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Summary  

Rapeseed is one of the world’s major oilseeds, and Europe is the 

largest producer. During the extraction of the oil, a low economic-

value by-product, rapeseed meal, is produced. Rapeseed meal is 

ordinarily used as an animal feed. It is rich in bioactive phenolics, 

including sinapinic acid, ferulic acid, caffeic and Ƥ-coumaric acid. 

Sinapinic acid has been shown to possess various bioactive 

properties including anti-diabetic, anti-inflammatory, anti-cancer 

and anti-oxidant activities. However, the amount of SA required to 

exert its beneficial effects exceeds what is obtainable from dietary 

intake alone. As such, the aim of this project was to isolate SA from 

a natural source, Irish rapeseed meal, to prepare extracts enriched 

with SA which could be consumed to prevent human disease.  

To achieve this aim, a survey of the literature was performed in order 

to determine a suitable extraction methodology, given previous 

studies have focused on the extraction of total phenolics, rather than 

SA alone. The rapeseed meal was first processed by freeze-drying to 

remove excess moisture before being defatted with hexane. The 

method by Naczk et al. 1992, which involves the use of a solvent 

mixture of methanol: acetone: water (7:7:6 v: v: v) was used to 

prepare a phenolic extract containing SA. The total phenolic content 

of the prepared extract was estimated using the Folin-Ciocalteu 

assay, while its SA content was determined using 1H-NMR 

spectroscopy. The yield of SA was determined to be 0.053 mg/mL 
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of SA (5.3% w: v). As the yield of this extract was low in terms of 

dry weight and yield of SA content, the initial extraction 

methodology was modified. The key modification was the direct 

hydrolysis of the meal itself, rather than hydrolysis of the solvent 

extract. Sonication and centrifugation steps were also added to 

remove excess oil from the extract. This reduced the dry weight of 

the extract and as such the yield of SA was increased to 0.569 mg/mL 

of extract (57% w: v), as estimated by mass spectrometry analysis.  

The second aim of this work was to identify potential health benefits 

of the generated extracts, specifically heart health and anti-

inflammatory activities using in-vitro and cell culture assays. The 

enzyme ACE-I (EC 3.4.15.1) plays a key role in hypertension and 

heart health. ACE-I is a zinc-dependent peptidase which cleaves 

angiotensin I (a vasodilatory peptide) to angiotensin II, which is a 

vasoconstrictor peptide involved in regulating blood pressure. A 

simple plasma ACE-I inhibition assay found that both extracts 

possessed ACE-I inhibitory activity, as did commercial SA. 

The toxicity of the extracts and commercial SA were assessed using 

physiologically relevant cell lines. Furthermore, the anti-diabetic 

potential of the extracts were also assessed. GLUT4 is a key 

regulator of insulin-dependent glucose uptake, and its dysfunction 

can lead to the development of type 2 diabetes. As GLUT4 has been 

shown to be epigenetically regulated, histone deacetylase inhibitor 

(HDACi) assays and Western Blot analysis was performed to 
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determine the HDACi activity of SA. Our results found that 

commercial SA does not act as a HDACi. Polymerase chain reaction 

(PCR) and qPCR analysis revealed no effects on GLUT4 mRNA 

expression after both 24 and 48 hour treatments. A flow cytometry 

based fluorescent glucose uptake assay revealed the extracts 

inhibited glucose uptake, while commercial SA increased uptake in 

the H9c2 muscle cell line.          

Inflammation plays a key role in the pathology of various diseases 

including diabetes, cancer, arthritis and heart disease. Preventing or 

reducing chronic systemic inflammation could therefore provide 

symptomatic relief or prevent these ailments. Primary human 

peripheral blood mononuclear cells (PBMCs) were used as a cellular 

model which is more representative of the in-vivo setting. PBMCs 

were isolated from buffy coats, and treated with the extracts and 

commercial SA, followed by the addition of LPS. ELISA assays 

showed that both extracts and commercial SA significantly reduced 

the expression of the pro-inflammatory cytokines TNF-α, IL-12, IL-

6 and IL-1β.       

This project resulted in the: 

1. Successful generation of extracts containing SA from Irish 

rapeseed meal using an efficient extraction procedure 

2. Extracts which possess bioactivities relevant to human health 

3. This approach may be suitable for valorisation of rapeseed 

meal for health benefits  
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1.1 Introduction 

The concept that constituents in our diet can promote health benefits 

has gained interest in recent years. This is evidenced by the 

development of functional foods, which is currently a widely 

examined area of food research. Functional foods can be defined as 

‘Natural or processed foods that contains known or unknown 

biologically-active compounds, which, in defined, effective non-

toxic amounts, provide a clinically proven and documented health 

benefit for the prevention, management, or treatment of chronic 

disease’(Martirosyan and Singh, 2015).       

Rapeseed is one of the world’s major oilseeds, with Europe being 

the largest producer with 20 million metric tonnes per year. The 

process of pressing the seeds to produce rapeseed oil results in a low-

economic value by-product, rapeseed meal. Rapeseed meal is 

commonly used as animal feed, however it is rich in bioactive 

phenolic compounds, including sinapinic acid. Isolation of bioactive 

phenolics from a by-product of rapeseed oil production is largely in 

agreement with the current concept of the circular economy and total 

utilisation of crop harvest using a biorefinery approach.  

Sinapinic acid has been shown to possess various bioactive 

properties including anti-diabetic, anti-inflammatory and histone 

deacetylase inhibitory activities (Senawong et al., 2013; Kanchana 

et al., 2011; Yun et al., 2008). However, the amount obtained from 

our diet is insufficient to produce beneficial effects on health. 
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Therefore, isolating these bioactive phenolics from a natural source, 

such as rapeseed meal, could generate extracts containing 

concentrated amounts of phenolic acids which could be consumed 

as functional food ingredients to prevent health-related disease.         

This chapter collates information concerning traditional methods to 

isolate and characterise phenolic compounds, with the focus on 

sinapinic acid (SA), from rapeseed meal. The potential utility of SA 

as a functional food ingredient is also mentioned, with the various 

bioactive properties of SA pertaining to human health and disease 

also discussed.   

1.2 Rapeseed meal  

Rapeseed (Brassica napus) is one of the world’s major oil seeds, and 

one of the largest sources of vegetable oil, second only to soy and 

palm oils. In Europe, rapeseed oil (also known as Canola oil) is 

mainly utilised in the production of biodiesel, while in countries such 

as Canada and India it is used as a food source (Lomascolo et al., 

2012). The production of rapeseed oil involves mechanical 

extraction by pre-pressing and extrusion of rapeseeds, followed by 

extraction with solvents such as hexane (Booth, 2004). The 

processing of oil and meal involves various steps including seed 

preconditioning and flaking, seed cooking, pressing, solvent 

extraction along with meal desolventizing and toasting. Rapeseed oil 

can also be extracted from the seeds through cold-pressing, which 
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excludes the hexane extraction step (Canada, 2014). After the 

solvent extraction step the product is known as crude oil.  Rapeseed 

meal is a by-product of this de-oiling process, and most commonly 

used as animal feed. Rapeseed meal has excellent nutritive values; it 

contains 40% proteins, while being high in fibre and rich in minerals 

such as calcium, magnesium, zinc and copper. It also contains a 

number of vitamins, including several B vitamins and choline, along 

with bioactive compounds such as tocopherols (vitamin E) (Vuorela, 

2005). However rapeseed meal also contains antinutritional factors 

including phenolics, glucosinolates and phytates which present a 

major hurdle in terms of its use as a human food source. These 

antinutritional constituents lead to undesirable properties, such as 

inferior physiochemical properties, poor digestibility, unpleasant 

colour and poor taste (Tan et al., 2011).  

The major antinutritive components in rapeseeds are phenolic acid 

esters (e.g. sinapate esters), and their concentration in rapeseed is 

reported to be 30 times higher than that of soybean (Tan et al., 2011). 

Sinapate esters lead to a dark colour and bitter taste in rapeseed meal, 

while complexes with proteins through oxidation during the 

processing of the oil decrease the digestibility of rapeseed meal. The 

amount of sinapate ester found in rapeseed meal is dependent on 

genetic variation; however it is estimated to be in the range of 0.005- 

0.0177 µg/g seeds of Brassica napus (Tan et al., 2011). Rapeseed is 

reported to contain more phenolic compounds than any other oilseed 

plant. After the extraction of rapeseed oil, the majority of the 
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phenolic compounds remain in the meal. These phenolic compounds 

can be categorized into various sub-groups: phenolic acids, lignans, 

stilbenes, flavonoids, isoflavonoids and complex phenolic polymers 

(Vuorela, 2005). Phenolic acids tend to be found in a soluble form, 

conjugated with sugars or organic acids, and are usually constituents 

of more complex structures like lignans and hydrolysable tannins 

(Cheynier et al., 2013).  

 

1.3 Phenolic compounds in rapeseed    

In rapeseed, the main phenolic compounds are derivatives of 

hydroxycinnamic acids (Vuorela, 2005; Cvjetko et al., 2009). The 

biosynthetic origin of both benzoic and cinnamic acid derivatives is 

the aromatic amino acid L-phenylalanine, which itself is the end 

product of the Shikimate pathway (Robbins, 2003). The preceding 

conversion of L-phenylalanine to various hydroxycinnamic acids 

involves a 3-step sequence, referred to as the ‘general 

phenylpropanoid metabolism’ (Robbins, 2003). Phenolic 

compounds found in rapeseed mainly exist in esterified form. 

Sinapine, which is the choline ester of SA, is the main phenolic ester 

in rapeseed. However SA can also be esterified to other phenolic 

acids, sugars or kaempferols. The composition of esterified phenolic 

acids is influenced by cultivation and growing conditions as well as 

genetics (Vuorela, 2005). Frequently cultivated rapeseeds, including 
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canola (Brassica napus and Brassica campestris) have similar 

amounts of phenolic compounds. Phenolics are mainly located in the 

seed cotyledons, with trace amounts present in the seed coats 

(Kozlowska et al., 1990). Depending on the growing conditions and 

degree of maturation, rapeseed can contain approximately 0.39-

1.06% sinapine. Sinapine plays an important role in rapeseed, acting 

as storage for both SA and choline in young plants (Kozlowska et 

al., 1990). As the seeds mature, some of the sinapine is 

enzymatically hydrolysed by sinapine esterase to choline and free 

SA (Tzagoloff, 1963). SA is a preliminary compound in the 

synthesis of lignins and flavonoids, while choline is a key metabolic 

product of the methylation cycle (Vuorela, 2005). Apart from being 

esterified, free phenolic acids can also be found in rapeseed, 

comprising up to 15% of the total phenolics in rapeseed meal. SA 

constitutes 70.2-85.4% of free phenolic acids in defatted rapeseed 

meals, however other phenolics acids can also be found such as 

ferulic acid, p-coumaric, caffeic and protocatechuic acid (Vuorela, 

2005).     

 

1.3.1 Sinapinic acid (SA) 

Sinapinic acid, (- or sinapic acid (SA)) as it is also known, is present 

throughout the plant kingdom. Citrus fruits contain differing levels 

of SA, with lemon and Murcott orange known to contain the highest 
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quantities of SA (Nićiforović and Abramovič, 2014). Cereal grains 

like rye and rice also contain substantial amounts of SA, while it is 

also present in various herbs such as sage and thyme. SA and its 

derivatives are particularly abundant among the different varieties of 

Brassica vegetables, of which rapeseed is a member, such as kale, 

white cabbage, turnip and broccoli (Nićiforović and Abramovič, 

2014). As such, SA is a common component of the human diet. 

In terms of its structure, SA is a 3, 5-dimethoxy-4-hydroxycinnamic 

acid (Figure 1), which is found either in free or esterified form. 1-O-

β-D-glucopyranosyl sinapate is the most common glycoside of SA, 

and can be found in numerous Brassicaceae species (Nićiforović and 

Abramovič, 2014). SA can also form dimers with itself and with 

ferulic acid in the walls of cereal cells, while more recently 8-8-

coupled sinapinic acid dehydrodimers and 3 sinapate-ferulate 

heterodimers have been discovered in various insoluble and soluble 

cereal grain dietary fibres (Nićiforović and Abramovič, 2014). SA in 

rapeseed also exists as the glucosidic ester, glucopyranosyl sinapate. 

SA does not usually exist in free form, and less than 16% of SA is 

present as free SA (Vuorela, 2005). Rapeseed contains 240-590 µg/g 

of SA, while rapeseed cake contains approximately 170-454 µg/g of 

SA (Niciforovic et al. 2014). 4-Vinylsyringol is a decarboxylation 

product of SA which is found in crude rapeseed oil. During rapeseed 

oil extraction, elevated temperatures and pressure causes SA to 

undergo structural changes, resulting in the formation of 4-

vinylsyringol, a decarboxylation product of SA, along with 
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syringaldehyde (Nićiforović and Abramovič, 2014). The amount of 

SA derivatives (which include: sinapoyl glucose, methyl sinapate, 

sinapoyl malate and 1-sinapoyl-2-feruloylgentiobiose) found in 

rapeseed ranges between 6390 and 18370 µg/g, but this is dependent 

on the method used to process the oil (Nićiforović and Abramovič, 

2014; Lomascolo et al., 2012).  

Until recently, other hydroxycinnamic acids such as ferulic and 

caffeic acid have been the focus of research due to their 

demonstrated antioxidant properties and reported health benefits 

(King et al., 1999; Koshihara et al., 1984). The caffeic acid 

derivatives dicaffeoylquinic and dicaffeoyltartaric acid have been 

shown to be potent and selective inhibitors of human 

immunodeficiency virus type 1 (HIV-1) integrase and to inhibit HIV 

replication at non-toxic doses in laboratory conditions (King et al., 

1999). Caffeic acid has also been shown to inhibit the biosynthesis 

of leukotrienes, which are immunoregulatory mediators involved in 

diseases such as asthma, inflammation and allergic reactions 

(Koshihara et al., 1984). However evidence is accumulating that SA 

could have potential significant health effects. 
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1.4 Methods of phenolic acid extraction from rapeseed meal 

1.4.1 Sample preparation  

When extracting plant phenolics such as SA, samples including 

rapeseed meal or seed are typically air-dried or freeze-dried. 

Standard freeze-drying is the preferred method due to its superior 

preservation of the phenolic content in the samples, but it is regarded 

as expensive (Dai and Mumper, 2010). Following freeze-drying, 

samples are then milled, ground and homogenized. However before 

Sinapinic acid 

Sinapate (glucopyranosyl sinapate) 

 

Sinapine 

 Figure 1. Chemical structures of sinapinic acid and its derivatives sinapate and sinapine. 
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phenolic extraction can take place, rapeseed samples must be 

defatted, due to their high oil content (approximately 40%). The 

most common method of defatting is extraction with hexane using a 

Soxhlet apparatus (Vuorela, 2005; Klockeman, Toledo and Sims, 

1997). Residual oil can be removed by using Soxhlet extraction for 

5 to 6 hours with petroleum ether as the solvent (Rodrigues, 

Carvalho and Rocha, 2014). However, rapeseed cake was also 

defatted using alcohol: benzene (1:1 v: v) in a Soxhlet apparatus for 

6h at 80°C (Jeong et al., 2013). Methanol/ammonium/water or 

carbon tetrachloride have also been utilised for defatting (Vuorela, 

2005). 

