, with 1 μM maintained in plasma up to 4 h after administration (Ferry et al., 

1996). Thus, low plasma levels of quercetin are detected after oral intake in mammals.  

The overall bioavailability of quercetin is influenced by a number of factors. The good lipid 

solubility of quercetin allows for absorption across small intestinal wall and hence 

increases bioavailability (Piskula and Terao, 1998); however this can be limited by 

extensive metabolism by Phase II enzymes in small intestinal epithelial cells and 

hepatocytes (van der Woude et al., 2004). Moreover, there is efflux of metabolites back 

into the intestinal lumen (Walgren et al., 1998; Crespy et al., 2001), whilst biliary excretion 

also channels compounds into the gut via multidrug resistance-associated protein 2  

(O'Leary et al., 2003).  

Quercetin is also metabolised in the liver by cytochrome P450 (Gradolatto et al., 2004), 

while some conjugates (quercetin 3ʹ-glucuronide and  quercetin 7ʹ-glucuronide) are de-

glucuronidated and subsequently sulfated to generate quercetin 3ʹ-sulfate (O'Leary et al., 

2003). Furthermore, daily supplementation with a higher dose of quercetin significantly 

increased the plasma quercetin concentration, despite relatively high inter-individual 

variability in plasma (Egert et al., 2008). Hence, the general understanding is that 

prolonged intake of quercetin will lead to tissue levels of quercetin similar to those in 

plasma (Vargas and Burd, 2010). There is also evidence to confirm that key in vivo 

metabolites such as 3ʹ-O-methyl and 4ʹ-O-methyl quercetin could exhibit similar 

pharmacological effects (Spencer et al., 2003). 

 

1.5.1.2  Pharmacological activities  

The benefits of flavonoids in humans are continuously being evaluated, since these 

compounds form a large part of human diet. Low intake of flavonoid-rich foods has been 

related to increased risks of coronary diseases in humans (Knekt et al., 1996). In an 

epidemiological study, hypertensive patients who received 730 mg quercetin as daily 
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supplement for 28 days recorded a reduction in blood pressure, by 7 mmHg (systolic) and 

5 mmHg (diastolic)  (Edwards et al., 2007).  

A number of in vivo and in vitro studies have also reported a wide range of 

pharmacological activities by quercetin and its derivatives. Quercetin-3-O-β-D-

glucuronide produced 20 – 28% inhibition against influenza A virus in mice after oral 

administration of 3 and 6 mg/kg for four days, and showed anti-inflammatory activity 

against dimethylbenzene at 8 - 20% more than aspirin (Fan et al., 2011). Following 5 h 

exposure to human macrophages and human adipocytes, 3 – 30 μM quercetin attenuated 

basal mRNA expression of TNF-α and interleukin-1 β by approximately 80%, with 60 – 

70% decrease in COX-2, 37% and 63% decrease in induction of TNF-α and monocyte 

chemoattractant protein-1 (MCP-1), respectively (Overman et al., 2011).  

Anticancer activities of quercetin were observed after 24 – 72 h treatment with 70 μM in 

human menaoma cells, with 40 – 60% inhibition of CDK2 activity and cell cycle block at 

G1 stage (Casagrande and Darbon, 2001). In Sprague-Dawley rats with colon cancer, 

oral intake of 43.35 g/kg quercetin led to 41% fewer high multiple abberant crypt foci and 

88% increase in apoptotic cells in the distal colon, relative to untreated rats (Warren et al., 

2009). These reports support the proposition that quercetin could be beneficial to 

humans.  

In spite of its poor bioavailability, reports suggest that quercetin could be a potential 

therapeutic agent in the treatment of diabetes and NASH. Furthermore, the use of 

enhanced drug delivery methods such as nanocapsules (El-Gogary et al., 2014) and 

polymer-based carriers (Singhal et al., 2011; Chitkara et al., 2012) could overcome these 

challenges, leading to a promising outcome for quercetin in drug development. Chitkara 

et al., (2012) also observed increased bioavailability by approximately 523% and 

sustained plasma concentration of quercetin after dosing with poly(lactic-co-glycolic acid) 

quercetin nanoformulations, relative to quercetin suspension, with significant increase in 

antioxidant levels (superoxide dismutase and catalase) in pancreas and kidneys of 

diabtetic rats.  
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Earlier in vitro studies documented inhibition of haemoglobin glycosylation with increasing 

quercetin concentration (Asgary et al., 1999). In streptozotocin-induced diabetic rats, 

quercetin reduced plasma glucose levels, as well as plasma cholesterol and triglyceride 

levels, following intraperitoneal administration; these effects were not observed in non-

diabetic animals (Vessal et al., 2003). In their study, quercetin also increased pancreatic 

islet mass in both normal and diabetic rats. In INS-1 rodent pancreatic β-cells, quercetin 

also exhibited antioxidant activities against hydrogen peroxide-induced oxidative damage 

and potentiated glucose-stimulated insulin secretion (Youl et al., 2010).  

Quercetin has also been shown to reduce biomarkers of obesity such as plasma 

triglycerides, FFA, systolic blood pressure and insulin, which were increased in obese 

Zucker rats (Rivera et al., 2008). Although studies in human subjects are limited, a high 

number of in vivo (animal studies) and in vitro studies have reported quercetin activities 

against obesity (Nabavi et al., 2015). A high fat diet predisposes to insulin resistance and 

accumulation of FFA, and this is commonly used to induce NASH or fatty liver disease in 

animal models (Kucera and Cervinkova, 2014).  

In experimental rats presenting with NASH, quercetin proved more protective than 

pioglitazone (antidiabetic) and hydroxyl citric acid (natural supplement for weight 

management), by reversing elevated serum levels of glucose and liver marker enzymes - 

alanine transaminase, aspartate transaminase and alkaline phosphatase (Surapaneni 

and Jainu, 2014). Also, quercetin demonstrated antioxidant, anti-inflammatory and 

antilipogenic activities via modulating the phosphatidylinositol 3-kinase (PI3K)/AKT 

pathway in the HUH-7 hepatocellular carcinoma cell line (Pisonero-Vaquero et al., 2015).  

Quercetin exhibits a biphasic effect, in that antioxidant effects which have been reported 

at lower cellular concentrations (1 – 40 µM) are achievable in the human diet (Vargas and 

Burd, 2010), while cytotoxic activities in vitro are observed at concentrations above 40 µM 

(Metodiewa et al., 1999). Kim and Jang, (2009) reported pro-apoptotic effects following 

exposure of human hepatoma HepG2 cells to 100 µM quercetin for longer than 30 min, 

with antioxidant effects recorded at lower concentrations. Antioxidant effects of quercetin 

have been linked to the presence of a catechol group, which is involved in chelating 
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oxidizing metals (Murota and Terao, 2003) and could be required for inhibition of lipid 

peroxidation (Brown et al., 1998; Yamamoto et al., 1999). Antioxidant activities of 

quercetin have gained further interest in recent times due to its inductive effects on the 

Keap1/Nrf2/ARE pathways, resulting in upregulation of cytoprotective genes (Tanigawa et 

al., 2007).  

 

1.5.2  Curcumin  

Curcumin is obtained from turmeric, a rhizome of Curcuma longa of the family 

Zingiberacea, which has its historic use in Ayurvedic medicine - in cancer, inflammatory 

and other pathogenic conditions (Ammon and Wahl, 1991). There are numerous species 

of the Curcuma, with the most popular species (Curcuma longa) cultivated in Asia, largely 

produced in India (78% of global market) and exported for use as food spice (curry 

powder) and food colourant (E100) worldwide (Grynkiewicz and Slifirski, 2012). It is 

estimated that the average daily intake of turmeric (the anti-inflammatory agent (Aggarwal 

et al., 2003)) from an Indian diet is 60 – 100 mg per 60 kg individual (Casas-Grajales and 

Muriel, 2015).  

Curcuma extracts usually consist of a mixture of three yellow-orange pigmented 

compounds: lesser amounts of dimethoxy-curcumin and bisdemethoxy-curcumin in 

addition to the major component curcumin (Grynkiewicz and Slifirski, 2012). Curcumin is 

a diarylheptanoid bearing the IUPAC name (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione), which is obtained in its stable form as a tautomeric ketone–enol 

mixture (Fig 1.10). Curcumin has been classified as GRAS (generally regarded as safe) 

by the US Food and Drug Administration for flavouring and colouring food varieties due to 

its lack of toxicity. This is backed by Phase I clinical studies where daily oral dosing with 

12 g curcumin was well-tolerated (Cheng et al., 2001; Lao et al., 2006), suggesting its 

enormous potential as a therapeutic and chemopreventive agent.  
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Figure 1.10 Structures of keto-enol tautomer of curcumin. Stable form of curcumin consists of both tautomeric 

forms (Tønnesen et al., 1982; Payton et al., 2007; Li et al., 2009). 

 

1.5.2.1  Metabolism and bioavailability 

Curcumin exhibits low systemic bioavailability, it is chemically unstable and has a strong 

yellow stain, all of which impede its progress in drug development. Although curcumin 

can be oxidized to ferulic acid and feruloylmethane (Wang et al., 1997), chemical stability 

can be achieved in the presence of foetal calf serum in aqueous medium, blood (Pfeiffer 

et al., 2003) and intestinal fluid, where pH is between 1 and 6 (Wang et al., 1997). 

Poor systemic bioavailability results from extensive metabolism in the small intestines, 

inadequate intestinal absorption via paracellular diffusion and rapid elimination in urine 

(Ravindranath and Chandrasekhara, 1980; Anand et al., 2007). In vivo studies in both 

rats and humans have reported Phase I and II metabolism of orally administered 

curcumin (Sharma et al., 2007; Hoehle et al., 2006). Phase I metabolism was observed 

during incubation with intestinal and liver cytosolic enzymes, mainly as alcohol-

dehydrogenase dependent (Hoehle et al., 2006), involving successive bio-reduction of 

the four double bonds in the olefenic heptanoid system (heptadiene-3,5-dione complex) 

to rather stable metabolites – dihydro, tetrahydro, hexahydro and octahydro-curcumin 

(Pan et al., 1999; Hoehle et al., 2006) (Fig 1.11).  
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Figure 1.11 Metabolism pattern for orally administered curcumin. Adapted from Hoehle et al., (2006).  

 

Metabolism of intermediate dihydrocurcumin occurs in an NADPH-dependent reaction to 

produce tetrahydrocurcumin (Fig 1.11), with hexahydro-curcumin glucuronide as the 
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predominant metabolite (Hoehle et al., 2006; Metzler et al., 2013). Both reduction and 

conjugation are initiated by intestinal enzymes but also occur in hepatic tissues of rats 

and humans (Ireson et al., 2002; Hoehle et al., 2006; Usta et al., 2007). The remaining 

parent compound and reductive metabolites are conjugated with sulfates and glucuronic 

acid (Ireson et al., 2001).  

However, glucuronidation is the main route for conjugation and this generates two distinct 

and chemically reactive monoglucuronides, phenolic and alcoholic glucuronides as the 

major and minor metabolites, respectively (Pfeiffer et al., 2007; Fig 1.12). A number of 

sulfotransferases appear to be involved in the sulfation of curcumin and its metabolites in 

the liver and the gut (Hoehle et al., 2007; Pfeiffer et al., 2007). 

 

 

Figure 1.12 Phenolic (A) and alcoholic (B) glucuronide metabolites of curcumin. Adapted from Metzler et al., 

(2013).  

 

Bioavailability studies following oral dosing in rodents and humans have reported 

inconsistent observations (Shoba et al., 1998; Anand et al., 2007). Intravenous 

administration of 10 mg/kg in rats produced peak levels of 1 μM, whereas 500 mg/kg oral 

intake reached 0.2 μM (Yang et al., 2007). However, oral doses of 4 – 8 g in humans 
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reached 0.41 – 1075 μM in plasma after 1 h (Cheng et al., 2001), while Sharma and 

colleagues, (2004) reported 11.1 nM following 1 h of intake of 3.6 g oral curcumin. After 

an oral dose of 3 g curcumin in human, both normal and malignant colorectal tissues 

recorded high levels at 12.7 nM and 7.7 nM curcumin, respectively (Garcea et al., 2004). 

Another study in colorectal cancer patients who received 3.6 g curcumin oral daily doses 

for 4 months revealed free curcumin, glucuronide and sulfate levels at 11 nM, 16 nM and 

9 nM in plasma respectively, while urinary levels of conjugates were 1 nM and 500 nM 

respectively (Sharma et al., 2004).  

In healthy humans however, only curcumin glucuronide and sulfates were detected in 

plasma at 3.7 μM and 2.2 μM respectively, 4 h after single oral dose of 10 g or 12 g 

(Vareed et al., 2008). These reports indicate that glucuronide and sulfate curcumin are 

present in plasma with glucuronide as the main metabolites.  

Due to poor bioavailability of curcumin, it has been proposed that future research focus 

on the reduced metabolites such as hexahydro- or tetrahydro-curcumin (Sharma et al., 

2005), since replicating biologically effective in vitro concentrations of curcumin in vivo 

seems rather unlikely (Dempe et al., 2013). However by improving drug delivery, the 

usefulness of curcumin could be enhanced.  

 

1.5.2.2  Pharmacological activities 

Curcumin has gained research popularity due to recent reports of its ability to modulate 

biological targets which are key in regulating homeostasis in mammals (Aggarwal et al., 

2007; Aggarwal and Sung, 2009). Furthermore, biotechnological advances in drug 

delivery such as nanoparticles and liposomal encapsulation of curcumin have produced 

promising results to support its therapeutic potential (Li et al., 2005; Choudhury et al., 

2016).  

Anticancer and anti-inflammatory effects were observed in male athymic colon cancer-

induced mice, where daily oral dose of 1 g/kg curcumin, given for four weeks, decreased 

expression of genes involved in metastasis (CXCR4 – 68%), invasion (MMP-9 – 64%) 

and inflammation (COX-2 - 49%) (Kunnumakkara et al., 2009). Curcumin also decreased 
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expression of anti-apoptotic proteins Bcl-xL and Bcl-2 in colon cancer cell lines – HCT 

116, HT29 and SW620 (Kunnumakkara et al., 2009). Antioxidant activities of curcucum 

have been reported in an in vitro study, where 0.14 mM curcumin decreased the level of 

thiobarbituric acid reactive substances in platelet and plasma components by 35% 

(Kolodziejczyk et al., 2011).  

A number of pharmacological activities by curcumin and its metabolites have also been 

reported in in vivo and in vitro studies, which could be related to antidiabetic and 

hepatoprotective effects. Curcumin exhibited a repressive effect on lipid metabolism, 

suggesting its lipid-lowering potential (Asai and Miyazawa, 2001). Evidence of therapeutic 

efficacy in diabetes was demonstrated by promoting skeletal muscle glucose uptake and 

AMPK/ACC (AMP-activated protein kinase/acetyl-CoA carboxylase) phosphorylation, in 

addition to induction of AMPK/ACC and PI3-kinase/Akt pathways during co-administration 

with insulin (Kang and Kim, 2010). Anti-diabetic effects have been related to activation of 

Nrf2 nuclear translocation, resulting in reduced ROS-mediated insulin resistance in 

human LO2 hepatocytes (Zhao et al., 2011). 

Curcumin is a known antioxidant compound with strong antiradical activities. It has been 

reported that curcumin prevented ROS-induced oxidative damage by scavenging free 

radicals and preventing GSH depletion in hepatocytes (Zhao et al., 2011). Curcumin also 

belongs to the group of Michael acceptor compounds, which interact with intracellular 

sensors on cysteine-rich Keap1 protein, a negative regulator of Nrf2 (Dinkova-Kostova 

and Talalay, 1999). It is also reported that curcumin induces cellular ROS production, 

which could serve as a trigger for transcriptional activation of Nrf2 and MAP kinases to 

up-regulate haem-oxygenase 1 (HO-1) in liver cells (McNally et al., 2007). Thus, 

curcumin elicits antioxidant effect by directly scavenging free radicals and by up-

regulating cytoprotective proteins. As a result of its strong antioxidant properties, 

pretreatment with 10 μM curcumin protected against streptozotocin-induced DNA 

damage in murine islets, and restored insulin levels and islet viability (Meghana et al., 

2007). 
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1.5.3  Sulforaphane 

Sulforaphane is an isothiocyanate produced from the hydrolysis of glucoraphanin, a 

plant-derived glucosinolate (Fig 1.13). Glucoraphanin is a 4-methylsulfinylbutyl 

glucosinolate found in several cruciferous vegetables such as cabbage, Brussels sprout, 

cauliflower, kale, cole crops and collards, but mainly obtained from broccoli (Brassica 

oleracea) and broccoli sprouts (Stoewsand, 1995; Tian et al., 2005). Glucoraphanin is an 

inducer of cytochrome P450 isoforms in the liver and produced pro-oxidant effects at 

concentrations above 120 mg/kg body weight in rats (Perocco et al., 2006). 

   

         

Figure 1.13  Enzymatic hydrolysis of glucoraphanin in the upper gastrointestinal tract to release sulforaphane. 

 

1.5.3.1  Metabolism and bioavailability 

Cleavage of glucoraphanin occurs in the upper gastrointestinal tract by endogenous 

plant-specific myrosinases (β-thioglucoside glucohydrolase enzymes) (Guerrero-Beltrán 

et al., 2012; Fig 1.13). Consequently, sulforaphane is absorbed by passive diffusion in the 

jejunum yielding high uptake due to its good lipid solubility (Petri et al., 2003). These 

authors also reported conjugation of sulforaphane during absorption and increase in 

mRNA levels of glutathione S-transferase in enterocytes, as well as efflux of 

sulforaphane-GSH back into the intestinal lumen which could be mediated by P-

glycoproteins. Sulforaphane-GSH conjugates are also transported by multidrug resistant 

proteins 1 and 2 (MRP1 and 2), via the hepatic portal vein (Keppler et al., 1997; Harris 

and Jeffery, 2008). It has, however, been reported that metabolism of sulforaphane and 

its distribution, as well as that of its metabolites are not influenced by the presence of Nrf2 

and glutathione S-transferase-P 1 (GSTP1) polymorphism (Clarke et al., 2011). The 

remaining intact glucoraphanin is hydrolysed by Clostridia and Lactobacilli in the lower 
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gut to produce isothiocyanates including sulforaphane, erucin and nitriles, in a pH-

sensitive environment (Lai et al., 2010; Guerrero-Beltrán et al., 2012); also, see Fig 1.14. 

 

 

Figure 1.14 Enzymatic hydrolysis of glucoraphanin in the lower gastrointestinal tract to release sulforaphane, 

erucin and nitriles. As described in text, sulforaphane is subsequently metabolised to produce sulforaphane–

GSH, which is later metabolised to N-acetylcysteine (Petri et al., 2003; Hwang and Jeffery, 2005; Lai et al., 

2010).   

 

The initial hydrolysis by plant myrosinase is essential to obtaining adequate plasma levels 

of sulforaphane, since colonic hydrolysis accounts for delayed peaks and lower plasma 

concentration (Clarke et al., 2011). Consumption of 40 g broccoli sprouts (containing 150 

μmol and 71 μmol glucoraphanin and glucoerucin, respectively) by humans produced 

plasma levels of 2.5 µM and 1 µM euricin within 5 min of intake, but declined sharply 

within 10 min (Clarke et al., 2011). However when food is heated, plant endogenous 

myrosinase is deactivated and therefore it cannot cleave glucoraphanin to yield 

sulforaphane, sulforaphane will then not be absorbed (Conaway et al., 2000).  

Sulforaphane is absorbed across both upper and lower gut walls but partly inter-

converted by reduction of the sulfoxide moiety to a sulphide, forming a less bioactive 

compound erucin after intestinal absorption (Clarke et al., 2011). An analysis of 

mesenteric plasma revealed that sulforaphane was predominantly present as conjugates 

in rats (Wang et al., 2011). Sulforaphane cysteine-glycine (SFN-CG) was recorded as the 
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dominant metabolite in human plasma (82%), while sulforaphane-cysteine was barely 

detected (Clarke et al., 2011). Sulforaphane-cysteine was obtained from urine at 18%, 12 

h after intake of broccoli sprouts (Clarke et al., 2011). The sulforaphane-glutathione 

conjugate is further metabolised to N-acetylcysteine conjugate which was found in urine 

(Hwang and Jeffery, 2005) (Fig 1.14). Clarke et al., (2011) recorded 72% and 83% of 

sulforaphane-N-acetylcycteine and erucin-N-acetylcysteine, respectively in urine. 

 

1.5.3.2  Pharmacological activities  

Consumption of sulforaphane-containing foods has been associated with several health 

benefits, mainly anticancer effect, which has been demonstrated in several carcinomas 

(Barcelo et al., 1996). Bioefficacy of sulforaphane and metabolites is determined by its 

bioavailability, with levels of intact and conjugated sulforaphane in plasma comparable 

levels to those in liver, kidney and lungs (Clarke et al., 2011). In Sprague Dawley rats, 

pre-treatment with 500 μg/kg/day for 3 days repressed post-ischaemic left ventricular 

end-diastolic pressure by 50% and increased coronary blood flow by 2 ml/min compared 

to control (Piao et al., 2010). In addition, Piao et al., (2010) observed sulforaphane-

mediated reduction (27%) in infarct size and restored levels of catalase, HO-1 and SOD 

after repurfusion injury, partly via antioxidant mechanisms and mitochondrial KATP 

channels.  

Lai et al., (2010) reported sulforaphane-mediated up-regulation of GCL via Nrf2 

activation. Antioxidant effect of sulforaphane is mainly mediated through the induction of 

Phase II drug metabolising enzymes, which are ubiquitously present in various cell types, 

as well as through some Phase III transporters (Guerrero-Beltrán et al., 2012). While 

sulforaphane exists in R-S isomerism, it has been found in both liver and lung tissues that 

the R enantiomer is responsible for antioxidant potency in humans, acting as an inducer 

of cytoprotective enzymes (Abdull Razis et al., 2011).  

Activation of Nrf2 activities by sulforaphane led to attenuation of oxidative cell damage 

and neutrophil proliferation in brain tissues subjected to intracerebral haemorrhage (Zhao 

et al., 2007), this by progressive up-regulation of HO-1 which inhibited cerebral 
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inflammation (Innamorato et al., 2008). It is also worth noting that pre-treatment of 

dopaminergic cells, CATH and SK-N-BE(2)C, with sulforaphane induced both mRNA and 

enzyme activity levels of quinone reductase, an ARE-driven target enzyme (Han et al., 

2007). In retinal ARPE-19 cells, induction of Phase II enzymes prevented H2O2-mediated 

cell death caused by tert-butyl hydroperoxide (tBHP) (Cano et al., 2008). There are also 

reports on antidiabetic effects of sulforaphane, showing increased insulin levels which 

reduced hyperglycaemia and preserved function of pancreatic β-cells (Guerrero-Beltrán 

et al., 2012). In a randomised study on type 2 diabetic subjects receiving broccoli sprout 

powder supplements, insulin resistance declined after 4 weeks of treatment (Bahadoran 

et al., 2012). Sulforaphane is also reported to protect against streptozotocin-induced β-

cell damage in vitro, by attenuating NF-KB pathway a concentration-dependent manner 

(Song et al., 2009).  

 

1.5.4  Rosmarinic acid 

Rosmarinic acid (α-O-caffeoyl-3, 4-dihydroxyphenyl lactic acid;  Fig 1.15) is a secondary 

metabolite in herbs of the Lamiaceae family such as Perilla frutescens (beefsteak plant), 

Silvia officinalis (sage), Melissa officinalis (mint), Ocimum canum (basil), Origanum 

vulgare (oregano), Rosmarinus officinalis (rosemary) and Thymus vulgaris (thyme) 

(Petersen and Simmonds, 2003).  

 

Figure 1.15  Chemical structure of rosmarinic acid. 

 

Most of these plants are used traditionally against infectious diseases, inflammatory and 

neurological conditions (Youn et al., 2003). Rosmarinic acid is an acid ester of caffeic 

acid and 3,4-(dihydroxyphenyl)lactic acid, and is known to inhibit inflammatory effects 
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through decreasing expression of COX-2 enzymes and prostaglandin levels (Youn et al., 

2003; Osakabe et al., 2004). Anti-inflammatory activities have been demonstrated in 

various skin models, 48 h treatment with 25 μM rosmarinic acid led to 23% 

radioprotection in human lymphocytes (Sánchez-Campillo et al., 2009), while using cream 

with 0.3% rosmarinic acid improved symptoms of atopical dermatitis in human subjects 

(Lee et al., 2008). Thus, indicating its potential therapeutic and protective use in topical 

disorders.  

There is substantial evidence confirming the free-radical scavenging and lipid-lowering 

effects of rosmarinic acid (Al-Musayeib et al., 2011; Brosková et al., 2012; De Oliveira et 

al., 2012), in addition to anti-apoptotic activities via blocking caspase-3 activity (Gao et 

al., 2005). Antioxidant properties of several plants have been linked to their high 

rosmarinic acid content (Lee et al., 2013). Ocimum canum Sims (Ghanaian plant known 

as Akokobesa) a regular kitchen spice, is used traditionally as an antidiabetic in Ghana 

(Berhow et al., 2012). Following HPLC analysis of its extracts, Berhow et al., (2012) 

identified rosmarinic acid as a prominent constituent of Ocimum canum Sims and 

proposed that rosmarinic acid could account for the alleged antidiabetic effect of this 

herbs. Antidiabetic effects could be supported by improved insulin sensitivity and 

decreased plasma lipid levels, oxidative damage and cardiac hypertrophy in fructose-fed 

hypertensive rats following supplementation with 10 mg/kg rosmarinic acid for 44 days 

(Karthik et al., 2011). An in vitro study also reported protection against sorbitol-induced 

free radical-damage following 1 h pre-incubation with 25 μM rosmarinic acid (Salimei et 

al., 2007), suggesting that antidiabetic effects could be linked to its antioxidant properties.  

Lima et al., (2006) reported a direct antioxidant effect of rosmarinic acid which led to 

increased basal levels of cellular GSH and decreased lipid peroxidation in HepG2 

hepatoma cells. This report correlated positively with a subsequent study, where sage 

extracts protected against tBHP-induced GSH depletion in the same in vitro model (Lima 

et al., 2007). Both ethanolic and water-based extracts of sage, which were rich in 

phenolic compounds including rosmarinic acid, also reversed liver fibrosis, indicating 

potential in protecting against oxidative stress in liver diseases (Lima et al., 2007). The 

principal evidence of antioxidant potential has been reported with plant extracts and in 
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vivo models; however, cytoprotective mechanism of rosmarinic acid still remains to be 

explored. Nevertheless, the above evidence suggests that rosmarinic acid is primarily an 

antioxidant compound and may be of interest in diseases for which oxidative stress plays 

a key role.  

What is becoming apparent in studies involving plant chemicals is that whilst chemicals 

have been identified as antioxidants, there is very good evidence, that in many instances 

a low amount of the parent compound can be identified in plasma after oral 

administration. This may be due to substantial extreme pre-systemic metabolism, hence 

the metabolism of rosmarinic acid needs to be appreciated – this is discussed in detail in 

the following section. 

 

1.5.4.1 Metabolic pattern of rosmarinic acid 

Rosmarinic acid is metabolised to derivatives of ferulic acid, m-coumaric acid, 3,4-

(dihydroxyphenyl)lactic acid and caffeic acid by gastrointestinal enzymes (Baba et al., 

2004). Orally-administered rosmarinic acid is rapidly but poorly absorbed into the 

abdominal aorta via paracellular diffusion in the upper gut, yielding very low amounts of 

rosmarinic acid in plasma (Konishi et al., 2005). In the liver, rosmarinic acid is conjugated 

to methyl derivatives and glucuronides by catechol-O-methyl transferases (COMT) and 

UDP-glucuronosyltransferases respectively, and occurs as conjugates in plasma (Baba et 

al., 2004, 2005). An LC-MS (liquid chromatography-mass spectrometry) analysis of 

plasma levels obtained from male Sprague-Dawley rats, following oral intake of 

rosmarinic acid at a dose of 50 mg/kg body weight, indicated that most of intact 

rosmarinic acid absorbed from the upper gastrointestinal tract (4.63 μM) is methylated by 

COMT to methyl-rosmarinic acid (Baba et al., 2004). Methyl-rosmarinic acid was 

subsequently obtained as conjugate and free forms in urine (Baba et al., 2004).  

Moreover, following a single oral dose of Perilla fructescens extract which contained 200 

mg rosmarinic acid in human subjects, about 50% of rosmarinic acid was absorbed from 

the gut with peak levels of total methyl-rosmarinic acid at 1.15 μM (Baba et al., 2005), 

urinary detection was similar to the profile obtained with an earlier study in rats (Baba et 
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al., 2004). The remaining rosmarinic acid is degraded by esterases of the colonic 

microflora in the lower gut to 3,4-(dihydroxyphenyl)lactic acid and caffeic acid (Nakazawa 

and Ohsawa, 1998; Bel-Rhlid et al., 2009) (Fig 1.16).  

Bel-Rhlid et al., (2009) identified Lactobacillus jonhsonii as the main microorganism 

responsible for this cleavage of rosmarinic acid. These colonic bacteria are also found in 

humans (Couteau et al., 2001) and could be responsible for colonic hydrolysis of the 

phenolic ester in humans. Thus, the abundance and function of colonic bacteria could 

influence the bioavailability as well as bioefficacy of rosmarinic acid metabolites, since 

absorption of parent compound in the colon remains to be elucidated. 

 

Figure 1.16 Metabolic pathway of rosmarinic acid after oral intake. Hydrolysis of rosmarinic acid occurs in the 

gastrointestinal tract leading to subsequent metabolism of caffeic acid to ferulic acid and m-coumaric acid in the 

lower gut.  
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Caffeic acid is predominantly absorbed from the gut by paracellular diffusion but also has 

low affinity for monocarboxylic acid transporters, which contributed to higher plasma 

levels of caffeic acid than rosmarinic acid in rats (Konishi et al., 2005). This suggestion 

was in accordance with the observation that the area under the curve (AUCabdominal) for 

caffeic acid was approximately 7-fold greater than rosmarinic acid (Konishi et al., 2005). 

In the same study, greater intestinal absorption of caffeic acid also correlated with higher 

plasma concentration (11.2 ±2.3 μM) compared to rosmarinic acid (1.4 ±0.1 μM), 

following a dose of 100 μmol/kg body weight (Konishi et al., 2005). Thus, structural 

modification of monocarboxylic acid transporter substrates hinders affinity of compounds 

(such as rosmarinic acid) for the transporter (Konishi et al., 2005). 

 

1.5.5  Caffeic acid 

The polyphenol caffeic acid (3,4-dihydroxycinnamic acid), is a constituent in herbs such 

as Eucalyptus globulus (Santos et al., 2011) and Salvinia molesta (Choudhary et al., 

2008). Caffeic acid can also be obtained from honey (Jaganathan et al., 2010), coffee 

beverage, ciders, blueberries and apples, in conjugate forms with quinnic acid to produce 

chlorogenic acids such as 5-O-caffeoyl-quinic acid and caffeoylquinic acid, and di-esters, 

tri-esters and tetra-esters of caffeoylquinic acid (Clifford, 1999). Caffea canephora 

(Alonso-Salces et al., 2009) and Gardenia jasminiodes (Nishizawa et al., 1987; Clifford, 

1999) of the family Rubiaceae, also contain mixed di-esters of caffeic acid and ferulic acid 

(3-caffeoyl-4-feruloylquinic acid) and sinapic acid (caffeoylsinapoylquinic acid).  

The supply of chlorogenic acid, a major constituent in roast coffee, is largely dependent 

on type of roast, with up to 675 mg consumed from 200 ml strong brew yielding 

approximately 338 mg caffeic acid; regular coffee consumers take 500 – 1000 mg/day 

(Clifford, 1999). Herbs such as rosemary and basil are rich in rosmarinic acid but they are 

consumed in minimal amounts hence, regarded as a poor source of conjugated caffeic 

acid (Clifford, 1999).  

. 
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1.5.5.1 Metabolic pattern  

Caffeic acid is also a prominent product from in vivo metabolism of rosmarinic acid after 

oral intake by humans (and rats) (Rubio et al., 2012). Caffeic acid is metabolised by gut 

microbiota, by mechanisms other than esterification (Gonthier et al., 2006). Caffeic acid 

could also be partly metabolised into its O-methylated derivatives, ferulic and isoferulic 

acid, by the small intestinal epithelium during absorption across the gut epithelium (Kern 

et al., 2003; Lafay et al., 2006) (Figs 1.17 and 18).  

 

Figure 1.17 Intracelluar metabolism of caffeic acid by the small intestinal epithelium. Caffeic acid is partly 

absorbed intact in the small intestines by passive dissufion, while cathecol-O-methyl transferases (COMT) in the 

epithelium metabolise caffeic acid to ferulic and isoferulic acid.  

 

Regarding the detection of ferulic acid (in either free or conjugate forms) in plasma, 

earlier research conducted in rats has provided contradictory reports after oral intake of 

rosmarinic acid or caffeic acid. Whilst conjugates of ferulic acid were detected in rat urine 

after oral dosing with rosmarinic acid (Nakazawa and Ohsawa, 1998; Baba et al., 2004) 

and caffeic acid (Camarasa et al., 1988), Konishi et al., (2005) could not detect either the 

metabolite or its conjugates. However, both free and conjugate forms of ferulic acid were 

detected in human plasma, within 30 min of administering an extract of Perilla fructesens 

(containing 200 mg rosmarinic acid; Baba et al., 2005). This then highlights species 

variation in models used to evaluate pharmacokinetic profile of experimental compounds.  
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Figure 1.18 O-methylation of caffeic acid in the small intestine, following oral intake.  

 

The actual site of m-coumaric acid production has not been elucidated although, m-

coumaric acid was detected in rats, 8 h after oral administration of rosmarinic acid (Baba 

et al., 2004). Also, Baba et al., (2005) detected trace amounts of m-coumaric acid in urine 

24 – 48 h after administering Perilla fructescens to humans. The most likely reaction for 

production of m-coumaric acid in the lower gut is para-dehydroxylation, which could either 

result from a series of metabolic reactions or possibly a single double de-hydroxylation 

reaction. However, an earlier report in rats suggests that gut microflora are responsible 

for generating m-coumaric acid following reduction and then para-dehydroxylation of 

caffeic acid in rats (Goodwin et al., 1994) (Fig 1.16). Additionally, m-

hydroxyphenylpropionic acid was detected as a plasma metabolite of Perilla fructescens 

extract following oral intake in rats (Nakazawa and Ohsawa, 2000).  

Metabolism by Phase I and II enzymes, which occurs during and after absorption, 

influences the bioefficacy of hydroxycinnamic acids such as caffeic acid and m-coumaric 

acid (Lafay et al., 2006). Caffeic acid, ferulic and m-coumaric acid are transported to the 

OH

O

OH

OH

OH

O

O

OH

CH3

OH

O

O

OH

CH3

Caffeic acid

Isoferulic acidFerulic acid

O-methylation



 

43 
 

Chapter 1 

liver, where glucuronidation, methylation and sulfation occur (Nakazawa and Ohsawa, 

1998; Baba et al., 2004, 2005). Also, studies have shown that sulfation occurs during 

absorption into the abdominal aorta (Kern et al., 2003; Baba et al., 2005) with subsequent 

glucuronidation in the liver (Kern et al., 2003).  

Caffeic acid and ferulic acid, undergo sulfation by sulfotransferase 1A1 (SULT1A1) at the 

3-hydroxyl position, which has been found to contribute positively towards their 

antioxidant potencies (Wong et al., 2010). Some key metabolites of caffeic acid, including 

glucuronide and sulfate derivatives, retain their antioxidant properties in vitro (Piazzon et 

al., 2012). A brief review on the two main derivatives of caffeic acid, ferulic acid and m-

coumaric acid is presented in Sections 1.5.6 and 1.5.7. 

 

1.5.5.2  Pharmacological activities 

Caffeic acid is also reported to have antioxidant, anticancer and antimutagenic effects 

(Okutan et al., 2005). In a concentration-dependent manner, caffeic acid (0.05 – 1 mM) 

repressed tumour invasiveness and angiogenesis via decreasing TNF-α, IL-1β and IL-8 

levels by 67%, 45% and 31%, respectively at 1 mM, while increasing anti-inflammatory 

cytokine IL-10 levels after 72 h incubation in hepatocellular carcinoma cells (Guerriero et 

al., 2011). Caffeic acid also enhanced concentrations of endogenous antioxidants, as well 

as increased lipoprotein resistance to oxidation ex vivo (Lafay et al., 2006).  

In diabetic Wistar rats, administration of an extract of Cyamposis tetragonoloba enhanced 

glucose uptake and insulin secretion, with antidiabetic effects attributed to protective 

activities of its polyphenol constituents, caffeic acid and gallic acid (Gandhi et al., 2014). 

Caffeic acid (0.02% of diet), after 5-weeks supplementation in diabetic mice, improved β-

cell viability and structure, and increased plasma insulin levels by 64%, leading to 15 

mmol/L reduction in blood glucose (Jung et al., 2006). In addition, Jung et al., (2006) 

observed improved glucose uptake by adipose cells as well as decreased insulin 

resistance in the liver.  

It is also reported in adult male Wistar rats that intact caffeic acid in the small intestines 

(administered orally at 250 mg/kg body weight, 15 and 120 min after single intraperitoneal 
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dose of cisplatin - 6 mg/kg body weight) restored intestinal enzymes to control levels 

(Arivarasu et al., 2013). In the same study, caffeic acid restored basal activities of 

endogenous antioxidants – catalase, glutathione peroxidase, glutathione reductase and 

thioredoxin; thus, could be of therapeutic importance against gastrointestinal toxicity. 

In Perilla frutescens extract, caffeic acid was the constituent responsible for increase in 

GCL levels, yielding 1.4 – 1.8–fold increase in activity and 1.7 - 2.7-fold surge in GSH 

levels, following 72 h treatment with 0.56 - 2.78 mM caffeic acid in HepG2 hepatoma cells 

(Park et al., 2010). Protection against cerebral ischaemia in rats was displayed via 

inhibition of 5-lipooxygyenase activity (Zhou et al., 2006). Cytoprotective activities of 

rosmarinic acid have also been linked to antioxidant effects of its metabolite, caffeic acid 

(Yang et al., 2013). 

 

1.5.6  Ferulic acid 

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is present in fruits and vegetables such 

as bananas, tomatoes, carrots, coffee, cereals, (D'Archivio et al., 2007; Mancuso and 

Santangelo, 2014) and Chinese herbs including Angelica sinensis and Cimicifuga  

racemose (Ou and Kwok, 2004). Ferulic acid does not exist as a free form, but as 

conjugates via ester-linkages with mono-, di- and poly-saccharides in the cell wall (for 

example, 5-O-ferouloyl-2-arabinofuranose and 5-O-ferouloylarabinoxylane are the most 

common forms of ferulic acid in cereals) (Saulnier et al., 1995; Clifford, 1999). Also, 

ferulic acid conjugates with hydroxyl fatty acids, suberin and cutin, glycoproteins, liginin 

and polyamines (Bourne and Rice-Evans, 1998; Mancuso and Santangelo, 2014). These 

conjugates are hydrolysed by colonic microbial cinnamoyl esterases (Couteau et al., 

2001), xylanase and ferulic acid esterases (Kroon et al., 1997).  

The free ferulic acid, which either results from its conjugates or as a derivative of caffeic 

acid, is predominantly absorbed by passive diffusion, with a small proportion absorbed by 

monocarboxylic acid transporters (Poquet et al., 2008), with peak levels recorded under 

15 min (Zhao et al., 2003). Earlier studies in Wistar rats observed that 50% ferulic acid 

was absorbed after gastric perfusion with 250 μM ferulic acid, this was available to 
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tissues, although it was rapidly eliminated accounting for plasma levels of 7.6 μM (Adam 

et al., 2002).  

Ferulic acid is metabolised by 1A1 and 2B7 isoforms of UDP-glucuronosyltransferase (Li 

et al., 2011) and sulfotransferases, mostly by SULT1E (Wong et al., 2010),  to produce 

sulfoglucuronide conjugates as predominant forms in plasma; a small percentage of 

glucuronide and free forms of ferulic acid are also present in plasma (Bourne and Rice-

Evans, 1998; Zhao et al., 2004). Conjugation of ferulic acid occurs mainly in the liver 

(Zhao et al., 2004) and to a lesser extent in the intestinal mucosa and kidney (Kern et al., 

2003; Zhao et al., 2003). However, conjugation does not affect bioavailability of ferulic 

acid.  

Low levels of ferulic acid also undergo β-oxidation in the liver to 4-hydroxy derivatives 

(Chesson et al., 1999). Additional plasma and urinary metabolites detected in rats were 

vanillic acid, vanilloylglycine, feruloylglycine, m-hydroxyphenylpropionic acid and 

dihydroferulic acid (Zhao et al., 2003; Zhao and Moghadasian, 2008; Choudhury et al., 

1999). As far as can be ascertained, there is currently no report on the methylation of 

ferulic acid in the gastrointestinal tract or liver. 

Studies in rats and humans have shown that conjugates of ferulic acid, as found in plants, 

affect its pharmacokinetic parameters such as increasing the time for achieving peak 

plasma levels, increasing half-life and decreasing peak plasma levels (Zhao et al., 2004; 

Mancuso and Santangelo, 2014). For example, amount of ferulic acid recorded in rat 

plasma was after single oral dose of ferulic acid and 5-O-feruloyl-L-arabinofuranose 

(equimolar amounts of 70 μmol ferulic acid/kg body weight) were 23.0 μM at 30 min and 

109.5 μM at 15 min, respectively after ingestion (Zhao et al., 2003).  

Additionally, total ferulic acid was detected in rat plasma at 240 min after administration of 

ferulic acid ester compared to rats given ferulic acid alone, which recorded no amount of 

the total compound (Zhao et al., 2003). As a metabolite of RA, both modified and 

unmodified forms of ferulic acid are excreted in urine (Bourne and Rice-Evans, 1998). 

Adam et al., (2002) observed biliary excretion of up to 7% of ferulic acid from 
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supplements, while food matrix of diet rich in ferulic acid showed impaired absorption, 

with significant levels of ferulic acid in faeces. 

 

1.5.6.1 Pharmacological activities 

It is reported that ferulic acid shows promising therapeutic potential in several conditions 

including cancers, diabetes, Alzheimer’s and cardiovascular diseases (Mancuso and 

Santangelo, 2014). In streptozotocin-induced diabetic rats, blood glucose levels were 

reduced by 145 – 169 mg/dl after 21 days of receiving oral dose of 10 mg/kg ferulic acid 

per body weight (Prabhakar et al., 2013). These authors also observed synergistic 

hypoglycaemic effects when ferulic acid was administered in concert with oral 

hypoglycaemic agents – metformin (50 mg/kg) and thiazolidone -  resulting in increased 

islet size, while decreasing occurrence of side-effects observed after administration of 

thiazolidinedione alone (Prabhakar et al., 2013). Ferulic acid also improved insulin 

secretion, which occurred concomitantly with decreased blood glucose levels, total 

cholesterol and low-density lipoprotein concentrations in type 2 diabetic mice, as well as 

increased hepatic glycogenesis (Jung et al., 2007).  

Ferulic acid possesses strong antioxidant properties, which are defined by the presence 

of electron-donating groups on its benzene ring (4-hydro and 3-methoxy groups) and 

carboxylic group on the ferulic acid structure (Kanski et al., 2002). These functional 

groups enhance its free radical scavenging and anti-lipid peroxidation activities. The 

antioxidant potential of ferulic acid was evaluated in carbon tetrachloride-induced 

hepatotoxicity in female rats, daily oral dose of 20 mg/kg ferulic acid for 90 days reduced 

TBARS in liver and kidney tissues by approximately 35%, and increased GSH levels by 

29% (Srinivasan et al., 2005). These reports promote the notion that intake of ferulic acid 

could provide cytoprotection against oxidative stress. 

 

1.5.7  m-Coumaric acid 

m-Coumaric acid, a microbial metabolite of caffeic acid, is dissimilar to ferulic acid in the 

sense that, as far as can be ascertained, there are currently no reports on its natural 
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occurrence in fruits and vegetables. The m-hydroxycinnamic acid is, however, present in 

vinegar (Gálvez et al., 1994). In addition to rosmarinic acid and caffeic acid, m-coumaric 

acid is also a microbial metabolite detected after oral intake of chlorogenic acid in rats 

(Gonthier et al., 2003). 

m-Coumaric acid, as the last major metabolite produced from caffeic acid in the gut, was 

detected in plasma, and accumulated slowly in urine 18 h after rosmarinic acid 

administration in rats (Nakazawa and Ohsawa, 1998). However, m-coumaric acid has 

high affinity for mono-carboxylic acid transporters (Konishi and Kobayashi, 2004), due to 

the presence of the monocarboxylic group, and an aromatic hydrophobic moiety which 

facilitate its absorption (Rahman et al., 1999).  

There is currently limited literature on the pharmacological benefits of m-coumaric acid. 

However, antioxidant activity of m-coumaric acid was determined as 1.7 μM Trolox 

equivalent (Gomez-Ruiz et al., 2007). This suggests that the caffeic acid metabolite may 

retain antioxidant properties of its parent compound. 

 

1.5.8  3,4-(dihyroxyphenyl)lactic acid 

Danshensu (3,4-dihyroxyphenyllactic acid), a product obtained from hydrolysis of 

rosmarinic acid, is also present in aqueous extracts of Salvia miltiorrhiza (Zhou et al., 

2006), a perennial Chinese plant known generally as Danshen or red sage. Intestinal 

absorption of danshensu is facilitated by P-glycoprotein transporter (Zhou et al., 2006), 

promoting good plasma distribution of the plant compound (Zhang et al., 2011). Although 

the mechanism involved has not been reported, danshensu is metabolised to isopropyl 3-

(3,4-dihydroxyphenyl)-2-hydroxypropanoate, a vasodilator (perhaps via esterification, Fig 

1.18), which is rapidly eliminated after oral ingestion in rats (Zhang et al., 2008).  
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Figure 1.19 Metabolism of danshensu to isopropyl 3-(3, 4-dihydroxyphenyl)-2-hydroxypropanoate in rats, after 

oral intake. 

 

1.5.8.1  Pharmacological activities 

As with most phenolic acids, the presence of the tri-hydroxyl group on its structure could 

account for antioxidant effects (Han et al., 2009), as well as radical scavenging against 

2,2-diphenyl-1-picrylhydrazyl (DPPH
.
) radical and superoxide anions (Zhao et al., 2008).  

In hepatic stellate cells, 62.5 – 250 mM danshensu mediated anti-proliferative activity and 

reduction of type I collagen after 24 h exposure, via repressing c-Jun N-terminal kinases 

and NF-kappaB signalling (Yu et al., 2009). Co-exposure of hepatic stellate cells to 200 

μM acetaldehyde and 150 μM danshensu repressed mRNA expression of transforming 

growth factor –β1 and plasmogen activator inhibitor-1, which were both up-regulated by 

treatment with acetaldehyde alone (Zhang et al., 2012).  

