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Abstract 

Many chronic diseases are associated with the activation of inflammatory mediators. This can 

lead to excessive release of pro-inflammatory cytokines and the generation of reactive oxygen 

species (ROS). Some nutraceuticals are rich in polyphenols providing strong antioxidant 

attributes which have been reported to counteract some of the deleterious effects of ROS. 

However, cellular mechanisms underlying nutraceutical therapeutic properties are often not 

well elucidated. In this thesis, the anti-inflammatory properties of the nutraceutical, whole 

dried sugarcane (WDS), was investigated using proteomic techniques. Chemical assays of 

WDS ethanol extracts (WDS EE) showed the presence of polyphenols and flavonoids 

conferring potent antioxidant activity. In lipopolysaccharide (LPS)-stimulated SW480 colon 

cancer cells, WDS EE reversed the phosphorylation of NFκB and inhibited the secretion of 

IL-8 in a mechanism shown to be dependent of C-Raf and AKT phosphorylation. Mass 

spectrometry (MS)-based proteomics using label-free SWATH-MS demonstrated WDS EE 

to alter the expression of oxidative stress mediators FOXRED1 and the selenoprotein SELH, 

amongst others. Based on protein expression, prediction analysis proposed the down-

regulation of NFκB pathway members TLR2, TLR4, NIK and IκB. In the same model, 

phosphoproteomics studies indicated that WDS EE interferes in the phosphorylation of cell 

stress regulator proteins c-Jun, EGFR, PKA, PKCβ and SIRT1, interpreted as regulating anti-

inflammatory related signalling mechanisms.  

As a feed supplement to mice on high-fat diet (HFD), WDS was shown to reduce the plasma 

concentration of the circulating markers of inflammation IL-1β and GM-CSF. The proteomic 

analysis of liver tissue from WDS-feed, HFD mice showed changes to STAT3 and the 

selenium associated proteins SEP15 and SecS. Prediction analysis based on protein 

expression indicated the down-regulation of inflammatory-related hepatic functions. Taken 



xvi 

together, this thesis has revealed some of the mechanisms associated with the anti-

inflammatory properties of WDS extracts in in vitro and in vivo models. 
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1.1 Nutraceuticals 

Nutraceuticals can be defined as a food, or part of a food, that provides health benefits for 

disease treatment and/or prevention. This classification is relevant to isolated nutrients, 

dietary supplements and herbal products, among others [1]. Plant nutraceuticals take the form 

of phytochemicals such as terpenoids, polyphenols and alkaloids and other nitrogen 

containing constituents [2]. 

1.1.1 Polyphenols 

Compelling evidence widely recognises polyphenols for their therapeutic utility. More than 

8,000 polyphenols have been described and are characterised by an aromatic ring with one or 

more hydroxyl groups. The Phenol-Explorer database has catalogued 501 polyphenols from 

over 400 food sources [3]. Major subgroups of polyphenols consist of phenolic acids (C6-C1 

or C6-C3), flavonoids (C6- C3-C6), stilbenes (C6- C2-C6) tannins and lignans. Examples of each 

family are gallic acid, quercetin, resveratrol, tannic acid and secoisolariciresinol, respectively. 

Flavonoids are the most complex group compromising two-thirds of the polyphenol families 

and can be further classified as flavonols, flavones, isoflavones, flavanones, flavan-3-ols and 

anthocyanins. (Figure 1.1). These phytochemicals are highly distributed in fruits, vegetables 

and grains. For instance, gallic acid is reported to be present in bananas and avocados [4]. 

Rice cultivars are rich sources of the phenolics ferulic acid and p-coumaric acid [5]. Quercetin 

can be detected in pomegranate among other fruits [6], luteolin can be present in broccoli and 

chillies [7]. Resveratrol (RSV) is an important constituent of grape skin and wine [8]. Despite 

the diversity of these phytochemicals, some polyphenols exhibit antioxidant attributes that 

confer protective functions against invading pathogens and other external challenges. Some 

of these mechanisms include the ability of polyphenols to chelate metal ions such as Fe and 
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Cu impeding the generation of reactive oxygen species (ROS). Polyphenols are also effective 

in neutralising and quenching and have been reported as excellent free-radical scavengers [9].  

 

There is overarching evidence that implicates polyphenols either in its pure form or derived 

from soluble food extracts in regulating anti-inflammatory mechanisms in several diseases. 

For instance, polyphenol extracts from various plant and food sources are reported to regulate 

several intracellular inflammatory mediators in in vitro and in vivo biological models of 

inflammatory bowel disease (IBD) [10]. Plant food polyphenols are also identified to yield 

improvement in glucose homeostasis, attenuation of oxidative stress, and inhibition of pro-

inflammatory agents in cellular and animal models of type 2 diabetes [11]. Cardiovascular 

protective effects of polyphenols include the reduced digestion and absorption of dietary 

lipids, free radical scavenging activity, and improvement of endothelial function among 

others [12].  

Multiple studies have assessed polyphenol interventions in human studies. Clinical trials 

show that food products rich in polyphenols such as cranberry juice reduced the levels of 

Figure 1.1 Chemical characterisation of the polyphenol family 

 

Figure 1.2 NFκB activation pathwayFigure 1.3 Chemical characterisation of the 

polyphenol family 

 

Figure 1.2 NFκB activation pathway 

 

Figure 1.4 AP-1 activation pathwayFigure 1.5 NFκB activation pathwayFigure 1.6 

Chemical characterisation of the polyphenol family 

 

Figure 1.7 NFκB activation pathwayFigure 1.8 Chemical characterisation of the 

polyphenol family 
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fasting blood glucose and the cardiovascular risk marker apolipoprotein B in type 2 diabetes 

patients [13]. Consistently, consumption of red wine is shown to decrease plasma insulin and 

apolipoprotein A concentrations as well as insulin resistance in high cardiovascular risk 

patients [14]. Additional studies present evidence of the health benefit effects of dark 

chocolate and cocoa in the management of diabetes, intestinal inflammation and 

cardiovascular disease [15][16]. 

1.1.2 Dietary fibre 

Dietary fibres are defined as non-digestible carbohydrates and lignins that are resistant to 

digestion in the upper gut. Recent definitions also comprehend oligosaccharides such as inulin 

and resistant starches [17]. Dietary fibre can be classified according to its solubility. The 

viscous or colon fermentable type is known as soluble fibre (i.e. pectin, inulin and β-glucans) 

whereas the partially fermented type is defined as insoluble fibre (i.e. starch and 

oligosaccharides). Although most of the natural food products contain both soluble and 

insoluble dietary fibre, soluble fibre is mainly found in fruits and vegetables whilst insoluble 

fibre can be found in whole grain and bran products [18]. 

Some of the beneficial effects attributed to soluble dietary fibre include reduction in 

postprandial glucose response and total and low-density lipoprotein (LDL) cholesterol and 

increase of colonic fermentation associated with short-chain fatty acids. In the case of 

insoluble fibre the benefits include reduced risk of type 2 diabetes and increased insulin 

sensitivity [19]. 

1.2 Oxidative stress, immune response and inflammation 

Inflammation is a complex and essential process that regulates the immune response against 

stimuli including external substances or invading pathogens. In this regard, initiation of the 

immune response can be modulated by the pattern recognition receptors such as the toll-like 
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receptors (TLRs). These are crucial in coupling with specific bacterial products to release the 

inflammatory mechanisms [20]. The inflammatory mechanisms are characterised by the 

interconnection of inflammatory signalling pathways, and the expression of pro-

inflammatory cytokine and chemokines consisting of interleukins (ILs), tumour necrosis 

alpha (TNFα), interferon gamma (IFNγ), monocyte chemotactic protein-1 (MCP-1), and 

transforming growth factor-β (TGF-β), among others. Cytokines and chemokines act by 

recruiting inflammatory cells leading to the activation of the immune response mediated by 

TLRs. Expression of pro-inflammatory genes and related signalling networks are also 

essential in the regulation of other functions such as the integrity of the intestinal epithelium 

and sustaining mucosal homeostasis [21]. In normal conditions, acute inflammation serves in 

removing the foreign agent, promoting repair and re-establishing original tissue functions 

[22].  

Dysregulation of these mechanisms can result in a chronic inflammatory state characteristic 

of diseases such as IBD, arthritis, asthma, diabetes, obesity, and cancer. Intestinal 

inflammation observed in Crohn’s disease (CD) and ulcerative colitis (UC) are two forms of 

IBD. In these conditions, unregulated response of the immune system to resident enteric 

microflora leads to chronic gut inflammation [23]. For example, CD and UC are characterised 

by aberrant activation of the mucosal lymphocytes T-helper (Th) 1 and 2. In this mechanism, 

inflammatory stimulation of Th1 promotes secretion of IL-2 and IFNγ that induces 

macrophage activation. This event further produces cytokines such as IL-1, IL-6, IL-12, IL-

18, TNFα, and IFNγ leading to the amplification of inflammatory signals and thus prolonged 

activity of Th1 and related cells [22]. The interplay among the distinct signals is causative in 

the perpetuation of the inflammatory response. 

Another fundamental component of chronic inflammation is the excessive release of ROS. 

ROS are free radicals that include hydroxyl, superoxide, and peroxyl groups among others, 
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each with varied levels of reactivity [24]. ROS, produced under normal cellular metabolic 

reactions, are essential for the migration of immune cells in combating inflammation [23]. 

However, overproduction of free radicals promotes oxidative stress a condition characterised 

by the accumulation of non-enzymatic oxidative damage that threatens normal cell function. 

In conjunction with impaired antioxidant defence, oxidative stress results in damage to 

specific cellular proteins, membrane lipids and nucleic acids. In these conditions, instead of 

the initiation of the wound healing process observed in tissue damage, the immune system 

coordinates a dysregulated fibrosis response associated with persistent injury and altered 

tissue function [25]. Oxidative damage is therefore an imbalance between oxidant and 

antioxidant production that favours a state of chronic inflammation [26]. 

The liver has an important role in the systematic antioxidant defence mechanism. Some of 

the main functions of the liver include the metabolism of drugs, carcinogens, hormones, and 

fatty acids, and it is also where the metabolic processing of phytochemicals and polyphenols 

occur after absorption in the gastrointestinal tract [27]. Xenobiotic processing is mediated by 

a series of enzymatic-driven oxidative and reductive reactions that permit the absorption of 

metabolites and the excretion of toxic compounds [28]. Nonetheless, these oxidative related 

processes lead to generation of free-radicals that can damage the liver [29]. Conversely, 

phytochemical therapies can provide a potential protective mechanism against ROS 

challenge. For example, olive oil rich in polyphenols promoted the expression of the 

antioxidant endogenous system as a potential defence mechanism against fatty liver 

conditions promoted by palm oil [30]. 

1.3 Inflammatory signalling pathways 

1.3.1 Nuclear factor κB (NFκB) 

NFκB is considered as a master regulator of the inflammatory response [31]. Initiation of this 

signalling pathway involves interaction of the TLRs (mainly TLR2 and TLR4) with their 



Chapter 1 

8 

respective ligands. Lipopolysaccharides (LPS), a glycolipid outer membrane component of 

Gram negative bacteria interact with TLR4 [32], whereas peptidoglycans from Gram positive 

bacteria strongly activate TLR2 [33]. In addition, activation can also occur by TNFα 

recognition by its receptors (TNFRs) [34]. 

Inflammatory signal dependent of TLR2 and TLR4 requires the recruitment of myeloid 

differentiation protein (MyD88) and IL-1 receptor associated kinase (IRAK). IRAK is then 

disassociated and phosphorylates tumour necrosis factor receptor-associated factor 6 

(TRAF6), which in association with TGF-β-activated kinase 1 (TAK1) phosphorylates 

NFκB-inducing kinase (NIK) [35]. Activation of NIK leads to the phosphorylation and 

activation of the IκB kinase (IKK) complex that phosphorylates the NFκB inhibitory adaptor, 

IκB, producing proteasomal degradation. Released NFκB (a heterodimer of p50 and p65 

units) is then phosphorylated at serine 536 permitting migration into the nucleus (Figure 1.2) 

[36]. Once nuclear translocated, NFκB activates transcription on genes containing the κB 

binding site in their promoter regions. The majority of these transcription products are 

associated with inflammatory and immune events including cell adhesion molecules, growth 

factors, oxidative stress related enzymes, transcription factors, cytokines and chemokines 

[31]. Some of these include ILs, inducible nitric oxide synthase (iNOS), granulocyte 

macrophage colony stimulating factor (GM-CSF), and intracellular adhesion molecule 1 

(ICAM-1), among others.  

Figure 1.2 NFκB activation pathway 

 

Figure 1.9 AP-1 activation 

pathwayFigure 1.10 NFκB activation 
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Overall, aberrant activation of NFκB is linked to its own constitutive phosphorylation 

operated by IKK activity and IκB degradation. These events are identified as plausible targets 

for the development of anti-inflammatory therapies [23]. 

1.3.2 Activator protein 1 (AP-1) 

AP-1 is a dimeric complex composed of the transcription factors Jun, Fos, Maf and ATF, 

from which c-Jun appears as the most important modulator of AP-1 transcriptional activity 

[37]. Similar to NFκB pathway, activation and DNA binding activity of AP-1 is induced by 

inflammatory challenge produced by LPS [38] or cytokine stimulation [34]. Activation of AP-

1 requires the participation of the MAPK signalling pathways c-Jun N-terminal kinase (JNK), 

extracellular-signal-regulated kinase (ERK1/2) and p38 as observed in intestinal epithelial 

cells [39]. However, JNK-dependent activation of AP-1 appears to have a more important 

role in the context of inflammatory insults. Inflammatory signals either from TNFα or LPS 

stimulation require recruitment of TRAF2 and TRAF6, respectively, leading to the activation 

of apoptosis regulating kinase 1 (ASK1). Activated ASK1 is responsible for the 

phosphorylation of JNK, event necessary for nuclear translocation and subsequent 

phosphorylation-induced activation of c-Jun on residues serine 63 and serine 73, critical 

events that precede AP-1 nuclear activation (Figure 1.3) [40]. Ultimately, nuclear localised 

AP-1 transcribes the expression of pro-inflammatory genes that are central in the immune 

response such as TNFα, and cyclooxygenase 2 (COX-2) [41]. 

  

Figure 1.3 AP-1 activation pathway 

 

Figure 1.15 STAT3 activation 

pathwayFigure 1.16 AP-1 activation 
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1.3.3 Signal transducer and activator of transcription 3 (STAT3) 

STAT3 is another important mediator of inflammatory signalling. Enhanced activity of 

STAT3 is associated with external stimulation with growth factors, bacterial products and 

cytokines. IL-6, a key transcriptional product of NFκB, is characterised as a major effector in 

the STAT3 pathway [42]. Consistent with the role of phosphorylation in the transcriptional 

activity of NFκB and AP-1, phosphorylation of tyrosine 705 by janus kinase 2 (JAK2) 

positively regulates STAT3 activity [43]. Phosphorylation-dependent activation of STAT3 is 

also dependent on the coupling of LPS with TLR4 [44]. Once phosphorylated, STAT3 forms 

a homo dimer complex that facilitates nuclear import which initiates the expression of 

inflammatory, stress response and immune function related genes (Figure 1.4). Some of these 

genes include ICAM-1, COX-2, IL-1β, and IL-6 [45]. STAT3 activity is greatly influenced 

by dietary conditions. For instance, high fat diet (HFD) consumption drives a chronic 

inflammatory effect in the liver that is propagated by the IL-6/STAT3 pathway. Pathologies 

associated with the enhanced activity of this pathway range from non-alcoholic fatty liver 

disease (NAFLD) to non-alcoholic fatty steatohepatitis (NASH), cirrhosis and 

hepatocarcinoma [46]. 

  

Figure 1.4 STAT3 activation pathway 
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1.3.4 Monitoring changes in signalling pathways using ‘omics approaches 

As described in this section, signal transduction pathways present a great level of complexity 

that can be regulated at the protein and phosphoprotein levels. Dysregulated activity of these 

signalling pathways is considered as a hallmark of cancer and inflammatory diseases [47]. 

Cooperative signals is also determinant in the development of the inflammatory response; for 

instance, interaction between NFκB and STAT3 signals is crucial for the expression of key 

cancer promoter genes and malignant progression [48]. 

In order to characterise the inherent intricacy of these signals, sophisticated approaches such 

as the ‘omics techniques are necessary. Transcriptomics studies identify changes in gene 

expression with the use of microarrays and quantitative reverse transcription polymerase 

chain reaction (RT-qPCR) data. However, mRNA expression levels often do not reflect the 

protein expression levels, limiting its application in providing signalling activity information 

[49]. Proteomics on the other hand, is described as a holistic and unbiased approach that 

reflects the activity of the molecular transducers and its associated mechanisms. Thus 

proteomics quantitative strategies are relevant in the assessment of the activity of these 

pathways, for instance by investigating the phosphorylation on a global proteome-wide scale 

or by dissecting the specific phosphorylation events instigated by specific kinases [50]. 

1.4 Antioxidants and inflammation 

Generation of ROS is a key factor in the development of oxidative stress and inflammation 

[51]. It is well established that accumulation of oxidative species lead to oxidative damage 

when the antioxidant defence is unfavourable. Lipid hydro-peroxides derived from 

unsaturated fatty acids and metal ions are important sources of ROS in the diet [52]. 

Deleterious effect of pro-oxidative damage include up-regulation of signalling pathways such 

as NFκB, AP-1 and sterol regulatory element-binding protein and its target genes in liver and 

small intestine [53]. 
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In this regard, the mechanisms associated with antioxidant therapies involve hydrogen 

donation that is shown to have an effect in controlling redox sensitive transcription factors 

and enhancing the antioxidant endogenous system. The mechanisms by which antioxidants 

reduce oxidative damage involve free radical scavenging, metal ion chelation (i.e. Fe2+ and 

Cu2+) and electron transport catalysis [9]. 

Maintenance of the cellular defence against pro-oxidant challenge involves the action of 

antioxidant enzymes such as glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), 

catalase, thioredoxin and coenzyme Q. However, intake of nutrients including vitamins, 

carotenoids, ascorbic acid and polyphenols have a major role [52]. 

Multiple review articles have analysed the literature in regards to polyphenol research in 

inflammation [10], immunity [54], metabolic conditions [16] among others. Some of these 

studies condensed the existing knowledge of polyphenols effect in in vitro and in vivo IBD 

models [55][56]. They classified the studies in accordance to the polyphenol class and food 

tested: anthocyanins (present in grape juice and berries), green tea (EGCG and green tea 

extract), curcumin, cocoa, isoflavones and soy, flavonoids, RSV, purified phenolics etc. In 

some of these studies food extracts were investigated including cranberry, propolis, olive oil, 

apples, pomegranate, citrus, oat bran, and blueberry fibre. Although the dosage greatly 

depends on the study, authors stress the importance of employing relevant quantities that can 

be translatable to human consumption.  

Table 1.1 summarises some of the literature exploring the outcome of polyphenols in the IBD 

context [55]. Many polyphenols are found to modulate the NFκB pathway and induce the 

nuclear factor-erythroid 2-related factor-2 (Nrf2). Other actions include the reduction of 

inflammatory cytokines, inhibition of NO production, inhibition of COX2 activity and 
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improvement gut microbiota. Nevertheless, these effects vary as result of the great diversity 

and complexity of these molecules [55][56]. 

Even though there is great complexity among the polyphenol family, most of the research 

regarding their effect on inflammatory models is concentrated on only a few compounds. In 

vitro studies using the colon cancer cell lines SW480 and HT29 treated with RSV show 

reversal of the inflammatory state induced by LPS. Specifically, RSV reduced the 

phosphorylation of IκB and the expression of TLR4 and iNOS [57]. In another cell culture 

study, luteolin reversed the effect induced by cytokines in the macrophage cell line 

RAW264.7 in terms of the expression of iNOS, IL-1β, IL-6 and TNFα. These events are 

shown to be mediated by STAT3 since luteolin effectively inhibits its phosphorylation [58]. 

Studies on individual isolated compounds have shed light on the mechanistic principles of 

antioxidant therapies [59]. However, it is suggested that the therapeutic benefits relies on the 

combination of different antioxidants rather than the effects of purified molecules. Chemical 

complexity of the components present in fruits, vegetables, beverages and medicinal plants is 

hypothesised to prevent the onset of inflammatory related diseases [26][60]. In this regard, a 

red wine extract rich in polyphenols was shown to ameliorate the expression of inflammatory 

markers IL-8, COX2 and iNOS in cytokine challenged HT29 colon cells [61]. Similarly, in 

vivo supplementation with grapes and wine extracts on a mouse model of IBD was 

demonstrated to mitigate colon inflammation by reduced expression of phosphorylated IκB 

and the secretion of IL-1β, IL-6 and TNFα [62]. In line with the use of natural therapies, a 

polyphenol extract of the plant Salvia miltiorrhizae was proven to interfere in the progression 

of the NFκB pathway by suppressing phosphorylated IKK and enhancing IκB degradation on 

the rat intestinal cell line IEC-18 stimulated with LPS. Transcriptional activity of NFκB 

measured by green fluorescent protein expression in primary cell culture shows further 

evidence of the extract-dependent inhibition of this pathway [63]. Therefore, the employment 
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of therapies rich in phytochemicals might carry extra health benefits compared to single-

molecule interventions due to the additive and synergetic effect [64]. 
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Table 1.1 Polyphenols research in the context of IBD models. Adapted from [55] 

 

 

Polyphenol Model Significant regulation, altered functions Reference 

Apple 

polyphenol 

LPS/IFNγ challenged 

human cells (DLD1, 

T84, MonoMac6, 

Jurkat) 

TNFα ↓, IL-1β ↓, MIG ↓, IP-10 ↓, COX-2 ↓, 

CYP3A4. STAT1 ↓, via NFκB ↓, IP-10 ↓, IL-8 

promoter ↓, STAT1 reporter gene activity. 
[65] 

DSS and oxazolone-

induced mice 
Mortality rate ↓, weight loss via IL-8↓ [66] 

LPS-induced 

Caco2/15 cells 

SOD ↑, glutathione reductase and peroxidase ↑, 

TNFα ↓, IL-1β ↓, ↓ IL-6, ↓ COX-2, ↓ PGE2, ↓ 

NFκB; via ↑ Nrf2 and ↑ PGC-1α activity 
[67] 

DSS induction in 

genetically 

immunodeficient mice 

Weight loss ↓, colonic inflammation ↓, colonic 

shortening ↓, IL-1β ↓, TNF-α ↓, IL-6 ↓, IL-17 ↓, 

IL-22 ↓, IP-10 ↓, I-TAC ↓, MIG ↓, IFN-γ ↓ 
[68] 

TNBS-induced rats 
Colonic damage ↓, COX-2 ↓, TNF-α ↓, calpain ↓, 

recovery of wounded fibroblast tissue ↑, 

transglutaminase ↑ 
[69] 

Bilberry 

anthocyanins 

Cytokine-challenged 

T84 human colon 

cells 

TNF-α ↓, IP-10 ↓, I-TAC ↓, ICAM-1 ↓, GRO-α ↓ [70] 

DSS -induced mice 
Colonic damage ↓, histological scores ↓, disease 

severity ↓, inflammation ↓, TNF- α↓, IFN- γ ↓ 
[71] 

Cytokine-induced HT-

29 cells 

NO ↓, PGE2 ↓, IL-8 ↓, iNOS ↓, COX-2 ↓ at via 

activated STAT1 ↓ accumulated in the cell 

nucleus 
[72] 

Curcumin 

TNBS-induced rats 
Colonic damage ↓, histological scores ↓, MPO ↓, 

TNF-α ↓, colonic levels of nitrites ↓, COX-2↓, 

iNOS expression ↓; via p38-MAPK activation ↓ 
[73] 

IL-10 -/-mice (model 

of chronic colitis) 

Colonic damage ↓, histology injury scores ↓, 

weight-to-length ratios of colon ↓, MPO ↓, IFN-γ 

↓, IL-17 ↓ 
[74] 

TNBS-induced mice 
Colonic damage and histopathology ↓, IL-1β ↓, 

MPO ↓; via NFκB activation ↓ and p38-MAPK 

signalling ↓ 
[75] 

EGCG and 

green tea 

polyphenols 

IEC-6 rat intestinal 

cells 
NFκB ↓ through IKK activation ↓, 

phosphorylation of IκBα-GST ↓ 
[76] 

IL-2 -/-mice 
Colonic damage and histological scores ↓ via 

IFN-γ ↓, TNF-α ↓ 
[77] 

LPS-induced 

peritoneal 

macrophages 

NO production ↓, iNOS gene expression ↓ via 

NFκB ↓ 
[78] 

Naringenin DSS-induced mice 

Colon shortening ↓, colitis severity ↓, histological 

scores ↓, iNOS ↓, ICAM-1 ↓, MCP-1 ↓, COX-2 

↓, TNF-α ↓, IL-6 ↓ in colon mucosa via mucosal 

TLR4 mRNA and protein ↓, phospho-NFκB p65 

↓, phospho-IκBα ↓ 

[79] 

Olive oil 

polyphenols 

H2O2 or xanthine 

oxidase stress in 

Caco-2 cells 

LPO ↓ with MDA ↓ and paracellular inulin 

transport ↓, ROS ↓ 
[80] 

DSS-induced mice 
DAI ↓, histological scores ↓, MCP-1 ↓, TNF-α ↓, 

iNOS ↓, COX-2 ↓ via IκBα ↓, PPARγ ↑, 

phospho-p38 ↓, phospho-JNK-MAPKs ↓ 
[81] 

Pomegranate 

polyphenols 
DSS-induced rats 

Colonic damage ↓, histological scores ↓, 

inflammatory cells infiltration ↓, PGE2 ↓, NO 
[82] 
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and ellagic 

acid 

production ↓, iNOS ↓, PGES ↓, improvement of 

microbiota condition oxidative stress (ROS and 

MDA) in plasma and colon mucosa ↓ 

DSS-induced mice 

Colonic damage ↓, histological scores ↓, DAI ↓, 

MPO ↓, histamine (marker of mast cell 

degranulation) ↓, superoxide anion generation ↓, 

LPO ↓ 

[83] 

TNBS-induced rats 

Colonic damage ↓, histological scores ↓, MPO ↓, 

TNF-α ↓, iNOS ↓, COX-2 ↓ via p38- MAPKs 

phosphorylation ↓, IKBα ↓, nuclear p65 [NFκB] 

activation ↓ 

[84] 

Quercetin and 

glycosides 

TNBS-induced rats 
NOS ↓ and AP ↓ in colonic tissue, MDA ↓, 

electrolyte absorption ↑ 
[85] 

DSS-induced rats 
Colonic damage ↓, DAI ↓, MPO ↓, IL-1β ↓, TNF-

α ↓, iNOS ↓ via NFκB activity ↓ performed by 

quercetrin; quercetin had no preventive action 
[86] 

DSS-induced mice 

Weight loss ↓; colonic shortening ↓, 

histopathological score ↓, IL-1 β ↓, IL-6 ↓, GM-

CSF ↓ and COX-2 mRNA ↓ performed by rutin; 

quercetin had no effect 

[87] 

Acetic acid-induced 

mice 

Colonic damage ↓, histological alterations ↓, 

neutrophil recruitment ↓, edema ↓, via IL-1β ↓ 

and IL-33 ↓ and IL-10 ↑ 
[88] 

Resveratrol 

and 

piceatannol 

LPS-induced Caco-2 

and SW480 cells 

iNOS mRNA and protein expression dose-

dependently ↓, NO production ↓ via TLR4 ↓, 

phosphorylation of IκB ↓ 
[57] 

TNBS-induced rats 

Colonic damage and histological scores ↓, weight 

loss ↓, MPO activity ↓ via ICAM-1 ↓ and 

VCAM-1 ↓ levels in the colon and serum, 

antioxidant function (LPO ↓, GSH ↑) 

[89] 

DSS-induced mice 

Weight loss ↓, diarrhoea and rectal bleeding ↓, 

colonic damage and histological scores ↓ via 

TNF-α ↓, IL-1β ↓, PGES-1 ↓, COX-2 ↓, iNOS ↓, 

and IL-10 ↑; p38-MAPK signalling ↑ 

[90] 

DSS-induced mice 

Colonic damage and histological scores ↓, weight 

loss ↓, colon shortening ↓, amyloid A level in 

serum ↓, TNF-α ↓, IL-6 ↓, IL-1β ↓, percentage of 

CD4+ T cells and macrophages in mesenteric 

lymphnodes ↓; via SIRT1 ↑, IκB expression and 

NFκB activation ↓ 

[91] 

Red wine 

extract 

Cytokine-induced 

HT29 cells 
IL-8 ↓, COX2 ↓, iNOS ↓ [61] 

Grapes and 

wine extract 
DSS-induced mice 

IL-1β ↓, IL-6 ↓, TNFα ↓ via phosphorylated IκB 

↓ 
[62] 

Salvia 

miltiorrhizae 

polyphenol 

extract 

LPS-induced IEC-18 

rat cells 
NFκB pathway ↓ via phosphorylated IKK ↓, IκB 

degradation ↑ 
[63] 

↑ Increase, ↓ Decrease, COX-2: cyclooxygenase-2; DNBS: dinitrobenzene sulphonic acid; DSS: dextran sodium sulfate; EGCG: 

epigallocatechin-3-gallate; ERK: extracellular signal-regulated kinase; GM-CSF: granulocyte macrophage colony-stimulating 

factor; GPO: glutathione peroxidase; GRO-α: growth regulated oncogene-alpha; GSH: glutathione; GST: glutathione S-transferase; 

IBD: inflammatory bowel disease; ICAM-1: intercellular adhesion molecule 1; IκB: inhibitory κB; IKK: IκB kinase; IL: interleukin; 

INF: interferon; iNOS: inducible NO synthase; IP-10:Interferoninducible protein-10; IRF1:INF regular factor 1; I-TAC: Interferon-

inducible T-cell alpha chemoattractant; JNK: c-Jun N-terminal kinase; LDH: lactate dehydrogenase; LPO: lipid peroxidation; LPS: 

lipopolysaccharide; MAPK: mitogen-activated protein kinases; MCP-1: monocyte chemoattractant protein-1; MDA: 

malondialdehyde; MIF: macrophage-migration inhibitory factor; MIG: monokine induced by gamma interferon; MPO: 

myeloperoxidase; NFκB: nuclear factor-κB; NO: nitric oxide; PGC-1α: peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha; PGD2: prostaglandin D2; PGES: prostaglandin E synthase; PPAR: Peroxisome proliferator-activated receptor; 

ROS: reactive oxygen species; sICAM-1: soluble ICAM-1; SOD: superoxide dismutase; SIRT1: silent mating type information 

regulation-1; STAT: signal transducer and activator of transcription; TLR4:Toll-like receptor 4; TNBS: trinitrobenzene sulfonic acid; 

TNF: tumor necrosis factor; VCAM-1: vascular cell adhesion molecule-1.  
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1.4.1Metabolism of phytochemicals 

Based on food consumption studies, it is estimated that the daily human intake of polyphenols 

is around 1 g/day, being cereals and fruits the major food sources of phenolic acids, 

anthocyanins and flavonoids [92]. Bioavailability of polyphenols depends not only on their 

chemical structure but also on  isomerism, polymerisation, solubility, hydrophobicity, and the 

presence of sugars [93][94]. 

Dietary studies evaluating the metabolism of phytochemicals has been tested in a number of 

in vivo models. Comalada et al. presented evidence in which quercetrin, the glycosylated from 

of quercetin exerts an anti-inflammatory effect in terms of NFκB selective inhibition over 

AP-1 signalling in a mouse model of IBD. Conversely, the aglycone quercetin only shows 

efficacy in the inhibition of iNOS and ILs expression when tested in macrophage cells LPS-

stimulated in vitro. The role of glycoside cleavage in the gut was essential for effective 

delivery of quercetin into the colon where the therapeutic function is performed [86]. 

Once absorbed through the gut barrier, polyphenols are conjugated to form O-glucuronides, 

sulphate esters and O-methyl ethers. Physical-chemical properties of polyphenols (i.e. mass, 

charge, hydrophobicity) are known to be altered after conjugation. Changes in these 

properties impact the metabolites excretion via the kidneys or liver. More importantly, these 

modifications reduce the number of free hydroxyl groups impacting the antioxidant properties 

and the ability of polyphenols to interact with enzymes, receptors and transporters [95]. 

Glucuronide metabolites of EGCG present reduced radical scavenging activity compared to 

EGCG measured by 1.1-diphenyl-2-picrylhydryl (DPPH) assay. Similarly, tea metabolites 

present less effectivity in inhibiting cell growth in HT29 colon cancer cells than EGCG [96]. 