1.4.2 Solvent extraction of SA 

Solvent extractions are the most common method used to isolate 

phenolics such as SA from rapeseed oil and meal. Solvents such as 

methanol, ethanol and acetone are often used. Success in the retrieval 

of phenolic compounds is influenced by two key parameters, the 

extraction time and temperature (Dai and Mumper, 2010). 

Optimisation of these parameters is essential in order to ensure the 

highest yield and best quality product is obtained. If the extraction 

temperature is increased, this can promote higher analyte solubility 

by increasing the solubility and mass transfer rate (Dai and Mumper, 

2010). Furthermore, at higher temperatures, both the viscosity and 

surface tension of the solvents are decreased, helping the solvent to 

reach the sample and thus increasing the extraction rate. However it 

must be noted that numerous phenolic compounds are easily 
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oxidized and hydrolysed. High temperatures and long extraction 

times can also increase the oxidation of phenolic compounds, and 

decrease the phenolic yield in the extract (Dai and Mumper, 2010). 

A recent study used 70% methanol, 70% isopropanol or 70% ethanol 

along with ultra-sonication in order to extract phenolics from canola 

seed, meal and press cakes (Khattab et al., 2010). It was reported that 

extraction with 70% methanol at room temperature was the most 

efficient of the conditions tested; producing the highest yields of 

both total phenolics as well as the major phenolics like sinapine and 

SA. Defatted canola seeds were found to contain 90- 590 µg of SA, 

the cakes contained 290-440 µg and the meal contained 320-410 µg 

of SA (Khattab et al., 2010).  Liu et al. (2012) detected SA in 

Chinese rapeseed hulls and dehulled flour, extracted the phenolic 

compounds using 80% methanol at 25°C, with similar efficacy as 

extraction with 70% methanol, yielding an average 158 µg of SA 

(Liu et al., 2012; Qiu, Liu and Beta, 2010). In contrast, another study 

varied their approach, using four different conditions when 

extracting phenolic acids from canola seed and meal (Cai and 

Arntfield, 2001). They found the most effective methods for 

extracting sinapine and SA were extraction using 70% methanol at 

75°C for 20 minutes and refluxing with 100% methanol for 20 

minutes. Both of these extraction conditions were found to be 

superior to the other two conditions used (100% methanol at both 50 

and 75°C).   
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1.4.3 Hydrolysis of SA 

In rapeseed, SA mainly exists in esterified form, therefore hydrolysis 

is necessary to release the bound and esterified phenolics once they 

have been extracted (Krygier, Sosulski and Hogge, 1982; Vuorela, 

2005). An example of this is the hydrolysis of sinapine to SA. 

Alkaline-acid hydrolysis can be carried out by first using 2 or 4 M 

sodium hydroxide (NaOH), and subsequently lowering the pH below 

2 using hydrochloric acid (HCL) (Khoddami, Wilkes and Roberts, 

2013; Liu et al., 2012). At this pH, the released phenolics exist as 

phenolic acids and can subsequently be extracted with diethyl ether 

or diethyl ether/ethyl acetate (1:1). In order to analyse SA and its 

derivatives, hydrolysis of sinapine to SA is the favoured method, as 

sinapine is not available as a commercial standard (Vuorela, 2005). 

Recently, there has been a shift toward enzymatic hydrolysis of 

esterified phenolics, using enzymes such as Ultraflo L and ferulic 

acid esterase (FAE) (Vuorela, Meyer and Heinonen, 2003). One 

study carried out enzymatic hydrolysis using Ultraflo L, FAE, 

Viscozyme L and Cellulast (Vuorela, Meyer and Heinonen, 2003). 

Hydrolysis was carried out under nitrogen in a shaking water bath at 

37°C, except for Cellulast which was hydrolysed at 50°C. The group 

found that Ultraflo L and FAE were the most efficient enzymes in 

terms of their yields of both total phenolics and SA (Vuorela, Meyer 

and Heinonen, 2003). 
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1.5 Analysis and characterisation of rapeseed phenolics 

1.5.1 Spectrophotometric assays  

Many of the methods available to determine total phenolic content 

in plant samples are spectrophotometric assays, whereby the 

phenolic compounds react with a colorimetric reagent which can be 

measured in the visible portion of the spectrum (Ainsworth and 

Gillespie, 2007).  The Folin-Ciocalteu (F-C) assay is based on the 

transfer of electrons in an alkaline medium from the phenolic 

compounds to phosphomolybdic/phosphotungstic acid complexes, 

thus forming blue complexes which can be measured 

spectrophotometrically at 760 nm (Ainsworth and Gillespie, 2007).  

The exact chemistry of the reaction is unknown, but it is thought to 

contain heteropolyphosphotunstates-molybdates. Sequences of 

reversible one-or two-electron reduction reactions lead to the 

formation of blue species, possibly (PMoW11O40)4- (Huang, Ou and 

Prior, 2005).  One drawback with this method is that the F-C reagent 

is non-specific for phenolic compounds, and can be reduced by 

various non-phenolic compounds. Ascorbic acid easily reacts with 

the F-C reagent, and it is therefore recommended that its content is 

measured before the addition of the alkali or by using a more specific 

assay, and then subtracted from the F-C value obtained (Ainsworth 

and Gillespie, 2007).  As phenolic compounds will only react with 

the F-C reagent under basic conditions, the solution must be adjusted 

to a pH of approximately 10 using sodium carbonate (Huang, Ou and 

Prior, 2005).  The F-C reagent must be added before the alkali, as 
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oxidants or air oxidation after the sample has been made alkaline 

could inhibit the F-C reagent (Ainsworth and Gillespie, 2007).  

Overall, this is a relatively simple, fast and economical method for 

determining total phenolic contents in numerous samples. 

 

1.5.2 High performance liquid chromatography (HPLC)  

Chromatography exploits subtle differences in certain physical 

properties of the molecules, such as their solubility in water, their 

charge and size (Bird, 1989). HPLC is the preferred method to 

separate and quantify phenolic compounds from rapeseed extracts, 

for two main reasons; there is a wide range of commercially 

available columns, - and the potential to combine two or more 

columns in a ‘switching mode’ (Stalikas, 2007). The principle of 

column chromatography is that molecules interact to and thus 

partition to different degrees with the mobile phase (i.e. the solvent) 

and the stationary phases (i.e. the column) (Bird, 1989). Molecules 

which interact strongly with the column will be retained and so will 

move more slowly than molecules which interact more strongly with 

the solvent, and thus elute later on (Bird, 1989). The introduction of 

reversed-phase (RP) columns has significantly improved HPLC 

separation of various classes of phenolic compounds. More or less 

exclusively, reverse-phase C18 columns range from 100 – 250 mm in 

length, with an internal diameter of 3.9 – 4.6 mm (Stalikas, 2007). 

Typically, HPLC analysis of phenolic compounds is performed with 
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an ambient column temperature, but temperatures slightly higher in 

the range of 30 – 400C have also been recommended (Stalikas, 

2007). In terms of the mobile phase utilised, isocratic (i.e. the 

composition of the solvent remains unchanged) and gradient elution 

(the solvent strength is gradually increased) are applied when 

analysing phenolic compounds. The most common organic 

modifiers are acetonitrile and methanol, however methanol is 

typically preferred. In chromatography, analytes of like nature 

interact the best with one another. RP columns typically comprise of 

non-polar material, meaning nonpolar analytes will have enhanced 

retention. Analytes which are ion- suppressed are deemed to be more 

nonpolar than polar, meaning they will have superior retention on 

the nonpolar stationary phase of HPLC apparatus. In order to 

maintain an analyte in an ion-suppressed state, the pH of the mobile 

phase must be at least two units below its pKa value. The majority of 

phenolic acids have a pKa of about 4, and as such, the recommended 

pH range for the HPLC assay is 2-4 (Stalikas, 2007). By maintaining 

the acidic phenolic analytes in an acidic environment, the analyte can 

retain its protons, and thus remains ion- suppressed. This results in 

the improved resolution and reproducibility of retention 

characteristics. 

Phenolics are commonly detected using photodiode array or 

ultraviolet/visible (UV/VIS) detectors, as they typically absorb in 

this region. Phenolic acids which contain the benzoic acid carbon 

framework absorb maximally in the 200 – 290 nm range, while those 
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based on cinnamate derivatives have a broader range from 270 – 360 

nm (Stalikas, 2007). For dual monitoring when separating mixtures 

of phenolic acids, 254 and 280 nm, or 280 and 320nm are typically 

used.  

Cai and Arntfield (2001) separated phenolics from canola seeds and 

meal using a reverse-phase C18 column, using an acetate buffer or 

methanol as the mobile phase (Cai and Arntfield, 2001). Two 

gradients were used, the first was a 10 minute isocratic-linear-

concave gradient, and SA was eluted during the isocratic flow. The 

second was a 15 minute isocratic-linear gradient, and once again SA 

was eluted during the isocratic flow and identified using HPLC (Cai 

and Arntfield, 2001).                 

1.5.3 Electrospray Ionization Mass spectrometry 

Mass spectrometry is an analytical technique which is capable of 

performing both qualitative and quantitative analysis of ‘analyte 

molecules’, i.e. both its structure and molecular mass/concentration, 

respectively (Ho et al., 2003). The analyte molecules of interest must 

first be ionized, where they acquire either a positive or negative 

charge. The ions are then able to pass through the mass spectrometer, 

where they arrive at various parts of the detector according to their 

mass/charge (m/z) ratio (Ho et al., 2003). The results are then 

displayed as a mass spectrum which displays the relative abundance 

of the signals according to their m/z ratio. The most commonly used 

ionization technique is electrospray ionization, and this is the 
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preferred ionization source when analysing liquid samples. 

Electrospray ionization is compatible with traditional 

chromatographic separation techniques, and given the ions 

generated are stable rather than in an excited state, this prevents their 

rapid decay (Wilm, 2011). ESI-MS has also been shown to play an 

important role in the screening of phenolics and flavonoids 

(Saldanha, Vilegas and Dokkedal, 2013). Different phenolic acids, 

including sinapinic acid, were identified in commercial rapeseed oils 

and deodistillate, a by-product of the refining process, using ESI-MS 

(Harbaum-Piayda et al., 2010). Mass spectrometry was also used in 

order to detect, characterise and identify phenolic acids in extracts 

obtained from Danshen, which is the dried root of Salvia miltiorrhzia 

used in Chinese medicine (Liu et al., 2007).                  

 

1.5.4 Nuclear Magnetic Resonance (NMR) spectroscopy 

Although not originally used for this purpose, NMR spectroscopy 

was found to be a useful technique in order to determine the 

molecular structure of organic compounds (Bruice, 2006). High 

resolution 1 NMR has recently gained attention as a useful method 

for analysing complex mixtures without prior separation of its 

components.  This method of analysis is non-invasive and quick, 

with only one measurement needed. There is also no need to pre-

treat the sample before running the analysis and the integrity of the 

sample is maintained (Christophoridou and Dais, 2008). Nuclear 
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Magnetic Resonance spectroscopy is based on the principle that 

many nuclei have spin, and all are electrically charged. When an 

external magnetic field is applied, energy transfer is possible 

between a low energy ‘alpha-spin state’ and higher energy ‘beta-spin 

state’ (Bruice, 2004). The energy emitted during this transfer is used 

to generate an NMR signal, which forms part of the NMR spectrum. 

The resulting NMR spectrum plots the intensity of the NMR signals 

vs the magnetic field with reference to Tetramethylsilane (TMS), a 

reference compound (Bruice, 2004).      

Various studies have used 1H-NMR in order to identify and quantify 

phenolic acids. A study by Christophoridou and Dais (2008) used 

1H-NMR to identify constituents in the phenolic fraction derived 

from olive oil. A recent study also examined the phenolic 

constituents in a product derived from the rapeseed oil refining 

process. NMR revealed that SA, along with its derivatives, were 

found to be the predominant phenolic acids present (Li and Guo, 

2016). NMR also proved useful in determining the interactions 

between phenolic acids in mango and papaya (López-Martínez et al., 

2015).        

1.6 Potential benefit of Sinapinic Acid as a functional food 

ingredient  

Now, more than ever, people are aware of what they eat and the 

associated health benefits that come from consuming a healthy and 
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balanced diet. Functional foods are classified as foods which are 

enriched, fortified or enhanced and provide health benefits beyond 

essential nutrients, when consumed at efficacious levels on a regular 

basis (Hasler, 2002; Vo and Kim, 2013). A phenolic acid found in 

rapeseed, sinapinic acid (SA), has the potential to improve human 

health through diet, specifically as a functional food ingredient.  

Epidemiological and case-control studies suggest that consumption 

of Brassica sp (cruciferous) vegetables reduces the risk of various 

cancers, including lung, breast, liver, colon, prostate and pancreatic, 

as well as cardiovascular disease and cerebrovascular disease 

including ischaemic stroke and intracerebral haemorrhage (Sahu and 

Srivastava, 2011; Zhang et al., 2011; Mizrahi et al., 2009). These 

beneficial effects are believed to be mediated by bioactive 

molecules, including phenolic compounds and isothiocyanates 

(ITCs), released upon consumption of the containing foodstuffs. SA 

is present in Chinese compound herbal medicines, including 

‘Yinhuang powder’, which is known for its anti-inflammatory 

activities and ‘Chenxiang-Shuqi pill’, a prescription which is used to 

treat dyspepsia, abdominal pain and hypochlorhydria (Wen et al., 

2005).  

However as previously discussed, SA in our diet is present in 

insufficient quantities in order to exert a sufficient physiological 

effect. Valorising rapeseed by-products to extract SA requires 

stabilization of the phenolic compounds before application in either 
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food or cosmetics. Indeed, a patent regarding SA for cosmetic use, 

including as a topical composition to reduce the signs of aging, noted 

the instability of SA, and proposed microencapsulation as a solution 

(Markert et al., 2011).  

There has been success in overcoming this issue, involving another 

phenolic acid, protocatechuic acid. An in-vitro study demonstrated 

the potential to successfully encapsulate PCA using chitosan 

nanoparticles for functional food purposes (Madureira, Pereira and 

Pintado, 2016).  