In addition, 8 h treatment with danshensu induced apoptosis in fibroblasts (Jiang et al., 

2001). Anti-inflammatory and antifibrotic activities suggest that danshensu could be 

investigated further for potential benefits in liver fibrosis and other forms of liver injury 

such as NASH, where inflammation plays a major role in its pathogenesis. The 

cardioprotective effect of danshensu, following oral intake of 160 mg/kg in rats for 21 
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days, was mediated by accentuating Nrf2 signalling (20% increase in protein levels) and 

anti-apoptotic gene Bcl-2, while decreasing Bax and caspase-3 protein levels (Li et al., 

2012). Thus, danshensu could be of interest as an inducer of Phase II enzymes against 

oxidative damage. By stimulating mRNA expression of pregnane X receptor and 

potentially regulating cytochrome P450 enzymes, danshensu as a cytoprotective 

phytochemical and inducer of xenobiotic metabolism could augment disease prevention 

and possibly treatment (Liu et al., 2011). 

 

1.6  Screening of antioxidant compounds 

The antioxidant efficiency of any compound depends on its ability to donate an electron 

or hydrogen to stabilize free radical species (Fig 1.19). Thus, an antioxidant molecule can 

either be oxidized to a less reactive free radical or delocalise its structure to regain inert 

status. The use of in vitro assay methods are very popular for determining antioxidant 

efficiency of compounds (Karadag et al., 2009), as they enable direct chemical interaction 

between reductant and oxidant being assessed, to define radical scavenging properties 

of the compound.  

Dietary phytochemicals exhibit either free-radical scavenging activities (i.e., attenuating 

free radical chain reactions) or preventative antioxidant activities (inhibiting reactive 

oxidation reactions) (Karadag et al., 2009). 

 

 

Figure 1.17 Antioxidant molecule stabilizes a free radical species in a reduction reaction. 
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Preventative antioxidant activities are accurately determined in a cellular environment, 

where cytoprotection is observed. Hence, not all reductants can act as antioxidants 

(Karadag et al., 2009).  

 

1.6.1  Chemical-based antioxidant activity assays  

There are various in vitro chemical-based methods used to determine antioxidant activity 

of compounds. These methods have been classified based on the ability of antioxidant 

compounds to engage in either electron transfer or hydrogen atom transfer, as 

determined by bond dissociation and ionisation potentials (Karadag et al., 2009).  

Although hydrogen atom transfer methods such as oxygen radical absorption capacity 

assay (ORAC) are very rapid, they involve a synthetic free radical generator such as 2,2'-

azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) ABTS, antioxidant compound and an 

oxidizable molecular probe such as fluorescein (Moore et al., 2006; Karadag et al., 2009); 

therefore, the use of multiple variables could influence accuracy of these methods.  

Electron transfer methods include Trolox equivalent antioxidant capacity (TEAC), 2,2-

diphenyl-1-picrylhydrazyl (DPPH) and ferric reduction activity potential (FRAP) assays. 

Electron transfer methods involve a reaction mixture of reductant and oxidant, which also 

acts as a probe. During electron transfer, the oxidant receives an electron from the 

reductant causing a change in colour of the oxidant, which is proportional to the amount 

of reductant present in the mixture (Karadag et al., 2009) and serves as a marker for 

terminating the reaction. Extrapolation of effective concentration (denoted as EC50) from 

linear curve defines the reducing capacity, also called antioxidant capacity or efficiency 

(Karadag et al., 2009).  

The DPPH
.
 (2,2-diphenyl-1-picrylhydrazyl) radical is a purple organic nitrogen which is 

reduced to produce yellow hydrazine species, the stable form of DPPH (Fig 1.20). 

Classification of the DPPH scavenging assay as one based on electron transfer or 

hydrogen atom transfer is still debated (Magalhães et al., 2008; Karadag et al., 2009). 

However, DPPH scavenging is strongly influenced by pH and solvent of the reaction 

mixture, as is the case for electron transfer-based assays (Magalhães et al., 2007). Thus, 
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in strong hydrogen bond-accepting solvents such as methanol and ethanol, electron 

transfer is more dominant than hydrogen atom abstraction, which is minimal (Foti et al., 

2004).  

The DPPH
.
 radical scavenging assay first reported by Brand-Williams et al., (1995) is 

widely used as a more reliable method than FRAP, for determining antioxidant activity of 

plant extracts (Clarke et al., 2013). This rapid method was used in this project to evaluate 

antioxidant activity of phytochemicals. 

 

N

N

NO2

NO2

O2N

+ ROH
N

N

NO2

NO2

O2N

H

DPPH. (purple)

+ RO.

(ROH - antioxidant; RO. - phenoxyl radical)

DPPHH (yellow)

R-OH to R=O 

Figure 1.20 Radical scavenging of DPPH
.
 free radical in methanolic and ethanolic solvents. This reaction was 

described by (Foti et al., 2004). During electron transfer, an antioxidant molecule (ROH) stabilizes a DPPH
.
 

radical which becomes 2,2-diphenyl-1-picrylhydrazine hydrogen (DPPHH). 

 

Cytoprotection was assessed using two distinct methods against cytotoxicity resulting 

from oxidative damage; (i) direct cytoprotection: evaluated the ability of phytochemicals to 

alleviate high ROS levels in a cellular environment and (ii) indirect cytoprotection: 

evaluated the ability of phytochemicals to boost cellular cytoprotective enzymes against 

ROS-mediated oxidative damage. The direct cytoprotection model is more reminiscent of 

chemical-based radical scavenging and, therefore, indicates antioxidant activity, unlike 

indirect cytoprotection model which is taken to signify preventive activity. In accordance 

with their involvement in the pathology of NASH and T2DM, human hepatoma HepG2 

cells and human pancreatic 1.1B4 β-cells were used as cellular models. 
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1.7  Research interest 

As detailed in earlier sections, minimal ROS levels may be required for signalling during 

cellular activities however, persistent increase in ROS results in oxidative stress, leading 

to cell damage. Since NASH and T2DM are currently difficult to treat and incidence rates 

are likely to double in the next decade, the use of antioxidants, particularly of plant origin, 

to both prevent and treat such diseases has become of great interest. In addition, the 

expectation exists that phytochemicals present a safer alternative in disease treatment, 

due to constant exposure to the human body through diets.  

A number of plant-derived antioxidants appear to exert their cytoprotective effects by one 

or both of two actions - a direct and an indirect effect. The direct effect is mediated via 

radical scavenging properties whilst the indirect effect is mediated via up-regulation of a 

variety of cellular antioxidant enzymes, many of which are involved in metabolism of 

redox-active species and in maintenance of intracellular redox homeostasis. Evidence 

also suggests that phytochemicals are able to modulate cellular antioxidant enzymes 

without oxidant challenge, see Section 1.5. 

 

1.7.1  Rational of thesis 

Based on the pharmacological activities of selected phytochemicals, it was proposed that 

quercetin, curcumin and sulforaphane could exhibit direct and indirect cytoprotective 

activities. Hence, they were used as reference phytochmeicals for evaluating the 

cytoprotective activities of rosmarinic acid and its principal metabolites. Evidence of 

cytoprotective activities by rosmarinic acid alongside its principal metabolites, in in vitro 

models, is currently lacking. Therefore this thesis presents a new approach in assessing 

their cytoprotective activities, to better understand their in vivo effects, following 

continuous intake of foods rich in rosmarinic acid. 

Thus, experimental conditions used in this study were intended to evaluate the  

cytoprotective effects of dietary phytochemicals against oxidative stress in vitro, 

mimicking an in vivo scenario of their prolonged exposure to hepatocytes and pancreatic 

β-cells. 
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The following terminologies were also used to describe findings in this thesis: 

 Additive effect: the sum of pharmacological effect of individual phytochemicals. 

 Potentiative effect: the pharmacological effect of one phytochemical enhanced by 

another phytochemical to produce response greater than the sum of indivivial 

responses. 

 Synergistic effect: the enhanced pharmacological effect resulting from an 

interaction between two phytochemicals with dissimilar individual effects. 

 

1.7.2  Objectives of the study 

This study was intended to investigate antioxidant and cytoprotective activities of 

phytochemicals against free radicals in cellular and non-cellular experimental models. 

Specific objectives of this study were: 

 To confrim radical scavenging activities of reference phytochemicals – quercetin, 

curcumin and sulforaphane - , and rosmarinic acid and its principal metabolites 

against DPPH free radical in a non-cellular assay. This work is presented in 

Chapter 2. 

 To confirm direct and indirect cytoprotective activities of reference phytochemicals 

against tBHP (free radical generator) in human hepatoma HepG2 cells. This work 

is presented in Chapter 2. 

 Subsequently, direct and indirect cytoprotective activities of rosmarinic acid 

alongside its principal metabolites, against tBHP, would be evaluated in HepG2 

cells. This is a new approach to investigate the contribution of these principal 

metabolites towards cytoprotective activities of rosmarinic acid, in comparison with 

radical scavenging activities. This is work is presented in Chapter 2. 

 To investigate cytoprotective activities of chosen phytochemicals (quercetin, 

curcumin, caffeic acid and sulforaphane) against tBHP in human pancreatic 1.1B4 

β-cells. This novel study investigates the antioxidant potential of these 

phytochemicals in novel human pancreatic 1.1 B4 β-cells. This work is also 

presented in Chapter 2. 
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 To investigate the effects of selected phytochemicals on cell viability in HepG2 

cells and 1.1B4 β-cells. This work is presented in Chapter 3. 

 To assess vulnerability of HepG2 cells and 1.1B4 β-cells  to cytotoxicity following 

high glucose and high lipid exposure. This work is presented in Chapter 4. 

 A novel investigation of the cytoprotective effects of selected phytochemicals 

against lipotoxicity (by sodium palmitate) is presented in Chapter 4. 

 To evaluate the role of NQO1 and other cellular proteomes in mediating indirect 

cytoprotective activities. This is a new approach to establish the ability of selected 

phytochemicals to upregulate cellular proteomes in pre-exposure conditions, to 

produce indirect cytoprotective activities against subsequent oxidative damage. 

This work is presented in Chapter 5. 

 

1.7.3  Hypothesis 

Based on the understanding of the oxidative stress theory of disease and antioxidant 

properties of phytochemicals, it was expected that; 

 Phytochemicals will exhibit radical scavenging and cytoprotective activities 

against free radicals DPPH
.
 and tBHP, respectively; cytoprotective activities in 

HepG2 cells and 1.1B4 β-cells. This is the first report on cytoprotective acitivities 

of selected phytochemicals in 1.1B4 β-cells, as presented in Chapter 2.  

 Furthermore, a novel comparison of the cytoprotective activities of selected 

phytochemicals, against tBHP-induced cytotoxicity and lipotoxicity, was made in 

Chapter 4. Thus, with the observation of cytoprotective acitivities against tBHP, it 

was proposed that selected phytochemicals would protect against more 

physiological stressors such as exposure to high levels of sodium palmitate.  

 It was also proposed that indirect cytoprotection against tBHP will result from 

upregulation of cellular cytoprotective proteins by selected phytochemicals, in 

pre-exposure pre-condition; rather than by increasing cell number. This idea is 

partly investigated in Chapter 3, with in-depth work presented in Chapter 5. 
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Direct and indirect cytoprotective 
activities of selected 
phytochemicals in HepG2 and 
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CHAPTER 2   -   Direct and indirect cytoprotective activities      

of selected phytochemicals in HepG2 and 1.1B4 cells 

This chapter describes evaluation of the cytoprotective activities of selected 

phytochemicals, in human hepatoma HepG2 cells and novel human pancreatic 1.1B4 β-

cells; with accompanying critical analysis and discussion of the results. 

 

2.1  Introduction 

Phytochemicals exhibit diverse therapeutic effects as a result of their ability to influence 

multiple cellular targets (Zhang et al., 2006). Therefore, there is the need to distinguish 

beween direct and indirect/inductive cytoprotective activities of phytochemicals. Ahmed 

Hamed (thesis, 2009) and Fadzelly Abu Bakar (thesis, 2010) identified regulatory effects 

of quercetin, curcumin and sulforaphane on cellular defence mechanisms, acting as 

potent inducers of antioxidant enzymes and heat shock proteins; HSP 70 and 90 in 

hepatocytes (Hamed, 2009; Abu Bakar, 2010). These reports suggest that pleiotropic 

agents quercetin, curcumin and sulforaphane could exhibit cytoprotective effects via 

modulating endogenous antioxidant enzymes against oxidative stress; hence their use in 

this study as reference phytochemicals, for investigating cytoprotective acitvities of 

rosmarinic acid and its principal metabolites. 

Due to inconsistent reports on their benefits in humans, there are controversies 

surrounding the use of dietary supplements in humans, (Omenn et al., 1996; Stephens et 

al., 1996; Yusuf et al., 2000). Furthermore, it is argued that pharmacological activities 

reported in in vitro studies may not reflect in vivo conditions (Liu, 2004). Liu, (2004) also 

argues that activities of individual antioxidants compounds are incomparable to mixtures 

of phytochemicals, which are responsible for the beneficial effects of fruit- and vegetable-

rich diets (Chu et al., 2002; Sun et al., 2002). Therefore cytoprotective effects resulting 

from co-treatment with quercetin and curcumin (used together) were investigated in the 

current study, using HepG2 cells. 
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While direct cytoprotection by the selected phytochemicals has been reported in HepG2 

cells (Lima et al., 2006), this observation remains novel in the 1.1B4 human pancreatic β-

cells. Moreover, the benefits of phytochemicals in prophylactic use against chronic 

diseases has not been thoroughly examined in in vitro studies. Thus, indirect 

cytoprotection by selected phytochemicals, against oxidative challenge, has not been 

clearly defined. 

 

 

 

 

Figure 2.1 Chemical structures of phytochemicals used in the current study, showing hydroxyl groups in red. 

 

2.1.1 Cellular models for evaluating cytoprotective 

activities of phytochemicals 

Whilst the argument persists that cell-based in vitro models do not always provide 

evidence of in vivo situations, they are often a readily available experimental tool which 

continues to provide meaningful scientific results in drug discovery. Also, the use of other 
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mammals (e.g. rodents) in toxicity studies is limited due to animal rights issues and 

species differences when compared to human scenarios, as can be deduced from 

pharmacokinetic profiles of plant-derived compounds (Section 1.5). Since stability of 

primary cells in experimental situations cannot always be guaranteed, as is reproducibility 

of data obtained using primary cells (Madan et al., 2003), the availability of human cell 

lines remains an asset to drug discovery. 

 

2.1.1.1 HepG2 cells 

Human hepatoma HepG2 cells are an established experimental model in vitro for 

metabolic and toxicological studies (Alía et al., 2006; Mateos et al., 2006). Albeit being 

obtained from hepatocellular carcinoma (of a fourteen-year-old Caucasian boy), HepG2 

cells retain principal functional characteristics of normal hepatocytes as well as Phase I, II 

and antioxidant enzymes, making them suitable for studies on drug metabolism enzymes 

and hepatotoxicity (Knasmüller et al., 2004; Lima et al., 2006). Primary hepatocytes 

display typical cubic cell shape while HepG2 cells are rather epithelial-like, contrasting 

primary hepatocytes (Wilkening et al., 2003). However, HepG2 cells are readily 

accessible and consistent in various cytotoxicity (Sermeus et al., 2012; Cannito et al., 

2015) and metabolic assessments (Lima et al., 2006). Cytoprotective activities of selected 

phytochemicals were evaluated using this cellular model, as these cells have proved 

reliable in similar investigations involving several medicinal plant extracts and 

phytochemicals (Lima et al., 2006; Kim et al., 2013; Salla et al., 2016).  

 

2.1.1.2 Pancreatic β-cells 

In pancreatic β-cells, the increase in ATP/ADP ratio following carbohydrate and fat 

metabolism causes closure of ATP-sensitive K
+
 channels, resulting in membrane 

depolarisation, increased influx of Ca
2+

 ions and activation of protein kinases to mediate 

exocytosis of insulin (Newsholme et al., 2007). While elevated plasma glucose and fatty 

acid levels initially increase ATP production, persistently high glucose and lipid load 

increases superoxide anion production and alters transmembrane gradient in pancreatic 
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β-cells, decreasing free ADP levels with subsequent decrease in ATP synthesis 

(Fridlyand and Philipson, 2004).  

Recent studies have reported a direct relation between redox imbalance, impaired 

glucose uptake, β-cell dysfunction and antioxidants, see references within (Fridlyand and 

Philipson, 2004). In patients with T2DM, islet β-cell volume reduced to 40 - 60% as a 

result of increased apoptosis, while neogenesis was unaffected (Butler et al., 2003). 

Thus, preservation of β-cell viability (and ultimately β-cell volume) is vital in preventing or 

delaying onset and deterioration of disease, to alleviate hyperglycaemia and insulin 

resistance under diabetic and pre-diabetic conditions.  

 

2.1.1.2  Novel human pancreatic β-cell line  

The foundation for pancreatic β-cell research has been previously established with rodent 

β-cells (Finegood et al., 1995; Ihara et al., 1999; Kulkarni et al., 2012). However 

inconsistencies due to species variation in drug discovery (Eizirik et al., 1994) highlight 

the need for suitable human pancreatic β-cell models, which are not readily accessible 

(McCluskey et al., 2011). NES2Y, Blox 5 and other immortalised human β-cell lines which 

were previously developed, demonstrated good potential in restoring normoglycaemia via 

KATP channels and Pdx-1 genes (Soldevila et al., 1991; MacFarlane et al., 1999; De la 

Tour D et al., 2001; Zalzman et al., 2005). Nevertheless, experimental results obtained 

with these β-cell lines were not reproducible, and β-cell function and signalling was found 

to be different from primary human β-cells (McCluskey et al., 2011).  

McCluskey et al., (2011) have recently developed the novel 1.1B4 human pancreatic β-

cells by electrofusion of fresh human β-cells with PANC-1 epithelial cells. Ultimately, this 

procedure resulted in three hybrid cell lines (1.1E7, 1.4E7 and 1.1B4 human βcells), 

which displayed epithelial growth pattern as monolayers, patterned in a pavement 

“cobble-stone effect”. Among these hybrid cell lines, the 1.1B4 β-cells were most 

sensitive to glucose-stimulated insulin secretion, as they recorded highest insulin levels, 

GLUT-1 expression and glucokinase enzyme activity. The 1.1B4 β-cells, which are also 

enriched in genes of pancreatic β-cells, have a stable growth rate and share several 
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functional features and signalling pathways of human insulin-secreting cells (McCluskey 

et al., 2011), making them closely related to human primary β-cells. Vasu et al., (2013), 

reported that 1.1B4 β-cells were sucesptible to H2O2-mediated apoptosis, hence they 

could be a useful research tool in pancreatic disorders such as diabetes. However, the 

suitability of these β-cells as a model for antioxidant research remains to be established.   

 

2.1.2  Aim  

The various experimental approaches used in this chapter were intended to define the 

correlation between radical scavenging and direct cytoprotective activities of 

phytochemicals in non-cellular and cellular models respectively. Indirect cytoprotection 

assessed cytoprotective activities of selected phytochemicals, following prophylactic 

exposure, against subsequent oxidative damage. Direct cytoprotection (5 h co-exposure 

with phytochemicals) and indirect cytoprotection (20 h pre-incubation with phytochemicals 

then, 5 h exposure to tBHP) were investigated against tBHP; followed by cell viability 

assessment via uptake of the neutral red dye. 

The aim of the current study was to validate radical scavenging activities of reference 

phytochemicals - quercetin, curcumin and sulforaphane -, and rosmarinic acid and its 

principal metabolites against DPPH free radical in a non-cellular assay. Subsequently,  

direct and indirect cytoprotective activities of reference phytochemicals, against tBHP, 

were confirmed using HepG2 cells as cellular model.  

Considering that rosmarinic acid has shown poor bioavailability (Konishi et al., 2005), it is 

imperative to predict that its principal metabolites could contribute towards in vivo 

evidence of antioxidant activities by rosmarinic acid. Therefore, quercetin was used as a 

positive control to evaluate direct and indirect cytoprotective activities of rosmarinic acid 

alongside its principal metabolites in HepG2 cells.  

Furthermore, cytotoxic effect of tBHP was also investigated in 1.1B4 β-cells, as a human 

pancreatic β-cell model. Direct and indirect cytoprotective activities of quercetin, caffeic 

acid, curcumin and sulforpahane, against tBHP-induced cytotoxicity, were also 

investigated using 1.1B4 β-cells.  
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The scheme presented in Fig 2.2 was used as a guide to predict antioxidant properties of 

the phytochemicals, influenced by radical scavenging and/or cytoprotective activities 

observed. 

 

Figure 2.2 Schematic representation of hypothesis for assessing antioxidant activities of phytochemicals. 

Phytochemicals were initially screened in non-cellular assay for antiradical activities, followed by cellular 

cytoprotection assay in both co-exposure (with oxidant stressor) and pre-exposure conditions. In all screening 

models, phytochemicals were either classified as active or inactive antioxidant compounds based on their 

response to oxidant challenge. 

 

  

Indirect cytoprotection? 

Active Inactive 

Direct cytoprotection? 

Active  Inactive 
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2.2  Materials and Methods 

2.2.1  Materials and experimental models 

List of all chemicals used and their suppliers can be obtained from Appendix I. List of 

instruments used in the current study can also be obtained from Appendix I. 

 

2.2.1.1 Experimental models 

Human Hepatoma HepG2 cells and human pancreatic 1.1B4 β-cells were obtained from 

ECACC (Salisbury, UK). 

 

2.2.1.2 Preparation of solutions 

 Phytochemicals: Stock solutions and serial dilutions of selected phytochemicals 

were prepared with DMSO as vehicle.  Range of concentrations used in non-cellular and 

cellular assays are detailed in Table 2.1. Solutions were stored at -20
o
C. Final 

concentrations of phytochemicals in cellular assays were obtained by 1 part in 100 

dilutions of stocks using culture medium; final DMSO was therefore at 1%(
v
/v) in 

incubation/culture medium. 

 

 Phytochemicals DPPH assay solutions 

(mM) 

Cellular assay solutions 

(mM) 

Quercetin 0.03 - 1.06  0.02 - 0.33 

Curcumin 0.03 - 0.36 0.02 - 0.27 

Sulforaphane 0.06 - 1.80 0.04 - 0.56 

Rosmarinic acid 0.03 - 0.89 0.02 - 2.78 

Caffeic acid 0.06 - 1.78 0.03 - 2.22 

Danshensu 0.05 - 1.61 0.03 - 2.02 

Ferulic acid 0.05 - 1.65 0.03 - 2.06 

m-Coumaric acid 0.06 - 1.95 0.04 - 2.44 

 

Table 2.1 Concentration range of selected phytochemicals used in DPPH and cellular assays. 
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 DPPH stock solution in methanol: A stock solution of DPPH (1 mg/ml) was 

prepared and stored at -20
o
C in a foil-covered universal bottle.  

 Neutral red working solution: 1 part in 100 of 3.3 mg/ml stock solution supplied 

by Sigma (Dorset, UK) was freshly prepared in culture medium (containing 2%(
v
/v) foetal 

bovine serum - FBS) under sterile conditions and pre-warmed for each experiment. Final 

working solution contained 33 ug/ml of the neutral red dye. Remaining solution was 

discarded after use. 

 Fixative was made of glacial acetic acid (5%(
v
/v)) in a 50%(

v
/v) aqueous ethanol 

solution.  

 

2.2.1.3 Preparation of culture media 

2.2.1.3.1 HepG2 culture media components and solutions 

MEM Eagle complete medium (10%(
v
/v)) comprised of MEM Eagle with Earle’s salts (500 

ml) supplemented with gentamicin (0.1%(
v
/v)), MEM non-essential amino acid solution 

(1%(
v
/v)), amphotericin B (1%(

v
/v)), L-glutamine (1%(

v
/v)) and FBS (10%(

v
/v)). 

MEM Eagle complete medium (2%(
v
/v)) comprised of  MEM Eagle with Earle’s salts (500 

ml) supplemented with gentamicin (0.1%(
v
/v)), MEM non-essential amino acid solution 

(1%(
v
/v)), amphotericin B (1%(

v
/v)), L-glutamine (1%(

v
/v)) and FBS (2%(

v
/v)). 

 

2.2.1.3.2 1.1B4 β-cell Culture Media components and solutions 

RPMI-1640 complete medium (10%(
v
/v)) comprised of RPMI-1640 solution (500 ml), 

penicillin/streptomycin (0.125 IU/ml and 0.125 µg/ml), L-glutamine (1%(
v
/v)) and FBS 

(10%(
v
/v)).  

RPMI-1640 complete medium (2%(
v
/v)) comprised of, RPMI-1640 solution (500 ml), 

penicillin/streptomycin (0.125 iu/ml and 0.125 µg/ml), L-glutamine (1%(
v
/v)) and FBS 

(2%(
v
/v). 

 

2.2.2  DPPH radical scavenging assay 

In a 96-well plate, 20 µl each of DMSO (solvent) as well as selected phytochemicals was 

pipetted to separate wells in triplicate. To each well, 0.4%(
v
/v) DPPH working solution (in 
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methanol) was added to make 200 µl as final volume. Vehicle control consisted of 20 µl 

DMSO and 180 µl methanol (A-DPPH). Wells which contained DMSO (20 µl) and DPPH 

(180 µl) only were also made in triplicate, denoted as DPPH only – (A0). Absorbance of 

pigmented phytochemical (curcumin) was determined from triplicate wells containing 20 

µl of each concentration and 180 µl methanol, to eliminate interference with antiradical 

activities. Samples were kept in the dark for 15 min to allow radical scavenging of DPPH 

prior to measurement of absorbance values. Samples were then shaken for 1 min to 

ensure homogeneity. Absorbances were measured at 540 nm due to specificity of filters 

of the spectrophotometer used. However, lambda max for DPPH is 517 nm. Following 

blank subtraction (mean absorbance of vehicle control), mean absorbance of test 

samples (A+DPPH) were normalised to A0 (mean absorbance of DPPH only). Absorbance of 

pigmented compound (curcumin) was subtracted from A+DPPH values to obtain actual 

absorbance (Amic et al., 2003; Nara et al., 2006).  

 

2.2.3  Basic cell culture techniques 

Cells were maintained in 5% CO2-in-air atmosphere at 37ᵒC in a humidified SANYO CO2 

incubator. Cell culture was conducted in a Nuaire class II cell culture cabinet. All media 

and solutions used for cellular assays and cultures were incubated at 37
o
C prior to use. 

 

2.2.3.1 Human hepatoma HepG2 cells 

Subculturing HepG2 cells: Upon ensuring that cells were healthy and approximately 

80% confluent (using Olympus microscope), culture medium was discarded and cells 

washed with 15 - 20 ml of warm Hanks Balanced Salts solution (HBSS) without Ca
2+

 and 

Mg
2+

. HBSS was discarded and 10 ml of warm Trypsin-EDTA (1X) solution added to 

culture and the flask incubated for 5 – 10 min at 37
o
C. Trypsinisation reaction was 

stopped by the addition of 10 ml of 10%(
v
/v) MEM Eagle complete medium. The cell 

suspension was centrifuged at 700 rpm for 5 min. The supernatant was discarded and the 

cell pellet suspended in 10 ml medium and passed through a 25-gauge needle and 

syringe twice to break up clumps of cells. Cell suspension was diluted in 20 ml medium. 

From the final cell suspension obtained (30 ml), 2.5 ml (approximately 5 x10
6 

cells) was 
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seeded in 40 ml warm medium in a T175 cm
2
 flask and incubated at 37

o
C. Thus, in 

routine subcultures, cells were split 1:8 when they reached 80% confluence one week 

later. Medium was changed every 3 - 4 days. Passage numbers used for subsequent 

experiments were between 20 and 37.  

For cellular experiments, HepG2 cells were seeded at a density of approximately 1.2 x 

10
6
 cells/ml of 10%(

v
/v) MEM Eagle complete medium. Cells were cultured at this high 

density in each well to ensure that cells were confluent and not dividing any further during 

cytoprotection experiments. For treatment of cells and assays, MEM Eagle medium 

supplemented with 10%(
v
/v) FBS or 2%(

v
/v) FBS was used where appropriate. 

 

2.2.3.2 1.1B4 human pancreatic β-cells 

Subculturing 1.1B4 cells: Flasks were observed under an Olympus microscope to 

ensure that cells were confluent and healthy. When cells reached approximately 80% 

confluence, culture medium was discarded and cells washed with 5 ml of warm 

Dulbecco’s Phosphate Buffered Saline solution (PBS) without Ca
2+

 and Mg
2+

. PBS was 

discarded and cells were incubated with 2 ml warm Trypsin-EDTA solution (10X) for 2 - 5 

min at 37
o
C. The trypsinisation reaction was stopped by adding 10 ml of 10%(

v
/v) RPMI-

1640 complete medium. Cell suspension was then centrifuged at 1000 rpm for 5 min. 

Supernatant was discarded; cells were suspended in 10 ml medium and counted using 

the trypan blue exclusion assay described in section 2.2.3.3. For routine maintenance in 

T75 cm
2
 flask (Corning Incorporated New York, USA), 3 ml of cell suspension was 

cultured in 10 ml of warm 10%(
v
/v) RPMI-1640 complete medium. Thus, cells were split 

1:3 when they reached 80% confluence 2 - 3 days later.  

For cellular experiments, 1.1B4 cells were seeded at a density of approximately 1.3 x 10
5
 

cells/ml in 10%(
v
/v) RPMI-1640 complete medium. Cells used were within passages 32 – 

39. For cell treatment or assays, RPMI-1640 medium supplemented with 10%(
v
/v) FBS or 

2%(
v
/v) FBS was used where appropriate. 
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2.2.3.3 Cell counting 

In a 0.5 ml microfuge tube, 10 µl cell suspension was mixed with 10 µl(
v
/v) trypan blue (a 

cell viability indicator). The mixture was then carefully transferred into a cell counting 

slide. The number of cells per ml was obtained by reading through an automatic cell 

counter. Viable cells exclude trypan blue, while the dye is taken up into the nucleus of 

non-viable cells. 

 

2.2.4  tBHP-induced cytotoxicity in human cell lines 

After approximately 48 h, culture medium was replaced with fresh media supplemented 

with 2%(
v
/v) FBS, containing varying concentrations of tBHP (0.0625 – 1.0 mM). Cells 

treated with culture medium only acted as negative control. Cells were then incubated at 

37ᵒC for 5 h prior to neutral red viability assay (outlined in Section 2.2.5.3). 

 

2.2.5 Cytoprotection against tBHP-induced oxidative 

damage 

Cultures at approximately 80% confluent were exposed to tBHP. Cells were treated with 

1%(
v
/v) DMSO as vehicle control. 

 

2.2.5.1  5 h co-exposure with selected phytochemicals and tBHP 

 After approximately 48 h of plating, culture medium was replaced with 1 ml culture 

medium (2%(
v
/v) FBS complete) containing phytochemicals with or without 0.5 mM tBHP 

(aqueous) in duplicate wells. After incubation at 37
o
C for 5 h, cell viability assay was 

performed. 

A similar procedure was applied to co-treatment conditions, where HepG2 cells were 

exposed to 2%(
v
/v) MEM Eagle complete medium containing quercetin (0.01 mM), 

curcumin (0.03 mM) or both quercetin (0.01 mM) and curcumin (0.03 mM) used together, 

with or without 0.5 mM tBHP. Thus, in co-treatment experiments, cells in each well were 

treated with both phytochemicals (used together) at the same time, with or without tBHP, 

after which cell viability was assessed via the neutral red uptake assay. 
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2.2.5.2  20 h pre-exposure to selected phytochemicals 

After approximately 28 h of plating, culture medium was replaced with 1 ml medium 

(supplemented with 10%(
v
/v) FBS) containing varying concentrations of selected 

phytochemicals in quadruplicate wells. Following approximately 20 h exposure to 

phytochemicals, medium in duplicate wells of each concentration was replaced with 0.5 

mM tBHP (aqueous) in 1 ml culture medium supplemented with 2%(
v
/v) FBS and 

incubated for 5 h at 37
o
C. Cells in remaining wells were exposed to culture medium 

supplemented with 2%(
v
/v) FBS only. Cell viability assay was subsequently performed.  

For co-treatment experiments, HepG2 cells were pre-exposed to 10%(
v
/v) MEM Eagle 

complete medium containing quercetin (0.01 mM), curcumin (0.01 mM), or quercetin 

(0.01 mM) and curcumin (0.01 mM) used together. HepG2 cells were cultured for 

approximately 20 h with the phytochemicals (used singularly or together) prior to oxidative 

challenge. Cell viability was assessed using neutral red uptake assay. 

 

2.2.5.3  Cell viability assay  

Live cells were defined by their ability to take up neutral red by passive diffusion and 

incorporate the dye in their lysosomes. The neutral red assay has been established as a 

rapid and simple assay which yields reproducible assessment of cell viability (Fautz et al., 

1991; Repetto et al., 2008). Following treatment, culture medium was replaced with 33 

µg/ml neutral red dye (1 part in 100 of 3.3 mg/ml neutral red stock solution) in 400 µl 

medium (supplemented with 2%(
v
/v) FBS), including a blank well (well without cells). After 

1 h incubation at 37ᵒC, unabsorbed stain was removed by aspirating neutral red medium 

and washing cells with 400 µl Dulbecco’s PBS. Dulbecco’s PBS was immediately 

aspirated, then 400 µl chilled fixative was pipetted into each well to extract the absorbed 

red dye from the cells. Plates were shaken gently for about 2 min to achieve efficient dye 

extraction and uniformity. Samples in the 24 well plate could be kept overnight at -20
o
C at 

this stage. 
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2.2.5.4  Sample reading 

 Samples in each of the 24 wells were transferred to a 96 well plate in triplicate (3 x 100 

µl) including blank wells (no-cell). The absorbance of neutral red dye retained by live cells 

was measured at 540 nm. Upon blank subtraction, actual absorbance per well was 

obtained for data analysis. 

 

2.2.6  Data analysis  

 Presentation of concentrations: Cytoprotection data were deduced from 

percentage cell viability data for ease of comparing antioxidant efficiencies among 

selected phytochemicals compounds. 

 

 Unless stated otherwise, data were obtained from at least six independent 

experiments for each phytochemical, in both chemical and cellular conditions. For co-

treatment studies, data were obtained from four independent experiments.  

 

 Data were analysed using GraphPad Prism 6 to obtain EC50 ± 95% CIs 

(Confidence Intervals) and maximal response values using the equation below; where Y 

represents percentage response 

Y=Bottom + (Top-Bottom)/1+10
((LogEC50-X)*HillSlope))

 

However, within the confines of the above equation, EC50 and ± 95% CIs obtained were 

not accurate for some data sets. In such instances, Y=100/(1+10
((LogEC50-X)*HillSlope))

 was 

used.  

Line of best fit was defined by closeness of R
2
 values to 1.0 (perfect fit) and this 

influenced the choice of equation for any data set analysed by nonlinear regression.  

GraphPad Prism was used to define EC50 as the concentration of phytochemical that 

yields a response halfway between the minimum and maximum thresholds. Maximal 

response was defined as maximum percentage protection produced by each 

phytochemical. 
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 For cytotoxicity data, TC50 ± 95% CI values were obtained using the equation 

below, where Y represents percentage response 

Y=100/(1+10^((LogTC50-X)*HillSlope))) 

GraphPad Prism was also used to define TC50 as the toxic concentration that yields a 

response halfway between the minimum and maximum thresholds. 

 

2.2.6.1 Radical scavenging 

 Radical scavenging activity was calculated using the equation: 

 % Scavenging = 100 x [A0 – (A+DPPH – A-DPPH)]/A0. 

Where (A0): Absorbance of DMSO plus DPPH; (A-DPPH) Absorbance of pigmented 

samples plus methanol; (A+DPPH) Absorbance of samples plus DPPH. 

EC50 value was obtained from a graph of percentage scavenging against concentration 

(mM) as described above. 

For multiple comparisons of antiradical activities against DPPH (EC50 values), one-way 

ANOVA was used and Bonferroni’s test as post hoc test, with (P<0.05) being set as 

evidence for significant statistical reasoning. 

 

2.2.6.2 Cytoprotection 

Cell viability: Percentage viability was calculated as ratio of the mean absorbance of two 

wells (with the same treatment condition) to that of the vehicle control (DMSO) taken as 

100% as shown in the equation below:  

 

Percentage cytoprotection: This was an indicator of the cytoprotective activity of 

selected phytochemicals against tBHP, relative to toxicities by plant compounds, as 

described in the equation below: 

X 100%% cell viability = 
Mean absorbance at control (DMSO treated cells)

mean absorbance at sample (phytochemicals) 
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Absorbance of cells treated without tBHP was taken as –tBHP and absorbance of cells 

treated with tBHP as +tBHP. 

 

2.6.2.3 Criteria for statistical tool used 

For percentage viability obtained in the absence of tBHP, statistical significance was 

determined using Friedman test and post hoc analysis by Dunn’s multiple comparisons 

test. Due to data distribution pattern, non-compliance with Gaussian distribution was 

assumed.  

Statistical analysis for percentage viability obtained in the presence of tBHP was 

conducted using one-way ANOVA with Dunnett’s multiple comparisons test. Data 

obtained generally followed Gaussian distribution, with low percentage viability recorded 

at lowest and highest concentrations of most phytochemicals. Since sample size was too 

small to perform test for normality, normality was assumed.  

For data obtained with 1.1B4 cells, potencies (mean EC50 values) of selected 

phytochemicals were analysed by one-way ANOVA, with post hoc analysis by Dunnett’s 

multiple comparison tests. 

For statistical analysis of percentage cytoprotection data obtained during co-treatment 

conditions, one-way ANOVA was used with post hoc analysis by Bonferroni’s multiple 

comparisons test. Where confidence intervals across data set are within the same range, 

statistical analysis was not performed. 

  

100 - X 100%

mean absorbance (-tBHP) – mean absorbance (+tBHP) sample

mean absorbance (-tBHP) – mean absorbance (+tBHP) DMSO

% protection = 
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2.3  Results  

2.3.1  Radical scavenging against DPPH 

Radical scavenging activities of selelcted phytochemicals were characterised by the 

visible discolouration from purple (DPPH
.
) to yellow (DPPHH), as a function of 

phytochemical concentration. Radical scavenging activities were observed in a 

concentration-dependent manner, with quercetin, rosmarinic acid, caffeic acid and 

danshensu recording comparable potencies (Table 2.2). Curcumin was significantly less 

potent than rosmarinic acid, caffeic acid and danshensu, approximately 1.9-fold less than 

quercetin. Ferulic acid was approximately 3.1-fold less potent than quercetin, rosmarinic 

acid, caffeic acid and dansehsu. Sulforaphane (0.06 – 1.80 mM) and m-coumaric acid 

(0.03 – 1.95 mM) lacked  radical scavenging activity within the concentration range used. 

Overall, selected phytochemicals were in the range of approximately 4- to 7-fold less 

potent compared to existing reports of radical scavenging activities at lambda max - 517 

nm (Table  2.2).  This observation is discussed further in Section 2.4.1.  

 

Phytochemical 

Radical scavenging 

Mean EC50 values; CI 

(mM) at 540 nm 

Mean EC50 values mM (existing 

reports) at 515
a
, 516

b
 or 517

c
 nm 

Quercetin 0.21 (0.20, 0.22) 0.03 (Nimmi and George, 2012)
c 

Curcumin 0.39 (0.32, 0.47)
 
*#∞γ 0.09 (Ak and Gulcin, 2008)

c 

Sulforaphane No effect (>0.2) < 0.01 µM – less than 40% scavenging 

(Farag and Motaal, 2010) - at 550 nm  

Rosmarinic acid  0.24 (0.24, 0.25) 0.07 (Erkan et al., 2008)
a
 

Caffeic acid  0.26 (0.22, 0.30) 0.02 – 51.5% activity (Chen and Ho, 

1997)
c, d 

Danshensu  0.22 (0.21, 0.23) <0.01 (Zhao et al., 2088)  

Ferulic acid  0.67 (0.32, 1.02) *#∞γ 0.11 (Shimoji et al., 2002)
c
 

m-Coumaric acid   No effect (>0.2) At 0.04, <2% activity (Nenadis and 

Tsimidou, 2002)
b, d 

 

Table 2.2 Compilation of potencies of radical scavenging against DPPH free radical. Values are mean EC50 

confidence intervals (CI) of six independent experiments; n = 8 for quercetin. Statistical analysis was performed 

using one-way ANOVA and post hoc analysis by Bonferroni's multiple comparisons test. Statistical significance 

is defined as P <0.05 (*) compared with positive control (quercetin), P<0.001 (#) compared with rosmarinic acid, 

P<0.001 (∞) compared with caffeic acid and
 
P<0.001 (γ) compared with danshensu. Due to lack on evidence of 

EC50 values, % DPPH inhibition is quoted (d). 
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2.3.2  Cytoprotection in HepG2 hepatoma cells 

Having demonstrated radical scavenging activity against DPPH
.
, cytoprotective activities 

of selected phytochemicals were evaluated against tBHP-induced cytotoxicity in co-

exposure and pre-exposure conditions. 

 

2.3.2.1 tBHP-induced cytotoxicity  

After 5 h exposure, tBHP caused HepG2 hepatoma cells to appear rounded and 

separated from neighbouring cells (Fig 2.3). In accordance with these morphological 

changes, cell viability decreased with increasing concentration of tBHP (0.0625 – 1.0 

mM), which resulted in approximately 40% cell death at 0.25 mM (P<0.05, n = 6).  

 

Figure 2.3 Photographic representation of HepG2 cells treated with 0.5 mM tBHP for 5 h. Images show cells 

looking healthy after treatment with culture medium only (A), while cells are more rounded and detached from 

neighbouring cells (indicated by black arrows) following tBHP treatment (B). Images were obtained at 40X 

magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope. 

 

Cell viability recorded beyond this concentration was not greater than approximately 7% 

(Fig 2.4). Although cytotoxicity caused by mean TC50 value (0.20 mM, CI: 0.15 – 0.26) 

was comparable to that obtained at 0.25 mM, loss in cell viability recorded at the latter 

concentration was not significantly different from 0.5 mM (P>0.05). Results obtained 

agree with earlier reports of approximately 95% cytotoxicity following incubation with 0.5 

mM tBHP (Alia et al., 2005). Hence, 0.5 mM was used to evaluate the cytoprotective 

properties of phytochemicals used in this study. 

A. B.
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Figure 2.4 Concentration-response curve of tBHP-induced cytotoxicity in HepG2 human hepatoma cells. Cells 

were exposed to varying concentrations of tBHP, represented in logarithm as Log [chemical] vs. response-

variable slope. Each data point represents mean of duplicate wells from six independent experiments 

normalised to mean absorbance untreated cells to obtain percentage cell viability ± SEM. Statistical analysis 

was performed using one-way ANOVA and post hoc by Dunnett’s multiple comparison test. Where indicated, 

values were significantly different from control (MEM Eagle medium (supplemented with 2%(
v
/v) FBS)), which 

was taken to be 100% viability, at P<0.05 (*) and P<0.01 (**). 

 

2.3.2.2  Cytoprotection by reference phytochemicals in HepG2 

cells 

Direct cytoprotection observed in co-exposure experiments represented direct interaction 

between phytochemicals and high intracellular ROS induced by 0.5 mM tBHP. On the 

other hand, indirect cytoprotection was recorded following 20 h pre-exposure to 

phytochemicals, cells were then treated with tBHP alone. Without phytochemical 

intervention, tBHP caused approximately 90% cell damage in both exposure conditions. 

Cells treated with DMSO alone were taken to be 100% viable. 

 

2.3.2.2.1 Direct cytoprotection 

Quercetin was nontoxic and showed a concentration-dependent cytoprotection against 

0.5 mM tBHP (Fig 2.5A). In the presence of tBHP, quercetin (0.02 mM) produced 

approximately 41% viability, which increased to about 100% at 0.08 mM quercetin. 

Subsequently, a marginal drop in cell viability (20%) was recorded after co-exposure to 

0.33 mM quercetin and tBHP. 
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When cells were treated with curcumin, there was a sharp rise in percentage cell survival 

from 10.1 ±4.27% to 71.8 ±2.83 (P<0.05, n = 6) at 0.03 mM and 0.07 mM curcumin, 

respectively (Fig 2.5B). Beyond this concentration, cell viability declined dramatically due 

to cytotoxicity, which was also recorded in the absence of tBHP.  

Sulforaphane was without cytoprotective activity under the conditions tested however, cell 

viability decreased at concentrations above 0.07 mM sulforaphane (Fig 2.5C).  

 

Quercetin, with mean EC50 value of 0.02 mM (0.01, 0.04), was more potent than curcumin 

0.80 mM (1.0, 16.7) in 5 h co-exposure conditions. 

 

 

Figure 2.5 Protection by reference plant-derived chemicals against tBHP-induced cytotoxicity after 5 h co-

exposure. HepG2 cells were co-incubated with varying concentrations of quercetin (A), curcumin (B) and 

sulforaphane (C). Each data point represents mean percentage viability of six independent experiments ± SEM, 

from duplicate wells for each concentration. Statistical analysis was performed using Friedman test, where 

values were significantly different from control (DMSO alone) at P<0.05 (#), P<0.01 (##) and P<0.001(###). 

Also, one-way ANOVA and post hoc analysis – Dunnett’s multiple comparisons test were conducted and 

statistical significance denoted as P<0.05 (*) and P<0.001 (***) when compared with tBHP control. 
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2.3.2.2.2 Indirect cytoprotection 

Following pre-treatment, quercetin produced concentration-dependent protection against 

tBHP-induced oxidative challenge, with cell viability increasing from approximately 50% at 

0.04 mM (P<0.05, n = 6) to 87% at 0.33 mM quercetin (P<0.001, n = 6) respectively (Fig 

2.6A). Again, quercetin alone showed no significant toxicity in HepG2 cells. 

However, curcumin was toxic to the HepG2 cells at high concentrations (Fig 2.6B) as was 

observed in 5 h experiments, showing a bell-shaped concentration-response effect which 

is characteristic of Michael acceptor compounds (Magesh et al., 2012). Following pre-

exposure, curcumin produced was a sharp increase in cell survival from approximately 

55% to 90% at 0.02 mM and 0.03 mM curcumin, respectively. However, cytoprotective 

activity recorded at 0.07 mM curcumin was limited by about 20% toxicity, which was also 

observed in the absence of tBHP. 

Although sulforaphane showed cytotoxicity with increasing concentration, cytoprotective 

activity was observed at 0.04 mM sulforaphane only, with percentage viability of 

approximately 57% (P<0.05, n = 6) (Fig 2.6C). Again, protective effect of sulforaphane 

was markedly limited by its cytotoxicity at concentrations above 0.07 mM (P<0.05), 

causing greater than 60% cell death (Fig 2.6C).  