On the other hand, conjugation improves antioxidant activity in some metabolites of ellagic 

acid, EGCG, and chlorogenic acid compared to the intact polyphenols suggesting that these 

metabolites play an important antioxidative role after consumption [97]. Digestion of onion 



Chapter 1 

18 

dry skin rich in quercetin in pigs renders methylated, glucuronided and sulphated metabolites 

in blood with potent radical scavenging activities [98]. Colonic metabolism performed by the 

microflora is also important in the bioavailability of polyphenols [27]; for instance, 

proanthocyanidins from red wine can only be absorbed in the gut as low molecular weight 

phenolic acids [99]. The complexity in the chemistry of polyphenols and derived metabolites 

warrants further investigation in order to explain their physiological function and biological 

activities. 

1.4.2 Selenium in antioxidant defence 

In line with the beneficial effects of phytochemicals, consumption of minerals is identified to 

carry health benefits for a large array of diseases. In particular, supplementation of selenium 

in the diet has been consistently reported to produce benefits in the management of 

inflammatory related conditions. High supplementation of dietary selenium protects against 

the development of colon inflammation in rats according to tissue histology analysis [100]. 

In rats under HFD regimen, selenium incorporation reduced triglyceride and ROS levels in 

the liver and increased the enzyme activity of the oxidative stress protector paraoxonase 1 

showing positive outcomes against hypercholesterolemia [101]. Incorporation of selenium 

into the protein structure as selenocysteine is observed to occur in a small group of proteins 

known as selenoproteins, however, the physiological role for the majority of these proteins is 

still lacking [102]. Some of the selenoproteins such as the glutathione peroxidases [103] and 

thioredoxin reductases [104] provide a protective mechanism against oxidative stress and 

intestinal inflammation as part of the endogenous antioxidant system. Other members of this 

family include selenoprotein H (SELH) and 15kDa selenoprotein (SEP15), both reported as 

potential regulators of cell defence mechanisms [105][106]. 
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1.4.3 In vitro models of intestinal inflammation 

Various transformed cell lines have been tested in intestinal models of inflammation. 

Commonly reported in vitro models include SW480, Caco-2, HCT116 and HT29 human cells 

where an inflammatory response can be induced by LPS or cytokine exposure [10]. The great 

differences in the morphology of these cells and their susceptibility to inflammatory 

stimulants is a fundamental factor in these type of studies. In the case of LPS challenge, 

sensitivity is suggested to depend on TLR4 expression. In particular, TLR4 induction with 

LPS in vitro might be considered a suitable model of IBD since patients suffering from UC 

and CD highly express TLR4 in intestinal epithelial cells [20]. Taking this into consideration, 

the intestinal epithelial cell line SW480 is an appropriate model of IBD given its high 

expression of TLR4 and its sensitivity to LPS in comparison to other cell lines such as 

HCT116 and HT29 [107]. SW480 is a cell line derived from primary adenocarcinoma arising 

in the colon [108]; it exhibits mutations in the K-ras (glycine to valine-12) [109] and p53 

(arginine to histidine-273 and proline to serine-309) [110] genes, and no mutations have been 

reported in the NFκB signal pathway genes. Of crucial importance in in vitro models of 

intestinal inflammation, the concentration of tested polyphenol extracts ranges from 50-300 

µM as this reflects the reported physiological content in the gut [111].  

1.4.4 In vivo models of inflammation in response to HFD supplementation 

Metabolic syndromes such as obesity are linked to the expression of inflammatory and 

immune signals. Concordantly, obese animals are characterised with high levels of expression 

of pro-inflammatory mediators and stress-response genes such as ILs, leptin, macrophage 

migration inhibitory factor (MIF), MCP-1 and TGF-β [112]. Consumption of HFD is 

associated with the generation of ROS resulting in lipid oxidation and is linked to chronic 

inflammation. Thus, animal HFD supplementation has been used as a model to study the 

physiological response of excess lipid on the onset of inflammatory related conditions such 
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as obesity, diabetes type II and NAFLD [113][114]. In addition, HFD supplementation 

significantly modulates the secretion of obesity and diabetes markers such as insulin and 

glucagon-like peptide-1 (GLP-1) among others. For instance, GLP-1 is associated with the 

regulation of glucose levels through increasing insulin and glucagon secretion [115]. In these 

studies, the mouse strain C57BL/6J is often used as it displays features resembling obesity 

and diabetes in humans including body weight gain, increased plasma blood glucose and 

insulin resistance [116]. Deleterious effects of HFD and the potential beneficial effects from 

nutraceuticals including pure polyphenols [117], fruit and vegetable extracts [118] and fibre 

[119][120] have been studied. In these studies, the therapeutic efficacy was assessed by their 

ability to reverse the physiological conditions arising from HFD supplementation such as 

body weight gain and fasting plasma glucose levels. Further, starch supplementation is 

reported to elevate the levels of antioxidant enzymes and thus increased antioxidant capacity 

along with significant alteration in lipid and glucose metabolism genes [120]. These 

interventions also show effectiveness in inhibiting inflammatory mediators such as NFκB, 

AP-1 and ILs in colon, liver and plasma samples [117][118][119].  

1.5 Sugarcane 

Sugarcane is a tropical grass belonging to the Saccharum genus. The crop can be classified 

into two main species: Saccharum spontaneum (wild type) and Saccharum officinarum 

(domesticated). The latter is known to produce thick juicy canes with higher sucrose content 

and lower fibre content than wild types. Other varieties of sugarcane are suggested as the 

result of interbreeding such as Saccharum sinense (grown in India and China) and Saccharum 

barberi (grown in India, poor sugar content) [121].  

Sugarcane is of great economic importance since around 70% of the sugar consumed 

worldwide is extracted from the plant. Although Brazil and India are the largest producers of 

sugarcane in the world, Australia accounted for 36,500 thousand metric tons in 2016 [122]. 
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In general terms, cane sugar is produced after sugarcane juice (obtained after mechanical 

crushing of the plant) is evaporated, crystallised and refined. Ethanol, another important 

product from this process, can be produced after sugarcane juice fermentation and when 

combined with petrol at different proportions can be used as a vehicle fuel [123]. The fibre 

component after juice extraction, known as bagasse, is the main by-product in the sugar 

production process. In the traditional industrial process, bagasse can be burnt for electricity 

generation or used as cattle stock feed, however inefficient utilisation of this fibre is a main 

inconvenient of this process [124]. 

1.5.1 Sugarcane as a nutraceutical 

Sugarcane and its derivatives have long been known to exhibit therapeutic properties. For 

instance, sugarcane molasses are mixed with powdered leaves from the plant Tinospora 

cordifolia and given to diabetic patients in order to reduce glucose levels according to 

Bangladeshi traditional medicine [125]. Furthermore, the young stem of this cultivar is used 

in northeast India as a folk remedy against diabetes [126]. Indian medicine also regards 

sugarcane stems as useful in gastrointestinal pathologies, cardiac debility, bronchitis, 

anaemia, and related conditions [127]. Other therapeutic uses of sugarcane include the 

treatment of vaginal discharge, excessive uterine bleeding and endometriosis [128]. 

The health benefits associated with the sugarcane plant might be correlated with its chemical 

composition. Different types of phytochemicals are present in sugarcane and its derivatives, 

including triterpenoids, sterols, polyphenols and flavonoids found in the ethanol extracts of 

green and red varieties of sugarcane. The highest concentrations of these compounds were 

observed in the plant’s rind, but also in other parts such as pith, node and tip [129]. 

Polyphenols, flavonoids and antioxidant activity from sugarcane juice and leaves, are 

responsible for the observed protective effect against free radical damage [130]. Some of the 

polyphenolic compounds detected in sugarcane juice and leaves include ferulic acid, p-



Chapter 1 

22 

coumaric acid and quercetrin among others [131]. Related chemicals and antioxidant activity 

have been observed in brown sugar [132] and molasses [133]. Interestingly, high 

concentrations of coumaric acid are obtained after alkaline hydrolysis from bagasse [124]. 

The presence of these phytochemicals in sugarcane has been suggested to provide anti-

inflammatory properties. Ledón et al. demonstrated that a mixture of fatty acids derived from 

sugarcane wax oil reduced the formation of granulomas after subcutaneous cotton pellet 

insertion in mice. This mixture significantly reduces vascular permeability after acetic acid 

induction of peritoneal inflammation [134]. In a mouse model of induced diarrhoea, treatment 

with methanol extracts of the whole plant showed an effective dose dependent reduction in 

defecation [135]. Aqueous extracts of sugarcane inhibit the nuclear activity of the pro-

inflammatory mediator NFκB and the secretion of IL-8 in Caco-2 colon cells stimulated with 

IL-1β [136]. In in vivo studies, sugarcane fibre presented positive results in several 

physiological parameters in the control of obesity. Supplementation of sugarcane fibre in a 

mouse model of HFD reduced body weight gain, fat mass and fasting glucose and insulin 

levels compared to control. In addition, sugarcane fibre reversed the expression of ghrelin, 

leptin and GLP-1 promoted by HFD [119]. Bagasse has been shown to lowered fasting 

glucose and glucagon levels in streptozotocin-induced diabetic rats [137]. Even though 

sugarcane is suggested as an anti-inflammatory therapeutic agent, there is only limited 

information regarding the molecular mechanisms of action orchestrated by this plant. 

1.6 Proteomics to investigate the therapeutic effects of nutraceuticals 

The recent emergence of state-of-the-art technologies has facilitated the study of 

nutraceuticals impact at the molecular level. To this end, genomics, transcriptomics, 

proteomics and metabolomics have been used in the identification of the molecular routes 

and effectors responsible for the observed beneficial effects [138][49]. Among the ‘omics 

techniques, proteomics has demonstrated a prominent role in this regard. The field of 
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proteomics involves the study of proteins at a large scale. The versatility of proteomics 

permits its application in addressing biological questions related to proteins including 

identification, quantitation, interactions, post-translational modifications (phosphorylation, 

glycosylation, methylation etc.), and structure characterisation, among others [139]. Mass 

spectrometry (MS) is currently the most common approach for the identification and 

quantitation of proteins and is suitable for the analysis of a great variety of sample types. 

Known as the bottom-up workflow, proteins are digested with proteolytic enzymes into 

peptides prior to analysis. The enzyme trypsin produces peptides of an appropriate size and 

charge for MS applications by cleaving after frequently occurring amino acids, Arginine and 

Lysine. The complexity of the sample is resolved by the separation of peptides by liquid 

chromatography (LC) according to their hydrophobic affinity to octadecyl chains (C18) as 

stationary phase. Peptides are eluted by adjusting the organic solvent concentration, often 

using gradient elusion. Ionisation of peptides through a capillary at high voltage permits 

nebulisation and delivery into the MS. Tandem MS/MS analysers enable ion separation in a 

MS1 survey, collision induced fragmentation of selected ions, and measurement of daughter 

ions in MS2 thus improving sensitivity of protein characterisation compared to previous 

technologies. The use of sequence database search engines, such as Mascot [131], is essential 

in the comparison and score-based matching of peptide patterns from the theoretical with 

empirical data. Introduction of novel MS instruments such as the hybrid quadrupole time-of-

flight (TOF) technology affords higher resolution and accuracy in the identification and 

quantitation of low-abundant peptides in complex samples [140], sequential window 

acquisition of all theoretical fragment-ion spectra (SWATH)-MS being an important example 

currently. 
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1.6.1 SWATH-MS as a data-independent acquisition technique 

Of fundamental importance for MS-based proteomics studies, conventional proteomics 

techniques make use of information dependent analysis (IDA) as a strategy for protein 

identification and quantitation. IDA methods are considered appropriate for the identification 

of the maximal number of proteins. However, acquisition for a precursor ion depends on 

predefined criteria such as selection of the most intense ions [141] which is detrimental for 

low abundant ions that are often missed during LC separation time scale and not quantitated. 

It is well known that IDA techniques lack reproducibility in terms of selection of precursor 

ions [142], making run-run quantitation difficult, needing to impute quantitative values. 

SWATH is a data independent acquisition approach (DIA). As opposed to IDA strategies, all 

the precursor ions within predefined MS1 windows over the chromatographic elution range 

are sent for fragmentation and then analysed. This produces a complete recording of all 

analytes in the sample, reducing missing values and allowing accurate reproducibility in the 

quantitation of complex samples [143]. To enable identification from multiplexed MS2 

spectra, a reference peptide spectral library is another element of vital importance for 

SWATH experiments. Generation of a local library by IDA with combined LC-retention time 

data is a suitable strategy, as in this case the same instrument and settings as the SWATH 

experiments are commonly applied. Other strategies consider the integration of local seed 

libraries with community data repositories [143]. Retention time information of each targeted 

peptide from the library is matched with the SWATH fragment ion data for a precise peptide 

identification (Figure 1.5) [144] 
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Taking these into consideration, SWATH exceeds classical IDA methods such as shotgun 

proteomics but also outperforms targeted techniques represented by selected reaction 

monitoring (SRM). Although reproducible and quantitatively accurate, SRM is only 

applicable to a limited number of precursor-ion mass transitions signals, reducing its 

employment in complex proteome quantitation [144]. In addition, Bourassa et al. compared 

SWATH-MS with the labelling technique known as isobaric tags for relative and absolute 

quantitation (iTRAQ) in the protein expression of duodenal tissue from insulin resistant and 

insulin sensitive patients. Both techniques demonstrated high correlation (Pearson, r2=0.72) 

in the proteins commonly found and new insights were presented in terms of protein 

regulation in the context of insulin resistance. Interestingly, iTRAQ showed a higher number 

of identified proteins whereas SWATH revealed more proteins to be differentially expressed 

suggesting higher precision [145]. The results from this work illustrate the potential of 

Figure 1.5 SWATH-MS quantitation workflow 

Adapted from [143] 

 

Table 1.1 Proteomics research on nutraceutical interventions in the context of 

inflammationFigure 1.19 SWATH-MS quantitation workflow 
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SWATH-MS in protein quantitation and its application to the under-explored field of dietary 

studies.  

1.6.2 The application of MS-based proteomics to assess dietary interventions 

MS-based proteomics analysis has emerged in recent years as an effective tool to investigate 

dietary constituents effects [146]. Representative proteomic studies in the context of 

nutraceuticals and inflammatory studies are summarised in Table 1.2. 

Overall, these studies implicate nutraceuticals in causing changes to the proteome in functions 

linked to lipid and carbohydrate metabolism, fatty acid oxidation, redox signalling, and 

inflammatory and immune response.  
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Food extract Model 
Tissue 

analysed 

Proteomics 

approach 
Significant regulation, altered functions Reference 

Green tea 

polyphenols 

Mdr1a-/- 

mice (model 

of human IBD) 
Colon 

2-DE, LC-

MS/MS 

Regulation of 33 proteins; several related 

with immune response and inflammation: 

PRDX1 ↑, SOD ↑, APOA1 ↓, MIF ↓ 

Predicted inhibition of NFκB (p65), STAT1, 

STAT3 among others 

[147] 

Rosemary 

polyphenols 
HT29 colon 

cells 
n/a 

2-DE, LC-
MS/MS 

Regulation of 17 proteins; some related with 

antioxidant functions: PRDX4 ↑, SOD ↓, 

GST↓ 

[49] 

Curcumin 
Mdr1a-/- 

mice 
Colon 

2-D DIGE, 
LC-

MS/MS 

Regulation of 35 proteins; several related 

with cellular stress and inflammation: 

PRDX1 ↑, TXN1 ↑, APOA1 ↓, HSPB1 ↓ 

Predicted inhibition of NFκB, STAT3, ERK, 

among others 

[138] 

Olive oil 

rich in 

polyphenols 

Apoe-/- mice 
(model of 

atherosclerosis) 
Liver 

2-DE, LC-

MS/MS 

Modulation of proteins linked to antioxidant 

defence and carbohydrate metabolism: SOD 

↑, glucokinase ↑, APOA1 ↓ 

[30] 

Corn and 

wheat bran 

Lactating 

goats 
Liver 

2-DE, LC-
MS/MS 

Modulation of 51 proteins associated with 

redox state and metabolic processes: α-

enolase ↑, calreticulin ↑, CYT b5 ↑, GST↓ 

[148] 

Corn, 

soybean 

and wheat 

bran 

Weaning 

rabbits 
Caecum 

2-DE, LC-

MS/MS 

Regulation of 29 proteins associated with 

stress response, energy metabolism: S100A8 

↓, coactosin 1 ↓, GAPDH ↓, SBP1 ↓ 
[149] 

Polyunsaturated 
fatty acids 

Apoe-/- mice 

+ HepG2 

cells 

Liver 
2-DE, LC-

MS/MS 

Alteration of proteins linked to metabolism 

and redox stress: pyruvate kinase M2 ↑, 

CYP2C70 ↑, PRDX4 ↑, HSP60 ↑, SOD ↑ 

Inhibition of NFκB and STAT3 

phosphorylation in vitro 

[150] 

Root ginger 

extract 

HFD fed 

mice 
Liver 

2-DE, LC-
MS/MS 

Regulation of 19 proteins, induction of 

oxidation of lipid related proteins: ACAA1 

↑, GST↓, FABP1 ↑, CYT b5 ↑, ECHS1 ↑ 

[151] 

Capsaicin 
HFD fed 

mice 

White 

adipose 

tissue 

2-DE, LC-

MS/MS 

Regulation of 20 proteins associated with 

lipid oxidation and redox state: HSP27 ↓, 

GAPDH ↓, PRDX1↓, vimentin ↓, FABP4 ↓ 

[152] 

Grape seed 

flavan-3-ols 
HFD fed 

mice 
Liver 

iTRAQ, 

LC-

MS/MS 

Modulation of 75 proteins linked to fatty 

acid and glucose metabolism: pyruvate 

kinase ↑, FASN ↑, ACOX1 ↓, CYP2E1↑ 

[153] 

↑ Increase, ↓ Decrease, Acyl-coenzyme A oxidase (ACOX1), Acetyl-coenzyme A acyltransferase 1 (ACAA1), 

Apolipoprotein A1 (APOA1), Cytochrome (CYT), Cytochrome P450 (CYP), Enoyl CoA hydratase (ECHS1), Fatty 

acid binding protein 1 (FABP1), Fatty acid synthase (FASN), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

Glutathione-S-transferase (GST),  Heat schock protein (HSP), Peroxiredoxin (PRDX), Selenium binding protein 1 

(SBP1), Superoxide dismutase (SOD), Thioredoxin (TXN), Two dimensional gel electrophoresis (2-DE).  

 

Figure 1.21 SILAC (red) and label-free (blue) quantitation strategies↑ Increase, ↓ 

Decrease, Acyl-coenzyme A oxidase (ACOX1), Acetyl-coenzyme A acyltransferase 1 (ACAA1), Apolipoprotein 

A1 (APOA1), Cytochrome (CYT), Cytochrome P450 (CYP), Enoyl CoA hydratase (ECHS1), Fatty acid binding 

protein 1 (FABP1), Fatty acid synthase (FASN), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

Glutathione-S-transferase (GST),  Heat schock protein (HSP), Peroxiredoxin (PRDX), Selenium binding protein 1 

Table 1.2 Proteomics research on nutraceutical interventions in the context of inflammation 

 

Table 1.4 Proteomics research on nutraceutical interventions in the context of inflammation 

 

Figure 1.6 SILAC (red) and label-free (blue) quantitation strategies 

Adapted from [160] 

 

 

Figure 1.23 (a) Multiplex bead-based principle detection. (b) IL-1β calibration curve and 

fluorescent intensity from samples and blankFigure 1.24 SILAC (red) and label-free (blue) 

quantitation strategiesTable 1.1 Proteomics research on nutraceutical interventions in the 

context of inflammation 

 

Table 1.5 Proteomics research on nutraceutical interventions in the context of inflammation 
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1.6.3 Phosphoproteomics analysis in food interventions 

The study of protein phosphorylation is of importance in recognising vital aspects of cellular 

mechanisms such as cell growth, differentiation and cell cycle. Phosphorylation plays a major 

role in modulating protein functions such as activation state, cellular localisation, interaction 

with other proteins and degradation [154]. Phosphorylation of serine, threonine and tyrosine 

residues mediated by protein kinases is considered as one of the most common post-

translational modifications. This modification is studied with the use of proteomics 

techniques. In this regard, MS-based phosphoproteomics is an important tool that can be 

utilised in the characterisation of signalling networks and the putative mechanisms associated 

with diet interventions [146]. Reversible protein phosphorylation is central to the 

regulation/dysregulation of inflammatory mediators and is known to influence the 

development of chronic inflammatory pathologies [155]. 

One of the main challenges of phosphoproteome research is the low stoichiometry of 

phosphopeptides in the overall proteome. To overcome this, the use of enrichment strategies 

is of great relevance. Due to the negative charge of the phosphate group, phosphopeptides 

present affinity to metal oxides such as titanium dioxide (TiO2) [156]. Quantitation of 

enriched phosphopeptides can be performed by either label or label-free methods. Stable 

isotope labelling of amino acids in cell culture (SILAC) is a common technique for labelling 

studies. In this technique, stable isotope 13C+15N-amino acids are incorporated in the growth 

media. After cell lysates are labelled with the heavy (13C+15N) or light (12C+14N) amino acids 

they can be mixed and two distinguishable versions of the same peptide can be detected by 

MS analysis. This technique affords high reproducibility between runs, high data quality and 

robustness [157]. 

SILAC is compatible with quantitative phosphoproteomics analysis. The combination of 

phosphopeptide enrichment with SILAC has been employed in the context of antioxidant 
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therapies. RSV treatment in human breast adenocarcinoma MCF7 cells under serum deprived 

conditions exhibited changes in the phosphorylation of members of the MTORC1/S6K 

pathway suggesting inhibition of the autophagy machinery in particular PRAS40 [158]. In 

another study, the soybean isoflavonoid genistein was identified to regulate apoptosis 

mediators in gastric cells as revealed by SILAC-phosphoproteomics. Some of these events 

included inhibition in the phosphorylation of several cell receptors, ERK1/2 and signalling 

products, suggesting MAPK and AKT cascades down-regulation [159]. 

One of the drawbacks of labelling techniques is the limited number of biological conditions 

that can be assessed [160]. Another limitation is the reduced applicability in cell culture given 

that only some cell lines can be grown in depleted media - as requirement of the SILAC 

approach. In addition, the need of a minimum passage number for complete isotope 

incorporation restricts SILAC use in primary cell lines [156]. 

In contrast, label-free quantitation of phosphopeptides is not limited in relation to the number 

of biological conditions to be assessed, and has no extra steps in terms of sample preparation. 

The label-free approach to the quantitation of phosphopeptides is applicable to most sample 

types, including clinical samples [160]. As observed in Figure 1.6, label-free performs 

relative quantitation to other samples. Label-free quantitation strategies are based on signal 

intensity of peptides or spectral counting. Although label-free quantitation techniques are 

broadly used in biomedical fields [161], to the best of our knowledge label-free 

phosphoproteomics is relatively under-explored in applications associated with food 

nutraceuticals. 
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1.6.4 Multiplex bead-based ELISA 

Even though MS-based techniques in proteomics have advanced significantly in recent years, 

the identification of low-abundant circulating markers such as cytokines remains a challenge. 

In this regard, levels of inflammatory markers in plasma are reported to occur at the 

femtomolar range [162] complicating their identification with conventional MS techniques. 

Alternative strategies for the quantitation of these analytes such as enzyme-linked 

immunosorbent assay (ELISA) although effective typically only detects one analyte per 

sample. Multiplex bead-based ELISA analysis is a more recent technology that combines 

ELISA’s principle detection in immuno-linked fluorescent beads with flow cytometry making 

possible the detection of multiple analytes simultaneously. The principle consists of a capture 

antibody for each marker that is attached to a bead with a characteristic proportion of two 

fluorescent dyes. This feature permits pooling of multiple beads that can be later separated 

during data acquisition. Addition of a biotinylated antibody that contains a green fluorescent 

reporter dye serves for the quantitation of the markers in each subset of beads (Figure 1.7a). 

Figure 1.6 SILAC (red) and label-free (blue) quantitation strategies 

Adapted from [160] 

 

 

Figure 1.25 (a) Multiplex bead-based principle detection. (b) IL-1β 

calibration curve and fluorescent intensity from samples and 

blankFigure 1.26 SILAC (red) and label-free (blue) quantitation 

strategies 

Adapted from [160] 

 

 

Figure 1.6 SILAC (red) and label-free (blue) quantitation strategies 

Adapted from [160] 

 

 

Figure 1.27 (a) Multiplex bead-based principle detection. (b) IL-1β 

calibration curve and fluorescent intensity from samples and 

blankFigure 1.28 SILAC (red) and label-free (blue) quantitation 

strategies 

Adapted from [160] 
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Concentration is determined with the use of standards and the construction of a calibration 

curve in the same way as in ELISA methods [163] (Figure 1.7b).  

Inflammatory circulating protein markers are biological molecules of major relevance in the 

development of disease state and particularly in nutritional studies [146], and multiplex bead-

based quantitation has shown to be effective in this context. For instance, 0.8% quercetin 

supplementation in conjunction with HFD in C57BL/6J mice for 8 weeks showed reduction 

in the expression of IFNγ, IL-1 and IL-4 compared with the HFD group [164]. C57BL/6N 

mice suffering from chronic liver disease after chemical induction and HFD supplementation, 

showed decreased secretion of inflammatory mediators IL-3, IL-4, IL-6, TNFα, IFNγ among 

others after polyphenol extracts supplementation from Lonicera caerulea L. berry [165]. As 

exemplified with these studies, multiplex bead-based is a powerful tool to measure low 

abundant circulating proteins that would escape MS detection.  

  

Figure 1.7 (a) Multiplex bead-based principle detection. (b) IL-1β calibration curve and 

fluorescent intensity from samples and blank 

 

 

Figure 1.1 (a) Total polyphenolic content and (b) Total flavonoid content of whole dried 

sugarcane extractsFigure 1.30 (a) Multiplex bead-based principle detection. (b) IL-1β 

calibration curve and fluorescent intensity from samples and blank 

 

 

Figure 1.1 (a) Total polyphenolic content and (b) Total flavonoid content of whole dried 
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1.7 Aims and scope of the project 

This PhD project was conducted over 3.5 years in an industry partnership with Gratuk 

Technologies Pty Ltd. to investigate the potential anti-inflammatory properties of whole dried 

sugarcane (WDS) as a nutraceutical. The first part of the thesis explored the mechanisms of 

WDS regulating inflammatory signalling in an in vitro colon cancer cell line model of LPS 

induced inflammation. This was followed by an in vivo study using a HFD mouse model to 

explore whether WDS dietary supplementation affects inflammatory modulator proteins. The 

specific aims were as follows: 

 Determination of the polyphenol, flavonoid and antioxidant content of ethanol extracted 

WDS. 

 Characterisation of the proteomic cellular response and impact on signalling pathways 

associated with WDS extracts in an in vitro gut inflammatory model. 

 Characterisation of the effect on inflammation of WDS dietary supplementation in an in 

vivo HFD mouse model through measuring plasma inflammatory markers and the liver 

proteome.
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Chapter 2 Regulation of inflammatory mediators by dried 

sugarcane extracts in an in vitro colon cancer cell model of 

LPS-induced inflammation 
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Chapter 2 

Regulation of inflammatory mediators by dried sugarcane extracts in an in vitro colon 

cancer cell model of LPS-induced inflammation 

Experimental work and data analysis from this chapter was performed by Daniel Bucio 

Noble. The mass spectrometer was run by Daniel Bucio Noble with the assistance from Dr. 

Christoph Krisp at the Australian Proteome Analysis Facility. Manuscript was written by 

Daniel Bucio Noble with contributions from Assoc. Prof. Mark P. Molloy, Dr. Liisa Kautto, 

Dr. Christoph Krisp, and Dr. Malcolm S. Ball.
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2.1 Abstract 

Sugarcane is an important commercial crop widely grown in tropical regions for sugar, 

associated food derivatives and for ethanol production. Sugarcane is also a rich source of 

phytochemicals but its nutraceutical potential has been under-explored. We show that ethanol 

extracts of whole dried sugarcane (WDS EE) recovers a rich source of polyphenols and 

flavonoids that act on inflammatory mediator proteins. To investigate the mechanisms of this 

activity we used a label-free SWATH-based mass spectrometry approach to profile the 

proteome of lipopolysaccharide-stimulated SW480 colon cancer cells after exposure to WDS 

EE and compared this response to that of the well-known polyphenol, resveratrol (RSV). We 

quantitated ~3,000 proteins and used pathway expression analysis, Western blot and ELISA 

to corroborate our findings. Proteomics results indicate that WDS EE significantly altered the 

expression of proteins related to oxidative stress regulation such as SELH and FOXRED1. 

Based on protein expression changes, WDS EE was predicted to down-regulate NFκB 

pathway members including TLR2, TLR4, NIK and IκB. We confirmed reduced levels of 

NFκB phosphorylation and IL-8 secretion. In contrast, RSV did not reduce IL-8 secretion and 

was predicted to act primarily through modulation of PI3K/AKT pathway in these cells. Our 

results present WSD EE as a potential functional food with utility for regulating key anti-

inflammatory mediators.  

Keywords: sugarcane; resveratrol; NFκB; polyphenols; inflammation; proteomics. 
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2.2 Introduction 

Sugarcane is a cultivar of great economic importance grown in the tropics for sugar and 

ethanol production. Despite the major contributions of sugarcane in the economic 

development, this crop has a great under-explored potential as a nutraceutical. The presence 

of agents associated with health benefits such as polyphenols, flavonoids, phytosterols and 

triterpenoids have been documented [129]. Multiple studies have provided evidence of the 

potential benefits that can be attributed to sugarcane [119][136]. Sugarcane derivatives from 

the sugar production including juice, molasses and syrup are also important sources of 

phenolics with strong antioxidant activity [130][166]. Even though its potential therapeutic 

relevance, the molecular mechanisms involved in the treatments using sugarcane are poorly 

understood. 

Nutraceuticals and functional foods have gained attraction in recent times thanks to its 

benefits in the prevention and treatment of inflammation and other conditions. For instance, 

dietary fibre is identified to reduce the expression of several molecular markers of 

inflammation due to the action of butyrate as its main fermentation product [167]. In vitro 

and in vivo studies have implicated polyphenols and flavonoids as important nutraceutical 

agents due to their strong antioxidant and anti-inflammatory properties [168]. The polyphenol 

resveratrol (RSV) is regarded as a potent anti-inflammatory and anti-carcinogenic molecule 

thanks to its ability to effectively modulate signalling cascades linked to inflammatory-related 

conditions [169]. 

Among the multiple signalling pathways that regulate the inflammatory response, NFκB is 

identified to play a central role. Activation of the toll-like receptors (TLR) by inflammatory 

stimulants such as lipopolysaccharides (LPS) and cytokines triggers the mechanism that leads 

to phosphorylation and subsequent nuclear translocation of NFκB [170]. Nuclear localised 

NFκB initiates transcription of pro-inflammatory genes TNFα, IL-1, IL-8 among others [47]. 
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Therefore, regulation of NFκB translational activity is one therapeutic strategy to control 

induction of pro-inflammatory mediators [147]. 

Although widely used in biomedicine, the use of `omics techniques such as genomics, 

transcriptomics, and proteomics is still emerging for investigations of functional foods. Mass 

spectrometry (MS)-based proteomics is a useful tool for the purpose of identifying the cellular 

response of dietary products [146]. For instance, in vitro experimentation on LPS-stimulated 

RAW264.7 cells treated with the Lactobacillus acidophilus product N-acetylmuramic acid 

(NAM), demonstrated an anti-inflammatory response based on the inhibition of NFκB 

pathway members [171].  

In this study, we characterised WDS EE for polyphenol and flavonoid concentrations, then 

investigated the proteome response in an in vitro gut inflammatory model of LPS-stimulated 

SW480 colon cells. We contrasted the response to that obtained the well-known polyphenol, 

RSV. Over 2900 proteins were quantitated by sequential window acquisition of all theoretical 

fragment-ion spectra (SWATH)-MS which revealed distinct responses of WDS EE and RSV 

to mediate anti-inflammatory activities. This study suggests that WDS EE has nutraceutical 

properties that could have utility for responding to cellular inflammation.  
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2.3 Methods 

WDS extraction 

WDS (provided by Gratuk Technologies Sydney, Australia) was obtained from whole 

sugarcane grown in Queensland, Australia. Briefly, fresh sugarcane was collected from a 

controlled field, cut into billets and transferred to cool (<10 °C) storage for processing. Billets 

were processed within 24 hours of cutting. The billets underwent multiple size reduction steps 

using sheer force to disrupt the cell wall until particle size was approximately 10mm. The 

sugarcane was steeped using a proprietary technology to remove sucrose whilst maintaining 

the content of dietary fibre, minerals and other components. Water/sugar solution was 

removed by centrifugation and the particles dried using proprietary technology by exposing 

the sugarcane to super-dried air. The dried particles were milled using a gap mill until particle 

size was <50 µm. Nutritional information of WDS is presented in Appendix 1 Table 2A.1. 