1.7 Bioactive properties of sinapinic acid 

1.7.1 Histone deacetylase inhibitory activity  

Epigenetics refers to heritable changes in gene expression that do not 

involve changes in the underlying DNA sequence (Brunet and 

Berger, 2014). These changes include post-translational histone 

modifications, including histone methylation and acetylation. 

Histone deacetylase enzymes (HDACs) remove acetyl groups from 

histones, resulting in a ‘closed’ chromatin conformation which 

blocks gene transcription and therefore gene expression (Tortorella 

et al., 2015). Aberrant HDAC activity is common in various cancer 

types, driving carcinogenesis through the repression of genes 

involved in the cell cycle, cellular differentiation and apoptosis. 

Vital tumour suppressor genes, such as p21, are also targets for 

HDAC-mediated transcriptional silencing (Tortorella et al., 2015). 
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There has been some success in developing clinical therapeutics 

using HDAC inhibition, for example the HDAC inhibitor 

SAHA/vorinostat was approved for the treatment of cutaneous T cell 

lymphoma (CTCL) in 2006. A natural product, romidepsin, was 

approved to treat CTCL in 2009 (Mair, Kubicek and Nijman, 2014). 

As such, HDACi are emerging as potential therapeutic targets. 

Recently, Senawong et al. (2013) extracted phenolic compounds 

from the rhizome of H. formicarum Jack. The phenolic extract 

obtained was analysed by RP-HPLC, and SA was found to be one of 

its major components (Senawong et al., 2013). SA was found to 

block HDAC enzyme activity in vitro by a greater amount than that 

of a well-established HDAC inhibitor sodium butyrate, with IC50 

values of 2.27 mM for SA and 0.97 mM for sodium butyrate 

(Senawong et al., 2013). The authors suggest that SA accounts, at 

least partly, for the inhibition of HDAC activity by the H. 

formicarum Jack phenolic extract. The phenolic-extract possessing 

HDAC inhibitory activity was found to inhibit the growth of HeLa 

cells in a dose- and time-dependent manner, while SA was also 

found to significantly inhibit the growth of HeLa cells. The phenolic 

extract and SA were also found to have a significant effect on the 

induction of apoptosis, up to 78.9% and 8.4%, respectively 

(Senawong et al., 2013). The results obtained suggest that the 

phenolic extract and SA suppress the growth of HeLa cells through 

the induction of apoptosis (Senawong et al., 2013).   
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1.7.2 Protective role in cardiovascular disease 

Cardiovascular disease (CVD) is the number one cause of death 

globally, with the World Health Organisation (WHO) estimating 

17.5 million deaths in 2012 alone, a figure which represents nearly 

one third of all global deaths. However, many cardiovascular 

diseases may be prevented with lifestyle modifications, such as 

healthy diet, weight loss, exercise and no tobacco use (Organisation, 

2019). 

A major precursor for the development of atherosclerosis, which is 

the hardening of the arteries, is the oxidation of low density 

lipoprotein (LDL) (Poloni, Dangles and Vinson, 2019). A 

multicentre study was carried out titled ‘Primary Prevention of 

Cardiovascular Disease with a Mediterranean Diet’ PREDIMED. 

The results have shown that the risk of CVD, along with diabetes, 

were significantly reduced when a diet containing polyphenols was 

consumed (Poloni, Dangles and Vinson, 2019). A recent study by 

Poloni, Dangles and Vinson (2019) investigated the binding of 

polyphenols, including phenolic acids such as sinapinic and 

protocatechuic acid, to LDL through fluorescence quenching 

methods. The results revealed that polyphenols and their metabolites 

bind more effectively to albumin than LDL. However, it has also 

been shown that the small proportion of polyphenols which do bind 

to LDL are ‘cardioprotective’ (Poloni, Dangles and Vinson, 2019). 

The group hypothesize that many of the health benefits attained from 

consuming a diet rich in polyphenols is a result of their binding to 
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proteins including albumin and lipoproteins, as well as binding to 

receptors involved in processes such as inflammation (Poloni, 

Dangles and Vinson, 2019).                

Myocardial infarction (MI) induction with isoproterenol (ISO) is a 

well-established animal model used to evaluate the effects of various 

cardioprotective agents. This model is also excellent as the 

pathophysiological changes are analogous to those taking place in 

humans with MI. ISO is a synthetic catecholamine, which in large 

doses results in severe stress in the myocardium, leading to necrosis 

of the heart muscle (Roy and Prince, 2012). The auto-oxidation of 

catecholamines generates cytotoxic free radicals, and this, coupled 

with the physiological imbalance between the production of free 

radicals and antioxidant defence systems, are considered critical 

factors in the loss of integrity and function of myocardial membranes 

during ISO-induced MI (Roy and Prince, 2012). Lysosomal 

enzymes are also known to play an important role in the 

inflammatory process, and the increased activity of these enzymes 

in ISO induced MI is believed to be responsible for tissue damage 

and infarcted heart.  

In a recent study, the protective effects of SA were evaluated on 

isoproterenol- induced MI rats (Roy and Prince, 2012). Rats were 

orally treated with SA dissolved in 0.5 % DMSO at 12 mg/kg body 

weight by intragastric tube. Elevated serum creatine kinase (CK-

MB) activity was found in the experimental animals. Pre- or co-
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effect against ischemia reperfusion injury through activating silent 

information regulator 1 (SIRT1), a histone deacetylase, thereby 

decreasing myocardial infarct size, down-regulating the pro-

apoptotic protein Bax and up-regulating the anti-apoptotic protein 

Bcl2 (Yang et al., 2013). To determine the effects of SA on I/R 

injury, SA was dissolved in corn oil and orally administered to rats 

using an intragastric tube at 20 and 40 mg/kg body weight for 7 days. 

Oral pre-treatment with SA significantly improved percent rate 

pressure product and percent coronary flow when compared to 

untreated I/R hearts. Mitochondrial dysfunction results in cardiac 

contractile dysfunction and hypertrophy and under conditions of 

oxidative stress, the enzymes of the TCA cycle are disrupted. 

Decreases in the activity of several TCA enzymes were blunted after 

pre-treatment with SA. SA was also found to reduce H9c2 

cardiomyoblast cell injury caused by H2O2, likely due to its 

scavenging abilities (Silambarasan et al., 2015). Although the above 

studies are preliminary investigations, SA has shown itself to be a 

promising therapeutic option to treat cardiovascular diseases, 

warranted of further investigations.  

  

1.7.3 Anti-diabetes activity  

Diabetes Mellitus is a group of ‘heterogenous, hormonal and 

metabolic disorders’, with hyperglycemia being one of its 

physiological characteristics (Kanchana et al., 2011). Type 2 
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diabetes mellitus (T2DM) is one of the most prevalent ‘metabolic 

pathologies’ worldwide, with more than 220 million people affected 

(Scazzocchio et al., 2015). Of this ‘diabetic population’, over 90% 

suffer from T2DM (Nithya, 2017). The clinical management of DM 

involves the use of drugs including biguanides, sulphonylureas, 

thiazolidiones and insulin, either alone or in combination (Nithya, 

2017). However, these drugs elicit adverse side effects such as upset 

stomach, anaemia and weight gain, with resistance commonly 

occurring after extended use. Therefore, identifying new drugs from 

natural sources with less side effects is a growing research topic of 

great importance.  

Nithya (2017) studied the effects of SA on glucose homeostasis 

using high fat diet fed-low dose streptozotocin (STZ)-induced 

experimental T2DM in rats. SA was orally administered at 25 

mg/kg.b.w for 30 days and the activities of carbohydrate 

metabolising enzymes in hepatic tissues were analysed. Treatment 

with SA was found to significantly revert the altered activities of the 

carbohydrate metabolising enzymes: glucokinase, pyruvate kinase, 

glucose-6-phosphatase, fructose-1, 6-biphosphatase, glucose-6-

phosphate dehydrogenase and lactate dehydrogenase to near normal 

in the hepatic tissues of diabetic rats (Nithya, 2017). SA was also 

shown to significantly reduce the levels of fasting blood glucose and 

glycosylated hemoglobin, while the levels of both insulin and 

hemoglobin in the plasma were increased (Nithya, 2017). A key 

finding by the group was the efficacy shown by SA when compared 
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to Metformin, which is a biguanide drug used in the clinical 

treatment of diabetes. SA was administered at 25 mg/kg.b.w, yet its 

efficacy was comparable to Metformin, despite it being administered 

at a higher dose of 50 mg/kg.b.w. 

As mentioned, hyperglycemia is one of the main physical 

characteristics of diabetes. Chronic hyperglycemia has detrimental 

cellular effects, as oxidation of glucose, protein glycation and 

glycoxidation all enhance the formation of ROS. In diabetes, protein 

glycation and glucose oxidation can generate free radicals which 

may cause lipid peroxidation (Kanchana et al., 2011). A study on the 

biochemical and physiological effects of SA treatment on STZ-

induced diabetic rats revealed that oral administration of SA was 

found to cause a significant improvement in their body weight, 

attributed to the anti-hyperglycemic effect of SA. SA also influenced 

other physiological parameters, such as decreasing kidney weight to 

near normal value (Kanchana et al., 2011). Diabetic rats treated with 

SA had a significant decrease in plasma glucose when compared to 

control rats. The authors suggested this effect could be due to the 

regeneration of existing pancreatic β-cells by SA and enhanced 

transport of glucose to peripheral tissues. Treatment with SA 

significantly (p < 0.05) increased the levels of both C-peptide (4.34 

ng/mL) and insulin (10.95 µU/mL) in STZ-induced diabetic rats 

compared to untreated controls (Kanchana et al., 2011). In STZ-

induced diabetic rats, treatment with SA was found to decrease the 

level of glycosylated hemoglobin and increase the level of total 
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hemoglobin. The authors speculate that these changes could be due 

to the reduction of blood glucose level (Kanchana et al., 2011).  

Increased activities of the carbohydrate metabolising enzymes 

glucose-6-phosphatase and fructose-1, 6-biphosphatase were 

observed in the liver and kidney of STZ-induced diabetic rats. 

However administration of SA restored their level of activity to near 

normal, resulting in improved glycemic control (Kanchana et al., 

2011).                           

SA has been found to significantly lower postprandial glucose, but 

did not alter plasma insulin levels, which suggests that SA has a 

direct influence on glucose utilization (Cherng et al., 2013). GLUT4 

(glucose transporter type 4) expression was significantly increased 

in the soleus muscle of the STZ rats (Cherng et al., 2013). A 

radioactive tracer also revealed that SA caused a concentration-

dependent increase in glucose uptake in the soleus muscle, and this 

was also confirmed in L6 myoblast cells, indicating that SA may 

directly stimulate glucose uptake. In order to study the effects of SA 

on insulin resistance, the group employed an animal model of type 2 

diabetes by feeding rats a fructose chow-feed. Insulin resistance is 

indicated by the rate of glucose infusion (GIR), with a high GIR 

value indicative of insulin-sensitivity while a low GIR value 

indicates insulin resistance. Glucose infusion rate is a method of 

calculating the amount of carbohydrates received, which is 

expressed as milligrams of glucose per kilogram body weight per 
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minute. SA induced a higher GIR value in the fructose chow-fed rats, 

likely due to the enhanced glucose uptake in skeletal muscle (Cherng 

et al., 2013).  

A recent in-vivo study has also shown that SA can ameliorate the 

development of metabolic disorders induced by oestrogen deficiency 

in rats (Maria et al., 2018). These results indicate that SA is a 

potential target for the treatment and management of DM.        

 

1.7.4 Anti-inflammatory activity  

An earlier study by Yun et al. (2008) characterised the effects of SA 

on LPS-induced pro-inflammatory molecules such as TNF-α, IL-1β, 

iNOS and PGE2. The group found that in response to LPS, SA at 40, 

80 and 160 µM reduced the expression levels of iNOS and COX-2 

which were markedly upregulated, in a concentration-dependent 

manner in RAW 264.7 cells. Subsequent RT-PCR analysis 

demonstrated that the mRNA levels of both iNOS and COX-2 were 

also reduced in a dose-dependent manner, suggesting that they are 

also inhibited at a transcriptional level (Yun et al., 2008). SA also 

reduced the production of TNF-α and IL-1β, and their levels of 

mRNA in a dose-dependent manner. The nuclear transcription factor 

kappa-B (NF-κB) plays a key role in the pathogenesis of 

inflammation, and as such there are numerous drugs designed to treat 

inflammatory disease which are based on the inhibition of NF-κB 

(e.g. non-steroidal anti-inflammatory drugs (NSAIDs) such as 
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Aspirin). The same study by Yun et al. (2008) found that RAW 

264.7 cells treated with SA at 40, 80 and 160 µM had a reduction in 

the DNA binding activity of p65, preventing transcription initiation 

by NF-κB and subsequent expression of genes involved in the 

immune response (Schmitz and Baeuerle, 1991; Pahl, 1999). The 

nuclear translocation of both p65 and p50 was also inhibited. The 

above results demonstrate that SA inhibits NO, PGE2, iNOS, TNF-

α, COX-2 and IL-1β expression, and this is at least partly mediated 

via an NF-κB mechanism.  

Further investigations also demonstrated that SA inhibited the LPS-

induced degradation of IκB-α, thereby preventing the release of NF-

κB in-vivo. Studies using serotonin and carrageenan-induced rat paw 

edema models showed that SA was able to inhibit edema caused by 

acute inflammation (Yun et al., 2008).    

The anti-inflammatory effects of SA were also shown in-vivo using 

trinitrobenzenesulfonic acid (TNBS)-induced colitis in Balb/c 

female mice. SA was found to decrease the levels of TNF-alpha and 

myeloperoxidase in the colonic tissue, while also significantly 

improving both colonic weight and length (Lee, 2018).    

Li et al. (2019) have demonstrated that SA could play an important 

role in Osteoarthritis (OA) through its anti-inflammatory properties. 

Human chondrocytes which were pre-treated with SA had reduced 

levels of IL-1β-induced IL-6, prostaglandin E2, nitric oxide and 

TNF-alpha. As previously reported, SA inhibited NF-κB activation, 
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induced by IL-1β, through the nuclear factor-erythroid 2-related 

factor-2 (Nrf2)/heme oxygenase 1 pathway. In-vivo, the progress of 

OA in mice was delayed by treatment with SA (Li et al., 2019).        
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1.8 Thesis aims    

 

1. To generate and characterise extracts containing sinapinic acid 

from Irish rapeseed meal  

2. To assess the potential anti-diabetic activities of commercial SA 

and SA-containing extracts  

3. To evaluate the effects of commercial SA and SA-containing 

extracts on pro-inflammatory markers  
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2.1 Chemicals and materials 

All laboratory reagents and chemicals were stored according to the 

manufacturer’s instructions. All reagents and chemicals were of 

analytical standard and purchased from Sigma Aldrich (Dublin, 

Ireland). These included: methanol, acetone, sodium hydroxide, 

sodium carbonate, resazurin sodium salt, Captopril®, Folin-

Ciocalteu reagent, DMSO-d6 (with 1% TMS v/v), sinapinic acid, 

ammonium persulfate, and N, N. N’, N’- 

tetramethylethylenediamine. All plastics were purchased from 

Thermo Fisher Scientific (Dublin, Ireland).       