 

Curcumin (mean EC50 value: 0.02 mM; 0.01, 0.02) was more potent than quercetin (0.08 

mM (0.05, 0.10)) in 20 h conditions. Due to marked cytotoxicity by sulforaphane, a 

cytoprotective index could not be determined.  
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Figure 2.6 Protection by reference plant-derived chemicals against subsequent cytotoxicity by tBHP. HepG2 

cells were co-incubated with varying concentrations of quercetin (A), curcumin (B) and sulforaphane (C) for 20 h 

prior to oxidative challenge. Each data point represents mean percentage viability of six independent 

experiments ± SEM, from duplicate wells for each concentration. Statistical analysis was performed using 

Friedman test, where values were significantly different from control (DMSO alone) at P<0.05 (#) and P<0.01 

(##). Also, one-way ANOVA and post hoc analysis – Dunnett’s multiple comparisons test were conducted and 

statistical significance denoted as P<0.05 (*), P<0.01 (**) and P<0.001 (***) when compared with tBHP control. 

 

 

2.3.2.3 Cytoprotection by co-treatment with quercetin and 

curcumin (used together) 

Since quercetin and curcumin demonstrated strong cytoprotective activities against tBHP; 

similar effects were assessed using very low concentrations (EC10) of both plant 

compounds used together, - quercetin (0.01 mM) and curcumin (0.03 mM and 0.01 mM) 

for 5 h and pre-exposure conditions, respectively. In the following set of experiments, 

HepG2 cells were co-exposed with 0.5 mM tBHP and both phytochemicals (singularly or 

together) or pre-exposed to both phytochemicals alone (again, singularly or together) for 

20 h prior to oxidative challenge with 0.5mM tBHP.  
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After 5 h co-exposure with tBHP in HepG2 cells, quercetin and curcumin alone; at their 

“EC10” concentrations were without cytoprotective effect. However, when cells were co-

treated with quercetin and curcumin, approximately 64% viability was obtained (Fig 2.7A). 

Neither quercetin nor curcumin was cytotoxic when treated alone, although marginal 

toxicity was recorded in co-treated cells. Percentage cytoprotection recorded after co-

treatment with quercetin and curcumin was 75.9 ±5.34% (P<0.01, n = 4; Fig 2.7B). 

 

Figure 2.7 Cytoprotective activities by co-treatment with quercetin and curcumin (used together) after 5 h co-

exposure with tBHP. Cells were also pre-incubated with same concentrations of quercetin (0.01 mM) and 

curcumin (0.03 mM) alone as controls. This figure shows percentage cell viability (A) and (B) percentage 

protection data, with each data point representing mean percentage viability of four independent experiments ± 

SEM, performed in duplicate wells for each treatment condition. Statistical analysis was performed using one-

way ANOVA, post hoc analysis – Bonferroni’s multiple comparisons test. When compared with quercetin or 

curcumin (used singularly) pre-treated cells significant difference was denoted as P<0.05 (*) and P<0.01 (**).  

 

Furthermore, pre-exposure to “EC10” concentrations of quercetin or curcumin did not 

produce protection against subsequent oxidative challenge, although marginal increase in 

cell viability was recorded for quercetin alone (Fig 2.8A). In co-treated cells, there was no 

increase in cell survival as quercetin and curcumin (used singularly or together) were 

without cytoprotective response against tBHP-induced damage (Fig 2.8B). There was 

also no cytotoxic effect when cells were pre-exposed to quercetin or curcumin alone, or 

together.  
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Figure 2.8 Effect of pre-incubation with quercetin and curcumin (together) against oxidative damage. HepG2 

cells were also pre-exposed to quercetin (0.01 mM) and curcumin (0.01 mM) alone for approximately 20 h as 

controls. This figure shows percentage cell viability (A) and (B) percentage protection data, with each data point 

representing mean percentage viability of four independent experiments ± SEM, performed in duplicate wells for 

each treatment condition. Statistical analysis of percentage viability data was performed using one-way ANOVA, 

post hoc analysis – Bonferroni’s multiple comparisons test.    

 

2.3.2.4 Direct cytoprotection by rosmarinic acid and its principal 

metabolites 

Whereas radical scavenging activities of rosmarinic acid and three of its metabolites were 

comparable to quercetin, cytoprotective activities observed in HepG2 cells did not occur 

within the same concentration range as the positive control (0.02 – 0.33 mM). Therefore, 

rosmarinic acid and its principal metabolites were evaluated further at higher 

concentrations (Fig 2.9).  

Quercetin as positive control was essentially non-toxic but effective in preventing 

oxidative damage, recording peak viable count of approximately 95% at 0.08 mM 

(P<0.001, n = 8), although marginal decrease to about 80% viability was recorded at 0.33 

mM quercetin (Figure 2.9A).  

In cells treated with rosmarinic acid alone, cell viability declined at concentrations above 

1.39 mM, with approximately 20% toxicity was observed at 2.78 mM rosmarinic acid 

(P<0.01, n = 6; Fig 2.9B). Nevertheless, rosmarinic acid demonstrated a concentration-

dependent increase in survival of HepG2 cells against oxidative damage, with 
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approximately 69% viability at 1.39 mM rosmarinic acid, and no further increase beyond 

this concentration.  

Caffeic acid was without toxicity in the absence of tBHP (Fig 2.9C). Nevertheless, in the 

presence of tBHP, cell viability increased in a concentration-dependent pattern, producing 

a maximum effect of about 70% viability at 2.2 mM caffeic acid (P<0.001, n = 6).   

Approximately 20% decrease in cell viability was recorded after 5 h incubation with 2.02 

mM danshensu alone (P<0.01, n = 6), however no protection was observed against 

tBHP-induced cytotoxicity, within the concentration range 0.03 – 0.50 mM (Fig 2.9D). 

Finally, ferulic acid and m-coumaric acid were without cytotoxic effect and showed no 

increase in cell viability during 5 h co-exposure conditions (Figs 2.9E and F). 

At the range of concentrations used, danshensu, ferulic acid and m-coumaric acid were 

without cytoprotective activity during 5 h co-exposure with 0.5 mM tBHP (Fig 2.10). 

Cytoprotective efficiencies of rosmarinic acid and caffeic acid were not comparable to 

quercetin, rosmarinic acid was about 20-fold less effective than quercetin (mean EC50 

value: 0.03 mM; 0.03, 0.04). However, maximum effects of both phytochemicals were 

comparable. Furthermore, maximum protection obtained after co-exposure with quercetin 

was approximately 20% greater than caffeic acid, which was about 19.3-fold less effective 

than quercetin. 
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Figure 2.9 Protection against tBHP-induced oxidative damage in HepG2 hepatoma cells following 5 h co-

exposure to rosmarinic acid and its principal metabolites. Cells were exposed to varying concentrations of (B) 

rosmarinic acid, caffeic acid (C) danshensu (D), ferulic acid (E) and m-coumaric acid (F), in the absence and 

presence of tBHP. Quercetin (A) and 1%(
v
/v) DMSO were used as positive and vehicle controls respectively. 

Each data point represents mean percentage viability of six independent experiments ± SEM performed in 

duplicate wells for each concentration, for quercetin; n = 8. Statistical significance was performed using one-way 

ANOVA and post hoc analysis by Dunnett’s multiple comparisons test, where values were significantly different 

from DMSO control at p<0.05 (#) and P<0.01 (##). Data obtained in the presence of tBHP were analysed using 

Friedman test (-tBHP), with significance denoted as P<0.05 (*) and P<0.001 (***). 
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Figure 2.10 Concentration-response curves for direct cytoprotection by rosmarinic acid and its principal 

metabolites. Curve represents data from Fig 2.9 summarised as Log [chemical] vs. response-variable slope of 

rosmarinic acid (RA), caffeic acid (CA), danshensu (DSU), ferulic acid (FA) and m-coumaric acid (m-CoA) at 

concentration range 0.02 –  3 mM and represented on horizontal axis in logarithm. Quercetin (Q) was used as 

positive control. Each data point represents six independent experiments expressed as percentage protection ± 

SEM, for quercetin; n = 8. 

 

2.3.2.5 Indirect cytoprotection  by rosmarinic acid and its 

principal metabolites 

Pre-treatment with quercetin alone showed no significant toxicity in HepG2 cells but 

produced a concentration-dependent protection against tBHP-induced oxidative 

challenge, with cell viability increasing from approximately 37% at 0.08 mM (P<0.05, n = 

6) to 87% at 0.33 mM quercetin (P<0.001, n = 6) respectively (Fig 2.11A).  

Similar to 5 h conditions, rosmarinic acid alone decreased cell viability at high 

concentrations to approximately 80% at 2.78 mM rosmarinic acid (P<0.01, n = 6; Fig 

2.11B). Rosmarinic acid preserved the viability of HepG2 cells in a concentration-

dependent manner, recording approximately 88% at 1.39 mM rosmarinic acid, although 

viability decreased beyond this concentration. Reduction in cell viability observed at the 

highest concentration of rosmarinic acid could be due to cytotoxicity recorded in the 

absence of tBHP. Caffeic acid was however non-toxic within the range of concentrations 

used (Fig 2.11C). Cytoprotection was also demonstrated in increasing concentrations of 

caffeic acid, yielding approximately 91% viability at 2.22 mM caffeic acid (P<0.001, n =6).  
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Unlike caffeic acid, 2.02 mM danshensu showed about 27% toxicity but was without 

cytoprotection against tBHP (Fig 2.11D). Furthermore, cells retained 100% viability when 

treated with ferulic acid and m-coumaric acid, which did not preserve cell viability against 

subsequent oxidative challenge (Figs 2.11E and F). 

 

 

Figure 2.11 Protection against tBHP-induced oxidative damage in HepG2 hepatoma cells after 20 h pre-

exposure to rosmarinic acid and its principal metabolites. Cells were exposed to varying concentrations of (B) 

rosmarinic acid, caffeic acid (C) danshensu (D), ferulic acid (E) and m-coumaric acid (F), in the absence and 

presence of tBHP. Quercetin (A) and 1%(
v
/v) DMSO were used as positive and vehicle controls respectively. 

Each data point represents mean percentage viability of six independent experiments ± SEM performed in 

duplicate wells for each concentration, for quercetin; n = 8. Statistical significance was performed using one-way 

ANOVA and post hoc analysis by Dunnett’s multiple comparisons test, where values were significantly different 

from DMSO control at P<0.05 (#) and P<0.01 (##). Data obtained in the presence of tBHP were analysed using 

Friedman test (-tBHP), with significance denoted as P<0.05 (*), P<0.01 (**) and P<0.001 (***). 
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Nevertheless Fig 2.13 indicates that, rosmarinic acid (mean EC50: 0.75 mM; 0.57, 0.94) 

and caffeic acid (mean EC50: 0.77 mM; 0.64, 0.94) were about 8.5-fold less potent than 

quercetin (mean EC50: 0.09 mM; 0.06, 0.12). Danshensu, ferulic acid and m-coumaric 

acid did not show indirect cytoprotective activity against oxidative challenge within the 

range of concentrations used (Fig 2.12).  

 

Figure 2.12 Concentration-response curves for indirect cytoprotection by rosmarinic acid and its principal 

metabolites. Curve represents data from Fig 2.11 summarised as Log [chemical] vs. response-variable slope of 

rosmarinic acid (RA), caffeic acid (CA), danshensu (DSU), ferulic acid (FA) and m-coumaric acid (m-CoA) at 

concentration range 0.02 – 3mM and represented on horizontal axis in logarithm. Quercetin (Q) was used as 

positive control. Each data point represents six independent experiments expressed as percentage protection ± 

SEM, for quercetin; n = 8. 

 

2.3.3  Cytoprotection by selected phytochemicals in 

1.1B4 pancreatic β-cells 

2.3.3.1 tBHP-induced cytotoxicity in 1.1B4 cells 

The 1.1B4 β-cells were treated with varying concentrations of tBHP (0.0625 – 1.0 mM) for 

5 h, prior to neutral red viability assay. Morphological changes observed included 1.1B4 

cells appearing rounded and separated from each other, with increasing tBHP 

concentrations from 0.25 mM – 1.0 mM tBHP, as shown with 0.5 mM tBHP in Fig 2.13B.  

In accordance with morphological changes, cell numbers reduced to approximately 60% 

after 5 h exposure to 0.0625 mM tBHP (Fig 2.14), with marked reduction in cell viability at 
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concentrations above 0.125 mM (P<0.001, n = 6). Mean TC50 was calculated as 0.07 mM 

(0.04, 0.10 mM). However, as antioxidant efficiencies of phytochemicals were assessed 

with 0.5 mM tBHP in HepG2, similar conditions were used with the 1.1B4 β-cells. 

 

Figure 2.13 Photographic representation of 1.1B4 human pancreatic β-cells treated with or without 0.5 mM tBHP 

for 5 h. Image shows β-cells growing well in culture medium alone (A), while cells appear rounded and 

separated from neighbouring cells after treatment with tBHP, indicated by black arrow. Images were obtained at 

10X magnification with the Olympus camera, using the Olympus Ck2 microscope. 

 

 

 Figure 2.14 Concentration response curve of tBHP-induced cytotoxicity in 1.1B4 pancreatic β-cells. Curve 

shows Log [tBHP] vs. response-variable slope at concentration range 0.0625 – 1.0 mM tBHP, represented on 

horizontal axis. Each data point represents mean percentage cell viability of duplicate wells from six 

independent experiments ± SEM, R
2
>0.9. Statistical analysis performed using one-way ANOVA and post hoc by 

Dunnett’s multiple comparisons test. Compared to RPMI-1640 (2%(
v
/v) FBS) control, significance is denoted as 

different P<0.001(*). 
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2.3.3.2 Establishing quercetin as a positive control in 

1.1B4 β-cells 

Since quercetin proved a reliable positive control for investigating cytoprotective activities 

of rosmarinic acid and its principal metabolites in HepG2 cells (Fig 2.7A and 2.9A), its 

ability to emulate such consisitent results was evaluated in human pancreatic 1.1B4 β-

cells.  

Quercetin protected against 0.5 mM tBHP, which caused approximately 98% toxicity after 

5 h treatment in both co-exposure and pre-exposure conditions in 1.1B4 cells. In co-

exposure experiments, quercetin was essentially non-toxic in absence of tBHP (Fig 

2.15A). However in the presence of tBHP, quercetin produced 71.9 ±8.9% viability at  

0.04 mM (P<0.01, n = 6) with higher concentrations of quercetin yielding greater cell 

viability. Similar responses were observed in 20 h pre-exposure conditions, where viable 

count increased significantly at 0.17 mM and 0.33 mM quercetin, approximately 50% and 

60% respectively (Fig 2.15B). However after 20 h exposure, cytotoxicity was recorded at 

0.33 mM quercetin, with approximately 23% loss in cell viability (P<0.05, n = 6).  

 

Figure 2.15 Quercetin protects against tBHP-induced toxicity in 1.1B4 pancreatic β-cells. Cells were treated with 

varying concentrations of quercetin for 5 h in the presence and absence of 0.5 mM tBHP (A) and 20 h pre-

exposure with and without subsequent oxidative challenge by 0.5 mM tBHP (B). Each data point represents 

mean percentage viability of six independent experiments ± SEM, performed in duplicate wells for each 

concentration. Statistical analysis was performed using one-way ANOVA and post hoc analysis by Dunnett’s 

multiple comparisons test, where values were significantly different from tBHP control at P<0.05 (*), P<0.01 (**) 

and P<0.001 (***). When analysed with Friedman’s test, values were significantly different from DMSO control at 

P<0.05 (#). 
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Similar to earlier results obtained in HepG2 cells (Sections 2.3.2.2, 2.3.2.4 and 2.3.2.5), 

quercetin displayed concentration-dependent protection and was approximately 3.2-fold 

more potent in co-exposure experiments (mean EC50 value: 0.05 mM; 0.02, 0.07), than in 

20 h pre-exposure experiments (mean EC50 value: 0.16 mM; 0.11, 0.21) (P<0.05, n = 6). 

 

2.3.3.3 Cytoprotection against 0.5 mM tBHP by selected 

phytochemicals 

2.3.3.3.1 Direct cytoprotection against 0.5 mM tBHP 

Amidst marginal data variability, quercetin exhibited concentration-dependent direct 

cytoprotection similar to Fig 2.15A. Caffeic acid being the only metabolite of rosmarinic 

acid to produce cytoprotection in HpeG2 cells was assessed in 1.1B4 cells, together with  

quercetin, curcumin and sulforaphane. 

However, curcumin alone was cytotoxic at concentrations above 0.07 mM curcumin (Fig 

2.16B), and this overlapped with significant protection observed at 0.07 mM (45.8 ±9.9%), 

in the presence of tBHP (P<0.05, n = 6).  

In a similar pattern, significant cytotoxicity was recorded after 5 h incubation with caffeic 

acid alone, yielding about 36% toxicity at 1.11 mM caffeic acid (Fig 2.16C). Nevertheless, 

protection by caffeic acid against tBHP was concentration-dependent, with tBHP causing 

approximately 20% added cytotoxicity after 5 h co-exposure with 2.22 mM caffeic acid. 

Cytotoxicity increased with increasing concentration of sulforaphane alone, without 

protection against 0.5 mM tBHP (Fig 2.16D).  

As presented in Fig 2.17, antioxidant potency of quercetin (mean EC50: 0.04 mM; 0.03, 

0.04) was comparable to curcumin (mean EC50 value: 0.04 mM; 0.08, 0.16), but both 

phytochemicals were approximately 25-fold more potent than caffeic acid. However, 

maximum cytoprotective response by quercetin (approximately 80%) was about 0.6-fold 

more than curcumin and caffeic.  
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Figure 2.16 Protection against 0.5 mM tBHP-induced toxicity in 1.1B4 pancreatic β-cells after 5 h co-exposure to 

phytochemicals. Cells were treated with quercetin (A), curcumin (B), caffeic acid (C), and sulforaphane (D) and 

0.5 mM tBHP for 5 h. Each data point represents mean percentage viability of six independent experiments ± 

SEM, performed in duplicate wells, for quercetin; n = 7. Statistical analysis was performed using one-way 

ANOVA and post hoc analysis by Dunnett’s multiple comparisons test, with values significantly different from 

DMSO at  P<0.05 (#), P<0.01 (##) and P<0.001 (###). For comparison with tBHP control, Friedman test was 

used, with significant difference at P<0.05 (*), P<0.01 (**) and P<0.001 (***). 

 

Figure 2.17 Concentration-response cytoprotection curves for quercetin (Q), caffeic acid (CA) and curcumin 

(Cur) after 5 h co-exposure with 0.5mM tBHP in 1.1B4 pancreatic β-cells.  Data from Figs 2.16A – D 

summarised as Log [phytochemical] vs. response-variable slope at concentration range 0.02 – 2.22 mM. 

             C u rc u m in  (m M )

P
e

r
c

e
n

ta
g

e
 c

e
ll

 v
ia

b
il

it
y

D
M

S
O

(1
%

(
v /v

) )
 
0
.0

2

0
.0

3

0
.0

7

0
.1

4

0
.2

7
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

W ith tB H P

W ith o u t tB H P

*

#
# # #

# #

B .

          Q u e rc e t in  (m M )

P
e

r
c

e
n

ta
g

e
 c

e
ll

 v
ia

b
il

it
y

D
M

S
O

(1
%

(
v /v

) )
 
0
.0

2

0
.0

4

0
.0

8

0
.1

7

0
.3

3
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

W ith tB H P

W ith o u t tB H P

A .
*

***

             S u lfo ra p h a n e  (m M )
P

e
r
c

e
n

ta
g

e
 c

e
ll

 v
ia

b
il

it
y

D
M

S
O

(1
%

(
v /v

) )
  
0
.0

4

0
.0

7

0
.1

4

0
.2

8

0
.5

6
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

W ith tB H P

W ith o u t tB H P

# #

D .

            C a ffe ic  a c id  (m M )

P
e

r
c

e
n

ta
g

e
 c

e
ll

 v
ia

b
il

it
y

D
M

S
O

(1
%

(
v /v

) )
 
0
.1

4

0
.2

8

0
.5

6

1
.1

1

2
.2

2
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

W ith tB H P

W ith o u t tB H P

***

*
*

**

***

# #

#

C .

L o g  c o n c e n tra t io n  (m M )

P
e

r
c

e
n

ta
g

e
 p

r
o

te
c

ti
o

n

- 4 -3 -2 -1 0 1

0

2 0

4 0

6 0

8 0

1 0 0

Q

C u r

C A



 

87 
 

Chapter 2 

Quercetin (Q) used as positive control. Each data point represents five independent experiments; for quercetin, 

n = 7, expressed as mean percentage protection ± SEM. R
2
>0.8 for all three curves. Less than 4 data points 

were used for curcumin and caffeic acid due to cytotoxicities at high concentrations. 

 

2.3.3.3.2 Indirect cytoprotection against 0.5 mM tBHP 

Quercetin exhibited concentration-dependent cytoprotection, not dissimilar from Fig 

2.15B; mean EC50 value obtained was 0.26 mM (0.22, 0.29). However, curcumin, 

sulforaphane and caffeic acid lacked indirect cytoprotective activities against 0.5 mM 

tBHP, whilst producing cytotoxic effects in the absence of tBHP.   

 

2.3.3.4 Phytochemicals exhibit cytoprotective activities against 

0.125 mM tBHP  

The lack of indirect cytoprotection by curcumin and caffeic acid in 1.1B4 cells was rather 

unexpected, considering that these phytochemicals previously demonstrated strong 

cytoprotection against 0.5 mM tBHP in HepG2 cells. Therefore, to enable observation of 

enhanced cytoprotection, quercetin, caffeic acid and curcumin were evaluated for 

cytoprotective activities against 0.125 mM tBHP. However, due to the lack of 

cytoprotective effect against 0.5 mM tBHP, sulforaphane was not evaluated against 0.125 

mM tBHP.  

 

2.3.3.4.1 Direct cytoprotection against 0.125 mM tBHP 

Overall, direct cytoprotective activities by quercetin, curcumin and caffeic acid were 

enhanced in the current study compared to Fig 2.16. Although curcumin and caffeic acid 

were cytotoxic, as observed in Figs 2.16B and C, quercetin showed significant decrease 

in viability at 0.33 mM quercetin (data not shown).  

As presented in Table 2.3, cytoprotective potencies of quercetin and curcumin were 

comparable, but not dissimilar to Fig 2.17. Caffeic acid was approximately 1.5-fold more 

potent against 0.125 mM tBHP but was about 66-fold and 22-fold less potent than 

quercetin and curcumin respectively (P<0.001).  
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Phytochemical 
Direct cytoprotection against 0.125 mM tBHP 

Mean EC50 values; CI (mM)  

Quercetin 0.01 (0.0, 0.03) 

Curcumin 0.03 (0.02, 0.05) 

Caffeic acid  0.66 (0.30, 1.01)*
α
 

 

Table 2.3 Comparison of direct cytoprotective activities of selected phytochemicals against 0.125 mM tBHP. 

Data are mean EC50 and confidence interval (CI) values from five independent experiments; for quercetin, n = 7. 

Statistical analysis was performed using one-way ANOVA and post hoc analysis by Bonferonni multiple 

comparisons test. Where indicated, values were significantly different from quercetin at P<0.001 (*) and 

curcumin at P<0.001 (
α
). 

 

2.3.3.4.2 Indirect cytoprotection against 0.125 mM tBHP 

Without phytochemical intervention, 0.125 mM tBHP caused an average of 89% 

cytotoxicity with larger variability compared to the 0.5 mM tBHP. With 20 h treatment, cell 

viability was not affected by quercetin, until 0.33 mM quercetin was used, which caused a 

reduction of cell viability to approximately 75% (Fig 2.18A). Quercetin significantly 

increased survival in a concentration-dependent manner to about 73% at 0.17 mM 

quercetin, with no further increase in viability beyond this concentration.  

Pre-treatment with curcumin and caffeic acid alone caused cytotoxicity in 1.1B4 cells. 

However, significant protection was observed against 0.125 mM tBHP, following pre-

exposure to 0.07 mM curcumin, which yielded 33.9 ±7.4% increase in viability (P<0.05, n 

= 6; Fig 2.18B), relative to earlier observations (against 0.5 mM tBHP – data not shown). 

In pre-treated cells, 1.11 mM caffeic acid produced approximately 40% viability against 

0.125 mM tBHP (P<0.05, n = 6; Fig 2.18C).   
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Figure 2.18 Protection against 0.125mM tBHP-induced toxicity in 1.1B4 pancreatic β-cells following 20 h pre-

exposure to phytochemicals. Cells were treated with quercetin (A), curcumin (B) and caffeic acid (C) for 20 h, 

then with 0.125 mM tBHP for 5 h. Each data point represents mean percentage viability of six independent 

experiments ± SEM, performed in duplicate wells; for quercetin, n = 7. Statistical analysis was performed using 

one-way ANOVA and post hoc analysis by Dunnett’s multiple comparisons test, with values significantly 

different from DMSO at P<0.05 (#), P<0.01 (##) and P<0.001 (###). Also, analysis with paired Student’s t-test 

produced statistical significance at P<0.05 (α). For comparison with tBHP control, Friedman test was used, with 

significant difference at P<0.05 (*), P<0.01 (**) and P<0.001 (***).  

 

As presented in Fig 2.19, maximum cytoprotective response by curcumin was less than 

25%, as a result of its cytotoxic effects. However, given the data available, mean EC50 

value obtained was 0.04 mM (0.01, 0.07), and this was comparable to quercetin. The 

maximum cytoprotective response of caffeic acid was also limited by cytotoxic activities, 

producing 70.8±7.2%, which was significantly less than quercetin. Also quercetin was 

about 4.3-fold more potent than caffeic acid (P<0.05, n = 6).  
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Figure 2.19 Concentration-response cytoprotection by quercetin (Q) and caffeic acid (CA) following 20 h pre-

exposure conditions against 0.125 mM tBHP in 1.1B4 pancreatic β-cells. Data from Figs 2.18A – D summarised 

as Log [phytochemical] vs. response-variable slope at concentration range 0.02 – 2.22 mM, with quercetin (Q) 

used as positive control. Each data point represents five independent experiments; for quercetin, n = 7, 

expressed as mean percentage protection ± SEM. R
2
>0.8 for all three curves. Less than four data points were 

used for curcumin and caffeic acid due to cytotoxicities at high concentrations. 

 

Phytochemical Mean EC50 mM  (CI) 

Cytoprotective activities in HepG2 cells 

5 h co-exposure 20 h pre-exposure 

Quercetin   0.03 (0.03, 0.04) 0.09 (0.06, 0.12) 

Rosmarinic acid  0.62 (0.58, 0.66)
Ψ

 0.75 (0.57, 0.94)
 β

 

Caffeic acid  0.58 (0.38, 0.72)
Ψ

 0.77 (0.64, 0.94)
 β

 

Danshensu  No effect  (>2.02) No effect  (>2.02) 

Ferulic acid  No effect  (>2.06) No effect  (>2.06) 

m-Coumaric acid  No effect  (>2.44) No effect  (>2.44) 

 

Table 2.4 Summary of potencies of cytoprotective activities by rosmarinic acid and its principal metabolites. 

Values are mean EC50, CI of six independent assays; for quercetin, n = 8. Statistical analysis was performed using 

one-way ANOVA and post hoc analysis by Bonferroni's multiple comparisons test. Statistical significance when 

compared with quercetin was denoted as P <0.001(
Ψ
) in 5 h co-exposure and P<0.001 (

β
) in 20 h pre-exposure 

conditions.  
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Phytochemical 

Mean EC50 mM (CI) – cytoprotective activities in 1.1B4 cells 

Against 0.5mM tBHP Against 0.125mM tBHP 

Direct 

cytoprotection  

(5 h) 

Indirect 

cytoprotection  

(20 h) 

Direct 

cytoprotection  

(5 h) 

Indirect 

cytoprotection 

(20 h) 

Quercetin 0.04 (0.03, 

0.04) 

0.26 (0.21, 0.29) 
0.01 (0, 0.03) 

0.07 (0.03, 

0.11) 

Curcumin 0.04 (-0.08, 

0.16) 

No effect >2.22 0.03 (0.02, 

0.05) 

0.04 (0.01, 

0.07) 

Caffeic acid 1.0 (0.70, 

1.31)
Ψ
 

No effect >0.27 0.66 (0.30, 

1.01)*
α
 

0.30 (0.16, 

0.53)*
α
 

Sulforaphane No effect >0.56 No effect >0.56 Not tested Not tested 

 

Table 2.5 Comparison of cytoprotective activities of quercetin, caffeic acid and curcumin. Data are mean EC50 

and confidence interval (CI) values obtained from cytoprotection studies in 1.1B4 cells. Statistical analysis was 

performed using one-way ANOVA and post hoc analysis by Dunnett’s multiple comparisons test. Where 

indicated, values were significantly different from quercetin at P<0.05 (
Ψ
) and from curcumin at P<0.001 (

α
) and 

quercetin at P<0.001 (*). 
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2.4  Discussion 

The current study aimed to assess radical scaveniging activities of selected 

phytochemicals in a non-cellular model, and direct and indirect cytoprotective activities in 

hepatic- and pancreatic β- cells. While HepG2 hepatoma cells were used to establish the 

robustness of methodology used (amidst interesting findings), cytoprotective activities of 

the selected phytochemicals, against oxidative stress, are novel findings in the recently 

developed human-derived pancreatic β-cell line, 1.1B4. 

 

2.4.1  Radical scavenging activities in non-cellular model 

In the current study, selected phytochemicals exhibited radical scavenging against DPPH
.
 

ranked in a decreasing order of potency: caffeic acid = danshensu = quercetin = 

rosmarinic acid > curcumin > ferulic acid > m-coumaric acid = sulforaphane. Although 

Mean EC50 values obtained were higher than exisiting reports at 517 nm (Table 2.1), it is 

important to highlight the different experimental conditions used by earlier studies. Whilst 

DPPH scavenging activities were generally determined after at least 30 min of incubation 

(Ak and Gulcin, 2008; Erkan et al., 2008) with phytochemicals, the assay was also 

conducted using DPPH/ethanolic solvents (Nimmi and George, 2012) and lower 

concentrations of DPPH (Nimmi and George, 2012), relative to the current study. These 

assay conditions could have influenced the higher radical scavenging activities recorded. 

Nevertheless, results obtained from the current study were reproducible, and indicate an 

interesting trend with structural properties of the selected phytochemicals. 

During radical scavenging, antioxidant molecules could form intermediate antoxidant 

radicals with low reduction potential (Choe and Min, 2005), which are also stabilised by 

resonance delocalization in their phenolic structures (Choe and Min, 2006) due to 

formation of C=O bonds from C-OH (Choe and Min, 2009). Furthermore, the presence of 

adjacent hydroxyl groups results in increased radical scavenging activity (Gavin et al., 

2006). 

Radical scavenging activities of quercetin have been linked to its phenolic polyhydroxyl 

groups (Bors et al., 1990; Rice-Evans et al., 1996; Brown et al., 1998). The presence of a 
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catechol group also enhances radical scavenging activities of quercetin, and confers 

metal chelating properties (Terao et al., 1994). 

It has also been reported that, the phenolic structures of curcumin act as the preferred 

site for initial radical scavenging activities, although donating a hydrogen atom on the β-

diketone CH2 group forms an essential part of its antioxidant activities (Jovanovic et al., 

1999; Jovanovic et al., 2001). This potential bi-targeted reaction with free radicals stems 

from its keto-enol tautomerism (Sharma et al., 2005) but is influenced by the type of 

radical encountered. The lack of DPPH scavenging activity by sulforaphane agrees with 

the absence of hydroxyl groups on its chemical structure (Fig 2.1).  

The order of radical scavenging against DPPH contradicts earlier reports which 

suggested that rosmarinic acid was more potent than quercetin and caffeic acid, (Lima et 

al., 2006). DPPH scavenging activities of rosmarinic acid, caffeic acid and danshesu 

could be due to the presence of catechol groups on their chemical structures, while 

quercetin has two hydroxyl groups in addition to its catechol group (Fig 2.1). DPPH 

scavenging activities observed following co-incubation with danshensu have been 

reported (Zhao et al., 2008), and this phytochemical has also shown activity against 

superoxide anion (Guo et al., 2008) and hydrogen peroxide (Xing et al., 2005; Guo et al., 

2008), which could explain its cardioprotective effect (Tang et al., 2011). Thus, it is 

expected that caffeic acid and danshensu, products from hydrolysis of rosmarinic acid, 

share equal antiradical potencies with the parent compound. An earlier report by 

Nakamura et al., (1998) linked superoxide scavenging property of rosmarinic acid to 

similar activities by caffeic acid and danshensu. Hence, metabolites of rosmarinic acid 

could retain intrinsic antioxidant properties following biotransformation of rosmarinic acid 

after oral intake.  

Within the confines of the concentration range used, m-coumaric acid demonstrated no 

antiradical activities, suggesting its lack of intrinsic antioxidant potential in accordance 

with lack of hydroxyl groups, although earlier reports indicated that metabolites of caffeic 

acid retain antioxidant properties of the parent compound (Gomez-Ruiz et al., 2007). In 

contrast to earlier reports, methoxy substitution of caffeic acid (to produce ferulic acid) 
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negatively influenced its antiradical activity (Natella et al., 1999; Cai et al., 2006). The 3-

methoxy and 4-hydroxyl groups on its benzene ring, together with its carboxylic acid 

group are the structural components which mediate antiradical activities of ferulic acid 

(Graf, 1992), which was least potent against DPPH
.
 radical (Table 2.2). It has also been 

reported that methylation of hydroxyl groups reduced antioxidant properties of natural 

phenolic compounds, such as caffeic acid (Simic et al., 2007). 

Therefore, it can be inferred that the number and position of hydroxyl groups influence 

radical scavenging effects of hydroxycinnamics used (Natella et al., 1999). Thus, the lack 

of polyhydroxyl groups on the structure of m-coumaric acid fits with this idea. Results 

obtained from the DPPH assay may imply that substitution at the p-OH removes radical 

scavenging activity of hydroxycinnamic acids such as caffeic acid metabolite (m-coumaric 

acid). Furthermore, radical scavenging activities of rosmarinic acid and its principal 

metabolites were used to predict their cytoprotective activities against oxidative damage 

in HepG2 hepatoma cells.  

 

2.4.2  tBHP-induced oxidative damage 

tBHP caused concentration-dependent cytotoxicity, marked by loss of morphological 

integrity and viability of HepG2- and 1.1B4 β-cells (Figs 2.3 and 2.4; 2.13 and 2.14 

respectively). Here, the β-cells were markedly sensitive to tBHP-induced oxidative 

damage (mean value TC50: 0.068 mM; 0.04, 0.10) compared to HepG2 cells (0.20 mM: 

0.15, 0.26). This suggests cell-specific sensitivity to oxidative damage. Presumably, the 

role of hepatocytes in detoxification in multicellular organisms could be the reason for a 

higher threshold to oxidative damage. 

Experimental conditions such as concentration and exposure duration, used to evaluate 

cytotoxicity by tBHP are similar to protocols used in earlier reports, which have 

established oxidative stress as a mediator of tBHP-induced damage (Piret et al., 2004; 

Alia et al., 2005; Prasad et al., 2007). Similar to observations by Alia et al., (2005), 0.5 

mM tBHP caused cells to appear rounded and detached from neighbouring cells (Figs 2.3 

and 2.13), resulting in more than 90% cell death in this study. These authors also 
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observed high cellular ROS levels, lipid peroxidation and high malonaldehyde levels in 

HepG2 cells after treatment with tBHP, which undergoes Fenton reaction to generate 

high levels of ROS (Prasad et al., 2007).  

As far as can be ascertained, this is the first time tBHP has been used as an oxidant 

stressor to model oxidative stress in human pancreatic β-cells. Earlier studies on 

oxidative stress-mediated damage in β-cell have used streptozotocin and alloxan, β-

specific diabetogenic agents which react with intracellular thiols to generate high ROS 

levels (Lenzen, 2008). Pancreatic β-cells express low basal levels of redox-regulating 

enzymes such as superoxide dismutase, catalase, glutathione peroxidase and 

thioredoxin (Lenzen et al., 1996). Hence, such cells are at high risk of redox imbalance 

and ultimately oxidative damage, as observed in this study.  

The low abundance of antioxidant enzymes in pancreatic β-cells remains a controversial 

topic. It is argued that, ROS such as H2O2 contribute to glucose-stimulated insulin 

signalling and this justifies observation of limited radical scavengers in β-cells (Lenzen et 

al., 1996; Pi et al., 2010). It has also been reported that minimal levels of mitochondrial 

ROS is part of the signalling cascade required for hypothalamic glucose sensing (Leloup 

et al., 2006) and glucose-stimulated insulin secretion (Leloup et al., 2009). The role of 

H2O2 in insulin signalling could be dependent on mitochondrial Ca
2+

 influx (Pi et al., 2007). 

However, the need to protect pancreatic β-cells against oxidative stress remains vital in 

alleviating β-cell dysfunction, which exercebates diabetes.  

In various cell types including hepatocytes, tBHP induced apoptosis via processes which 

involved calcium influx (Kim et al., 1998) and reduced cellular antioxidant enzyme activity 

(Alia et al., 2005).  

 

2.4.3 Cytoprotective activities by phytochemicals in 

HepG2 hepatoma cells 

The current study confirms quercetin, curcumin, rosmarinic acid and caffeic acid as both 

direct and indirect cytoprotective phytochemicals in HepG2 cells, while sulforaphane 

demonstrated indirect cytoprotection.  
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2.4.3.1 Direct cytoprotection against oxidative damage  

The ability of phytochemicals to mimic radical scavenging activities observed against 

DPPH
.
 radical was investigated by co-incubation with tBHP in HepG2 cells. For reference 

phytochemicals, the rank order for radical scavenging potencies in non-cellular assay - 

quercetin > curcumin - was similar to direct cytoprotection recorded against tBHP. The 

lack of direct cytoprotection by sulforaphane also correlated positively with absence of 

DPPH scavenging activity and hydroxyl group on its chemical structure. Therefore, it can 

be inferred that radical scavenging activities of these phytochemicals contributed greatly 

to direct cytoprotection observed.  

It was rather unexpected that direct cytoprotective activities by rosmarinic acid and its 

major metabolites were not in concert with DPPH
.
 scavenging activities; with danshensu 

and ferulic acid lacking effect in HepG2 cells (Table 2.4). These results suggest either 

extensive metabolism of phytochemicals to inactive metabolites in HepG2 cells or 

limitations in cellular uptake of phytochemicals. It is however not expected that extensive 

metabolism of ferulic acid will occur in HepG2 cells since Mateos et al., (2006) identified 

conjugates of caffeic acid not ferulic acid, after exposure of both phytochemicals to these 

hepatocytes (Mateos et al., 2006). Methylation of rosmarinic acid to methyl-rosmarinic 

acid was also reported in the humans following oral intake of rosmarinic acid (Baba et al., 

2005). The discrepancy between radical scavenging and direct cytoprotection potencies 

is discussed further in Section 2.4.4, in the context of lipophilicity profiles. With the lack of 

DPPH
.
 scavenging activities, it was not surprising that m-coumaric acid showed no 

protection against oxidative damage in HepG2 cells.  

The presence of a catechol group is known to account for quercetin effects against lipid 

peroxidation and copper-induced damage in human low-density lipoprotein (LDL) (Terao 

et al., 1994). The presence of reducing groups such as polyhydroxyl substituents (OH), 

which are efficient in radical scavenging (Choe and Min, 2009), could also account for 

direct cytoprotective activities against tBHP-induced oxidative stress. 

In addition to the presence of polyhydroxyl groups, direct cytoprotection could also 

depend on the ability of phytochemicals to disengage GSH from conjugating with tBHP as 



 

97 
 

Chapter 2 

proposed by Lima et al., (2006). This was reported in isolated hepatocytes, where caffeic 

acid-GSH conjugates were observed (Moridani et al., 2001). Although the exact 

mechanism is not known, it is expected that following good cellular uptake, antioxidant 

compounds will demonstrate radical scavenging activities against high ROS levels 

generated in situ. This could ultimately prevent tBHP-GSH conjugation. 

Since rosmarinic acid possesses two catechol groups, which are responsible for metal 

chelating properties (Brown et al., 1998), it was presumed that this phytochemical would 

exhibit stronger direct cytoprotection than quercetin or even caffeic acid with one catechol 

group. This rank order was not observed in the current study although, Lima et al., (2006) 

reported, that rosmarinic acid (mean EC50 69.2 ±5.3 µM) was more potent than caffeic 

acid (114.1 ±11.5 µM) in direct cytoprotection against 2 mM tBHP in HepG2 cells, both 

phenolic acids being less potent than quercetin. However, the current study found both 

phenolic acids to be equi-potent. Furthermore, cytoprotective efficacy of rosmarinic acid 

was comparable to quercetin, unlike caffeic acid (approximately 70%) which could have 

been limited by poor cellular uptake following short-term exposure (Mateos et al., 2006). 

 

2.4.3.2 Indirect cytoprotection against oxidative damage   

Potency of indirect cytoprotection was observed as: curcumin > quercetin > sulforaphane, 

rosmarinic acid and caffeic acid, in decreasing rank order. Since HepG2 cells were pre-

exposed to selected phytochemicals prior to oxidative challenge, it can be inferred that 

phytochemicals augmented cellular antioxidant systems against subsequent tBHP-

induced damage. However, the underlying mechanism for indirect cytoprotection is not 

clear at this point.  

There are reports to suggest that ARE-targeted antioxidant enzymes could be 

upregulated following phytochemical treatment (Guerrero-Beltrán et al., 2012). Indirect 

cytoprotective activities of curcumin have be linked to its electrophilic acetylene group, 

which can interact with highly-reactive cysteine residues located on Keap1 to annul its 

repressive effect on Nrf2 and subsequently lead to induction of these enzymes, as 

mentioned in Section 1.2.2.1. Furthermore, cytochrome P450 can metabolize the 



 

98 
 

Chapter 2 

catechol group on the structure of quercetin to quinone species (Prochaska et al., 1985; 

Wang et al., 2010), which disengage Nrf2 from the Keap1/Nrf2 complex (Dinkova-

Kostova and Wang, 2011). Indirect cytoprotective activities by sulforaphane reported in 

the current study is consistent with previous studies in ARPE-19 retinal cells following 24 

h pre-exposure to 4 μM sulforaphane, where the role of cytoprotective enzymes was 

highlighted (Cano et al., 2008). Sulforaphane is also a known inducer of Nrf2 

translocation due to its electrophilic central carbon (-N=C=S) (Halkier and Gershenzon, 

2006).  

Similar to direct cytoprotective activities, poor cellular uptake could have contributed to 

quercetin being more potent than rosmarinic acid and caffeic acid. Although, maximum 

responses of caffeic acid, quercetin and rosmarinic acid suggest comparable efficacies, 

mean EC50 values of rosmarinic acid and caffeic acid were approximately 8-fold less than 

quercetin (Table 2.4). One may argue that cells accumulate phytochemicals during long-

term exposure and this is responsible for potencies recorded in indirect cytoprotection. 

Thus, only limited residual amounts of rosmarinic acid and its metabolites persisted in 

cells after long-term exposure, producing less cytoprotection against oxidative challenge. 

However, it is important to highlight that the cellular model used, HepG2 cells, are of 

hepatic origin and are known to retain their metabolising capacity in vitro experiments, 

unlike primary hepatocytes (Wilkening et al., 2003). However, metabolism of rosmarinic 

acid in the liver excludes hydrolysis of the polyphenol ester, which is rather conducted by 

colonic microbiota; see Section 1.5.4.1.  

Pre-tretatment (5 h) of Male Sprague–Dawley rats with rosmarinic acid and caffeic acid 

restored GSH, catalase and glutathione peroxidase levels against oxidative damage by 

tBHP (0.5 mmol/kg body weight). In human HaCaT cells, pre-treatment with rosmarinic 

acid led to cytoprotection against UVB-irradiation damage, via upregulation of HO-1, an 

Nrf2-targeted gene (Fernando et al., 2016). Caffeic acid also reduced expression of the 

Keap1 protein against APAP-induced hepatic damage in mice and following 7-day pre-

treatment in HepG2 cells (Pang et al., 2016). Also, Pang et al., (2016) observed 

increased hepatic GSH expression and decreased ROS levels in caffeic acid pre-treated 
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mice. Caffeic acid increased cellular glutathione levels via promoting GCL activities (Park 

et al., 2010; Yang et al., 2013).  

Indirect cytoprotection by rosmarinic acid and caffeic acid could be linked to the presence 

of both nucleophilic (catechol group) and electrophilic (Michael acceptor) moieties on their 

structures, which cause to transcriptional activation of Nrf2 (Sirota et al., 2015). Thus, 

pre-exposure of cells could promote oxidization of catechol groups by cellular H2O2 to 

generate quinones, which act as electrophiles against cysteine residues of Keap1 

(Dinkova-Kostova and Wang, 2011). Although danshensu (Li et al., 2012) and ferulic acid 

(Fetoni et al., 2010) are said to accentuate Nrf2 signalling and anti-apoptotic genes, no 

cytoprotective activities were observed following 20 h pre-exposure.  

 

2.4.4 Limitation of cytoprotective activities of rosmarinic 

acid and its metabolites by physicochemical 

properties  

With cell membranes mediating exchange of molecules between the intracellular and 

extracellular environments, the lipophilicity profiles of extracellular molecules could be an 

important variable for cellular uptake. Hence, phytochemicals were examined for their 

lipophilicity profiles (Log P), which changes as a function of pH (Log D values  preferred 

at physiological pH; Table 2.6).  

 

Chemicals Log P Log D at pH 7.4 

Quercetin  1.70 1.63 

Rosmarinic acid  1.42 -2.45 

Caffeic acid 1.64 -1.78 

Danshensu 1.83 -3.46 

Ferulic acid  -0.29 -1.23 

m-Coumaric acid  2.07 -1.34 

 

Table 2.6 Log P and Log D (pH7.4) values of rosmarinic acid and its principal metabolites. Values were 

determined by testing structures of quercetin, rosmarinic acid and its principal metabolites in ACD/I-Lab 

resources. 
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The unexpected lack of good correlation between intrinsic and antioxidant effects could 

result from poor lipophilicity profiles of rosmarinic acid and its principal metabolites. As far 

as can be ascertained, this is the first in vitro report on the impact of poor cellular uptake 

on cytoprotective activities of rosmarinic acid and its principal metabolites. In both 5 h and 

20 h conditions, decreasing lipophilicity - quercetin > caffeic acid > rosmarinic acid – 

showed a good correlation with the rank order for decreasing cytoprotective potencies, 

and could account for lower potencies of caffeic and rosmarinic acid, relative to quercetin. 

The influence of cell permeability on cytoprotective reponses has been observed with 

most plant compounds (Rice-Evans et al., 1996; Spencer et al., 2004). 

Rosmarinic acid has demonstrated poor bioavailability in several pharmacokinetic models 

(see metabolic pattern of rosmarinic acid, Section 1.5.4.1), where in vivo levels were 

dependent on paracellular diffusion across gastrointestinal walls (Konishi et al., 2005). 