Extraction of WDS and raisins (Coles, Sydney, Australia) was performed on 52% (v/v) 

ethanol in an ultra-sonic water bath at 60 °C for 30 min following the protocol reported by 

Feng et al [129]. WDS suspended in ethanol was centrifuged at 5000 rpm for 5 min and the 

supernatant was collected and immediately analysed for polyphenol and flavonoid content. 

Full analysis of WDS extract is being conducted by PhD candidate Wei Chong, Macquarie 

University. It has been determined that WDS ethanol extract is composed of insoluble fibre 

(lignin, cellulose), soluble fibre (starch), protein and minerals (Wei Chong, personal 

communication). Cranberry juice (Ocean Spray Intl.) was used neat. 

Total Polyphenol content (TPC) 

TPC was determined as described by Singleton et al [172]. Briefly, WDS EE, raisins extract 

and cranberry juice (20 µL) was mixed with 1.58 mL of water and 100 µL of the Folin-

Ciocalteu reagent (Sigma Aldrich). After 6 min of incubation, the solution was mixed with 
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300 µL of 7.5% (w/v) Na2CO3 and left to stand for 2 hours. Gallic acid was used as a standard 

over the concentration range of 25-500 mg/L. Optical density was read at 765 nm and results 

were reported in terms of mg gallic acid equivalents (GAE)/100g extract. 

Total Flavonoid content (TFC) 

TFC was determined by the aluminium chloride complex formation method [173]. Briefly, 

WDS EE, raisins extract and cranberry juice (250 µL) was mixed with 1.25 mL of water and 

75 µL of 5% (w/v) NaNO2. After 6 min of incubation at room temperature, the solution was 

mixed with 150 µL of 10% (w/v) AlCl3. Final incubation of 5 min followed the addition of 

0.5 mL 1M NaOH. (+)-catechin was used as a standard at over the concentration range of 50-

500 mg/L. Optical density was read at 510nm and results were expressed as mg (+)-catechin 

equivalents (CE)/100 g extract.  

Cell culture and protein extraction 

The colon carcinoma cell line SW480 was cultured in RPMI 1640 medium supplemented 

with 1% (v/v) of L-glutamine (Thermo Fisher Scientific), 10% (v/v) of fetal bovine serum 

(Life Technologies), 1x GlutaMAX (Thermo Fisher Scientific), and 1% (v/v) antibiotic 

(penicillin, 100 μg/mL and streptomycin, 100 μg/mL) and incubated at 37 °C and 5% CO2 

before lysis. 

Concentration of polyphenols present in WDS EE was adjusted to 50 µM and dried before 

use for cell culture. Dried WDS EE was resuspended in RPMI 1640 medium before treatment. 

RSV (Sigma Aldrich) was dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich) to a 

concentration of 50 µM. Inflammatory response was induced by cells incubation with 5 

µg/mL of LPS from Escherichia coli (Sigma Aldrich) for 4 hours. After inflammatory 

stimulation, cells were exposed to WDS EE or RSV for 20 hours still in the presence of LPS. 
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For western blot determinations, LPS stimulation lasted for 2 hours followed by WDS EE 

and RSV exposure for 1 and 4 hours.  

Cells were harvested by scraping them into ice cold phosphate buffered saline (PBS), and 

centrifuged at 3000 rpm for 3 min, supernatant was removed afterwards. Lysates were 

obtained by resuspending cell pellets in 250 μL of 1% (w/v) of sodium deoxycholate, and 

boiled at 95 °C for 3 min. 0.1μl of benzonaze was added and incubated at room temperature 

for 30 min. Protein concentration was determined using the bicinchonininc acid assay (560 

nm). 

Western Blot 

Protein (10-15 μg) was reduced with 20 mM of dithiothreitol (DTT), and loaded on sodium 

dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE, NuPAGE 4-12% Bis 

Tris gel, Thermo Fisher Scientific) followed by transfer onto a nitrocellulose membrane (Bio 

Rad). Membranes were blocked in 5% (w/v) skim milk tris buffered saline-Tween 20 (TBS-

T, 100 mM NaCl/Tris pH 7.4, 0.1% (v/v) Tween-20) for 1 hour. Nitrocellulose membranes 

were blotted with primary antibodies anti-pNFκB (Ser536), anti-NFκB, anti-pAKT (Ser473), 

anti-AKT, anti-p p70S6K (Thr389) and anti-p70S6K (Cell Signalling) at 1:1000 dilution 

each, in a 5% (w/v) bovine serum albumin (BSA) TBS-T solution, and incubated overnight 

at 4°C. Membranes were washed three times with TBS-T and incubated with goat anti-rabbit 

secondary antibody (Li-COR) at 1:10,000 dilution in 5% (w/v) BSA TBS-T solution. Signals 

were visualised by exposure at 800 nm using the Odyssey Imaging System (Li-COR). 

IL-8 quantitation by ELISA 

Cell culture media was collected for control, LPS, WDS EE and RSV-treated cells, three 

biological replicates each. Supernatant was collected after centrifugation at 3,000 rpm for 10 

min at 4 °C and stored at -80 °C until analysis. IL-8 concentration was measured on cell 
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culture by the human IL-8 ELISA kit (Elisakit) according to manufacturer’s protocol. 

Concentration of IL-8 was determined in reference to a calibration curve made from standards 

provided in the kit. Each sample was analysed in two technical replicates. Briefly, 50 μL of 

sample, standards and blank were incubated with 50 μL of assay diluent for 2 hours at room 

temperature. After washing four times with washing buffer, 100 μL of biotin labelled 

detection antibody was added and incubated for 2 hours at room temperature. Washing step 

was repeated and 100 μL of streptavidin-HRP conjugate was added and incubated for 45 min 

at room temperature. Further washing was followed by the addition of 100 μL of TMB 

substrate and incubated for 15 min at room temperature in the dark. Reaction was stopped 

with 50 μL of stop solution. Optical density was determined at 480 nm.  

Mass spectrometry (LC-MS/MS) 

Protein (10 μg) was reduced with 10 mM of DTT for 30 min at 60 °C and alkylated with 20 

mM of iodoacetamide for 20 min at room temperature in the dark. Samples were digested 

with trypsin (Sigma Aldrich) in 1:50 ratio and incubated at 37 °C overnight. Impurities from 

digested peptides were removed in a C-18 column pre-conditioned with 100% (v/v) methanol 

and 2% (v/v) acetonitrile (ACN). Peptides were recovered in 70% (v/v) ACN, dried and 

resuspended in 1% (v/v) TFA for LC-MS/MS. 

Library was generated by the fractionation of an untreated sample of SW480 cells in a high 

pH reverse phase high performance liquid chromatography (HPLC) using a C18 column 2.1 

mm x 150 mm, 3.5 µm (Zorbax). After sample injection, elution was performed in a buffer A 

of 5 mM of ammonia pH 10.4 – buffer B of 90% (v/v) acetonitrile, 5 mM of ammonia 

gradient. Library and SWATH-MS data were acquired in a 6600 Triple TOF mass 

spectrometer coupled with an Ekspert 415 LC system (Sciex). For each sample 10 µL (0.1 

µg/µL) was transferred onto a peptide trap using a 2% (v/v) ACN, 0.1% (v/v) formic acid 

isocratic flow at 5 µL/min for 3 min. Sample was eluted with a gradient of 5-35% ACN using 
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a buffer B of 99.9% (v/v) ACN, 0.1% (v/v) formic acid. Library data was acquired in a data 

dependent acquisition mode by the selection of ion precursors of the 20 most intense ions in 

a 120 min run. SWATH data were acquired in a data independent mode with a mass range of 

400-1250 m/z, 100 variable windows in a 60 min run per sample. 

Data Analysis 

Database searches utilised the ProteinPilot 5.0 (Sciex) software using the paragon search 

algorithm. Human SwissProt database (20,199 entries, February 2016) was used selecting the 

following parameters: trypsin as digestion enzyme, carbamidomethylation as fixed cysteine 

modification, biological modifications were allowed and the reversed database search was 

enabled to allow false discovery rate (FDR) calculation. We employed a protein global FDR 

of 1%. Information extracted from SWATH MS peak areas was performed using Peak View 

V2.1 with SWATH MicroApp 2.0 (Sciex) using the library search output file. Extraction of 

ion chromatograms (XICs) and determination of peak areas for the entire data set was 

performed using the following parameters: 6 transitions per peptide, exclusion of shared 

peptides, 100 as maximum number of peptides per protein, 99% confidence, <1% extraction 

FDR, 75ppm fragment accuracy, and 5 min extraction time window. Given that the 

abundance of shared peptides might be the result of the contributions from several proteins 

that are affected differently depending on the condition tested, shared peptides were excluded. 

Non-tryptic and semi-tryptic peptides were excluded focusing on fully tryptic peptides only. 

Other modifications rather than cysteine alkylation were excluded. It is described that the 

inclusion or exclusion of semi-tryptic peptides does not change the SWATH data analysis, as 

these will be extracted in the same manner as fully tryptic peptides [174]. The ion peak areas 

exported by Peak View for each sample were normalised by total area normalisation as 

described previously [143]. The total sum of all ion intensities for each sample was calculated 

and hence maximum total ion intensities determined. The total ion intensity of each sample 
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was then divided by the maximum totals, thus the normalised ion intensities sum up to the 

same amount for all samples. The normalised ion data was summed by peptide and protein. 

Quantitation was achieved based on XICs of MS/MS spectra. Computation of protein fold 

changes between groups takes into consideration all peptides showing up-regulation and 

down-regulation. Final fold change is calculated based on the direction that presents the 

maximum confidence (obtained from the reproducibility data from all peptides and the 

number of peptides showing the same direction) [175]. Significantly altered proteins is a 

reflection of both up and down-regulated peptides, and hence theoretically not all peptides 

agree with the final fold change at the protein level. However, from our experience most 

peptides from regulated proteins show the same trend in terms of fold change. Discrepancies 

in this relation could be due to an interference in one of the transition traces or an unknown 

modification present in one of the groups. Perseus 1.5.5 was employed for statistical analysis. 

Decoy peptides were removed prior to log2 transformation of peptide intensity. Statistical 

significant hits were identified by group comparison using the Student’s t-test (p-value<0.05) 

and a fold change greater than 1.5. 

Ingenuity Pathway Analysis 

IPA (Ingenuity Systems) was employed in order to obtain further information in regards to 

the protein expression promoted by the different treatments analysed in this study. Prediction 

of functions and diseases and upstream regulator analysis were performed considering the 

paired comparisons: WDS EE/LPS and RSV/LPS relative to the fold changes and p-values 

of the 2,944 proteins quantitated across all samples. 
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2.4 Results  

WDS EE is a rich source of polyphenols and flavonoids 

Using ethanol extraction as described by Feng et al [129], we determined the total polyphenol 

content (TPC) and total flavonoid content (TFC) of WDS EE. We referenced these values to 

gallic acid equivalents (GAE) and (+)-catechin equivalents (CE), respectively. Accordingly, 

WDS EE contains 330 mg of GAE/100g of TPC and 102 mg CE/100g of TFC (Figures 2.1a 

and 2.1b). TPC and TFC values reported for raisins and cranberry juice in the literature 

[176][177] are consistent with the values reported here, therefore these results should serve 

as a validation of the extraction methodology and the TPC/TFC quantitation employed in this 

study. Compared to other food products, WDS EE contains as much polyphenols and 

flavonoids as soluble extracts derived from apples, plums and black grapes [178][179]. 

WDS EE promotes proteome changes in an in vitro inflammatory cell model 

To examine the potential anti-inflammatory utility of WDS EE we used a LPS-stimulated in 

vitro inflammatory model of colon epithelial cells using SW480 cancer cells. Following 4h 

LPS induction, cells were treated with either WDS EE or RSV for an additional 20 hours. 

Protein expression for three biological replicates of each group was analysed using the label-

free mass spectrometry approach SWATH-MS [143]. We created a peptide spectral reference 

library composed of around 6,000 proteins and used it to extract peptide areas from SWATH 

acquisitions of all samples, enabling quantitative information on 2,944 proteins across all 12 

samples. 

Hierarchical clustering analysis of protein expression using ANOVA multiple sample tests 

and principal component analysis representing the overall changes among the four groups are 

illustrated in Figure 2.2. This demonstrates striking differences in the proteome response 

between WDS EE and RSV treatments. Using a criteria of >1.5-fold change in abundance 
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and p-value < 0.05, we identified 34 up-regulated and 18 down-regulated proteins in the LPS 

group compared to the control group (Appendix 3 Table 2A.2). WDS EE against LPS 

comparison showed 13 up-regulated and 21 down-regulated proteins (Table 2.1), whereas 

RSV against LPS comparison exhibited 47 up-regulated and 33 down-regulated proteins 

(Table 2.2). Focusing on the response to WDS EE, we noted up-regulation of Selenoprotein 

H (SELH) and down-regulation of FAD-dependent oxidoreductase domain containing 1 

protein (FOXRED1). From the up-regulated proteins only three were shared between the 

WDS EE and RSV groups, whereas only one down-regulated protein was common between 

the WDS EE and RSV groups (Figure 2.3), suggesting these agents work through differing 

mechanisms. 

WDS EE and RSV show independent effects on protein expression  

Ingenuity Pathway Analysis was used to examine the biological functions associated with 

WDS EE and RSV changes to the 2,944 quantitated proteins (Figure 2.4). Proteins from the 

WDS EE treatment showed down-regulation of biological functions annotated as fusion of 

cellular membrane, infection of tumour cells, internalisation by tumour cell lines, 

polymerization of filaments and tumorigenesis of tissue. Up-regulated functions from this 

treatment include growth of organism and formation of focal adhesions. Showing an opposite 

effect compared to WDS EE, RSV promotes the up-regulation of functions related to 

mitochondrial function such as length of mitochondria and transmembrane potential. Other 

up-regulated functions linked to RSV and down-regulated by WDS EE are growth of Golgi 

cisternae, translation of mRNA and translation of RNA. These results confirm that WDS EE 

and RSV promote different biological effects, which was not unexpected given the molecular 

complexity of the WDS EE compared to RSV.  
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WDS EE is predicted to act in a manner similar to some other polyphenols 

To further investigate the molecular effects of WDS EE and RSV treatments, we utilised the 

upstream regulator analysis function of IPA [180]. This tool predicts the activation or 

deactivation of potential regulators based on the differentially regulated proteins detected by 

proteomic analysis. WDS EE is predicted to alter the proteome in a manner similarly to some 

polyphenols including quercetin (z-score 3), carnosol (z-score 2) and curcumin (z-score 1.7) 

(Table 2.3). These results are in accordance to the TPC and TFC determinations obtained 

from WDS EE (Figure 2.1). RSV on the other hand presents low similarities to the above 

mentioned polyphenols; carnosol (z-score 1) and curcumin (z-score -2.3) (Table 2.3).  

WDS EE is predicted to down-regulate the NFκB signalling pathway 

Upstream analysis identified that several members of the NFκB signalling pathway are 

inhibited after WDS EE treatment. As shown in Figure 2.5a, WDS EE is predicted to repress 

the expression of TLR2 (z-score -2), TLR4 (z-score -2), NIK (z-score -2.2), and IκB (z-score 

-2.4). WDS EE is also predicted to inhibit a pro-inflammatory target product of this pathway, 

TNFα (z-score -2.2). To corroborate these predictions, we measured NFκB activation by 

immunoblotting for phospho-Ser536 following WDS EE treatment. This phosphosite is 

associated with nuclear translocation and is known to be highly stimulated by LPS through 

TLR4 interaction [170]. As shown in Figure 2.5b, WDS EE and RSV significantly suppress 

phospho-NFκB after 4 hours, consistent with a role in regulating NFκB activity, as has been 

previous reported for RSV [181]. We also measured the concentration of the IL-8 pro-

inflammatory cytokine in cell culture media. Secretion of IL-8, a transcription target of NFκB 

[47], was greatly stimulated in response to LPS, whereas subsequent WDS EE incubation 

significantly reduced the level of this cytokine by 30%, while RSV failed to alter IL-8 

secretion after 20h (Figure 2.5c). Based on these observations, it is clear that WDS EE exerts 
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an anti-inflammatory response at least partly through the NFκB pathway. Interestingly, 

despite reduction of phospho-Ser536 NFκB after 4h with RSV, the absence of an effect to 

reduce the expression of the IL-8 target gene suggests other regulatory mechanisms are 

important in mediating RSV activity in colon cells. 

RSV targets the PI3K/AKT/mTOR pathway 

IPA up-stream regulator analysis suggested that RSV exerts its effects through the 

PI3K/AKT/mTOR pathway. This is seen with the predicted activation of PTEN (z-score 1.8) 

and AMPK (z-score 1.5). Additionally, RSV is predicted to inhibit MYC (z-score -2.7), 

mTOR (z-score -2.4), mTORC1 (z-score -1.3) and p70S6k (z-score -1.2) (Figure 2.6a). To 

confirm these predictions we used immunoblot to measure changes in phosphorylation of 

p70S6k and AKT. As opposed to WDS EE, RSV effectively reduced the phosphorylation of 

p70S6k Thr389 which is linked to kinase induction activity. Further, the phosphorylation of 

AKT Ser473, an event associated with the induction of AKT signalling was greatly reduced 

after 4h, whereas, WDS EE had no effect (Figure 2.6b). Overall, these results confirm that 

RSV exerts an anti-inflammatory effect through repressing the activity of the 

PI3K/AKT/mTOR pathway, and that signalling through this pathway is not affected by WDS 

EE.  
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2.5 Discussion 

In this study we have shown that WDS EE contains a potent reservoir of phytochemicals that 

provide anti-inflammatory activity through regulation of NFκB pathway activity in an LPS-

induced colon cell inflammatory model. There is a consensus linking many phytochemicals 

with antioxidant properties effective in the treatment of chronic inflammatory conditions 

[182]. We showed that WDS EE contain high levels of polyphenols and flavonoids and 

hypothesised these to confer the measured anti-inflammatory effects. 

The LPS model employed in this study was validated to promote inflammation given the 

augmented levels of phosphorylated NFκB (Figure 2.5b), and increased secretion of IL8 

(Figure 2.5c). Effective in countering these effects, WDS EE was assessed in its ability to 

reverse the inflammatory state induced by LPS, justifying the addition of the extract after the 

LPS challenge. In this study, the dosage employed (50µM) of WDS EE and RSV is 

appropriate and is considered within the range of the physiological content of polyphenols in 

the gut [111][136]. 

One caveat arising from this study refers to the use of DMSO as the vehicle to solubilise RSV 

in comparison to cell culture media used in WDS EE. Despite these differences, evidence 

suggests that DMSO is unlikely to produce any deleterious effect in cell functioning 

mechanisms at concentrations below 0.1% (v/v) [183]. The DMSO concentration employed 

in this study (0.06% (v/v)) is also below the maximum concentration suggested for in vitro 

experiments (0.5% (v/v)) [183]. Nonetheless, the main objective of this chapter was to study 

the effect of WDS EE on LPS-induced inflammation and thus RSV is not needed for this 

comparison. 

For the statistical processing of the SWATH-MS generated data, we used a threshold 

consisting of p-values<0.05 and fold changes>1.5. Despite some studies consider the use of 
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a >1.2-fold change cut-off, selection of a higher cut-offs permits to focus on the most relevant 

changes in the proteome. Consequently, the robustness and accuracy of SWATH-based 

proteomics as the quantitation strategy permits the confident identification of significantly 

regulated proteins using higher fold change (>1.5) and p-value<0.05 cut-offs [143]. 

Our results indicate that applying stringent thresholds (i.e. FDR-corrected p-value<0.05 and 

fold change>1.5) is detrimental by reducing the number of significantly expressed proteins. 

In SWATH-based proteomics experiments, a conventional proteomics cut-off (i.e. p-

value<0.05 and fold change>1.5) is more effective in augmenting the number of true positives 

and reducing the number of false positives compared to stringent thresholds (i.e. FDR-

corrected p-value<0.05 and fold change>1.5), where almost no true positives are identified 

[143]. Although in this study the true and false positives are unknown, it is concluded that p-

value FDR correction might be too stringent for pairwise comparisons [143]. 

The label-free SWATH-MS protein quantitation method that monitored expression of ~3,000 

proteins in all samples indicated that WDS EE promoted some changes in the SW480 cell 

proteome. For instance, SELH belongs to the selenoprotein family that also includes the 

thioredoxin reductases and glutathione peroxidases. Selenoenzymes are considered part of 

the cell defence mechanism, acting against free radical oxidation. SELH in particular, confers 

an increase in antioxidant activity and expression of antioxidant enzymes such as 

glutamylcysteine synthetase under oxidative stress conditions in neuron cells in vitro. Further 

evidence implicates SELH as a DNA binding element that might control the response in 

changes in the redox status [184]. Recent evidence shows deficiency of SELH in zebrafish to 

induce inflammation, oxidative stress and DNA damage [185]. We hypothesise that up-

regulation of SELH expression driven by WDS EE benefits the cell to manage oxidative 

stress. 
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FOXRED1 is an oxidoreductase enzyme member of the mitochondrial complex I which is 

essential for the ATP production by oxidative phosphorylation in the mitochondrial 

respiratory chain. Mutations in FOXRED1 partially affect the assembly and activity of the 

mitochondrial complex 1 [186]. Blocked activity of this complex is linked to oxidative stress 

and potential tumorigenesis based on the activation of AKT. These effects are in some degree 

reversed by antioxidant treatment with N-acetyl cysteine [187]. Although we have not tested 

it, it may be that the polyphenol and flavonoid content in WDS EE impacts the activity of 

FOXRED1, which would affect the function of mitochondrial complex 1 and oxidative stress. 

The observations of these altered proteins in response to WDS EE highlights the potential of 

discovery proteomics to shed new light on the mechanistic functions of functional food 

products.  

Although none of the treatments produced any significant change in terms of cell viability 

(Appendix 2 Figure 2A.1), LPS and RSV promoted significant regulation of several proteins 

(Appendix 3 Table 2A.2) previously described in the literature which might confirm the 

reliability of our experiment. For example, increased expression of ICAM-1 is required for 

leukocyte recruitment in inflammatory conditions and is promoted by LPS and other bacterial 

products [188]. Similarly, inhibition of WNT5A, a member responsible for the activation of 

the WNT signalling is reported to occur in response to RSV in cell culture as a deactivating 

effect of this pathway [189]. Similar reduction in WNT5A following RSV was confirmed in 

this study.  

Proteomic analysis revealed striking differences between the activities of WDS EE and RSV 

on protein abundances, suggesting different molecular mechanisms of action as illustrated on 

Figure 2.4. Consistent with the changes in the expression of FOXRED1 and the potential 

implications in the mitochondrial function, WDS EE is predicted to down-regulate elements 

associated with this organelle. RSV on the other hand, shows an opposite effect in these 
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functions and this is consistent with previous reports. For instance, RSV is known to up-

regulate mitochondrial activity by activating the cell protector SIRT1, which induces 

resistance against diet induced obesity in mice [190]. Similarly, growth of the Golgi cisternae 

seems to be altered in opposite ways by WDS EE and RSV. Changes in the morphology of 

the Golgi cisternae has an effect in the trafficking of synthesised proteins. For example, 

increases in the area of the Golgi cisternae is observed after glucose stimulation in pancreatic 

cells, resulting in disturbed protein traffic [191]. Fusion of the cellular membrane is another 

function predicted to be altered in opposite ways by WDS EE and RSV. Metabolites from the 

polyphenol (-)-epigallocatechin-3-gallate (EGCG) for instance, produce changes in the fusion 

of the cellular membrane in what is interpreted as a possible mechanism of interaction with 

HT29 cells [192]. Given the limited knowledge in relation to polyphenols and their impact 

on the different organelles function, our results highlight new priority avenues of study. 

In order to corroborate the effect of WDS EE on NFκB pathway regulation, western blot 

analysis confirmed WDS EE suppression of the phosphorylation of NFκB (phospho-Ser536). 

Inhibition of this phosphorylation event is consistent with the effect provided by other anti-

inflammatory treatments. Piceatannol, a stilbene structurally related to RSV which is 

produced by fungal attack in infected sugarcane, inhibits the phosphorylation of IκB and 

NFκB and the nuclear translocation of NFκB under multiple inflammatory insults including 

LPS [193]. We also demonstrated that WDS EE reduced the secretion of the pro-

inflammatory cytokine IL-8, a gene regulated by the NFκB transcription factor. Secretion of 

IL-8 is described as a marker of intestinal inflammation given its chemoattractant role in 

neutrophil activation and infiltration which leads to free radical release [194]. Consistent to 

our data, aqueous extracts of sugarcane showed inhibition of NFκB activity and decreased 

IL-8 release in IL-1β-treated Caco2 cells [136]. Interestingly, treatment of LPS-stimulated 

SW480 cells with RSV failed to modulate IL-8 secretion, despite reducing NFκB 
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phosphorylation after 4h (Figure 2.5). However, it should be noted that the degree of NFκB 

phospho-Ser536 suppression was not as great as seen with the WDS EE that was particularly 

effective, even after 1h.  

RSV is well documented for its therapeutic properties [195]. The analysis performed in this 

proteomics study using IPA suggested the inhibitory effect of RSV also acts via the 

PI3K/AKT/mTOR pathway, some of these events were confirmed by western blotting (Figure 

2.6). It has been previously shown that RSV decreases the phosphorylation of AKT Ser473 

through the activation of PTEN in colon HCT116 cells providing an anti-carcinogenic effect 

[196]. Further, and consistent with our data, RSV is proven to target PTEN [197], p70S6K 

[198] and AMPK [199]. 

2.6 Conclusions 

The results presented in this study show that WDS EE contains a rich source of polyphenols 

and flavonoids. Protein quantitation by SWATH revealed that WDS EE activity is regulated 

through NFκB and that induces regulation of oxidative stress mediators SELH and 

FOXRED1. WDS EE was shown to suppress the phosphorylation of NFκB and inhibit 

secretion of the pro-inflammatory cytokine IL-8. In contrast, the polyphenol RSV appeared 

to regulate the PI3K/AKT/mTOR pathway, which was not seen with WDS EE. Future studies 

will more deeply probe the cell signalling pathways activated by WDS EE and test the 

nutraceutical properties of WDS EE in in vivo model systems. 
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The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD005418. 
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Figure 2.1 (a) Total polyphenolic content and (b) Total flavonoid content of whole 

dried sugarcane extracts 

TPC (mg gallic acid equivalents/100g) and TFC (mg (+)-catechin equivalents/100g) 

were determined for whole dried sugarcane ethanol extract (WDS EE), raisins and 

cranberry juice. n=3, mean +/- SD. 

 

Figure 2.2 (a) Hierarchical clustering and (b) principal component analysis of the 

protein expression in SW480-treated cellsFigure 2.1 (a) Total polyphenolic content and 

(b) Total flavonoid content of whole dried sugarcane extracts 

TPC (mg gallic acid equivalents/100g) and TFC (mg (+)-catechin equivalents/100g) 

were determined for whole dried sugarcane ethanol extract (WDS EE), raisins and 

cranberry juice. n=3, mean +/- SD. 

 

Figure 2.2 (a) Hierarchical clustering and (b) principal component analysis of the 

protein expression in SW480-treated cells 

Protein expression of untreated cells (C), lipopolysaccharide (LPS)-stimulated with 

5μg/ml, LPS-stimulated and co-incubated with 50µM of whole dried sugarcane ethanol 

extract (WDS EE), and LPS-stimulated and co-incubated with 50µM of resveratrol 
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Figure 2.2 (a) Hierarchical clustering and (b) principal component analysis of the 

protein expression in SW480-treated cells 

Protein expression of untreated cells (C), lipopolysaccharide (LPS)-stimulated 

with 5μg/ml, LPS-stimulated and co-incubated with 50µM of whole dried 

sugarcane ethanol extract (WDS EE), and LPS-stimulated and co-incubated with 

50µM of resveratrol (RSV) for 24 hours. Up-regulation (z-score >0) is denoted by 

red whereas down-regulation (z-score <0) is represented by green. n=3, ANOVA 

multiple sample test, Permutation based FDR 0.05. 