2.2 Rapeseed meal preparation 

Rapeseed meal was kindly supplied by Donegal Rapeseed Company, 

Co. Donegal, Ireland. The meal was prepared from the seed 

harvested in the summer of 2014, which was dried and cold-pressed 

by Donegal Rapeseed Oil. The rest of the meal processing was 

performed at Teagasc Food Research Centre, Ashtown. The meal 

was placed into a freeze-drier (Cuddon Engineering, New Zealand) 

for 24 hours to remove any excess moisture. The freeze-dried 

rapeseed meal was then defatted overnight with hexane using a meal: 

solvent ratio of 90 g: 5 L (w/v) at room temperature on a JENWAY 

1002 stirrer (Wolflabs, UK), and repeated three times. Defatted meal 

was subsequently air-dried in a chemical fume hood overnight.  
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2.3 Generation of sinapinic-containing extracts from defatted 

Irish rapeseed meal 

2.3.1 Extraction method  

Extraction was performed as described by Naczk et al. (1992), with 

modifications as described. Three fractions were generated (1-3) 

using this methodology. Phenolic acids were extracted from defatted 

rapeseed meal using a solvent mix of methanol: acetone: water (7:7:6 

v: v: v), in a meal to solvent ratio of 2 g: 40 mL (w/v). The mixture 

was vortexed for 15 sec using a Vortex Genie (Scientific Industries, 

Inc.), and then centrifuged at 5000 rpm (3472 x g) for 15 min at room 

temperature (Sorvall LYNX 4000, Thermo Scientific, USA). A 

portion of this mixture was kept and evaporated to dryness using a 

rotary evaporator at 30°C (BUCHI, Switzerland); this was fraction 

1. The remaining supernatant was kept to generate fractions 2 and 3. 

To generate fraction 2, a portion of the supernatant was extracted 6 

times with diethyl ether: ethyl acetate (1:1 v: v), and evaporated to 

dryness as before. To generate fraction 3, the supernatant was 

hydrolysed with an equal volume of 4 M sodium hydroxide (NaOH) 

under nitrogen for 4 hours at room temperature. The hydrolysed 

solution was then acidified to below pH2 using 6 M hydrochloric 

acid (HCL) and extracted six times with an equal volume of diethyl 

ether: ethyl acetate (1:1 v: v). The fraction was then evaporated to 

dryness as before, and a labelled fraction 3 (also extract I).    
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2.3.2 Modified extraction method      

A modified extraction method was developed, based on the initial 

extraction methodology. Phenolic acids were extracted by 

hydrolysing defatted rapeseed meal with 4 M NaOH using a meal to 

solvent ration of 100 g: 800 mL (w/v) for one hour at room 

temperature. The mixture was then centrifuged at 5000 rpm (3472 x 

g) for 10 min at room temperature, and the supernatant collected. 

The supernatant was then acidified to below pH2 using concentrated 

HCL. Ethyl acetate was then added at half the volume of the acidified 

solution, and mixed well. This solution was then centrifuged at 5000 

rpm (3472 x g) for 5 min, and the supernatant collected. This was 

evaporated to dryness using rotary evaporation at 37 °C and labelled 

extract II.  

2.4 Total phenolic content  

The total phenolic content was determined using the Folin-Ciocalteu 

(F-C) assay, according to the method described previously by 

Khattab et al. (2010). Briefly, the phenolic extracts (1-3) were 

prepared to a final concentration of 1 mg/mL with methanol, in 

triplicate (Sigma Aldrich, Ireland). Aliquots (0.2 mL) of each sample 

were diluted to 0.5 mL with water, and 0.5 mL of Folin-Ciocalteu 

phenol reagent (Sigma Aldrich, Ireland) was added. After 3 min., 1 

mL of 19 % sodium carbonate was added to each sample. After 60 

min., absorption was measured at 750 nm using a spectrophotometer 

(Hitachi U-2900). Sinapinic acid (Sigma Aldrich, Ireland) was used 
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as the standard (1 – 10 mg/mL) and results were expressed as mg 

sinapinic acid equivalents per gram (mg SAE/g).  

2.5 Protein analysis 

Analysis of protein content was performed using a LECO FP328 

Protein analyser (LECO Corp, MI, USA), according to the 

Association of Official Analytical Chemists (AOAC) method 992.15 

(AOAC, 1990). A conversion factor of 6.25 was used to convert total 

nitrogen to protein.  

2.6 Fat and moisture analysis 

Total fat was determined using the acid hydrolysis filter bag 

technique using an automated Ankom Fat Analyser XT15 based on 

the method ISO 6492.  

2.7 Ash analysis 

The Ash content of samples was determined by furnace overnight at 

600°C following the method of Kolar (1992). 

2.8 Angiotensin converting enzyme-I (ACE-I) inhibition assay 

Measurement of ACE-I inhibition (EC 3.4.15.1) was performed 

using the ACE-I kit–WST following the manufacturer’s instructions 

(Dojindo Molecular Technologies Inc., Japan). Briefly, the phenolic 

extracts and positive control (Captopril®) were assayed in triplicate, 
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either dissolved in deionized water for the initial assay or 1 % DMSO 

for the IC50 determination. Absorbance was measured using an 

Omega microplate reader at 450 nm, and % inhibition was calculated 

using the equation:  

[(Absorbance blank 1 – Absorbance inhibitor) / (Absorbance blank 

1 – absorbance blank 2)] x 100. 

Where, blank 1 is the control without the addition of any inhibitor, 

blank 2 is the reagent blank, and the inhibitor is the positive control 

or test sample (extracts). 

IC50 was determined by plotting % ACE-I inhibition against 

concentration (mg/mL) of extract or Captopril, and solving the 

equation of the line, substituting 50 for the Y value and solving for 

X.      

2.9 Analytical chemical analysis of phenolic extracts 

2.9.1 1H-NMR analysis 

1H-NMR spectroscopy was used to quantify the level of sinapinic 

acid in extract I (previously fraction 3). It was performed using the 

method of Tan and Shahidi (2013), using Topspin software 2.1 A 

standard curve was prepared using SA, which was dissolved in 

Dimethyl sulfoxide-d6 with 1 % (v/v) tetramethylsilane (DMSO-d6 

with 1 % TMS (v/v) (Sigma Aldrich, Dublin, Ireland). TMS served 

as an internal standard for the analysis. Extract I was analysed in 
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triplicate by dissolving 0.1 g of sample in 1 mL DMSO-d6 

containing 1 % (v/v) TMS. In order to calculate the quantity of SA 

in the fraction, the average values for each standard were plotted in 

excel and a linear curve generated. The equation of the line was 

solved, substituting the value obtained for extract I for the Y value 

and then solving for X.    

 

2.9.2 Mass spectrometry 

The extracts and SA were dissolved in acetonitrile: water (+ 0.1 % 

formic acid) (1:1 v: v) for analysis on the mass spectrometer. The 

samples were centrifuged at 18000 rcf for 10 min, and the 

supernatant was removed. The supernatant was then put through a 

spin column (Thermo scientific, USA) at 2000 rpm (550 x g) for 10 

min, and the flow-through was then placed into a vial for analysis.  

  

2.9.3 Thin layer chromatography (TLC) 

Silica gel-coated 60G F254 TLC plates (Merck, Ireland) were 

prepared by cutting into 2.5 x 7 cm pieces. Two tanks were prepared 

to carry out the chromatography. Tank 1 contained 5 mL of ethyl 

acetate and 5 mL of cyclohexane. Tank 2 contained 10 mL of toluene 

2 mL of acetic acid and 1 mL of ethanol. A marker was placed 2 cm 

up each TLC plate, where the samples were dotted 6 times, and 

allowed to dry. The plates were then placed into their respective 
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tanks at an angle to ensure that sample dots do not touch the solvent 

and the lid placed on top. The plates are removed before the sample 

dots reach the top of the stationary phase, and allowed to dry. Using 

ultraviolet light, the spots on the TLC plates were outlined using a 

pencil. The spots were then visualised by spraying the plates with 

ferric chloride.      

 

2.10 Enrichment of sinapinic acid content in extract II   

To 0.5 g of extract II, generated from the second extraction 

methodology, 33 mL of deionised water was added. The sample was 

then mixed by mechanical rotation for 10 min at room temperature, 

before sonicating for 5 min. The sample was then centrifuged at 5000 

rpm (3472 x g) for 10 min, and the supernatant along with excess 

fat/oil was removed. This process was repeated. The extract was 

dried at 40 °C, and then ground, ready for use. 

2.11 pH analysis of commercial sinapinic acid  

Commercial SA was prepared in RPMI 1640 media at a 

concentration of 4 mM. Both litmus paper and a pH meter (MP230, 

Mettler Toledo, USA) were then used to measure the pH of SA.  
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2.12 Cell culture 

2.12.1 Cell lines 

Table 1. Cell lines used in this study along with optimal culturing conditions 

 

Cell 
lines 

Origin Growt
h 

Media % 
fetal 
bovi
ne 
seru
m 

Additional 
requirements 

HuH
7 

Human 
hepatocarcino
ma 

Adhere
nt 

Eagle’s 
Minimu
m 
Essential 
Medium 
(EMEM) 

10 1 % 
Penicillin/Streptom
ycin (P/S) 

L- glutamine (L-
glut) 

Hep3
B 

Human 
hepatocellular 
carcinoma 
(contains 
Hepatitis B) 

Adhere
nt 

EMEM 10 1 % P/S 

1% L-Glut 

HepG
2 

Human 
hepatocellular 
carcinoma 

Adhere
nt 

EMEM 10 1 % P/S 

1% L-Glut 

H9c2 Rat 
cardiomyocyt
e (model of 
skeletal 
muscle) 

Adhere
nt 

EMEM 10 1 % P/S 

SGBS Human pre-
adipocyte 

Adhere
nt 

Dulbecc
o’s 
Minimu
m 
Essential 
Medium 
(DMEM) 
Ham’s 
F12 

10 1 % P/S 

Panthotenat (17 
µM) 

Biotin (33 µM)   
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Media was warmed to room temperature before use. Cells were 

cultured in 25 and 75 cm2 flasks (Corning ®) and maintained at 37 

°C, 5 % CO2.  

 

2.12.2 Cell culture 

All cell culture work was performed in a laminar flow cabinet. The 

unit was switched on at least 15 min before use. The cabinet was 

wiped down with 70 % industrial methylated spirits (IMS) (v/v) 

before and after use, while any materials used in the cabinet were 

sprayed with 70 % IMS (v/v) before entering the cabinet. A lab coat 

and disposable gloves were worn at all times.    

 

2.12.3 Reconstitution of cell stocks 

Cryovials of cell stock suspensions were allowed to rapidly thaw at 

37 °C in an incubator. The cells were then transferred using a sterile 

pasteur pipette into a 25 cm2 flask (Corning ®) containing 10 mL of 

pre-warmed complete media. Cells were then maintained at 37 °C, 5 

% CO2. 

 

2.12.4 Preparation of cell stocks   

Cells were washed and trypsinised as in section 2.12.5. A volume of 

9 mL of complete media was added to each flask, and the cell 
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suspension transferred to a new flask at the required density for 

maintenance of the cell line. The remaining cell suspension was 

centrifuged at 800 rpm (90 x g) for 3 min, after which the supernatant 

was discarded and the pellet was resuspended in 4 mL of serum-free 

cryopreservative medium Cell Banker ™ 2 (Zenoaq, Nippon 

Zenyaku Kogyo Co., Ltd, Japan). A volume of 1 mL was then placed 

into 4 cryovial tubes, which were placed into the -80 ° C freezer for 

long-term storage.  

 

2.12.5 Cell line subculture 

Cells were passaged once they had reached approximately 80 % 

confluency. Cell culture reagents were pre-warmed in a 37 °C water 

bath. Media was removed from the flask and transferred into a waste 

bottle. The cells were washed with 10 mL Dulbecco’s phosphate 

buffered saline (PBS) (Sigma, USA). The PBS was then discarded 

into a waste bottle before 1 mL of trypsin ethylene-diamine tetra-

acetic acid EDTA (Lonza, Belgium) was added to the flask. The 

flask was incubated at 37 °C, 5 % C02 until all of the cells had 

detached from the flask. The required volume of complete media 

was added to the flask to neutralize the trypsin. Cells were then 

transferred to a new flask at the desired density. Cells were 

maintained in 10 mL complete medium in T75 cm2 vented flasks at 

37 °C humidified air containing 5 % CO2.    
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2.12.6 Cell counting 

Cell viability was determined using Trypan blue exclusion dye 

(Sigma, USA). Viable cells have an intact membrane, and so are able 

to exclude the dye. Dead cells have a permeable membrane and so 

uptake the dye and appear blue when viewed under the microscope. 

Cells were trypsinised as described in section 2.12.5. A 50 µL 

aliquot of cell suspension was mixed with 10 µL of trypan blue. A 

volume of 10 µL of this mix was placed onto the centre of the upper 

counting grid on the haemocytometer. A cover slip was then placed 

over the haemocytometer and viewed at 10x magnification. A total 

live cell count was obtained for the four outside quadrant grids of the 

upper counting chamber. The cell number per mL was then 

calculated as follows: 

Cells/ml = (N / 4) x 104 x 1.2  

N = total live cells counted  

4 = the number of grids counted 

104 = constant 

1.2 = dilution factor  
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2.12.7 Treatments with extracts I, II and commercial SA 

Extracts I, II and commercial SA were prepared at the relevant 

concentrations by dissolving in DMSO: Ethanol (25:75 v: v). The 

only exception was experiments performed using human peripheral 

blood mononuclear cells (PBMCs), where extracts I, II and 

commercial SA were dissolved in complete RPMI-1640 media at the 

desired concentrations.     

 

2.12.8 Resazurin viability assay  

The resazurin assay was performed to determine the viability of cells 

following treatments with the SA-containing extracts, commercial 

SA and LPS. Resazurin sodium salt (Sigma, USA) was prepared by 

adding 0.15 mg/mL to 100 mL PBS (w/v). To perform the assay, 20 

µL of resazurin was added per 100 µL of media and incubated for 

up to 4 hours at 37 °C until a pink colour change was observed. 