Considering the narrow margin of their lipophilicity profiles, studies in HepG2 cells 

showed that intracellular amount of ferulic acid was 10% higher than caffeic acid, 

following an 18 h incubation period (Mateos et al., 2006). Nevertheless, caffeic acid has a 

poor lipophilicity profile relative to ferulic acid (Table 2.6). Among the principal metabolites 

of rosmarinic acid, danshensu is least lipophilic confirmed by its uptake via P-gycoprotein 

transporter-mediated active transport in Caco-2 monolayer model (Zhu et al., 2006; 

Zhang et al., 2011). 

Nonetheless, ferulic acid and m-coumaric acid being the most lipid-soluble principal 

metabolites of rosmarinic acid exhibited no hepatoprotection under the experimental 

conditions used. Whilst m-coumaric acid lacked radical scavenging activity against 

DPPH
.
, glucuronide and sulfate conjugates of ferulic acid were obtained from the liver 

after injection of ferulic acid (8 μmol/kg body weight, into the stomach) in rats (Zhao et al., 

2004). Therefore it is proposed that, low lipophilic profiles could account for the 

discrepancy between intrinsic and cellular antioxidant activities of rosmarinic acid and its 

major metabolites. This is crucial to progression in drug development, since 

pharmacological activities of rosmarinic acid and its in vivo metabolites will ultimately 

depend on cellular uptake. 
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2.4.5 Quercetin potentiates curcumin effect during co-

treatment 

Quercetin or curcumin (singularly) at EC10 values lacked cytoprotection against tBHP in 

co-exposure and pre-exposure conditions in HepG2 cells, but co-treatment (both 

phytochemicals used together) produced direct cytoprotection against tBHP. The results 

obtained from the current study suggest that a mixture of phytochemicals, which may be 

present in meals and at low levels, could display potent antioxidant activities. The 

absence of cytoprotective activities by the phytochemicals individually negates the idea 

that results obtained resulted from synergistic effect; rather, direct cytoprotection was 

potentiated by the presence of both phytochmeicals.  

Quercetin is reported to promote curcumin uptake both in vivo and in vitro (Kim et al., 

2012); plasma levels of curcumin were enhanced after intravenous co-infusion with 

quercetin in rodents, as wells as cellular uptake in WiDr human colon carcinoma cells. 

This resulted from competitive albumin binding by quercetin, which shares the same 

albumin-binding site (subdomain IIA) as curcumin (Kim et al., 2012), suggesting that 

quercetin could boost pharmacological activities of curcumin during co-treatment. Thus, it 

can be inferred that radical scavenging activities of low amount of curcumin was 

dependent on quercetin in co-treatment experiments, quercetin potentiating radical 

scavenging by curcumin.  

This highlights the potential to boost anticancer properties of curcumin, which has poor 

bioavailability (Anand et al., 2007; Kim et al., 2012); although cytotoxicity observed in the 

current study was only marginal (Figs 2.7A and 2.8A). This was demonstrated in 

colorectal cancer patients, where co-treatment with 20 mg quercetin and 480 mg 

curcumin for 6 months (three times daily) produced a decline in the number and size of 

polyps by 60.4% and 50.9% respectively (Cruz–Correa et al., 2006). Co-administration of 

curcumin and quercetin could also be particularly useful in liver diseases, since albumin is 

largely synthesised in hepatocytes (Kim et al., 2012).   
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2.4.6 Direct and indirect cytoprotection by selected 

phytochemicals in 1.1B4 pancreatic β-cells 

In the 1.1B4 β-cells, direct cytoprotective activities against tBHP (0.125 mM and 0.5 mM) 

were observed as quercetin = curcumin > caffeic acid, in decreasing rank order. 

However, caffeic acid showed about 1.5-fold increase in potency against low tBHP 

concentration (Table 2.5). A similar rank order was observed for indirect cytoprotection 

against 0.125 mM tBHP. With the concentrations used, sulforaphane lacked direct and 

indirect cytoprotective activities. Quercetin was also about 4-fold more cytoprotective than 

caffeic acid but comparable to curcumin, although maximum protective responses 

achieved by test phytochemicals (curcumin and caffeic acid) were significantly less than 

the positive control (quercetin). 

Quercetin was more potent as direct cytoprotective chemical, relative to indirect 

cytoprotection; in keeping with findings in HepG2 hepatoma cells where quercetin served 

as a reputable standard for evaluating antioxidant activities of rosmarinic acid and its 

main metabolites. Similar observation was made in rat INS-1 β-cells, where quercetin 

was more potent during simultaneous incubation with H2O2 than in pre-treatment 

conditions (Kim et al., 2010). Quercetin also protected β-TC1 and HIT β-cells against 

H2O2-mediated oxidative stress during co-exposure conditions (Lapidot et al., 2002). In a 

report by Youl et al., (2010), 20µM quercetin potentiated glucose-stimulated insulin 

secretion and extracellular signal-regulated kinase (ERK) 1/2 phosphorylation, inducing a 

2.5-fold increase in insulin levels in INS-1 β-cells. Furthermore, quercetin also protected 

against H2O2-induced oxidative damage, while similar concentrations of N-acetyl-L-

cysteine and resveratrol were ineffective in 1 h co-exposure conditions (Youl et al., 2010). 

In addition to these reports, findings of the current study suggest that quercetin has 

enormous potential in preserving β-cell integrity, as well as protecting against further 

oxidative damage.  

The patterns of direct and indirect cytoprotection by curcumin and caffeic acid are similar 

to previous findings in HepG2 cells, where curcumin was more potent than caffeic acid. 

Again, impaired cellular permeability of caffeic acid (Log D value of -1.78) could account 

for its low cytoprotective activities, relative to curcumin (Log D value of 2.73). Generally, 
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there is paucity of information on the cytoprotective activities of caffeic acid and curcumin 

in human β-cells; however, application of phytochemicals in diabetic secondary 

complications such as retinopathy (Kowluru and Kanwar, 2007), wound healing 

(Panchatcharam et al., 2006) and nephropathy/renal lesions (Sharma et al., 2006) are 

well documented. Likewise, evidence of indirect cytoprotection in pancreatic β-cells is 

currently lacking in the literature. Whilst some studies have been conducted in animals, 

findings obtained using in vitro β-cell models (and certainly human β-cells) is very limited. 

Currently, this study is the first report on cytoprotective activities of selected 

phytochemicals against oxidative stress in the human pancreatic 1.1B4 β-cells.  

In recent studies, caffeic acid and quercetin improved β-cell survival and function under 

glucotoxic conditions (Bhattacharya et al., 2013). Taken together, results of direct 

cytoprotection obtained imply that simultaneous administration of quercetin, curcumin or 

caffeic acid, under conditions of high cellular ROS levels, can provide protection against 

oxidative damage via radical scavenging. This has been shown using phytochemicals - 

quercetin, naringenin and caffeic acid (Bhattacharya et al., 2013) -; nevertheless, further 

investigations using more physiologically relevant conditions could influence therapeutic 

management of diabetes mellitus. Following 5-week supplementation with 0.02% caffeic 

acid, islet architecture and insulin signalling were preserved in db/db diabetic mice, as 

well as increased hepatic and erythrocyte antioxidant levels (Jung et al., 2006). Improved 

insulin signalling has been linked to the preservation of β-cell mass and integrity, 

considering that β-cell apoptosis correlated positively with impaired glucose tolerance 

(Butler et al., 2003).  

Indirect cytoprotection against streptozotocin was observed in concert with restored 

insulin secretion, following 24 h pre-exposure to 10 μM curcumin in murine islets 

(Meghana et al., 2007). In the current study, curcumin showed minimal protection against 

oxidative damage by 0.125 mM tBHP in 1.1B4 human pancreatic β-cells (Fig 2.18B), 

probably due to marked cytotoxic effects at cytoprotective concentrations. However 

sulforaphane, which was without cytoprotective activity in this study, is reported to 

activate nuclear translocation of Nrf2, resulting in upregulation of cytoprotective enzymes 

as well as inhibition of ROS production and cyclooxygenase expression in rat RINm5F 
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insulinoma cells (Song et al., 2009). Nevertheless, findings in this study (loss of β-cell 

viability by sulforaphane) could support recent report by Fu et al., (2013) that 

sulforaphane suppressed insulin signalling in β-cells; since reduction in β-cell mass has 

been related to decreased insulin secretion. 

Although quercetin, caffeic acid, and to a lesser extent curcumin, exhibited indirect 

cytoprotective activities, their direct cytoprotective activities may take precedence under 

high ROS conditions. Further investigations are needed to explore the ability of 

phytochemicals to potentially upregulate antioxidant enzymes in β-cells, in pre-exposure 

conditions.  

 

2.4.7  Phytochemicals induce cytotoxicity   

In both HepG2 and 1.1B4 cells, curcumin and sulforaphane produced cytotoxic effects 

after short-term (5 h) and long-term (20 h) exposure, limiting their cytoprotective activities. 

Sulforaphane lacked direct cytoprotective activities and was not cytoprotective in 1.1B4 

cells. Cytotoxic effects of curcumin and sulforaphane could be mediated by increased 

ROS production (Singh et al., 2005). Sulforaphane also elicited cytotoxicity in hepatomas 

and adenocarcinomas at higher concentrations (Barcelo et al., 1996). Similar cytotoxic 

effects have been reported in HepG2 cells following treatment with high concentrations of 

curcumin, which activated apoptotic mechanisms (Cao et al., 2007; Pledgie-Tracy et al., 

2007).  

Cytoprotective activities of caffeic acid were limited by their pro-oxidant activities in both 5 

h and 20 h conditions. Similarly, quercetin, the most potent cytoprotective agent tested 

showed marginal cytotoxicity at concentrations above 0.33 mM quercetin (Fig2.4B, Fig 

2.10A and 2.12A). Cytotoxicity by quercetin was reported earlier in other β-cell types 

(Lapidot et al., 2002), albeit shown at lower quercetin concentration than that used in this 

study. The apoptotic effects of caffeic acid, curcumin and sulforaphane are investigated 

further in Chapter 3.  

Rosmarinic acid and danshensu showed toxicity at high concentrations in HepG2 cells, 

suggesting a fairly narrow therapeutic index for the phenolic ester in future applications, 
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unlike caffeic acid. Anticancer effects of rosmarinic acid have also been reported in 

various cell types as concentration-dependent (Ngo et al., 2011), with anti-proliferative 

(Tao et al., 2014) and apoptotic (Xavier et al., 2009) activities emerging as potential 

mechanisms. These reports indicate anticancer potential of rosmarinic acid and 

danshensu, which has also gained recent research interest (Tao et al., 2014; Gonzalez-

Vallinas et al., 2015).  

The reason for reduced efficacy (direct cytoprotection) observed at concentrations above 

1.11mM caffeic acid, is currently undefined. However, this could be due to either 

competitive cellualr uptake with tBHP or cytotoxicity in the presence of tBHP. 

Nevertheless, this observation could not result from cytotoxicity by caffeic acid, since 

cytotoxicity was not recorded in the absence of tBHP, in HepG2 cells, (Fig 2.5C). Earlier 

evidence of caffeic acid metabolism shows formation of cytotoxic intermediate species 

such as quinoids and o-quinones in hepatocytes, following oxidation by hydrogen 

peroxide (Moridani et al., 2001). Caffeic acid-GSH conjugate formation has also been 

reported in HepG2 cells and could enhance cellular damage (Lima et al., 2006). Hence, it 

is presumed that radical scavenging activities promote availability of GSH within the cells, 

which could then conjugate with quinoid and o-quinone intermediates of caffeic acid. This 

can lead to cells being deficient in GSH levels and hence more susceptible to cytotoxicity 

of o-quinone species (O'Brien, 1991). Thus, the initial surge in reactive intermediate of 

caffeic acid could overwhelm cellular defence mechanism resulting in about 30% toxicity 

observed in the presence of tBHP. Nevertheless, on account of its strong intrinsic 

antioxidant properties, oxidative damage could have been exceptionally minimised (Fig 

2.9C). In the absence of further experimental evidence, this phenomenon which is 

common among most phyto-antioxidant compounds such as quercetin and kaempferol 

(Galati et al., 2001), presents interesting ideas worth deliberating.  

 

2.5  Conclusion 

From the present study, quercetin and curcumin displayed direct cytoprotective activities 

against tBHP, with quercetin being more potent; while sulforaphane was not effective. 
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However, sulforaphane showed indirect cytoprotective activities but was less effective 

than quercetin and curcumin, in order of increasing potencies. Thus, curcumin was the 

most potent indirect cytoprotective phytochemical. In co-treated cells, quercetin 

potentiated direct cytoprotective activities of curcumin against oxidative damage, when 

both phytochemicals were used together at low concentrations.  

Although rosmarinic acid and three of its principal metabolites (caffeic acid, danshensu 

and ferulic acid) possess potent intrinsic antioxidant properties comparable to quercetin, 

lack of good correlation with direct cytoprotective activities in HepG2 cells highlights poor 

cellular uptake, as influenced by their lipophilicities profiles. Nevertheless, rosmarinic acid 

and caffeic acid exhibited both direct and indirect cytoprotective activities, albeit less 

potent than quercetin. 

In 1.1B4 β-cells, direct cytoprotective activities of quercetin and curcumin were 

comparable against tBHP-induced cytotoxicity, but were both more potent than caffeic 

acid. A similar order of potency was observed for indirect cytoprotection against 0.125 

mM tBHP, although quercetin alone exhibited indirect cytoprotective activities against 0.5 

mM tBHP. However sulforaphane lacked both direct and indirect cytoprotective activities 

against 0.5 mM tBHP in 1.1B4 β-cells. The cytoprotective activities of curcumin and 

caffeic acid were limited by narrow margin between their cytoprotective and cytotoxic 

activities in β-cells. 

With evidence of indirect cytoprotective activities by quercetin, curcumin, sulforaphane 

and caffeic acid, the role of pro-proliferative activities in mediating these effects was 

evaluated, in addition to effects of phytochemicals on apoptotic events in HepG2- and 

1.1B4 β-cells. 
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CHAPTER 3   -   Pro-proliferative and cytotoxic effects of   

selected phytochemicals in HepG2 and 1.1B4 cells 

Having shown cytoprotective activities in previous studies, selected phytochemicals were 

assessed for their effects on cell growth in the context of pre-exposure conditions. In 

addition, this chapter describes the effects of selected phytochemicals on apoptotic 

events in HepG2 and 1.1B4 β-cells.  

 

3.1  Introduction 

3.1.1   Cell division  

Balance of cell number in an organ or organism is dependent on proliferation and cell 

loss. All cells, being the fundamental living structures of a multicellular organism, divide 

from a quiescent state (Go) to produce two daughter cells. In eukaryotic cells, cell division 

involves interphase, mitosis and cytokinesis modulated by a complex interplay of 

intracellular signalling transduction, growth factors, enzyme-linked and protein-

degradation dependent receptors (Go et al., 2011), with mitogen-activated protein 

kinases (MAPK), phosphatidylinositol 3-kinase (PI3K) and tyrosine kinase playing a major 

role (Zhang and Liu, 2002). 

Prior to division, cells remain in a quiescent state Go, a period of zero growth and energy 

conservation for cell division, but re-enter the cell cycle when growth factors are induced 

as an essential trigger for the cell division cycle (Cooper, 2000). Cell cycle division 

consists of two main stages: interphase, comprising of G1 (dividing cell prepares for DNA 

synthesis), S (DNA replicates with chromatid formation, resulting in DNA doubling)and G2 

phases (formation of cellular organelles), and mitotic phase (DNA synthesis). A dividing 

cell could return to G0 in the absence of growth factors, until the cell passes the restriction 

point (R) (Fig 3.1), beyond which it commits to the remaining stages of the cell division 

cycle (Cooper, 2000). Specific CDK-cyclin complexes (such as CDK2, CDK4 and CDK6) 

are required during interphase, while CDK1 (also known as cell division control protein 2), 

cyclin A, B, D and E are actively involved in cellular activities towards division in mitosis, 
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the role of cyclins and CDK in cell division has recently been reviewed (Malumbres and 

Barbacid, 2009). At the end of the cycle, cells are divided to 2 identical halves. 

 

Figure 3.1 The various phases of cell cycle division. Adapted from Cooper, (2000). Induction of growth factors 

propels a quiescent cell (G0) into cell growth, with generation of cellular organelles through G1 to the M phase 

where mitotic activities result in cell doubling. 

 

Whereas various biomarkers peculiar to cell cycle are commonly used to assess cell 

proliferation, the resultant increase in cell numbers remains the ultimate confirmation of 

enhanced proliferation. Therefore, an increase in viable cell count is a more definitive 

method of assessing increased proliferation, while evaluation of biomarkers remains vital 

for predicting signalling pathways used by pro- and anti-proliferative agents to increase or 

decrease cell growth, respectively.  

 

3.1.1.1  Liver regeneration 

The liver, which is the largest organ in the body responsible for detoxification and 

metabolism of xenobiotics, is known to recover anatomy and function of lost tissue after 

partial hepatectomy via regeneration (Morales-Gonzalez et al., 2015). This is driven by 

cell proliferation of remnant lobules to reinstate functional tissues to previous states 

(Michalopoulos, 1990; Fausto and Webber, 1993) and directed by mature cell 

populations, such as hepatocytes, biliary epithelial cells, endothelial cells, Kupffer cells, 

and Ito cells, which are able to proliferate to regenerate their individual cell populations 

(Kang et al., 2012). Hepatocyte proliferation commences 10 – 14 h after partial 

G0
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R

S phase
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hepatectomy, with initial DNA synthesis, peaking at 24 h with subsequent small peaks at 

36 – 48 h, until 7 – 10 days when proliferation is completed (Kang et al., 2012).  

Liver regeneration is elaborate due to regulation by intracellular signalling cascades, 

which coordinate regeneration kinetics via a number of growth factors (Morales-Gonzalez 

et al., 2015). Therefore, an in-depth understanding of these processes will enhance their 

application in chronic liver diseases, where proliferation is dysregulated (Kang et al., 

2012). Using Nrf-2-null mice with partial hepatectomy, it has been suggested that Nrf2 

modulates Cyclin A2 and the Wee1/Cdc2/Cyclin B1 pathway, and could be essential for 

timely replication of hepatocytes (Zou et al., 2015). In addition Nrf2 modulates the 

augmenter of liver regeneration, which acts as an antioxidant and liver regeneration 

protein (Dayoub et al., 2013); thus, the ability of exogenous antioxidant compounds to 

enhance cell proliferation could present novel interest in liver transplantation and 

regeneration. 

 

3.1.1.2  β-cell regeneration  

β-cell replication or regeneration has attracted a great deal of attention in the treatment of 

diabetes (both type 1 and 2), due to substantial evidence pointing towards loss of β-cell 

mass in diabetes. Thus, clinical intervention in early stages of T2DM, such as 

administration of insulin, could enhance regeneration of new β-cells and produce better 

disease outcome in patients (Weyer et al., 1999). In T2DM, β-cell mass is markedly 

influenced by unbalanced β-cell replication, apoptosis and new islet formation (Finegood 

et al., 1995; Bonner-Weir, 2000). However, replication of adult human β-cells is restricted 

by lack of adequate response to growth factor, nutrition and mitogens such as insulin, 

lactogen and glucagon-like peptide-1, that have been successful in rodent models 

(Kulkarni et al., 2012). Differences in signalling of β-cell replication cycle between rodents 

and humans have been reviewed by Kulkarni et al., (2012).  

Human β-cell proliferation was significantly induced following adenoviral overexpression 

of cell cycle markers such as c-Myc, cdks and cyclin D & E (Karslioglu et al., 2011; 

Kulkarni et al., 2012), indicating that lack of β-cell replication is due to lack of cell cycle 

induction by relevant upstream signals (Kulkarni et al., 2012). However, the use of islet 
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transplantation to restore β-cell mass in T2DM has not always been successful and is 

inadequate to meet the increasing demand from larger number of T2DM patients. Hence, 

recent interest has shifted towards in vivo β-cell regeneration via the use of therapeutic 

agents such as phytochemicals.  

 

3.1.2  Hepatocellular and pancreatic cancers 

Hepatocellular carcinoma is the second most common cause of cancer-related deaths 

(Jemal et al., 2011), presenting with high mortality rate due to its poor treatment (Bruix 

and Sherman, 2011). Early diagnosis could be linked to the occurance of NASH, hepatitis 

B and C which lead to hepatocellular carcinomas (Johnson, 2013). However, hepatic 

dysfunction resulting from cirrhosis could affect pharmacokinetic profiles of anticancer 

drugs, and their therapeutic outcomes (Montella et al., 2016). The challenges of treating 

hepatocellular carcinomas has been reviewed (Montella et al., 2016).   

Pancreatic cancers, generally formed from pancreatic ductal cells, are the ninth most 

deadly cancer worldwide, have a low survival rate and are unresponsive to conventional 

chemotherapies and radiotherapies, and recur even after surgery (Warshaw and 

Fernandez-del Castillo, 1992; Magee et al., 2002). Surgical resection is only effective in  

about 20% of patients, leading to poor prognosis of the disease (Yeo et al., 2002). In 

addition to risk factors such as cigarette smoking (Iodice et al., 2008), diabetes could 

cause or be a secondary complication of pancreatic malignancy (Magruder et al., 2011). 

Obesity alone presents 1.19 to 1.47 risk of developing pancreatic cancer (Preziosi et al., 

2014). The low incidence of pancreatic cancers have been linked to consumption of 

cruciferous vegetables (Srivastava et al., 2011) hence, phytochemicals have gained 

interest in prevention and treatment of pancreatic cancers. 

 

3.1.2.1 Apoptosis as a mechanism of cytotoxicity 

Generally, cell death could occur via mitochondrial fatality, regulated necrosis, autophagy, 

apoptosis in both caspase-dependent and –independent modes (Galluzzi et al., 2012). 

Necrosis is a more haphazard mode of cell death characterised by swelling and 

inflammation which attacks neighbouring cells upon rupture, while apoptosis occurs in a 
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regulated manner, thus often called “programmed-cell death” (Fink and Cookson, 2005). 

Apoptosis is a spontaneous biological means by which cell numbers in an organ are 

regulated in a controlled manner, characterised by morphological changes such as cell 

shrinkage, membrane blebbing, increased cytoplasmic granularity, chromatin 

condensation and formation of nuclear bodies (Kerr et al., 1972; Wyllie, 1992; Wilkins et 

al., 2002). In addition to its role in removing superfluous cells or those which have 

become deviant in function, apoptosis is a key phenomenon used to coordinate cell 

growth in tissue and organ development (Wyllie, 1992). 

Apoptosis can be induced by endogenous or exogenous stimuli: the endogenous stimuli 

can include ROS and DNA damage; while exogenous stimuli include these such as 

drugs, viruses, cytokines and external stress (Fink and Cookson, 2005; Galluzzi et al., 

2012). Exogenous stimuli trigger apoptosis via the extrinsic pathways, which involve 

signalling death receptors (Fas ligand, TRAIL, TNF-alpha) localised to plasma membrane 

to activate caspase-mediated events (Schafer and Kornbluth, 2006). The intrinsic 

pathway is activated by endogenous stimuli via signalling mitochondrial membrane-bound 

pro-apoptotic proteins (Bax and Bad) and down-regulating anti-apoptotic proteins (Bcl-2 

and Bcl-XL) (Kim et al., 2006). This alters mitochondrial membrane potential which is 

associated with increased calcium influx and cytochrome C release, which activates Apaf-

1 (a caspase-9 associated protein) to initiate caspase activation (Kim et al., 2002) (Fig 

3.2).  

Upon activation, caspase-9 in turn mediates subsequent activation of pro-caspases such 

as capsase-3 and -7, to initiate a cascade of events in the execution phase (Fig 3.2). In 

particular, caspase-3 is notorious for its ferocious attack on the cell membrane which 

destroys its symmetry and results in externalisation of phosphatidylserine to the outer 

leaflet (Fink and Cookson, 2005). In normal cells, phosphatidylserine and 

phosphatidylcholine are located on the inner and outer leaflets of the plasma membrane 

respectively and this ‘flipping’ of phosphatidylserine could be used to investigate 

apoptosis-mediated cell death. This signals macrophages for phagocytosis, to prevent 

potential damage to the tissue by cell lysis (Fadok et al., 1992). Hence, 

phosphatidylserine translocation has been used as a marker for apoptotic events by its 
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adsorption to annexin V (Andree et al., 1990), as annexin V-positive cells showed nuclear 

condensation and internucleosomal DNA cleavage (Koopman et al., 1994). 

 

 

Figure 3.2 An abridged diagram on apoptosis signalling showing intrinsic and extrinsic apoptotic pathway. 

External stimuli such as viruses bind membrane-bound ligands Fas, TNF-alpha and TRAIL to induce caspase-8 

activation via FADD. Intrinsic signalling involves activation of pro-apoptotic proteins Bad and Bax to cause 

mitochondrial release of Cytochrome c which activates Apaf-1(a procaspase-9 associated protein) to initiate a 

cascade of caspase-mediated events (Galluzzi et al., 2012). Diagram also highlights the role of pro-apoptotic 

(Bad, Bax, Bid, tBid) and anti-apoptotic (Bcl-2, Bcl-XL) proteins during apoptosis signalling. 

 

3.1.2.2  Phytochemicals as anticancer agents 

Epidemiological studies have shown that regular intake of fruits and vegetable inhibit 

cancer progression (Riboli and Norat, 2003), with evidence that phytochemicals could 

potentiate anticancer effects in chemotherapy (Duarte et al., 2010), owing to their ability 

to modulate cell growth. Hence, research interest has shifted towards apoptotic effects of 

existing and new chemotherapeutic agents.  

Anticancer properties of phytochemicals have attracted considerable attention with 

interest in their prophylactic as well as curative potentials. Curcumin (Aggarwal et al., 

2003; Duvoix et al., 2005) and sulforaphane (Singh et al., 2005) have shown good 

potential as drugs in cancer therapy or adjuvants of conventional chemotherapy, due to 

their apoptosis-inducing effects. Additionally, curcumin increased mitochondrial 
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membrane potential and calcium influx in HepG2 cells (Wang et al., 2011) while, 

sulforaphane induced caspase-3 activation and ROS levels as part of its apoptotic effects 

in cancer cells (Park et al., 2007; Singh et al., 2005). In vivo studies indicate that caffeic 

acid could also demonstrate anti-proliferative effects in cancer treatments (Rajendra et 

al., 2011; Rosendahl et al., 2015). Therefore, there is the need to investigate the 

mechanisms involved in cytotoxic effects of these phytochemicals.  

 

3.1.3  Aim  

Pro-proliferative studies: The current study was conducted to investigate the pro-

proliferative effects of quercetin, curcumin, caffeic acid and sulforaphane in HepG2 cells, 

using cytoprotective concentrations previously identified from results of indirect 

cytoprotection against tBHP. With the exception of sulforaphane which did not 

demonstrate cytoprotection, pro-proliferative effects of quercetin, curcumin and caffeic 

acid were also evaluated in 1.1B4 cells. Increase in cell number was assessed by neutral 

red uptake into the lysosomes of viable cells.  

Cytotoxicity studies: In Chapter 2, curcumin and sulforaphane (0.07 mM and 0.14 mM) 

exhibited cytotoxic effects in HepG2 cells after 5 h treatment; for 1.1B4 cells similar 

observations were made after 5 h exposure to curcumin and sulforaphane, and caffeic 

acid (1.10 mM and 2.20 mM). Therefore in this chapter, the mechanism(s) of cytotoxicity 

was investigated following 2 h treatment with selected phytochemicals, since it was 

proposed that by reducing the treatment duration (to 2 h), apoptotic events could be 

observed. 
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3.2.  Materials and methods 

3.2.1  Chemicals 

List of all chemicals used and their suppliers can be obtained from Appendix I. For 

apoptosis assay, Alexa Fluor 488 annexin V, propidium iodide and 5X annexin V binding 

buffer were purchased from Life technologies, UK.  

 

3.2.2  Methods 

3.2.2.1  Preparation of solutions 

Stock solutions of phytochemicals in DMSO were prepared for quercetin, caffeic acid, 

curcumin and sulforaphane, as detailed in Section 2.2.1.2.  

 

3.2.2.2 Cell culture techniques 

HepG2 cells and 1.1B4 cells were maintained in T175 cm
2
 and T75 cm

2
 flasks 

respectively, as detailed in Section 2.2.3.  

 

3.2.2.3 Investigating effect of phytochemicals on cell growth 

HepG2 cells were cultured in wells of 24-well plates at high seeding density, 

approximately 1.2 x 10
6
 cells/ml in 10%(

v
/v) MEM complete medium as described in 

Section 2.2.5. 

The 1.1B4 human β-cells were harvested cultured in 24-well plates at 1.3 x 10
5
 cells/ml in 

10%(
v
/v) RPMI-1640 complete medium as described in Section 2.2.5. 

Phytochemical concentrations used were obtained from cytoprotection curves as 

concentrations which produced least protection (baseline of protection curve), between 

30 - 60% protection (along the slope of curve) and maximum protection (>70%).  These  

were quercetin (0.02 mM, 0.04 mM, 0.08 mM and 0.17 mM), curcumin (0.02 mM, 0.03 

mM and 0.07 mM), caffeic acid (0.14 mM, 1.11 mM and 2.22 mM) and sulforaphane (0.04 

mM). 
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Basal cell growth rate: After the initial 28 h (i.e., before addition of test phytochemical), 

medium was aspirated and cell viability assessed via neutral red uptake (see below). 

 Cell viability after 20hrs treatment: After culturing for 28 h, HepG2 and 1.1B4 

cells were treated with chosen concentrations of phytochemicals for 20 h prior to neural 

red viability assay.  

 Cytoprotection against tBHP: Cytoprotection experiment was conducted 

simultaneously with cell viability experiments as a control for each cell type, as mentioned 

in Section 2.2.5. Cell viability was performed as described in Section 2.2.5.3. 

 

3.2.2.4 Investigating cytotoxic effects of phytochemicals  

After 28 h of culture, media were replaced with 1 ml fresh culture medium (10%(
v
/v) 

complete) containing phytochemicals or DMSO (1%
v
/v) and cells were treated in triplicate 

wells, prior to incubation at 37
0
C. After the 2 h incubation period, cells were assayed for 

cytotoxicity as described below. 

 

3.2.2.4.1 Assessing cytotoxicity via neutral red assay in attached cells 

Following 2 h exposure to phytochemicals, the neutral red viability assay was used to 

assess cytotoxicity in attached cells as described in Section 2.2.5.3. 

 

3.2.2.4.2 Evaluating effect of selected phytochemicals on early and late 

apoptosis  events in HepG2 cells 

After 2 h treatment with phytochemicals, culture media from triplicate wells were collected 

into sterile 5 ml FACS tubes, for each treatment. The culture medium was then 

centrifuged at 500 x g for 5 min, to include detached cells in subsequent procedure of this 

experiment. Cells were washed with 400 µl HBSS (for HepG2 cells) or PBS (for 1.1B4 

cells) and solutions was collected in respective FACS tubes containing cell pellet 

(obtained from initial centrifugation stage) and centrifuged for 5 min at 500 x g. Cells were 

detached from wells using 100 µl trypsin EDTA (appropriate for each cell type) at 37
o
C for 

approximately 5 min. Trypsinisation was then neutralised using 1 ml 10%(
v
/v) complete 
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medium per well. Cell suspension from triplicate wells for each treatment condition was 

collected into corresponding FACS tube (containing pelleted cells) and centrifuged at 500 

x g for 5 min. The supernatant was discarded and cell pellet was suspended in 2 ml ice 

cold PBS. Cell suspensions were kept on ice to minimise the rate of cell death. Cells were 

then mixed by pipetting cell suspension a few times to produce single-cell suspensions 

for each treatment, and were re-centrifuged at 500 x g for 5 min. After washing cells in 

ice-cold PBS, cell suspensions were centrifuged at 500 x g for 5 min. 

Subsequently, cell pellets were resuspended in 100 µl 1x annexin-binding buffer 

(prepared by adding 1 ml 5X annexin binding buffer to 4 ml deionized water) at this stage. 

The annexin-binding buffer contains Ca
2+

 ions which facilitate adsorption of annexin V to 

phosphatidylserine on the outer cell membrane (Fig 3.3). 

 

 

Figure 3.3 A cross-section of an intact cell undergoing early and late apoptosis. This diagram also highlights the 

events associated with mechanism of the annexin V apoptosis assay. Live cells display phospholipid 

asymmetry, with a large proportion of phosphatidylserine on the inner leaflet, and sphingomyelin and 

phosphatidylcholine on outer membrane. Phospholipid asymmetry is lost upon entry of cells into apoptosis 

(early apoptotic stage) with externalisation of phosphatidylserine (PS) to outer membrane (Fadok et al., 1992), 

which is adsorbed to anticoagulant protein (annexin V) in the presence of Ca
2+

 ions (Andre et al 1990). Cationic 

requirement for adsorption to PS is highly specific to the presence rather than concentration of Ca
2+

 (Andree et 

al., 1990). As apoptosis progresses to the late stage, propidium iodide (PI) gains access to DNA via porous cell 

membrane. 

 

After adding 5 µl Alexa Fluor 488 annexin V to each suspension, cells were incubated in 

the dark at room temperature for 10 min. After 10 min, 1 µl of 100 µg/ml propidium iodide 

PS

Nucleus

Plasma 

membrane

PC

Live cell Early apoptotic cell

Annexin V

Ca2+

Late apoptosis cell

PI

Annexin V

PI

PI
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working solution (5 µl of 1 mg/ml propidium iodide stock solution in 45 µl 1X annexin-

binding buffer) was pipetted per sample and incubated further for 5 min. After the final 

incubation period, 400 µl 1X annexin-binding buffer was added to each sample and mixed 

gently prior to flow cytometry. Stained cells could be kept on ice and analysed by flow 

cytometry (Beckman Coulter FC500) within 1 h of staining. Flow cytometry was 

conducted by measuring fluorescence emission at 530 nm and 575 nm, using 488 nm 

excitation. Data obtained from 10,000 events were analysed using Weasel software 

version 3.1 (developed by The Walter and Eliza Hall Institute of Medical Research 

Melbourne, Australia) as shown in Section 3.2.3. 

 

3.2.2.4.3 Cytotoxicity assessment in detached cells using neutral red 

assay 

Cells were treated with cytotoxic concentrations of curcumin and sulforaphane as detailed 

in Section 3.2.2.4. Both attached and detached cells were collected in a single cell 

suspension using methodology outlined in Section 3.2.2.4.2. After washing with ice-cold 

PBS cell suspension was centrifuged, the supernatant was discarded and cell pellet was 

suspended in 1.2 ml neutral red-containing medium (2%(
v
/v) complete medium) in sterile 

1.5 ml microfuge tubes, representing 400 µl per well as described in section 2.2.5.3. 

Neutral red assay was conducted at room temperature for 1 h, with microfuge tubes 

placed in a petri dish shaking gently at approximately 37 revs/min. Afterwards, cells were 

centrifuged at 500 x g for 5 min to remove unabsorbed neutral red dye. Cell pellet was 

resuspended in 1.2 ml warm PBS and centrifuged at 500 x g for 5 min. Fixative (1.2 ml) 

was pipetted in each microfuge tube and shaken to achieve efficient dye extraction and 

distribution. Samples in each microfuge tubes were transferred to 96-well plate (9 x 100 

µl) and neutral red absorbances measured at 540 nm. Actual absorbance of viable cells 

was determined after deducting absorbance of no-cell samples. 

 

3.2.3  Data analysis 

Data analysis, statistical analysis and data presentation were performed using GraphPad 

Prism 6.0, as described in Chapter 2.2.6.   
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 Percentage cytotoxicity by neutral red assay was determined using the equation 

below: 

 

Data obtained followed Guassian distribution, hence statistical analysis was performed 

using one-way ANOVA and post hoc by Dunnett’s multiple comparison. 

 Cells stained with Alexa Flour
®
 488 annexin V and propidium iodide were gated 

and analysed in a bivariate manner using dot plots of side scatter (SS –PI) versus forward 

scatter (FS - annexin V) intensity in a four region cytogram as illustrated in Fig 3.4A and 

B. The gated region represents approximately of 10000 cells enclosed in a polygon to 

include live, apoptotic and necrotic or dead cells. Cells were categorised as illustrated in 

Fig 3.4B. Results are presented as means of four different experiments for each 

treatment from cells of triplicate wells (data represents means of three different 

experiments for sulforaphane – 0.14mM), with error bars representing standard error of 

the mean (SEM).   

 

  

Figure 3.4 Diagrams showing (A) gated cells, (B) cytogram for analysis of gated cells. Cytogram showing 

quadrant of gated cells (B) defined as LL-Live/undamaged cells (Annexin V and PI negative), LR-early apoptotic 

cells (Annexin V positive /PI –negative), UR-late apoptotic cells (Annexin V positive /PI positive) and UL dead or 

necrotic cells (Annexin V negative /PI positive) as defined by Wilkins et al., (2002).  

X 100%% cytotoxicity = 
Mean absorbance at control

mean absorbance at control – mean absorbance at sample 

A B

UL UR 

LL LR 
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3.3.  Results 

3.3.1 Pro-proliferative effects of phytochemicals in 

HepG2 hepatoma cells 
 

3.3.1.1 Basal growth rate of untreated HepG2 cells  

After 28 h of seeding at approximately 1.2 x10
6 

cells/ml per well, basal cell count of 

approximately 0.7 (absorbance) was recorded, and this was maintained after culturing for 

additional 20 h in 10%(
v
/v) MEM Eagle complete medium (Fig 3.5). Exposure to vehicle 

control (1%(
v
/v) DMSO) for 20 h showed no effect. 

 

 

Figure 3.5 Viability of HepG2 hepatoma cells (seeded at high density) after culturing for 28 h and 48 h. Cells 

were seeded at 1.2x10
6
 cells/ml/well in a 24-well plate and cultured for 28 h and 48 h in 10%(

v
/v) MEM Eagle 

complete medium. Cells were also treated with 1%(
v
/v) DMSO as vehicle control for 20 h, prior to neutral red 

assay. Each data point represents mean absorbance from duplicate wells of six independent experiments ± 

SEM.  

 

3.3.1.2 Indirect cytoprotection is independent of pro-

proliferative effects 

Approximately 100% viability was assumed (representing mean absorbance value of 0.65 

±0.07) with DMSO causing a minimal effect. In Fig 3.6A, percentage cell viability recorded 

after treatment with quercetin did not change with increasing concentration, as was 
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observed with caffeic acid (0.28 mM, 0.56 mM, 2.22 mM) and curcumin (0.02 mM, 0.03 

mM and 0.07 mM). Similar observation was made following 20 h exposure to 0.07 mM 

sulforaphane.  

Whilst tBHP caused greater than 90% toxicity in this study, significant cytoprotective 

activities observed in this study were recorded at high concentrations of quercetin (0.08 

mM and 0.17 mM), curcumin (0.03 mM and 0.07 mM) and caffeic acid (2.2 mM) against 

oxidative damage (Fig 3.6B). These concentrations have previously shown maximum 

cytoprotection against tBHP as essentially greater than 80%, with the exception of 0.08 

mM quercetin and 0.03 mM curcumin, which recorded approximately 80% protection 

(Sections 2.3.2.2.2 and 2.3.2.5). However, significant cytoprotection obtained with 

quercetin, caffeic acid and curcumin support the use of the various concentrations in this 

study. Together, Fig 3.6 shows that indirect cytoprotective activities against oxidative 

damage were not influenced by increase in cell number by selected phytochemicals. 

 

 

Figure 3.6 Effects of cytoprotective phytochemicals on cell viability of HepG2 hepatoma cells. After 28 h of 

plating, cells were treated with varying concentrations of quercetin (Q), curcumin (Cur), caffeic acid (CA) and 

sulforaphane (SFN) in 10%(
v
/v) MEM Eagle complete medium for 20 h. Cell viability was assessed after 

treatment with phytochemicals (A) and after subsequent oxidative challenge (B). Cells were also incubated with 

10%(
v
/v) MEM Eagle complete medium and 1%(

v
/v) DMSO as controls. Data point represents mean percentage 

viability from duplicate wells of six independent experiments from duplicate wells ± SEM. Statistical analysis was 

performed (B) using one-way ANOVA and post hoc analysis by Dunnett’s multiple comparisons test. Where 

indicated, values were significantly different from tBHP/DMSO control at P<0.05 (*), P<0.01 (**) and P<0.001 

(***).  
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3.3.2  Pro-proliferative effect of phytochemicals in 1.1B4 

pancreatic β-cells 
 

3.3.2.1 Basal growth rate in untreated 1.1B4 cells 

Mean absorbance obtained after 28 h and 48 h were 0.40 ±0.05 and 0.56 ±0.02 

respectively, accounting for approximately 16% increase in cell count (P<0.05, n = 6). 

Further to this, 1%(
v
/v) DMSO (approximately 0.58 absorbance) did not enhance cell 

growth over 20 h exposure (Fig 3.7).  

 

 

Figure 3.7 Viability of 1.1B4 human pancreatic β-cells was assessed after culturing for 24 h and 48 h. Each data 

point represents six independent experiments ± SEM obtained from duplicates wells for each experiment. 

Statistical analysis was performed Kruskal-Wallis test and post hoc by Dunn’s multiple comparison test, where 

mean absorbance at 28 h was used as control. Where indicated, values were significantly different from control 

(28 h) at P<0.05 (*).  

 

3.3.2.2 Effect of selected phytochemicals on β-cell viability 

Quercetin exhibited no effect on cell viability, relative to DMSO which was taken to be 

100% viability (Fig 3.8A). Likewise increasing concentration of caffeic acid, and curcumin 

at 0.02 mM and 0.03 mM, had no effect on cell viability; although treatment with curcumin 

(0.07 mM) led to a decline in cell viability, to 62.92 ±5.61% (P<0.05, n = 6).  

Exposure of cells led to drastic fall to approximately 4% cell viability (P<0.001, relative to 

absence of tBHP – untreated) following 5 h exposure to 0.125 mM tBHP (P<0.05, Fig 
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3.8B). Quercetin preserved cell viability against 0.125 mM tBHP in a concentration-

dependent manner, with significant increase at 0.08 mM and 0.17 mM quercetin (Fig 

3.8B). In pre-treated cells, 0.56 mM caffeic acid protected against oxidative damage 

whilst, cell viability increased with increasing concentration of curcumin, resulting 

significant effect of 32.1 ±8.24% at 0.07 mM (P<0.05, n = 6). 

 

 

Figure 3.8 Effects of cytoprotective concentrations of phytochemicals on cell viability of 1.1B4 pancreatic β-cells. 

After culturing for 28 h, cells were treated with varying concentration of quercetin (Q), caffeic acid (CA) and 

curcumin (Cur) in 10%(
v
/v) RPMI-1640 complete medium for 20 h and cells viability assessed (A). Also, indirect 

cytoprotection was evaluated after phytochemical treatment (B). Cells were also exposed to 10%(
v
/v) RPMI-

1640 complete medium (untreated) and 1%(
v
/v) DMSO as controls for the effect of DMSO and phytochemicals 

respectively. Each data point was obtained from six independent experiments ± SEM, from duplicate wells. 

Statistical analysis was performed (A) using Friedman’s test and post hoc by Dunn’s multiple comparisons test, 

where values were significantly different from DMSO control at P<0.01 (β). One-way ANOVA and post hoc by 

Dunnett’s for multiple comparisons test were used (B), where values were significantly different from tBHP 

control at P<0.05 (*), P<0.01 (**) and P<0.001 (***).  

 

3.3.3  Cytotoxic effects of curcumin and sulforaphane in 

HepG2 hepatoma cells 

3.3.3.1 Cytotoxicity assay in attached cells 

After 2 h treatment with curcumin and sulforaphane in HepG2 cells, cytotoxicity was 

assessed using the neutral red assay (Fig 3.9). For cells treated with DMSO alone, 

cytotoxicity was on average 6%, and this was not significantly changed by treatment with 

0.07 mM and 0.14 mM curcumin. Viability of cells after curcumin exposure was not 

greatly affected, unlike toxicity previously recorded after 5 h exposure (Section 2.3.2.2.1). 
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This served as a good marker for further assessment on the effect of phytochemicals on 

apoptotic events at this time point. However, cytotoxicity increased significantly with 

increasing concentration of sulforaphane, producing approximately 68% cell death at 0.14 

mM sulforaphane (P<0.01, n = 4). 

Although sulforaphane was largely cytotoxic, viable cells remaining after exposure to both 

concentrations indicated that 2 h exposure could be an appropriate time to investigate 

underlying mechanism of cytotoxicity.  

 

 

Figure 3.9 Cytotoxicity of curcumin and sulforaphane in HepG2 hepatoma cells (attached cells). Cells were 

treated for 2 h with 10%(
v
/v) MEM Eagle complete medium containing varying concentrations of curcumin (Cur), 

and sulforaphane (SFN) that were previously shown to be cytotoxic (Section 2.3.2.2.1) and subsequently 

assayed for neutral red uptake. Each data point represents mean percentage toxicity values from six 

independent experiments ± SEM from triplicate wells for each treatment. Statistical analysis was determined 

using one-way ANOVA and post hoc by Dunnett’s correction for multiple comparisons test, with significance 

indicated as P<0.05 (*) and P<0.01 (**).  

 

3.3.3.2 Effects of plant compounds on early and late apoptosis 

in HepG2 cells 

The Alexa Fluor 488 apoptosis assay detects early and late apoptosis on a per-cell basis 

using flow cytometry, through adsorption of vascular anticoagulant protein (annexin V) to 

phosphatidylserine, which is manifested at the plasma membrane surface during 

apoptosis (Fig 3.10).  
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Figure 3.10 Flow cytometry analysis of early and late apoptosis in HepG2 hepatoma cells following 2 h 

treatment with phytochemicals. Scans are representative of one experiment, showing forward scatter (annexin 

V) and side scatter (propidium iodide) of gated cells treated with 10%(
v
/v) MEM Eagle complete medium alone 

(A), 1%(
v
/v)  DMSO (B), curcumin (0.07 mM) (C) and 0.14 mM (D), sulforaphane (0.07 mM) (E) and 0.14 mM 

(F). Cell populations were categorised as annexin V/PI negative (LL: lower left quadrant), annexin V positive/PI 

negative (early apoptotic, LR: lower right quadrant), annexin V/PI positive (late apoptotic, UR: upper right 

quadrant) or annexin V negative/PI positive (necrotic, UL: upper left quadrant).  

B.A.

E

C. D.

E. F.
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By conjugating annexin V to a fluorchrome, apoptotic cells in heterogeneous cell 

population can be distinguished as annexin V-positive with flow cytometry. The role of 

apoptosis in cytotoxicities by curcumin and sulforaphane was investigated using Alexa 

Fluor annexin V and propidium iodide, where cells were also labelled with the nonvital 

dye propidium iodide (PI), which binds to DNA through disrupted cell membrane in late 

apoptosis, as annexin V/PI positive. Also, PI-positive cells were classified as necrotic or 

dead (Matteucci et al., 1999). 

As shown in Figs 3.10 and 3.11, percentage of live cells recorded in untreated and 

DMSO-treated cells, approximately 82% and 77% respectively, were not significantly 

different. Also, the proportions of early and late apoptotic cells were about 10% and 5% 

respectively, in untreated and DMSO-treated cells. Although, the proportion of necrotic 

cells recorded in cells treated with DMSO alone (9%) was higher than that for untreated 

cells (2%), this was not statistically significant.  