 

Figure 2.3 Differential (a) up-regulation and (b) down-regulation proteins in 

response to WDS EE and RSVFigure 2.2 (a) Hierarchical clustering and (b) 

principal component analysis of the protein expression in SW480-treated cells 

Protein expression of untreated cells (C), lipopolysaccharides (LPS)-stimulated 

with 5μg/ml, LPS-stimulated and co-incubated with 50µM of whole dried 

sugarcane ethanol extract (WDS EE), and LPS-stimulated and co-incubated with 

50µM of resveratrol (RSV) for 24 hours. Up-regulation (z-score >0) is denoted by 

red whereas down-regulation (z-score <0) is represented by green. n=3, ANOVA 

multiple sample test, Permutation based FDR 0.05. 
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Figure 2.3 Differential (a) up-regulation and (b) down-regulation of proteins in 

response to WDS EE and RSV 

Differential protein expression is based on the comparison of whole dried sugarcane 

ethanol extract (WDS EE) and resveratrol (RSV) against lipopolysaccharide (LPS)-

challenged cells. Students t-test, p-value<0.05, +/- 1.5 fold change. 
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Figure 2.4 Diseases and functions prediction based on protein expression induced by 

WDS EE and RSV introduction 

WDS EE/LPS and RSV/LPS fold changes and p-values were analysed for paired 

comparisons using IPA (Ingenuity Systems). Up-regulation (z-score >0) is denoted 

by orange whereas down-regulation (z-score <0) is represented by blue. 
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Figure 2.5 WDS EE effect on the NFκB signalling pathway 

(a) WDS EE is predicted to inhibit (blue) members of the NFκB pathway as predicted 

by IPA (Ingenuity Systems). (b) Phosphorylation of NFκB (Ser536) normalised with 

the total expression of NFκB. Four conditions were tested: untreated cells (C), 

lipopolysaccharide (LPS) stimulated with 5μg/ml, LPS-stimulated and co-incubated 

with 50µM of WDS EE, and LPS-stimulated and co-incubated with 50µM of 

resveratrol (RSV). (c) Secreted IL-8 (pg/mL) in culture media in response to C, LPS, 

LPS followed by WDS EE, and LPS followed by RSV. n=3, mean +/- SD, * p-value 

<0.05 compared to LPS. 
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Figure 2.6 RSV effect on the PI3K/AKT signalling pathway 

(a) RSV is predicted to inhibit (blue) and activate (red) members of the 

PI3K/AKT pathway as predicted by IPA (Ingenuity Systems). (b) 

Phosphorylation of AKT (Ser473) and p70S6K (Thr389) normalised with the total 

expression of the corresponding protein. Four conditions were tested: untreated 

cells (C), lipopolysaccharide (LPS) stimulated with 5μg/ml, LPS-stimulated and 

co-incubated with 50µM of whole dried sugarcane ethanol extract (WDS EE), 

LPS-stimulated and co-incubated with 50µM of RSV after 4h. n=3, mean +/- SD, 

* p-value <0.05, **p-value<0.01 compared to LPS. 
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Table 2.1 Significantly regulated proteins expressed as WDS EE/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.5 Significantly regulated proteins expressed as RSV/LPS ratio.Table 2.6 Significantly regulated proteins expressed as WDS 

EE/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.2 Significantly regulated proteins expressed as RSV/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.7 Predicted upstream analysis based on protein expression induced by WDS EE and RSVTable 2.8 Significantly regulated proteins 

expressed as RSV/LPS ratio.Table 2.1 Significantly regulated proteins expressed as WDS EE/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.9 Significantly regulated proteins expressed as RSV/LPS ratio.Table 2.10 Significantly regulated proteins expressed as WDS 

 

Uniprot 

accession 

number 

Gene Protein name 

Fold 

change 

WDS 

EE/LPS 

P-value Gene ontology, molecular function 

Q96P11 NSUN5 
Probable 28S rRNA (cytosine-

C(5))-methyltransferase 
27.3 2.6E-03 

RNA binding ; RNA methyltransferase activity; S-adenosylmethionine-dependent 

methyltransferase activity 

Q8IZQ5 SELH Selenoprotein H 2.4 4.9E-02 RNA binding 

Q16850 CP51A Lanosterol 14-alpha demethylase 1.8 2.3E-03 Heme binding, iron ion binding, sterol 14-demethylase activity 

O75376 NCOR1 Nuclear receptor corepressor 1 1.7 4.7E-02 

Histone deacetylase binding; ligand-dependent nuclear receptor binding; nuclear 

hormone receptor binding; RNA polymerase II activating transcription factor binding; 

thyroid hormone receptor binding; transcription corepressor activity; transcription 

regulatory region DNA binding 

Q02952 AKA12 A-kinase anchor protein 12 1.7 2.1E-03 Adenylate cyclase binding; protein kinase A binding 

P53602 MVD1 
Diphosphomevalonate 

decarboxylase 
1.7 3.3E-02 

ATP binding; diphosphomevalonate decarboxylase activity; Hsp70 protein binding; 

protein homodimerization activity 

Q92597 NDRG1 Protein NDRG1 1.6 1.1E-02 Cadherin binding; gamma-tubulin binding; microtubule binding; Rab GTPase binding 

P06703 S10A6 Protein S100-A6 1.6 3.4E-02 
Calcium-dependent protein binding; calcium ion binding; ion transmembrane 

transporter activity; protein homodimerization activity; S100 protein binding; 

tropomyosin binding; zinc ion binding 

P32929 CGL Cystathionine gamma-lyase 1.6 1.2E-03 

Calmodulin binding; carbon-sulfur lyase activity; cystathionine gamma-lyase activity; 

cystathionine gamma-synthase activity; homocysteine desulfhydrase activity; identical 

protein binding; L-cysteine desulfhydrase activity; L-cystine L-cysteine-lyase 

(deaminating); pyridoxal phosphate binding 

P08758 ANXA5 Annexin A5 1.6 6.5E-03 
Calcium-dependent phospholipid binding; calcium ion binding; phospholipase 

inhibitor activity; phospholipid binding 

O00443 P3C2A 

Phosphatidylinositol 4-phosphate 

3-kinase C2 domain-containing 

subunit alpha 

1.6 3.6E-02 
1-phosphatidylinositol-3-kinase activity; 1-phosphatidylinositol-4-phosphate 3-kinase 

activity; ATP binding; phosphatidylinositol 3-kinase activity; phosphatidylinositol 

binding 

Q13501 SQSTM Sequestosome-1 1.5 7.5E-04 
Enzyme binding; identical protein binding; ionotropic glutamate receptor binding; 

K63-linked polyubiquitin modification-dependent protein binding; protein 

homodimerization activity; protein kinase binding; protein kinase C binding; protein 
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serine/threonine kinase activity; receptor tyrosine kinase binding; SH2 domain 

binding; ubiquitin binding; ubiquitin protein ligase binding; zinc ion binding 

Q92974 ARHG2 
Rho guanine nucleotide exchange 

factor 2 
1.5 2.5E-02 

Guanyl-nucleotide exchange factor activity; microtubule binding; Rac GTPase 

binding; Rac guanyl-nucleotide exchange factor activity; Rho GTPase binding; Rho 

guanyl-nucleotide exchange factor activity; transcription factor binding; zinc ion 

binding 

O15460 P4HA2 
Prolyl 4-hydroxylase subunit 

alpha-2 
-1.5 1.3E-02 

Electron carrier activity; iron ion binding; L-ascorbic acid binding; oxidoreductase 

activity, acting on single donors with incorporation of molecular oxygen, 

incorporation of two atoms of oxygen; procollagen-proline 4-dioxygenase activity 

Q6PL18 ATAD2 
ATPase family AAA domain-

containing protein 2 
-1.5 1.3E-02 ATPase activity; ATP binding; chromatin binding; histone binding 

Q9BQ48 RM34 
39S ribosomal protein L34, 

mitochondrial 
-1.5 1.2E-03 structural constituent of ribosome 

P36915 GNL1 
Guanine nucleotide-binding 

protein-like 1 
-1.6 2.5E-02 GTPase activity; GTP binding; structural molecule activity 

Q6NUQ4 TM214 Transmembrane protein 214 -1.6 6.4E-03  

P80404 GABT 
4-aminobutyrate 

aminotransferase, mitochondrial 
-1.6 4.2E-02 

(S)-3-amino-2-methylpropionate transaminase activity; 4-aminobutyrate:2-

oxoglutarate transaminase activity; 4-aminobutyrate transaminase activity; iron-sulfur 

cluster binding; metal ion binding; protein homodimerization activity; pyridoxal 

phosphate binding; succinate-semialdehyde dehydrogenase binding 

Q9BYC9 RM20 
39S ribosomal protein L20, 

mitochondrial 
-1.6 2.9E-02 RNA binding; rRNA binding; structural constituent of ribosome 

P61457 PHS 
Pterin-4-alpha-carbinolamine 

dehydratase 
-1.7 1.0E-03 

4-alpha-hydroxytetrahydrobiopterin dehydratase activity; identical protein binding; 

phenylalanine 4-monooxygenase activity; transcription coactivator activity 

P09234 RU1C 
U1 small nuclear 

ribonucleoprotein C 
-1.7 1.8E-04 

Pre-mRNA 5'-splice site binding; protein homodimerization activity; RNA binding; 

single-stranded RNA binding; U1 snRNP binding; zinc ion binding 

P24752 THIL 
Acetyl-CoA acetyltransferase, 

mitochondrial 
-1.9 7.3E-04 

Acetyl-CoA C-acetyltransferase activity; carbon-carbon lyase activity; coenzyme 

binding; enzyme binding; ligase activity, forming carbon-carbon bonds; metal ion 

binding; protein homodimerization activity 

Q9NVV4 PAPD1 
Poly(A) RNA polymerase, 

mitochondrial 
-2.4 4.2E-03 

ATP binding; identical protein binding; magnesium ion binding; manganese ion 

binding; polynucleotide adenylyltransferase activity; protein homodimerization 

activity; RNA binding; UTP binding 

Q96CU9 FXRD1 
FAD-dependent oxidoreductase 

domain-containing protein 1 
-2.5 3.3E-02 Oxidoreductase activity 

P49005 DPOD2 DNA polymerase delta subunit 2 -2.5 5.1E-03 DNA binding; DNA-directed DNA polymerase activity 

Q9H9H4 VP37B 
Vacuolar protein sorting-

associated protein 37B 
-2.6 1.5E-02 Calcium-dependent protein binding 

Q15334 L2GL1 
Lethal(2) giant larvae protein 

homolog 1 
-3.0 1.7E-02 

GTPase activator activity; protein kinase binding; Rab GTPase binding; structural 

molecule activity 
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P03928 ATP8 ATP synthase protein 8 -3.3 3.8E-02 Hydrogen ion transmembrane transporter activity; transmembrane transporter activity 

P21926 CD9 CD9 antigen -3.4 2.0E-03 Integrin binding 

Q9Y5Y2 NUBP2 
Cytosolic Fe-S cluster assembly 

factor NUBP2 
-3.6 6.7E-04 4 iron, 4 sulfur cluster binding; ATP binding; metal ion binding; nucleotide binding 

Q6ZU65 UBN2 Ubinuclein-2 -4.0 7.9E-03  

Q86YS6 RAB43 Ras-related protein Rab-43 -8.2 4.7E-02 GTPase activity; GTP binding 

O43292 GPAA1 
Glycosylphosphatidylinositol 

anchor attachment 1 protein 
-11.9 1.3E-02 Tubulin binding 
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Uniprot 

accession 

number 

Gene Protein name 
Fold change 

RSV/LPS 
P-Value Gene ontology, molecular function 

Q9Y4C1 KDM3A Lysine-specific demethylase 3A 11.5 3.1E-03 

Androgen receptor binding; chromatin DNA binding; core promoter binding; 
dioxygenase activity; histone demethylase activity; histone demethylase activity (H3-

K9 specific); iron ion binding; transcription factor activity, sequence-specific DNA 
binding; transcription regulatory region sequence-specific DNA binding 

Q96T23 RSF1 Remodeling and spacing factor 1 6.7 8.9E-03 Histone binding; metal ion binding 

Q9UMX5 NENF Neudesin 4.7 4.3E-06 Growth factor activity; metal ion binding 

Q8TAA5 GRPE2 
GrpE protein homolog 2, 

mitochondrial 
3.9 4.6E-03 

Adenyl-nucleotide exchange factor activity; chaperone binding; protein 
homodimerization activity; unfolded protein binding 

Q9NVT9 ARMC1 
Armadillo repeat-containing 

protein 1 
3.7 3.4E-02 Metal ion binding 

P21926 CD9 CD9 antigen 3.4 9.0E-03 Integrin binding 

O43169 CYB5B Cytochrome b5 type B 3.1 1.4E-03 Heme binding; metal ion binding 

O75376 NCOR1 Nuclear receptor corepressor 1 2.5 9.0E-04 

Histone deacetylase binding; ligand-dependent nuclear receptor binding]; nuclear 
hormone receptor binding; RNA polymerase II activating transcription factor binding; 

thyroid hormone receptor binding; transcription corepressor activity; transcription 
regulatory region DNA binding 

Q6NUM9 RETST All-trans-retinol 13,14-reductase 2.2 3.3E-04 All-trans-retinol 13,14-reductase activity; oxidoreductase activity 

Q9H3M7 TXNIP Thioredoxin-interacting protein 2.1 1.2E-02 Enzyme inhibitor activity; ubiquitin protein ligase binding 

P05121 PAI1 Plasminogen activator inhibitor 1 2.1 2.3E-03 Protease binding; receptor binding; serine-type endopeptidase inhibitor activity 

Q9NRK6 ABCBA 
ATP-binding cassette sub-family 

B member 10, mitochondrial 
2.0 2.6E-02 

ATPase activity, coupled to transmembrane movement of substances; ATP binding; 
protein homodimerization activity; transporter activity 

P05362 ICAM1 Intercellular adhesion molecule 1 2.0 7.8E-06 
Integrin binding; receptor activity; transmembrane signaling receptor activity; virus 

receptor activity 

P10909 CLUS Clusterin 1.9 4.7E-02 
Amyloid-beta binding; chaperone binding; low-density lipoprotein particle receptor 

binding; misfolded protein binding; protein complex binding; ubiquitin protein ligase 
binding 

Table 2.2 Significantly regulated proteins expressed as RSV/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.11 Predicted upstream analysis based on protein expression induced by WDS EE and RSVTable 2.12 Significantly 

regulated proteins expressed as RSV/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.3 Predicted upstream analysis based on protein expression induced by WDS EE and RSV 

Z-scores predicting activation (>0) or deactivation (<0) based on WDS EE/LPS and RSV/LPS ratios. Non-significant 

(NS)Table 2.2 Significantly regulated proteins expressed as RSV/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 

 

Table 2.13 Predicted upstream analysis based on protein expression induced by WDS EE and RSVTable 2.14 Significantly 

regulated proteins expressed as RSV/LPS ratio. 

Two-sample t test (p-value <0.05), fold change >1.5. 
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Q9UHN6 TMEM2 Transmembrane protein 2 1.9 4.7E-02 Cadherin binding; calcium ion binding; hyalurononglucosaminidase activity 

Q13501 SQSTM Sequestosome-1 1.9 1.7E-03 

Enzyme binding; identical protein binding; ionotropic glutamate receptor binding; K63-
linked polyubiquitin modification-dependent protein binding; protein 

homodimerization activity; protein kinase binding; protein kinase C binding; protein 
serine/threonine kinase activity; receptor tyrosine kinase binding; SH2 domain 

binding; ubiquitin binding; ubiquitin protein ligase binding; zinc ion binding 

P51648 AL3A2 Fatty aldehyde dehydrogenase 1.8 7.4E-03 
Aldehyde dehydrogenase (NAD) activity; aldehyde dehydrogenase [NAD(P)+] activity; 

long-chain-alcohol oxidase activity; long-chain-aldehyde dehydrogenase activity; 
medium-chain-aldehyde dehydrogenase activity 

P17676 CEBPB 
CCAAT/enhancer-binding protein 

beta 
1.8 3.8E-04 

Chromatin binding; DNA binding; glucocorticoid receptor binding; histone 
acetyltransferase binding; histone deacetylase binding; kinase binding 

Q16822 PCKGM 

Phosphoenolpyruvate 

carboxykinase [GTP], 

mitochondrial 

1.8 8.9E-06 
GTP binding; metal ion binding; phosphoenolpyruvate carboxykinase (GTP) activity; 

phosphoenolpyruvate carboxykinase activity 

P49721 PSB2 Proteasome subunit beta type-2 1.7 1.3E-03 Threonine-type endopeptidase activity 

Q96AB3 ISOC2 
Isochorismatase domain-

containing protein 2 
1.7 5.0E-02 Catalytic activity 

Q9UNP9 PPIE 
Peptidyl-prolyl cis-trans 

isomerase E 
1.7 3.8E-02 Cyclosporin A binding; peptidyl-prolyl cis-trans isomerase activity; RNA binding 

Q8WV74 NUDT8 
Nucleoside diphosphate-linked 

moiety X motif 8 
1.6 6.9E-04 Hydrolase activity; metal ion binding 

Q709F0 ACD11 
Acyl-CoA dehydrogenase family 

member 11 
1.6 7.7E-04 

Acyl-CoA dehydrogenase activity; flavin adenine dinucleotide binding; long-chain-acyl-
CoA dehydrogenase activity; medium-chain-acyl-CoA dehydrogenase activity; very-

long-chain-acyl-CoA dehydrogenase activity 

P05455 LA Lupus La protein 1.6 6.0E-04 
mRNA binding; poly(U) RNA binding; RNA binding; sequence-specific mRNA binding; 

tRNA binding 

Q99570 PI3R4 
Phosphoinositide 3-kinase 

regulatory subunit 4 
1.6 2.9E-02 

1-phosphatidylinositol-3-kinase activity; ATP binding; protein kinase activity; protein 
serine/threonine kinase activity 

P32929 CGL Cystathionine gamma-lyase 1.6 1.4E-02 

Calmodulin binding; carbon-sulfur lyase activity; cystathionine gamma-lyase activity; 
cystathionine gamma-synthase activity; homocysteine desulfhydrase activity; identical 

protein binding; L-cysteine desulfhydrase activity; L-cystine L-cysteine-lyase 
(deaminating); pyridoxal phosphate binding 

P31350 RIR2 
Ribonucleoside-diphosphate 

reductase subunit M2 
1.6 1.3E-03 

Metal ion binding; ribonucleoside-diphosphate reductase activity, thioredoxin 
disulfide as acceptor 

Q15334 L2GL1 
Lethal(2) giant larvae protein 

homolog 1 
1.6 4.6E-02 

GTPase activator activity; protein kinase binding; Rab GTPase binding; structural 
molecule activity 

Q9P289 STK26 
Serine/threonine-protein kinase 

26 
1.6 1.0E-02 

ATP binding; identical protein binding; magnesium ion binding; MAP kinase kinase 
kinase kinase activity; protein homodimerization activity; protein kinase activity 
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P62308 RUXG 
Small nuclear ribonucleoprotein 

G 
1.6 2.7E-02 RNA binding 

P78536 ADA17 
Disintegrin and metalloproteinase 

domain-containing protein 17 
1.6 9.4E-03 

Integrin binding; interleukin-6 receptor binding; metal ion binding; 
metalloendopeptidase activity; metallopeptidase activity; Notch binding; PDZ domain 

binding; SH3 domain binding 

P51784 UBP11 
Ubiquitin carboxyl-terminal 

hydrolase 11 
1.6 2.3E-03 

Cysteine-type endopeptidase activity; thiol-dependent ubiquitin-specific protease 
activity; thiol-dependent ubiquitinyl hydrolase activity 

P17535 JUND Transcription factor jun-D 1.6 7.3E-03 

Enzyme binding; ligand-dependent nuclear receptor binding; RNA polymerase II core 
promoter proximal region sequence-specific DNA binding; RNA polymerase II 

transcription factor activity, sequence-specific DNA binding; transcriptional activator 
activity, RNA polymerase II core promoter proximal region sequence-specific binding; 
transcription coactivator activity; transcription factor binding; transcription regulatory 

region DNA binding 

Q9BX68 HINT2 
Histidine triad nucleotide-binding 

protein 2, mitochondrial 
1.6 1.5E-03 Hydrolase activity; nucleotide binding 

Q4G176 ACSF3 
Acyl-CoA synthetase family 

member 3, mitochondrial 
1.6 8.5E-03 

Acid-thiol ligase activity; ATP binding; malonyl-CoA synthetase activity; very long-chain 
fatty acid-CoA ligase activity 

Q13263 TIF1B 
Transcription intermediary factor 

1-beta 
1.6 2.9E-04 

Chromatin binding; chromo shadow domain binding; DNA binding; Krueppel-
associated box domain binding; promoter-specific chromatin binding; protein kinase 

activity 

P04179 SODM 
Superoxide dismutase [Mn], 

mitochondrial 
1.5 2.1E-03 Identical protein binding; manganese ion binding; superoxide dismutase activity 

O95777 LSM8 
U6 snRNA-associated Sm-like 

protein LSm8 
1.5 1.7E-02 RNA binding; U6 snRNA binding 

Q13616 CUL1 Cullin-1 1.5 3.0E-02 Ubiquitin protein ligase binding; ubiquitin-protein transferase activity 

Q86WB0 NIPA 
Nuclear-interacting partner of 

ALK 
1.5 2.0E-03 Protein kinase binding; zinc ion binding 

Q9H9P8 L2HDH 
L-2-hydroxyglutarate 

dehydrogenase, mitochondrial 
1.5 1.3E-02 2-hydroxyglutarate dehydrogenase activity 

P35244 RFA3 
Replication protein A 14 kDa 

subunit 
1.5 2.8E-02 Damaged DNA binding; single-stranded DNA binding 

P25787 PSA2 Proteasome subunit alpha type-2 1.5 1.6E-02 Threonine-type endopeptidase activity 

Q96HV5 TM41A Transmembrane protein 41A 1.5 7.8E-05  

P08243 ASNS 
Asparagine synthetase 

[glutamine-hydrolyzing] 
1.5 1.8E-02 

Asparagine synthase (glutamine-hydrolyzing) activity; ATP binding; cofactor binding; 
protein homodimerization activity 

P09455 RET1 Retinol-binding protein 1 -1.5 2.0E-02 Retinal binding; retinoid binding; retinol binding; transporter activity 

P51153 RAB13 Ras-related protein Rab-13 -1.5 2.5E-02 GTPase activity; GTP binding; protein kinase A catalytic subunit binding 
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O15460 P4HA2 
Prolyl 4-hydroxylase subunit 

alpha-2 
-1.5 3.7E-02 

Electron carrier activity; iron ion binding; L-ascorbic acid binding; oxidoreductase 
activity, acting on single donors with incorporation of molecular oxygen, incorporation 

of two atoms of oxygen; procollagen-proline 4-dioxygenase activity 

P46779 RL28 60S ribosomal protein L28 -1.5 4.3E-02 RNA binding; structural constituent of ribosome 

P04818 TYSY Thymidylate synthase -1.6 5.4E-03 
Cofactor binding; drug binding; folic acid binding; nucleotide binding; protein 

homodimerization activity; sequence-specific mRNA binding; thymidylate synthase 
activity; translation repressor activity, nucleic acid binding 

Q96TA2 YMEL1 
ATP-dependent zinc 

metalloprotease YME1L1 
-1.6 2.4E-02 

ATP binding; ATP-dependent peptidase activity; metal ion binding; 
metalloendopeptidase activity; metallopeptidase activity 

Q9HCU9 BRMS1 
Breast cancer metastasis-

suppressor 1 
-1.6 3.7E-02 Histone deacetylase activity; histone deacetylase binding; NF-kappaB binding 

Q15370 ELOB Elongin-B -1.6 8.3E-04 ubiquitin protein ligase binding 

O15372 EIF3H 
Eukaryotic translation initiation 

factor 3 subunit H 
-1.6 2.1E-02 RNA binding; translation initiation factor activity 

P61313 RL15 60S ribosomal protein L15 -1.6 5.4E-06 Cadherin binding; RNA binding; structural constituent of ribosome 

P35221 CTNA1 Catenin alpha-1 -1.7 2.9E-02 

Actin filament binding; beta-catenin binding; cadherin binding; gamma-catenin 
binding; identical protein binding; protein heterodimerization activity; RNA binding; 

structural molecule activity; vinculin binding 

O00203 AP3B1 AP-3 complex subunit beta-1 -1.7 7.5E-03 GTP-dependent protein binding; protein phosphatase binding 

Q16763 UBE2S 
Ubiquitin-conjugating enzyme E2 

S 
-1.7 1.5E-03 

ATP binding; ubiquitin conjugating enzyme activity; ubiquitin protein ligase activity; 
ubiquitin protein ligase binding; ubiquitin-protein transferase activity 

O75534 CSDE1 
Cold shock domain-containing 

protein E1 
-1.7 4.3E-02 DNA binding; RNA binding 

P29590 PML Protein PML -1.7 4.9E-06 

Cobalt ion binding; DNA binding; protein heterodimerization activity; protein 
homodimerization activity; SMAD binding; SUMO binding; transcription coactivator 

activity; ubiquitin protein ligase binding; zinc ion binding 

P52292 IMA1 Importin subunit alpha-1 -1.8 1.0E-02 
Histone deacetylase binding; nuclear localization sequence binding; protein 

transporter activity; RNA binding 

P25774 CATS Cathepsin S -1.8 1.1E-04 
Collagen binding; cysteine-type endopeptidase activity; fibronectin binding; laminin 

binding; proteoglycan binding; serine-type endopeptidase activity 

Q9BXJ9 NAA15 
N-alpha-acetyltransferase 15, 

NatA auxiliary subunit 
-1.8 2.8E-02 Ribosome binding; RNA binding 

Q7Z460 CLAP1 CLIP-associating protein 1 -1.8 1.8E-03 
Dystroglycan binding; kinetochore binding; microtubule binding; microtubule plus-end 

binding 

P20290 BTF3 Transcription factor BTF3 -1.9 1.7E-02 RNA binding 

Q99733 NP1L4 
Nucleosome assembly protein 1-

like 4 
-1.9 3.5E-02 Nucleosome binding; RNA binding; unfolded protein binding 
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P62829 RL23 60S ribosomal protein L23 -1.9 1.1E-02 
Large ribosomal subunit rRNA binding; RNA binding; structural constituent of 

ribosome; transcription coactivator binding; ubiquitin ligase inhibitor activity; ubiquitin 
protein ligase binding 

Q01085 TIAR Nucleolysin TIAR -2.1 7.3E-03 AU-rich element binding; DNA binding; RNA binding 

Q4V328 GRAP1 GRIP1-associated protein 1 -2.1 3.1E-02  

Q9HA92 RSAD1 

Radical S-adenosyl methionine 

domain-containing protein 1, 

mitochondrial 

-2.1 2.3E-02 4 iron, 4 sulfur cluster binding; coproporphyrinogen oxidase activity; metal ion binding 

Q15382 RHEB GTP-binding protein Rheb -2.2 3.7E-02 
GDP binding; GTPase activity; GTP binding; magnesium ion binding; protein kinase 

binding 

Q9NQZ2 SAS10 
Something about silencing protein 

10 
-2.4 8.5E-03 RNA binding 

P61009 SPCS3 
Signal peptidase complex subunit 

3 
-2.5 1.5E-02 Peptidase activity 

P01037 CYTN Cystatin-SN -2.6 1.8E-04 Cysteine-type endopeptidase inhibitor activity; protease binding 

P43003 EAA1 
Excitatory amino acid transporter 

1 
-2.7 5.0E-02 

Amino acid transmembrane transporter activity; glutamate:sodium symporter activity; 
glutamate binding; high-affinity glutamate transmembrane transporter activity; L-

glutamate transmembrane transporter activity; metal ion binding 

P41221 WNT5A Protein Wnt-5a -2.7 5.2E-03 

Chemoattractant activity involved in axon guidance; cytokine activity; frizzled-2 
binding; frizzled binding; protein domain specific binding; receptor agonist activity; 
receptor tyrosine kinase-like orphan receptor binding; transcription factor activity, 

sequence-specific DNA binding; transcription regulatory region DNA binding 

Q9Y6H1 CHCH2 
Coiled-coil-helix-coiled-coil-

helix domain-containing protein 2 
-3.3 9.3E-03 Sequence-specific DNA binding; transcription factor binding 

P63313 TYB10 Thymosin beta-10 -3.8 2.0E-02 actin monomer binding 
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  WDS EE/LPS RSV/LPS 

Quercetin 3 NS 

Carnosol 2 1 

Curcumin 1.7 -2.3 

Table 2.3 Predicted upstream analysis based on protein expression induced by WDS EE 

and RSV 

Z-scores predicting activation (>0) or deactivation (<0) based on WDS EE/LPS and 

RSV/LPS ratios. Non-significant (NS) 
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Chapter 3 Phosphoproteomics analysis of cell signalling 

associated with dried sugarcane extracts in an in vitro 

colon cancer cell model of LPS-induced inflammation 
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Chapter 3 

Phosphoproteomics analysis of cell signalling associated with dried sugarcane extracts 

in an in vitro colon cancer cell model of LPS-induced inflammation 

Experimental work and data analysis from this chapter was performed by Daniel Bucio 

Noble. The mass spectrometer was run by Daniel Bucio Noble at the Australian Proteome 

Analysis Facility. Manuscript was written by Daniel Bucio Noble with contributions from 

Assoc. Prof. Mark P. Molloy, Dr. Liisa Kautto, and Dr. Malcolm S. Ball. 





Chapter 3 

87 

Phosphoproteomics analysis of cell signalling associated with dried sugarcane extracts 

in an in vitro colon cancer cell model of LPS-induced inflammation 

Daniel Bucio-Noble1, Liisa Kautto1, Malcolm S. Ball1,2, Mark P. Molloy1, 3* 

1 ARC Training Centre for Molecular Technology in the Food Industry, Department of 

Chemistry and Biomolecular Sciences, Macquarie University, Sydney, Australia. 

2 Gratuk Technologies Pty Ltd., Level 9, Avaya House, 123 Epping Road, Sydney, Australia. 

3 Australian Proteome Analysis Facility, Macquarie University, Sydney, Australia. 

 

*Corresponding author: Mark P. Molloy, Department of Chemistry and Biomolecular 

Sciences, Macquarie University, Level 3, Building E8C, Research Park Drive, Sydney 2109, 

Australia. Tel: +61 2 9850 6218. Fax+61 2 9850 6200. E-mail: mmolloy@proteome.org.au 

Disclosures: MSB is an employee of Gratuk Technologies Pty Ltd who provided partial 

funding for this project under the Australian Research Council Industrial Transformation 

Training Centre scheme. All other authors have no disclosures to make. 

mailto:mmolloy@proteome.org.au




Chapter 3 

89 

3.1 Abstract 

Chronic inflammation involves dysregulation in the synthesis of pro-inflammatory mediators 

which are associated with several diseases. Some natural plant products are known to possess 

anti-inflammatory properties based on their high content of antioxidants. In this study, we 

demonstrate that whole dried sugarcane ethanol extract (WDS EE) is a potent source of 

antioxidants with high free-radical scavenging activity. WDS EE effect in vitro was studied 

in a cellular model of intestinal inflammation using LPS-stimulated SW480 cells and 

compared with the well-known polyphenol resveratrol. Mass spectrometry based 

phosphoproteomic analysis demonstrates that each regulates some unique cellular responses. 

For WDS EE the responses included the regulation of inflammatory-modulators SIRT1, PKA, 

PKCβ, EGFR and c-Jun. Kinase enrichment analysis and confirmatory western blot data point 

to the role of C-Raf kinase as a key regulator of WDS EE activity. Our findings suggest that 

WDS EE antioxidants have potential to impart health benefits associated with regulating 

inflammatory-related conditions. 

 

Keywords sugarcane; antioxidants; phosphoproteome; NFκB; inflammation; SW480 cells. 
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3.2 Introduction 

Consumption of fruits and vegetables rich in antioxidant activity are inversely related with 

markers of inflammation and oxidative stress [200]. Further, plant-derived nutrients 

characterised as strong antioxidants provide a protective effect against free radical oxidative 

damage observed in inflammatory-related conditions [201]. 

Aberrant expression of pro-inflammatory regulators is a condition present in chronic 

inflammation and multiple diseases such as cancer and inflammatory bowel disease (IBD) 

[22]. These pro-inflammatory regulators include transcription factors such as NFκB and 

activator protein 1 (AP-1) which are essential in the expression of pro-inflammatory genes 

that leads to the progression of the inflammatory state. In this regard, consumption of plant 

antioxidants might be an effective strategy in the inhibition of NFκB and related inflammatory 

pathways as potential treatment of IBD [147]. 

Resveratrol (RSV) is a polyphenol mostly found in grapes and red wine that has shown 

positive outcomes in the treatment of cancer, inflammation, and heart disease [195]. Among 

these, antioxidant properties of RSV appear to take a central role in the management of these 

conditions. For instance, RSV improves oxidative colon injury in an in vivo model of IBD 

through the inhibition of pro-inflammatory mediators and the activation of protective 

enzymes [194]. 

Similarly to RSV, sugarcane (Saccharum officinarum L.) is a known source of antioxidant 

activity which potentially provides anti-inflammatory outcomes [129][134]. From previous 

work, WDS EE influenced significant changes at the protein level including the inhibition of 

the NFκB signalling pathway. In this study, we investigated the antioxidant properties of 

WDS EE using antioxidant assays and phosphoproteomic techniques. Anti-inflammatory 

effects of WDS EE were tested in a cell model of inflammation where lipopolysaccharide 
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(LPS)-treated SW480 cells were incubated with WDS EE and compared with the effects seen 

with the well-known antioxidant RSV. Our results demonstrate that the antioxidant effects of 

WDS EE are mediated through the potential inhibition of a number of signalling network 

associated with protection from inflammatory responses. 
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3.3 Methods 

Micronutrient extraction 

Sucrose-depleted WDS, obtained from whole sugarcane was kindly provided by Gratuk 

Technologies Ltd Pty, Australia. Ethanol extraction was performed as indicated in Chapter 2, 

Methods section. Concentration of polyphenols present in WDS EE was adjusted to 50 µM 

and dried before use for cell culture. 

Antioxidant potential, ferric reducing ability potential (FRAP) assay 

The determination was performed as previously reported [202]. Briefly, FRAP reagent was 

prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridil-s-triazine 

(TPTZ) solution and 20 mM FeCl3 at a 10:1:1 ratio. WDS EE (20 µL) was mixed with 0.2 

mL of water and 1.8 mL of FRAP reagent and incubated for 10 min at 37 °C. Ferrous sulphate 

served as a standard over the concentration range of 125-2500 µM. Optical density was 

measured at 593 nm and results were expressed in mM FeSO4/kg. 

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging activity 

The determination was performed as previously reported [203]. Briefly, 80 µL of WDS EE 

was mixed with 3mL of 0.1 mM DPPH in 80% (v/v) methanol and incubated for 10min at 

room temperature. Ascorbic acid served as the standard over the concentration range of 10-

100 mg/L. Optical density was determined at 517 nm and results were expressed in mg 

ascorbic acid equivalents (AAE) / 100 g extract. 

Cell culture and protein extraction 

The colon carcinoma cell line SW480 was cultured in RPMI 1640 medium supplemented 

with 1% (v/v) of L-glutamine (Life Technologies), 10% (v/v) of fetal bovine serum (Life 

Technologies), 1x GlutaMAX (Life Technologies), and 1% (v/v) antibiotic (penicillin, 100 

μg/mL and streptomycin, 100 μg/mL) and incubated at 37 °C and 5% CO2 before lysis. 
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An inflammatory response was induced by exposing cells to 5 µg/mL of LPS from 

Escherichia coli (Sigma Aldrich) for 2 hours. Dried WDS EE was resuspended in RPMI 1640 

medium before treatment. RSV (Sigma Aldrich) was dissolved in dimethyl sulfoxide (DMSO, 

Sigma Aldrich) to a concentration of 50 µM. After LPS stimulation, WDS EE and RSV were 

added to the cells for 1 and 4 hours before harvesting. When indicated, the specific C-Raf 

inhibitor GW5074 (Selleckchem) was co-incubated with the WDS EE at varied 

concentrations (0.5, 1 and 5 µM). 

Cells were collected, lysed and protein concentration determined as described in Chapter 2, 

Methods section. 

Western Blot 

This procedure was performed as described in Chapter 2, Methods section. Nitrocellulose 

membranes were blotted with primary antibodies anti-pNFκB (Ser536), anti-NFκB, anti-

pAKT (Ser473) and anti-AKT (Cell Signalling) at 1:1000 dilution each, in a 5% (w/v) bovine 

serum albumin (BSA) TBS-T solution, and incubated overnight at 4 °C.  