Fluorescence was then measured at excitation / emission = 578 / 604 

nm on a Fluoroskan ascent FL plate reader and analysed using 

Ascent software (Thermo Fisher, USA).  
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2.13 Reverse transcription polymerase chain reaction 

2.13.1 RNA isolation using Tri-reagent 

Tri-reagent® (Sigma Aldrich, Ireland) was used to isolate RNA from 

cell lines. Cells were seeded and treated in 6-well plates for the 

duration of the treatment period before RNA isolation was carried 

out. The media was discarded into waste, and 1 ml of Tri-reagent® 

was added directly into each well. Cells were then scraped from the 

surface of the well, and transferred to a sterile 1.5 mL eppendorf. If 

RNA extraction was not performed immediately, samples were 

stored at -80°C.  

To isolate RNA, the samples were thawed on ice. A volume of 100 

µl of 1-bromo-3-cholropropane (BCP) was added per 1 mL of cell / 

Tri-reagent® homogenate and vortexed for 15 seconds. Samples 

were then centrifuged at 4°C for 15 minutes at 13,500 rcf to ensure 

phase separation. The top aqueous phase containing RNA was 

carefully removed into a new 1.5 mL eppendorf, and 500 µl 

isopropanol was added to precipitate the RNA. The samples were 

incubated at RT for 5 minutes, and then centrifuged at 13,500 rcf for 

8 minutes. The supernatant was discarded and the pellet was washed 

with 1 mL of 70 % ethanol. The samples were vortexed and 

centrifuged at 13,400 rcf for 5 minutes, before the ethanol was 

carefully removed. The pellets were then allowed to air-dry for 5 

minutes and re-suspended in 30-50 µl of deionised water depending 

on the size of the pellet.  
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2.13.2 RNA quantification 

RNA was measured spectrophotometrically using the ND-1000 

Nanodrop (Thermo Fisher Scientific, USA). The settings used were 

‘Nucleic acid’ and sample type was ‘RNA-40’. The instrument was 

initialised and a blank measurement made with 1 µl RNase-free 

molecular grade water on the lower measurement pedestal. A 

volume of 2 µl of isolated RNA was loaded onto the measurement 

pedestal. The concentration was recorded in ng/µl. DNA 

contamination was measured by the 260/280 ratio, with values below 

1.8 indicating the presence of DNA. A value above 1.8 indicates the 

RNA is of acceptable purity.   

 

2.13.3 cDNA synthesis      

Removal of any potential genomic contamination was first carried 

out with the isolated RNA. A volume of sample was taken so that it 

contained 200 ng of RNA, and made up to a volume of 8 µl with 

water. A volume of 1 µl of both DNAse and 10 x buffer were then 

added (Sigma, USA). The samples were then incubated at RT for 15 

minutes, before 1 µl of stop solution (50 mM EDTA, Sigma, USA) 

was added to each sample. The samples were subsequently heated at 

70 °C for 10 minutes in the thermal cycler (Fondazione Buzzi 

Unicem, Italy) in order to inactivate the DNase enzyme.  
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The samples were then chilled on ice, before 2.75 µl of All-in-One 

cDNA Synthesis SuperMix (Biotool, Germany) was added to each 

sample. The reverse transcription reaction was then carried out using 

the program: 25 °C for 10 min, 42 °C for 1 hr 30 min and 70 °C for 

10 min. cDNA was stored at -20 °C.  

       

2.13.4 Polymerase chain reaction (PCR) 

The cDNA synthesized (as described in section 2.13.3) was used as 

the template for RT-PCR. A master mix was prepared up to a final 

volume of 21 µl, containing the following components per reaction: 

10 µl 2x DreamTaq green master mix (Thermo Fisher Scientific, 

Lithuania), 2 µl forward primer, 2 µl reverse primer, 6 µl Rnase-free 

water and 1 µl of cDNA. Template cDNA was first denatured at 95 

°C for 5 min, followed by 35-40 cycling repeats of 95 °C for 1 min, 

60 °C for 1 min (for primer annealing), and extension at 72 °C for 1 

min. The cycles were followed by an elongation step of 72 °C for 10 

min. Beta-actin and PPIA were used as the endogenous controls. 

PCR products were stored at 4 °C. The PCR conditions for each 

primer are listed in Table 2.      

The primer sequences for each gene tested were designed by Dr 

Gray. Briefly, the gene of interest was searched on the OMIM 

database and the NCBI RefSeq was obtained. In the UCSC website, 

a BLAT was carried out using the coding sequences in order to map 

them to the relevant genome. When designing the forward and 
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reverse primers, regions with approximately 12 guanine and cytosine 

bases were chosen, without a terminal 3’ T and with the resulting 

amplicon approximately 150 base pairs. The tab “reverse 

compliment’ on the UCSC website was used to generate the 

sequence of the reverse primer. This sequence, along with that of the 

forward primer, were pasted into the tab ‘In-silico PCR’ on the 

UCSC website and submitted. This displays the melting temperature 

of the primer pairs, and can be adjusted to the desired temperature 

by adding bases onto the sequences.  
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Table 2. Primer pairs and PCR conditions used during this project. Each 

primer was prepared in Rnase-free molecular grade water to a 

concentration of 5 µM.  

Gene Sequence Produ
ct size  

(bp) 

Annealing 
temperatu

re (°C) 

Cycl
es 

GLUT
4 

Fwd :5’-
CCCCCTCAGCAGCGAGTGA-
3’ 

Rev  5’-
GCACCGCCAGGACATTGTT
G-3’ 

522 60 40 

CXCL
8 

Fwd:5’-
ATGACTTCCAAGCTGGCCG
TG-3’ 

Rev:5’- 
ATGACTTCCAAGCTGGCCG
TG-3’ 

186 60 35 

TNF-
α 

Fwd: 5’-
GATCCCTGACATCTGGAAT
CTG-3’ 

Rev: 5’-
GAAACATCTGGAGAGAGGA
AGG-3’ 

129 60 35 

β-
actin 

Fwd: 
5’TGTTTGAGACCTTCAACA
CCC 3’ 

Rev: 
5’AGCACTGTGTTGGCGTAC
AG 3’ 

624 60 40 

PPIA Fwd: 5’-
GGTCCCAAAGACAGCAGAA
A-3’ 

Rev: 5’-
GTCACCACCCTGACACATA
AA-3’ 

115 60 35 
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2.13.5 Agarose gel electrophoresis  

RT-PCR products were analysed by agarose gel electrophoresis. A 

2 % (w/v) agarose gel was prepared by adding 4 g of molecular grade 

agarose (Bioline, USA) to 200 mL of 1 x Tris-acetate EDTA (TAE) 

buffer (40 mM Tris HCL, 20 mM acetic acid, 1 mM EDTA). The 

agarose was dissolved in TAE buffer in the microwave until clear. A 

volume of 25 mL of melted agarose was poured into a container with 

4 µl of heat labile ethidium bromide. Combs were then inserted and 

any bubbles were removed. The gel was allowed to solidify at RT 

for 15 min, before being submerged in 1x TAE buffer and the combs 

removed. A volume of 4 µl of GeneRuler 100bp plus DNA ladder 

(Thermo Fisher Scientific, USA) was added to the first well of each 

gel. A volume of 10 µl of PCR product was added to each well, 

except for endogenous control samples which were loaded with 2 µl 

of product. Electrophoresis was then performed using a GE 

Lifesciences electrophoresis power supply, with a constant voltage 

of 80v for 30 min. The gel was visualised under UV light using a 

Fusion FX chemiluminescence, bioluminescence and UV 

fluorescence imaging system (Vilber Lourmat Deutschland GmbH, 

Germany). Gel images were acquired using the Fusion software and 

saved in .Tiff format for further analysis.            
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2.13.6 Densitometry analysis 

Densitometric analysis was carried out using TINA software. The 

selected gel image was inverted, with bands selected and analysed 

for their intensities. The levels of gene expression were calculated as 

a ratio of sample gene expression to their corresponding endogenous 

control gene.  

2.14 Quantitative polymerase chain reaction (qPCR)  

Quantitative polymerase chain reaction was carried out using cDNA 

reverse transcribed from RNA as a template. A master mix was 

prepared to a final volume of 21 µl, containing the following 

components per each reaction: 10 µl 2x Sybr Green qPCR mix, 2 µl 

of forward primer, 2 µl reverse primer, 6 µl of RNase-free molecular 

grade water and 1 µl of cDNA. Negative sample wells received only 

master mix with no cDNA. The samples were added to each well on 

the 48-well PCR plate and sealed with an adhesive film. The plate 

was briefly centrifuged to remove air bubbles at 1,300 rpm (235 x 

g). The qPCR reaction was performed using the Eco™ Illumina 

machine with Eco software (Illumina, USA), as per cycling 

conditions described in Table 2. 

 

2.14.1 Quantitative polymerase chain reaction analysis 

Data was generated with ECO software (Illumina) following thermal 

cycling. Relative quantification was then performed using the ΔΔCq 
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method, with one sample used as a reference for the analysis. In 

order to normalise the data, PPIA and beta-actin were used as 

endogenous controls.  

 

2.15 Glucose uptake  

Measurement of glucose uptake in the H9c2 cell line was performed 

using the 2-NBDG Glucose Uptake Assay Kit (Cell-Based) by 

BioVision (USA). Briefly, H9c2 cells were seeded at a density of 5 

x 104 cells / well in a 24-well plate. The cells were treated with the 

phenolic extracts I, II and commercial SA for 2 hours, while the 

control Phloretin (a known inhibitor of glucose uptake) was added 

for 1 hour. Uptake was measured on FacsCalibur II machine with 

488 nm excitation laser. Data analysis was performed using FlowJo 

Software, gating on live cells for analysis.    

 

2.16 Western blot 

2.16.1 Extraction of histone proteins 

Histone proteins were extracted using a method from Abcam with 

modifications as described. Cells were scraped on ice and washed 

twice with ice-cold PBS. The cells were then resuspended in Triton 

Extraction Buffer (TEB) (which consists of PBS with 0.5 % Triton-

X and 2 mM PMSF) at a density of 107 cells/mL, and lysed by 
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vortexing on ice every 30 seconds for 10 min.  The samples were 

then centrifuged at 2000 rpm (550 x g) for 4 °C, and the supernatant 

discarded. The samples were then washed with TEB at half the 

volume, and centrifuged as before. The pellet was then resuspended 

in 0.2 M HCL at a density of 4 x 107 nuclei/mL, and histone proteins 

were acid-extracted overnight at 4 °C. The samples were then 

centrifuged at 2000 rpm (550 x g) at 4 °C for 10 min and the 

supernatant collected. The supernatant containing the extracted 

histones was then neutralised with 2 M NaOH at 1/10 the volume of 

the supernatant. The samples were then stored at – 20 °C.      

 

 

2.16.2 Bradford protein assay  

The protein concentration of the extracted histones were quantified 

using the Bradford protein assay. A standard curve was prepared 

using bovine serum albumin (BSA) (Sigma Aldrich, Ireland) 

dissolved in deionised water ranging from 1500 -0.93 µg/mL. In 1.5 

mL Eppendorf tubes, 10 µl of protein sample was mixed with 250 µl 

of Bradford reagent. Blank samples received just Bradford reagent 

alone. The samples were mixed for 30 seconds and incubated at 

room temperature for 15 min. Each sample was then added to its 

respective wells on a 96-well plate and absorbance was measured at 

595 nm using the Fluoroskan Ascent Fl microplate reader (Thermo 

Fisher, USA).   
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2.16.3 Preparation of stacking and resolving gels 

Two 15 % PAGE gels were prepared as described in Table 3. The 

resolving gel was prepared as outlined in Table 3, then poured into 

the rig and topped with a layer of isopropanol. The gel was allowed 

to solidify at RT for 30 min. The stacking gel was then prepared as 

described in Table 3. This was poured on top of the resolving gel, 

combs were inserted, and the stacking gel was then allowed to 

solidify for 30 min at RT. 
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 Table 3. Recipes and ingredients to make two 15 % gels for Western Blotting  

 

  

Resolving Gel Volume 

4x Separating buffer 5.25 mL 

30 % acrylamide 10.5 mL 

Water 5.04 mL 

TEMED 15 µl 

10 % APS 375 µl 

Stacking Gel Volume 

4 x Stacking buffer 1.75 mL 

30 % acrylamide 1.19 mL 

Water 3.99 mL 

TEMED 7 µl 

10 % APS 80 µl 
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2.16.4 Gel electrophoresis 

The protein samples were prepared to final volume of 75 µl, 

containing 4x laemmli buffer, molecular grade water and a sample 

volume containing 10 µg of protein. The samples were then boiled 

at 95 °C for 5 min before loading onto the gel.  

Running buffer (5x) was prepared using: 15g Trizma base, 72 g 

glycine, and 5 g SDS, made up to 1L with deionised water. A 

working solution of 1x running buffer was then prepared with 

deionised water. A volume of 4 µl of protein ladder (Thermo Fisher 

Scientific) was added to the first well in each gel, while 30 µl of each 

sample was loaded. Electrophoresis was then performed for 1 hr 30 

min at 400 V and 50 mA until the dye front had reached the end of 

the gel. 

 

2.16.5 Transfer of proteins to PDVF membrane  

The gel was placed into a cassette, layered between two sponges and 

Whatman filter paper. The 0.45 µm PDVF transfer membrane 

(Thermo Scientific, USA) was activated in methanol for 5 min and 

then placed directly on top of the gel. 

Transfer buffer (5X) was prepared using: 15 g Trizma base and 72 g 

glycine dissolved in 1 L of water. For the transfer, 1x transfer buffer 

was prepared by combining 200 mL of transfer buffer (5X), 200 mL 
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of methanol and 600 mL of water. The proteins were then transferred 

for 1 hr 15 min at 100 V and 400 mA. 

 

2.16.6 Ponceau S staining  

After the protein transfer, 5 mL of Ponceau S solution (Sigma, USA) 

was added to the membrane and incubated at RT for 10 min with 

agitation. The Ponceau S solution was then removed using deionised 

water and the membrane was photographed to determine equal 

loading.  

 

2.16.7 Detection of acetylated histones    

The membrane was washed twice with water, and then blocked for 

30 min at room temperature using 3 % non-fat, dry milk in PBS. The 

primary antibody, anti-acetyl Histone H3 (Upstate Cell Signalling 

Solutions, USA) was prepared in PBS-milk at a concentration of 

0.05 µg/mL. The primary antibody was added to the membrane and 

incubated at 4 °C overnight. The membrane was washed with water, 

and then the secondary antibody, a HRP-conjugated goat ant-rabbit 

IgG (Abcam, UK) was diluted 1:5000 in PBS-milk and incubated for 

1.5 hr at room temperature. The membrane was washed with water, 

and then rinsed with PBS- 0.05 % Tween 20 for 5 min. The 

membrane was then rinsed with water, and detection was carried out 
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using Supersignal ® West Pico chemiluminescent substrate (Thermo 

Scientific, USA).  