However, the proportion of live cells decreased markedly with increasing curcumin 

concentration, this was consistent with increase in early and late apoptotic cells as well as 

necrotic cells (Fig 3.11B). In cells treated with 0.07 mM curcumin, there was significant 

increase in late apoptotic cells (approximately 15%) and necrotic cells (approximately 

65%), (P<0.05, n = 4). Moreover, 2 h incubation with 0.14 mM curcumin resulted in 56% 

necrosis and a further increase in late apoptosis, approximately 27%, compared to 0.07 

mM curcumin. 

Sulforaphane also decreased the proportion of live cells at both concentrations tested 

(0.07 mM and 0.14 mM), albeit not significant compared to DMSO, as presented in Fig 

3.11C. Furthermore, there was significant increase in necrosis, showing 31.4 ±5.19% 

(P<0.05) after treatment with 0.14 mM, although marginal increase in necrosis was 

recorded after incubation with 0.07 mM sulforaphane.  
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Figure 3.11 Assessment of early and late apoptosis events in HepG2 hepatoma cells. Cultured cells were 

incubated in 10%(
v
/v) MEM Eagle complete medium, also referred to as untreated (A) and 1%(

v
/v) DMSO, (B) 

with curcumin (0.07 mM and 0.14 mM) and (C) with sulforaphane (0.07 mM and 0.14 mM) for 2 h. After staining, 

cells were categorised as shown in Fig 3.4. Data for DMSO presented in A is repeated in B and C for ease of 

comparison with curcumin and sulforaphane. Each data point represents percentage cell population from four 

independent experiments ± SEM but from three independent experiments ± SEM for sulforaphane (0.14 mM), 

obtained from triplicate wells in each experiment. Statistical analysis was performed using one-way ANOVA and 

post hoc by Dunnett’s multiple comparisons test. Statistical significance, compared to DMSO control is indicated 

as P<0.05 (*) and P<0.01 (**). Also, values were significantly different from 0.07 mM curcumin at P<0.05 (+). 

 

3.3.3.3 Effect of mechanical stress on phytochemical-mediated 

cytotoxicity (detached HepG2 cells) 

As described in the previous section, most of the cells treated with cytotoxic 

concentrations of curcumin and sulforaphane were classified as being predominantly late 

apoptotic or necrotic. Therefore, the effect of mechanical stress on cell viability was 

investigated. 
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Cytotoxicity by DMSO treatment was approximately 3%, this was not significantly less 

than approximately 13% and 27% recorded at 0.07 mM and 0.14 mM curcumin, as well 

as 0.07 mM sulforaphane (Fig 3.12). However, 0.14 mM sulforaphane produced 

approximately 30-fold toxicity compared to DMSO (P<0.05, n =4).  

Compared to cytotoxicity recorded in attached cells (Fig 3.9), there was consistent 

increase in cytotoxicity, ranging between 7- to 30-fold, recorded in detached cells. 

Significant effect was only recorded at 0.14 mM sulforaphane, which was higher than the 

10-fold increase in toxicity recorded in attached cells. Thus, mechanical stress did not 

contribute much towards necrotic events observed in Figs 3.10 and 3.11.  

 

 

Figure 3.12 Effect of mechanical stress on HepG2 hepatoma cells after treatment with curcumin and 

sulforaphane. Cells were treated with cytotoxic concentrations of curcumin (Cur), and sulforaphane (SFN) in 

10%(
v
/v) MEM Eagle complete medium for 2 h and detached to obtain cell suspensions, which were assayed for 

neutral red uptake. Each data point represents at least four independent experiments ± SEM from triplicate 

wells. Statistical analysis was performed using one-way ANOVA and post hoc by Dunnett’s correction for 

multiple comparisons test. Where indicated, values were significantly different from DMSO control at P<0.01 
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3.3.4.  Cytotoxic effects of phytochemicals in 1.1B4 

pancreatic β-cells 

3.3.4.1 Cytotoxicity in attached cells 

While DMSO lacked effect, approximately 20% was observed after 2 h incubation with 

1.10 mM and 2.22 mM caffeic acid (P<0.05, n = 5). Curcumin was also cytotoxic, with 

approximately 4.5-fold increase in toxicity at 0.07 mM curcumin (Fig 3.13). Additionally, 

cytotoxicity by curcumin increased markedly from 16.9 ±2.36% to 75.8 ±7.49% at 0.07 

mM and 0.14 mM curcumin, respectively (P<0.05). A similar behaviour was observed 

when cells were treated with sulforaphane at 0.07 mM (29.7 ±3.84%) and 0.14 mM (49.7 

±4.94%). 

 

 

Figure 3.13 Cytotoxicity by caffeic acid, curcumin and sulforaphane in 1.1B4 pancreatic β-cells (attached cells). 

Cells were treated for 2 h with 10%(
v
/v) RPMI-1640 complete medium containing concentrations of caffeic acid 

(CA), curcumin (Cur), and sulforaphane (SFN) that were previously shown to be cytotoxic (Chapter 2). Cells 

were also treated with vehicle control and DMSO for curcumin and sulforaphane. Each data point represents 

mean percentage toxicity values from five independent experiments ± SEM from triplicate wells for each 

treatment. Statistical analysis was performed using one-way ANOVA and post hoc by Dunnett’s multiple 

comparisons test, where values were significantly different from DMSO control at P<0.05 (*) and P<0.01 (**). 

Also, values were significantly different from 0.07mM curcumin at P<0.01 (##) and from 0.07mM sulforaphane at 

P<0.05 (#). 
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3.3.4.2 Effect of phytochemicals on early and late apoptosis 

events in 1.1B4 cells 

Subsequent to phytochemical treatment, cells were labelled as annexin V positive (early 

apoptotic), annexin V/PI positive (late apoptotic), PI positive (necrotic cells) and annexin 

V/PI negative (live cells) as presented in Fig 3.14. 

 

 

Figure 3.14 Flow cytometry analysis of early and late apoptosis in 1.1B4 pancreatic β-cells following 2 h 

treatment with DMSO and caffeic acid. Scans, which are representative of one experiment, show forward 

scatter (annexin V) and side scatter (propidium iodide) of gated cells treated with 10%(
v
/v) RPMI-1640 complete 

medium alone (A); DMSO (B); caffeic acid 1.11 mM (C) and 2.22 mM (D). Cell populations were categorised as 

annexin V/PI negative (LL: lower left quadrant), annexin V positive/PI negative (early apoptotic, LR: lower right 

quadrant), annexin V/PI positive (late apoptotic, UR: upper right quadrant) or annexin V negative/PI positive 

(necrotic, UL: upper left quadrant).  

 

A. B. 

C. D. 
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Figure 3.15 Flow cytometry analysis of early and late apoptosis in 1.1B4 pancreatic β-cells following 2 h 

treatment with curcumin and sulforaphane. Scans, which are representative of one experiment, show forward 

scatter (annexin V) and side scatter (propidium iodide) of gated cells treated with (A); curcumin (0.07 mM) (E) 

and 0.14 mM (F); sulforaphane (0.07 mM) (G) and 0.14 mM (H). Cell populations were categorised as annexin 

V/PI negative (LL: lower left quadrant), annexin V positive/PI negative (early apoptotic, LR: lower right 

quadrant), annexin V/PI positive (late apoptotic, UR: upper right quadrant) or annexin V negative/PI positive 

(necrotic, UL: upper left quadrant).  

 

After 2 h incubation with 1%(
v
/v) DMSO, there was no significant reduction in the 

proportion of live cells, compared to 10%(
v
/v) RPMI-1640 control; also, 1%(

v
/v) DMSO did 

not increase the percentage of total apoptotic cells (early and late apoptosis). Similar 

observation was made in terms of necrotic cells (Fig 3.16A). 

Caffeic acid produced a concentration-dependent decrease in the proportion of live cells 

with significant effect at 2.22 mM caffeic acid (P<0.05, Fig 3.16B). However, there was no 

significant increase in early or late apoptotic cells when compared with DMSO control, 

A.  B.  

C.  D.  
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and total apoptosis (about 12%) was also not higher than DMSO (about 10%). 

Nevertheless, cells treated with 2.22 mM caffeic acid recorded approximately 4% 

increase in necrotic cells, which was significantly higher than observation in DMSO 

(P<0.05, n = 4). 

There was a drastic reduction in proportion of live cells following 2 h exposure to 

curcumin (P<0.001, n = 4; Fig 3.16C). While both concentrations of curcumin, did not 

demonstrate any effect on early apoptosis, significant increase in late apoptotic cells was 

recorded relative to DMSO, with a further increase of approximately 60% at 0.14 mM 

curcumin (P<0.05). The low proportion of late apoptotic cells observed after treatment 

with 0.07 mM was in accordance with the marked proportion of necrotic cells (87.0 

±3.83%) recorded at this concentration. Compared to DMSO, 0.14 mM curcumin 

produced approximately 7.5-fold increase in necrotic events.  

Although live cell population decreased with increasing concentration, 62.1 ±9.52% and 

49.4 ±8.28% at 0.07 mM and 0.14 mM sulforaphane respectively, this was not 

significantly different from DMSO (Fig 3.16D). There was also no significant difference 

between early and late apoptosis compared to DMSO. Sulforaphane, at both 

concentrations, increased the apoptotic population significantly by about 35%, relative to 

DMSO. Nevertheless, the percentage of necrotic cells increased in a concentration-

dependent pattern, recording significant effect of 14.9 ±1.30% at 0.14 mM sulforaphane 

(P<0.05, n = 4).  
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Figure 3.16 Assessment of early and late apoptosis events in 1.1B4 pancreatic β-cells. Cultured cells were 

treated with 10%(
v
/v) RPMI-1640 complete medium (A – untreated (10%(

v
/v) RPMI-1640 complete medium) and 

1%(
v
/v)  DMSO as controls, (B) caffeic acid (1.11 mM and 2.22 mM), (C) curcumin (0.07 mM and 0.14 mM) and 

(D) sulforaphane (0.07 mM and 0.14 mM) for 2 h. Data for DMSO presented in A is repeated in B,C and D for 

ease of comparison with caffeic acid, curcumin and sulforaphane respectively. Each data point represents 

percentage cell population obtained from triplicate wells of four independent experiments ± SEM. Statistical 

significance was determined using one-way ANOVA and post hoc by Dunnett’s multiple comparisons test, 

where values were significantly different from DMSO control at P<0.05 (*), P< 0.01 (**) and P<0.001 (***). Also, 

values were significantly different from 0.07 mM curcumin at P<0.05 (#) and P<0.01 (##). 

 

3.3.4.3 Effect of mechanical stress on toxicity assay in 1.1B4 

cells 

The cytotoxicity data obtained in detached β-cells was not significantly higher than results 

from attached cells (Fig 3.13). Therefore, as presented in Fig 3.17, the supposed 

‘mechanical stress’ which may have been exerted on the 1.1B4 cells by the use of trypsin 

did not influence apoptosis data illustrated in Figs 3.14 – 3.16. 
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Figure 3.17 Effect of mechanical stress on cytotoxicity by phytochemicals in 1.1B4 pancreatic β-cells. Each data 

point represents at least N = 4 ± SEM independent experiments from triplicate wells for each treatment. 

Statistical analysis was performed using one-way ANOVA and post hoc by Dunnett’s correction for multiple 

comparisons test. Where indicated, values were significantly different from DMSO control at P<0.05 (*) and 

P<0.01 (**). 
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3.4  Discussion 

3.4.1  Cytoprotection is not mediated by pro-proliferative 

activities of phytochemicals 

Whilst phytochemicals could be useful in promoting cell growth, it may be essential to 

characterise antioxidant, pro-oxidant and pro-proliferative activities for optimal therapeutic 

benefits, although these effects could be inter-related in multicellular organisms. Results 

obtained from the current study indicate that indirect cytoprotective activities exhibited by 

quercetin, caffeic acid, curcumin and sulforaphane were independent of enhanced cell 

growth (over the duration of pre-exposure experiments – 20 h) in HepG2 and 1.1B4 cells. 

Thus, cytoprotective concentrations of the chosen phytochemicals did not produce any 

significant effect on cell viability, although cytoprotection was recorded.  

 

3.4.1.1 Lack of pro-proliferative effects by phytochemicals in 

HepG2 and 1.1B4 cells 

The lack of significant growth, when HepG2 cells were cultured for additional 20 h 

(P>0.05), could result from high cell seeding density (1.2 x 10
6 

cells/ml), making cells 

fairly confluent prior to phytochemical treatment. Thus, cytoprotection experiments were 

designed to limit any significant increase in cell proliferation over the 48 h experimental 

period. This could serve as an alternative method to staging cells by serum starvation, 

which is commonly used in in vitro studies.  

In 1.1B4 cells, significant increase in cell number was recorded (P<0.05, n = 6) between 

28 h to 48 h culture period (Fig 3.7). However, no increase in cell number was observed 

following exposure to varying concentrations of quercetin and caffeic acid; curcumin (0.07 

mM) caused a reduction in cell viability.  

The lack of pro-proliferative effect by phytochemicals suggests that indirect cytoprotection 

was produced by an alternate mechanism, possibly via upregulation of cytoprotective 

proteins. These results contradict some reports of pro-proliferative effects by the selected 

phytochemicals. In a report by Woude et al., (2003), quercetin stimulated cell cycle 

progression at low concentrations. Using HCT-116, HT29 and MCF-7 carcinoma cells, 

these authors observed pro-proliferative effect of quercetin at concentrations <20 µM, 30 
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- 40 µM and 20 – 40 µM, respectively. Also, Li et al., (2013) recently reported that 

quercetin repressed leptin signalling and Akt/Forkhead box O1 (Akt/FoxO1) activation to 

preserve β-cell mass under high fructose levels in rat islets (Li et al., 2013). Furthermore, 

quercetin enhanced pancreatic islet regeneration, while reducing plasma glucose levels 

in streptozocin-induced diabetic rats (Vessal et al., 2003). Thus, while quercetin may 

demonstrate biphasic effect on cell cycle progression, these effects are remarkably 

influenced by cell type, flavonoid concentration and, possibly, cell density. Hence, it can 

be inferred that the cytoprotective range of quercetin may be well distinct from cytotoxic 

range. 

Although caffeic acid showed no effect in HepG2 cells, marginal decline in viability was 

observed in 1.1B4 cells. This could be consistent with concentration-dependent decrease  

in cell proliferation and increase in sub-G1 arrest, as well as increase in ROS levels after 

48 h exposure to HCT 15 colon cancer cells (Jaganathan, 2012). However, an earlier 

study in human monocytic U937 cells, reported no proliferative effect after 18 h treatment 

with 500 μM caffeic acid (Nardini et al., 1998); however, a recent report suggested that 

the caffeoyl moiety drives high hepatocyte growth factor levels in human dermal 

fibroblasts (Kurisu et al., 2013). In the current study, approximately 35% cytotoxicity 

recorded at 0.07 mM curcumin in 1.1B4 cells (Fig 3.8) could have resulted from curcumin-

induced ROS generation. While ROS induced by curcumin causes cellular damage 

(Gupta et al., 2011), this may influence indirect cytoprotective activities by curcumin.  

It is important to mention that the neutral red assay is more suitable for end-point 

determination of effects on cell growth (viable cell count), compared to relatively up-

stream molecular targets determined by cell cycle analysis and other techniques, which 

provide more definite details of modulatory effects on cell growth factors and signalling. 

 

3.4.2  Cytotoxic effects of phytochemicals 

In the present study, curcumin and sulforaphane caused significant cytotoxicity after 2 h 

exposure in HepG2 cells. Also, both phytochemicals caused necrosis, with a small 

proportion of HepG2 cells in early and late apoptosis stages (Fig 3.10 and 3.11). Similar 

results were obtained in 1.1B4 cells, following 2 h treatment with caffeic acid, curcumin 
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and sulforaphane (Fig 3.14 - 3.16). This could imply that either cells may have already 

been necrotic at the time of the apoptosis assay or that concentrations used were too 

high to enable detection of early apoptotic events, such as externalisation of 

phosphatidylserine. These results are not consistent with evidence of apoptotic effects 

induction by curcumin and sulforaphane, although evidence of necrosis by curcumin, via 

mitochondrial– and caspase-mediated p53-independent pathway, has been reported in 

human lung cancer cell line H1299 (Li et al., 2015). However, necrotic events by these 

phytochemicals is a novel observation in both cell types. 

Chang et al., (2014) observed apoptosis via increase in cytochrome c and caspase 3 

activities at 80 µM curcumin, using osteosarcoma MG63 cells. In human pancreatic 

cancer BxPC-3 and PANC-1 cell lines, 3-day treatment with curcumin led to down-

regulation of apoptosis inhibitory proteins Notch-1, Hes-1, Cyclin D1 and Bcl-XL while 

inducing apoptosis (Wang et al., 2006). In PANC-1 and MIA PaCa-2 human pancreatic 

cancer cell lines, sulforaphane activated caspase-8 and caused loss of mitochondrial 

membrane potential as well as loss of plasma membrane integrity (Pham et al., 2004). 

However, percentages of early and late apoptotic events in 1.1B4 β-cells, were not 

significantly different from the vehicle control (Fig 3.16C). Recent studies also reported 

ROS-mediated induction of apoptosis following treatment with 0.8 mM caffeic acid in HCT 

15 colon cancer cells (Jaganathan, 2012). Results of the current study suggest that 

upstream markers in apoptosis signalling are required to enhance our understanding of 

the mechanism involved in cytotoxic effects observed. 

 

3.4.2.1  Inconsistencies in interpreting apoptosis data in HepG2 

cells 

The lack of significant evidence of apoptotic events in the current study highlights the 

complexities in detecting various apoptotic events and the disadvantages of different 

experimental techniques in confirming various stages of this process. The concentrations 

and exposure duration used in this study vary from earlier reports of apoptosis induction 

by curcumin (Wang et al., 2011) and sulforaphane (Park et al., 2007).  
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For HepG2 cells, the trend for cell population distribution towards the upper right quadrant 

(Fig 3.10C and D) after curcumin exposure is reminiscent of the results of Wang et al., 

(2011) where increasing concentration of curcumin induced apoptosis after 1 h treatment 

in HepG2 cells. In fact, they recorded similar proximity between late apoptotic and 

necrotic cells, as was observed in the current study. Cao et al., (2007) also reported 

similar effects using annexin V apoptosis assay. While subsequent research on apoptosis 

by curcumin have rightly proceeded from the findings of Wang et al., (2011, about 58 

citations) and Cao et al., (2007, about 125 citations), their classification of cell populations 

by the use of the cytogram (as shown in Fig 3.4) highlights the subjectivity in gating and 

interpreting flow cytograms (Janatpour et al., 2002; Wilkins et al., 2002), particularly in the 

case of Cao et al., (2007). 

 

3.4.2.2 Effect of  mechanical stress on apoptotic events  

With the neutral red assay, percentage toxicity in detached cells was marginally higher 

than in attached cells, possibly due to the added traumatic effect of detaching cells and 

multiple pipetting to produce single cell suspensions. Although cytotoxic agents may have 

compounded this effect, critical analysis of control samples (untreated and DSMO-treated 

cells) presents a good reflection of damaging effects caused by sample preparation and 

its effect on data accuracy. Koopman et al., (1994) also reported adsorption of annexin V 

to internalised phosphatidylserine in B cells which were also ethidium bromide positive. 

Thus, while such cells may register as double positive (annexin and PI, in this study) and 

be classified as late apoptotic, they may well be necrotic. Clarity on this topic could also 

be obtained from intensities of annexin V and PI stains on cytograms (see Fig 3.10, 3.11 , 

3.14 and 3.15) as was also highlighted by Wilkins et al., (2002). Nevertheless, this 

method of sample preparation is commonly used and reflects a credible approach to flow 

cytometry (Wang et al., 2011). 

Several reports on apoptosis, induced by curcumin and sulforaphane, have employed 

supporting results such as DNA damage, mitochondrial dysfunction, upregulation and 

downregulation of anti- and pro-apoptotic proteins respectively, in addition to exposure of 

phosphatidylserine on outer cell membrane (Syng-ai et al., 2004; Cao et al., 2007; Wang 
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et al., 2011). Thus, additional results are needed to confirm data obtained in this study. 

Nevertheless, the neutral red viability assay remains a credible colorimetric method of 

evaluating cytotoxic effects of compounds (Repetto et al., 2008) and in this study, it was 

effective in both attached and detached cells.  

 

3.5  Conclusion 

 Results from the current investigation negate the influence of increased cell numbers in 

mediating indirect cytoprotective activities by selected phytochemicals against tBHP, 

suggesting that other cellular activities by phytochemicals may have produced 

cytoprotection. 

The role of apoptosis in mediating cytotoxicity induced by curcumin and sulforaphane 

could not be confirmed, since cells were predominantly necrotic at the time of apoptosis 

assay. Nevertheless, caffeic acid did not demonstrate effect on apoptotic events in the 

1.1B4 β-cells. Hence cytotoxic activities could be mediated by other mechanisms, but 

require further studies at different exposure conditions. 
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CHAPTER 4   -   Glucotoxicity and lipotoxicity in human     

hepatoma and pancreatic β-cells 

This chapter investigates the effects of high glucose and high lipid load on the viability of 

human pancreatic 1.1B4 β-cells and human hepatoma HepG2 cells. Subsequently, 

cytoprotective activities of phytochemicals were investigated against high lipid exposure.  

 

4.1  Introduction 

The synergistic effects of both chronic hyperglycaemia and elevated FFA on impairment 

of β-cell function have led to the concept of glucolipotoxicity, which has been accepted as 

a major event in the pathogenesis of T2DM (Fridlyand and Philipson, 2004). It has also 

been established that both high glucose and high FFA levels cause apoptosis and loss of 

β-cell viability; although the exact mechanism remains to be elucidated, oxidative stress 

is known to play a key role (reviewed in Section 1.3.2). Furthermore, increase in 

circulating FFA levels is a predisposing factor for insulin resistance, and accumulation of 

FFA in the liver plays a causative role in induction and progression of NASH (reviewed in 

Section 1.3.1). 

 

4.1.1 The role of glucose toxicity in pathogenesis of 

diabetes  

Chronic exposure to supraphysiological glucose concentrations causes time-dependent 

irreversible damage to insulin synthesis and exocytosis, as well as  β-cell components, 

and this is referred to as glucose toxicity (or glucotoxicity) (Robertson et al., 2003). 

Additional effects of glucotoxicity include decreased mitochondrial activity and 

glucokinase gene expression, reduced binding of pancreas duodenum homeobox-1 (Pdx-

1) to insulin promoter, as well as accelerated apoptosis (Kajimoto et al., 1999; Butler et 

al., 2003). Glucotoxicity is different from glucose desensitization which is a reversible 

state of β-cell exhaustion caused by short-term exposure to elevated glucose levels 

(Kaiser et al., 1991). The underlying mechanism of glucotoxicity involves a complex 
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interplay of events including glucose metabolism by hexosamine pathway, formation of 

advanced glycation end-products (AGE), inflammation, ER stress hypoxia, and oxidative 

stress, leading to β-cell dysfunction and apoptosis, as reviewed by Bensellam et al., 

(2012; also shown in Fig 4.1).  

 

 

Figure 4.1 Schematic representation of pathways involved in β-cell apoptosis during chronic hyperglycaemia as 

reviewed by Bensallam et al., (2012). Chronic hyperglycaemia causes β-cell dysfunction and apoptosis via a 

complex interplay of events.  

 

Flux of glucose through the hexosamine pathway eventually leads to increased activity of 

O-linked β-N-acetylglucosamine transferase, an enzyme that facilitates post-translational 

modification of Pdx-1 (Gao et al., 2003) and forkhead box other-1 (FoxO1) (Kuo et al., 

2008), causing β-cell dysfunction (Bensellam et al., 2012). Treatment of rat INS-1 cells 

with AGEs decreased insulin stores, glucose-stimulated insulin secretion and ATP 

synthesis, and impaired mitochondrial function (Zhao et al., 2009). It has been reported 

that oxidative stress could play a role in AGE-mediated glucotoxicity since both N-acetyl 

cysteine and aminoguanidine (inhibitor of AGE formation) prevented decrease in insulin 

gene promoter activity, insulin mRNA and insulin secretion (Tanaka et al., 1999). 
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The role of oxidative stress in glucotoxicity is supported by evidence of β-cell protection 

by antioxidant use or overexpression (Tanaka et al., 2002; Robertson et al., 2003). 

Persistent exposure to high ROS levels has been shown to impair binding of Pdx-1 to 

insulin promoter via stimulating c-Jun N-terminal kinase (Kaneto et al., 2002). Oxidative 

stress also facilitates loss of MafA protein levels which affects endogenous insulin gene 

expression (Harmon et al., 2005); in addition, upregulation of c-Myc expression 

suppresses insulin gene transcription (Kaneto et al., 2002); c-Myc is required for β-cell 

dysfunction and apoptosis (Cheung et al., 2010).  

A recent study in glucose-infused rats has established relation between ER stress and 

oxidative stress pathways (Tang et al., 2012). The ER, which is at the centre of lipid and 

protein synthesis, is important to β-cell function due to its role in proinsulin synthesis and 

secretion. As illustrated in Fig 1.7 (Chapter 1), increased demand for ER response such 

as can occur during chronic hyperglycaemia (requiring high levels of insulin) or 

glucotoxicity (requiring repair of damaged proteins) can lead to ER stress. Moreover, 

failure of adaptive response by the ER (activation of Unfolded Protein Response) 

prolongs ER stress and triggers apoptosis, which involves a cascade of events including 

Ca
2+

 imbalance (Bensellam et al., 2012). 

 

4.1.1.1  Glucose-mediated apoptosis in hepatocytes 

The liver also plays a regulatory role in glucose metabolism via inhibition of 

gluconeogenesis and activation of glycogenesis. Impaired insulin signalling promotes 

increased gluconeogenesis, which could exacerbate hyperglycaemic conditions in T2DM 

patients. Hyperglycaemia has been shown to trigger serine or threonine phosphorylation 

of IRS-1, leading to insulin resistance (Aguirre et al., 2002). High glucose exposure in 

HepG2 hepatoma cells elevated upstream stimulatory factors 1 and 2, increasing hepatic 

lipase expression and could also promote dyslipidaemia, which is characteristic of T2DM 

patients (van Deursen et al., 2008). It has also been reported that high glucose exposure 

resulted in oxidative stress-mediated apoptosis and activation of caspase-3 activity in 

HepG2 cells (Chandrasekaran et al., 2010). 
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Since glucotoxicity remains at the centre of T2DM, effect of hyperglycaemia on viability of 

human β-cells and HepG2 hepatoma cells was investigated. 

 

4.1.2  Lipotoxicity in pathogenesis of diabetes and NASH 

Lipotoxicity results from cellular damage caused by dysregulated accumulation of fatty 

acids. Elevated free fatty acid levels and adiposity have been associated with β-cell 

dysfunction in T2DM, whilst contributing to insulin resistance. Circulating saturated FFA 

include palmitic acid, oleic acid and stearic acid (Marra et al., 2008). Chronic exposure to 

high levels of these saturated FFA has been related to the occurrence of apoptosis in β-

cells (Maechler and Wollheim, 1999). Palmitate metabolism has been related to 

increased ceramide production, which is involved in signalling of ROS-mediated 

apoptosis (Cacicedo et al., 2005) and also causes β-cell dysfunction (Newsholme et al., 

2007). High free fatty acid levels have several effects including increased FFA oxidation 

and esterification (Marra et al., 2008), oxidative stress (Inoguchi et al., 2000) and 

decreased insulin promoter gene activity (Gremlich et al., 1997).  

As reviewed in Section 1.3.1, hepatic steatosis resulting from increased FFA circulation 

and de novo lipogenesis is a hallmark of NASH. An assessment of the lipid profile of 

NASH patients showed high levels of oleic acid and palmitic acid (de Almeida et al., 

2002). Lipoapotosis (cell death due to lipid accumulation) is also a characteristic feature 

of the pathogenesis and loss of structural integrity in NASH (Feldstein et al., 2003; Malhi 

and Gores, 2008). It has also been proposed that the ER, which also regulates cellular 

Ca
2+

 homeostasis, contributes to lipotoxicity via activation of ER stress by FFA-mediated 

depletion of calcium stores and subsequent apoptosis (Araki et al., 2003). 

  

4.1.3  Aim  

Having established the effect of tBHP on viability of human hepatoma HepG2 cells and 

1.1B4 human pancreatic β-cells, this study was intended to investigate effects of high 

glucose and high palmitate exposures in these two cell types. Subsequently, 

cytoprotective activities of phytochemicals (quercetin, curcumin and caffeic acid) were 
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evaluated against palmitate toxicity, a novel approach to evaluate effects of 

phytochemicals on lipotoxicity, illustrated in Figure 4.2.  

 

Figure 4.2 Experimental models for investigating cytoprotective activities of phytochemicals against palmitate 

toxicity.  Figure shows (A) 5 h co-exposure with palmitate and  (B) 20 h pre-exposure to phytochemicals, then 

20 h palmitate treatment models.   

Harvested 

cells seeded 

Co-exposure to 

phytochemicals 

and palmitate (5 h)

Neutral 

red assay 26 h culture 20 h 

incubation

A.

Harvested 

cells seeded 

Phytochemical 

pre-exposure 

(20 h)

Palmitate 

exposure  

(20 h)

Neutral 

red assay 26 h culture 20 h 

incubation

B.
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4.2  Materials and methods 

List of chemicals used and their suppliers is provided in Appendix I. 

 

4.2.1  Methods 

4.2.1.1  Solutions for cytotoxicity assays 

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] solution (5 mg/ml) 

was prepared by dissolving 5 mg MTT dye in 1 ml sterile water. The solution was freshly 

made each time and kept in a sterile tube, away from light. Unused solution was 

discarded. 

Annexin binding buffer (1X) and propidium iodide working solution (100 μg/ml) were 

prepared as described in Section 3.2.2.4.2. 

 

4.2.1.2  Stock solutions for glucotoxicity experiments  

A stock solution of 1 M glucose was prepared by dissolving 3.60 g D-glucose in 20 ml 

sterile water. When dissolved, this solution was filtered through a 0.22 μm filter in a sterile 

cabinet and stored at -20
o
C.  

Stock solution of 1 M mannitol was made by dissolving 3.64 g of D-mannitol in 20 ml 

sterile water at 37
o
C. The stock solution was filtered through a 0.22 μm filter in a sterile 

cabinet and stored at -20
o
C. 

 

4.2.1.3  Stock solution of palmitate for lipotoxicity assays  

Stock solution of 100 mM palmitate was made by dissolving 278.4 mg sodium palmitate 

in 10 ml of 50%(
v
/v) ethanol at 70

o
C as described by Vasu et al., (2013). Also 5 g of 

bovine serum albumin (BSA) was dissolved in 50 ml sterile water at room temperature to 

make 10%(
w
/v) BSA. To facilitate dissolution, 5 g BSA was divided into three parts and 

was spread onto the 50 ml sterile water in a beaker, as a thin film, and then placed on a 

magnetic stirrer at low speed. This was repeated until the required amount of BSA was 

dissolved and then filtered using 0.45 μm filter. The desired concentration of palmitate 

complexed to BSA was produced by combining fixed proportions of both solutions (Rho et 
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al., 2007), to allow adsorption of palmitate unto BSA, for facilitated uptake of palmitate. 

For example, for 5 ml of 16 mM palmitate/10%(
w
/v) BSA solution, 0.8 ml of 100 mM 

palmitate was added dropwise to 4.2 ml 10%(
w
/v) BSA at approximately 55

o
C with 

vigorous shaking, and then incubated at 55
o
C for additional 15 min to obtain a 

homogenous mixture. The final stock solution was immediately filtered in a sterile cabinet 

using 0.22 μm filter and stored at -20ᵒC until further use. An 8%(
v
/v) ethanol/BSA 

conjugate (as stock solution - vehicle control) was also prepared at 60ᵒC using similar 

procedure. 

For use in cytotoxicity experiments, 16 mM palmitate/BSA sock solution was warmed at 

55
o
C for approximately 10 min and then added to pre-warmed culture medium at 1:10 

dilution to produce 1.6 mM palmitate as working solution. This procedure was repeated 

using 8%(
v
/v) ethanol/BSA stock to make 0.8%(

v
/v) ethanol-containing medium. 

  

4.2.1.4  Cell Culture techniques 

Culture media for human pancreatic 1.1B4 β-cells were prepared as described in Section 

2.2.1.3.2. The 1.1B4 β-cells were subcultured as described in Section 2.2.3.2. Passage 

numbers of 1.1B4 β-cells used for experiments described in this chapter were between 

34 and 40.  

 

All culture media for human hepatoma HepG2 cells were prepared as described in 

Section 2.2.1.3.1. Subculturing of HepG2 cells was performed as described in Section 

2.2.3.1 For HepG2 cells, passage numbers used were between 14 and 30.  

 

4.2.1.5 Investigating glucotoxicity in 1.1B4 pancreatic β-cells  

Exponentially growing β-cells were harvested and seeded at 7.0 x 10
4
 cells/ml and 3.5 x 

10
4
 cells/ml in quadruplicate wells of 24-well plates and incubated at 37ᵒC. After 

approximately 28 h of culture, medium in each well was replaced with 1 ml glucose or 

mannitol containing-media (10%(
v
/v) RPMI-1640 complete medium containing 11 mM 

glucose) in duplicate wells, using concentrations outlined in Table 4.1. The 1.1B4 human 
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β-cells were usually cultured in 10%(
v
/v) RPMI-complete medium containing 11 mM 

glucose; hence, for glucotoxicity experiments, the right amount of glucose or mannitol 

was added to culture medium to achieve the desired treatment media, see Table 4.1. 

Cells were cultured at 37ᵒC for 24 h, 48 h and 72 h prior to cell viability assessment. 

 

Solution Effect 

5 mM glucose Low glucose 

11 mM glucose  Normoglycaemia 

14 mM mannitol  plus 11 m M glucose  Osmotic control for 25 mM glucose 

25 mM glucose 

(14 mM glucose plus 11 m M glucose) 

Glucotoxicity 

29 mM mannitol plus 11 m M glucose  Osmotic control for 40 mM glucose 

40 mM glucose  

(29 mM glucose plus 11 mM glucose)  

Glucotoxicity 

 

Table 4.1 List of solutions used in glucotoxicity experiments. 

 

 

Cell viability was assessed using neutral red assay (as described in Section 2.2.5.3), as 

well as MTT assay described below. Assays were done in duplicate wells per treatment. 

For MTT assay, 100 μl of 5 mg/ml MTT working solution was added to treatment-

containing media in duplicate wells for each condition, 30 min before each time point. 

Cells were then incubated for 30 min at 37ᵒC to enable viable cells to convert MTT to 

formazan crystals. The short incubation period was used to allow for the detection of only 

cells which were viable at that time of the assay. Afterwards medium was aspirated from 

each well and replaced with 1 ml DMSO (100%(
v
/v)) at the time point, to extract formazan 

crystals from viable cells. The purple formazan extract in each well was transferred into 

96-well plates (200 µl per well in quadruplicates) and absorbance determined at 570 nm.  

 

4.2.1.6  Effect of replenishing high glucose medium on   

glucotoxicity in 1.1B4 pancreatic β-cells 

Although prolonged exposure to high glucose is believed to induce cytotoxicity, this effect 

could be annulled by the depletion of glucose in culture medium due to increasing cellular 
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metabolic activities. Therefore, this experiment was conducted to investigate the added 

advantage of replenishing glucose medium on glucotoxicity. 

Cells were seeded at 3.5 x 10
4
 cells/ml in wells of 24-well plates and cultured at 37

o
C for 

approximately 28 h. Cells (in quadruplicate wells) were then treated as described 

previously (Table 4.1). Glucotoxicity was assessed via neutral red uptake, after 24 h, 48 h 

and 72 h incubation at 37ᵒC. For each condition, the media in duplicate wells were 

replenished every 24 h. Cell viability was then assessed appropriately at the respective 

time points using neutral red assay described in Section 2.2.5.3.  

 

4.2.1.7  Investigating the role of early and late apoptosis in 

glucotoxicity in 1.1B4 pancreatic β-cells 

The 1.1B4 β-cells were seeded at 3.5 x 10
4
 cells/ml per well in 24-well plates and cultured 

for approximately 28 h at 37ᵒC in a humidified incubator. Cells in quadruplicate wells were 

treated with mannitol- or glucose-containing medium as described above (4.2.1.5); with 

no change in culture medium at each time point. Cultured cells were subsequently 

prepared for flow cytometry analysis as described in Section 3.2.2.4.2.  

 

4.2.1.8 Investigating glucotoxicity in HepG2 hepatoma cells. 

Exponentially growing cells were harvested and seeded at 4.0 x 10
5
 cells/ml or 2.0 x 10

5
 

cells/ml in duplicate wells of 24-well plates and cultured for approximately 28 h. 

Afterwards, cells were treated with 1 ml of 10%(
v
/v) MEM Eagle complete medium with 

different treatments, in quadruplicate wells. The HepG2 cells were normally cultured in 

10%(
v
/v) MEM Eagle complete medium containing 5 mM glucose, which represented 

normoglycaemia; hence 35 mM glucose was added to this medium to make 40 mM 

glucose treatment medium (glucotoxicity) and 35 mM mannitol as osmotic control for 40 

mM glucose. Cells were then incubated at 37ᵒC for 24 h, 48 h and 72 h. In duplicate wells 

containing cells at both cell densities, culture medium was replaced every 24 h to restore 

high glucose exposure to cells, and remove metabolic waste which have accumulated 

over culture period. At the respective time points, cell viability was assessed using neutral 

red assay as described in Section 2.2.5.3. 
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4.2.1.9 Investigating effect of palmitate on viability of 1.1B4 

pancreatic β-cells  

β-cells were harvested and seeded at 7 x 10
4 

cells/ml in wells of a 24-well plate. After 

culturing for approximately 26 h at 37ᵒC, cells were exposed to 1 ml 10%(
v
/v) RPMI-1640 

complete medium containing varying concentrations of palmitate/BSA and ethanol/BSA 

(outlined in Table 4.2) for 5 h or 20 h. 

 

Palmitate/10%(
v
/v) BSA Ethanol/10% BSA (negative control) 

(% refer to final concentration (
v
/v) of 

ethanol) 

0.1 mM 0.05% 

0.2 mM 0.1% 

0.4 mM 0.2% 

0.8 mM 0.4% 

1.6 mM 0.8% 

 

Table 4.2 Concentrations of palmitate/BSA and their corresponding ethanol/BSA vehicle controls. 

 

4.2.1.10 Investigating protection by phytochemicals against 

palmitate toxicity in 1.1B4 pancreatic β-cells 

The cytoprotective activities of phytochemicals were evaluated in 1.1B4 cells, using 

palmitate as oxidant stressor. Cytoprotective concentrations of quercetin, curcumin and 

caffeic acid were chosen from previous cytoprotection data (Chapter 2) as being 

concentrations that produced minimal, medium and highest protection against tBHP-

induced cytotoxicity, in both 5 h and 20 h conditions. Cell viability was assessed using 

neutral red assay, described in Section 2.2.5.3. 

 

4.2.1.10.1 5 h co-exposure with phytochemicals 

After the 26 h attachment period, culture medium was replaced with 10%(
v
/v) RPMI-1640 

complete medium (1 ml) containing either 1.6 mM palmitate/BSA or 0.8%(
v
/v) 

ethanol/BSA control with varying concentrations of quercetin, curcumin and caffeic acid. 

Cells were then incubated at 37
o
C for 5 h.  
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4.2.1.10.2 20 h exposure conditions  

After attaching to 24-well plates for approximately 26 h, cells were exposed to 1 ml of 

10%(
v
/v) RPMI-1640 complete medium containing varying concentration of quercetin, 

curcumin and caffeic acid for 20 h. Culture medium was then replaced with either 0.3 mM 

palmitate/BSA or 0.15%(
v
/v) ethanol/BSA control and cells incubated further at 37ᵒC for 

20 h.  

 

4.2.1.11 Investigating Lipotoxicity in HepG2 hepatoma cells 

Cells were harvested and seeded at 4.0 x 10
5
 cells/ml in wells of a 24-well plate and 

allowed to attach to 24-well plate for approximately 26 h. Cells were then incubated with 

varying concentrations of palmitate/BSA and ethanol/BSA in 10%(
v
/v) MEM Eagle 

complete medium, using procedure described in Section 4.2.1.9. 

Also protection against palmitate toxicity in HepG2 cells was evaluated using 10% MEM 

Eagle complete medium, as described in Section 4.2.1.10. 

 

4.2.2  Images of treated cells 

Images of cells obtained after exposure to palmitate or palmitate and phytochemicals are 

representative of cells in wells that correspond to respective treatment conditions. 

Although morphological changes are not obvious in all of the images presented, 

description of each image is made based on observations at the time of experiment.  

 

4.2.3  Data analysis 

4.2.3.1  Analysis of data obtained from glucotoxicity 

experiments 

 Percentage viability was determined by normalising mean absorbance of the neutral red 

assay for cells treated with 5 mM (glucose), 14 mM mannitol (plus 11 mM glucose) and 

29 mM mannitol (plus 11 mM glucose) to mean absorbance of neutral red assay for cells 

treated with 11 mM glucose, and expressed as percentage for each exposure duration, 

i.e., 24 h, 48 h and 72 h. Also, mean absorbance of 25 mM glucose and 40 mM glucose 
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were normalised to corresponding mannitol controls, 14 mM (plus 11 mM glucose) and 29 

mM (plus 11 mM glucose), respectively. Sample equations are shown below, using 5 mM 

glucose and 25 mM glucose: 

 

 

4.2.3.2  Analysis of data obtained from lipotoxicity experiments 

For palmitate toxicity studies, mean absorbance of neutral red assay for cells treated with 

palmitate (0.1 – 1.6 mM) was normalised to corresponding mean absorbance of neutral 

red assay for ethanol/BSA-treated cells to obtain percentage viability, as shown below 

(with 0.1 mM palmitate as an example): 

 

For protection studies, mean absorbance obtained from palmitate/BSA (0.3 mM or 1.6 

mM) was normalised to mean absorbance obtained from each ethanol/BSA treatment 

(0.15%(
v
/v) or 0.8%(

v
/v)) as shown below: 

 

 For comparison between ethanol/BSA controls and corresponding palmitate 

concentrations, two-tailed Students’ paired t-test was used. 

Unless stated otherwise, statistical analysis was performed as outlined in Section 2.2.6.  

X 100%% cell viability      =

(at 5 mM glucose) mean absorbance at control (11 mM glucose)

mean absorbance at 5 mM glucose 

X 100%% cell viability      =

(at 25 mM glucose) mean absorbance at control (14 mM mannitol, plus 11-

mM glucose)

mean absorbance at 25 mM glucose 

X 100%% cell viability           = 

(at 0.1 mM palmitate) mean absorbance at control (0.05% (v/v) ethanol/BSA)

mean absorbance at 0.1 mM palmitate

X 100%% cell viability             =

(at 0.02 mM quercetin) mean absorbance at control (DMSO + ethanol/BSA)

mean absorbance at quercetin + ethanol/BSA
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4.3  Results 

4.3.1  Investigating glucotoxicity in 1.1B4 β-cells 

A number of experimental conditions were tested in an effort to develop a reproducible 

assay for glucotoxicity in 1.1B4 human β-cells. The variables tested initially were: glucose 

concentrations, exposure times, seeding density, and toxicity assay. 

Glucose concentrations tested were 5 mM, 11 mM, 25 mM and 40 mM. The 5 mM 

glucose concentration was taken to represent low glucose, the 11 mM glucose to 

represent normoglycaemia (β-cells were normally cultured in 10%(
v
/v) RPMI-1640 

complete medium containing 11 mM glucose), the 25 mM glucose to represent 

glucotoxicity, and the 40mM glucose to also represent glucotoxicity. Osmotic controls for 

the 25 mM and 40 mM glucose concentrations were provided by use of 14 mM and 29 

mM mannitol, in medium containing 11 mM glucose, respectively.  

The exposure times tested were 24 h, 48 h and 72 h, at a low seeding density (3.5 x 10
4
 

cells/ml; 1 ml per well) and at high seeding density (7.0 x 10
4
 cells/ml; 1 ml per well). The 

toxicity assays employed were morphology, MTT assay and NR assay. None of the 

treatments exerted a statistically significant effect relative to control, with confidence 

intervals within the same range across the dataset (Fig 4.3). This demonstrated that no 

glucotoxicity (i.e., loss in cell viability) could be observed within the experimental 

conditions employed. 

The results of these studies informed other attempts to establish a reliable and 

reproducible glucotoxicity assay in 1.1B4 human β-cells, involving changing the culture 

medium, and assay for apoptosis or necrosis. 

Changing the culture medium in an attempt to maintain high glucose concentrations 

throughout the 72 h exposure period did not elicit glucotoxicity in 1.1B4 human β-cells, 

except at 40 mM glucose after 72 h. However, similar effect was observed at 40 mM 

glucose after 72 h, with culture medium maintained (Table 4.3). 
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Figure 4.3 Effects of different glucose conditions on β-cell viability (seeded at high density) using MTT and 

neutral red viability assays. Approximately 28 h after plating at (A, B) 7.0 x10
4 

cells/ml and (C, D) 3.5 x10
4 

cells/ml, β-cells were treated with varying concentrations of glucose (G; 5 mM, 11 mM, 25 mM and 40 mM) as 

well as 14 mM mannitol (M) and 29 mM mannitol (M) (in 11mM glucose-containing 10%(
v
/v) RPMI-1640 

complete medium) as osmotic controls, and  then cultured for 24 h, 48 h and 72 h. Cell viability was assessed 

using MTT assay (A, C) and neutral red viability assay (B, D) as described in Section 4.2.1.5. Each data point 

represents mean percentage viability from six independent experiments ± SEM. Statistical analysis was 

performed using one-way ANOVA and post hoc analysis by Bonferroni's multiple comparisons test. Where 

indicated, values were significantly different from 24 h exposure conditions and P<0.05 (*). Values were also 

significantly different from 48 h conditions at P<0.01 (##) and from 11 mM glucose at P<0.01 (++).  
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Exposure 

duration 

5 (G) 11 mM G 14 (M)  

plus 11 

(G) 

25 (G) - 

14 (G) 

plus 11 

(G) 

29 (M)  

plus 11 

(G) 

40 (G) - 

29 (G) 

plus 11 

(G) 

 % cell viability (glucose-containing medium maintained) 

24 h 106.0±1.6 100.0±0.0 102.0±3.2 100.0±1.5 102.0±3.0 103.0±2.6 

48 h 109.0±2.4 100.0±0.0 102.0±3.9 97.8±2.4 100.0±4.5 96.3±2.0 

72 h 102.0±2.0 100.0±0.0 96.7±1.9 96.1±2.2 94.5±2.7 92.0±2.0* 

 % cell viability (glucose-containing medium replaced every 24 h) 

24 h 112.0±3.1 100.0±0.0 102.0±2.3 107.0±6.0 97.6±4.2 95.5±4.7 

48 h 111.0±3.2 100.0±0.0 102.0±2.2 94.4±3.2 102.0±4.1 92.6±1.4 

72 h 103.0±5.9 100.0±0.0 96.8±3.0 93.4±2.2 95.6±4.4 88.6±3.2
#
 

 

Table 4.3 Effect of different glucose conditions on β-cell viability under conditions of different culture media. 