Phosphopeptide enrichment  

Protein (500 μg) was reduced with 10mM of DTT for 30 min at 60 °C and alkylated with 20 

mM of iodoacetamide for 20 min at room temperature in the dark. Samples were digested 

with trypsin (Promega) in 1:50 ratio and incubated at 37 °C overnight. Deoxycholate salt was 

removed with pure formic acid at a 2% (v/v) of final concentration. Peptide solution was 

diluted ten times with 80% (v/v) acetonitrile (ACN), 5% (v/v) tri-fluoro acetic acid (TFA) 

and 76 mg/mL glycolic acid and incubated with 3 mg of TiO2 beads (Titansphere, 5µm) for 

30 min with shaking. The peptide solution was transferred to a new batch of TiO2 beads and 

incubated again for 30 min with shaking and the solution was discarded afterwards. TiO2 

beads from the two incubations were pooled and washed with 80% (v/v) ACN, 1% (v/v) TFA 



Chapter 3 

95 

and 10% (v/v) ACN and 0.1% (v/v) TFA. Phosphopeptides were eluted with 1% ammonia 

solution (v/v) for 10min with shaking, followed by a cleaning step in a C-18 column pre-

conditioned with 100% (v/v) methanol and 2% (v/v) ACN. Phosphopeptides were recovered 

in 70% (v/v) ACN, dried and resuspended in 1% (v/v) TFA for LC-MS/MS. 

Mass Spectrometry (LC-MS/MS) 

MS analysis were performed on a Q-Exactive (Thermo Fisher Scientific) mass spectrometer. 

Phosphopeptide separation was achieved on a 75 µm x 100 mm C18 Halo, 2.7 µm bead size, 

160 Å pore size column. Peptides were eluted with an A buffer B (100% (v/v) ACN, 0.1% 

(v/v) formic acid) gradient of 5-35% in 100 min run using electrospray ionisation. Data-

dependent MS/MS acquisition mode consisted of a full MS resolution of 70,000 scan 

acquisition and 350 to 1800 m/z. Phosphopeptide fragmentation required 10 HCD and a MS2 

resolution of 17,500. MaxQuant 1.5.2 was used for the processing of the .raw files using a 

1% peptide and protein FDR [204]. Label-free quantitation mode (LFQ) was employed for 

relative quantitation. Data base searches utilised the following parameters: two missed 

cleavages, peptide mass tolerance of 4.5ppm, carbamidomethylation (C) as fixed 

modification and oxidation (M), acetylation (Protein N-term), and phosphorylation (STY) as 

variable modifications, and match between runs. Perseus 1.5.2 was employed for statistical 

analysis [205]. Reverse and contaminant peptides were removed prior to log2 transformation 

of peptide intensity. Only peptides with a localisation probability higher than 75% were 

considered in the analysis. Intensity data was considered valid only in peptides quantified in 

at least 9 out of the 12 samples analysed, missing values were replaced or imputed from a 

typical normal distribution region. Statistical significant hits were identified by group 

comparison using the Student’s t-test FDR method (<20%). Fisher’s exact test was performed 

on WDS EE significantly regulated phosphopeptides compared to LPS-treated 
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phosphopeptides in order to identify kinase motifs significantly regulated. Enrichment factors 

were calculated using the Benjamini-Hochberg FDR method (FDR>0.2). 
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3.4 Results 

WDS EE exhibits strong antioxidant and free-radical scavenging activities 

Sucrose-depleted WDS EE has potential as a dietary supplement, but the bioactive 

components have not been characterised. Antioxidant and free-radical activities of WDS EE 

were performed by two methods, the DPPH assay which determines the free-radical 

scavenging potential measured by reduction of DPPH [203], and the FRAP method, which 

measures the reduction of a ferric-tripyridyltriazine complex to its coloured ferrous form 

[202]. 

We determined that WDS EE contains 119 +/- 11.1 mg AA/100g in terms of DPPH reduction 

and 26.1 +/- 0.7 mmol FeSO4/kg in terms of FRAP reduction (Figure 3.1). Our results are 

consistent with the values described for green sugarcane cultivars for the two methods tested 

[129][206]. The antioxidant activity of cranberry juice and raisins was also measured and our 

values fall within the range of previously reported data for different brands [207] and varieties 

[208], respectively. These results compared to other studies where a large cohort of food 

products were analysed indicate that WDS EE is as rich in antioxidant and free-radical 

scavenging activities as other nutritious foods such as olives and strawberries which have 

shown to have health benefits in some studies [209].  

WDS EE and resveratrol mediate different phosphoproteomes indicative of 

independent mechanisms of action 

To further explore the cellular responses to WDS EE we monitored changes in phospho-

signaling networks using mass spectrometry. TiO2-based phosphopeptide enrichment was 

employed and label-free quantitation determined using MaxQuant [204]. Three biological 

replicates were measured for each of the following four groups: control, LPS, LPS + 4h WDS 

EE (WDS EE) and LPS + 4h RSV (RSV). The number of phosphorylated peptides quantitated 
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in each replicate range between 1500-2400, by averaging the respective replicates we found 

in control 2241, LPS 2197, WDS EE 1709 and RSV 1606 phosphopeptides (Table 3.1). 

Hierarchical clustering and principal component analysis (PCA) (Figure 3.2) clearly 

illustrated unique phosphoproteome differences associated with WDS EE or RSV treatment 

in LPS induced cells. Given that phosphoproteome reflects cell signalling activities it is 

evident that WDS EE and RSV mediate numerous independent pathways. 

Figure 3.3 shows the number of phosphopeptides that were differentially regulated by a 

minimum of 1.5-fold change (FC) between WDS EE and RSV, compared to LPS-stimulated 

phosphopeptides. Our results show 411 down-regulated and 463 up-regulated 

phosphopeptides compared to the LPS-induced state. Interestingly, almost all down-regulated 

phosphopeptides following WDS EE were also reduced with RSV, although ~12% (53 

phosphopeptides) were uniquely repressed by WDS EE. Quite strikingly, we detected an 

additional 179 phosphopeptides that were only down-regulated by RSV. Similarly, WDS EE 

treatment induced up-regulation of 100 phosphorylated peptides compared to 193 

phosphorylated peptides induced by RSV, with only ~36% of phosphopeptides commonly 

found with both treatments. These observations reinforce that the antioxidant extracts from 

WDS EE generate different biological responses to RSV. 

Analysis of the phosphorylation events revealed changes in the levels of phosphopeptides 

with links to the inflammatory response (Table 3.2). Function and biological implications for 

each phosphosite were collected from previous studies and data reported in repositories such 

as PhosphoSitePlus. Some of these phosphosites belong to proteins associated with cell stress 

response (sirtuin 1, SIRT1), inflammatory regulators (protein kinase A, PKA, protein kinase 

Cβ, PKCβ, epidermal growth factor receptor, EGFR and c-Jun) and cell cycle regulation 

(cyclin dependent kinase 1, CDK1).  
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C-Raf is a potential regulator of the antioxidant effect of WDS EE  

In order to further elucidate the molecular mechanisms associated with the WDS EE 

treatment, we used the Fisher’s exact test to calculate the most represented kinase motifs in 

the WDS EE -linked phosphorylation sites (Appendix 4 Table 3A.1). In this statistical test, 

significantly regulated phosphorylation sites were compared with all phosphorylation sites in 

the search of common kinase motifs using Perseus. From this analysis the substrate motif 

associated with C-Raf kinase presented the highest enrichment factor (+2). The statistical 

significance observed in this approach led us to question the role of C-Raf in the WDS EE 

biological response. To further question the role of C-Raf, SW480 cells were treated with 

LPS and WDS EE and co-incubated with the selective C-Raf inhibitor GW5074. As observed 

in Figure 3.4a, addition of GW5074 in conjunction with WDS EE permitted increased 

phosphorylation of NFκB Ser536 compared to WDS EE treatment alone after 4 hours. 

Similarly, Figure 3.4b illustrates that WDS EE induced phosphorylation levels of AKT 

Ser473 were significantly reduced upon c-Raf inhibition. This demonstrates a role for C-Raf-

dependent signalling in mediating the phosphorylation of NFκB and AKT. 
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3.5 Discussion  

In this study, we characterised the antioxidant and free-radical scavenging potential of WDS 

EE and investigated the mechanisms of action of these extracts by studying the 

phosphoproteome. Antioxidant characterisation performed here demonstrates WDS EE as a 

strong source of these agents. High antioxidant content has been linked to anti-inflammatory 

health benefits [200].  

Phosphoproteomic analysis of WDS EE and RSV-treated cells enabled an unbiased view of 

downstream signalling activities measured through changes in protein phosphorylation. In 

particular, we identified the occurrence of the phosphorylation of SIRT1 as an event 

associated with protection from cell stress. Phosphorylation of Ser27 in SIRT1 was up-

regulated following both treatments, WDS EE (+2 FC) and RSV (+2.8 FC). Phosphorylation 

is an important mediator of SIRT1 enzymatic activity [210]; in particular, phosphorylated 

Ser27 appears to increase not only deacetylase activity but nuclear localisation mediated by 

c-Jun N-terminal kinase (JNK) [211]. Further evidence implicates RSV to control the 

activation of NFκB and other markers of intestinal inflammation by the up-regulation of 

SIRT1 in colitis-induced mice [91]. Anti-proliferative properties of RSV in SW480 and 

HCT116 cells require the participation of SIRT1. For instance, knock-down of SIRT1 

reverses the inactivation, dephosphorylation and deacetylation of NFκB provided by RSV 

[212]. Our results might implicate the phosphorylation of SIRT1 as a target of RSV and WDS 

EE as a modulatory mechanism of inflammation. 

In regards to the modulation of the inflammatory response, we identified several 

phosphorylation sites linked to NFκB regulation. For instance, Thr198 from PKA and Thr500 

from PKCβ were both down-regulated (-6.5 and -2.2 FC, respectively), events only found 

after WDS EE treatment. Both located in the activation loop, phosphorylation of these two 
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residues regulates kinase activity [213]. For instance, PKA phosphorylation in Thr198 is 

required for full biological activity and it is necessary in the synthesis of IL-4 under 

inflammatory stimulation [214]. Relevant to this work, PKA is identified to form an inhibitory 

cytosolic complex with NFκB and IκBα, LPS stimulation activates PKA which 

phosphorylates NFκB leading to nuclear translocation and IκBα proteasome degradation 

[215]. Similarly as Thr 198 in PKA, Thr500 phosphorylation is a prerequisite for full catalytic 

activity of PKCβ [216].  

Interestingly, PKA and PKC are identified to promote NFκB DNA-binding activity and 

nuclear translocation [217]. Additionally, the antioxidant EGCG mainly present in green tea 

induces an anti-inflammatory action in human umbilical vein endothelial cells (HUVEC) 

through a mechanism that involves the inhibition of PKC, and NFκB nuclear translocation 

[218]. Thus we consider that down-regulation of these important activating phosphosites 

found only with WDS EE is central to maintaining low NFκB phosphorylation levels (as 

shown in Chapter 2, Results section).  

Another phosphorylation event only observed in response to WDS EE treatment was the up-

regulation of EGFR Thr693 (+1.6 FC). Although tyrosine phosphorylation is required for 

kinase activity, Thr693 phosphorylation is reported to down-regulate the activity of EGFR-

associated signalling pathways. According to site mutagenesis studies, this modification 

along with Thr678 phosphorylation prevents JNK activation upon EGF stimulation resulting 

in inhibition of cell transformation [219]. EGFR is also studied given its effect on the 

activation of other signalling pathways in human malignancies. The polyphenol therapy using 

EGCG is reported to inhibit cell proliferation, induce apoptosis, suppress the phosphorylation 

of tyrosine EGFR, ERK, AKT, and reduces the transcriptional activity of AP-1 and NFκB in 

HT29 colon cancer [220]. Although our study did not present any evidence in the inhibition 

of tyrosine phosphorylation of EGFR, our data might implicate Thr693 phosphorylation as 
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another inflammatory marker target by the WDS EE treatment with a potential inhibitory 

effect upon JNK signalling. 

Consistently, WDS EE is also observed to down-regulate Ser63 in c-Jun (-1.9 FC), a subunit 

of the AP-1 transcription factor. AP-1 is composed of homo or heterodimeric units of c-Jun 

and others which presents high activity in response to inflammatory stimulation [221]. AP-1 

inhibition is also predicted to occur as a result of green tea polyphenols supplementation to 

an animal model of IBD using a transcriptomics/proteomics approach [147]. Interestingly, 

inflammatory stimulation with LPS activates JNK signalling resulting in phosphorylation of 

Ser63 [222]. Additionally, anti-inflammatory polyphenols from tea are known to inhibit the 

DNA binding activity of AP-1 and c-Jun phosphorylation through a JNK-dependent 

mechanism [223]. In line with the proposed inhibitory effect on the EGFR-JNK signalling, 

our data further suggests WDS EE regulates JNK activity through the under-expression of c-

Jun phosphorylation.  

Similarly, we discovered that WDS EE and RSV promoted modifications in other proteins 

known to interact with NFκB. WDS EE and RSV up-regulated the phosphorylation of nuclear 

factor related to κB binding protein (NFRκB, Ser228); whereas the WDS EE treatment alone 

reduced NFκB activating protein (NKAP, Ser149) and protein LYRIC (Ser308 and Ser568). 

NKAP is known to localise and interact with NFκB in the nucleus and overexpression of 

NKAP promotes NFκB transcriptional activity [224]. Inflammatory insults enhance nuclear 

compartmentalisation and binding of LYRIC and NFκB, and the ability of NFκB to bind 

DNA is enhanced upon overexpression of LYRIC [225]. There is a dearth of information 

regarding the biological function of these sites, however given their response to WDS EE and 

RSV determined in this study, we can clearly report their involvement in mediating the 

inflammatory cascade associated with NFκB activation.  
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RSV is a member of the stilbene polyphenol family with well documented therapeutic 

properties [195]. There have been limited number of phosphoproteomic studies examining 

activity of RSV. In Alayev et al. they used SILAC-based MS quantitation on MCF7 cells to 

show that RSV inhibited AKT/mTORC1 signalling during serum-deprived conditions [158]. 

Although our experimental conditions differ to this study, both Alayev et al. and our study 

observed that RSV reduced the phosphorylation of CDK12 Ser681 (-2.5 FC). We also found 

RSV induced phosphorylation of Ser1083 on CDK12 (+2.2 FC), while down-regulating 

CDK7 Ser164 (-6 FC). The role of these phosphosites are not understood, and the changes 

were not seen with WDS EE treatments. RSV also induced phosphorylation of CDK1 

Thr14/Tyr15 (+2.9 FC), an important activating site of the CDK1-Cyclin complex. In 

agreement with this observation, RSV promotes the same effect in SW480 cells leading to 

kinase inhibition and cell cycle arrest [226]. This evidence may indicate that RSV as opposed 

to WDS EE, can promote cell cycle arrest, partly through the inhibition of CDK1 activity. 

C-Raf is a kinase member of the signalling pathway required for the activation of ERK and 

the subsequent transcription of genes involved in cell survival, among other functions. WDS 

EE -driven inhibition of phospho-NFκB was reversed in the presence of GW5074, the specific 

inhibitor of C-Raf. Similar to this observation, inhibition of C-Raf shows the involvement of 

this kinase in the control of NFκB activity as a protective effect in neuron cells [227]. Indeed, 

C-Raf is reported to modulate the activity of NFκB even when MEK activity is abrogated 

suggesting an independent mechanism from the MEK-ERK canonical pathway [228], we 

therefore explored the involvement of other kinase pathways. 

Protein kinase B or AKT, activated by phosphorylation on Ser473, is known to participate in 

the inflammatory response upon NFκB activation [229]. Acting as a negative regulator, AKT 

through the phosphatidylinositol 3-kinase (PI3K) pathway suppresses pro-inflammatory 

inducers and limits the inflammatory response [230]. The phosphorylation levels of AKT are 
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significantly inhibited in the presence of GW5074, suggesting the involvement of AKT and 

C-Raf in the WDS EE treatment. Previously discussed (Chapter 2, Discussion section), the 

sugarcane-derived stilbene piceatannol is described to alter the phosphorylation levels of 

AKT and C-Raf as a mechanism that controls the down-regulation of NFκB activity [231]. 

Taken together our data, we demonstrate that involvement of C-Raf and AKT activities in the 

WDS EE-driven changes in the phosphoproteome. This observation warrants further 

investigation. 

Our results indicate the participation of important regulators of cell mechanisms in response 

to the WDS EE therapy. Apart from the effects of C-Raf on mediating NFκB and AKT 

phosphorylation, C-Raf is reported in the literature to interact with other potential targets of 

the WDS EE driven response. PKA attenuates C-Raf activity in a mechanism that involves 

phosphorylation [232]. Moreover, C-Raf inhibition through the induction of NFκB nuclear 

translocation limits the phosphorylation of c-Jun as a neuroprotective mechanism  [227]. The 

complexity in the relationship of these modulators will need to be addressed in future studies 

to more fully unveil the signalling mechanisms of WDS EE treatment. Conjectures between 

these phosphorylation events and the results presented in Chapter 2 are further addressed in 

Chapter 5.  
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3.6 Conclusions 

It is becoming increasingly accepted that the consumption of nutraceuticals provides health 

benefits in the management of inflammatory diseases such as IBD. In this study we showed 

that WDS EE is a strong source of antioxidants and regulates the activity of important 

signalling proteins (PKA, PKCβ, c-Jun and EGFR). While we noted some overlap in 

signalling pathways regulated by both WDS EE and RSV, RSV appeared to interfere in the 

activity of CDKs, linking this molecule to modulation of the cell cycle. In conclusion, we 

have demonstrated that WDS EE antioxidants show potential health benefits towards 

controlling NFκB-driven inflammatory pathways in a human gut model. 
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Figure 3.1 Free-radical scavenging and antioxidant activity of WDS EE 

(a) Free-radical scavenging activity measured by the DPPH method (mg 

ascorbic acid equivalents/100g) and (b) antioxidant activity measured by the 

FRAP method (mmol FeSO4/kg) of whole dried sugarcane ethanol extracts 

(WDS EE), raisins and cranberry juice. n=3, mean +/- SD. 
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Figure 3.2(a) Hierarchical clustering and (b) principal component analysis of the 

phosphoprotein expression of SW480-treated cells  

Phosphoprotein expression of untreated cells (C), lipopolysaccharide (LPS)-

stimulated with 5μg/ml, LPS-stimulated and co-incubated with 50µM of whole dried 

sugarcane ethanol extract (WDS EE), and LPS-stimulated and co-incubated with 

50µM of resveratrol (RSV) for 4 hours. Up-regulation (z-score >0) is denoted by red 

whereas down-regulation (z-score <0) is represented by green. n=3, ANOVA multiple 

sample test, Permutation based FDR 0.05. 
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Figure 3.4 Differential (a) down-regulated and (b) up-regulated phosphorylated 

peptides in response to WDS EE and RSV 

Differential phosphopeptide expression is based on the comparison of whole dried 

sugarcane ethanol extract (WDS EE) and resveratrol (RSV) against 

lipopolysaccharide (LPS)-challenged cells. Students t-test, permutation based 

FDR<0.2, +/- 1.5 fold change. 

(a)   WDS EE/LPS     RSV/LPS 

 

Figure 3.3 Differential (a) 

down-regulated and (b) up-

regulated phosphorylated 

peptides in response to WDS EE 

and RSV 

Differential phosphopeptide 

expression is based on the 

comparison of whole dried 

sugarcane ethanol extract (WDS 

EE) and resveratrol (RSV) 

against lipopolysaccharide 

(LPS)-challenged cells. Students 

t-test, permutation based 

FDR<0.2, +/- 1.5 fold 

change.(a)   WDS EE/LPS     

RSV/LPS 

(b)   WDS EE/LPS     RSV/LPS 

 

(b)   WDS EE/LPS     RSV/LPS 
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 WDS EE WDS+GW(0.5µM) WDS+GW(1µM) WDS+GW(5µM) 

A/B 1.2+/-0.4 4.3+/-0.3* 3.8+/-0.6 6.8+/-0.5* 

 WDS EE WDS+GW(0.5µM) WDS+GW(1µM) WDS+GW(5µM) 

A/B 0.9+/-0.07 0.5+/-0.1* 0.5+/-0.2 0.2+/-0.06* 

A-Phospho NFκB 

 

A-Phospho NFκB 

B-NFκB 

 

B-NFκB 

WDS + GW (0.5µM) 

 

WDS + GW (0.5µM) 

WDS + GW (1µM) 

 

WDS + GW (1µM) 

WDS + GW (5µM) WDS EE 

 

WDS EE 

A-Phospho AKT 

 

A-Phospho AKT 

B-AKT 

 

B-AKT 

WDS + GW (0.5µM) 

 

WDS + GW (0.5µM) 

WDS + GW (1µM) 

 

WDS + GW (1µM) 

 

WDS + GW (1µM) 

 

WDS + GW (1µM) 

WDS + GW (5µM) 

 

WDS + GW (5µM) 

 

WDS + GW (5µM) 

 

WDS + GW (5µM) 

WDS EE 

(a) 

 

(a) 

 

(a) 

 

(a) 

(b) 
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Figure 3.4 C-Raf inhibition on WDS EE-treated SW480 cells 

(a) Phosphorylation of NFκB (serine 536) and (b) AKT (serine 473) 

normalised with the total expression of the corresponding protein. Cells 

were administered with LPS for 2h followed by incubation with whole 

sugarcane dried ethanol extract for 4h (WDS EE) and the C-Raf inhibitor 

GW5074 (WDS+GW) at three concentrations (0.5, 1 and 5 µM). n=3, 

mean+/-SD, * p-value<0.05. 
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Number of 

phosphorylated peptides 
Average 

C1 2248 

2241 C2 2295 

C3 2180 

LPS1 1749 

2197 LPS2 2469 

LPS3 2374 

WDS EE1 1652 

1709 WDS EE2 1893 

WDS EE3 1583 

RSV1 1482 

1606 RSV2 1608 

RSV3 1728 

Table 3.1 Number of phosphorylated peptides detected by MS in SW480 cells after 

treatments 

 

Table 3.2 Significant regulation of relevant phosphorylated peptides expressed as WDS 

EE/LPS and RSV/LPS ratiosTable 3.3 Number of phosphorylated peptides detected by MS 

in SW480 cells after treatments 

 

Table 3.2 Significant regulation of relevant phosphorylated peptides expressed as WDS 

EE/LPS and RSV/LPS ratios 

Students t-test, permutation based FDR<0.2. NS-not significant. 

 

 

Figure 3.7 Body weight gain and food intake in response to dietary changesTable 3.4 

Significant regulation of relevant phosphorylated peptides expressed as WDS EE/LPS and 

RSV/LPS ratiosTable 3.5 Number of phosphorylated peptides detected by MS in SW480 

cells after treatments 

 

Table 3.6 Significant regulation of relevant phosphorylated peptides expressed as WDS 

EE/LPS and RSV/LPS ratiosTable 3.7 Number of phosphorylated peptides detected by MS 

in SW480 cells after treatments 
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Uniprot 

accession 

number 
Gene Protein name 

Phosphorylated 

residues 

Fold change 

WDS 

EE/LPS 

RSV

/LPS 

Q96EB6 SIRT1 Sirtuin-1 S27 2 2.8 

P00533 EGFR 
Epidermal growth factor 

receptor (EGFR) 
T693 1.6 NS 

P22694 PRKACB 
cAMP-dependent protein kinase 

catalytic subunit beta (PKA) 
T198 -6.5 NS 

P05771 PRKCB 
Protein kinase C beta type 

(PKC) 
T500 -2.2 NS 

P05412 JUN 
Activator protein 1, c-Jun 

subunit (c-Jun) 
S63 -1.9 NS 

P06493 CDK1 Cyclin-dependent kinase 1 T14/Y15 NS 2.9 

Q9NYV4 CDK12 Cyclin-dependent kinase 12 S1083 NS 2.2 

P50613 CDK7 Cyclin-dependent kinase 7 S164 NS -6 

Q6P4R8 NFRKB 
Nuclear factor related to kB-

binding protein 

S228 6.7 4.6 

S351 1.5 1.7 

Q8N5F7 NKAP NF-kappa-B-activating protein S149 -5.6 NS 

Q86UE4 MTDH Protein Lyric 
S308 3.7 NS 

S568 1.9 4.7 

Table 3.2 Significant regulation of relevant phosphorylated peptides expressed as WDS 

EE/LPS and RSV/LPS ratios 

Students t-test, permutation based FDR<0.2. NS-not significant. 

 

 

Figure 3.8 Body weight gain and food intake in response to dietary changesTable 3.8 

Significant regulation of relevant phosphorylated peptides expressed as WDS EE/LPS and 

RSV/LPS ratios 

Students t-test, permutation based FDR<0.2. NS-not significant. 

 

 

Figure 3.1 Body weight gain and food intake in response to dietary changes 

Normal chow and high fat diet (HFD) effect on (a) body weight and (c) food intake were 

monitored until week 17, NC n=9 and HFD n=41. Whole dried sugarcane (WDS) and 

Benefiber (BF) were introduced in week 18 and these variables were monitored until the end 

of the study (b) and (d), NC n=9, HFD n=14, WDS n=14 and BF=13. Mean +/- SD, *** p-

value <0.001.Table 3.2 Significant regulation of relevant phosphorylated peptides expressed 

as WDS EE/LPS and RSV/LPS ratios 

Students t-test, permutation based FDR<0.2. NS-not significant. 

 

 

Figure 3.9 Body weight gain and food intake in response to dietary changesTable 3.9 

Significant regulation of relevant phosphorylated peptides expressed as WDS EE/LPS and 

RSV/LPS ratios 

Students t-test, permutation based FDR<0.2. NS-not significant. 
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Chapter 4 In vivo supplementation of whole dried 

sugarcane in a HFD mouse model 
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Chapter 4 

In vivo supplementation of whole dried sugarcane in a HFD mouse model 

This chapter describes the experiments performed on a HFD mouse model supplemented with 

WDS. Physiological data, such as body weight and intraperitoneal glucose tolerance test 

(IPGTT), were gathered throughout the time course of the experiment. Inflammatory protein 

marker expression in plasma determined by multiplex bead-based ELISA and hepatic 

proteome characterisation by SWATH-MS, revealed significant regulation of proteins 

associated with inflammation and antioxidant defence. Further, bioinformatics analyses 

predicted the alteration of specific molecular functions and canonical pathways as a result of 

this dietary supplementation.  

 

Animal experimentation was conducted in collaboration with Assoc. Prof. Anandwardhan 

Hardikar at the University of Sydney. IPGTTs were conducted with the guidance of Mr. 

Mamdouh Nessiem at the University of Sydney. Multiplex analysis was performed under the 

supervision of Dr. Alamgir Khan and bioinformatics analyses from these results were carried 

out by Dr. Edmond Breen and Dr. Dana Pascovici from the Australian Proteome Analysis 

Facility. 
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4.1 Introduction 

High fat consumption is highly associated with the onset of multiple pathological conditions 

that include obesity, type 2 diabetes, and non-alcoholic fatty liver disease (NAFLD), among 

others [113][114]. It is established that fat deposition in the liver triggers a chronic 

inflammatory response that is observed to be causative of these pathologies [233]. Metabolic 

reactions in the liver are mediated by the two phases of the xenobiotic process which are 

fundamental for the biotransformation of drugs, fats, sugars and many micronutrients. 

Xenobiotic metabolism phase I involves oxidation reactions and is predominantly regulated 

by the cytochrome P450 (CYP) proteins. In phase II, reactions such as sulphation, 

glucuronidation and glutathione conjugation are essential for solubilisation and excretion of 

toxic metabolites [28]. Due to the generation of ROS in response to these metabolic functions, 

the liver is sensitive to oxidative stress and inflammatory challenge [234]. 

Multiple studies have employed MS-based proteomics techniques in diet studies. For 

instance, HFD administration in animal models instigated protein expression in the liver 

associated with carbohydrate and lipid metabolism and antioxidant defence [235]; thus 

providing evidence of the molecular processes leading to NAFLD [236]. Conversely, 

proteomics may be used as a tool to decipher the mechanisms of action of nutraceuticals. For 

example, olive oil rich in polyphenol content and polyunsaturated fatty acids administered in 

Apoe-/- mice showed alterations in proteins that act on inflammation and redox stress functions 

in the liver [30][150]. 

In the previous chapters, we determined WDS ethanol extracts to modulate the 

phosphorylation of inflammatory regulators such as NFκB, SIRT1, c-Jun, EGFR, PKA, and 

PKCβ in SW480 cells. For this study, the C57BL/6J mouse strain was subject to a HFD 

regimen and the impact of WDS supplementation determined. We contrasted the response to 

the commercially available wheat dextrin-based supplement Benefiber® (BF, 



Chapter 4 

124 

GlaxoSmithKline). Wheat dextrin is reported to promote health by increasing the population 

of health associated bacteria and inducing the production of beneficial short-chain fatty acids, 

among other properties [237]. Short-chain fatty acids are the main products of colonic 

fermentation of dietary fibre and multiple studies link their action with anti-inflammatory 

attributes [19][238]. The effect of WDS and BF as nutraceuticals was measured on circulating 

markers of inflammation by multiplex bead-based ELISA. Additionally, liver protein 

expression was characterised by SWATH-MS. 

4.2 Methods 

4.2.1 Animal handling and sample collection 

Eleven week old C57BL/6J mice were provided with food and water ad libitum. Normal chow 

(NC, Specialty Feeds Australia) was initially given to all the mice (n=50) for two weeks 

before the beginning of the experiment. High fat diet (HFD, 60% fat, Specialty Feeds 

Australia) was introduced at baseline to a group of mice (n=41) (composition and nutritional 

parameters of these diets are shown in Appendix 7 Tables 4A.1, 4A.2 and 4A.3). At 17 weeks, 

WDS (5% (w/w) incorporated in HFD, Specialty Feeds Australia) and BF (5% (w/w) 

incorporated in HFD, Specialty Feeds Australia) were introduced to a set of the HFD group 

(HFD n=14, WDS n=14 and BF n=13). NC group (n=9) were maintained without any dietary 

change throughout the experiment. Animals were kept on a 12h/12h light/dark schedule in a 

temperature and humidity controlled room. Cages were changed every week and fresh feed 

and water were provided weekly. Weight gain and food intake were recorded every week. 

The procedures involved animal handling were approved by the Animal Ethics Committee 

Macquarie University. Mice were sacrificed at week 33 by cervical dislocation. Prior to liver 

excision, mice were perfused with ice cold PBS to remove blood content. Right atria vein was 

cut and PBS was pumped through the heart’s left ventricle. Livers were removed after a few 

minutes once they turned pale, immediately snap frozen in dry ice and stored at -80°C before 
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analysis. Blood (100 µL approx.) was collected after mandibular vein piercing at 0, 17 and 

33 weeks and gently mixed with EDTA at a final concentration of 4mM pH 7.0. Blood was 

centrifuged at 1000xg for 10 min at 4 °C, plasma samples were collected, aliquoted and stored 

at -80 °C before analysis. 

4.2.2 Intraperitoneal glucose tolerance test (IPGTT) 

IPGTT (2 g/kg) was performed in conscious 6 hour-fasted mice at weeks 17 and 23. Blood 

glucose concentrations were measured at baseline, 15, 30, 45, 60, 90 and 120 min after 

injection. Area-under-the-curve (AUC) was calculated per mouse and averaged per group. 

4.2.3 Expression of circulating markers of inflammation in plasma 

Cytokine marker (8-plex: GM-CSF, IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-10 and TNFα, 

catalogue number: M60000007A) and diabetes marker (8-plex: ghrelin, GIP, GLP-1, 

glucagon, insulin, leptin, PAI-1 and resistin, catalogue number: 171F7001M) (Bio-rad) 

quantitation was determined according to the manufacturer’s protocol. Briefly, plasma 

samples were diluted (1:4) in sample diluent. Plasma samples, standards and blank were 

incubated with coupled magnetic beads for 1 hour at room temperature with shaking at 850 

rpm. After washing three times with washing buffer in a magnetic station, detection antibody 

was added and incubated in the dark for 30 min at room temperature with shaking. After 

washing, streptavidin conjugate was added and incubated in the dark for 10min with shaking. 

Wells were further washed and coupled beads were resuspended in assay buffer before 

reading. Samples were analysed using the Bio-Plex 200 instrument (Bio-rad). The 

fluorescence values were log2 normalised using the random effects model which corrects for 

subject, time and plate to plate variation [239]. Differences between groups were analysed by 

Student’s t test and ANOVA (Wald Chi square test). P-value correction was performed 

according to the Holm’s method [240]. 
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4.2.4 Mass spectrometry based proteomics analysis 

Approximately 10 mg of liver was prepared for proteomics analysis from 40 samples: NC 

n=9, HFD n=10, WDS n=11 and BF=10. Briefly, tissue was resuspended in 500 µL of 1% 

(w/v) sodium deoxycholate, 0.1 M triethylammonium bicarbonate (Sigma Aldrich) 

supplemented with protease inhibitor cocktail (Roche). Lysis was performed using a probe 

sonicator for 2 min. Lysates were boiled at 95 °C for 2 min. After centrifugation at 5000 rpm 

for 10 min, supernatants were collected and protein concentration was determined by the 

bicinchonininc acid assay. Protein (15 μg) was reduced with 10 mM DTT for 30 min at 60 

°C, alkylated with 20mM iodoacetamide for 20 min in the dark, trypsin digested (Sigma 

Aldrich) in 1:50 ratio and incubated at 37 °C overnight. Peptides were purified using a C-18 

mini column, recovered in 70% acetonitrile (ACN), dried, and resuspended in 1% TFA for 

LC-MS/MS. 