2.17 Histone deacetylase inhibition assay   

Histone deacetylase inhibition was measured using the Epigenase ™ 

HDAC Activity / Inhibition Direct Assay Kit (Colorimetric) 

(Epigentek, USA). An acetylated histone HDAC substrate is coated 

onto the wells, with active HDACs binding to the substrate and 

removing acetyl groups from the substrate. The HDAC-deacetylated 

products can then be recognised using a specific antibody, with the 

activity of the HDAC enzyme proportional to the OD intensity 

measured. Briefly, the number of strip wells required was 

determined. The blank wells received assay buffer and HDAC 

substrate, while the standard wells received assay buffer along with 

diluted HDAC assay standards. Sample wells received assay buffer, 

HDAC substrate and histone extracts. Control wells had assay 

buffer, HDAC substrate and the known HDAC inhibitor TSA. The 

plate was sealed tightly with an adhesive film and incubated at 37 °C 

for 90 minutes. The plate was then washed three times with wash 

buffer, before capture antibody (1:1000) was added, covered in 

aluminium foil and incubated at room temperature for 30 minutes. 

The plate was washed again three times using wash buffer. The 

detection antibody (1:2000) was then added, the plate was covered 

in aluminium foil and incubated at room temperature for 30 minutes. 

The plate was washed four times, before developer solution was 
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added and incubated at room temperature, away from light, for 1-10 

min while monitoring colour change. Stop solution was then added 

and the plate was read at 450 nm using a Biotek ELx808 plate reader. 

% inhibition was then calculated using the following formula: 

 

% inhibition =   1-     Inhibitor sample OD – Blank OD              x 100%      

                                     No inhibitor sample OD – Blank OD  

                       

 

2.18 Enzyme linked immunosorbent assays      

Measurement of TNF-alpha and Il-1beta was performed using the 

Human TNF-alpha Quantikine ELISA Kit (R&D Systems, Eire), 

while IL-6, IL-8, and IL-12 were measured using ImmunoTools 

(Germany). All assays performed were solid phase sandwich 

ELISA’s, where the antigen of interest is sandwiched between a 

capture and detection antibody. Briefly, capture antibody was added 

to the plates overnight at room temperature, and then washed using 

wash buffer (0.05 % Tween 20 in PBS). The plates were then 

blocked for one hour at room temperature for a minimum of 1 hour 

using 1 % BSA in PBS. The plates were washed again, before 

samples (supernatants) were added and incubated for two hours at 

room temperature. The plates were then washed before detection 

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

The plates were washed and streptavidin-HRP was added for 20 
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minutes. The plates were washed and substrate solution was added 

for 20 minutes. Stop solution was then added and the plates were 

read at 450 nm using a Biotek ELx808 plate reader. All washing 

steps were performed using a Biotek EL. X 405 machine. The data 

was then analysed using KC Junior software (Biotek, USA).           

2.19 Isolation of peripheral blood mononuclear cells from 

enriched buffy coat 

Enriched buffy coat units were obtained from the Irish Blood 

Transfusion Service at St. James’s Hospital, Dublin, Ireland. The 

enriched buffy coat (25 mL), was placed into a 50 mL tube and 

diluted 1:1 (v: v) with RPMI-1640 media supplemented with 10 % 

FBS. A volume of 10 mL of Histopaque® (Sigma Aldrich, Ireland) 

was added into a fresh 50 mL tube, before 25 mL of diluted sample 

was slowly layered on top, ensuring the Histopaque® layer was not 

disturbed. The sample was then centrifuged at 1650 rpm (378 x g) 

for 25 min, with the brake off, to ensure the resulting layers are not 

disturbed. The plasma layer was discarded and the buffy coat was 

carefully removed using a sterile pasteur pipette into a new tube. The 

cells were then washed by making the volume up to 30 mL with 

complete media and centrifuging at 2000 rpm (550 x g) for 8 min 

with the brake on. This process was repeated once more, and the cell 

pellet was resuspended in a final volume of 45 mL of complete 

media. A cell count was then performed as described in section 

2.12.6.    
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2.20 Statistical analysis  

All data is expressed as mean ± the standard error of the mean 

(SEM), which represents the standard deviation of the distribution 

of the sample around the mean. The SEM is calculated as the 

standard deviation of the original sample divided by the square root 

of the sample size. Significance was determined by analysis of 

variance (ANOVA), followed by a post-hoc Dunnett’s test. This 

compares the means of different groups to the mean of a control 

group. Statistical significance between groups was determined 

where P ≤ 0.05. Statistical analysis was performed and graphed using 

GraphPad Prism 7 (GraphPad software Inc., CA, USA).   
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Chapter 3  

Extraction and Characterisation of 

Sinapinic Acid from Irish Rapeseed 

Meal 

 

 

Data in this chapter forms part of the published work:  

‘Extraction and quantification of Sinapinic acid from Irish rapeseed 

meal and assessment of Angiotensin-I converting enzyme (ACE-I) 

inhibitory activity’ Quinn, L et al. J. Agric. Food Chem 2017 65 

(32), 6886- 6892. 

 

 



64 

 

3.1 Introduction 

Rapeseed (Brassica napus) is one of the world’s major oilseeds, and 

one of the major sources of vegetable oil (Lomascolo et al., 2012). 

A report published by the EU commission on the trade of rapeseed 

meal revealed that 448,383 tonnes of meal was exported in 

2017/2018, representing a 3% increase on the previous period. 

Rapeseed meal is a by-product of the de-oiling process and it’s most 

common use is as animal feed. However, rapeseed meal contains 

bioactive phenolic acids including SA, which could be beneficial for 

human health. Isolation of this bioactive compound from a by-

product of rapeseed oil production is largely in agreement with the 

current concept of the ‘circular economy’, whereby resources which 

would otherwise be considered waste are recycled into the economy, 

using a biorefinery approach (Velis, 2015). Consumption of a diet 

rich in fruits and vegetables is known to play a protective role against 

diseases such as heart disease and diabetes, due to their polyphenol 

content. However, clinical trials carried out to determine the efficacy 

of phenolic compounds in the prevention of colorectal cancer 

revealed the amount required exceeds what is obtainable from 

dietary intake alone (Nunez-Sanchez et al., 2015). Therefore, one 

aim of this work was to generate an extract from Irish rapeseed meal 

containing high-levels of SA. This natural source of SA can then be 

compared to commercial SA in terms of its bioactive properties.   
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SA is a 3, 5-dimethoxy-4-hydroxycinnamic acid, which is found in 

either free or esterified form in rapeseed (Nićiforović and 

Abramovič, 2014). Phenolic acids in rapeseed meal mainly exist in 

esterified form, with SA comprising 70-96 % of these esterified 

phenolics (Nićiforović and Abramovič, 2014). Approximately 15 % 

of the total phenolics found in rapeseed are free phenolic acids, with 

SA comprising 65-85 % of free phenolic acids in defatted rapeseed 

meal (Vuorela, 2005). When determining which method to use in 

order to extract SA from Irish rapeseed meal, the existing literature 

was important. There have been no studies published to-date which 

focused on the extraction of SA from rapeseed meal, rather just the 

total phenolic content as a whole. This is also true in terms of the 

bioactive properties of SA. Sinapinic acid derived from a natural 

source has not been used for in-vitro and in-vivo studies, with 

commercial SA used to determine its anti-oxidant, anti-diabetes, 

anti-cancer and protective roles in cardiovascular disease (Gaspar et 

al., 2010; Kanchana et al., 2011; Cherng et al., 2013; Silambarasan 

et al., 2015; Silambarasan et al., 2016; Balaji, Muthukumaran and 

Nalini, 2015). Given that SA is predominantly found in esterified 

form, but also exists in free form in rapeseed meal, the extraction 

methodology of Naczk et al. (1992) was chosen. This solvent based 

methodology allows the extraction and separation of both free and 

esterified phenolic acids, of which SA comprises the majority of 

phenolic acids in these fractions. 
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A novel aspect of this work was to examine the bioactivity of SA 

isolated from a natural source, Irish rapeseed meal. Polyphenols, 

including phenolic acids, are commonly found to inhibit the 

Angiotensin-Converting Enzyme I (ACE-I), which plays a role in 

hypertension (Al Shukor et al., 2013).  The extracts and commercial 

SA were therefore both tested for their ability to inhibit ACE-I.   

 

 

 

Name Intervention Primary 

outcome 

Status Results 

Postprandial 

glycemic response 

to polyphenol-

fortified snack 

bars  

Fruit extracts high 

in polyphenols 

Blood glucose 

concentrations 

Completed Not 

available 

Pharmacokinetic 

behaviour of 

phenolic acids 

derived from black 

tea  

Black tea and 

phenolic acids 

Plasma 

concentrations of 

phenolic acids (up 

to 30 hrs) 

Completed Not 

available  

Effect of phenolic 

acids on the 

human vasculature  

43.3 mg, 86.6 mg 

and 173 mg of 

hydrolysed green 

coffee extract 

Improvement of 

endothelial function 

Completed Not 

available 
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Effects of 

polyphenolic-rich 

dark 

chocolate/cocoa 

and almonds on 

cardiovascular 

disease risk factors 

Dark 

chocolate/cocoa 

diet; Almond diet; 

Combination of 

both diets 

Lipid change, 24 hr 

ambulatory blood 

pressure, Flow 

mediated dilation, 

Lipoprotein class 

Completed Not 

available  

Blueberries for 

improving 

vascular 

endothelial 

function in post-

menopausal 

women with 

elevated blood 

pressure 

22 g/day of freeze-

dried blueberry 

powder 

Endothelium-based 

dilation (Baseline 

and 12 weeks) 

Recruiting N/A 

Modulating effects 

of oil palm 

phenolics in 

subjects with pre-

diabetes 

500 mg gallic acid 

equivalent, twice 

daily, 12 months 

Blood glucose, 

serum glycosylated 

haemoglobin, oral 

glucose tolerance 

test 

Not yet 

recruiting 

N/A 

Table 4. Clinical trials involving the use of phenolic compounds. 
(ClinicalTrials.gov)     
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3.2 Aims and objectives 

The aim of this chapter was to generate and characterise extracts 

containing the phenolic acid SA, from Irish rapeseed meal.  

   

Specific objectives: 

1. Optimise an extraction methodology to prepare extracts 

containing SA from Irish rapeseed meal 

2. Quantify the SA content in the extracts by 1NMR and mass 

spectrometry 

3. Determine the purity of the extracts by Thin layer 

chromatography (TLC) analysis 

4. Determine the initial bioactivity of the extracts by assessing:  

Angiotensin-converting enzyme-I (ACE-I) inhibitory 

activity 
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3.3 Results 

3.3.1 Extraction of sinapinic acid from Irish rapeseed meal 

Extracts containing sinapinic acid were extracted from Irish rapeseed 

meal using the method published by Naczk et al. (1992), with 

modifications as described in section 2.3.1. The extraction procedure 

was repeated and extracts were subsequently pooled together until a 

sufficient amount, in terms of dry weight, was generated for analysis. 

Three phenolic extracts were generated using this method: an initial 

extract (labelled fraction 1), free phenolics (labelled fraction 2) and 

phenolic acids liberated from esters (labelled fraction 3) (Figure 2).  

Figure 2. Schematic of the extraction process used to extract SA from Irish 

rapeseed meal. Three phenolic fractions were generated using a method by Naczk 

et al. (1992), which uses an initial solvent mixture of methanol: acetone: water (7:7:6 

v: v: v) to extract phenolics, including SA, from rapeseed meal. The supernatant 

generated is then separated into two parts, used to generate fractions 2 and 3 as 

shown above.   
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3.3.2 Total phenolic content of Irish rapeseed meal phenolic 

fractions  

The total phenolic content of the phenolic fractions generated from 

Irish rapeseed meal was determined using the Folin-Ciocalteu assay. 

The assay is based on the transfer of electrons in an alkaline medium 

from phenolic compounds to phosphomolybdic/phosphotungstic 

acid complexes, which forms a blue complex which can be measured 

using a spectrophotometer (Ainsworth and Gillespie, 2007). The 

total phenolic content for each phenolic fraction is shown in Figure 

3. The total phenolic content was 200.178 mg SAE/g for fraction 1, 

1184.7 mg SAE/g for fraction 2 and 1877.6 mg SAE/g for fraction 3 

(Figure 3). 
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Figure 3. Total phenolic content of Irish rapeseed meal phenolic extracts. Fraction 

1 had a TPC of 200.178 mg SAE/g, with 1184.7 mg SAE/g for fraction 2 and 1877.6 

mg SAE/g for fraction 3. Analysis was performed using GraphPad Prism 7, and results 

are displayed as mean ± SEM (N=3). 
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3.3.3 Protein, fat, moisture and ash analysis 

Defatting rapeseed meal is an important part of the extraction 

process given its high oil content. The composition of the extract is 

also important, especially if the extract is a potential candidate for 

in-vivo studies. Therefore, the protein, fat, and moisture content were 

determined for fraction 3 (which displayed the highest total phenolic 

content), along with the extraction source, rapeseed meal, which also 

underwent ash analysis (Table 5). Total fat was determined by 

releasing the triglycerides in the sample by acidification with HCL, 

which were then dried and weighed. Protein in the samples was 

estimated by multiplying the nitrogen content by a nitrogen-to-

protein conversion factor, set at 6.25. Ash content was determined 

by burning the organic content and leaving inorganic minerals which 

was weighed and divided by the weight of the original samples. 

Water was calculated by subtracting the dry weight from the initial 

weight, with the moisture content calculated as the amount of water 

divided by the dry weight.  
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Table 5. Protein, fat, ash and moisture of phenolic fraction 3. The composition 

of phenolic fraction 3 and rapeseed meal was determined. Rapeseed meal has a 

high oil content and therefore defatting is a key process. The extract generated has 

significantly less fat compared to the meal, indicating the defatting process was 

efficient.     

 

3.3.4 1H-NMR analysis of extract I (formerly fraction 3) 

In order to quantify the amount of SA in our chosen fraction, which 

his now labelled as extract I, 1H-NMR spectroscopy was performed. 

Extract I was analysed at a concentration of 0.1g/mL, dissolved in 

dimethylsulfoxide-d6 (DMSO-d6) (Sigma, USA) with 1% 

tetramethylsilane (TMS). Commercial SA was prepared using 

DMSO-d6 with 1 % TMS at various concentrations and used to 

generate a standard curve (Figure 4 A). The unknown value of 

extract I was then interpolated from the standard curve, and found to 

contain 5.31 mg of SA (5.3 %) per 100 mg of fraction (Figure 4 B). 

This is higher than the values previously reported, which ranged 

from 0.17 – 1.7 mg/g of SA in rapeseed meal phenolic isolates 

(Vuorela et al. 2004).  