Vaying concentrations of mannitol (M) were used as osmotic control for respective toxic concentrations of 

glucose (G). Each data point represents mean percentage viability from six independent experiments ± SEM. 

Statistical analysis was performed using Friedman’s test and post hoc analysis by Dunn’s multiple comparisons 

test. Where indicated, values were significantly different from 11mM glucose (medium maintained) at P<0.01 (*) 

and 11 mM glucose (culture medium replaced) at P<0.01 (#).  

 

Effect of high glucose on early and late apoptosis was next analysed by flow cytometry 

(as described in Section 3.2.2.4.2) after 24 h, 48 h and 72 h exposure in an attempt to 

identify an alternative toxicity end-point. The FACS output presented in Appendix II was 

used to generate the distribution of cells shown in Fig 4.4. In particular, the data provided 

no evidence for either a time- or concentration-dependent increase in total apoptosis 

following exposure to high glucose levels (25 mM and 40 mM), and evidence for a small 

increase in necrosis score following 72 h exposure to 40 mM glucose was matched by 

similar increase in necrosis score in the 29 mM mannitol (plus 11 mM glucose) osmotic 

control. Taken together, the results of flow cytometry analysis have again failed to 

establish a reliable and reproducible assay for glucotoxicity in 1.1B4 human β-cells.  



 

154 
 

Chapter 4 

  

Figure 4.4 Effect of high glucose load on early and late apoptosis in 1.1B4 pancreatic β-cells following 24 h, 48 

h and 72 h exposure. Figure shows proportion of live cells (A), early apoptotic cells (B), late apoptotic cells (C) 

and necrotic cells (D). Approximately 28 h after plating at 3.5 x 10
4
cells/ml, β-cells were treated with varying 

concentrations of glucose (5 mM, 11 mM, 25 mM and 40 mM) as well as 14 mM mannitol and 29 mM mannitol 

(in 11 mM glucose-containing 10%(
v
/v) RPMI-1640 complete medium) as osmotic controls. Each data point 

represents mean percentage viability from four independent experiments ± SEM. Statistical analysis was 

performed using one-way ANOVA and post hoc analysis by Dunnett’s multiple comparisons test. Where 

indicated, values were significantly different from 24 h exposure at P<0.05 (*). Also, values were significantly 

different from 11 mM glucose at P <0.05 (#) and P<0.01 (##). 

 

As presented in Fig 4.5, there was no significant effect under the experimental conditions 

used; therefore, glucotoxicity was not demonstrated in HepG2 cells.   

 

Whilst this inability to establish an acceptable glucotoxicity assay will be commented on 

further in the ‘Discussion’ section of this chapter, the salient point is that the 

phytochemicals could not be tested for their protective action against cellular glucotoxicity 

in 1.1B4 β-cells. 
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Figure 4.5 Effect of high glucose exposure on HepG2 cells using neutral red viability assay. Approximately 28 h 

after plating at 2.0 x10
5
cells/ml and 4.0 x10

5
cells/ml, HepG2 cells were treated with varying concentrations of 

glucose (5 mM and 40 mM) as well as 35 mM mannitol (in 5 mM glucose-containing 10%(
v
/v) MEM Eagle 

complete medium) as osmotic controls, and cultured for 24 h (A), 48 h (B) and 72 h (C). For each time point, 

100% viability was assumed for 5 mM glucose control. Each data point represents mean percentage viability 

from three independent experiments ± SEM. 

 

4.3.2 Lipotoxicity in 1.1B4 and HepG2 cells 

With the cytotoxic effect of tBHP in 1.1B4 and HepG2 cells established (Chapter 2), 

palmitate toxicity was investigated in keeping with the role of lipotoxicity in T2DM and in 

NASH (see review in Section 4.1.2). In both 5 h and 20 h conditions, control cells (treated 

with culture medium containing 10%(
v
/v) FBS) were taken to be 100% viability. Relative to 

control cells, varying concentrations of ethanol/BSA controls (0.05 – 0.8%(
v
/v)) did not 

cause cells (1.1B4 and HepG2) to appear rounded or separated from each other (data 

not shown). Also, 100% viability assumed for control cells was essentially retained after 

exposure to ethanol/BSA controls (data not shown).  
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4.3.2.1 Cytotoxic effects of sodium palmitate (5 h exposure)  

4.3.2.1.1 1.1B4 β-cells  

At concentrations above 0.4 mM, sodium palmitate caused cells to appear rounded and 

separated from each other (Figs 4.6B and C), relative to control (Fig 4.6A), after 5 h 

exposure. These morphological changes corresponded with minimal reduction in cell 

viability, which was recorded at concentrations below 0.8 mM palmitate (Fig 4.7). 

Approximately 44% cytotoxicity was recorded at 1.6 mM palmitate (P<0.001, n = 6). 

 

Figure 4.6 Representative images of 1.1B4 human pancreatic β-cells after 5 h exposure to varying 

concentrations of sodium palmitate. Images show β-cells after 5 h exposure to (A) control (10%(
v
/v) RPMI-1640  

complete medium). Cells were also treated with sodium palmitate at 0.8 mM (B) and 1.6 mM (C). Rounded cells 

have been indicated by black arrow. Images were obtained at 40X magnification using the CMEX-18PRO 

camera with the Olympus Ck2 microscope. 

 

Figure 4.7 Cytotoxicity by sodium palmitate (5 h exposure) in 1.1B4 pancreatic β-cells. Cells were incubated 

with control (10%(
v
/v) RPMI-1640 complete medium) and sodium palmitate (0.1 – 1.6 mM). Each data point 

represents percentage viability of duplicate wells from six independent experiments ± SEM. Mean absorbance 

from each treatment was normalised to corresponding mean absorbance of cells treated with ethanol control to 

obtain percentage viability. Statistical analysis was performed using Student’s paired t-test when compared to 

respective ethanol/BSA controls (0.05 – 0.8% (
v
/v)) and significance denoted as P<0.05 (*) and P<0.001 (***). 
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4.3.2.1.2 HepG2 cells   

HepG2 cells retained morphology of healthy cells after 5 h exposure to MEM complete 

medium (10%(
v
/v) FBS) (Fig 4.8A). However, sodium palmitate caused cells to appear 

rounded and separated from each other in a concentration-dependent manner (Fig 4.8B 

and C), and this observation was in accordance with gradual reduction in cell viability (Fig 

4.9). Significant toxicity of approximately 23% was recorded at 0.8 mM (P<0.05, n = 6), 

with an additional 10% increase in toxicity at 1.6 mM sodium palmitate (P<0.01, n = 6). 

 

Figure 4.8 Representative images of human hepatoma HepG2 cells after 5 h exposure to varying 

concentrations of sodium palmitate. Images show HepG2 cells after 5 h exposure to 10%(
v
/v) MEM complete 

medium (A) and sodium palmitate at 0.8 mM (B) and 1.6 mM (C). Cells were rounded and separated from each 

other with increasing concentration of sodium palmitate. Rounded cells have been indicated by black arrow. 

Images were obtained at 40X magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope.  

 

Figure 4.9 Cytotoxicity by sodium palmitate (5 h exposure) in HepG2 hepatoma cells. After culturing for 26 h, 

cells were treated with 10%(
v
/v) MEM Eagle complete medium containing sodium palmitate (0.1 – 1.6 mM) for 5 

h. Each data point represents percentage viability from duplicate wells of six independent experiments ± SEM. 

Statistical analysis was performed using paired Student’s t-test when compared to respective ethanol/BSA 

controls. Where indicated, values were significantly different from corresponding ethanol controls at P<0.05 (*) 

and P<0.01 (**). 
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4.3.2.2 Cytotoxic effects of sodium palmitate (20 h exposure) 

4.3.2.2.1 1.1B4 β-cells 

Prolonged exposure (20 h) of β-cells to sodium palmitate resulted in 1.1B4 cells 

appearing rounded and separated from each other (Fig 4.10), corresponding to a 

concentration-dependent cytotoxicity. As presented in Fig 4.11 sodium palmitate caused 

a gradual decline in cell viability to 37.70 ±4.01% at 0.4 mM, producing approximately 

100% cytotoxicity at 1.6 mM (P<0.001, n = 6). Furthermore, mean TC50 value of 0.30 

±0.06 mM sodium palmitate was estimated using GraphPad prism. When cells were 

incubated with 1.6 mM sodium palmitate (Fig 4.10C), high amount of debris was 

observed. This observation was also made when palmitate-containing medium was 

incubated at 37
o
C without 1.1B4 cells (4.10D) and could result from instability of high 

amounts of sodium palmitate in aqueous solutions, over a longer period of time (20 h 

versus 5 h, lack of “debris” observed). 

 

.  

Figure 4.10 Representative images of human pancreatic 1.1B4 β-cells after 20 h exposure to varying 

concentrations of sodium palmitate. Images show β-cells after 20 h incubation with (A) control (10%(
v
/v) RPMI-

1640 complete medium)  and palmitate at 0.4 mM (B) and 1.6 mM (C). Debris observed after 20 h incubation 

with 1.6 mM palmitate (D) was also observed in no-cell medium at 37ᵒC. Rounded cells have been indicated by 

black arrows. Images were obtained at 40X magnification using the CMEX-18PRO camera with the Olympus 

Ck2 microscope. 
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A.
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Figure 4.11 Cytotoxicity by sodium palmitate (20 h exposure) in 1.1B4 pancreatic β-cells. Cells were incubated 

with control (10%(
v
/v) RPMI-1640 complete medium) and palmitate (0.1 – 1.6 mM). Each data point represents 

percentage viability of duplicate wells from six independent experiments ± SEM. Mean absorbance from each 

treatment was normalised to corresponding mean absorbance of cells treated with ethanol control to obtain 

percentage viability. Statistical analysis was performed using paired Student’s t-test when compared to 

respective ethanol/BSA controls (0.05 – 0.8%(
 v
/v)) and significance denoted as P<0.01 (**) and P<0.001 (***). 

 

4.3.2.2.2 HepG2 cells 

As presented in Fig 4.12, HepG2 cells appeared rounded, separated from each other and 

detached from wells after 20 h exposure to increasing concentration of sodium palmitate 

(Figs 4.12B and C). In accordance with morphological changes, cell viability decreased 

significantly with increasing concentration of sodium palmitate, producing a drastic 

reduction in cell viability from approximately 50% at 0.4 mM to 20.99 ±4.70% at 0.8 mM 

(P<0.01, n = 6). Cell viability reduced further, to 5.36 ±1.28% at 1.6 mM sodium palmitate 

(P<0.001, n = 6; Fig 4.13). Mean TC50 value of 0.42 ±0.06 mM sodium palmitate was 

estimated after 20 h exposure in HepG2 cells. 
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Figure 4.12 Representative images of human hepatoma HepG2 cells after 20 h exposure to varying 

concentrations of sodium palmitate. Images show HepG2 cells after 20 h exposure to 10%(
 v
/v) MEM complete 

medium (A) and sodium palmitate at 0.4mM (B) and 1.6 mM (C). Cells were rounded and separated from each 

other as indicated by black arrows. Images were obtained at 40X magnification using the CMEX-18PRO camera 

with the Olympus Ck2 microscope. 

 

 

Figure 4.13 Cytotoxicity by sodium palmitate (20 h exposure) in HepG2 hepatoma cells. After culturing for 26 h, 

cells were treated with MEM complete medium (10%(
v
/v) FBS) containing palmitate (0.1 – 1.6 mM) for 20 h. 

Each data point represents percentage viability from duplicate wells of six independent experiments ± SEM. 

Statistical analysis was performed using paired Student’s t-test when compared to respective ethanol/BSA 

controls. Where indicated, values were significantly different from corresponding ethanol controls at P<0.05 (*), 

P<0.01 (**) and P<0.001 (***). 

 

4.3.3 Effects of co-exposure to phytochemicals and 

sodium palmitate on 1.1B4 and HepG2 cells 

The effects of phytochemicals on palmitate toxicity in 1.1B4 and HepG2 cells are 

presented in the following sections. Representative morphological data are shown in 

accordance with effects of phytochemicals and sodium palmitate (used alone or together) 
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on cell viability. Direct cytoprotective activities of quercetin, curcumin and caffeic acid 

were assessed after 5 h co-exposure with 1.6 mM palmitate, cells were co-treated with 

culture medium containing phytochemicals and 0.8%(
v
/v) ethanol/BSA as control. For 

cells treated with DMSO and 0.8%(
v
/v) ethanol/BSA alone, 100% viability was assumed. 

 

4.3.3.1 Phytochemicals enhance palmitate toxicity in 1.1B4 cells 

In 0.8%(
v
/v) ethanol/BSA-containing medium, quercetin did not produce any significant 

effect on cell viability (Fig 4.14A), relative to DMSO-treated cells. However, 1.6 mM 

sodium palmitate alone caused approximately 28% toxicity (P<0.05, n = 6), and this effect  

was amplified in the presence of quercetin resulting in 49% viability at 0.33 mM quercetin 

(Fig 4.14A). 

Relative to DMSO, curcumin (0.02 mM and 0.03 mM) showed no significant cytotoxicity 

although, 11% loss in viability was recorded at 0.07 mM curcumin (Fig 4.14B). Again, 

sodium palmitate (1.6 mM) alone was significantly cytotoxic, with additional 27% toxicity 

recorded in the presence of 0.07 mM curcumin (P<0.01, n = 6).  

Caffeic acid was essentially non-cytotoxic after 5 h exposure (Fig 4.14C). While 

lipotoxicity recorded was consistent with Figs 4.14A and 4.14B, this effect was more 

pronounced in co-treated cells with approximately 18% added toxicity at 1.1 mM caffeic 

acid. Hence, caffeic acid also showed no direct cytoprotection against palmitate toxicity, 

but amplified cytotoxic effects. 

Thus, under the experimental conditions, quercetin, curcumin and caffeic acid did not 

demonstrate direct cytoprotection against sodium palmitate but amplified palmitate 

toxicity. Furthermore, phytochemicals did not restore morphological intergrity of 1.1B4 

cells in co-exposure conditions; 1.6 mM sodium palmitate alone caused cells to appear 

round and separated from each other (data not shown). 
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Figure 4.14 Cytotoxic effects of selected phytochemicals after 5 h co-exposure with sodium palmitate in 1.1B4 

pancreatic β-cells. β-cells were incubated with varying concentrations of quercetin (A), curcumin (B) and caffeic 

acid (C) in 10%(
v
/v) RPMI-1640 complete medium containing 0.8%(

v
/v) ethanol/BSA or 1.6 mM sodium palmitate. 

DMSO (1%(
v
/v)) and 0.8%(

 v
/v) ethanol/BSA were used as vehicle controls for selected phytochemicals and 

sodium palmitate respectively. Each data point represents percentage viability of duplicate wells from six 

independent experiments ± SEM. Statistical analysis was performed using Friedman test and post hoc by 

Dunn’s multiple comparisons test. For comparison with DMSO and each phytochemical alone as control, paired 

Students’ t-test was performed. Where indicated, values were significantly different from 1.6 mM sodium 

palmitate control at P< 0.01 (##) and P<0.001 (###). Statistical  significance relative to individual phytochemical 

controls was denoted as P<0.05 (*) and P<0.01 (**). Also, values for curcumin were significantly different from 

DMSO at P<0.05 (+). 

 

4.3.3.2 Effects of phytochemicals on palmitate toxicity (5 h-co-

exposure) in HepG2 cells  

Compared to DMSO-treated cells (Fig 4.15A), 5 h exposure to quercetin did not alter 

morphology of HepG2 cells (Fig 4.15B). This observation was in accordance with the lack 

of significant effect on cell viability (Fig 4.16). Cells appeared rounded and separated 

from each other after 5 h treatment with 1.6 mM sodium palmitate (Fig 4.15C), 
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corresponding to approximately 16% toxicity (P<0.01, Fig 4.16). Nevertheless, 

morphological changes caused by sodium palmitate were averted by co-exposure with 

quercetin, with significant effect at 0.33 mM quercetin (Fig 4.15D). Preservation of 

structural integrity of cells, by quercetin, was consistent with direct cytoprotective 

activities produced in a concentration-dependent manner, with significant increase in cell 

viability (approximately 10%) at 0.33 mM quercetin (P<0.05, n = 6).  

 

Figure 4.15 Representative images of human hepatoma HepG2 cells after 5 h co-exposure to quercetin and 1.6 

mM sodium palmitate. Images show cells treated with 1%(
v
/v)  DMSO (A) and 0.33 mM quercetin (B) in 0.8%(

 v
/v) 

ethanol/BSA-containing media. HepG2 cells were also co-treated with 1.6 mM sodium palmitate and DMSO (C), 

and 0.33 mM quercetin (D). Effect of 1.6 mM sodium palmitate on morphology is indicated  by black arrow. 

Images were obtained at 40X magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope. 

D.C.

B.A.
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Figure 4.16 Protection by quercetin against  sodium palmitate following 5 h co-exposure in HepG2 hepatoma 

cells. Cells were treated with DMSO (1%(
v
/v) and 0.8%(

 v
/v) ethanol/BSA as vehicle controls for quercetin (and 

sodium palmitate respectively. Each data point represents mean absorbance from duplicate wells of six 

independent experiments ± SEM. Statistical analysis was performed using Friedman test and post hoc by 

Dunn’s multiple comparisons test. Where indicated, values were significantly different from 1.6 mM sodium 

palmitate control at P<0.05 (#). For comparison with corresponding DMSO and quercetin controls, paired 

Students’ t-test was performed, with significant effect at P<0.01 (**).  

 

As observed previously, 1.6 mM sodium palmitate alone caused cells to appear distinctly 

rounded after 5 h exposure (Fig 4.17D), producing not greater than 20% cytotoxicity (Fig 

4.18).  

Curcumin showed no effect on HepG2 cell morphology and no toxicity after 5 h exposure, 

relative to DMSO (Fig 4.18A). However, cytotoxic effects observed after exposure to 

sodium palmitate alone persisted in the presence of curcumin, with additive effect at 0.07 

mM curcumin (P<0.01, n = 6). This observation was consistent with no restoration of 

morphological abnormalities caused by sodium palmitate (Fig 4.17E).  

Relative to DMSO, caffeic acid alone was without cytotoxic effect after 5 h exposure (Fig 

4.17C). However, caffeic acid did not demonstrate direct cytoprotection against 1.6 mM 

sodium palmitate, and did not restore morphological intergrity of HepG2 cells (Fig 4.17F). 

The lack of direct cytoprotection by curcumin and caffeic acid (in HepG2 cells) was 

consistent with their inability to restore structural intergrity of 1.1B4 cells (data not shown). 
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Figure 4.17 Representative images of human hepatoma HepG2 cells after 5 h co-exposure to curcumin and 

caffeic acid, and 1.6 mM sodium palmitate. Images show cells treated with 1%(
v
/v) DMSO (A), 0.07 mM 

curcumin (B) and 1.1 mM caffeic acid (C) in 0.8%(
 v
/v) ethanol/BSA-containing media. HepG2 cells were also co-

treated with 1.6 mM sodium palmitate and DMSO (D), 0.07 mM curcumin (E) and 1.11 mM caffeic acid (F). 

Effect of 1.6 mM sodium palmitate on morphology is indicated  by black arrow. Images were obtained at 40X 

magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope. 

 

 

Figure 4.18 Effects of  5 h co-exposure with curcumin and cffeic acid, and sodium palmitate in HepG2 hepatoma 

cells. Cells were treated with DMSO (1%(
v
/v)) and 0.8%(

 v
/v) ethanol/BSA as vehicle controls for curcumin (A) 

and caffeic acid (B), and sodium palmitate respectively. Each data point represents mean absorbance from 

duplicate wells of six independent experiments ± SEM. Statistical analysis was performed using Friedman test 

and post hoc by Dunn’s multiple comparisons test. Where indicated, values were significantly different from 

DMSO at P<0.05 (+) and 1.6 mM sodium palmitate control at P<0.01 (##). For comparison with corresponding 

DMSO and phytochemical controls, paired Students’ t-test was performed, with significant effect at P<0.05 (*) 

and P<0.01 (**).  
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4.3.4 Effects of pre-exposure to phytochemicals on 

lipotoxicity on 1.1B4 and HepG2 cells 

The following data represent effects of pre-treatment with quercetin, curcumin and caffeic 

acid on palmitate toxicity in 1.1B4 and HepG2 cells. Cells were pre-treated with 

phytochemicals for 20 h prior to 20 h exposure to culture medium containing vehicle 

control (0.15%(
v
/v) ethanol/BSA) or 0.30 mM palmitate.  

 

4.3.4.1 Pre-treatment of 1.1B4 β-cells with phytochemicals 

enhances lipotoxicity  

The 1.1B4 cells maintained their normal morphology following pre-exposure to DMSO 

(Fig 4.19A); however, quercetin alone caused cells to appear rounded in a concetration-

dependent manner (Fig 4.19B), corresponding to approximately 32% cytotoxicity 0.33 

mM quercetin (P<0.01, n = 6; Fig 4.21A). Pre-treatment with curcumin caused similar 

morphological changes (Fig 4.19C), leading to a concentration-dependent cytotoxicity 

with aproximately 30% decrease in cell viability at 0.03 mM curcumin (Fig 4.21B). Similar 

observation was made with caffeic acid (Fig 4.19D), which recorded approximately 20% 

cell viability at 0.56 mM caffeic acid (Fig 4.21C).  

 

Figure 4.19 Representative images of human pancreatic 1.1B4 β-cells after 20 h pre-exposure to selected 

phytochemicals. Cells were pre-treated with 1%(
v
/v) DMSO (A), 0.33 mM quercetin (B), 0.03 mM curcumin (C) 

and 0.56 mM caffeic acid (D) for  20 h and  for 20 h with 0.15%(
 v

/v) ethanol/BSA-containing media. Rounded 

cells have been indicated by black arrows. Images were obtained at 40X magnification using the CMEX-18PRO 

camera with the Olympus Ck2 microscope. 

A. B.

C.D.
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As presented in Figs 4.20A, 20 h exposure to 0.3 mM sodium palmitate alone resulted in 

cell appearing rounded and separated from each other. This observation corresponded to 

approximately 50% cytotoxicity in 1.1B4 cells (Fig 4.21). However, these morphological 

changes were more distinct in pre-treated cells (Figs 4.21B - D).  

In keeping with morphological observations, concentration-dependent toxicity was 

recorded by pre-treated cells, producing no greater than 35% cell viability at 0.17 mM 

quercetin (Fig 4.21A), 0.03 mM curcumin (Fig 4.21B) and 0.56 mM caffeic acid (Fig 

4.21C). This indicates that selected phytochemicals did not exhibit indirect cytoprotection 

against sodium palmitate under experimental conditions used; rather additive cytotoxicity 

was observed.   

 

 

Figure 4.20 Representative images of human pancreatic 1.1B4 β-cells (pre-treated with selected 

phytochemicals) after 20 h exposure to 0.3 mM sodium palmitate. The 1.1B4  cells were pre-treated with DMSO 

(A), 0.33 mM quercetin (B), 0.03 mM curcumin (C) and 0.56 mM caffeic acid (D) in 0.3 mM sodium palmitate-

containing media. Black arrows indicate  cells appearing rounded and separated from each other. Images were 

obtained at 40X magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope. 

C. D.

A. B.
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Figure 4.21 Cytotoxic effects following pre-treatment with selected phytochemicals on palmitate toxicity in 1.1B4 

pancreatic β-cells. β-cells were pre-treated with vaying concentrations of quercetin (A), curcumin (B) and caffeic 

acid (C) for 20 h prior to 0.3 mM sodium palmitate exposure. DMSO (1%(
v
/v))  and 0.15%(

v
/v) ethanol/BSA were 

used as vehicle controls for selected phytochemicals and sodium palmitate respectively. Each data point 

represents percentage viability of duplicate wells from six independent experiments ± SEM. Statistical analysis 

was performed using Friedman test and post hoc by Dunn’s multiple comparisons test. Where indicated, values 

were significantly different from respective DMSO control at P<0.05 (+), P<0.01 (++) and P<0.001 (+++). Values 

were also significantly different from 0.3 mM sodium palmitate control at P<0.05 (#), P<0.01 (##) and P<0.001 

(###). For comparison with corresponding DMSO and phytochemical controls, paired Students’ t-test was 

performed, with significant difference recorded at P<0.05 (*) and P<0.001 (***).  

 

4.3.4.2 Pre-treatment with phytochemicals exacerbates 

lipotoxicity in HepG2 cells  

Images presented in Fig 4.22 show the effect of phytochemicals, and sodium palmitate on 

HepG2 morphology. Although morphological changes by quercetin were not distinct (Fig 

4.22B), relative to lack of effect DMSO (Fig 4.22A), pre-treatment resulted in a 

concentration-dependent decrease in cell viability, leading to approximately 20% 

reduction in viability at 0.33 mM quercetin (P<0.001, n = 6; Fig 4.23A). Following 20 h 
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pre-treatment with 0.03 mM curcumin cells appeared rounded and separated from each 

other (Fig 4.22C).  

After 20 h exposure to sodium palmitate, HepG2 cells appeared rounded (Fig 4.22 D) but, 

this led to minimal cytotoxicity (approximately 6%, Fig 4.23). Palmitate toxicity was 

amplified by about 47% after pre-exposure to varying concentrations of quercetin 

(P<0.01, Fig 4.23A). Cell viability also decreased with increasing concentration of 

curcumin, leading to pronounced cytotoxicity after 20 h exposure to 0.3 mM sodium 

palmitate (Fig 4.23B). Relative to sodium palmitate, additive cytotoxicity of approximately 

33% was recorded at 0.03 mM curcumin (P<0.001, n = 6). 

 

Figure 4.22 Representative images of human hepatoma HepG2 cells after 20 h pre-exposure to selected 

phytochemicals, and then 20 h treatment with sodium palmitate. Cells were pre-treated with 1%(
v
/v)  DMSO (A), 

0.33 mM quercetin (B) and 0.03 mM curcumin (C) for  20 h, and  for 20 h with 0.15%(
 v

/v) ethanol/BSA-

containing media. Cells were then treated with 0.3 mM sodium palmitate after 20 h exposure with 1%(
v
/v) DMSO 

(D), 0.33 mM quercetin (E) and 0.03 mM curcumin (F). Rounded cells have been indicated by black arrows. 

Images were obtained at 40X magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope.  

 

Pre-treatment with caffeic acid (0.28 – 1.11 mM) did not alter cell morphology (data not 

shown) and retained 100% viability. Exposure to 0.3 mM sodium palmitate alone caused 

approximately 4% toxicity, which was not significant in this set of experiments (Fig 

4.23C). However, palmitate toxicity was exacerbated following pre-treatment with caffeic 

acid, producing approximately 30% toxicity at 1.11 mM caffeic acid (P<0.001, n = 6). 

Thus, quercetin, curcumin and caffeic acid lacked the inability to restore morphological 

F.D.

A. B. C.

E.
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intergrity of HepG2 cells and did not demonstrate indirect cytoprotection against sodium 

palmitate, but exercebated cytotoxic effect under these experimental conditions.  

 

Figure 4.23 Cytotoxic effects by pre-treatment with selected phytochemicals, on palmitate toxicity in HepG2  

hepatoma cells. Cells were pre-treated with varying concentrations of quercetin (A), curcumin (B) and caffeic 

acid (C). DMSO(1%(
v
/v)) and 0.15%(

v
/v) ethanol/BSA were used as vehicle controls for selected phytochemicals 

and sodium palmitate, respectively. Each data point represents percentage viability of duplicate wells from six 

independent experiments ± SEM. Statistical analysis was performed using Friedman test and post hoc by 

Dunn’s multiple comparisons test. Where indicated, values were significantly different from DMSO control at 

P<0.05 (+), P<0.01 (++) and P<0.001 (+++). Values were also different from 0.3 mM sodium palmitate control at 

P<0.05 (#), P<0.01 (##) and P<0.001 (###). For comparison with corresponding DMSO and phytochemical 

controls, paired Students’ t-test was performed, significance denoted as P<0.05 (*) and P<0.01 (**).  

 

4.3.5 HepG2 cells cultured at high density are less 

vulnerable to palmitate toxicity 

From Section 4.3.4.2, 0.3 mM sodium palmitate produced less than 7% toxicity in HepG2 

cells. This level of toxicity was less than expected (estimated cytotoxicity of 50% at this 

concentration) and may have resulted from increased cell density during the 20 h culture 
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period prior to sodium palmitate exposure. To confirm this, the 20 h cytotoxicity 

experiment was repeated in HepG2 cells. HepG2 cells were pre-treated with 1%(
v
/v) 

DMSO (vehicle control for phytochemicals) for 20 h, prior to palmitate exposure. 

As presented in Fig 4.24(A), HepG2 cells appeared more confluent compared to Fig 4.12. 

Cells appeared rounded after 20 h exposure to sodium palmitate, above 0.4 mM, which 

caused cells to separate from each other (moderately) and to detach from 24-well plates 

(Figs 4.24B and C).  

 

 

Figure 4.24 Representative images of confluent human hepatoma HepG2 cells after 20 h exposure to varying 

concentrations of sodium palmitate. Images show HepG2 cells after 20 h exposure to 10%(
v
/v) MEM Eagle 

complete medium (A) and sodium palmitate at 0.4 mM (B) and 1.6 mM (C). Images were obtained at 40X 

magnification using the CMEX-18PRO camera with the Olympus Ck2 microscope.  

 

Similar to Fig 4.13, cell viability decreased with increasing concentration of sodium 

palmitate, but significant effect occurred in a more gradual pattern (Fig 4.25). 

Nevertheless, 1.6 mM palmitate produced less than 7-fold decrease in toxicity following 

20 h exposure to confluent cells, compared to less confluent cells (Fig 4.13). This 

confirms that minimal toxicity observed after 20 h exposure to 0.3 mM palmitate in pre-

treated cells (Section 4.3.4.2) resulted from increased cell density. Thus, the palmitate-to-

cell ratio was reduced as predicted. Results of lipotoxicity experiments are summarised in 

Table 4.4. 

 

B. C.A.
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Figure 4.25 Cytotoxicity by sodium palmitate (20 h exposure) in confluent HepG2 hepatoma cells. After culturing 

for 26 h, cells were treated with 1%(
 v

/v) DMSO for 20 h and then 10%(
 v

/v) MEM Eagle complete medium 

containing sodium palmitate (0.1 – 1.6 mM) for 20 h. Each data point represents percentage viability from 

duplicate wells of six independent experiments ± SEM. Statistical analysis was performed using paired 

Student’s t-test when compared to respective ethanol/BSA controls (0.05 – 0.8%(
 v
/v)). Where indicated, values 

were significantly different from corresponding ethanol controls at P<0.05 (*), P<0.01 (**) and P<0.001 (***). 

 

Palmitate toxicity 

Cell type Exposure time Cytotoxic effect 

1.1B4 β-cells 5 h 44% cytotoxicity at 1.6 mM 

 20 h Mean EC50: 0.30mM (0.14, 0.45) 

HepG2 cells 5 h  33% cytotoxicity at 1.6 mM 

 20 h  Mean EC50: 0.42 mM (0.26, 0.58) 

Effects of phytochemicals on palmitate toxicity (1.1B4 cells) 

Palmitate and 

phytochemicals 

5 h co-exposure 

 

20 h pre-exposure 

 

Quercetin Additive cytotoxicity Additive cytotoxicity 

Curcumin Additive cytotoxicity Additive cytotoxicity 

Caffeic acid Additive cytotoxicity Additive cytotoxicity 

Effects of phytochemicals on palmitate toxicity (HepG2 cells) 

Palmitate and 

phytochemicals 

5 h co-exposure 

 

20 h pre-exposure 

 

Quercetin Cytoprotective activity Additive cytotoxicity 

Curcumin Additive cytotoxicity Additive cytotoxicity 

Caffeic acid No effect Additive cytotoxicity 
 

Table 4.4 Summary of results obtained from lipotoxicity experiments in 1.1B4 β-cells and HepG2 cells. 
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4.4  Discussion 

Whilst the exact mechanisms and sequence of events are still being explored, it is 

believed that oxidative stress remains at the centre of glucotoxicity (in T2DM) and 

lipotoxicity (in NASH), resulting in apoptotic cell damage. Having established 

cytoprotective effects against tBHP-mediated oxidative stress, phytochemicals were 

investigated for cytoprotective activities against palmitate-induced cytotoxicity. 

 

4.4.1 Absence of glucotoxicity in β-cells and HepG2 cells 

effects  

The findings reported in this chapter indicate that continuous exposure (up to 72 h) to 

high glucose levels, 25 mM and 40 mM, did not demonstrate toxic effects in 1.1B4 

pancreatic β-cells and HepG2 hepatoma cells. The lack of glucotoxicity was observed 

following assessment under various experimental conditions, including varying cell 

densities, exposure conditions and toxicity assays, all of which failed to provide a 

reproducible assay for glucotoxicity in 1.1B4 human β-cells. So far in this thesis, the 

neutral red assay has been established as a reliable measure of cell viability, which has 

produced results that were consistent with early and late apoptosis assays (Chapter 3). 

Similarly, the absence of reproducible loss in viability recorded by MTT assay (Figs 4.3A 

and C) and lack of increase in early or late apoptosis events after continuous exposure to 

high glucose (40 mM), relative to osmotic control (29 mM mannitol plus 11 mM glucose) 

(Fig 4.4B and C), were consistent in this study.  

This raises the issue in defining viable and non-viable cells using different assays. While 

the MTT assay measures mitochondrial function as an indicator of cell viability, reduction 

of  the soluble tetrazolium salt (MTT) to an insoluble formazan precipitate is catalysed by 

NADPH dehydrogenase-dependent (Slater et al., 1963) and NADPH-independent 

reaction (involving ROS) (Rdhanjal and Fry, 1997). Therefore, in an assay where MTT 

was exposed to β-cells in the presence of high glucose, perhaps reduction of MTT could 

result from interactions with high cellular ROS levels.  
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The early and late apoptosis assay (using annexin V and propidium iodide), on the other 

hand, assesses cell viability by measuring integrity of cell membrane, which can be 

influenced by caspase-mediated externalisation of phosphatidylserine (Fink and 

Cookson, 2005). However, this loss of plasma membrane integrity represents a much 

later event in terms of mechanism, since caspase activation is regulated by more 

upstream parameters such as activation of pro-apoptotic proteins (Bax and Bad) and 

inhibition of anti-apoptotic proteins (Kim et al., 2006).  

The neutral red assay assesses viability by the ability of cells to take up and incorporate 

the neutral red dye in lysosomal matrix. Uptake of the neutral red dye does not occur in 

non-viable cells because these cells are unable to maintain pH gradient (Filman et al., 

1975) required for retaining the dye, which becomes charged and binds to anionic and 

phosphate groups in lysosomal matrix of live cells (Winckler, 1974). Therefore, consistent 

results provided by these three toxicity assays confirm the proposal that glucotoxicity was 

not present in 1.1B4 cells under the experimental conditions used.  

The lack of glucotoxicity reported in the current study contradicts a recent report by Vasu 

et al., (2013), that glucotoxicity in 1.1B4 cells was mediated by apoptosis, with 70% 

increase in caspase-3 activity and 40% decrease in Bcl2 expression after 72 h exposure 

to 25 mM glucose. Studies conducted with rodent pancreatic β-cells (Tanaka et al., 1999; 

Bhattacharya et al., 2013) and in humans (Sempoux et al., 2001; Butler et al., 2003) have 

reported alterations in insulin signalling and synthesis as well as upstream targets of 

apoptosis following chronic hyperglycaemia and this concept is extensively reviewed 

(Robertson et al., 2003; Bensellam et al., 2012). Nevertheless, insulin gene expression 

was damaged after six months of glucose exposure in rat HIT-15 pancreatic β-cells 

(Tanaka et al., 1999). 

In the absence of further studies, two inferences can be made. Firstly, assays used in the 

current study to measure glucotoxicity may have been downstream of the cytotoxicity 

pathway, and hence the potential of cell viability assays to measure glucotoxicity needs to 

be explored further, perhaps focusing on insulin signalling. Secondly, 72 h exposure 

period was probably not long enough to cause scientifically relevant glucotoxicity. 
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Nevertheless, attempts to increase duration of glucotoxicity experiments could either lead 

to artefactual increase in cell death, as a result of seeding cells at low density, or increase 

in cell numbers since the 1.1B4 cells normally have a high growth rate (Section 3.3.2.1. 

Again, the lack of glucotoxicity in HepG2 cells contradicts earlier reports of glucose-

mediated apoptosis (Chandrasekaran et al., 2010). These authors reported increased 

caspase activity and DNA fragmentation, in addition to 30% loss of cell viability. However, 

the reasons for the contradictory findings of this study are currently not known.  

 

4.4.2  Lipotoxicity by sodium palmitate 

In the current study, cytotoxic effects of sodium palmitate, recorded in 1.1B4 β-cells, 

resulted in a concentration-dependent decrease in cell viability. After 5 h exposure, 1.6 

mM sodium palmitate caused approximately 50% toxicity (Fig 4.7). Moreover, 20 h 

exposure to varying concentrations of sodium palmitate produced an estimated mean 

TC50 value of 0.30 ±0.06 mM, while sodium palmitate caused concentration-dependent 

toxicity after short-term (5 h) and long-term (20 h). These findings support earlier reports 

where 18 h exposure to palmitate resulted in decreased glucokinase activity and 

activated ER stress response, in addition to depletion of Ca
2+

 stores and DNA 

fragmentation in 1.1B4 β-cells (Vasu et al., 2013). In another study, chronic exposure to 

palmitate decreased glucose-stimulated insulin secretion via decreasing 

calcium/calmodulin dependent protein kinase II and extracellular signal-regulated kinase 

(ERK) and increasing palmitate esterification in murine MIN6 insulinoma cells (Watson et 

al., 2011).  

Effects of sodium palmitate exposure in HepG2 cells produced similar results with 33% 

toxicity after short-term exposure to 1.6mM and mean TC50 value of 0.40 ±0.06 mM after 

20 h treatment. It has been previously shown that exposure to high palmitate levels 

resulted in a time-dependent increase in ROS production and loss of mitochondrial 

membrane potential in human hepatoma HepG2/C3A cell line (Srivastava and Chan, 

2007). A follow-up in silico sensitivity analysis identified GSH depletion due to palmitate-

induced inhibition of GSH synthesis, decreased levels of cysteine transporters which then 
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limits cysteine uptake (Srivastava and Chan, 2008). These reports suggest the role of 

mitochondrial-mediated oxidative stress in palmitate toxicity. In addition, palmitate toxicity 

in the current study was confirmed via the neutral red assay.  

Furthermore, recent studies in HepG2 and other human hepatoma cells identified 

activation of JNK pathway and increased Bax expression by treatment with 0.11 mM 

sodium palmitate, which also inhibited GSK-3β protein to cause lipoapoptosis after 48 h 

exposure (Cao et al., 2014). The observation of palmitate toxicity via the neutral red 

assay, in the current study, suggests a rapid onset of apoptotic cell death in 1.1B4 and 

HepG2 cells; which requires early intervention. Thus, therapeutic focus could be aimed at 

underlying mechanisms of lipoapoptosis following relatively shorter duration of exposure.  

The mechanism of palmitate toxicity involves a complex pathway of events including 

ceramide synthesis, oxidative stress, ER stress, lysosomal and mitochondrial damage, 

leading to apoptosis (Li et al., 2008; Malhi and Gores, 2008), although the order of events 

is still unknown. Ceramide synthesis also results from cellular metabolism of palmitate, 

which occurs in a series of reactions involving palmitoyl-transferase and ceramide 

synthase (Nolan et al., 2006). It has been reported that ceramide plays a key role in 

signalling during ROS-mediated apoptosis (Cacicedo et al., 2005), by inhibiting pyruvate, 

malate and succinate oxidation resulting in elevated ROS production at complex I of the 

electron transport chain (Di Paola et al., 2000).  

 

4.4.3  Effect of phytochemicals on palmitate toxicity 

4.4.3.1  Direct exposure to palmitate and phytochemicals 

Further investigations in HepG2 cells revealed concentration-dependent cytoprotection by 

quercetin during 5 h co-exposure with palmitate, with significant effect at 0.33 mM 

(P<0.05, n = 6). However, neither curcumin nor caffeic acid demonstrated protection in 5 

h co-exposure conditions, while curcumin exacerbated lipotoxicity during co-exposure 

with palmitate (P<0.01, n = 6). The current report on additive cytotoxic effects of selected 

phytochemicals and sodium palmitate, and direct cytoprotection by quercetin is a new 

finding. 
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While direct cytoprotection by quercetin can be related to direct cytoprotective activity, as 

was reported in Chapter 2, it can be inferred that curcumin and caffeic acid lacked direct 

cytoprotective activities against palmitate (5 h co-exposure). In Chapter 2, quercetin was 

shown to be the most potent direct cytoprotective phytochemical compared to curcumin 

and caffeic acid. Therefore, given the minimal toxicity recorded by 5 h treatment with 1.6 

mM sodium palmitate alone (<20%), one could argue that quercetin may exhibit 

enhanced direct cytoprotection against higher levels of sodium palmitate.  

In 1.1B4 human β-cells, cytotoxicity was exacerbated in the presence of quercetin and 

caffeic acid, while curcumin induced toxicity in absence of palmitate as well. Again the 

reason for this observation is unknown.  

 

4.4.3.2  Pre-treatment with phytochemicals exacerbates 

palmitate toxicity 

In pre-exposure conditions, none of the phytochemicals showed protection against 

lipotoxicity; in fact, quercetin, curcumin and caffeic acid increased cytotoxicity in both 

HepG2 and 1.1B4 β-cells. Furthermore, phytochemicals also elicited cytotoxicity effects 

following 20 h treatment, and this was not dependent on sodium palmitate. 

Although proposals for the exact mechanism for this effect are discussed in Chapter 6, 

perhaps additive cytotoxicity can be inferred. However, caffeic acid alone was not 

cytotoxic to HepG2 cells but potentiated sodium palmitate toxicity in pre-treated cells. 

This suggests the increased vulnerability of both cell types to sodium palmitate following 

prophylactic exposure to phytochemicals. A similar observation was made where 

resveratrol amplified palmitate toxicity via ER stress-dependent mechanism (Rojas et al., 

2014), and this agrees with results of the current study since polyphenols were also 

evaluated against sodium palmitate. As reviewed by Malhi and Gores, (2008), lipotoxicity 

is a multi-faceted event which involves a series of mechanisms (also see Section 4.4.2). It 

is believed that phytochemicals screened against lipotoxicity are able to induce ROS-

mediated cell damage against tBHP (see Chapter 2). Hence, one possible explanation for 

the additive effect could be as a result of phytochemical-induced exacerbation of 

oxidative stress during in lipotoxicity.  
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4.5  Conclusion 

Under the experimental conditions used, a reproducible cell viability assay could not be 

developed for glucotoxicity assessment in both HepG2 hepatoma cells and 1.1B4 

pancreatic β-cells. However, palmitate was found to be cytotoxic, in both cell types, 

following short-term (5 h) and long-term (20 h) exposure. 

Among the phytochemicals evaluated against lipotoxicity, only quercetin demonstrated 

direct cytoprotection in HepG2 hepatoma cells, but not in 1.1B4 pancreatic β-cells. 

Moreover, quercetin did not exhibit indirect cytoprotection against lipotoxicity in HepG2 

cells and 1.1B4 β-cells, as was also observed with curcumin and caffeic acid, which had 

neither direct nor indirect cytoprotective activities under these experimental conditions.  

The findings presented in this chapter will be discussed further in the context of the 

findings relating to tBHP-mediated oxidative stress in the final chapter.
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Chapter 5 

CHAPTER 5   -   Effect of selected phytochemicals on    

cytoprotective enzyme expression in HepG2 and 1.1B4 

cells 

This chapter evaluates expression of cytoprotective enzymes following treatment with 

phytochemicals in HepG2 and 1.1B4 β-cells. In addition, an attempt is made to identify 

effects of cytoprotective compounds on expression of phospho-proteins in HepG2 cells, 

using a global proteomic approach.  

 

5.1  Introduction 

The effect of phytochemicals on the expression and activity of cytoprotective enzymes 

has gained interest in recent times, due to the ability of cytoprotective enzymes to avert 

cellular oxidative damage. According to Dinkova-Kostova and Talalay, (2010), ultimate 

antioxidants by are long-acting cytoprotective enzymes that catalyse a variety of chemical 

reactions as part of adaptation of cells to oxidative stress. Cytoprotective enzymes are 

normally present in cells at suboptimal levels requiring induction by indirect and 

bifunctional exogenous antioxidants, which upregulate enzyme expression and activity 

against oxidative damage (Dinkova-Kostova and Talalay, 2010). Indirect antioxidants 

have been defined as compounds that induce Phase II enzymes, while bifunctional 

antioxidants exhibit radical scavenging activities against ROS, as well as induce Phase II 

cytoprotective enzymes (Dinkova-Kostova and Talalay, 2010). The coordinate induction 

of Phase II enzymes by phenolic compounds accounts for their chemopreventive effects 

(Talalay et al., 1995). Pharmacological induction of cytoprotective enzymes, which are 

regulated by the Keap1/Nrf2 complex results in numerous benefits; examples are listed in 

Table 5.1.  
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Benefits of cytoprotective enzymes Examples of targets 

Upregulation of enzymes which detoxify 

electrophiles 

Glutathione S-transferase (GST), epoxide 

hydrolase, NAD(P)H: quinone 

oxidoreductase EC 1.6.99.2 (NQO1) 

Upregulation of enzymes that facilitate 

inactivation of oxidants 

Superoxide dismutase, selenium-

dependent glutathione peroxidase, 

catalase and glutathione peroxidase 

function of GSTs 

Production of direct antioxidants Carbon monoxide and bilirubin through 

heme oxygenase and biliverdin reductase 

Averting iron overload Increasing ferritin levels 

Increasing activities of thioredoxin 

reductase, glutathione reductase and GCL, 

to trigger GSH synthesis and regeneration  

 

 

Table 5.1 Examples of the benefits of pharmacological induction of cytoprotective enzymes. As reviewed by 

Dinkova-Kostova and Talalay, (2010). 

 

5.1.1  NQO1 

NQO1 is ubiquitously present in plant, animal and microbial systems (Benson et al., 

1980). NQO1 is a good representative marker for cytoprotection, since it is well 

distributed in mammalian tissues and its response to inducers is measurable in 

experimental conditions (Prochaska et al., 1992; Dinkova-Kostova and Talalay, 2010). 

NQO1 is a homodimer that exists in the cytosolic phase associated with one FAD 

attached to each monomer (Ross, 2004). Ernster and Navazio, (1958) initially discovered 

this cytoprotective enzyme as DT-diaphorase and two years later it was found to 

correspond to dicoumarol-inhibited vitamin K reductase (Märki and Martius, 1960).  