The SWATH reference spectral library was generated out of a pooled liver lysate made from 

representative samples of the four different diets. Library and samples were acquired on a 

6600 Triple TOF using the same conditions described previously for SWATH quantitation 

(Chapter 2, Methods section). Database searches utilised the murine SwissProt database. 

Search modifications, peak extractions, and parameters were the same as indicated previously 

(Chapter 2, Methods section). Statistical significant proteins were determined using a 

threshold of p-value<0.05 and fold change greater than 1.5. 

4.2.5 Ingenuity pathway analysis 

Prediction of functions and diseases based on protein expression was performed as previously 

indicated (Chapter 2, Methods section) for the 2,388 proteins quantitated across all 40 

samples considering the paired comparisons: NC/HFD, WDS/HFD and BF/HFD. 
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4.3 Results 

In this work, we sought to determine the impact of WDS as a dietary supplement in a HFD 

mouse model. We contrasted their response against use of BF as a dietary supplement. 

Chemical characterisation shows both WDS and BF as sources of dietary fibre (Wei Chong, 

Macquarie University. Personal communication), being BF a commercially available product. 

Throughout the experiment several physiological parameters were monitored including body 

weight gain, food intake and glucose tolerance. As observed in Figure 4.1a and b, there are 

mean differences among groups in respect to body weight gain however not statistical 

significant. However, in the case of food intake values there is a strong significance of HFD, 

WDS and BF compared to NC (Figure 4.1c and d). Interestingly, during IPGTT in week 17 

HFD individuals showed significantly higher glucose levels and thus higher AUC compared 

to the NC group. IPGTT performed on week 23 indicates that supplementation of HFD with 

either WDS or BF produced no significant change in glucose tolerance (Figure 4.2). Plasma 

samples were collected at weeks 0, 17 and 33 for quantitation of circulating markers of 

inflammation. Mice were euthanized at week 33 and livers were collected after perfusion with 

saline solution for proteomics analysis. Measurement of fat pad, liver, and kidney mass was 

also determined, however, no statistical significance was produced among groups (Figure 

4.3). 

  



Chapter 4 

128 

 

  

W
e

e
k

 
1

8

W
e

e
k

 
1

9

W
e

e
k

 
2

0

W
e

e
k

 
2

1

W
e

e
k

 
2

2

W
e

e
k

 
2

3

W
e

e
k

 
2

4

W
e

e
k

 
2

5

W
e

e
k

 
2

6

W
e

e
k

 
2

7

W
e

e
k

 
2

8

W
e

e
k

 
2

9

W
e

e
k

 
3

0

W
e

e
k

 
3

1

W
e

e
k

 
3

2

W
e

e
k

 
3

3

2 0

3 0

4 0

5 0

6 0

B
o

d
y

 
w

e
i
g

h
t
 
(

g
) N o r m a l  C h o w

H ig h  F a t  D ie t

H F D  +  W D S

H F D  +  B F

W
e

e
k

 
1

8

W
e

e
k

 
1

9

W
e

e
k

 
2

0

W
e

e
k

 
2

1

W
e

e
k

 
2

2

W
e

e
k

 
2

3

W
e

e
k

 
2

4

W
e

e
k

 
2

5

W
e

e
k

 
2

6

W
e

e
k

 
2

7

W
e

e
k

 
2

8

W
e

e
k

 
2

9

W
e

e
k

 
3

0

W
e

e
k

 
3

1

W
e

e
k

 
3

2

W
e

e
k

 
3

3

2 0

3 0

4 0

5 0

6 0

B
o

d
y

 
w

e
i
g

h
t
 
(

g
) N o r m a l  C h o w

H ig h  F a t  D ie t

H F D  +  W D S

H F D  +  B F

W
e

e
k

 
1

8

W
e

e
k

 
1

9

W
e

e
k

 
2

0

W
e

e
k

 
2

1

W
e

e
k

 
2

2

W
e

e
k

 
2

3

W
e

e
k

 
2

4

W
e

e
k

 
2

5

W
e

e
k

 
2

6

W
e

e
k

 
2

7

W
e

e
k

 
2

8

W
e

e
k

 
2

9

W
e

e
k

 
3

0

W
e

e
k

 
3

1

W
e

e
k

 
3

2

W
e

e
k

 
3

3

2 0

3 0

4 0

5 0

6 0

B
o

d
y

 
w

e
i
g

h
t
 
(

g
) N o r m a l  C h o w

H ig h  F a t  D ie t

H F D  +  W D S

H F D  +  B F

W
e

e
k

 
1

8

W
e

e
k

 
1

9

W
e

e
k

 
2

0

W
e

e
k

 
2

1

W
e

e
k

 
2

2

W
e

e
k

 
2

3

W
e

e
k

 
2

4

W
e

e
k

 
2

5

W
e

e
k

 
2

6

W
e

e
k

 
2

7

W
e

e
k

 
2

8

W
e

e
k

 
2

9

W
e

e
k

 
3

0

W
e

e
k

 
3

1

W
e

e
k

 
3

2

W
e

e
k

 
3

3

2 0

3 0

4 0

5 0

6 0

B
o

d
y

 
w

e
i
g

h
t
 
(

g
) N o r m a l  C h o w

H ig h  F a t  D ie t

H F D  +  W D S

H F D  +  B F

Figure 4.1 Body weight gain and food intake in response to dietary changes 

Normal chow and high fat diet (HFD) effect on (a) body weight and (c) food intake 

were monitored until week 17, NC n=9 and HFD n=41. Whole dried sugarcane (WDS) 

and Benefiber (BF) were introduced in week 18 and these variables were monitored 

until the end of the study (b) and (d), NC n=9, HFD n=14, WDS n=14 and BF=13. 

Mean +/- SD, *** p-value <0.001. 

Normal Chow 

 

Normal Chow 

 

Normal Chow 

 

Normal Chow 

High Fat Diet 

 

High Fat Diet 

 

High Fat Diet 

 

High Fat Diet 

HFD + WDS 

 

HFD + WDS 

 

HFD + WDS 
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Figure 4.2 Intraperitoneal glucose tolerance test (IPGTT) and area-under-the-curve 

(AUC) in response to dietary changes. 

(a) IPGTT was performed in week 17 on normal chow and high fat diet (HFD) fed mice. 

(b) Calculated AUC, NC n=9 and HFD n=41. (c) IPGTT was again performed in week 

23 after whole dried sugarcane (WDS) and Benefiber (BF) introduction. (d) Calculated 

AUC, NC n=9, HFD n=14, WDS n=14 and BF=13. Mean +/- SD, * p-value <0.05, ** p-

value <0.01, *** p-value <0.001. 
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4.3.1 Concentration of circulating plasma marker proteins 

To understand the potential effects of the different diets in the promotion of pathologies, we 

quantified the expression of inflammatory markers from plasma samples using the multiplex 

bead-based ELISA technology. Although there was not any statistical change among the 

HFD, WDS, and BF supplemented animals in the markers tested (Appendix 5 Figures 4.A1 

and 4A.2); in mice fed with HFD, WDS and BF the levels of GLP-1, insulin and plasminogen 

activator inhibitor 1 (PAI-1) were significantly increased compared to NC fed mice (Figure 

4.4a, b, and c). Interestingly, the pro-inflammatory cytokines GM-CSF and IL-1β 

significantly decreased in plasma from animals fed with WDS and BF compared to NC 

(Figure 4.4d and e). 

 

 

Figure 4.3 Organ weight in response to dietary changes.  

(a) Liver, (b) kidney, and (c) fat pad weight values. NC n=9, HFD n=14, 

WDS n=14, and BF n=13. Mean +/- SD. 

 

Figure 4.6 Organ weight in response to dietary changes.  

(a) Liver, (b) kidney, and (c) fat pad weight values. NC n=9, HFD n=14, 

WDS n=14, and BF n=13. Mean +/- SD. 

 

Figure 4.3 Organ weight in response to dietary changes.  

(a) Liver, (b) kidney, and (c) fat pad weight values. NC n=9, HFD n=14, 

WDS n=14, and BF n=13. Mean +/- SD. 

 

Figure 4.7 Organ weight in response to dietary changes.  

(a) Liver, (b) kidney, and (c) fat pad weight values. NC n=9, HFD n=14, 

WDS n=14, and BF n=13. Mean +/- SD. 
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Figure 4.4 Plasma marker expression in response to dietary changes. 

Plasma samples were obtained at baseline (week 0, NC n=50), week 16 (NC n=9 and 

HFD n=41), and week 32 (NC n=9, HFD n=14, WDS n=14 and BF=13). Values 

expressed as log(2) normalised fluorescence intensity. (a) GLP-1, (b) Insulin, (c). 

PAI-1, (d) GM-CSF and (e) IL-1β.* p-value <0.05, ** p-value <0.01. 
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4.3.2 Diet induced changes in liver protein expression in response to HFD, WDS and BF 

Given that these diets produced changes in the expression of some plasma markers, it was 

studied their effect on the protein expression in liver tissue by employing a label-free 

SWATH-MS proteomics approach [143]. A spectral library was created by fractionating a 

pooled liver lysate from each diet under basic reverse phase conditions prior to LC-MS/MS 

identification. The library was composed of 4,064 proteins which was used to extract 

information from the 40 samples (NC n=9, HFD n=10, WDS n=11 and BF=10) analysed by 

SWATH-MS. From these, quantitative information was obtained for 2,388 proteins across all 

40 samples. Hierarchical clustering and principal component analysis represents the overall 

changes induced by the four diets as presented in Figure 4.5. As observed, hepatic protein 

expression from NC fed mice form a discernible cluster. Contrastingly, there is no clear 

separation among the protein expression from HFD, WDS and BF supplemented individuals, 

an observation that is consistent with the findings reported in the quantitation of inflammatory 

markers (Figure 4.4). 
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Two-sample t-test performed on the HFD (n=10) compared to the NC (n=9)-driven liver 

protein expression shows striking differences in these two groups. For instance, 75 proteins 

were observed as statistical significantly up-regulated (p-value>0.05, fold change < +/-1.5) 

and 80 proteins down-regulated as a consequence of HFD. Among the down-regulated 

proteins, we identified the major urinary protein 1 (MUP1), selenium binding protein 2 

(SBP2), glutathione S-transferase P1 (GSTP1), histidine ammonia-lyase (HUTH), ornithine 

aminotransferase mitochondrial (OAT), persulfide dioxigenase ETHE1 (ETHE1), 

argininosuccinate synthase (ASSY), carbamoyl phosphate synthase (CPSM), 10-

formyltetrahydrofolate dehydrogenase (AL1L1) and betaine-homocysteine S-

Figure 4.5 MS-based hepatic protein expression in response to dietary changes. 

(a) Hierarchical clustering and (b) principal component analysis, NC n=9, HFD 

n=10, WDS n=11 and BF=10. Up-regulation (z-score >0) is denoted by red whereas 

down-regulation (z-score <0) is represented by green. ANOVA multiple sample test, 

Permutation based FDR 0.05. 
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methyltransferase 1 (BHMT1). Protein up-regulation in response to HFD include acyl-

coenzyme A thioesterase 2 (ACOT2), apolipoprotein A-IV (APOA4), peroxisomal 

bifunctional enzyme (ECHP), hydroxymethylglutaryl-CoA synthase 1 and 2 (HMGCS1 and 

HMGCS2). According to previous proteomic studies, HFD supplementation in mice is proven 

to promote changes in the expression of these proteins in the liver [153][235][236][241] 

which confirm our results. 

HFD also led to significant up-regulation of other proteins linked to fatty acid oxidation and 

inflammatory response functions such as pantetheinase, CD36, carnitine O-acetyltransferase 

(CRAT), heat shock protein beta 1 (HSPB1), cathepsin S, and pyruvate dehydrogenase kinase 

1 and 2 (PDK1 and PDK2). Complete list of proteins significantly regulated by HFD is shown 

in appendices section (Appendices 8 and 9 Tables 4A.3 and A.4). 

In contrast, WDS supplementation compared to HFD produced significant changes in the 

down-regulation of 10 proteins and the up-regulation of 14 proteins (Table 4.1). Of interest 

to this study, we identified STAT3, transmembrane protein 120A (T120A), aquaporin 1 

(AQP1) and 15kDa selenoprotein (SEP15) from the down-regulated group. From the up-

regulated proteins, selenocysteine synthase (SecS) was observed in this group. Liver protein 

expression from animals fed with BF showed the down-regulation of 17 proteins and the up-

regulation of 26 proteins (Table 4.2). This includes PDK2 from the decreased group and UDP-

glucoronosyltransferase 1-9 (UGT1A9) from the increased group. Only two proteins were 

common to WDS and BF treatments, T120A and guanidinoacetate N-methyltransferase 

(GAMT) found down and up-regulated, respectively (Figure 4.6).  
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Figure 4.6 Differential (a) up-regulation and (b) down-regulation of proteins in 

response to WDS and BF supplementation. 

Differential protein expression is based on the comparison of WDS and BF 

against HFD fed mice. Students t-test, p-value<0.05, fold change +/- 1.5. 

(a)   WDS/HFD      BF/HFD 

 

Table 4.1 Significant regulated 

proteins expressed as WDS/HFD 

ratio 

Two-sample t-test (p-

value<0.05), fold change>1.5 

 

Table 4.2 Significant regulated 
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ratioTable 4.3 Significant 

regulated proteins expressed as 

WDS/HFD ratio(a)   WDS/HFD      

BF/HFD 

(b)   WDS/HFD       BF/HFD 

 

(b)   WDS/HFD       BF/HFD 





Chapter 4 

137 

Table 4.4 Significant regulated proteins expressed as WDS/HFD ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

Table 4.5 Significant regulated proteins expressed as BF/HFD 

ratioTable 4.6 Significant regulated proteins expressed as WDS/HFD 

ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

Table 4.2 Significant regulated proteins expressed as BF/HFD ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

 

Table 4.7 Significant regulated proteins expressed as BF/HFD 

ratioTable 4.8 Significant regulated proteins expressed as WDS/HFD 

ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

Table 4.9 Significant regulated proteins expressed as BF/HFD 

ratioTable 4.10 Significant regulated proteins expressed as WDS/HFD 

ratio 

Uniprot 

accession 

number 

Gene Protein name 

Fold 

change 

WDS/HFD 

P-values Gene ontology, molecular functions 

A2AGT5 CKAP5 Cytoskeleton-associated protein 5 2.2 3.70E-03 
Cadherin binding; microtubule binding; microtubule plus-end binding; ribonucleoprotein 

complex binding 

Q6P6M7 SPCS Selenocysteine synthase 2.2 4.37E-02 Transferase activity, transferring selenium-containing groups; tRNA binding 

P16110 LEG3 Galectin-3 2.1 2.24E-02 Carbohydrate binding; chemoattractant activity; IgE binding; laminin binding; RNA binding 

Q8R1F1 NIBL1 Niban-like protein 1 2 2.46E-02 Cadherin binding; transcription coactivator activity 

P00375 DYR Dihydrofolate reductase 1.8 2.21E-02 
Dihydrofolate reductase activity; dihydrofolic acid binding; drug binding; folic acid binding; 
methotrexate binding; mRNA binding ; NADPH binding; sequence-specific mRNA binding; 

translation repressor activity, nucleic acid binding 

Q6URW6 MYH14 Myosin-14 1.6 3.48E-02 
Actin-dependent ATPase activity; actin filament binding; ATPase activity; ATP binding; 

calmodulin binding; microfilament motor activity 

Q4VAA2 CDV3 Protein CDV3 1.6 2.32E-02  

Q9CQ01 RNT2 Ribonuclease T2 1.6 1.30E-02 Ribonuclease activity; ribonuclease T2 activity; RNA binding 

Q8K2Q9 SHOT1 Shootin-1 1.6 4.52E-02 Actin filament binding; cadherin binding; kinesin binding 

Q9R060 NUBP1 
Cytosolic Fe-S cluster assembly 

factor NUBP1 
1.6 4.47E-02 4 iron, 4 sulfur cluster binding; ATP binding; iron-sulfur cluster binding; metal ion binding 

Q9Z0G0 GIPC1 
PDZ domain-containing protein 

GIPC1 
1.6 2.24E-02 

Actin binding; cadherin binding; GTPase activator activity; myosin binding; PDZ domain 
binding; protein homodimerization activity; receptor binding 

O35969 GAMT 
Guanidinoacetate N-

methyltransferase 
1.6 1.65E-02 Guanidinoacetate N-methyltransferase activity 

P97372 PSME2 
Proteasome activator complex 

subunit 2 
1.5 3.60E-02 Endopeptidase activator activity; identical protein binding 

Q6PER3 MARE3 
Microtubule-associated protein 

RP/EB family member 3 
1.5 2.93E-02 Identical protein binding; microtubule binding 

Q9ERR7 SEP15 15 kDa selenoprotein -1.5 4.86E-02  

Q9ER88 RT29 
28S ribosomal protein S29, 

mitochondrial 
-1.6 7.27E-03 RNA binding; structural constituent of ribosome 

Q9D273 MMAB 
Cob(I)yrinic acid a,c-diamide 

adenosyltransferase, mitochondrial 
-1.6 1.62E-02 ATP binding; cob(I)yrinic acid a,c-diamide adenosyltransferase activity 
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Q8C878 UBA3 
NEDD8-activating enzyme E1 

catalytic subunit 
-1.7 2.80E-02 

Acid-amino acid ligase activity; ATP binding; identical protein binding; ligand-dependent 
nuclear receptor binding; NEDD8 activating enzyme activity; protein heterodimerization 

activity 

Q3UFK8 FRMD8 FERM domain-containing protein 8 -1.7 1.59E-02  

Q8BH59 CMC1 
Calcium-binding mitochondrial 

carrier protein Aralar1 
-1.7 3.32E-02 

Calcium ion binding; L-aspartate transmembrane transporter activity; L-glutamate 
transmembrane transporter activity 

Q02013 AQP1 Aquaporin-1 -1.7 3.49E-02 

Ammonium transmembrane transporter activity; carbon dioxide transmembrane 
transporter activity; ephrin receptor binding; glycerol transmembrane transporter activity; 
identical protein binding; intracellular cGMP activated cation channel activity; nitric oxide 

transmembrane transporter activity; potassium channel activity; potassium ion 
transmembrane transporter activity; transmembrane transporter activity; water channel 

activity; water transmembrane transporter activity 

Q8C1E7 T120A Transmembrane protein 120A -1.9 2.04E-02  

P42227 STAT3 
Signal transducer and activator of 

transcription 3 
-2.0 1.85E-03 

CCR5 chemokine receptor binding; chromatin DNA binding; DNA binding; glucocorticoid 
receptor binding; identical protein binding; nuclear receptor activity; protein dimerization 
activity; protein homodimerization activity; protein kinase binding; protein phosphatase 

binding; RNA polymerase II core promoter proximal region sequence-specific DNA 
binding; RNA polymerase II repressing transcription factor binding; RNA polymerase II 

transcription factor activity, sequence-specific DNA binding; sequence-specific DNA 
binding; transcriptional activator activity, RNA polymerase II core promoter proximal 
region sequence-specific binding; transcriptional activator activity, RNA polymerase II 
transcription regulatory region sequence-specific binding; transcription factor activity, 
sequence-specific DNA binding; transcription factor binding; transcription regulatory 

region DNA binding 

Q6PHN9 RAB35 Ras-related protein Rab-35 -2.6 3.96E-03 
GDP binding; GTPase activity; GTP binding; phosphatidylinositol-4,5-bisphosphate binding 
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Uniprot 

accession 

number 

Gene Protein name 
Fold change 

BF/HFD 
P-values Gene ontology, molecular functions 

Q8R409 HEXI1 Protein HEXIM1 2.5 3.41E-02 
7SK snRNA binding; cyclin-dependent protein serine/threonine kinase inhibitor activity; 

snRNA binding 

P97315 CSRP1 
Cysteine and glycine-rich 

protein 1 
2.2 2.91E-03 Metal ion binding; RNA binding 

Q3UVK0 ERMP1 
Endoplasmic reticulum 

metallopeptidase 1 
2 2.71E-02 Metal ion binding; metallopeptidase activity 

P14901 HMOX1 Heme oxygenase 1 2 1.78E-02 
Enzyme binding; heme binding; heme oxygenase (decyclizing) activity; metal ion binding; 

phospholipase D activity; protein homodimerization activity; signal transducer activity 

Q62452 UD19 
UDP-glucuronosyltransferase 

1-9 
2 2.37E-02 

Drug binding; enzyme binding; enzyme inhibitor activity; fatty acid binding; 
glucuronosyltransferase activity; protein heterodimerization activity; protein 

homodimerization activity; protein kinase C binding; steroid binding 

Q9D0W5 PPIL1 
Peptidyl-prolyl cis-trans 

isomerase-like 1 
1.9 7.67E-03 Disordered domain specific binding; peptidyl-prolyl cis-trans isomerase activity 

Q9EP71 RAI14 Ankycorbin 1.9 1.89E-02  

Q99L45 IF2B 
Eukaryotic translation initiation 

factor 2 subunit 2 
1.8 2.86E-02 Metal ion binding; RNA binding; translation initiation factor activity 

O08808 DIAP1 Protein diaphanous homolog 1 1.8 2.64E-02 
Actin binding; identical protein binding; ion channel binding; profilin binding; Rho GTPase 

binding; RNA binding 

Q925N0 SFXN5 Sideroflexin-5 1.8 4.83E-02 Citrate transmembrane transporter activity 

P51885 LUM Lumican 1.8 2.41E-02 Collagen binding 

Q9CWI3 BCCIP 
BRCA2 and CDKN1A-

interacting protein 
1.7 1.20E-02 Kinase regulator activity; RNA binding; tubulin binding 

Q00915 RET1 Retinol-binding protein 1 1.7 4.28E-02 Retinal binding; retinoid binding; retinol binding; transporter activity 

Q9JLQ0 CD2AP CD2-associated protein 1.7 2.87E-02 
Beta-catenin binding; cadherin binding; protein complex binding; protein C-terminus 

binding; SH3 domain binding; vascular endothelial growth factor receptor binding 

P32261 ANT3 Antithrombin-III 1.7 2.12E-04 
Heparin binding; identical protein binding; protease binding; serine-type endopeptidase 

inhibitor activity 

Q99MZ3 MLXPL 
Carbohydrate-responsive 

element-binding protein 
1.6 4.23E-02 

Carbohydrate response element binding; protein heterodimerization activity; RNA 
polymerase II core promoter proximal region sequence-specific DNA binding; 

Table 4.2 Significant regulated proteins expressed as BF/HFD ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

 

Table 4.11 Significant regulated proteins expressed as BF/HFD ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

 

Figure 4.7 Top 10 diseases and functions prediction based on hepatic 

protein expression induced by WDS and BF supplementation 

NC/HFD, WDS/HFD and BF/HFD fold changes and p-values were 

analysed for paired comparisons using IPA (Ingenuity Systems). Up-

regulation (z-score >0) is denoted by orange whereas down-regulation (z-

score <0) is represented by blue. 

Table 4.2 Significant regulated proteins expressed as BF/HFD ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

 

 

Table 4.12 Significant regulated proteins expressed as BF/HFD ratio 
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transcriptional repressor activity, RNA polymerase II core promoter proximal region 
sequence-specific binding; transcription factor binding 

Q6IRU2 TPM4 Tropomyosin alpha-4 chain 1.6 2.66E-02 

Actin filament binding; identical protein binding; metal ion binding; protein 
heterodimerization activity; protein homodimerization activity; structural constituent of 

muscle 

P08905 LYZ2 Lysozyme C-2 1.6 4.21E-02 Identical protein binding; lysozyme activity 

P15379 CD44 CD44 antigen 1.6 4.77E-02 Hyaluronic acid binding; type II transforming growth factor beta receptor binding 

Q8BGS2 BOLA2 BolA-like protein 2 1.6 5.78E-03  

Q8BFW7 LPP 
Lipoma-preferred partner 

homolog 
1.6 1.20E-02 Metal ion binding 

P47941 CRKL Crk-like protein 1.5 5.56E-03 
Cadherin binding; identical protein binding; phosphotyrosine residue binding; RNA 

binding 

P56389 CDD Cytidine deaminase 1.5 2.94E-02 
Cytidine deaminase activity; identical protein binding; nucleoside binding; protein 

homodimerization activity; zinc ion binding 

Q04447 KCRB Creatine kinase B-type 1.5 7.50E-03 ATP binding; creatine kinase activity; ubiquitin protein ligase binding 

Q62159 RHOC 
Rho-related GTP-binding 

protein RhoC 
1.5 3.89E-02 GTPase activity; GTP binding; signal transducer activity 

O35969 GAMT 
Guanidinoacetate N-

methyltransferase 
1.5 4.77E-02 Guanidinoacetate N-methyltransferase activity 

Q64458 CP2CT Cytochrome P450 2C29 -1.5 1.16E-02 

Arachidonic acid epoxygenase activity; aromatase activity; caffeine oxidase activity; 
estrogen 16-alpha-hydroxylase activity; heme binding; iron ion binding; monooxygenase 

activity; steroid hydroxylase activity 

P70195 PSB7 Proteasome subunit beta type-7 -1.5 4.09E-02 Threonine-type endopeptidase activity 

Q9DCP2 S38A3 
Sodium-coupled neutral amino 

acid transporter 3 
-1.5 1.27E-02 

Antiporter activity; L-alanine transmembrane transporter activity; L-asparagine 
transmembrane transporter activity; L-glutamine transmembrane transporter activity; L-

histidine transmembrane transporter activity; symporter activity 

Q8R0Y8 S2542 
Mitochondrial coenzyme A 

transporter SLC25A42 
-1.5 4.75E-02 

Adenosine-diphosphatase activity; ADP transmembrane transporter activity; AMP 
transmembrane transporter activity; ATP transmembrane transporter activity; coenzyme 

A transmembrane transporter activity 

Q8JZS0 LIN7A Protein lin-7 homolog A -1.6 4.03E-02 L27 domain binding 

P04945 KV6AB 
Ig kappa chain V-VI region 

NQ2-6.1 
-1.6 5.67E-03 Antigen binding 

Q6WKZ7 NOSTN Nostrin -1.6 2.67E-02 DNA binding 

Q6XVG2 CP254 Cytochrome P450 2C54 -1.6 8.33E-03 
Arachidonic acid epoxygenase activity; aromatase activity; heme binding; iron ion 

binding; linoleic acid epoxygenase activity; steroid hydroxylase activity 

Q8C1E7 T120A Transmembrane protein 120A -1.7 4.87E-02  
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P21126 UBL4A Ubiquitin-like protein 4A -1.7 1.57E-02 Chaperone binding 

A2AN08 UBR4 
E3 ubiquitin-protein ligase 

UBR4 
-1.7 1.44E-02 Calmodulin binding; ubiquitin-protein transferase activity; zinc ion binding 

Q9JK42 PDK2 
Pyruvate dehydrogenase kinase 

isozyme 2, mitochondrial 
-1.7 1.35E-02 

ATP binding; protein homodimerization activity; pyruvate dehydrogenase (acetyl-
transferring) kinase activity 

Q9CQL5 RM18 
39S ribosomal protein L18, 

mitochondrial 
-1.7 2.10E-02 5S rRNA binding; structural constituent of ribosome 

Q9R013 CATF Cathepsin F -1.7 4.77E-02 Cysteine-type endopeptidase activity; cysteine-type peptidase activity 

Q8BTW3 EXOS6 
Exosome complex component 

MTR3 
-1.7 1.16E-02 RNA binding 

Q9WVQ5 MTNB 
Methylthioribulose-1-

phosphate dehydratase 
-1.8 4.09E-02 

Identical protein binding; methylthioribulose 1-phosphate dehydratase activity; zinc ion 
binding 

P56382 ATP5E 
ATP synthase subunit epsilon, 

mitochondrial 
-2.1 1.27E-02 

Hydrogen-exporting ATPase activity, phosphorylative mechanism; proton-transporting 
ATP synthase activity, rotational mechanism 





Chapter 4 

143 

4.3.3 Protein based predicted effect on liver functions and canonical pathways 

Based on the protein expression induced by the different supplements, prediction of diseases 

and functions was performed using IPA. The top 10 diseases and functions representing the 

predicted effects driven by NC, WDS and BF compared to HFD are shown in Figure 4.7 

(complete analysis is presented in Appendix 6 Figure 4A.3). Accordingly, WDS is predicted 

to provide a protective effect by the down-regulation of IPA annotated pathways associated 

with incidence of liver tumour, incidence of hepatocellular carcinoma, liver adenoma, fibrosis 

of liver, benign neoplasm of liver, liver metastasis, cell death of liver cells, and damage of 

liver. Although BF is also predicted to down-regulate these functions (except for cell death 

of liver cells, shown as up-regulated), the activation z-score is not as strong as presented for 

WDS suggesting a milder effect. Both nutraceuticals are predicted to up-regulate hepatic 

steatosis and conjugation of glutathione. Analysis of predicted canonical pathways illustrates 

several differences among the treatments (Figure 4.8). Eukaryotic initiation factor 2 (eIF2), a 

transduction pathway linked to the progression of stress conditions, is presented with a 

positive z-score in NC fed animals. Conversely, eIF2 signalling was repressed in response to 

WDS and BF supplementation. As additional effects, the regulation of eIF4 and p70S6K 

signalling is augmented by BF, but not with NC and WDS, whilst mTOR signalling is 

predicted to be up-regulated by WDS and BF with a stronger effect in the latter in contrast to 

the predicted inhibition by NC. 
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Figure 4.7 Top 10 diseases and functions prediction based on hepatic protein 

expression induced by WDS and BF supplementation 

NC/HFD, WDS/HFD and BF/HFD fold changes and p-values were analysed 

for paired comparisons using IPA (Ingenuity Systems). Up-regulation (z-score 

>0) is denoted by orange whereas down-regulation (z-score <0) is represented 

by blue. 
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Figure 4.8 Canonical pathway prediction in response to WDS and BF 

supplementation 

(a) NC/HFD, (b) WDS/HFD and (c) BF/HFD fold changes and p-values were 

analysed using IPA (Ingenuity Systems). The ratio line represents the number of 

proteins altered by the dietary change divided by the total number of proteins from 

the canonical pathway. Up-regulation (z-score >0) is denoted by orange whereas 

down-regulation (z-score <0) is represented by blue. 
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4.4 Discussion 

4.4.1 Dietary effect on body weight gain 

In the experiments reported here, we determined the effect of the nutraceuticals WDS and BF 

in a HFD mouse model. Our results show that HFD, WDS or BF does not induce any 

significant change in body weight gain compared to NC. Although HFD is used to model 

obesity and chronic inflammatory conditions in animals [113][114], in some studies high fat 

supplementation has been observed to produce no statistical significant change in body 

weight gain and fasting glucose levels compared to NC diet [236][242]. It is also suggested 

that HFD challenge on the mouse strain employed in this study, C57BL/6J and some sub-

strains, are protected from weight gain and therefore do not respond to diet induced obesity 

[243]. Similarly, some nutraceutical interventions on animal models are reported to produce 

no change in these parameters. For example, the polyphenol curcumin, effective in the 

treatment of inflammation, although modulates important inflammatory pathways does not 

lead to weight loss in a mouse IBD model [138]. In another study, quercetin supplementation 

in a HFD mouse model reduced the secretion of IFNγ, IL-1 and IL-4 although it did not 

produce any change in terms of weight gain compared to the HFD group [164]. We therefore 

investigated the relation of these nutraceuticals with inflammatory-related molecular 

mechanisms. 

4.4.2 Dietary changes on circulating inflammatory markers 

In regards to the inflammatory marker concentration in plasma samples, our results showed 

a significant up-regulation of GLP-1, insulin and PAI-1 from HFD, WDS and BF compared 

to NC fed individuals (Figure 4.4a, b and c), all indicators of reduced tolerance to glucose 

likely associated with HFD consumption. GLP-1 is a potent stimulator of insulin secretion in 

response to glucose presence [244]. It is established that nutrient ingestion promotes GLP-1 

release in the gastrointestinal tract. According to previous studies, GLP-1 administration is 
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correlated with reduction in the food intake which appears to be in accordance to our results 

[245]. As observed in the food intake values (Figure 4.1c and d), HFD, WDS and BF 

promoted lower food intake compared to NC fed mice suggesting a satiety effect presumably 

due to the high fat content. Consistently with the literature, sugarcane fibre is reported to 

induce GLP-1 expression in plasma and it is also speculated that appetite signals are involved 

[119]. However, the significance of these results are not clear since this effect appears to be 

mediated by HFD and not by the nutraceuticals introduction. 