Sample Protein (N x 
6.25) 

% Fat % Ash %
 Moisture 

Fraction 3 1.6 4.1 Not 
tested 

4.8 

Oilseed Rape 
Meal 

3.9 25.7 5.3 10.5 
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3.3.5 Modified extraction of sinapinic acid from Irish rapeseed 

meal  

The initial method used to generate extracts containing SA (as 

described in section 2.3.1), was modified in an attempt to overcome 

some of the issues faced with the initial extraction, such as a low 

yield of extract in dry weight, along with a low SA content. These 

modifications included: improving the yield of extract and SA 

content, reducing the number of steps involved, and eliminating the 

use of harmful solvents like diethyl ether.   

Extract I 

 

Fraction 3 

(A) 

 

(A) 

(B) 

 

(B) 

Figure 4. 1H-NMR spectra of extract I. (A) SA was assayed at various 

concentrations and a standard curve prepared in order to quantify the level of SA in 

the extract (B) Extract I was prepared at a concentration of 0.1g/mL in DMSO-d6 

with 1% TMS. TMS served as an internal standard. Analysis was then performed 

using Topspin software 2.1. The peak for extract I is highlighted by the red circle. 

Analysis was performed in triplicate.   
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The modified extraction process is outlined in Figure 5 below. The 

initial solvent extraction step was removed, with the rapeseed meal 

directly hydrolysed with 4 M NaOH to release the esterified 

phenolics in the meal. This is a crucial step given SA is 

predominantly esterified in rapeseed meal (Vuorela, 2005). The 

hydrolysed solution is then centrifuged, and the supernatant 

collected. This is then acidified with concentrated HCL, and 

extracted using ethyl acetate. After a final centrifugation, the 

supernatant is then evaporated to dryness (Figure 5).    

 

 

 

 

 

Figure 5. Modified extraction of sinapinic acid from Irish rapeseed meal. 

Schematic of the modified extraction procedure to generate extract II- containing 

SA from Irish rapeseed meal. 
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3.3.6 Time, not temperature, effects SA extraction from Irish 

rapeseed meal  

As part of the modified extraction process, the effect of time and 

temperature on the yield of SA in the extract was determined. The 

modified extraction procedure was performed using two different 

times and temperatures: 2 and 4 hr; room temperature (RT) and 50°C 

(Figure 6 A). These parameters were applied during the initial step 

in the extraction process, hydrolysis with 4 M NaOH. Temperature 

does not affect the yield of SA in the extract, with no significant 

difference observed between RT and 50 °C at both time points. 

However, time does affect the yield of SA in extract II. An extraction 

time of 4 hours significantly reduces the yield of SA compared to 2 

hours at RT. There was no significant difference between RT and 

50°C at 2 hours, therefore extraction for 2 hours at RT was used to 

generate extract II (Figure 6 B).            
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(A) 

 

(A) 

(B) 

 

(B) 

Figure 6. Effect of time and temperature on extraction of SA from Irish 

rapeseed meal.  (A) Schematic diagram of the process to test the effect of 

temperature and time on the yield of SA (B) an extraction time of 2 hr at room 

temperature gives a yield of 734 µg/mL. In comparison, both room temperature 

and 50 °C after a 4 hr extraction yield significantly less SA, at 124 ug/ml and 102 

ug/ml, respectively. Experiments were performed in triplicate and results are 

displayed as ± SEM, with statistical significance determined for each time-point 

versus its corresponding temperature (P < 0.05).    
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3.3.7 Thin layer chromatography (TLC) analysis   

In order to determine the purity of extracts I and II, thin layer 

chromatography was carried out with the extracts at concentrations 

of 1 and 10 mg/mL, while commercial SA was prepared at 

concentrations of 1 mg/mL, 10 mg/mL and 100 µg/mL. Two tanks 

were prepared in order to determine the optimal solvent (mobile 

phase): Tank 1- ethyl acetate: cyclohexane (1:1 v: v); and Tank 2- 

Toluene (10 mL), acetic acid (2 mL) and ethanol (1 mL).  Tank 2 

gave a better separation of extracts I, II and commercial SA along 

the TLC plate. This is highlighted in Figure 7, where commercial SA 

spotted on the TLC plate in tank 1 has not migrated far from the start 

line marked on the plate.  

The appearance of more than one spot on the plate indicates that 

there are impurities in the sample. As seen in Figure 7 with tank 2, 

only one spot appears at each concentration of extract I and II on the 

plate, which indicates that the extracts are pure.          
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3.3.8 Mass spectrometry analysis of extracts I and II 

Extract II generated from the modified methodology was analysed 

for SA content using mass spectrometry. As extract I was analysed 

using 1H-NMR, its SA content was re-determined using MS for 

comparison. The extracts were prepared at 1mg/mL using 

acetonitrile: water (1:1 v: v) with 0.1 % formic acid. Commercial SA 

was prepared in the same manner at various concentrations to 

generate a standard curve. It was determined that extract I contained 

46.9 µg/mL SA (4.69 %), while extract II contained 90.5 µg/mL SA 

(9 %) (Figure 8).      

Tank 1 

 

Tank 1 

Tank 2 
 

1 mg 

 

1 mg 

10 mg 

 

10 mg 

10 mg 
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1 mg 

 

1 mg 

100 ug 

 

100 ug 

Figure 7. Thin layer chromatography analysis of extracts I and II. 

Commercial SA was prepared at 1, 10 mg/mL and 100 µg/mL for analysis. 

Extracts were prepared at 1 and 10 mg/mL. Two different mobile phases were 

prepared to determine the optimal conditions for the extract. Tank 1 was prepared 

using: ethyl acetate: cyclohexane (1:1 v: v), while tank 2 contained: 10 mL 

Toluene, 2 mL acetic acid and 1 mL ethanol. The mobile phase used in tank 2 

gave a better separation, as the sample spots migrated further along the plate than 

those in tank 1. The appearance of one spot at each concentration of extract 

indicates that they are pure.    
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Figure 8. Mass spectrometry analysis of extracts I and II. Extracts I and II were 

analysed at a concentration of 1 mg/mL. SA was identified in the extracts, with 

retention times of 7.90 and 7. 386 minutes, respectively. The peak areas were then 

interpolated from the standard curve, and found to contain 46.9 µg/mL and 90.5 µg 

/mL of SA, respectively. 
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3.3.9 Enrichment of extract II improves SA yield  

While preparing isolated extracts for resuspension using a mortar 

and pestle, excess oil was noted. Excess oil causes issues when 

determining the yield of SA, as the oil increases the weight of the 

extract. This was confirmed by placing the extract on some filter 

paper and incubating at 50 °C. Leeching of excess oil was then 

observed on the filter paper beneath the extract. To address this, an 

enrichment process was applied to extract II using sonication and 

centrifugation, as described in section 2.10. Deionised water was 

added to the extract, which was then mixed by mechanical rotation 

and sonicated. After centrifugation, the oil layer settles on top and 

can be separated from the extract. This step was repeated in triplicate 

(Figure 9 A).  

In order to ensure that SA is still present throughout this process, 

samples of extract were taken after the 1st and 3rd wash, and analysed 

using MS. The MS spectra identified SA in both, with retention 

times of 7.449 and 7.399 min, respectively. This was confirmed by 

running commercial SA, which has a retention time of 7.5 min 

(Figure 9 B).    
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Figure 9. Enrichment of SA in extract II. (A) Leeching of oil was observed with 

extract II, both when placed on filter paper at 50 °C and after washing with 

deionised water. (B) MS analysis was performed with extract taken after the 1st and 

3rd wash, to ensure SA is still present. SA was identified in both the 1st and 3rd wash, 

with the peaks indicated by the red circles. Both the 1st wash (7.449 min) and 3rd 

wash (7.399 min) had similar retention times to that of commercial SA, at 7.5 min.         
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3.3.10 Mass spectrometry analysis of enriched extract II   

After the enrichment of extract II, MS was performed to quantify the 

level of SA. Extract II was prepared at 1 mg/mL and diluted 1:400 

in acetonitrile: water (1:1) with 0.1 % formic acid. Commercial SA 

was also ran through MS, and a standard curve generated. SA was 

detected in extract II, with a retention time of 7.386 min, with 

commercial SA displaying a retention time of 7.5 min. From the 

standard curve generated, the enriched extract II was found to 

contain 0.569 mg/mL of SA, which is a yield of 57 % (Figure 10).          
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Figure 10. MS analysis of enriched extract II. Extract II was analysed at a 

concentration of 1 mg/mL, diluted 1:400. SA was identified in the enriched 

extract II, with a retention time of 7.386 minutes (highlighted in red). The peak 

area was then interpolated from the standard curve, and found to contain 0.569 

mg/mL of SA. 
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3.3.11 Sinapinic acid content of rapeseed meal phenolic extracts 

I and II  

Sinapinic acid was the main phenolic acid of interest when 

generating extracts I (formerly named fraction 3) and II (now 

enriched) from rapeseed meal. In all experimental work, commercial 

SA was tested alongside the extracts. It was therefore necessary to 

calculate the sinapinic acid content in each extract. The extracts were 

tested at concentrations ranging from 1-0.0625 mg/mL, and so the 

SA content at each of these concentrations was determined (Table 

6). This also allows for relevant concentrations of SA to be tested for 

comparison to the generated extracts.     

 

 

Concentration 

(mg/mL) 

Extract I  

(equivalent SA 

content in mM) 

Extract II  

(equivalent SA 

content in mM) 

1 0.472 5 

0.5 0.236 2.5 

0.25 0.118 1.25 

0.125 0.059 0.625 

0.0625 0.029 0.312 

Table 6. The SA content of extract I and II at each of the concentrations used for 

the experimental work.  
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3.3.12 ACE-I activity 

ACE-I is a zinc-dependent peptidase which cleaves angiotensin I to 

angiotensin II, which is a vasoconstrictor involved in regulating 

blood pressure (Bernstein et al., 2013).  Recent evidence suggests 

that various processes including oxidative stress, inflammation and 

hypertension are interconnected, with each influencing the other in 

terms of the pathology of ‘hypertension-related cardiovascular 

events’. Therefore, developing inhibitors which can target ACE-I 

and which also possess anti-oxidant activity are of great interest 

(Pacurari et al., 2014). Given that current ACE-I inhibitors such as 

Captopril® and Enalapril® have various side effects including cough, 

rash and vomiting, identifying ACE-I inhibitors from a natural food 

source is an area of interest (Sharma, 2015).  

The three phenolic fractions generated (total, free and esterified) 

were tested for their ability to inhibit ACE-I, compared to a positive 

control Captopril. All three fractions were found to inhibit ACE-I, 

with 91 ± 3.6, 89 ± 2.2 and 90 ± 0.3 % inhibition for esterified, total 

and free phenolics, respectively. This is similar to Captopril, which 

displayed 96 ± 0.5 % inhibition (Figure 11 A).     

Extract II (enriched), which was generated using the modified 

extraction method, along with commercial SA, were tested for ACE-

I inhibition. Extract II was tested at both 1 and 0.5 mg/mL, with 97 

± 4.1 and 88 ± 2.6 % inhibition, respectively. The positive control 

Captopril displayed 100 ± 1.5 % inhibition. When commercial SA 
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was tested at 5 mM, it displayed 48 ± 16.4 % ACE-I inhibition 

(Figure 11 B).  
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Figure 11. Assessment of ACE-I inhibitory activity. (A) The extracts generated 

using the initial methodology, total, free and esterified phenolic acids (labelled 

extract I), were tested at 1 mg/mL for their ability to inhibit the ACE-I enzyme. 

All three fractions inhibited ACE-I, with 91, 89, 90 % inhibition for esterified, 

total and free phenolics, respectively.  This is similar to the positive control 

Captopril, which displayed 96 % ACE-I inhibition (N=3) (B) Enriched extract II, 

generated using the modified extraction method, along with commercial SA, were 

tested for ACE-I inhibition. Extract II was tested at both 1 and 0.5 mg/mL, with 

97 and 88 % inhibition, respectively. This was similar to the positive control 

Captopril, which displayed 100 % inhibition. It appears that commercial SA is not 

as effective as either extract I or II, displaying 48 % ACE-I inhibition (N=3). 

Statistical analysis was performed using Dunnett’s test (vs Captopril, p< 0.05).      
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3.4 Discussion 

Despite being viewed as a by-product which is not suitable for 

human consumption, rapeseed meal contains bioactive phenolics 

with potential health benefits (Vuorela, 2005). As discussed, clinical 

trials have shown that the amount of phenolic acids required to exert 

their effects exceeds what is obtainable from dietary intake (Nunez-

Sanchez et al., 2015). Therefore, extracting phenolics such as SA 

from rapeseed meal could enhance the economic value of this 

resource, and provide an extract with potential use as a functional 

food ingredient. This also encompasses the idea of a ‘circular 

economy’, where resources which are considered waste are recycled 

back into the economy (Velis, 2015).  

There is no existing methodology in which SA is isolated from 

rapeseed meal, rather total phenolics are isolated and characterised. 

As such, a method for extracting different phenolic fractions was 

chosen based on the phenolic composition of rapeseed meal. 

Phenolic compounds in rapeseed mainly exist in esterified form, 

bound to other phenolics, sugars or kaempferols. SA comprises 70-

96 % of esterified phenolics, while SA constitutes 65-85 % of the 

free phenolics (Naczk, Wanasundara and Shahidi, 1992). The 

method of Naczk et al. (1992) allows for the extraction of both free 

and esterified phenolics, thereby allowing the greatest possible yield 

of SA. Once each fraction was generated, they were characterised in 

terms of their total phenolic content (TPC), fat, moisture and ash 

content. Fraction 3, containing the soluble esters, had the highest 
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total phenolic content. It has previously been shown that esterified 

phenolics appear to be extracted more effectively than free phenolic 

acids, as is the case in this work. However, no explanation has been 

proposed for this observation (Naczk, Wanasundara and Shahidi, 

1992).   

There were some issues when generating the three phenolic extracts. 

In order to generate the free and esterified phenolics, the initial 

supernatant generated must be divided into two parts. This therefore 

reduces the yield of each fraction in terms of dry weight. As such, 

multiple extractions were performed in order to generate enough of 

each fraction for further characterisation. It was decided to attempt 

to modify this method, in order to produce a greater amount of 

extract, along with reducing the number of steps and solvents used. 