Among the cytoprotective enzymes, NQO1 plays a crucial role in chemoprevention by 

detoxifying reactive intermediate species such as quinones, which are generated during 

oxidative metabolism of aromatic hydrocarbons (O'Brien, 1991), as well as radical 
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scavenging (Ross, 2004). Antioxidant activity of NQO1 requires NADPH or NADH as 

reducing cofactors in an obligatory two-electron reduction of various quinone species to 

hydroquinones, which are more stable and further metabolised to glucuronide and sulfate 

conjugates, prior to excretion (Iyanagi and Yamazaki, 1970; Faig et al., 2000; Bianchet et 

al., 2004).  

Quinones are toxic oxidative metabolites of aromatic hydrocarbons which cause damage 

to DNA, cellular macromolecules (Bachur et al., 1979) and thiol groups, including GSH, 

leading to GSH depletion which exacerbates oxidative damage (Prochaska et al., 1985; 

Dinkova-Kostova and Talalay, 2010). Although reports suggest that electrophilic nature of 

quinones makes them suitable inducers of Nrf2 via interacting with Keap1 sensors 

(Magesh et al., 2012), quinones engage in one-electron reduction and other redox cycling 

activities to generate autooxidizable toxic semiquinone intermediates and other ROS 

(Dinkova-Kostova and Talalay, 2010). Thus, NQO1 acts as a regulator against quinone 

toxicity (Lind et al., 1982) as illustrated in Fig 5.1.  

 

 

Figure 5.1 Keap1/Nrf2/ARE pathway induced by phytochemical treatment. During induction, Nrf2 escapes 

proteasomal degradation and subsequently activates upregulation of cytoprotective genes in the nucleus, 

including NQO1 (Dinkova-Kostova and Talalay, 2010).  
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It is reported that cytoprotective activities of NQO1 are also augmented by concomitantly 

acting with superoxide dismutase (Segura-Aguilar and Lind, 1989) and UDP-glyconosyl 

transferase (Lind, 1985), as reviewed (Cadenas, 1995). Thus, the ease of reactivity of o-

quinones with oxygen molecules leads to increased superoxide levels which activate the 

antioxidant enzyme superoxide dismutase (Segura-Aguilar and Lind, 1989). An increase 

in glucuronide formation of quinol species in the presence of NQO1 has also been 

observed in rat liver microsomes (Lind, 1985). In addition to detoxification of quinones, 

NQO1 also indirectly supports cellular antioxidant system by maintaining antioxidant 

coenzyme Q reductase in its reduced state (Fig 5.1).  

 

There is growing interest in the use of proteomics approach in comparative protein 

profiling, to identify biomarkers involved in disease and treatment conditions (Wang et al., 

2009). According to Kultz, (2000), a minimal stress proteome is activated during redox 

signalling and may serve as target for phytochemicals, as part of their antioxidant 

activities. Due to the limitations of 2-dimensional gel electrophoresis, proteome 

fractionation is desired to produce reduced complexity and increased dynamic range of 

protein identification (Tooth et al., 2012). Differential detergent fractionation (DDF) is a 

commercialised (Abdolzade-Bavil et al., 2004), economical and robust alternative to 

ultracentrifugation (Ramsby et al., 1994) for separation of proteins. Also multidimensional 

column liquid chromatography is an efficient method used to enhance separation of 

complex peptide mixtures and this can shorten the duration of mass spectrometry and 

enhance structural analysis of proteins (Tooth et al., 2012). Mass spectrometry also 

provides high-throughput analysis and identification of phospho-proteins (Aebersold and 

Goodlett, 2001; Mann and Jensen, 2003).  

 

5.1.3  Aim  

The aim of this study was to evaluate the inductive effect of long-term exposure to 

phytochemicals on expression of NQO1 in HepG2- and 1.1B4 human β-cells. 

Subsequently, multidimensional separation of protein mixtures and high throughput 

protocols were used to identify effects of cytoprotective phytochemicals on the expression 
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phospho-proteins in HepG2 cells. The effects of phytochemicals on cellular proteins were 

investigated in the context of their role in mediating indirect cytoprotection against tBHP-

induced damage, observed in Chapter 2. 
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5.2  Materials and methods  

5.2.1  Materials 

List of chemicals and their suppliers can be obtained from Appendix I. Also, the 

composition of solutions used in both Western blot and proteomics studies can be 

obtained from Appendix III and IV, respectively. 

 

5.2.2  Methods 

5.2.2.1 Cell treatment 

Media were prepared as stated in Section 2.2.1.3. Cells were subcultured as described in 

Section 2.2.3. For HepG2 cells, passage numbers from 18 to 35 were used, while  

passage numbers for 1.1B4 cells ranged from 33 to 39.  

Treatement of cells with EC50 concentrations of phytochemicals: HepG2 cells were 

cultured in wells of 24-well plates at seeding density of 1.2 x 10
6
 cells/ml and allowed to 

attach to wells for approximately 28 h. After cells were attached, culture medium was 

replaced with 1 ml of 10%(
v
/v) MEM Eagle complete medium containing phytochemicals 

and cultured for approximately 20 h, at which time, cells were prepared for SDS-PAGE 

analysis as described below. This same method was applied to cells treated with varying 

concentrations of quercetin (0.02 – 0.33 mM). 

Optimisation of NQO1 expression: HepG2 cells were cultured in wells of 24-well plates 

from three different suppliers (Costar, Falcon and Sarstedt) at seeding density of 4.0 x 

10
5
 cells/ml and allowed to attach to wells for approximately 28 h. Different types of 

culture plates were used to assess the effect of plastic material (used to make plates) on 

basal expression of NQO1. In each plate type, cells were treated with MEM Eagle 

medium (with or without 10%(
v
/v) FBS), 1%(

v
/v) DMSO and quercetin (0.10 mM), in 

quadruplicate wells for approximately 20 h. Cells were then prepared for SDS-PAGE 

analysis as described below.  

Treatment of 1.1B4 human β-cells: Cells were harvested as described in Section 

2.2.3.2 and cultured in wells of 24-well plates at seeding density of 1.3 x 10
5
 cells/ml. 

Cells were treated with quercetin (0.02 – 0.33 mM), curcumin (0.02 mM and 0.07 mM) 
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and caffeic acid (0.57 – 2.22 mM) in 1 ml of 10%(
v
/v) RPMI-1640 complete medium in 

quadruplicate wells, and cultured for approximately 20 h. Cells were also treated with 

DMSO (1%(
v
/v)) as vehicle control. Cells were prepared for SDS-PAGE analysis as 

described below.  

 

5.2.2.2 Cell lysate preparation 

Following treatment with phytochemicals, cells were kept on ice for cell lysis and sample 

collection. The culture medium was aspirated and cells washed with 400 µl ice-cold 

Dulbecco’s PBS which was then aspirated and replaced with 200 µl lysis buffer, at pH 7.6 

(see Appendix III for composition), per well. Cells were then homogenised using a pestle 

to aid cell lysis and release of cellular proteins into solution. The mixture from 

corresponding wells (per sample) was collected into 1.5 ml microfuge tubes and agitated 

at 45
o
 (to allow adequate turning of samples from one end of tube to the other, to facilitate 

lysis of cells) for approximately 20 min at 4
o
C. Cell lysate was then kept at -80

o
C at this 

stage until further use. For cytosolic fractions, cell lysates were centrifuged at 6000 rpm 

for 5 min and supernatant collected into labelled 1.5 ml microfuge tubes for storage at -

80ᵒC. Labelled microfuge tubes containing 20 µl of the cell lysate were kept for protein 

quantification, while 500 µl was saved for Western blotting. At this stage, samples were 

frozen at -80ᵒC. 

 

5.2.2.2.1 Protein quantification 

Protein quantification was performed using Lowry assay, which is based on reduction of 

Cu
2+

 to Cu
+
 under alkaline conditions (Lowry et al., 1951). A 1 mg/ml solution of BSA was 

made up in distilled water and used to generate a standard curve within a range of 

concentrations (see Table 5.2). In separate 1.5 ml microfuge tubes, 20 µl of each sample 

was diluted with 180µl distilled water. Lowry AB solution was made up by adding 100 µl of 

2%(
w
/v) sodium-potassium tartrate and 100 µl of 1%(

w
/v) copper sulphate as Lowry B 

solution to 20 ml of Lowry A solution (see Appendix III for composition); then, 1 ml of this 

Lowry AB solution was added to both standard and test samples. All samples were 

incubated at room temperature for 10 min, after which 100 µl of Folin reagent (made from 
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1:1 dilution with distilled water) was added to standard and test samples, with further 

incubation at room temperature for at least 45 min and no more than 3 h. Prior to 

detection, 200 µl of standard and test samples was pipetted into wells of a 96-well plate in 

triplicate and the resulting absorbance was determined at 750 nm using Spectra MAX 

340pc plate reader. Protein content of samples was determined using BSA standard 

curve. 

Tube label BSA (µl) Distilled water (µl) Protein concentration 

(mg/ml) 

0 0 200 0 

1 10 190 0.05 

2 20 180 0.1 

3 30 170 0.15 

4 40 160 0.2 

5 50 150 0.25 

6 60 140 0.3 

7 70 130 0.35 

8 80 120 0.4 
 

Table 5.2 Concentrations of bovine serum albumin (BSA) in Lowry assay. 

 

5.2.2.3 Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE)  

The remaining cell samples were diluted with 20%(
v
/v) solubilising buffer (from 6X stock, 

see Appendix III for composition) and could be stored at -20ᵒC for further use or loaded 

onto a gel for Western blot. Prior to loading on the gel, samples were denatured at 95ᵒC 

on a heating block for 5 min and then centrifuged at 13000 rpm for 1 min. Bio-Rad mini-

PROTEAN TGX precast (4 – 20% polyacrylamide) gel was set up according to instruction 

from Bio-Rad, UK, in a Bio-Rad tank with 1X electrophoresis buffer (made from 10X 

stock, see Appendix III). A color pre-stained molecular weight marker (2 μl, from New 

England Biolabs, UK) was loaded into the first well of each gel to aid identification of 

molecular weight of desired proteins and also served as a guide to monitor progress of 

electrophoresis. The remaining wells were loaded with approximately 10 ug (amount of 

protein) of each sample and the gel was run at 175 V for 40 min. 
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5.2.2.4 Western blotting 

After completion of electrophoresis, resolved proteins were transferred onto nitrocellulose 

membrane placed in a cassette, supported by filter paper and sponge pads, as shown in 

Fig 5.2. The nitrocellulose membrane, filter paper, cassette and sponges were 

conditioned in transfer buffer (see Appendix III) for approximately 15 min prior to use. The 

transfer set-up was then fitted into a tank (from Bio-Rad, UK) containing ice-pack and 

transfer buffer. Migration of resolved proteins from the gel to the nitrocellulose membrane 

occurred at a constant voltage of 100 V for 60 min.  

 

 

Figure 5.2 A model for assembly of protein transfer set-up in Western blotting. Figure shows sandwich layered 

with perforated cassette enclosing sponge pad, filter papers, gel and nitrocellulose membrane. During the 

transfer process, resolved proteins migrate from the cathode which is connected to the black side of the 

cassette, towards the anode at the clear side of the cassette. 

 

After this time, effectiveness of protein transfer was confirmed by staining nitrocellulose 

membrane with approximately 2 ml of Ponceau Red Stain (Sigma, Dorset, UK), which 

was quickly washed with adequate amounts of distilled water and Tris-buffered Saline 

Tween 20 (TBST). Using the molecular weight marker as a guide, the nitrocellulose 

membrane was cut with stainless steel scalpel at marks corresponding to molecular 

weights of proteins of interest. Non-specific proteins were blocked at this stage for 

approximately 1 h at room temperature, using 5%(
w
/v) non-fat milk in TBST, with gentle 

shaking at 37 revs/min. Primary antibody, NQO1, was diluted in TBST containing 5%(
w
/v) 

non-fat milk at desired dilution (Table 5.3). The blot was incubated in a bag containing 5 

Cassette black side
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ml of this antibody, and using Salter bag sealer and incubated overnight at 4ᵒC with 

agitation at 70 revs/min. 

 

Antibody Specification Supplier Dilution 

Quinone reductase 

(NQO1) 

Goat polyclonal 

(ab2346) 

Abcam, Cambridge, 

UK 

1:1000 dilution 

GAPDH Mouse monoclonal Sigma, Dorset, UK 1:5000 

 

Table 5.3 Primary antibodies used in Western blotting. 

 

Following overnight incubation, the blot was subjected to three quick washes using 20 ml 

TBST. Washing was repeated three times for 5 min and then repeated three times for 15 

min to remove unbound primary antibody. The blot was then incubated with 1:10000 

dilution of secondary antibody (made in 5% (
w
/v) non-fat milk in TBST; Table 5.4) and 

incubated at 37
o
C in the dark for 1 h. The solution containing secondary antibody was 

discarded and blot was washed, as described above, with final wash in distilled water 

prior to scanning.  

Blots were scanned using an Odyssey
®
 infrared fluorescent imaging scanner (LI-COR) 

and densitometric analysis by Odyssey
®
 Image Studio version 3.1. 

After scanning, blots were probed with glyceraldehyde 3-phosphate dehydrogenase 

(GADPH) as housekeeping protein (as described above), using desired concentration 

(Table 5.3). Blots were then washed three times using 20 ml TBST (quick washes) and 

washed again for 5 min (three times) using 20 ml TBST. Finally, washing was repeated 

three times for 15 min using equal volume of TBST before probing with secondary 

antibody (mentioned in Table 5.4.) as described above. Afterwards, secondary antibody 

was discarded and blots washed with TBST as described above. Blots were then 

scanned as mentioned above. 
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Antibody Protein 
Band colour 

and wavelength 
Dilution 

Polyclonal Donkey-anti Goat IgG 

(926-32214) 

LI-COR IRDye (LI-COR. 

Biosciences, UK) 

NQO1 Green (800) 1:10000 

Polyclonal Goat anti-rabbit 926-

32211 (LI-COR) 

GAPDH Red (800) 1:10000 

 

Table 5.4 Secondary antibodies used in Western blotting. 

 

5.2.2.5 Protein quantification and identification using 

proteomics 

Cell treatment: HepG2 cells were seeded at 1.2 x 10
6
 cell/ml in wells of 24-well plate and 

initially allowed to attach for 28 h at 37ᵒC. Culture medium was then replaced with 

medium containing 1%(
v
/v) DMSO or phytochemicals (quercetin, curcumin and caffeic 

acid), and cells cultured for additional 20 h. Afterwards, culture medium was aspirated 

and cells were washed with 400 µl warm HBSS, which was also discarded. Cells were 

trypsinised using 100 µl 1x trypsin EDTA at 37ᵒC for 5 min, after which 1 ml 10%(
v
/v) 

MEM Eagle complete medium was used to stop trypsinisation reaction. Detached cells in 

a single cell suspension (from 16 wells for each treatment) were collected in a sterile 15 

ml tube and centrifuged at 500 x g for 5 min. After discarding the supernatant, cell pellet 

was washed in 1 ml ice-cold PBS and centrifuged again at 500 x g for 5 min. Supernatant 

was discarded and the cell pellet was stored at -80ᵒC in 1.5 ml microfuge tubes until 

subcellular fractionation was conducted using procedure illustrated in Fig 5.3. 

 

5.2.2.5.1 Cell lysis and subcellular fractionation  

Pelleted cells were recovered from frozen storage and kept on ice throughout the 

subcellular fractionation procedure. Prior to extraction, each pellet was visually calibrated 

using an equivalent volume of distilled water in a 1.5 ml microfuge tube and the required 

volume of respective buffer (Table 5.5) used to extract various subcellular fractions.  
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Treatment 

conditions 

Pellet size 

(µl) 

Buffer (I) 

µl 

Buffer (II) 

µl 

Buffer (III) 

µl 

Buffer (IV) 

µl 

Untreated 70 175 175 105 105 

DMSO 60 150 150 90 90 

Quercetin 

(0.04 mM) 

60 150 150 90 90 

Quercetin 

(0.33 mM) 

70 175 175 105 105 

Curcumin 

(0.07 mM) 

60 150 150 90 90 

Caffeic acid 

(2.22 mM) 

60 150 150 90 90 

 

Table 5.5 Volume of extraction buffers used for each sample during sub-cellular fractionation. Untreated 

samples refer to cells incubated in 10%(
v
/v) MEM Eagle complete medium alone. 

 

 

For each extraction stage, samples were resuspended by gently pipetting up and down 

four times and incubated on ice for the required time, agitated and incubated on ice again 

prior to centrifugation. Incubation time and centrifugation settings used are detailed in 

Table 5.6. Supernatant was collected in labelled microfuge tubes at each stage. 

Extraction steps were repeated for each subcellular fraction and supernantant could be 

stored at -20ᵒC at this stage.  

 

Subcellular 

fraction 

Buffer used Incubation time Cenfugation 

settings 

Cytosolic  Cytosolic buffer I 10 min 2000 x g for 2 min 

Membrane/organelle  Membrane/organelle 

buffer II 

10 min 5000 x g for 2 min 

Nuclear Nuclear buffer III 5 min 10000 x g for 2 min 

Cytoskeletal Cytoskeletal buffer 

IV 

5 min 10000 x g for 2 min 

 

Table 5.6 Incubation times and centrifugation settings for subcellular fractionation. 
 

 

Protein quantification: Subcellular fractions were quantified using bicinchoninic acid 

(BCA) protocol. Standard samples of 1 mg/ml BSA (0, 2.5, 5.0, 10, 20, 30 and 50 µl) were 
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pipetted into labelled microfuge tubes and made up to 100 µl with distilled water. Each 

test sample (5 µl) was also made up to 100 µl, with distilled water. To both test and 

standard samples, 1 ml BCA reagent was added. Solutions were vortexed and heated at 

60ᵒC for 15 min. Using a negative control, the UV2101PC instrument was reset to auto-

zero at 562 nm, then test samples and standards were analysed. Absorbance measured 

was then stipulated into a standard curve to obtain the amount of preoteins in each 

fraction.  

 

5.2.2.5.2 SDS –PAGE analysis of subcellular fractions 

Subcellular fractions were recovered from frozen storage and solubilized in 25 µl 

solubilising buffer (containing 0.01 g dithiothreitol in 750 µl distilled water and 250 µl of 4X 

NuPAGE sample buffer) by repeated pipetting. The samples were pulse-vortexed and 

heated at 90ᵒC for 5 min, both procedures being repeated before centrifuging samples at 

15 x g for 3 min. In wells of a NuPage 4-12% Bis-Tris gel, 5 µl Novex Sharp Pre-stained 

molecular marker (Thermo-Fisher, UK) was run alongside the samples (40 µg for 

cytosolic fractions, 20 µg for nuclear fractions, 30 µg for membrane and organelle 

fractions and 20 µg for cytoskeletal fractions). The gel was run at 200 V for 45 min in 

running buffer. After electrophoresis, the separated proteins were transferred from the gel 

to a non-fluorescing polyvinylidene difluoride (PVDF) membrane (previously rehydrated in 

methanol and elution buffer) at 25 V for 15 min. The transfer conditions allowed transfer 

of approximately 15% of separated proteins onto the membrane (Tooth et al., 2012).  

 

In terms of the transfer direction, the PVDF membrane (not necessarily non-fluorescing) 

was used as a filter to prevent contaminants of the filter paper from being transferred with 

separated proteins onto the desired membrane (non-fluorescing PVDF). The non-

fluorescing PVDF membrane (containing approximately 15% proteins) was then rinsed in 

50%(
v
/v) methanol and subsequently in 100% methanol before drying in between filters 

papers. The gel was then fixed in 50%(
v
/v) methanol for approximately 30 min with 

agitation, then stained with 50 ml colloidal G-250 (Coomassie blue) per gel (add four 

volumes of diluent to one volume of G-250 stain, see Appendix IV for composition) 

overnight with agitation. The stain was discarded and the gel rinsed in distilled water for 
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10 min with agitation and the water discarded. This was repeated twice with 30 min 

agitation. The gel was then soaked in distilled water and agitated for 4 - 8 h until 

components (on the gel) were well contrasted and background was clear. At this stage, 

the gel could be kept at 4ᵒC in double distilled water until scanning was performed using 

Odyssey scanner at 84 µm resolution, focus at 0.0 mm and medium σ.  

 

Gel drying: The gel was incubated in drying reagent (30%(
v
/v) methanol, 65%(

v
/v)  

distilled water and 5%(
v
/v) polyethylene glycol) and agitated for 5 min. Cellophane film 

which was used to store the gel was also soaked in drying reagent for apprpximately 20 

sec prior to use. Gel drying rack was rinsed with distilled water and set up for drying. The 

gel was set up between two cellophane films which were held in place by rack and 

clippers, then dried overnight at room temperature.  

Phospho-blotting: The expression pattern of phospho-proteins on non-fluorescing PVDF 

membrane was investigated using pIMAGO-biotin kit. Detection of phospho-proteins was 

based on interaction between titanium (Ti) component of pIMAGO-biotin dendrimer (Ti-

dendrimer) and phosphate groups on resolved proteins on PVDF membrane (Iliuk et al., 

2012), see Fig 5.4.  

 

 

Figure 5.4 The underlying principles for detection of phospho-proteins with the pIMAGO kit. Figure shows 

dendrimer (globular nanopolymer) made active by Titanium ions for sensitive identification of phospho groups. 

Dendrimer is also conjugated with biotin (fluorophore), which aids detection by interacting with avidin 

Horseradish peroxide (avidin HRP) for detection. 

 

Membranes were rehydrated in TBST for 3 min and non-specific targets were blocked 

with 50 ml (1X) pIMAGO blocking buffer (from 10X stock) for 5 h with agitation at room 

P

Phospho-protein pIMAGO-biotin Avidin-HRP

Biotin
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temperature. Blocking buffer was discarded and membrane was incubated in 50 ml 

pIMAGO-biotin dendrimer overnight. Remaining dendrimer was collected and stored at 

4
0
C, while unbound dendrimer was discarded by rinsing with 100 ml TBST (quick rinse). 

The membrane was rinsed further with 50 ml TBST and agitated for 10 min; this was 

done three times. The membrane was then incubated at room temperature in 50 ml of 

avidin fluor 800 (100 µl and 450 µl TBST) as a secondary probe for 5 h. This was then 

collected and the membrane rinsed quickly in 100 ml TBST overnight. Prior to scanning, 

membrane was rinsed quickly in TBS (1X) after discarding TBST. 

 

5.2.2.5.3 Buffer-exchange for Immobilized metal ion affinity 

chromatography (IMAC) using gel permeation 

chromatography 

Gel permeation chromatography (GPC) separates proteins based on molecular size and 

shape, where smaller proteins diffuse through porous beads hence, they are eluted 

slowly (Fig 5.5) (Porath and Flodin, 1959; Cheung et al., 2012). Larger proteins however 

have minimal or no access to porous beads and so are eluted rapidly (Fig 5.5).  

 

 

Figure 5.5 Schematic diagram for buffer-exchange gel permeation, showing cellular proteins eluted based on 

their sizes. Larger molecules are eluted ahead of smaller molecules, which interact with beads and hence slow 

their rate of elution. 

 

Here, gel permeation liquid chromatography was used for buffer exchange to remove 

detergents used during subcellular fractionation, which could interfere with subsequent 

separation procedures. Sepharose (25 - 50 μm; 0.5 g) was weighed into each 6 ml fritted 

Porous gel 

packing

Approximately 

2mg protein 

sample

Larger proteins

Smaller proteins

Protein sampled 

eluted in IMAC  

Loading and wash 

buffer (IMAC-LW)
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polypropylene solid phase extraction tube (SPE tube) and sufficient IMAC-load wash 

(IMAC-LW) used to rehydrate the resin. A total of 10 bed mass volumes was used to 

wash resin, i.e. 10 ml using sequential additions and evacuated at -5 kPa only to finally 

leave the resin clear of buffer.  For each cytosolic sample, 500 µl was pipetted gently on 

the resin and additional 1.25 ml of IMAC-LW evacuated to waste at -5 kPa vacuum. 

Exchanged samples (2.5 ml) were collected in labelled 5 ml tubes and subjected to 

immobilised metal affinity chromatography (IMAC), as described below. 

 

5.2.2.5.4 Immobilised Metal ion Affinity chromatography (IMAC) 

IMAC was performed to separate proteomes into phospho-enriched and phsopho-

depleted categories, based on their interaction with Gallium resins. The use of IMAC was 

suggested based on the affinity exhibited by transition metals such as Cu
2+

 and Zn
2+

 

towards tryptophan, histidine and cysteine in aqueous environment (Porath et al., 1975). 

Metal ions form complexes with chelating ligands which are contained in chromatographic 

sorbent used (Cheung et al., 2012). During IMAC, electrophilic groups on protein surfaces 

adsorb onto ligands on immobilized metal ions (Fig 5.6), subsequently, phospho-proteins 

are eluted selectively from IMAC using an elution buffer (IMAC-EL). 

 

 

Figure 5.6 Schematic diagram showing binding of phospho-enriched proteins on ligands of gallium resin. Prior 

to elution, phospho-proteins are dislodged from the resin by phosphatase and EDTA, to aid elution in IMAC-EL.  

 

Conditioning Gallium loaded IMAC resin: 1 – 10 ml resin bed volume (50%(
w
/v) slurry) 

was transferred to 6 to 20 ml fritted SPE tubes and liquid phase evacuated to waste after 

Gallium 

resin
Gallium 

resin

Phosphatase (sodium 

orthovanadate) dislodges 

phospho-proteins

EDTA competes 

for ligand on 

Gallium resin

Ligand

Phospho-proteins

Dislodged phospho-

proteins are eluted 

in IMAC-EL
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centrifugation at 1000 x g for 1 min. Resin was conditioned with 3-bed volumes of 

chelating buffer with agitation for 5 min and discarded after centrifugation, this step was 

repeated once. Also 3-bed volumes of 0.1 M gallium sulphate: (42 mg/ml in chelating 

buffer) was added with agitation for 5 min, centrifuged and then discarded as done 

before. Resin was washed twice with 3-bed volume of chelating buffer and subsequently 

with up to 10 bed-volume of distilled water, finally storing in 20%(
v
/v) methanol. This could 

be refrigerated for use within one month. 

Fritted polypropylene SPE tubes (6 ml) were labelled and loaded with 0.2 ml resin slurry 

(Bio-Rad, Profinity IMAC Gallium, suitable for up to 2 mg proteins). Slurry buffer was 

discarded and conditioned with 15-bed volumes (3 ml) of IMAC-LW buffer by sequential 

evacuation at -5 kPa, discarding flow-through fractions to waste. Samples (3 ml) were 

loaded in tubes containing resins, sealed and agitated at 45ᵒC (to allow adequate turning 

of samples from one end of tube to the other) for 5 min at room temperature before 

transferring samples to 4ᵒC. Samples were incubated overnight by keeping tubes 

horizontal, as this position enhanced interaction between samples and gallium resins. 

After overnight incubation, samples were agitated again at room temperature at 45ᵒC (to 

allow adequate turning of samples from one end of tube to the other) for 10 min and 

subjected to chromatography. 

The un-retained fraction (I), which comprised predominantly of phospho-depleted 

proteomes, was recovered by evacuation at -5 kPa into labelled polypropylene SPE 

tubes. Additional 0.7 ml of IMAC-LW was added to each tube and agitated further for 10 

min. Again un-retained material was evacuated as was done previously to obtain final 

liquid samples in labelled tubes. Resin was washed twice with 10-bed volume (2 ml) and 

agitated for 10 min before discarding flow through to waste. This step was 

essential to remove traces of un-retained fraction (I) to minimise contamination with the 

retained fraction (II). 

The retained fraction (II), which comprised predominantly of phospho-enriched proteins, 

was desorbed using 10-bed volumes (2 ml) of eluent (IMAC-EL), which contained 

phosphatase (sodium orthovanadate) and a competitive agent (EDTA) to displace bound 

phospho-proteins. Samples were agitated for 30 min and eluted into labelled tubes at -5 



 

197 
  

Chapter 5 

kPa. This was repeated and the eluates added to the previous collection. Both fractions (I 

and II) were kept at 4ᵒC at this time, prior to reversed-phase chromatography. 

 

5.2.2.5.5 Reversed-phase chromatography 

During reversed-phase chromatography, proteins are separated according to 

hydrophobicity by enabling hydrophobic ends of proteins to orient with the solid phase. 

Subsequently, proteins are eluted according to increasing hydrophobicity with the least 

hydrophobic eluting first in the lowest concentration of acetonitrile (Fig 5.7).  

 

 

Figure 5.7 Elution of hydrophobic proteins in reverse-phase chromatography. Hydrophobic solid phase interacts 

with hydrophobic proteins and are subsequently eluted using acetonitrile, which desorbs hydrophobic proteins 

from solid phase.  

 

Eluents containing appropriate amounts of acetonitrile and distilled water were used to 

desorb hydrophilic proteins from solid phase and subsequently eluted in labelled tubes 

(see Table 5.7 for composition of eluents used). Due to volatility of solvents used, this 

approach was employed as the final chromatographic procedure (Tooth et al., 2012). 

 

Reversed-phase solid phase extraction (RP-SPE) cartridges (IST, 75 mg, 1000Å) were 

labelled and conditioned with 1 ml of 70%(
v
/v) eluate (35 ml acetonitrile and 15 ml distilled 

water), then evacuated under vacuum at flow similar to 1 ml/min. This was followed with 1 

ml ‘O% acetonitrile’ and flow through fractions diverted to remove traces of acetonitrile 

~0.5mg 

sample 

mixture

Eluates A - H

Polarity of proteins
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from 70%(
v
/v) eluent. Using 1 ml of eluents A - H, samples were eluted into labelled tubes 

to obtain 8 eluates separately for phospho-depleted proteomes (fraction I), and then for 

phospho-proteins (fraction II). Solid phase purified components were dried using vacuum-

centrifuge and archived in air-tight vials at -80ᵒC. 

Dried protein residues were resuspended in sample buffer for electrophoresis and 

phospho-blotting as described in Section 5.2.2.5.2. 

 

Eluent (
v
/v) 

100% acetonitrile (200 ml 

acetonitrile + 200 µl TFA) 

0% acetonitrile (200 ml 

dH2O + 200 µl TFA) 

Eluent A’ 30% 6 ml 14 ml 

Eluent B’ 35% 7 ml 13 ml 

Eluent C ’40% 8 ml 12 ml 

Eluent D ’43% 8.6 ml 11.4 ml 

Eluent E ’45% 9 ml 11 ml 

Eluent F ’48% 9.6 ml 10.4 ml 

Eluent G ’50% 10 ml 10 ml 

Eluent H ’90% 18 ml 2 ml 

‘70% 35 ml 15 ml 

 

Table 5.7 Composition of eluents used in reversed-phase chromatography. 

 

5.2.2.5.6 Band identification and mass spectrometry analysis 

Bands showing increased or decreased expression of phospho-proteins compared to 

control (untreated or 1%(
v
/v) DMSO), were identified and aligned using Microsoft 

PowerPoint to facilitate excision of bands of interest.  

Bands of interest identified on phospho-blots were then aligned for their positions on 

respective gels and excised in a filtered cabinet with the aid of a cutting mask guide, 

using a clean stainless steel scalpel. The volume of each polyacrylamide gel piece was 

estimated visually and transferred to wash buffer in pre-rinsed microfuge tubes containing 

about 10-times the volume of the gel pieces. The gel pieces were agitated with at least 
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two changes of wash buffer until Coomassie blue dye had been completely cleared and 

supernatant discarded after final wash. 

The gel pieces were taken through a sequence of procedures, i.e., reduction and 

alkylation. Reduction of gel pieces was conducted by agitating in 10-volumes of 10 mM 

dithiothreitol (DTT) in the dark for 20 – 30 min at room temperature and then, supernatant 

was discarded. For alkylation, gel pieces were agitated again in 10-volumes of 20 mM 

iodoacetamide in the dark for 20 – 30 min at room temperature and then, the supernatant 

was also discarded. Gel pieces were then washed twice by agitating in 10-volumes of 

wash buffer for 5 – 20 min. Final wash with agitation was conducted in 10-volumes of 

100% acetonitrile for 5 - 20 min and supernatant discarded. 

Excised regions of polyacrylamide gels (PAGs) containing a standard or no protein were 

prepared simultaneously from each experimental PAG.  

 

Proteolysis and peptide extraction: Polyacrylamide gel pieces were air-dried to 

dehydrate and then 25 – 50 µl of trypsin working solution (20 ug trypsin in 20 μl 

resuspension buffer, see Appendix IV) was added to swell gels overnight (samples were 

agitated at this stage) at 37ᵒC. After overnight incubation, supernatants were recovered 

into pre-rinsed microfuge tubes and gels agitated twice with 3-volumes of extraction 

reagent (0.1%(
v
/v) formic acid in 70%(

v
/v) aqueous acetonitrile) for approximately 30 min, 

pooling all of the supernatants into labelled microfuge tubes for each sample. Peptide 

extracts were evaporated to 50 µl or less and stored at -70ᵒC prior to tandem mass 

spectrometry analysis. 

 

 

Tandem mass spectrometry sample processing: Extracts were submitted to external 

source (University of Leicester) for mass spectrometry analysis.  

 

5.2.6  Statistical analysis 

For multiple comparison of NQO1 expression by the various phytochemicals, statistical 

analysis was performed with one-way ANOVA and posthoc using Dunnett’s test, with 

statistical significance set at P<0.05. Where confidence intervals of data were within the 

same range, statistical analysis was not performed. 
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Statistical analysis of NQO1 expression by quercetin, under different cell culture 

conditions, was performed using paired Students’ 2-tailed t-test. 
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5.3  Results 

5.3.1  Effect of phytochemicals on NQO1 expression in 

HepG2 cells 

Effect of 20 h treatment with DMSO (1%(
v
/v)) and the various phytochemicals on NQO1 

expression is shown in Figure 5.8A. The blot suggests that after prolonged exposure in 

HepG2 cells, none of the phytochemicals increased expression of NQO1. This correlated 

positively with marginal increase in protein expression observed after 20 h exposure to 

quercetin and curcumin, while caffeic acid and sulforaphane also demonstrated no 

significant effect (Fig 5.8B).   

 

Figure 5.8 Effect of phytochemicals on NQO1 expression in cytosolic fractions HepG2 hepatoma cells. Cells 

seeded at 1.2 X 10
6
 cells/ml were lysed following 20 h treatment with 10%(

v
/v) MEM Eagle complete medium, 

DMSO (1%(
v
/v)), (Q) quercetin (0.10 mM), (Cur) curcumin (0.01 mM), (CA) caffeic acid (0.57 mM) and (SFN) 

sulforaphane (0.06 mM). Representative Western immunoblots (A) show expression of housekeeping protein 

GAPDH (43 kDa) in red and NQO1 (31 kDa) in green, while densitometric quantification of bands (B) were 
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determined by normalising  GAPDH expression and presented as relative to percentage expression of untreated 

cells (10%(
v
/v) MEM Eagle complete medium). Values are mean ± SEM for three independent experiments from 

cells of quadruplicate wells. 

 

5.3.2  Optimising NQO1 expression in HepG2 cells 

The following sets of data present the impact of serum on both basal and inductive 

expression of NQO1, as well as the effect of plastic components of culture plates on 

protein expression. 

 

5.3.2.1 Basal expression of NQO1 in serum-containing and 

serum-free media 

Basal expression of NQO1 of cells cultured in Costar plates was comparable to 

expression obtained with Falcon and Sarstedt plates, using MEM Eagle medium without 

serum as culture medium (Fig 5.9 and 5.11A). A similar observation was made when cells 

were cultured in MEM Eagle medium supplemented with 10%(
v
/v) serum (10%(

v
/v) MEM 

Eagle complete medium), where the type of culture plate used showed no significant 

effect on basal NQO1 expression (Fig 5.10 and 5.11B). Hence, the high basal expression 

of NQO1 levels observed in Fig 5.8 did not result from the use of serum or plastic material 

in the type of cell culture plate used. 

 

Figure 5.9 Representative western immunoblots of cytosolic fractions of HepG2 hepatoma cells in serum-free 

media. Cells were prepared for immunoblotting following 20 h treatment with 1%(
v
/v) DMSO and quercetin in 

culture medium without serum. Blot represents scan from one experiment showing expression of housekeeping 

protein GAPDH (43 kDa) in red and NQO1 (31 kDa) in green. 
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Figure 5.10 Representative western immunoblots of cytosolic fractions of HepG2 hepatoma cells in serum-

containing media. Cells were prepared for immunoblotting following 20 h treatment with 1%(
v
/v) DMSO and 

quercetin in culture medium with 10%(
v
/v) serum. Blot represents scan from one experiment showing expression 

of housekeeping protein GAPDH (43kDa) in red and NQO1 (31kDa) in green.  

 

 

Figure 5.11 Densitometric quantification of western immunoblots obtained in cytosolic fractions of HepG2 cells. 

Cells seeded at 4.0 x 10
5
 cells/ml were prepared for immunoblotting following 20 h culture in MEM Eagle 

medium without serum (A) or with 10%(
v
/v) serum (B). Results obtained were normalised to GAPDH. Values are 

mean NQO1 expression ± SEM from cells obtained from quadruplicate wells of three independent experiments.  

 

5.3.2.2 Effect of serum on inducible expression of NQO1 in 

HepG2 cells 

The effect of cell culture conditions (serum and type of culture plate) on quercetin-induced 

NQO1 expression was evaluated in HepG2 cells at low-seeding density. In serum-free 
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medium (Fig 5.12A), there was no significant effect in NQO1 expression in cells cultured 

in Costar, Falcon and Sarstedt plates, following 20 h treatment with DMSO or quercetin.  

Treatment with 1%(
v
/v) DMSO in 10%(

v
/v) MEM Eagle complete medium, produced 

marginal increase in protein expression in cells cultured with Costar plates, while 

significant increase to 204.1 ±18.05% was recorded in quercetin-treated cells (P<0.05, n 

= 3) (Fig 5.12B). Similar observation was made with cells cultured in Falcon plates, where 

DMSO caused marginal decline in protein expression but cells treated with quercetin 

showed an increase in NQO1 levels to 132 ±17.42% (P<0.05). However, there was no 

significant decrease in NQO1 expression when cells cultured in Sarstedt plates were 

subsequently treated with DMSO, as well as quercetin. Thus, inductive response of 

NQO1 was common to both Costar and Falcon plates, when cells were cultured in serum-

containing medium. 

Taken together, results obtained suggest that NQO1 induction was significantly increased 

in cells cultured in Costar plates than Falcon plates (P<0.05), following treatment with 

quercetin (0.1 mM) in 10%(
v
/v) MEM Eagle complete medium. Hence, for subsequent 

studies on protein expression, cells were cultured under these conditions, i.e., cells were 

cultured in Costar plates and in 10%(
v
/v) MEM Eagle complete medium. 
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Figure 5.12 Densitometric quantification of western immunoblots obtained in cytosolic fractions of HepG2 

hepatoma cells. Cells were prepared  for immunoblotting following 20 h treatment with MEM Eagle complete 

medium without serum (A) or with 10%(
v
/v) serum (B),1%(

v
/v) DMSO and quercetin (0.1 mM). Results obtained 

were normalised to corresponding GAPDH expression and data normalised appropriate basal expression in 

Figs 5.9 and 5.10. Data were presented as relative to percentage expression of medium-treated cells. Values 

are mean ± SEM for three independent experiments from cells of quadruplicate wells. Statistical analysis was 

performed with Student’s t-test. Where indicated, values were significantly different from corresponding DMSO 

controls at P<0.05 (*), and different from quercetin in Costar plates at P<0.05 (#). 

 

5.3.3 Effect of phytochemicals on NQO1 expression in 

1.1B4 β-cells 

With evidence of indirect cytoprotective activities in 1.1B4 cells, selected phytochemicals 

were evaluated for their effect on NQO1 expression. The culture conditions used included 

the use of serum-containing media and Costar plates, since NQO1 expression was 

observed under these conditions. As presented in Fig 5.13A and B, basal expression of 

NQO1 was not detected h in 1.1B4 β-cells, and this was evident in cells treated with 

1%(
v
/v) DMSO for 20 h. Furthermore, there was no induction of NQO1 following treatment 

with cytoprotective concentrations of quercetin (0.02 – 0.33 mM), curcumin (0.02 mM and 

0.07 mM) and caffeic acid (0.57 – 2.22 mM). Similar to previous observations, shown in 

Fig 5.8, basal expression of NQO1 was present in HepG2 cells, although treatment with 

higher concentrations of quercetin showed no significant increase (Fig 5.14). This 

suggests that NQO1 was not present or inducible in 1.1B4 human β-cells under the 

experimental conditions used. 
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Figure 5.13 Representative western immunoblots of cell lysate preparations from 1.1B4 β-cells and cytosolic 

fractions of HepG2 hepatoma cells. Cells were prepared for immunoblotting following 20 h treatment with (A) 

1%(
v
/v) DMSO, and varying concentrations of quercetin in HepG2 cells and 1.1B4 β-cells. Also, NQO1 

expression was evaluated in (B) 1.1B4 human β-cells treated with varying concentrations of quercetin, curcumin 

and caffeic acid and in HepG2 cells treated with DMSO (1%(
v
/v) and quercetin (0.33 mM). Bands for HepG2 

cells were obtained from the same sampleto serve as positive control, assessed alongside different samples for 

1.1B4 β-cells. Blots represents scan from one experiment showing expression of housekeeping protein GAPDH 

(43 kDa) in red and desired protein NQO1 (31 kDa) in green. 
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Figure 5.14 Densitometric quantification of western immunoblots obtained from cytosolic fractions of HepG2 

cells, shown in Figure 5.13A. Results obtained were normalised to GAPDH. For HepG2 cells, data were 

obtained with the same sample. Due to the absence of NQO1 expression in 1.1B4 cells, no data was presented 

for these β-cells. Values are mean ± SEM for three independent experiments from cells of quadruplicate wells.  

 

5.3.4 Global proteomic assessment of subcellular 

fractions of HepG2 cells treated with selected 

phytochemicals 

Zhang et al., (2006), suggested that phytochemicals have multiple targets which could 

also account for their diverse pharmacological activities. Therefore, the effects of 

quercetin, curcumin and caffeic acid on expression of phospho-proteins in HepG2 cells 

were investigated, as shown in Fig 5.3. 

 

5.3.4.1 Quantification of protein content in subcellular fractions 

Following differential detergent fractionation, amount of proteins in the subcellular 

fractions was quantified using the BCA protocol. Observation of the protein quantities 

obtained from each fraction (presented in Fig 5.15) indicates a general trend of 

decreasing protein quantities from cytosolic to cytoskeletal fractions. This was expected 

since most cellular proteins are present in the cytosol.  
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Figure 5.15 Distribution of proteins recovered in the various subcellular fractions of HepG2 hepatoma cells. 

Following 20 h treatment with control (10%(
v
/v) MEM Eagle complete medium), DMSO (1%(

v
/v)), quercetin (Q), 

curcumin (Cur) and caffeic acid (CA), proteins were quantified using the BCA protocol. Amount of protein 

obtained in mg/ml was normalised to total extracted protein for each sample as a percentage. 

 

5.3.4.2 Phospho-blotting of subcellular fractions 

After protein quantification, each of the fractions obtained was separated using SDS-

PAGE electrophoresis (Fig 5.16A) and proteins on PVDF probed for expression of 

phospho-proteins (Fig 5.16B). As presented in Fig 5.16B, 20 h exposure to quercetin and 

caffeic acid resulted in increase in expression of phospho-proteins present in the cytosol, 

labelled (in red boxes ) as II, III, IV and VI. Additionally, bands denoted as V and VII were 

identified as downregulated compared to untreated (10%(
v
/v) MEM Eagle complete 

medium) and DMSO (1%
v
/v) controls. Expression of phospho-proteins at band 

corresponding to 110 kDa (I) was found to be present in all the samples hence, band A 

was marked as internal control. However, no difference in expression of nuclear, 

membrane/organelle or cytoskeletal fractions was observed (see Fig 5.17B). Due to lack 

of time, these samples were not submitted for tandem mass spectrometry, as the project 

drew to a close. 
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5.3.4.2 Effect of phytochemicals on phospho-proteins in 

reversed-phase solid phase extracts  

Following the observation of change in expression of cytosolic phospho-proteins (due to 

phytochemical treatment), multidimensional liquid chromatography was applied to the 

cytosolic fractions to reduce the complexity of these proteins (Step 2 in Fig 5.3) to 

approximately 6% (per residue) of each cytosolic fraction.  

Observation of phospho-blots obtained from eluates of reversed-phase solid phase 

extraction, suggested that in eluate D (eluted with 43%(
v
/v) acetonitrile, see Table 5.6) 

expression of three bands (labelled A, B and C) was enhanced by treatment with 

quercetin, curcumin and caffeic acid, relative to untreated (10%(
v
/v) MEM Eagle complete 

medium) and DMSO (1%(
v
/v)) controls (Figure 5.18).  

 

 

Figure 5.18 Representative comparative scan of cytosolic fractions (from reversed-phase extraction) of HepG2 

hepatoma cells from six different treatments. Phospho-blots were obtained after SDS-PAGE analysis of 

reversed-phase solid phase extraction of cytosolic fractions of HepG2 cells, showing eluates D - F extracted 

with 43% - 48% acetonitrile. Figure shows cells treated with 10%(
v
/v) MEM Eagle complete medium (1), 1%(

v
/v) 

DMSO (2), quercetin 0.04 mM (3), quercetin 0.33 mM (4), curcumin 0.07 mM (5) and caffeic acid 2.22 mM (6). 

Bands of interest of treated samples (3 – 6) on phospho-blot are enclosed in red squares, with corresponding 

bands of control sample (1). 
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In addition, phosphoprotein expression, at band denoted as D, was intensified in cells 

treated with quercetin (0.04 mM and 0.33 mM) compared to controls. Hence these bands 

of interest, which are highlighted here by red boxes, were excised for tandem mass 

spectrometry. However, at the time of thesis submission, no meaningful data had been 

obtained. 
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5.4  Discussion 

In the current study, EC50 values obtained for curcumin, caffeic acid and sulforaphane 

(from indirect cytoprotection data – Chapter 2) did not induce NQO1 expression in HepG2 

hepatoma cells. However, at low cell-seeding density, quercetin (0.10 mM) produced an 

increase in NQO1 protein expression in HepG2 cells. The 1.1B4 β-cells lacked basal and 

inductive expression of NQO1 after 20 h treatment. 

 

5.4.1  High basal expression of NQO1 in HepG2 cells 

 Following 20 h incubation, high basal expression of NQO1 was observed in HepG2 cells, 

irrespective of cell seeding density, and this could have influenced the lack of inductive 

expression by the various phytochemicals. The proposal that exogenous inducers 

activate cytoprotective enzymes has been based on rapid response of these enzymes to 

inducers, such as phytochemicals (Dinkova-Kostova and Talalay, 2010). The high basal 

expression of this cytoprotective enzyme in HepG2 cells suggests that these cells were 

well protected against quinone toxicity and oxidative damage. Thus, HepG2 cells (Section 

2.3.2.1) were found to be less sensitive to tBHP-induced oxidative damage than the 

1.1B4 cells (Section 2.3.3.1).  