On the other hand, PAI-1 levels in plasma are positively correlated with abdominal 

subcutaneous fat, obesity, and insulin secretion [246]. Further, PAI-1 was associated in the 

development of obesity and augmented insulin levels in response to HFD fed animals [247]. 

In line with this role, increased insulin levels is associated with initiation of the inflammatory 

cascade in the liver coordinated by ROS generation and oxidative stress [113]. The data 

presented here shows elevated levels of PAI-1 and insulin and are consistent with the effects 

provided by HFD supplementation. Impaired glucose tolerance (Figure 4.2), another sign of 

metabolic disorder progression due to prolonged HFD consumption in mice [113], is 

corroborated in this study. However, the subsequent addition of the two nutraceuticals does 

not present any significant change in this context. 

4.4.3 Nutraceutical-dependent inhibition of cytokines 

Interestingly, HFD does not produce any significant shift in cytokine secretion in plasma even 

though their release is linked to the development of chronic inflammation conditions such as 

obesity in HFD fed mice [248]. Nevertheless, this null effect of HFD has been reported in the 

case of TNFα and IL-6 and authors speculated the cytokine mediated pathway to be 

independent of the molecular mechanisms associated with HFD supplementation [249]. 

Contrastingly, the introduction of the two nutraceuticals significantly lowered the expression 

of GM-CSF and IL-1β compared to NC fed animals. Although the impact of dietary fibre in 
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the expression of pro-inflammatory cytokines is unknown, β-glucans from barley and oat 

repressed IL-12 and induced IL-10 secretion in LPS-stimulated dendritic cells. The immune 

modulatory effect is dependent on the molecular structure of the β-glucans suggesting the 

physico-chemical properties of fibre to influence the inflammatory response [250]. Inhibition 

of GM-CSF is reported to produce a therapeutic effect in multiple models of inflammatory 

conditions [251]. However, GM-CSF-/- mutant mice present increased levels of cytokine 

secretion and atherosclerosis induction under HFD supplementation [252]. In another study, 

HFD does not promote any change in GM-CSF levels [253]. This inconsistency in the role of 

GM-CSF permit to speculate that this regulator has no implication in the mechanism 

associated with WDS or BF.  

High fat and cholesterol diet is shown to elevate the gene expression of IL-1β and other 

cytokines in mice in the context of fatty liver disease [253]. Administration of fish oil or 

vegetable oil rich in polyunsaturated fatty acids to healthy volunteers reduced the secretion 

of IL-1β [254]. Further, IL-1β depletion has been shown to protect mice from the progression 

of chronic liver diseases and therefore considered as a therapeutic target against liver 

inflammation [255]. Therefore WDS and BF appears to confer an anti-inflammatory effect 

by reducing IL-1β secretion; this observation will require additional investigation. 

4.4.4 HFD effect on the liver proteome 

For SWATH-MS proteomics analysis performed in this chapter, we included in the 

experimental design 40 biological replicates that were quantified and statistically analysed 

employing the same strategy as in Chapter 2. Given the complexity of in vivo systems, it was 

found appropriate to utilise this large number of biological replicates that combined with the 

cut-offs mentioned for the previous experiments (fold change >1.5 and p-value<0.05) ensures 

a high level of confidence in the identification of statistical significant regulated proteins. 
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The proteomics analysis on liver tissue from HFD fed mice compared to NC fed mice reported 

here, is consistent with previous studies in the expression of several proteins 

[153][235][236][241]. In particular, under-expression of MUP1 in response to HFD might be 

considered as a therapeutic target against glucose insensitivity and metabolic dysregulation 

[256]. SBP2, responsible for selenocysteine incorporation [257] and down-regulated in this 

study, appears to combat oxidative stress at the cell level [102]. In accordance to our study, 

it has been reported the up-regulation of pantetheinase [258], CD36 [259], CRAT [260], 

HSPB1 [259][261], and cathepsin S [262] promoted by HFD regimen at the gene level. 

Overexpression of the isoenzymes PDK1 and PDK2, observed herein, is associated with 

augmented fasting plasma glucose and insulin levels and body fat accumulation [263][264]. 

Overall, the protein expression instigated by HFD in this experiment is suspected to induce 

functions related to fatty acid and carbohydrate metabolism, inflammatory promotion and 

antioxidant regulation. 

4.4.5 WDS regulation of selenium-related proteins 

Proteomics studies in animal interventions using fibre food products has been performed in 

only a limited number of studies [148][149]. In this chapter, Proteomics analysis revealed 

WDS to significantly change the abundance of relevant proteins to antioxidant defence and 

inflammation. Recently, it has been reported that oxidative stress-driven HFD consumption 

is linked to repressed levels of the selenoproteins thioredoxin and thioredoxin reductase in 

liver [265]. In line with the inhibition of SBP2 expression in response to HFD, WDS is 

observed to significantly alter the selenocysteine synthesis enzyme SecS and the 

selenoprotein SEP15. SecS, up-regulated by WDS, mediates the last step in the synthesis of 

selenocysteine which is then inserted in the protein sequence by SBP2 and other proteins 

[257]. SecS function in selenium incorporation appears to be fundamental in health and 

disease, gene mutations present in certain populations are linked to deprive enzyme activity 
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and neuronal dysfunction [266]. Hence this finding might indicate a positive role of WDS in 

promoting SecS function and selenoprotein biosynthesis.  

Down-regulated SEP15, exclusively found in WDS and not BF supplemented animals, is 

associated with folding assistance of glycoproteins and tumour development. Different 

studies point out to a role of SEP15 in tumour progression, however there is not a clear 

consensus since it is implicated in preventing liver and prostate cancer [267] but more recently 

linked in colon cancer promotion [268]. Tsuji et al. employing SEP15 knockout mice 

observed increased levels of IFNγ in plasma and higher incidence of colon cancer compared 

to wild type mice, suggesting a protective role of SEP15 inhibition [268]. Overall, selenium 

proteins are considered as important promoters of health. The potential role of WDS in 

regulating selenoprotein expression is of great relevance since we identified in our in vitro 

model an increased expression of Selenoprotein H in response to WDS (Chapter 2, Discussion 

section). These new observations provide additional levels of evidence of the role of WDS in 

selenium regulation in vivo and might be linked to the anti-inflammatory response described 

in vitro. 

We also paid special attention to the predicted up-regulation of the conjugation of glutathione 

function in WDS supplemented mice (Figure 4.7). The conjugation phase II, another step of 

the xenobiotic metabolism process, is mediated by glutathione-S-transferases. Elevated 

glutathione activity is clearly associated with improved antioxidant defence against ROS-

derived oxidative stress pathologies. For instance, green tea polyphenols presented health 

benefits in chemical-induced diabetic mice by improving glutathione levels in the liver [269]. 

In a different animal study, chitosan-starch supplementation under HFD regimen increased 

antioxidant capacity by improving the activity of glutathione peroxidase and superoxide 

dismutase in liver tissue compared to control group [120]. While it was not explored the 
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reason for the link between WDS and glutathione induction, the outcome would favour 

improved ability to metabolise toxic compounds. 

4.4.6 WDS-dependent anti-inflammatory effect 

Our proteomics data also presents evidence related to the potential anti-inflammatory 

functions of WDS. STAT3, a transcription factor with a prominent position in the regulatory 

mechanisms of cancer, immune response, and inflammation in the liver, was significantly 

down-regulated in WDS-supplemented mice whilst BF produced no significant effect. In 

Chapter 2, we learnt WDS ethanol extracts inhibit the activation of the NFκB signalling 

pathway in vitro. Interestingly, it is established that STAT3 collaborates with NFκB in the 

progression of the inflammatory response in the liver [45]. In mouse models of chronic 

inflammation, NFκB takes a prominent role in orchestrating the expression of cytokines in 

liver tissue. HFD administration induces tumour formation in a mechanism involving TNFα, 

IL-1β and IL-6 release and STAT3 activation in hepatic tissue from mouse [248]. There is 

evidence linking dietary changes to influence the expression of STAT3. The phenolic 

chlorogenic acid reverses the deleterious effects carried by chemical promoted cholestasis 

and liver injury partially by the suppression of STAT3, NFκB and cytokine release [270]. In 

a different study, a model of induced liver fibrosis in mice revealed plumbagin, a bioactive 

extracted from the medicinal plant Plumbago zeylanica L., to significantly alleviate liver 

injury and this was partially explained through the down-regulation of STAT3 which was 

also confirmed in vitro [271]. Apart from the reduced inflammation in colon tissue promoted 

by curcumin and green tea polyphenols in IBD-induced mice, these two therapies produced 

gene and protein expression predicted to inhibit STAT3 [138][147]. 

The inhibitory effect promoted by WDS and BF in the secretion of IL-1β appears to be linked 

to repression of inflammatory-related functions as observed in the function prediction 

analysis (Figure 4.7). However, the suppression of the inflammatory inducer STAT3 only 
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observed after WDS and not BF supplementation, might suggest an independent mechanism 

between STAT3 and IL-1β inhibition. 

4.4.7 Inhibition of AQP1 and T120A 

Another protein exclusively down-regulated by WDS is AQP1. Important for water 

transportation to the bile, AQP1 is a membrane associated protein expressed in the liver [272]. 

AQP1 is relevant in obesity and metabolic disorders. HFD supplementation on AQP1-/- mice 

provokes less body weight gain as opposed to wild type mice on HFD diet. Thus, AQP1 is 

suggested to confer a protective function against obesity although deleterious effects such as 

fat malabsorption were also observed [273]. Even though our HFD model did not produce 

weight loss in response to WDS incorporation, AQP1-dependent regulation might be of 

interest for future studies. 

Special attention was also given to T120A given its induction by HFD and subsequent 

repression by WDS and BF. T120A is expressed in white adipose tissue in the inner nuclear 

membrane and there is evidence of its function in inducing adipogenesis in vitro [274]. In the 

liver, gene expression of T120A is interpreted to play a role in fatty acid metabolism [275]. 

Significant up-regulation of T120A in liver from HFD administered mice as opposed to its 

down-regulation in WDS and BF mice might link these two nutraceuticals in altering fat 

production related cellular activities. 

4.4.8 Modulation of cellular events by BF 

Predicted modulation of canonical pathways might reveal novel mechanisms associated with 

WDS and BF, such as the inhibition of eIF2 signalling promoted by the two nutraceuticals 

(Figure 4.8). Induction of this signalling is promoted by bacterial infection and associated 

with NFκB activity and cytokine expression [276]. Conversely, phosphorylation-dependent 

inhibition of eIF2α is described as an effective therapy against the inflammatory related 
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Alzheimer’s disease-driven memory loss and synaptic failure [277]. Although this 

mechanism requires further investigation in the liver and diet context it anticipates new 

avenues of study. 

Restricted to BF and not to WDS supplementation, it was observed the up-regulation of 

UGT1A9 as an opposite effect to the down-regulation provided by HFD. UGT19A mRNA 

levels are known to be differentially affected in patients suffering from non-alcoholic fatty 

steatohepatitis (NASH) [278]. Despite the importance of UGT19A as part of the phase II of 

the xenobiotic metabolism, its implications in the liver in response to HFD are not clear. In 

contrast to the HFD-driven up-regulation of PDK2, BF down-regulated this kinase, event not 

associated with WDS supplementation. These results might show BF to induce a reversal 

effect in the progression of some metabolic functions promoted by HFD that will require 

further study. 

Surprisingly, based on protein expression BF was predicted to stimulate the mTOR and eIF4-

p70S6K signalling pathways as a mechanism not completely shared by WDS (Figure 4.8). 

Although more studies are needed on this subject, it is understood that mTOR signalling is 

fundamental in the metabolism of fatty acids in the liver [279] and its activation at the gene 

level in HFD fed mice is demonstrated [261]. Conversely, S6K-/- mice are protected from 

HFD in terms of insulin sensitivity and weight gain. This effect might potentially implicate 

high oxidation rates of lipids in contrast to obese wild type mice that presents augmented 

levels of S6K activity [280]. The relevance of these pathways is emphasised in nutraceutical 

interventions; for example, the clove oil-derived eugenol administered to C57BL6/J mice 

challenged with HFD showed reduced liver inflammation with decreased protein 

phosphorylation levels of mTOR and p70S6K thereby preventing the transcription of 

lipogenic genes [281]. 
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4.4.9 Sugarcane supplementation in animal models 

Previous studies have evaluated the effect of sugarcane derivatives in HFD animal models. 

For example, Wang et al. compared sugarcane fibre with cellulose and psyllium husk and 

demonstrated the former to reduce body weight, fat mass, and to improve insulin sensitivity 

and glucose tolerance. Sugarcane fibre was also shown to inhibit ghrelin and leptin secretion 

and to improve GLP-1 levels [119]. This fibre was also proved to modulate the insulin 

transduction pathway by induced phosphorylation of the insulin receptor substrate 1, insulin 

receptor, AKT, AMPK and PI3K activity [282]. These differences compared to the results 

reported in this thesis are discussed in Chapter 5. 

4.5 Conclusions 

In this work, we characterised the effect of WDS and BF supplemented on a HFD in vivo 

model by the quantitation of circulating inflammatory markers in plasma and proteomics 

analysis on liver tissue. Based on the IPGTTs, HFD promoted glucose intolerance. Even 

though WDS or BF administration did not alter this effect, both fibre supplements revealed 

changes in plasma markers and hepatic protein expression suggestive of an anti-inflammatory 

response. For instance, WDS inhibited the inflammatory mediators IL-1β and STAT3 and 

promoted significant changes in selenium-related proteins indicative of antioxidant defence 

and inflammatory suppression. In line with these results, protein expression-based prediction 

analyses suggests WDS-dependent alterations on functions and canonical pathways 

associated with inflammatory events. 

Supplementary files (in CD) 

Supplementary table 1. Multiplex Log2 fluorescent intensity normalised data. Supplementary 

table 2. SWATH-based MS Normalised peak area. Supplementary table 3. Complete list of 
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regulated proteins, HFD/NC ratio. Supplementary table 4. Complete list of regulated proteins, 

WDS/HFD ratio. Supplementary table 5. Complete list of regulated proteins, BF/HFD ratio. 
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Chapter 5 General discussion and future directions 
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The usage of dietary supplements rich in antioxidant content can often be effective in 

counteracting the progression of some chronic diseases. In this regard, functional 

understanding of the molecular events associated with improved health benefits of 

nutraceuticals is fundamental for their acceptance and widespread use. This thesis set out to 

apply proteomics technologies to investigate how whole dried sugarcane (WDS) could exert 

anti-inflammatory properties. 

5.1 Main findings and contributions to new knowledge 

Nutraceutical research has grown rapidly in recent years. Although much of the effort 

involving bioactive studies has focused on purified natural products, there is also interest in 

the combinatorial effects gained from food product extracts. The first aim of this thesis was 

to undertake a broad chemical characterisation of ethanol extracts of WDS. WDS was of 

interest to examine since one of its components, bagasse, is usually a waste product despite 

being a source of antioxidants [124]. Characterisation of WDS extracts revealed the presence 

of polyphenols and flavonoids with strong antioxidant activity (Chapters 2 and 3). This 

represents the first characterisation of WDS. From the literature, it is expected that 

polyphenols, flavonoids and other antioxidants have anti-inflammatory properties. Thus it is 

likely this is the source of the anti-inflammatory properties exerted by 

proteomic/phosphoproteomic profiling (Chapters 2 and 3). It is not discarded that other 

components present in WDS extracts such as dietary fibre and minerals have a role or an 

additive effect in these results. Overall, the results reported in this thesis provide further 

evidence of the therapeutic properties of nutraceuticals. 

The second and third aims of this thesis were to apply proteomics to characterise the 

molecular mechanisms regulated by WDS an in vitro inflammatory model and an in vivo 

mouse HFD model. In the in vitro model, SWATH-based proteomics (Chapter 2) and 

phosphoproteomics (Chapter 3) analysis yielded evidence of anti-inflammatory signalling 
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events. These findings are integrated in Figure 5.1, where WDS extracts regulate the 

phosphorylation of the master inflammatory controller NFκB, leading to reduced secretion of 

IL-8 (Chapter 2) at least partly through the activation of C-Raf and AKT as demonstrated in 

Chapter 3. Additionally, PKA and PKCβ phosphorylation is inhibited by WDS extracts, 

further preventing the activation of NFκB. Concomitantly, other inflammatory mediators 

shown to be altered included the transcription factor c-Jun, EGFR and the histone deacetylase 

SIRT1 (Chapter 3) which allow us to hypothesise the involvement of their respective 

signalling pathways in mediating the action of WDS extracts. Phosphorylation of Ser27 on 

SIRT1, which was positively regulated by WDS extracts, is regarded as a crucial effector in 

cell defence mechanisms, specifically in SIRT1 enzymatic activity and nuclear localisation 

orchestrated by the JNK pathway [211]. 

 

  

Figure 5.1 WDS ethanol extracts (WDS EE) effects in vitro. Integration of 

major proteomics and phosphoproteomics findings 
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Based on these findings, it is interesting to speculate further associations. Although not tested, 

it is conjectured that the activation of C-Raf and AKT is potentially mediated by the EGFR 

signalling cascade. Phosphorylation of Thr693, driven by WDS extracts (Chapter 3), is 

described as a critical event in the inhibition of the JNK signalling pathway [219]. Conversely, 

nutraceuticals are reported to control EGFR phosphorylation with a subsequent effect in other 

MAP kinase pathways. Curcumin is shown to inhibit NFκB nuclear activity through the 

modulation of AKT and EGFR tyrosine phosphorylation in prostate cells [283]. Although the 

implication of the phosphorylation of EGFR on Thr693 involves activation of MAPK signals 

[284], the high level complexity in the relation of these transduction signals will require 

further examination. 

Chapter 4 explored in vivo supplementation of WDS in a HFD mouse model. SWATH was 

used as protein quantitation strategy as well as multiplex bead-based ELISA analysis for the 

analysis of inflammatory markers that are found at much lower circulating concentration 

levels. From the SWATH approach, around 2,400 proteins were quantified across 40 samples 

of mouse liver tissue. The results showed WDS to counteract some specific inflammatory 

events initially triggered by HFD such as the suppression of STAT3. Interestingly, there was 

no direct overlapping with the proteins described in the in vitro experiment. Cooperative 

signals between STAT3 and NFκB have been determined as a plausible explanation, since 

IL-6 as an inducer of STAT3 is a transcription product of NFκB [42]. However, our MS data 

analysis of mouse liver did not reveal any significant regulation of the NFκB transduction 

signals. It is difficult to extrapolate and compare the two models since human colon cells were 

employed for in vitro analysis and mouse liver tissue was used for in vivo experiments. It is 

speculated that rather than the absence of NFκB in vivo or STAT3 in vitro, the characteristics 

of each model determined the orchestrating signalling pathway. For instance, LPS rendered 

SW480 cells to an inflammatory state by NFκB activation whilst HFD resulted in acute 
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inflammation in mice due to STAT3 activity. Therefore, it is proposed that the levels of 

expression of the transcription factors when not participating remained constantly depressed 

and thus not detected as changing protein levels. Nevertheless, the evidence presented shows 

WDS as an effective agent to selectively repress the inflammatory machinery in two different 

models. 

Another possible explanation to the selectivity of the pathways regulated by WDS might 

involve the mechanisms by which it is delivered to the cells. In the in vitro experiments, WDS 

was extracted in 52% ethanol, dried and then delivered directly to the colon cells. On the 

other hand, in the in vivo experimentation, WDS was integrated into HFD chow, was digested 

and went through more complex processes that included the modification by commensal 

bacteria, absorption in the colon epithelium and metabolism in the liver. These striking 

differences might impact on the chemical nature of the WDS metabolites and therefore the 

proteome response. For example, it is documented that the antioxidant activity of quercetin 

varies depending on its multiple metabolites [98], but also quercetin’s anti-inflammatory 

effect is dependent on the chemical modification and whether in vitro or in vivo models are 

tested [86]. 

It is established that selenium incorporation in the diet carries important health benefits. 

Despite the complexity of the biological systems tested in this work, we observed a striking 

parallelism linking selenium associated proteins with WDS. In human colon cells, WDS 

extracts are shown to induce expression of SELH (Chapter 2), whilst in HFD mice 

supplemented with WDS, hepatic tissue was observed to have reduced levels of SEP15 and 

increased SecS levels compared to animals on HFD only (Chapter 4). SecS plays a 

fundamental role in the incorporation of the selenocysteine residue in the polypeptide chain. 

Selenoproteins are regarded as important promoters of health such as the glutathione 

peroxidases due to their antioxidant defence functions. Moreover, recent studies implicate 
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some of these proteins in functions associated with a dual role in cancer development and 

inhibition as in the case of SEP15. Selenium intake has been identified to positively control 

the mRNA abundance and translational activity of certain selenoproteins including SELH in 

liver tissue in vivo [285]. While we have not resolved the mechanism associated with 

selenoprotein regulation, it appears that WDS achieve this outcome. To the best of our 

knowledge, this is the first connection between sugarcane based nutraceutical and the 

selenoproteome in the context of inflammation. 

This thesis showcased the application of proteomics techniques for the analysis of WDS 

nutraceutical properties. As shown in Table 1.2, protein differential expression by 2DE has 

been selected as the method of choice in most nutraceutical investigations. SWATH, as a 

state-of-the-art quantitation strategy, has been determinant in the elucidation of the proteome 

response in various studies. This thesis demonstrated the use of SWATH as a label-free 

quantitation technique in the context of nutraceutical research. Further, phosphoproteomics 

research in the context of nutritional studies is an under-explored territory. Some of the 

conclusions drawn from this work allow us to support the study of the phosphoproteome as 

another powerful tool in this discipline. From this work, investigation of the proteome and its 

global modification at the phosphorylation level provided an integral view of WDS 

mechanistic regulation in vitro. In the same way, phosphoproteomics characterisation in vivo 

will reveal further insights worth of consideration.  

5.2 Limitations and future directions 

One of the limitations of this thesis is the use of a cancer cell line for testing the proteomic 

impacts of WDS extracts. As justified in the introduction (Chapter 1, Section 4.2), SW480 

cells are a suitable model for studying inflammation due to the cells sensitivity to LPS, 

triggering a classical inflammatory response. However, the architecture, growth, and response 

to external stimuli among other features between malignant and non-malignant cells suggest 
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differences may occur compared to primary cells. Therefore it would be of interest to contrast 

the findings here with the response of WDS extracts in non-cancerous cell lines such as the 

intestinal rat cell line IEC-18 or the human cell line HEK293. 

The use of other inflammatory agents will complement the understanding of WDS 

interactions with the biological systems tested here. For example, TNFα or cytokine 

dependent stimulation of alternative signalling cascades will be valuable in this regard. 

Despite our SWATH proteomics data suggested the onset of metabolic disorders on animals 

supplemented with HFD, it is noted that we anticipated greater physiological differences 

between HFD and NC animals such as weight gain. Therefore, mice with genetic 

predisposition to obesity or chemical induced inflammation might be considered as 

alternative models to HFD supplementation. For instance, genetic deletion of the leptin gene 

produces different response in the induction of inflammatory signalling mediators as opposed 

to HFD feed wild type mice [46]. Overall, the selection of other models will expand the 

knowledge of nutraceuticals applicability in various models of disease. 

Interestingly, the effects promoted by WDS in vivo differ from the studies published by Wang 

et al. using HFD mice supplemented with sugarcane fibre feed. As determined in those 

studies, sugarcane fibre reduced body weight gain, reversed the expression of GLP-1 and 

insulin, and modulated the insulin/AMPK signalling pathway, among other effects in contrast 

to the control group [119][282]. It is rationalised that the higher levels of incorporation in the 

sugarcane fibre studies (10% (w/w), as opposed to 5% (w/w) incorporation in this thesis) play 

a significant role in weight loss not observed in our study. It is also possible that the 

differences in phytochemical composition intrinsic to each sugarcane crop might be 

responsible for these variations. In addition, the distinctive signalling pathways regulated in 

each study (Chapter 4, Section 4.9) might be the result of the diversity regarding the chemical 
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content of the strains employed. Future experiments should pursue higher WDS addition into 

the diets in order to test this hypothesis.  

The ultimate goal of nutritional research is validation in clinical trials. In this regard, 

additional elements to consider involving digestion, absorption, and secretion of nutrients 

complicate the study of nutraceuticals in humans. Nevertheless, the evaluation of 

nutraceutical’s effect on protein markers has been assessed by MS-based proteomics in 

human studies [286]. The findings reported in this thesis provide the foundation and will 

inform any future clinical study on the health effects of WDS.  

In conclusion, it has been demonstrated WDS has anti-inflammatory properties when tested 

in in vitro and in vivo systems. Future experiments may endeavour testing additional models 

of inflammation in various biological systems. Further, phosphoproteomics analysis in liver 

tissue from mice supplemented with nutraceuticals may contribute to the proteomics 

characterisation performed in this work. Validation of WDS as a novel supplement with anti-

inflammatory properties provide evidence to support the alternative use of sugarcane. 
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Appendix 1 Table 2A.1 Nutritional information of WDS (Supplied by Gratuk Ltd. Pty.) 

Nutritional Information 

Serving size: 7.6g 

 Ave Qty 

Per serve 

Ave Qty 

Per 100g 

Energy 74 kJ 973 kJ 

Protein 0.3g 3.9g 

Fat, Total 0.1g 1.2g 

-saturated 0.0g 0.2g 

Carbohydrates 1.7g 22.2g 

-sugars 0.1g 1.2g 

Dietary Fibre 3.4g 44.7g 

Sodium 1mg 17mg 

Gluten Not detected Not detected 

Chromium 26.6µg 350µg 

Potassium 293µg 3.8g 

Selenium 8.4µg 110µg 

Iron 0.76µg 9.9µg 

Molybdenum 1.4µg 18.2µg 

Zinc 0.02mg 0.26mg 

Magnesium 2.17mg 28.31mg 
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Appendix 2 Figure 2A.1 Cell viability in SW480 cells in response to LPS, WDS EE and 

RSV addition 

 

 

 

Figure 2A.1 Cell viability in SW480 cells in response to LPS, WDS EE and RSV 

addition. Cell viability expressed as % of live cells was determined in untreated SW480 

cells (control), LPS-stimulated cells (5μg/ml), LPS-stimulated and co-incubated with 

WDS EE, and LPS-stimulated and co-incubated with RSV at 25µM and 50µM after 48 

hours. n=3, mean +/- SD. 
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Appendix 3 Table 2A.2 Significantly regulated proteins expressed as LPS/C ratio.  

Two-sample t test (p-value <0.05), fold change >1.5. 

Uniprot 

accession 

number 

Gene Protein name 
Fold change 

LPS/C 

P05362 ICAM1 Intercellular adhesion molecule 1 13.0 

Q96GM8 TOE1 Target of EGR1 protein 1 10.6 

P0DJI8 SAA1 Serum amyloid A-1 protein 8.0 

P01037 CYTN Cystatin-SN 4.9 

P30495 1B56 HLA class I histocompatibility antigen, B-56 alpha 

chain 

4.6 

Q7Z3B4 NUP54 Nucleoporin p54 4.5 

P80404 GABT 4-aminobutyrate aminotransferase, mitochondrial 4.4 

Q15678 PTN14 Tyrosine-protein phosphatase non-receptor type 14 4.3 

P25774 CATS Cathepsin S 3.6 

Q03169 TNAP2 Tumor necrosis factor alpha-induced protein 2 3.1 

O43924 PDE6D Retinal rod rhodopsin-sensitive cGMP 3',5'-cyclic 

phosphodiesterase subunit delta 
2.5 

Q01831 XPC DNA repair protein complementing XP-C cells 2.3 

P01892 1A02 HLA class I histocompatibility antigen, A-2 alpha 

chain 

2.2 

P41221 WNT5A Protein Wnt-5a 2.1 

P01889 1B07 HLA class I histocompatibility antigen, B-7 alpha 

chain 

2.1 

Q13501 SQSTM Sequestosome-1 2.0 

P15170 ERF3A Eukaryotic peptide chain release factor GTP-binding 

subunit ERF3A 

2.0 

Q9NVI1 FANCI Fanconi anemia group I protein 1.9 

P50479 PDLI4 PDZ and LIM domain protein 4 1.8 

P05534 1A24 HLA class I histocompatibility antigen, A-24 alpha 

chain 

1.7 

Q9UH17 ABC3B DNA dC->dU-editing enzyme APOBEC-3B 1.7 

P30405 PPIF Peptidyl-prolyl cis-trans isomerase F, mitochondrial 1.7 

P04179 SODM Superoxide dismutase [Mn], mitochondrial 1.6 

O00754 MA2B1 Lysosomal alpha-mannosidase 1.6 

P49589 SYCC Cysteine--tRNA ligase, cytoplasmic 1.6 

P62699 YPEL5 Protein yippee-like 5 1.6 

Q6NUQ4 TM214 Transmembrane protein 214 1.6 

P51153 RAB13 Ras-related protein Rab-13 1.6 

Q9H147 TDIF1 Deoxynucleotidyltransferase terminal-interacting 

protein 1 

1.5 

Q9H4M9 EHD1 EH domain-containing protein 1 1.5 

Q9Y4C8 RBM19 Probable RNA-binding protein 19 1.5 

O95470 SGPL1 Sphingosine-1-phosphate lyase 1 1.5 

Q9UPW6 SATB2 DNA-binding protein SATB2 1.5 

Q6IAN0 DRS7B Dehydrogenase/reductase SDR family member 7B 1.5 

Q7L5N7 PCAT2 Lysophosphatidylcholine acyltransferase 2 -1.5 

P32929 CGL Cystathionine gamma-lyase -1.5 
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 Q53EL6 PDCD4 Programmed cell death protein 4 -1.5 

Q9UHN6 TMEM2 Transmembrane protein 2 -1.5 

P51648 AL3A2 Fatty aldehyde dehydrogenase -1.5 

Q9UHG3 PCYOX Prenylcysteine oxidase 1 -1.6 

Q9H3M7 TXNIP Thioredoxin-interacting protein -1.6 

Q15758 AAAT Neutral amino acid transporter B(0) -1.6 

O14639 ABLM1 Actin-binding LIM protein 1 -1.7 

P15529 MCP Membrane cofactor protein -1.8 

Q92597 NDRG1 Protein NDRG1 -2.0 

O75376 NCOR1 Nuclear receptor corepressor 1 -2.0 

O76024 WFS1 Wolframin -2.1 

Q8TAA5 GRPE2 GrpE protein homolog 2, mitochondrial -2.3 

P53794 SC5A3 Sodium/myo-inositol cotransporter -2.4 

Q7Z2K6 ERMP1 Endoplasmic reticulum metallopeptidase 1 -2.4 

Q14671 PUM1 Pumilio homolog 1 -3.6 

Q9UMX5 NENF Neudesin -4.7 
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Appendix 4 Table 3A.1 Kinase enrichment motif performed on WDS EE/LPS significant 

regulated phosphosites 

Benjamini Hochberg (FDR <0.2) 

 

Substrate motif Enrichment 

factor 

p-value Benj. Hoch. 

FDR 

C-RAF kinase substrate motif 2.0 4.04E-03 1.56E-02 

GSK3, Erk1, Erk2 and CDK5 kinase motif 1.9 2.17E-04 1.67E-03 

HMGCoA Reductase kinase substrate motif 1.7 5.51E-02 1.03E-01 

CDK5 kinase substrate motif 1.6 5.05E-02 1.05E-01 

Phosphorylase kinase substrate motif 1.6 2.17E-03 9.78E-03 

p70 Ribosomal S6 kinase substrate motif 1.5 8.24E-02 1.39E-01 

Calmodulin-dependent protein kinase II 

alpha substrate motif 

1.5 8.24E-02 1.44E-01 

Plk1 PBD domain binding motif 1.5 5.23E-06 9.42E-05 

MDC1 BRCT domain binding motif 1.5 5.23E-06 1.41E-04 

AMP-activated protein kinase substrate motif 1.5 1.75E-02 4.98E-02 
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Figure 4A.1 Plasma marker expression in response to dietary changes. Plasma 

samples were obtained at baseline (week 0, NC n=50), week 16 (NC n=9 and 

HFD n=41), and week 32 (NC n=9, HFD n=14, WDS n=14 and BF=13). Values 

expressed as log(2) normalised fluorescence intensity. (a) IL-2, (b) IL-4, (c). IL-5, 

(d) IL-10 and (e) TNF-α, (f) IFN-γ. 

Appendix 5 Figures 4A.1 and 4A.2 Plasma marker expression in response to dietary 

changes 
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Figure 4A.2 Plasma marker expression in response to dietary changes. Plasma 

samples were obtained at baseline (week 0, NC n=50), week 16 (NC n=9 and HFD 

n=41), and week 32 (NC n=9, HFD n=14, WDS n=14 and BF=13). Values expressed 

as log(2) normalised fluorescence intensity. (a) Glucagon, (b) GIP, (c). ghrelin, (d) 

resistin and (e) leptin. 
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Appendix 6 Figure 4A.3 Prediction of diseases and functions based on hepatic protein 

expression induced by WDS and BF supplementation. 

 

Cholestasis 

Liver carcinoma 

Hepatocellular carcinoma 

Focal necrosis of liver 

Apoptosis of podocytes 

Liver cancer 

Quantity of hepatocytes 

Hyperplasia of kidney 

Hepatotoxicity 

Failure of kidney 

Necrosis of liver 

Secretion of bile acid 

Arrhythmia 

Fibrosis of left ventricle 

Liver tumour 

Quantity of peroxisomes 

Apoptosis of kidney cells 

Hyperplasia of kidney cells 

Damage of heart 

Cell proliferation of kidney cell lines 

Steatohepatitis 

Injury of heart 

Apoptosis of heart cells 
Development of liver tumour 

Cell viability of kidney cell lines 

Damage of renal tubule 

Inflammation of liver 

Damage of kidney cells 

Apoptosis of cardiomyocytes 

Apoptosis of liver cells 

Activation z-score 

-3.5  3.5  

Figure 4A.3 Prediction of diseases and functions based on hepatic protein expression 

induced by WDS and BF supplementation. NC/HFD, WDS/HFD and BF/HFD fold changes 

and p-values were analysed for paired comparisons using IPA (Ingenuity Systems). Up-

regulation (z-score >0) is denoted by orange whereas down-regulation (z-score <0) is 

represented by blue. 

NC/HFD BF/HFD WDS/HFD 





Appendices 

213 

Appendix 7 Tables 4A.1 4A.2 and 4A.3 Normal chow, high fat diet and Benefiber 

composition and nutritional parameters 

Normal Chow is a fixed formula ratio using the following ingredients: wheat, barley, lupins, 

soya meal, fish meal, mixed vegetable oils, canola oil, salt, calcium carbonate, dicalcium 

phosphate, magnesium oxide, and a vitamin and trace mineral premix. 

 

 

 

 

Table 4A.2 High fat diet composition and nutritional parameters 

 

 

 

 

 

 

 

 

 

 

 

Protein 20% 

Total fat 4.8% 

Crude fibre 4.8% 

Acid detergent fibre 7.6% 

Neutral detergent fibre 16.4% 

Total carbohydrate 59.4% 

Digestible energy 14 MJ/kg 

% Total calculated digestible energy from lipids 23% 

% Total calculated digestible energy from protein 12% 

Protein 19.4% 

Total fat 60% 

Crude fibre 4.7% 

Acid detergent fibre 4.7% 

Digestible fibre 24 MJ/kg 

% Total calculated digestible energy from lipids 81% 

Ingredients Addition rate (g/kg) 

Sucrose 106 

Casein (acid) 200 

Canola oil 100 

Cocoa butter 400 

Clarified butter 100 

Cellulose 50 

dI Methionine 3 

AIN93 Trace minerals 1.4 

Calcium carbonate 13.1 

Sodium chloride 2.6 

Potassium dihydrogen phosphate 6.9 

Potassium sulphate 1.6 

Potassium citrate 2.5 

AIN_93 Vitamins 10 

Choline Chloride 75% w/w 2.5 
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Table 4A.3 Benefiber composition and nutritional parameters 

Ingredients: Wheat dextrin. Serving size: 4g. 

 

 

 

Calories 15 

Sodium 0g 

Total carbohydrates 4g 

Soluble dietary fibre 3g 

Sugar 0g 
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Appendix 8 Table 4A.3 Significantly down-regulated proteins expressed as HFD/NC ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

Uniprot 

Accession 

number 

Gene Protein name 
Fold change 

(HFD/NC) 

B5X0G2 MUP17 Major urinary protein 17 -6.0 

Q8K4G5 ABLM1 Actin-binding LIM protein 1 -3.9 

Q8BFY9 TNPO1 Transportin-1 -3.2 

P11588 MUP1 Major urinary protein 1 -3.2 

Q8R409 HEXI1 Protein HEXIM -3.0 

Q64459 CP3AB Cytochrome P450 3A11 -2.9 

Q68FF9 S5A1 3-oxo-5-alpha-steroid 4-dehydrogenase 

1 

-2.9 

Q9QVP9 FAK2 Protein-tyrosine kinase 2-beta -2.9 

A6X935 ITIH4 Inter alpha-trypsin inhibitor, heavy 

chain 4 

-2.6 

Q99MZ3 MLXPL Carbohydrate-responsive element-

binding protein 

-2.6 

Q8R3V5 SHLB2 Endophilin-B2 -2.6 

Q91WG0 EST2C Acylcarnitine hydrolase -2.6 

P28230 CXB1 Gap junction beta-1 protein -2.5 

Q62264 THRSP Thyroid hormone-inducible hepatic 

protein 

-2.5 

Q62452 UD19 UDP-glucuronosyltransferase 1-9 -2.5 

Q6PDQ2 CHD4 Chromodomain-helicase-DNA-binding 

protein 4 

-2.4 

P04939 MUP3 Major urinary protein 3 -2.3 

Q63836 SBP2 Selenium-binding protein 2 -2.3 

Q9CZS1 AL1B1 Aldehyde dehydrogenase X -2.2 

P19157 GSTP1 Glutathione S-transferase P 1 -2.2 

Q8BYL4 SYYM Tyrosine--tRNA ligase, mitochondrial -2.2 

Q61694 3BHS5 3 beta-hydroxysteroid dehydrogenase 

type 5 

-2.2 

Q91XB0 TREX1 Three-prime repair exonuclease 1 -2.2 

P63037 DNJA1 DnaJ homolog subfamily A member 1 -2.1 

Q9JIY7 NAT8 N-acetyltransferase 8 -2.1 

Q91W64 CP270 Cytochrome P450 2C70 -2.1 

A7MCT6 EKI2 Ethanolamine kinase 2 -2.1 

Q9D880 TIM50 Mitochondrial import inner membrane 

translocase subunit TIM50 

-2.1 

Q64458 CP2CT Cytochrome P450 2C29 -2.1 

Q9DBJ3 BI2L1 Brain-specific angiogenesis inhibitor 1-

associated protein 2-like protein 1 

-2.0 

Q8VE95 CH082 UPF0598 protein C8orf82 homolog -2.0 

Q80YD1 SUV3 ATP-dependent RNA helicase 

SUPV3L1, mitochondrial 

-2.0 

Q8QZR3 EST2A Pyrethroid hydrolase Ces2a -2.0 

Q283N4 URAD 2-oxo-4-hydroxy-4-carboxy-5-

ureidoimidazoline decarboxylase 

-2.0 

Q8C196 CPSM Carbamoyl-phosphate synthase 

[ammonia], mitochondrial 

-2.0 

P62849 RS24 40S ribosomal protein S24 -2.0 
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P20852 CP2A5 Cytochrome P450 2A5 -1.9 

Q60991 CP7B1 25-hydroxycholesterol 7-alpha-

hydroxyasel 

-1.9 

Q8BGB8 COQ4 Ubiquinone biosynthesis protein COQ4 

homolog, mitochondrial 

-1.9 

Q571F8 GLSL Glutaminase liver isoform, 

mitochondrial 

-1.9 

Q00898 A1AT5 Alpha-1-antitrypsin 1-5 -1.9 

Q9DBL1 ACDSB Short/branched chain specific acyl-CoA 

dehydrogenase, mitochondrial 

-1.9 

P33267 CP2F2 Cytochrome P450 2F2 -1.9 

Q91WL5 CP4CA Cytochrome P450 4A12A -1.9 

Q8JZV9 BDH2 3-hydroxybutyrate dehydrogenase type 

2 

-1.8 

Q9JJL8 SYSM Serine-tRNA ligase, mitochondrial -1.8 

Q3TIU4 PDE12 2',5'-phosphodiesterase 12 -1.8 

Q99K51 PLST Plastin-3 -1.7 

P35492 HUTH Histidine ammonia-lyase -1.7 

Q9DB60 PGFS Prostamide/prostaglandin F synthase -1.7 

Q5SWU9 ACACA Acetyl-CoA carboxylase 1 -1.7 

P29758 OAT Ornithine aminotransferase, 

mitochondrial 

-1.7 

Q9DCM0 ETHE1 Persulfide dioxygenase ETHE1, 

mitochondrial 

-1.7 

Q9DBW0 CP4V2 Cytochrome P450 4V2 -1.7 

P16460 ASSY Argininosuccinate synthase -1.7 

P15532 NDKA Nucleoside diphosphate kinase A -1.7 

Q9CYW4 HDHD3 Haloacid dehalogenase-like hydrolase 

domain-containing protein 3 

-1.6 

O88533 DDC Aromatic-L-amino-acid decarboxylase -1.6 

Q99P30 NUDT7 Peroxisomal coenzyme A diphosphatase 

NUDT7 

-1.6 

Q9QXF8 GNMT Glycine N-methyltransferase -1.6 

Q8VE09 TT39C Tetratricopeptide repeat protein 39C -1.6 

Q64435 UD16 UDP-glucuronosyltransferase 1-6 -1.6 

O35490 BHMT1 Betaine--homocysteine S-

methyltransferase 1 

-1.6 

Q9WU79 PROD Proline dehydrogenase 1, mitochondrial -1.6 

Q9CPR5 RM15 39S ribosomal protein L15, 

mitochondrial 

-1.6 

P53657 KPYR Pyruvate kinase PKLR -1.6 

Q04519 ASM Sphingomyelin phosphodiesterase -1.5 

P50172 DHI1 Corticosteroid 11-beta-dehydrogenase 

isozyme 1 

-1.5 

Q3UPH1 PRRC1 Protein PRRC1 -1.5 

O88986 KBL 2-amino-3-ketobutyrate coenzyme A 

ligase, mitochondrial 

-1.5 

Q8VBT2 SDHL L-serine dehydratase/L-threonine 

deaminase 

-1.5 

Q9JIL4 NHRF3 Na(+)/H(+) exchange regulatory 

cofactor NHE-RF3 

-1.5 

Q8VCN5 CGL Cystathionine gamma-lyase -1.5 

Q9CR24 NUDT8 Nucleoside diphosphate-linked moiety 

X motif 8 

-1.5 

Q9CQV8 1433B 14-3-3 protein beta/alpha -1.5 
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Q8VC12 HUTU Urocanate hydratase -1.5 

P61922 GABT 4-aminobutyrate aminotransferase, 

mitochondrial 

-1.5 

Q6AW69 CGNL1 Cingulin-like protein 1 -1.5 

Q8R0Y6 AL1L1 Cytosolic 10-formyltetrahydrofolate 

dehydrogenase 

-1.5 

Q3UE37 UBE2Z Ubiquitin-conjugating enzyme E2 Z -1.5 
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Appendix 9 Table 4A.4 Significantly up-regulated proteins expressed as HFD/NC ratio 

Two-sample t-test (p-value<0.05), fold change>1.5 

Uniprot 

Accession 

number 

Gene Protein name 
Fold 

change 

O35728 CP4AE Cytochrome P450 4A14 6.4 

P14602 HSPB1 Heat shock protein beta 1 3.4 

Q9QYR9 ACOT2 Acyl-coenzyme A thioesterase 2, 

mitochondrial 

2.9 

P62313 LSM6 U6 snRNA-associated Sm-like protein LSm6 2.7 

Q9Z0K8 VNN1 Pantetheinase 2.6 

P06728 APOA4 Apolipoprotein A-IV 2.5 

Q3TCH7 CUL4A Cullin-4A 2.4 

Q9DBM2 ECHP Peroxisomal bifunctional enzyme 2.4 

P55050 FABPI Fatty acid-binding protein, intestinal 2.3 

P51885 LUM Lumican 2.3 

Q6TCG2 PAQR9 Progestin and adipoQ receptor family 

member 9 

2.3 

O55137 ACOT1 Acyl-coenzyme A thioesterase 1 2.3 

P47740 AL3A2 Fatty aldehyde dehydrogenase 2.3 

Q8C1E7 T120A Transmembrane protein 120A 2.2 

P23249 MOV10 Putative helicase MOV-10 2.2 

P47934 CRAT Carnitine O-acetyltransferase 2.2 

Q62433 NDRG1 Protein NDRG1 2.2 

Q99LJ6 GPX7 Glutathione peroxidase 7 2.1 

Q3UFF7 LYPL1 Lysophospholipase-like protein 1 2.1 

P53798 FDFT Squalene synthase 2.0 

O70370 CATS Cathepsin S 2.0 

P57784 RU2A U2 small nuclear ribonucleoprotein A' 2.0 

Q8BWN8 ACOT4 Acyl-coenzyme A thioesterase 4 2.0 

Q08857 CD36 CD36 Antigen Platelet glycoprotein 4 2.0 

Q8N7N5 DCAF8 DDB1- and CUL4-associated factor 8 1.9 

Q9QYI5 DNJB2 DnaJ homolog subfamily B member 2 1.9 

Q9QYJ0 DNJA2 DnaJ homolog subfamily A member 2 1.9 

Q8BH59 CMC1 Calcium-binding mitochondrial carrier 

protein Aralar1 

1.9 

O35459 ECH1 Delta(3,5)-Delta(2,4)-difbpyl-CoA 

isomerase 

1.8 

Q80XN0 BDH D-beta-hydroxybutyrate dehydrogenase 1.8 

Q9JK42 PDK2 [Pyruvate dehydrogenase (acetyl-

transferring)] kinase isozyme 2 

1.8 

Q9ERI6 RDH14 Retinol dehydrogenase 14 1.8 

Q9WV68 DECR2 Peroxisomal 2,4-dienoyl-CoA reductase 1.8 

O88736 DHB7 3-keto-steroid reductase 1.8 

Q9WUR2 ECI2 Enoyl-CoA delta isomerase 2 1.7 

Q8BX70 VP13C Vacuolar protein sorting-associated protein 

13C 

1.7 

Q6PB44 PTN23 Tyrosine-protein phosphatase non-receptor 

type 23 

1.7 

Q8K0C4 CP51A Lanosterol 14-alpha demethylase 1.7 

Q64516 GLPK Glycerol kinase 1.7 

P54869 HMCS2 Hydroxymethylglutaryl-CoA synthase 1.7 
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Q9Z211 PX11A Peroxisomal membrane protein 11A 1.7 

P06151 LDHA L-lactate dehydrogenase A chain 1.7 

Q9CQY5 MAGT1 Magnesium transporter protein 1 1.7 

P28063 PSB8 Proteasome subunit beta type-8 1.7 

P43883 PLIN2 Perilipin-2 1.7 

Q8BFP9 PDK1 [Pyruvate dehydrogenase (acetyl-

transferring)] kinase isozyme 1 

1.6 

Q61207 SAP Prosaposin 1.6 

Q02013 AQP1 Aquaporin-1 1.6 

Q9JK53 PRELP Prolargin 1.6 

P07356 ANXA2 Annexin A2 1.6 

O88455 DHCR7 7-dehydrocholesterol reductase 1.6 

Q8VCC1 PGDH 15-hydroxyprostaglandin dehydrogenase 

[NAD(+)] 

1.6 

P51660 DHB4 Peroxisomal multifunctional enzyme type 2 1.6 

P29416 HEXA Beta-hexosaminidase subunit alpha 1.6 

P11438 LAMP1 Lysosome-associated membrane 

glycoprotein 1 

1.6 

Q921H8 THIKA 3-ketoacyl-CoA thiolase A, peroxisomal 1.6 

Q8JZK9 HMCS1 Hydroxymethylglutaryl-CoA synthase, 

cytoplasmic 

1.6 

Q04857 CO6A1 Collagen alpha-1(VI) chain 1.6 

Q9CYV5 TM135 Transmembrane protein 135 1.6 

Q80X19 COEA1 Collagen alpha-1(XIV) chain 1.6 

Q921M4 GOGA2 Golgin subfamily A member 2 1.6 

Q5U5V2 HYKK Hydroxylysine kinase 1.6 

Q80XL6 ACD11 Acyl-CoA dehydrogenase family member 11 1.6 

Q9CYR6 AGM1 Phosphoacetylglucosamine mutase 1.5 

Q922E4 PCY2 Ethanolamine-phosphate cytidylyltransferase 1.5 

O08547 SC22B Vesicle-trafficking protein SEC22b 1.5 

Q8QZT1 THIL Acetyl-CoA acetyltransferase, mitochondrial 1.5 

O88833 CP4AA Cytochrome P450 4A10 1.5 

Q8VCH0 THIKB 3-ketoacyl-CoA thiolase B, peroxisomal 1.5 

Q2TPA8 HSDL2 Hydroxysteroid dehydrogenase-like protein 

2 

1.5 

Q9CX80 CYGB Cytoglobin 1.5 

P36552 HEM6 Oxygen-dependent coproporphyrinogen-III 

oxidase, mitochondrial 

1.5 

P18572 BASI Basigin 1.5 

Q8CC88 VWA8 von Willebrand factor A domain-containing 

protein 8 

1.5 

Q5FW57 GLYAL Glycine N-acyltransferase-like protein 1.5 
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Appendix 10 Examining cellular responses to kinase drug inhibition through 

phosphoproteome mapping of substrates 

 

This protocol was prepared during the course of my PhD. It is an invited submission to be 

published in Methods in Molecular Biology. Manuscript was written by Daniel Bucio Noble 

with contributions from Assoc. Prof. Mark P. Molloy, and Dr. Crystal Semaan. This 

manuscript was accepted for publication on 29/9/2017.  
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1. Introduction 

The study of protein phosphorylation is of importance in understanding many vital aspects of 

cell biology such as cell growth, differentiation and cell death. Chemical modification of 

proteins through reversible phosphorylation plays a major role in modulating protein 

functions including activation state, cellular localisation, degradation, and interactions with 

proteins and other biomolecules (1). Phosphorylation of serine, threonine and tyrosine amino 

acids is considered as one of the most common post-translational modifications (PTM) that 

involves sequence-specific kinases and phosphatases. This modification has been evidenced 

as central to cancer biology due to its roles in cell proliferation, oncogenic kinase signalling 

(2) and transcriptional regulation (3). The fact that phosphorylation sites are often altered in 

cancers by gene mutations, or structurally mimicked through amino acid conversion to 

provide oncogenes with structural similarity to activated kinases (4), has made this area 

highly relevant to cancer researchers. 

A study investigating somatic cancer mutation datasets found that there was significant 

enrichment for mutations which resulted in gain/loss of phosphorylation when compared to 

other mutations (e.g. random amino acid substitutions) (5). Mutations in kinase genes in 

particular represented the highest number of mutations that disrupted phosphorylation, 

suggesting that phosphorylation target site mutations are associated with aberrant 

phosphorylation (5). Phosphorylation has also been shown to be pivotal in treatment, as it is 

a pharmacologically targetable mechanism (6, 7). For instance, Chapman et al. (2011) found 

that BRAF kinase inhibitor vemurafenib (PLX4032) showed promise for patients with 

metastatic melanoma carrying the BRAF V600E mutation (6). β-catenin, a protein associated 

with several cancers is phosphorylated on its tyrosine residues, which is thought to be 

associated with tumour invasiveness (8). Furthermore, a link has been found between its 

phosphorylation status and intestinal tumorigenesis in mice (8). 
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Mass spectrometry (MS) has emerged as a powerful tool in proteomics over the past decade, 

useful for both peptide identification and quantitation. (9-11). Quantitative MS allows for 

comparisons between biological samples to determine molecular changes at the expressed 

protein level. Addition of a phosphate group to the protein sequence is an event that often 

occurs at low stoichiometry and is also a reversible and dynamic mechanism. These elements 

complicate identification of phosphopeptides by MS. 

In order to address these challenges, phosphopeptide enrichment prior to MS-based analysis 

is necessary. Phosphopeptide enrichment using metal oxides beads, such as titanium dioxide 

(TiO2) enables the efficient capture of these modified peptides from the high background of 

non-phosphorylated peptides. There are different MS-based strategies for the quantitation of 

phosphorylated peptides. Labelling techniques such as stable isotope labelling by amino acids 

in cell culture (SILAC) have proven successful for quantitation of phosphopeptides. SILAC 

is a reliable strategy for simultaneous identification and quantitation of two or more samples 

of complex protein mixtures, such as cell lysates (12). On the other hand, SILAC can only 

assess a limited number of biological conditions and its usage is restricted to cell lines grown 

in depleted media –as requirement for metabolic labelling incorporation (13). In addition, the 

need of a minimum passage number for complete isotope incorporation restricts SILAC use 

in primary cell lines (14). 

Label-free quantitation is a simple and cost effective strategy compatible with a wide range 

of sample types. It is also applicable to a larger number of samples compared to the limited 

number of samples afforded by labelling techniques (15). Label-free quantitation of the 

phosphoproteome has provided discoveries in the elucidation of cellular mechanisms. This 

approach showed the potential role of casein kinase 2 (CK2) in the modulation of the AKT 

signalling pathway in mutated BRAFV600E drug sensitive SW1736 cell line (16). Further, 

phosphoproteomics analysis can be employed in the characterisation of cell signalling in 
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response to treatment with kinase inhibitors in the context of cancer research and other 

pathologies (17). Deeper understanding of the phosphoproteome will provide more 

information in regards to the integrated system of cell signalling, particularly in 

pharmacological intervention. In this protocol we present a straight forward methodology that 

we use for phosphopeptide enrichment, data acquisition and informatic analysis. Special 

consideration is taken particularly in the technical aspects and the bioinformatic tools used in 

this protocol. 

2. Materials 

1. 1% (w/v) sodium deoxycholate, 0.1M triethylammonium bicarbonate pH 8 

2. Benzonase (Sigma Aldrich) 

3. BCA assay (Thermo Fisher Scientific) 

4. DTT 

5. Iodoacetamide 

6. Trypsin (Promega) 

7. Formic acid 

8. Acetonitrile 

9. Trifluoroacetic acid 

10. Glycolic acid 

11. Titansphere TiO2 beads 5um (GL Sciences) 

12. Ammonia 

13. C18 disk (3M Empore) 

14. Lobind microcentrifuge tubes (Eppendorf) 

15. Q-Exactive mass spectrometer (Thermo Fisher Scientific). 

16.  MaxQuant software V1.5 

17. Perseus software V1.5 
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3. Methods 

Our group commonly conducts phosphopeptide enrichment from cancer cell lines and tissue 

from human and animal origin. Apart from the selection of a suitable lysis buffer depending 

on the nature of the sample (see Note 1), this methodology is standardised for human cancer 

cell lines. However, optimisation of this protocol might be necessary when other types of 

samples are analysed. A schematic representation of the main steps of this protocol is shown 

in Figure 1. Detailed description is presented of each step is also given in this section. 

Principal component analysis, hierarchical clustering and volcano plot presented here are 

taken from a phosphopeptide enrichment performed on SW480 human colon carcinoma cell 

lines. 

 

3.1 Protein lysis and sample preparation 

1. Resuspend cell pellet or tissue in 1% (w/v) sodium deoxycholate, 0.1M 

triethylammonium bicarbonate pH 8 (see Note 1). 

Figure 1. Workflow of phosphopeptide enrichment protocol 

protocol 
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2. Heat lysate at 95°C for 1 minute (see Note 2). 

3. Cool samples at room temperature on ice and sonicate. Add 2µL of benzonase (10,000 

units) for complete DNA degradation. 

4. Centrifuge at 10,000xg at 4°C for 10 minutes and collect supernatant. 

5. Determine protein concentration using the BCA assay. 

6. Aliquot 500µg of protein and reduce by adding DTT to a final concentration of 10mM 

followed by incubation at 60°C for 30 minutes. 

7. Alkylate with iodoacetamide by adding at a final concentration of 25mM followed by 

incubation at room temperature for 20 minutes in the dark. 

8. Digest sample with trypsin in a 1:50 enzyme: protein ratio (i.e. 10µg of trypsin). 

Incubate at 37°C overnight. 

3.2 Phosphopeptide enrichment 

1. Acidify with formic acid to a final concentration of 2% (v/v) (see Note 3). Centrifuge 

at 10,000xg for 10 minutes and collect supernatant. 

2. Add loading buffer (80% (v/v) acetonitrile, 5% (v/v) trifluoroacetic acid (TFA), 76 

mg/ml glycolic acid) to the sample in a 10:1 ratio (see Notes 4 and 5). 

3. Wash 3mg of TiO2 beads with 100µL of loading buffer. Mix for a few seconds and 

centrifuge (1,000xg for 10 seconds) to pellet down beads. Discard supernatant. 

4. Add sample to the beads and incubate at room temperature with constant shaking for 

30 minutes. Centrifuge (1,000xg for 10 seconds) to pellet down beads. 

5.  Wash a new batch of 3mg of TiO2 beads as in step 3. 

6. Add supernatant from step 4 to the new beads and incubate at room temperature with 

constant shaking for 30 minutes. Centrifuge (1,000xg for 10 seconds) to pellet down 

beads. Discard supernatant. 
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7. Combine the TiO2 beads from the 2 incubations in a new low-binding tube and wash 

with 100µL of loading buffer. Mix for a few seconds and centrifuge (1,000xg for 10 

seconds) to pellet down beads. Discard supernatant. 

8. Wash beads with washing buffer 1 (80% (v/v) acetonitrile, 1% (v/v) TFA). Mix for a 

few seconds and centrifuge (1,000xg for 10 seconds) to pellet down beads. Discard 

supernatant. 

9. Wash beads with washing buffer 2 (10% (v/v) acetonitrile, 0.1% (v/v) TFA). Mix for 

a few seconds and centrifuge (1,000xg for 10 seconds) to pellet down beads. Discard 

supernatant. 

10. Remove any remnant of solvent by placing sample in the vacuum centrifuge for 5 

minutes. 

11. Elute phosphopeptides by adding 100µL of 1% (v/v) ammonia (see Note 6). Incubate 

for 15 minutes under constant shaking. Centrifuge (1,000xg for 10 seconds) to pellet 

down beads and collect supernatant in a new low binding tube. 

12. Add for a second time 100µL of 1% (v/v) ammonia. Incubate for 15 minutes under 

constant shaking. Centrifuge (1,000xg for 10 seconds) to pellet down beads and pool 

the 2 supernatants. Acidify with 16µL of formic acid. 

3.3 C18 cleaning 

1. Cut 1cm above the end of a 200µL tip. With a needle tip cut 2 stack layers of C18 

material and insert them into the tip. Place the stacked tip inside a 1.5ml tube. 

2. Equilibrate by adding 100µL of methanol into the tip and centrifuge at 1,000xg for 2 

minutes or until the complete volume passes through the C18 material. Discard 

flowthrough.  

3. Wash with 100µL of 2% (v/v) acetonitrile, 0.1% (v/v) TFA, centrifuge (1,000xg for 

2 minutes) and discard flowthrough. 
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4. Add phosphopeptide solution, centrifuge (1,000xg for 2 minutes) and discard 

supernatant. 

5. Wash with 100µL of 2% (v/v) acetonitrile, 0.1% (v/v) TFA, centrifuge (1,000xg for 

2 minutes) and discard flowthrough. 

6. Elute with 70% (v/v) acetonitrile, 0.1% (v/v) TFA, centrifuge (1,000xg for 2 minutes) 

and collect flowthrough in a new low-binding tube. 

7. Remove solvent by complete drying in a vacuum centrifuge. 

3.4 Mass spectrometry (LC-MS/MS) 

1. Reconstitute dried phosphopeptides in 20µL of 0.1% (v/v) formic acid. 

2. Analyse samples on a Q-Exactive mass spectrometer coupled to an EASY nLC1000 

(Thermo Fisher Scientific). 

3. Reverse phase chromatography separation is achieved on a 75µm x 100mm C18 Halo, 

2.7µm bead size, 160Å pore size column. 

4. Elute phosphopeptides with an A buffer B (100% (v/v) acetonitrile, 0.1% (v/v) formic 

acid) gradient of 5-35% in a 100min run using electrospray ionization (see Note 7). 

5. Data-dependent MS/MS acquisition mode consists of a full MS resolution of 70,000 

scan acquisition, 350-1800 m/z. Peptide fragmentation requires 10 HCD and a MS2 

resolution of 17,500. 

3.5 Data processing and analysis 

1. Files (.raw) are processed using MaxQuant (15) with a 1% peptide and protein FDR. 

2.  Database search used the parameters: 2 missed cleavages, peptide mass tolerance of 

4.5ppm, carbamidomethylation (C) as fixed modification and oxidation (M), 

acetylation (Protein N-term), and phosphorylation (STY) as variable modifications. 

3. Label free quantitation mode and match between runs functions are activated. 
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3.6 Statistical analysis 

1. Statistical analysis using Perseus (18) is performed on the ‘phospho (STY) sites’ files 

(.txt). 

2. Intensity values are moved to the ‘main columns’ box.  

3. Reverse and contaminant peptides are removed with the ‘filter rows based on 

categorical column’ function. Phosphopeptides with a localisation probability lower 

than 75% are also removed with the ‘filter rows based on numerical/main column’ 

function. 

4. Intensities are log2(x) transformed. 

5. Using the ‘filter rows based on valid values’ proteins with high number of missing 

values are removed. Missing values are replaced by imputation (see Note 8). 

6. Data is normalised by median subtraction. 

7. Principal component analysis and volcano plots can be generated by using the 

corresponding functions (Figure 2). 

8. ‘Multiple-sample test’ using the ANOVA test and the selection of an appropriate FDR 

cut-off permits the identification of phosphosites that their expression is significantly 

altered among all the conditions. ‘Filter rows based on categorical column’ enables 

the filtration of significant phosphosites in the matrix from non-significant 

phosphosites. After data filtration, ‘Z-score’ normalises the phosphosites expression 

values according to mean and standard deviation. These significant changes can then 

be visualised with the ‘hierarchical clustering’ function (Figure 3). 

9. Significant regulated phosphosites between two conditions are determined by ‘two-

sample test’ and the selection of an appropriate FDR cut-off. Fold change (located in 

the‘Student’s t-test Difference’ column) thresholds can help in the identification of 

statistical significant changes. 
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10. Enrichment analysis on significant regulated sites can be performed using the Fisher 

exact test. Data is first filtered using 2 criteria: Q-value and fold change with the 

objective of selecting statistical significant up-regulated and down-regulated values. 

Fisher exact test is applied using an appropriate FDR cut-off. At this point, Perseus 

calculates an enrichment factor for the overrepresented kinase motifs. 
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Figure 3. Volcano plot representing significantly regulated phosphopeptides 

in response to resveratrol compared to lipopolysaccharides SW480-treated 

cells (red). Two-sample t-test, FDR<0.05. 

Figure 2. Principal component analysis representing overall phosphopeptide 

expression in response to lipopolysaccharides (red), and lipopolysaccharides 

+ resveratrol (purple) SW480-treated cells; untreated cells in black. 
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4. Notes 

1. Using 1% (w/v) sodium deoxycholate, 0.1M triethylammonium bicarbonate pH 8 as 

a lysis buffer provides compatibility with TiO2 enrichment (19) and trypsin-mediated 

digestion (20). Selection of a suitable lysis buffer will depend on the nature of sample. 

RSV UC LPS 

Figure 4. Hierarchical clustering representing significantly regulated 

phosphopeptides in response to resveratrol (RSV) and lipopolysaccharides 

(LPS) SW480-treated cells; untreated cells (UC). ANOVA multiple sample 

test, FDR<0.05. 
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2. Excessive heating induces protein precipitation. Addition of protease or phosphatase 

inhibitors may not be necessary as heating decreases enzyme activity. Additionally, it 

is reported that phosphatases show great affinity for TiO2 and therefore reduce 

phosphopeptide enrichment efficiency (19). 

3. Addition of formic acid ensures complete salt precipitation when the lysis buffer used 

is 1% (w/v) sodium deoxycholate, 0.1M triethylammonium bicarbonate pH 8. 

4. It is recommended to prepare loading buffer and washing buffers fresh in order to 

avoid any potential contamination.  

5. Acidic conditions permit better recovery of phosphopeptides by reducing interference 

from acidic non-phosphorylated peptides (21). 

6.  Preparation of fresh ammonia is recommended given that high pH is critical for 

complete elution of phosphopeptides. 

7. Phosphopeptides due to their hydrophilic nature tend to elute at low concentrations of 

the acetonitrile gradient. 

8. Perseus offers multiple options for the imputation of missing values. Replacement of 

missing values from normal distribution permits their simulation from a typical 

abundance region if they had been measured and their random selection from a normal 

distribution (18).  
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