It may be expected that HepG2 cells, which were derived from the liver will possess good 

basal expression of antioxidant enzymes such as NQO1, due to their role in xenobiotic 

metabolism. One possible reason for lack of response to phytochemicals (inducers) could 

be overexpression of Nrf2 in HepG2 cells, which has been reported alongside GSTP1 in 

hepatocellular carcinoma (Ikeda et al., 2004). This agrees with the cellular model used 

which was derived from a similar origin. It is becoming more apparent that NQO1 and 

other Nrf2/ARE-targeted antioxidant proteins could be essential in cancer progression 

and have been linked to constitutive activation of Nrf2, as a result of mutation, referred to 

as the ‘dark side of Nrf2’ (Wang et al., 2008). Wang et al., (2008) made this observation 

due to its presence in cisplatin-, doxorubicin- and etoposide-resistant cancer cells. Thus, 

following transcriptional activation, Nrf2 protects all cells irrespective of their genetic 

makeup (Lau et al., 2008). Furthermore, increased expression of NQO1 is associated 
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with increase in expression of HO-1, GST and other cytoprotective enzymes, hence 

contributing towards enhanced protection in cancer cells, in favour of tumorigenesis and 

to some extent chemoresistance (Nioi and Hayes, 2004). 

 

5.4.2 Lack of NQO1 induction in HepG2 cells by 

phytochemicals 

The lack of NQO1 induction after 20 h exposure to curcumin, caffeic acid and 

sulforaphane was unexpected, since these phytochemicals are known inducers of the 

Keap1/Nrf2 complex, based on their interaction with Keap1 sensors (Dinkova-Kostova 

and Talalay, 1999; Dinkova-Kostova and Talalay, 2008). Nevertheless, compared to rat 

hepatoma cells, NQO1 was poorly induced by sulforaphane in human liver cells (Hanlon 

et al., 2009), and this report could be supported by results obtained in the current study. 

At low cell-seeding density, NQO1 expression was upregulated following treatment with 

quercetin in serum-containing medium (only) in HepG2 cells, using Costar and Falcon 24-

well plates (P<0.05, n = 3); not Sarstedt 24-well plates (Fig 5.12B). These results agree 

with those of a previous study in which, induction of NQO1 expression by increasing 

quercetin concentrations, was observed under similar experimental conditions (Abu Bakar 

et al., 2013). Results obtained here suggest that induction of NQO1 expression may be 

dependent on cell density, upregulation of NQO1 was observed in sparsely cultured (Fig 

5.12B) but not in confluent cells (Figures 5.8).  

This observation was also made during bioactivation of 2,5-bis[1-aziridinyl]-1,4 

benzoquinone (DZQ) in HepG2 cells (Cordoba-Pedregosa et al., 2006). Perhaps, the 

presence of serum, which mimics albumin exposure from interstitial fluid (Smith and 

Staples, 1982) presented ambient culture conditions for optimal metabolic activities by 

HepG2 liver cells. These results confirm the hypothesis that long-term exposure to 

quercetin exhibits cytoprotective effects via upregulating cytoprotective enzymes, NQO1 

in this case. 
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5.4.3  Lack of NQO1 expression in 1.1B4 β-cells 

 The absence of NQO1 basal expression in 1.1B4 human β-cells suggests for the first 

time that, NQO1 is not present in these β-cells. In spite of the controversial role of Nrf2 in 

β-cell function (Pi et al., 2010), lack of antioxidant enzymes such as NQO1 in these cells 

could present increased risk to oxidative damage, as seen previously following treatment 

with tBHP (Section 2.3.3.1). Furthermore, none of the cytoprotective phytochemicals used 

was able to induce upregulation of NQO1 after 20 h exposure. Induction of NQO1 was 

recently reported in rat RINm5F β-cells, against fructose and nitric oxide stress (Yagishita 

et al., 2014) while, elevated NQO1 levels have been reported in human primary 

pancreatic adenocarcinoma cells (Lewis et al., 2005). However in 1.1B4 human β-cells, 

presence of superoxide dismutase, catalase and glutathione peroxidase was reported by 

Vasu et al., (2013) not NQO1. 

Due to challenges associated with reproducibility of Western blot data, a global proteomic 

approach was adapted to assess effect of cytoprotective compounds on cellular 

proteomes, in HepG2 hepatoma cells.  

 

5.4.4 Global proteomic assessment following 

phytochemical treatment in HepG2 cells  

Phosphorylation of proteins forms a key part of post-translational changes that influence 

cellular functions, including cell proliferation, signal transduction and apoptosis (Hunter, 

2000). Following 20 h treatment with quercetin (0.04 mM and 0.33 mM), curcumin (0.07 

mM) and caffeic acid (2.22 mM), cytosolic fractions showed increased and decreased 

expression of phospho-proteins (Fig 5.16). Consequently, complex cytosolic components 

were separated using IMAC and RP-SPE facilitated partial fractionation, an established 

method of proteomic assessment of human samples (Tooth et al., 2012). 

Regarding the samples submitted to the University of Leicester (Fig 5.18), no meaningful 

data had been received at the time of thesis submission. However, observation of 

upregulation or downregulation of some phospho-proteins by phytochemicals could 

suggest that prolonged exposure to these phytochemicals enables their involvement in 
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protein activities in HepG2 cells. It is predicted that some of these bands could 

correspond to kinases or transcription factors involved in phosphorylation, or perhaps, 

stress response. Given more time, corresponding antibodies of the proteins could be 

purchased and investigated further for their expression (using Western blotting) or 

activities (using enzyme activity assays).  

 

5.5  Conclusion 

In spite of its high basal expression in HepG2 cells, NQO1 was upregulated by prolonged 

(20 h) treatment with quercetin. The current study has also highlighted the need for 

optimal culture conditions for investigating the effect of phytochemicals on expression of 

NQO1. However, 1.1B4 cells lacked both basal and inductive expression of NQO1 under 

the experimental conditions used.  
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CHAPTER 6   -  General discussion 

This chapter provides a brief introduction and summary of research findings obtained, 

highlighting the similarities or differences between the two cellular models. A mechanism 

for cytoprotective activities is proposed and key observations are discussed in the context 

of the results obtained, in addition to future studies. 

 

The well-known ‘antioxidant hypothesis’ has caused a rapid surge in antioxidant products 

worldwide, with evidence that increased intake of fruits and vegetables reduces risks of 

diseases such as cancers and cardiovascular diseases (Spencer and Crozier, 2012). This 

hypothesis results from the understanding that reactive free radicals, mainly ROS, play a 

causative role in the pathogenesis of such disease conditions. The imbalance between 

cellular defence and ROS, forms the basis of the oxidative stress theory of disease. In the 

case of T2DM, chronic exposure to high glucose and lipid levels leads to glucolipotoxicity 

(Robertson and Harmon, 2007) while, elevated FFA levels lead to hepatic lipid 

accumulation and ultimately lipoapotosis in NASH, via a mechanism in part dependent on 

oxidative stress (Malhi and Gores, 2008). Thus, the evidence that phytochemicals 

possess antioxidant activities has shifted therapeutic focus to antioxidants of plant origin. 

The present study was intended to evaluate selected phytochemicals - quercetin, 

curcumin, sulforaphane, rosmarinic acid and its principal metabolites - for radical 

scavenging activities against the DPPH
.
 free radical in a non-cellular assay. 

Subsequently, cytoprotective activities of the chosen phytochemicals were evaluated 

against two types of oxidant stressors – tBHP, a well-characterised experimental stressor, 

and sodium palmitate, which represented a more physiologically relevant stressor. Whilst 

effects of the chosen phytochemicals against sodium palmitate are novel findings, no 

further studies were conducted at high glucose exposure since no reproducible glucotoxic 

effect was observed using the various cytotoxicity assays. Cellular experiments were 

conducted with two main aims: (i) to investigate direct cytoprotection against oxidative 

damage and (ii) to investigate indirect cytoprotection elicited by potentially upregulating 

cytoprotective enzymes against subsequent oxidative damage.  
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6.1  Summary of results 

Detailed discussion, in relation to existing literature, can be found in Chapters 2 – 5.  

The present investigations commenced with evaluating reference phytochemicals 

(quercetin, curcumin and sulforaphane), rosmarinic acid and its principal metabolites for 

which there is evidence antioxidant potential. As reported in Chapter 2, radical 

scavenging activities against free radical DPPH
.
 revealed quercetin as comparable to 

rosmarinic acid, caffeic acid and danshensu, while being more potent than curcumin and 

ferulic acid. Sulforaphane and m-coumaric acid were not effective. When evaluated in 

HepG2 hepatoma cells, direct cytoprotection was observed as quercetin > rosmarinic 

acid = caffeic acid > curcumin, in decreasing rank order of cytoprotective potencies 

(elicited against 0.5 mM tBHP). However, curcumin demonstrated the most potent indirect 

cytoprotective activity relative to quercetin > rosmarinic acid = caffeic acid, in decreasing 

rank order. Indirect cytoprotective activity of sulforaphane led to approxiamately 50% 

cytoprotection at 0.07 mM sulforaphane.  

It was rather unexpected that danshensu and ferulic acid did not emulate radical 

scavenging activities (previously observed in non-cellular assay) against tBHP in HepG2 

cells, with rosmarinic acid and caffeic acid being less effective than quercetin. Hence, it 

was proposed that poor lipophilicity profiles of rosmarinic acid and its principal 

metabolites accounted for discrepancy between DPPH-scavenging and direct 

cytoprotective activities. Furthermore, co-treatment of HepG2 cells with quercetin and 

curcumin (used together at EC10 values) produced marked direct cytoprotective activities 

against tBHP, which was not exhibited by each of the phytochemicals (used separately) 

or together in pre-exposure conditions.  

Subsequently, these findings led to assessment of cytoprotective activities of 

phytochemicals in human pancreatic 1.1B4 β-cells; which were found to be  more 

vulnerable to tBHP-induced cytotoxicity than HepG2 cells, due to their low antioxidant 

capacity. However, direct and indirect cytoprotective activities by quercetin, against 0.5 

mM tBHP, were comparable to HepG2 cells, being more potent than curcumin > caffeic 

acid. Both curcumin and caffeic acid exhibited direct cytoprotection against cytotoxicity 
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induced by 0.5 mM and 0.125 mM tBHP but showed indirect cytoprotection against 0.125 

mM tBHP only. However, cytoprotective activities of curcumin and caffeic acid overlapped 

with their cytotoxic activities in 1.1B4 β-cells. Sulforaphane was not protective aginst 0.5 

mM tBHP in 1.1B4 cells. 

 

This study was then extended (Chapter 3) to evaluate the effect of cytoprotective 

compounds (quercetin, curcumin, sulforaphane and caffeic acid) and cytotoxic 

phytochemicals (curcumin and sulforaphane) on viability of HepG2 cells, within the 

context of 20 h pre-exposure conditions. Also, ‘pro-proliferative effects’ of quercetin, 

curcumin and caffeic acid in 1.1B4 cells were investigated using the neutral red assay as 

a measure of cell viability. It emerged that indirect cytoprotective activities in both cell 

types were independent of ‘pro-proliferative effects’. Hence, it was proposed that pre-

exposure experiments enabled phytochemicals to augment expression of cellular 

antioxidant enzymes against subsequent oxidative challenge, rather than by increasing 

cell number. Cytotoxic effects of curcumin and sulforaphane were also recorded after 2 h 

treatment in both cell types, caffeic acid in 1.1B4  cells. Moreover, FACS analysis of cells 

treated with curcumin, sulforaphane and caffeic acid showed cells were  predominantly 

necrotic rather than apoptotic.  

 

 Extensive studies were performed to establish a cellular model of glucolipotoxicity and 

the results were presented in Chapter 4. In spite of several attempts to investigate 

cytotoxic effects of high glucose, using varying conditions such as: glucose 

concentrations, exposure times and media conditions, none of the  cytotoxicity assays 

used - neutral red, MTT and apoptosis assays - were able to establish a reproducible 

method for measuring glucotoxicity in HepG2 hepatoma cells and human pancreatic 

1.1B4 β-cells. However, concentration-dependent toxicity was recorded in both HepG2 

and 1.1B4 β-cells after exposure to sodium palmitate for 5 h and 20 h, using the neutral 

red viability assay, with an estimated mean TC50 value of 0.3 mM after 20 h exposure. 

Furthermore, co-exposure to 1.6 mM sodium palmitate and quercetin led to a 

concentration-dependent protection in HepG2 cells, but not in 1.1B4 β-cells. In the 1.1B4 
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cells, curcumin and caffeic acid were also not effective against sodium palmitate but 

exacerbated lipotoxicity at high concentrations, while causing cytotoxicity in the absence 

of sodium palmitate. Nevertheless, lipotoxicity was not enhanced after co-exposure to 

caffeic acid in HepG2 cells, but was observed after co-exposure with curcumin; both 

phytochemicals lacked diret cytoprotective activities under the experimental conditions 

used. Following pre-treatment with quercetin, curcumin and caffeic acid, cytotoxic effect 

of sodium palmitate was exacerbated, with no evidence of indirect cytoprotection in both 

HepG2 and 1.1B4 β-cells.  

Having presented an overview of the principal research findings, a number of more 

general topics can be discussed.  

 

6.2 Proposed mechanisms of cytoprotection against 

tBHP-induced oxidative damage 

Cytoprotection against tBHP was exhibited in two distinct ways, i.e. different exposure 

conditions, implying that fairly diverse activities may have resulted in direct and indirect 

cytoprotection. Here, in this section, two mechanisms are proposed in this respect. 

 

6.2.1  Direct cytoprotection 

As mentioned in Section 2.4.2, oxidative damage caused by tBHP is mainly through an 

increase in cellular ROS levels, via the Fenton reaction. Therefore, 5 h co-exposure 

experiments facilitated direct interaction between polyphenols (quercetin, curcumin, 

rosmarinic acid and caffeic acid) and cellular ROS. In both HepG2 and 1.1B4 cells, a 

similar order of direct cytoprotective activities was observed. Hence it can be inferred 

that, phytochemicals were not metabolised to inactive or less active compounds, although 

HepG2 cells are of hepatic origin and are therefore well-equipped with drug metabolising 

enzymes (Knasmüller et al., 2004). Therefore, it is proposed that direct cytoprotection 

resulted from radical scavenging of ROS and metal chelation (by catechol and hydroxyl 

groups of each phytochemical), as illustrated in Fig 6.1 with quercetin as an example.  
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Figure 6.1 Proposed mechanism of direct cytoprotection against tBHP-induced oxidative damage in 5 h co-

exposure experiment. This scheme shows quercetin as model polyphenolic compound, exerting metal chelating 

and radical scavenging activities, to prevent cytotoxicity, as reviewed by Vargas and Burd, (2010). 

 

6.2.2  Indirect cytoprotection 

Finally in Chapter 5, the ability of phytochemicals to up-regulate NQO1 was investigated 

in both HepG2 cells and 1.1B4 β-cells. The 1.1B4 cells lacked both basal and inductive 

expression of NQO1. Although basal expression was essentially high in HepG2 cells, 

quercetin upregulated NQO1 expression after 20 h treatment. This could have contributed 

towards indirect cytoprotective activity of quercetin, as illustrated in Fig 6.2.  

 

 

Figure 6.2 Proposed mechanism of indirect cytoprotection against tBHP-induced oxidative damage in 20 h pre-

exposure experiment.  
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These observations were in accordance with the proposal that phytochemicals can 

induce adaptive stress response against oxidative damage potentially by cross tolerance 

(induced by increased tolerance to one form of stress following initial pre-conditioning by 

another form of stress) (Kultz, 2005). 

 

6.2.2.1  Proposed mechanism for induction of NQO1 by 

quercetin 

Pro-oxidant activities, reported after long-term exposure to concentrations above 100 μM 

quercetin (Vargas and Burd, 2010), have been linked to autoxidation or oxidation by 

superoxide anion to quercetin-semiquinone and hydrogen peroxide (MacGregor and 

Jurd, 1978; Metodiewa et al., 1999), due to redox liability of the catechol group (Fig 6.3). 

However, quercetin can be regenerated by radical scavenging activities of GSH to 

produce high levels of GSSG (Metodiewa et al., 1999). Semiquinone and quinone forms 

of the flavonoid lead to upregulation of NQO1, which was responsible for the two-electron 

reduction of semiquinones to quinones (O'Brien, 1991), Fig 6.3. The exact mechanism of 

NQO1 induction remains to be defined, however, it is probably mediated by stress 

signalling, by increased levels of toxic semiquinone and quinone species or ROS. 

Furthermore, quinones are electrophilic species which engage in Michael addition 

reactions with cysteine rich Keap1 sensors, leading to induction of the Nrf2/ARE-

regulated cytoprotective enzymes (Baird and Dinkova-Kostova, 2011). Moreover, it has 

been suggested that increased formation of GSSG, at the expense of cellular GSH levels 

(illustrated in Fig 6.3), is a more favoured factor for upregulation of NQO1 by flavonoids 

(Lee-Hilz et al., 2006). Thus, pre-exposure to pro-oxidant concentrations of quercetin 

could have led to adaptive stress response against tBHP-induced damage. This 

observation is a significant boost to the antioxidant properties of quercetin, as it confirms 

that modulation of the expression of cytoprotective enzymes, by quercetin, produces 

cytoprotection against oxidative stress.  
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Figure 6.3 Oxidation of quercetin by superoxide anion to generate intermediate reactive species. This step-wise 

process could account for induction of NQO1 and then indirect cytoprotective activities. The potential 

regeneration of quercetin by NQO1 could result in continuous resupply of quercetin in situ with simultaneous 

changes of the level of cellular NADH (Metodiewa et al., 1999).  

 

6.3  Importance of cellular access to phytochemicals 

Cellular access to pharmacological agents is vital for the observance of pharmacological 

acitivities. In this project, it is proposed that poor cellular uptake of rosmarinic acid and its 

principal metabolites could be a limiting factor to their cytoprotective activities. Whilst the 

poor lipophilicity profiles of rosmarinic acid and its principal metabolites have been 

discussed in the context of their hepatoprotective activities against tBHP (Chapter 2), 

decreased cytoprotective activity was also observed with caffeic acid in subsequent 

studies (cytoprotection in 1.1B4 β-cells). Thus, poor cellular uptake could have markedly 

limited the pharmacological activities of rosmarinic acid and its principal metabolites, 

which were comparable to quercetin in the DPPH
.
 scavenging assay.  

The importance of cell permeability in drug discovery can be inferred from research 

interest in the development of advanced drug formulations, such as the use of 

nanotechnology and liposomes, to enhance cellular access to drugs (Aggarwal et al., 

2003). Poor lipid solubility of organic acids can hinder their pharmacological activities, as 

can be inferred from rosmarinic acid and its principal metabolites. Moreover, lipophilicity 

profiles of phenolic antioxidants is reported to influence their cytoprotective activities 

(Kaneko et al., 1994). Therefore, the use of such technologies could enhance the 

NAD+

NADH

NQO1

Quercetin Quercetin-o-semiquinone Phenoxyl radical

Quercetin-o-quinone

GSH

GS.

GS.

GSSG

H2O2

NADPH

NADPH Cyt P450 reductase

Keap1/Nrf2/ARE complexUpregulation of NQO1

O.-
2

H2O2

O.-
2

Quercetin-o-semiquinone

NADP+

GS

GSH

H2O2

O.-
2

GR

GR

SOD



 

   224 
 

Chapter 6 

pharmacological benefits of promising phytochemicals such as rosmarinic acid and its 

principal metabolites.  

Additionally, structural modification of rosmarinic acid and its principal metabolites could 

promote their progress in the drug discovery process. Considering that their strong radical 

scavenging activities are mediated by polyhydroxyl groups, the carboxylic acid functional 

group on their chemical structures could be modified to improve their lipophilicity profiles, 

and ultimately cellular uptake. 

As an aside, the high lipid solubility of tBHP (compared to hydrogen peroxide) formed the 

basis for its use as an oxidant stressor in cytoprotection experiments. Thus, tBHP 

generates ROS within the cell, to induce oxidative stress. However, it is not conclusively 

certain if, perhaps, this organic hydroperoxide may be generating ROS outside the cell, 

which then impact on the cell membrane to cause cell damage. If that were the case, then 

cytoprotection experiments were conducted in an aqueous environment so one would 

expect that phytochemicals with DPPH
.
 radical scavenging activity would be equally 

active against tBHP (co-exposure conditions). Thus, rosmarinic acid and its principal 

metabolites could elicit direct cytoprotective activities by averting extracellular ROS-

mediated cell damage. In the same way, quercetin would be expected to act against both 

extracellular and intracellular ROS. Now quercetin was as potent as rosmarinic acid and 

its metabolites, against DPPH
.
 radicals so, if this idea of extracellular ROS generation 

was true, then these organic acids (rosmarinic acid and its principal metabolites) would 

be expected to exhibit similar direct cytoprotective activity as quercetin. But this was not 

the case since quercetin was most potent in co-exposure conditions.  

Furthermore, the presence of serum in culture media (during co-exposure conditions) 

could not have contributed to poor cellular access to the organic acids since quercetin, 

positive control, is known to extensively bind to plasma proteins (Boulton et al., 1998). 

Thus, poor cellular uptake and decreased direct cytoprotective activities of rosmarinic 

acid and its principal metabolites could be largely influenced by their poor lipophilicity 

profiles. 
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6.4 Additive cytotoxic effects of phytochemicals 

and palmitate 

Overall, pre-treatment with selected phytochemicals (quercetin, curcumin and caffeic 

acid) exacerbated palmitate toxicity in both HepG2 cells and 1.1B4 cells, although direct 

cytoprotection was observed after co-exposure of HepG2 cells with quercetin and sodium 

palmitate. This additive cytotoxic effect was particularly exhibited under conditions where 

phytochemicals demonstrated cytotoxicity on their own (this was more pronounced in 20 

h conditions), and suggests that at least two different pathways were triggered to produce 

this additive effect. The exact mechanisms involved are currently not known, however a 

similar effect has been reported with the well-characterised polyphenol resveratrol (Rojas 

et al., 2014). In the absence of additional experimental data, a few reasons are proposed 

for further investigation. 

One possible reason is the compounding effect of increased ROS in the presence of 

elevated cellular palmitate levels. It is reported that quercetin (Bishayee et al., 2013), 

curcumin (Syng-ai et al., 2004) and caffeic acid (Jaganathan, 2012) can induce high ROS 

generation on their own, which can exercebate peroxidation of lipid molecules present 

(including palmitate) and damage other cellular macromolecules. ROS could also 

facilitate ER stress to exercebate lipotoxicity. 

The second reason, partly related to ROS generation by selected phytochemicals, is that 

mitochondrial damage could result from ROS-induced damage to mitochondrial DNA, 

leading to impaired β-oxidation of palmitate, promoting palmitate-induced ER stress as 

well as ceramide formation, and lysosomal damage, leading to additive cytotoxic effects. 

This proposal is supported by the apoptotic effect of curcumin due to altered 

mitochondrial membrane potential and calcium imbalance (Wang et al., 2011). Likewise, 

quercetin altered the expression of pro-apoptotic and anti-apoptotic proteins, causing 

mitochondrial damage and apoptosis (Granado-Serrano et al., 2006). Apoptosis by 

caffeic acid also occurred concomitantly with decreased mitochondrial membrane 

potential and production of high ROS levels (Jaganathan, 2012). 
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In the case of curcumin, lysosomal permeabilization following pre-treatment could have 

compromised structural and functional integrity of cells; curcumin induced release of 

lysosomal protease, Cathespin B, into the cytosol, triggered by high curcumin-mediated 

ROS levels (Chen et al., 2012). A link between lysosomal permeabilization and 

mitochondrial permeabilization has previously been established following the cytosolic 

presence of Cathespin B, leading to activation of caspases (Guicciardi et al., 2004).  

The final explanation is that phytochemicals could have induced ER stress prior to 

treatment with sodium palmitate. Induction of the ER stress-apoptosis pathways by 

quercetin and curcumin (Kim et al., 2015) has recently been reported. Furthermore, 

quercetin potentiated the cytotoxic effect of cisplatin by inducing ER stress (Yang et al., 

2015).  

At this stage, a call for the most likely explanation to the additive effect observed is a 

difficult one, since further studies are clearly required to arrive at a potential mechanism. 

However, the most predominant reason could be that high ROS levels by selected 

phytochemicals accentuated ER stress, induced by sodium palmitate. Nevertheless, 

induction of ER stress could also be mediated by increased ROS levels, in pre-exposure 

conditions, and may well be the key trigger for additive effect observed.  

 

6.5 Mis-match between tBHP and palmitate as 

cellular stressors in cytoprotection experiments 

Having shown that quercetin, curcumin and caffeic acid exhibited indirect cytoprotection 

against tBHP, it was presumed that phytochemicals would demonstrate a similar 

response against sodium palmitate, due to the proposed causative role of oxidative stress 

in lipotoxicity. Therefore, the contrasting results obtained, i.e., additive cytotoxicity 

following treatment with selected phytochemicals and sodium palmitate was surprising 

and requires further studies on the mechanisms involved. Perhaps, these results highlight 

the differences in mechanisms of cytotoxicity elicited by tBHP and sodium palmitate.  
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It is proposed that the mitochondria is the target organelle for mediating tBHP-induced 

oxidative stress, leading to apoptotic cell death (Haidara et al., 2002; Prasad et al., 2007). 

tBHP-induced cytotoxicity could result from GSH depletion, and ROS-mediated damage 

to macromolecules and lipid peroxidation (Alia et al., 2005). Change in mitochondrial 

membrane potential and subsequent activation of pro-apoptotic proteins Bax and Bad, 

and caspases have also resulted from tBHP exposure (Haidara et al., 2002; Piret et al., 

2004; Haidara et al., 2008). 

The mechanism for palmitate metabolism, however, suggests a challenge in the use of 

antioxidants as cytoprotective compounds against lipotoxicity. Lipotoxicity can be 

mediated via damage to lysosomes, mitochondria and endoplasmic reticulum, as well as 

the formation of ceramides, leading to lipoapoptosis as reviewed by Malhi and Gores, 

(2008). Also, treatment with palmitate led to activation of pro-apoptotic protein Bax and 

lysosomal permeabilization, which occurred concomitantly with decreased expression of 

anti-apoptotic protein Bcl-XL (Feldstein et al., 2003).  

In view of these differences in mechanisms, one could ask – is tBHP a reputable 

experimental stressor for screening of cytoprotective compounds? In essence, the 

answer is – yes, because cytoprotective response by selected phytochemicals, in co-

exposure conditions were generally reflective of their intrinsic antioxidant properties. 

Thus, preliminary screening of phytochemicals presents a major step in the drug 

discovery process, for characterisation of the pharmacological properties of such 

promising phytochemicals. On other hand, tBHP may not represent a good model for 

investigating the “oxidative stress theory of diseases” due to the complex interplay of 

pathways that may be involved in such diseases, as reported with palmitate-toxicity. 

Furthermore, there is also the likelihood that oxidative stress may result from  underlying 

pathologies of chronic diseases. This could also highlight the challenges associated with 

targeting high lipid exposure for therapeutic purposes. Thus, the antioxidant theory for 

prevention and treatment of diseases may have, rather, been over-simplified. 
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6.6  Dietary phytochemicals, and in vivo situation 

The high intake of fruits and vegetables as a major part of human diet can be credited to 

recent public health programs such as the “five a day program” which have achieved 

success in changing dietary habits in humans. This public health advice has been based 

on the proposal that antioxidants confer benefits in disease prevention and treatment. 

However, a systematic review by Bjelakovic et al., (2012) queries the basis for antioxidant 

supplements, due to findings from seventy eight trials reporting increased mortality in 

humans who recieved beta-carotene, vitamins A and E singularly or in combination with 

other antioxidant supplements. There was also no benefits on longetivity, following 

supplementation with vitamin C as well as lack of primary or secondary preventative 

effects against chronic diseases (Bjelakovic et al., 2012).  

While the antioxidant benefits of dietary phytochemicals is widely promoted, it is important 

to note that phytochemicals exhibit other pharmacological activities such as anti-

proliferative and apoptotic effects, boost insulin signalling and cell survival. Therefore, 

controversies on their antioxidant benefits should not negate potential health benefits of 

dietary phytochemicals.  

It is also reported that phytochemicals can accumulate in mammalian tissues following 

continuous intake (Bieger et al., 2008). Although low plasma and tissue levels have been 

reported (Section 1.5), one can envisage that with continuous oral intake of fruits and 

vegetables, levels of dietary phytochemicals in tissues of the gut and liver could be 

relatively higher because of dilution in total blood volume blood. Thus, levels from 

ingestion of a plant extract could well be much higher than from ingestion of a meal 

containing the herbs; repeat dosing of extract or from meals could also increase 

‘physiological’ levels.  

This study recorded cytoprotective activities, of selected phytochemicals, in the high 

micromolar range compared to nanomolar levels reported in plasma and mamalian 

tissues levels after oral intake (reviewed in Section 1.5). However, our findings present an 

in vitro scenario on the effects of accummulated levels of dietary phytochemicals in 
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tissues, following prolonged exposure. Also, this study was intended to provide a rapid 

assessment of cytoprotective activities by selected phytochemicals within 48 h of 

exposure; hence, the use of high concentrations. Although, the levels of selected 

phytochemicals used in 1.1B4 cells may not be reminiscent of tissue distribution in vivo, 

the potential benefits of dietary phytochemicals in pancreatic tissues could be enhanced 

by the use of liposomes. 

 

6.7  Data variability 

Data variability observed in the current study could have been resulted from experimental 

conditions, such as culture media or FBS used. However, components of culture media 

used were maintained throughout the current study. Although FBS, which is mostly 

obtained from the beef industry, contains factors required for cell proliferation and 

attachment, it may include proteins and metabolites (Gstraunthaler et al., 2013). Also, 

variations between different batches of serum from different geographical source (mainly 

Brazil, Argentina, South Africa, Australia and Central America) could cause adulteration 

(Fujimoto, 2002; Jochems et al., 2002). The presence of endogenous antioxidants, 

(influenced by the diet of the mother cow) or albumin, which is also reported to exhibit 

radical scavenging activities, could also affect cell culture systems (Roche et al., 2008). 

The use of different cell passages could also contribute to data variability. However, this 

was controlled by using cells within an acceptable range of passage numbers (based on 

our laboratory protocol). The type of plastic material of cell culture flasks and plates, as 

well as treatments by respective companies to induce the charge required for cell 

adhesion, could also contribute to data variability, although to a very minimal extent. 

 

6.8  Proposals for future studies 

An assessment of cellular uptake of rosmarinic acid and its principal metabolites 

(using HPLC) may confirm the effect of poor lipophilicity profiles on their cytoprotective 

activities.  
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With recent advances in drug delivery formulations, the role of apoptosis in 

mediating cytotoxicity by caffeic acid, curcumin and sulforaphane requires further 

evaluation. Furthermore, cytotoxic effects of these phytochemicals in proliferating versus 

non-proliferating cells could be evaluated, in order to define their anticancer potentials.  

Cytoprotection studies in this study could be repeated in primary tissues, to 

determine cytoprotective activities of selected phytochemicals in non-proliferating cells. 

The effects of glucotoxicity on insulin secretion and glucose metabolism in 

HepG2 and 1.1B4 cells need to be investigated. Additionally, effects of high glucose 

exposure on β-cell dysfunction requires further evaluation in other β-cell and hepatic cell 

models as well, to ascertain results obtained in this study.  

In addition to palmitic acid, increase in saturated free fatty acids such as oleic 

acid have also been reported in NASH patients. Therefore, the cytotoxic effect of an oleic 

acid and palmitic acid cocktail in HepG2 cells could better mimic NASH in an in vitro 

model. 

Further studies involving the effects of sodium palmitate and selected 

phytochemicals on expression of molecular markers (protein targets) of mitochondrial 

damage and ER stress could be done using Western blotting. The increase or decrease 

in activities of enzymes involved in lipid metabolism could also be evaluated using 

enzyme activity assays.  

Effects of high glucose and high lipid exposure (together - glucolipotoxicity) on β-

cell viability and function needs to be investigated in 1.1B4 β-cells. 

Proteomic assessment on the effects of palmitate and tBHP in HepG2- and 1.1B4 

β-cells could enable identification of biomarkers that mediate cytotoxic effects of both pro-

oxidants. This could enhance our understanding of the contrasting results obtained. 

In accordance with the apparent upregulation of NQO1 by quercetin, there is the 

need to investigate activation of other cytoprotective enzymes, such as HO- 1, in terms of 

protein expression (using Western blotting) and protein function (enzyme activity studies).  
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6.9  Conclusion 

In conclusion, selected polyphenols - quercetin, rosmarinic acid, caffeic acid, danshensu, 

curcumin and ferulic acid possess good intrinsic antioxidant properties. However, direct 

and indirect cytoprotective activities against tBHP-induced oxidative damage were 

exhibited by quercetin, curcumin, rosmarinic acid and caffeic acid in human hepatoma 

HepG2 cells and human pancreatic 1.1B4 β-cells (rosmarinic acid not tested in 1.1B4 β-

cells), sulforaphane showing indirect cytoprotection in HepG2 cells only. However, the 

lack of cytoprotection by danshensu and ferulic acid highlights the limitation posed by 

poor lipophilicity profiles of organic acids. Moreover caffeic acid, curcumin and 

sulforaphane were found to be necrotic in 1.1B4 β-cells and HepG2 cells (caffeic acid not 

tested in HepG2 cells). 

In spite of their cytoprotective activities against tBHP (in 1.1B4 β-cells), quercetin, 

curcumin and caffeic acid amplified cytotoxicity by sodium palmitate in pre-treatment and 

co-treatment conditions. Although quercetin showed direct cytoprotection against sodium 

palmitate in HepG2 cells, curcumin and caffeic acid exacerbated cytotoxic effect of 

sodium palmitate in both exposure conditions; quercetin causing additive toxicity in pre-

exposure conditions. Thus, the hypothesis that antioxidant compounds can protect 

against oxidative stress-mediated diseases such as NASH and T2DM is rather over-

simplified, requiring further investigations. 
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Appendix   I 

List of chemicals and their suppliers 

The following chemicals were purchased from Sigma, Dorset, UK: 2,2-Diphenyl-1-

picrylhydrazyl radical (DPPH
.
), MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide], amphotericin B (250 µg/ml), Dulbecco’s phosphate buffered saline (PBS), 

Minimum essential medium Eagle with Earle’s salts (MEM), foetal bovine serum (FBS), 

Non-essential  amino acid, neutral red dye, dimethylsulfoxide (DMSO), ethanol and sterile 

water. Trypsin-EDTA (1X), Hank’s Balanced Salts Solution (HBSS), L-glutamine, RPMI-

1640 medium, Trypsin-EDTA (10X), Penicillin (100 IU/ml) and Streptomycin (0.1 mg/l), 

benzonase, protease inhibitor cocktail, D-glucose, mannitol, bovine serum albumin (BSA 

<0.005% free fatty acids) and sodium palmitate were also purchased from Sigma, Dorset, 

UK. 

Plant derived-chemicals used in the current study, and their suppliers are listed in the 

table below. 

Phytochemicals Suppliers Purity 

Quercetin dihydrate Sigma, Dorset, UK 98% 

Curcumin Cayman chemicals, UK ≥96% 

L-Sulforaphane Cayman chemicals, UK ≥98% 

Rosmarinic acid Sigma, Dorset, UK ≥95% 

Caffeic acid Sigma, Dorset, UK 99% 

Danshensu Stratech, UK ≥98% 

Ferulic acid Sigma, Dorset, UK  99% 

m-Coumaric acid Sigma, Dorset, UK 99% 

 

Table 1.1 Sources and purity of phytochemicals used in this study 

 

Also, methanol was obtained from Fluka Chemicals, UK, while gentamicin sulfate (50 

mg/ml) and No glucose RPMI-1640 medium were purchased from Lonza. The Expedeon 

pIMAGO-Biotin HRP Western kit was purchased from, Fisher Scientific, UK. 

 

Instrumentation: Olympus Ck2 microscope (Japan), CMEX-18PRO camera, Nuaire 

class II cell culture cabinet, Mistral 2000 centrifuge and Bio-Rad TC10 automated cell 
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counter were used. Also, T175 cm
2
 flasks (Greiner Bio-One Limited, UK), tissue-culture 

Costar
®
 24-well plates (Corning Incorporated New York, USA), Nunc 96-well plates 

(ThermoFisher Scientific UK), Multiskan Accent spectrophotometer (Thermo Electron 

Corporation, Basingstoke, UK), SANYO CO2 incubator and Bio-Rad dual chambered cell 

counting slides were employed in this study.  
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APPENDIX II 

FACS output 
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Figure 2 Flow cytometry analysis of early and late apoptosis in 1.1B4 β-cells after exposure to high glucose 

concentrations. Scans are representative of one experiment. Cultured cells were treated with (A) 10%(
v
/v) RPMI-

1640 complete medium (containing 11 mM glucose), (B) 10%(
v
/v) RPMI-1640 complete medium (containing 5 

mM glucose), (C) 14 mM mannitol (in 11 mM glucose containing medium), (D) 25 mM glucose, (E) 29 mM 

mannitol (in 11 mM glucose containing medium) (F) 40 mM glucose for 24 h (i), 48 h (ii) and 72 h (iii) prior to 

apoptosis assay. Scans show forward scatter (annexin V) and side scatter (propidium iodide) of gated cells 

categorised as annexin/PI negative (LL: lower left quadrant), annexin positive (early apoptotic, LR: lower right 

quadrant), annexin/PI positive (late apoptotic, UR: upper right quadrant) or PI positive (necrotic, UL: upper left 

quadrant).  

 

 

F (iii)F (ii)F (i)

E (i) E (iii)E (ii)
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SDS-PAGE and Western blotting solutions 

Lowry A solution: 500 ml solution contained 2 g of NaOH, 1 g sodium dodecyl sulphate 

(SDS) and 10 g  Na2CO3 made up to volume with distilled water. Final solution was stored 

at room temperature. 

Lysis buffer: was made up of 20 mM Tris (12.1 g), 1 mM EGTA (1.9 g), 320 mM sucrose 

(51.7 g), 0.1% triton X100 (500 ul), 1 mM sodium fluoride (0.021 g) and 10 mM beta 

glycerophosphate (1.08 g) in distilled water. Final solution was buffered at pH 7.6 with 1.5 

M HCl and made up to 500 ml with distilled water. This was stored at 4ᵒC. 

10X electrophoresis buffer: 30.3 g Tris, 144 g glycine and 10 g sodium dodecyl 

sulphate (SDS) were made up to 1 litre with distilled water. Final solution was stored at 

room temperature. 

Transfer buffer: was made up of 30.3 g Tris and 144 g glycine dissolved in 8 litres of 

distilled water. In addition, 2 litres of methanol was added and final solution was kept at 

4ᵒC.  

Tris Buffered Saline Tween 20 (TBST): comprised of 25 mM Tris (30.3 g) and 125 mM 

sodium chloride (73.12 g) dissolved in 1 litre distilled water. Solution was adjusted to pH 

7.6 and made up to 10 litres with distilled water. To the final solution, 10 ml Tween 20 

was added to achieve final concentration of 0.1%. The final solution was stored at room 

temperature. 

Solubilisation buffer: For 6X buffer, 2.4 g sodium dodecyl sulphate (final 4%),  3 ml of 

30% glycerol (final 5%), 3 ml beta mercaptoethanol (final 5%), 240 µl bromophenol blue 

(final 0.01%) and 2.50 µl of 1.5 M Tris HCl (final 0.0625 M) in a 50 ml tube was made up 

to 10 ml with distilled water. Dissolution of SDS was facilitated by warming at 37ᵒC for 

approximately 5 min. Final solution was stored at -20ᵒC. 
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Appendix IV  
 

1. Solutions for proteomics 

Subcellular fractionation 

HEPES buffer (50 mM HEPES, 150 mM NaCl at pH 7.4): in 0.9 litres of distilled water, 

11.9 g HEPES and 7.5 g NaCl were dissolved and pH adjusted using NaOH(aq). The final 

solution was made up to 1 litre and stored at 4ᵒC. 

Cytosolic buffer I: comprised of 0.01% (100 μg/ml) digitonin and 5 mM EDTA. This 

buffer was made by adding 10 mg digitonin and 0.186 g EDTA (disodium, dihydrate) to 

100 ml ‘HEPES buffer’. Also, 10μl protease-inhibitor-cocktail, 1µl benzonase (1 U/µl 

1:250 in 50% glycerol TBS, 0.5mg/ml MgCl2) and 1µl (5mg/ml MG132 in DMSO) 

proteasome-inhibitor were added to each ml of buffer. Cytosolic buffer was freshly 

prepared and kept on ice prior to use. 

Membrane/Organelle buffer II: was made up of 1% NP40 (prepared by dissolving 1.0 g 

NP-40 in 100 ml HEPES buffer). Also 10 µl protease-inhibitor-cocktail, 1μl benzonase 

(1U/µ 1:250 in 50% glycerol TBS, 0.5 mg/ml MgCl2) and 1 µl (5 mg/ml MG132 in DMSO) 

Proteasome-inhibitor were added to each mL of buffer. This buffer was freshly prepared 

and kept on ice prior to use. 

Nuclear buffer III: comprised of 0.5% deoxycholate and 0.1% SDS (made by dissolving 

0.25 g sodium deoxycholate and 0.10 g SDS in 100 ml HEPES buffer). Also, 10 µl 

protease-inhibitor-cocktail, 1 µl benzonase (1 U/µl 1:250 in 50% glycerol TBS, 0.5 mg/ml 

MgCl2) and 1 µl (5 mg/ml MG132 in DMSO) proteasome-inhibitor were added to each ml 

of buffer. The nuclear Buffer was freshly prepared and kept on ice prior to use. 

Cytoskeletal buffer IV: prepared from 0.5% deoxycholate and 1.0% SDS, by dissolving 

0.25 g sodium deoxycholate and 1.0 g SDS in 100 ml HEPES buffer. To each ml of 

buffer, 10 µl protease-inhibitor-cocktail, 1 µl benzonase (1 U/µl 1:250 in 50% glycerol 

TBS, 0.5 mg/ml MgCl2) and 1 µl (5 mg/ml MG132 in DMSO) proteasome-inhibitor were 

added to make the final solution. Buffer was freshly prepared and kept on ice prior to use. 

BCA Reagent: 20 µl of ‘Solution B’ (CuSO4 solution) was added to each ml of ‘Solution A’ 

and gently mix. This was prepared freshly prior to use. 

 

SDS-PAGE analysis 

X1-Sample buffer: 0.010 g/ml dithiothreitol (DTT) was initailly dissolved in 750 µl distilled 

water then, 250 µl NuPAGE (X4) was added to the solution, which was carefully mixed, to 

make final the solution. 
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Gel running buffer:, 50 ml Invitrogen (X20) MES running buffer was added to 950 ml 

distilled water to make 1 litre (required for 2 gels). 

Colloidal G-250’: ‘G-250 diluent’ was made by adding 118 ml (85%) phosphoric acid to 

500 ml distilled water, then 100 g ammonium sulphate was added. When dissolved, 

solution was made up to 800 ml with distilled water and labelled. For Coomassie Blue G-

250 stock, 1.2 g was dissolved in 200 ml methanol and label as ‘X5 G-250’. Immediately 

before use, four volumes of G-250 diluent as added to one volume of X5 G-250 stain.  

 

Gel-permeation chromatography 

Anion-exchange Load and Wash buffer ‘AE-LW’: composed of 8 M Urea, 20 mM Tris 

(pH 10). 240 g Urea and 1.21 g TrisS-base were dissolved in 0.4 litre distilled water, and 

pH adjusted to 10.0 with HCl. Final volume was adjusted to 0.5l with distilled water. 

Immobilised metal ion affinity chromatography (IMAC)  

IMAC Load and Wash buffer ‘IMAC-LW’ (200mL) comprised of 4 M Urea, 0.5 M NaCl, 

1 mM Na vanadate, 10 mM Na fluoride, 50 mM MES at pH 5.3. In addition, 60 g Urea, 

2.44 g MES (not Na salt), 7.25 g NaCl, 2.5 ml (100 mM activated, I1310) sodium 

orthovanadate and 105 mg sodium fluoride were dissolved in 200 ml water. Using HCl, 

pH was adjusted to 5.3+ 0.1 (0.5 ml, 0.5 M) and final volume to 250 ml with distilled 

water. 

IMAC Eluent ‘IMAC-EL’: was prepared using 4 M Urea, 200 mM phosphate at pH 8.3, 

0.1 M EDTA, 1 mM sodium vanadate, 10 mM Na fluoride. Allowing 6 ml/1 ml loaded 

sample volume, the following solutions were prepared 

a) X2 stock of 0.2 M EDTA and 0.4 M phosphate was prepared by adding 2.76 g 

NaH2PO4.H2O, 3.72 g EDTA.2Na.2H2O, 0.5 ml (100 mM activated) sodium 

orthovanadate, 42 mg sodium fluoride and 1.2 g sodium hydroxide to 40 ml 

water. Once dissolved pH was 7.7+ 0.1 and final volume made up with distilled 

water to 50 ml. 

b) In 38 ml of X2 stock (1), 18 g Urea was dissolved to achieve final volume of 68 

ml. This was adjusted to 75 ml with distilled water. Final pH was 8.0 

Chelating buffer (50mM Na acetate and 0.3M NaCl at pH 4.0): 0.34 g sodium acetate 

trihydrate and 0.87 g NaCl were dissolved in 40 ml distilled water. pH was adjusted to 4.0 

with acetic acid and final volume to 50 ml. This allowed 15 ml/ml IMAC resin. 
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2. Solutions for proteolysis in polyacrylamide gels pieces 

Digestion buffer comprised of 0.2 M ammonium bicarbonate buffered at pH 8 and stored 

at room temperature for up to 1 week.  
 

Wash buffer: was made of 0.1 M ammonium bicarbonate buffered at pH 8, 50% 

acetonitrile, 10 ml 0.2 M AmBic and 10 ml acetonitrile. Buffer was stored at room 

temperature for up to 1 week.  
 

10 mM dithiothreitol (DTT): was freshly prepared prior to use by dissolving 7.7 mg DTT 

in 5 ml wash buffer   
 

20 mM iodoacetamide: was also freshly made prior to use by dissolving 18.5mg  

iodoacetamide in 5 ml wash buffer 
 

Resuspension buffer: 3 µl acetic acid added to 1 ml distilled water to make 50 mM 

acetic acid. 
 

0.1 mg/ml Protease (Trypsin) one vial of use TPCK-treated Trypsin (e.g. Sigma TPCK-

Bovine sequencing grade trypsin) was reconstituted in resuspension buffer prior to use. 

Stock was diluted in digestion buffer immediately before use to obtain 100ng trypsin to 10 

µl gel piece (containing 1µg of protein). 
 

Extraction Buffer: 0.1% formic acid in 70% acetonitrile was made up in distilled water. 
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