The majority of phenolic acids found in rapeseed meal are esterified, 

and the results have shown that fraction 3 containing soluble esters 

(renamed as extract I moving forward), had the highest TPC and 

highest level of ACE-I inhibition. As such, it was decided to focus 

on extracting the esterified phenolics from the meal in order to 

extract SA. One of the main phenolics in rapeseed meal is Sinapine 

(the choline ester of sinapinic acid), and hydrolysis of sinapine yields 

SA. Rather than use a solvent mix to generate a phenolic extract 

which is then hydrolysed, the rapeseed meal itself was hydrolysed 

with NaOH. Acid/alkali hydrolysis is the most common method used 

to release phenolic compounds by breaking ether and ester bonds 
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(Irakli et al., 2018). This reduces the number of solvents used, and 

eliminates a step which produces an extract with a low total phenolic 

content and low SA content. A larger volume of rapeseed meal could 

be used in one extraction procedure, given there is no longer a need 

for repeated solvent extractions. The supernatant generated can then 

be directly hydrolysed to release the esterified phenolics, producing 

a greater yield of extract in terms of dry weight in one extraction 

procedure. There is variation in the literature with regards to the 

temperature and time used for extracting phenolic acids, (Vuorela, 

Meyer and Heinonen, 2003; Khattab et al., 2010; Cai and Arntfield, 

2001). To ensure optimal extraction conditions, both time and 

temperature were assessed in terms of their effect on the yield of SA. 

Based on these results, it seems time is a crucial factor affecting SA 

yield. At both room temperature and 50 °C, hydrolysis for 4 hours 

significantly reduced the yield of SA compared to a 2 hour 

extraction. Prolonged treatment in alkaline conditions can lead to 

degradation of the phenolic acids which have been released. A recent 

study which aimed to optimise the extraction of free and bound 

phenolics from rice by-products found that 120 min was the optimal 

length of time to extract the bound phenolic acids (Irakli et al., 

2018). This mirrors the results in this chapter, with 120 min of 

alkaline hydrolysis giving the best yield of SA from rapeseed meal. 

The SA content of extract I was determined previously using 1H-

NMR spectroscopy. It was decided to re-analyse extract I using MS 

along with extract II.  Mass spectrometry analysis determined that 
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extract I contained 46.9 µg/mL SA (4.69% w: v). This is similar to 

the SA content previously quantified using 1H-NMR, which was 

found to be 53 µg/mL (5.3 % w: v). Extract II had an SA content of 

90.5 µg/mL or  9% (w: v), indicating the modified methodology 

improves the yield of SA. In order to assess the purity of the extracts, 

TLC analysis was performed. The results indicate that the extracts 

are pure, as only ‘spot’ appears on the plate at each concentration 

tested.  

It was noted that extract II still retained some oil, which was evident 

by the leeching of oil when the extract was dried on filter paper at 

50°C. As such, further steps were performed to try to remove as 

much of this as possible. After washing and sonicating the extract 

with water, the oil layer settled on top and could be removed 

effectively after three washings. MS analysis was then carried out, 

which showed that the yield of SA had increased to 57 %. This is 

likely due to the fact that the dry weight of the extract is reduced and 

more concentrated, thereby increasing the amount of SA in this final 

extract II. 

The main aim of this chapter was to generate an extract containing 

the bioactive phenolic acid SA from Irish rapeseed meal, with 

potential value for improving human health. Therefore, preliminary 

experiments were carried out to determine if the extracts possessed 

potential bioactivity to improve heart health. ACE-I is a zinc-

dependent peptidase which cleaves angiotensin I to angiotensin II, 
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which is a vasoconstrictor involved in regulating blood pressure 

(Bernstein et al., 2013). Angiotensin II has many effects, including 

the vasoconstriction of precapillary arterioles and postcapillary 

venules, along with promotion of hypertrophy of vascular smooth 

muscle cells and cardiac myocytes. As such, along with 

hypertension, ACE-I inhibitors are indicated for heart failure, as less 

myocyte hypertrophy is observed (Herman and Bashir, 2019). An 

extract with ACE-I inhibitory activity could therefore be an 

important, natural alternative to chemically synthesised inhibitors. 

Both phenolic extracts I and II, generated from Irish rapeseed meal, 

proved to be effective ACE-I inhibitors, with their inhibition similar 

to Captopril, which is currently used in the clinical setting. Both 

extracts also displayed superior ACE-I inhibition compared to 

commercial SA alone. One explanation for this observation could be 

due to the fact that the extracts generated do not contain 100 % SA, 

and it is likely there are other phenolic acids present. Other minor 

phenolic acids found in rapeseed which could be present in the 

extracts include: vanillic, syringic, p-coumaric, ferulic and caffeic 

acids (Khattab et al., 2010). All of these phenolic acids have been 

shown to inhibit ACE-I in-vitro, with ferulic acid also shown to 

lower blood-pressure in-vivo (Al Shukor et al., 2013). It has been 

suggested that phenolic acids, including hydroxycinnamic acids 

such as sinapinic, p-coumaric, ferulic and caffeic acids, display 

higher ACE-I inhibition with increasing numbers of hydroxyl 

groups. These functional groups act as hydrogen-bond acceptors or 
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donors, and those phenolics with a lower number of hydrogen-bond 

acceptor groups displayed lower ACE-I inhibition (Al Shukor et al., 

2013).   

A naturally occurring ACE-I inhibitor could also be useful in terms 

of reduced toxicities. All ACE-I inhibitors with the exception of 2, 

are prodrugs which require activation in the liver. This is not 

necessary with the extracts generated, and therefore would be 

suitable for those with impaired hepatic function (Herman and 

Bashir, 2019). Current ACE-I inhibitors are taken orally, which 

would be the likely route of ingestion with a bioactive extract 

containing SA. Indeed, the small intestine has been reported as the 

optimal site for absorption of orally administered SA, through active 

NA+ gradient transport. SA is then also metabolised via phase I and 

II reactions in the small intestine (Chen, 2016).  

The overall objective of this chapter was to generate an extract 

containing SA from Irish rapeseed meal with bioactivity. This aim 

was achieved, however there are some issues with this work which 

could be addressed. It would be beneficial to determine if other 

phenolic acids are present within the extract. This could be done by 

purchasing standards of various phenolic acids, and running them 

through the mass spectrometer alongside our extracts. However, a 

recent study by Huang et al. (2019) found that the optimal method 

for separating and identifying phenolic acids in rapeseed extracts 

was by capillary electrophoresis. This method could be used to 
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identify the phenolics in the extracts, and aid in elucidating the 

components contributing to the observed bioactivity.  
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Chapter 4  

Assessment of the biological activities 

of rapeseed meal extracts I, II and 

commercial sinapinic acid: Type II 

diabetes mellitus 
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4.1 Introduction 

The term ‘metabolic syndrome’ is characterised by a combination of 

risk factors occurring simultaneously, which include: central 

obesity, insulin resistance, dyslipidaemia and hypertension. Their 

cumulative effects lead to an increased risk of type 2 diabetes 

(T2DM) and cardiovascular disease (O'Neill and O'Driscoll, 2015). 

Diabetes mellitus is a ‘complex metabolic disorder’, whose main 

clinical feature is hyperglycemia (Zaccardi et al., 2016). Diabetes 

affects approximately 387 million people worldwide, with its 

prevalence expected to double within the next 20 years (Zaccardi et 

al., 2016). Type II diabetes mellitus, also termed ‘non-insulin-

dependent’, is steadily increasing, with Western-style lifestyle habits 

including lack of physical activity, sedentary behaviour and poor diet 

established as risk factors in disease development (Zaccardi et al., 

2016). Type II diabetes is characterised by insulin resistance, which 

results in impaired glucose uptake into muscle and adipose tissues, 

along with high circulating plasma glucose levels (Bryant et al. 

2002). Those suffering from T2DM also have an increased risk of 

developing cardiovascular disease, cancer, liver disease and 

infections (Zaccardi et al., 2016). The global costs involved in the 

clinical management of diabetes and its co-morbidities are expected 

to considerably increase by 2030. It is predicted that the global 

economic burden of T2DM will not decrease, regardless of 

individual countries abilities to meet international targets (Bommer 

et al., 2018).    
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Glucose is a vital energy source for all eukaryotic cells. Once 

digested and absorbed in the gut, glucose must be distributed to the 

various tissues in the body. This is achieved through a family of 

glucose transporters called ‘GLUT’s’, of which GLUT4 is a key 

member, particularly in relation to the development of T2DM 

(Bryant, Govers and James, 2002). GLUT4 is primarily found in 

muscle and fat cells, and is responsible for lowering plasma glucose 

levels. Upon stimulation by insulin, GLUT4 translocates from an 

intracellular position to the cell surface, where glucose uptake occurs 

(Bryant, Govers and James, 2002). GLUT4 is also believed to play 

an important role in whole-body glucose homeostasis, as insulin-

stimulated glucose transport is a key rate-limiting step in glucose 

metabolism in fat and muscle tissues, and is severely disrupted in 

T2DM. Furthermore, in-vivo studies have shown that impaired 

GLUT4 expression in mice leads to insulin resistance, which is 

associated with a loss of insulin sensitivity (Bryant, Govers and 

James, 2002). A study by O’Byrne et al. (2011) also found that 

GLUT4 is epigenetically regulated, with treatments with 

Trichostatin A (TSA), a known inhibitor of HDACs, inducing 

GLUT4 expression in liver, pre-adipocyte and skeletal muscle cells 

(O'Byrne et al., 2011). As such, drugs or natural bioactives that can 

increase insulin sensitivity by affecting levels of GLUT4 could have 

potential impact. 

One of the most crucial factors underlying the pathogenesis of 

metabolic diseases is obesity. Adipose tissue releases non-esterified 
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fatty acids (NEFAs), along with glycerol, hormones such as leptin 

and adiponectin and pro-inflammatory cytokines (Kahn, Hull and 

Utzschneider, 2006). It is the release of NEFAs which is crucial 

when it comes to insulin sensitivity, as increased levels of NEFAs 

are present in type II diabetes and obesity, both of which are 

associated with insulin resistance. An increase in plasma NEFA 

levels leads to the development of insulin resistance within a few 

hours in humans, as they inhibit insulin-stimulated glucose uptake 

and glycogen synthesis. This highlights the key role NEFAs play in 

modulating insulin resistance (Kahn, Hull and Utzschneider, 2006).  

An area of increasing interest is the use of natural polyphenols to 

treat diseases such as T2DM, with numerous studies, both in-vitro 

and in-vivo, published in recent years (Zheng et al., 2018). The anti-

diabetic activity of a polyphenol-rich extract from Phellinus 

igniarius (PI-PRE) has recently been characterised in KK-AY mice, 

which serve as an experimental model of T2DM. Mice treated with 

PI-PRE had a decrease in fasting blood glucose levels, while GLUT4 

expression was increased in skeletal muscle (Zheng et al., 2018). 

Similar results were obtained with the herbal tea Kinkeliba, which 

contains bioactive polyphenols, in C57BL/6J mice. This in-vivo 

study also lowered plasma glucose in a dose-dependent manner 

without significant toxicity (Welch et al., 2018).   

A study published this year examined the effects of a polyphenol 

clove extract (PCE). Volunteers, both healthy and pre-diabetic, were 
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given PCE supplements at 250 mg concentrations once a day for 30 

days. Supplementation with the extract was found to lower pre and 

post prandial blood glucose levels in both healthy and pre-diabetic 

volunteers, with a significant reduction observed after 12 days 

(Mohan et al., 2019).   

As SA is postulated to affect epigenetically regulated genes, we 

hypothesise that SA-containing extracts could potentially affect 

levels of GLUT4 and/or affect other pathways linked to 

diabetes/obesity. Therefore, the objective of this chapter was to 

determine the potential anti-diabetic effects of phenolic extracts I 

and II generated from Irish rapeseed meal.  

 

 

 

4.2 Aims and objectives 

The aim of this chapter was to examine the effects of the generated 

extracts I and II on various cell lines in order to determine a non-

toxic dose. Once this was determined, the extracts, along with 

commercial SA (control), were tested to determine their potential to 

ameliorate T2DM. 
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Specific objectives: 

1. Determine the effect of commercial SA on histone 

deacetylase expression in the H9c2 cell line    

2. Determine a non-toxic dose of extracts I and II, along with 

commercial SA in SGBS, H9c2, HuH7, HepG2, Hep3B and 

Caco-2 cell lines. 

3. Determine the effects of phenolic extracts I, II and 

commercial SA on GLUT4 expression in the H9c2, HuH7 

and SGBS cell lines. 

4. Determine the effects of extracts I and II, along with 

commercial SA, on glucose uptake in the H9c2 cell line.     
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4.3 Results 

4.3.1 Commercial sinapinic acid displays histone deacetylase 

inhibitory activity 

Histone deacetylase inhibitors are known to play important roles in 

inflammation, diabetes and insulin sensitivity. One hypothesis 

regarding the potential bioactivity of SA and extracts containing SA, 

is based on the ability of SA to act as a histone deacetylase inhibitor 

(HDACi). Only one study by Senawong et al. (2013) has shown that 

SA can inhibit histone deacetylase activity, with an IC50 of 2.27 mM.      

Commercial SA was tested for HDACi activity at 3 and 24 hours 

using a HDACi assay kit. SA was tested at concentrations ranging 

from 2.2 to 10 mM in both the HuH7 and H9c2 cell lines, given 

previous work by O’Byrne et al. (2013) found that GLUT4 is 

epigenetically regulated in these cell lines. After 3 hr treatments with 

SA, there was no effect on HDACi activity in both the H9c2 and 

HuH7 cell lines (Figure 12 A and B). However, following 24 hour 

treatments with SA, 10 mM and 20 mM significantly reduced 

HDACi activity in the H9c2 cell line, while 10 mM also significantly 

inhibited HDACi activity in the HuH7 cell line. Treatment with SA 

at 2.2 and 4.46 mM for 24 hours did not show any inhibition of 

HDACi activity (Figure 12 C and D).                 
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Figure 12. Assessment of histone deacetylase inhibitory activity of SA. (A) 

3 hour treatments with SA do not effect HDACi activity in the H9c2 cell line 

(B) 3 hour treatments with SA do not effect HDACi activity in the HuH7 cell 

line (C) 24 hr treatments with SA significantly inhibits HDAC activity at 

concentrations of 10 and 20 mM (N=3). (D) 24 hour treatments with SA at 20 

mM in the HuH7 cell line significantly inhibits HDAC activity. (N=3). 

Statistical analysis was performed using a post-hoc Dunnett’s test (vs control; 

P < 0.05), results are displayed as ± SEM. 
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4.3.1.1 Commercial sinapinic acid does not inhibit histone 

deacetylase activity in the H9c2 cell line 

The hypothesis for commercial SA’s bioactivity stemmed from its 

function as a histone deacetylase inhibitor. Previous work by 

Senawong et al. (2013) demonstrated that SA acts as a HDACi, with 

an IC50 of approximately 2.2 mM. HDAC inhibitors were shown 

previously to influence GLUT4 expression. Data from the HDACi 

assay in section 4.3.1, demonstrated that SA can inhibit HDACs by 

ELISA analysis. Therefore Western Blot analysis was performed in 

order to confirm or deny this. 

At both 3 and 24 hour time-points, the positive control 

Vorinostat/SAHA (Suberanilohydroxamic acid) shows an increase 

in band density, indicating increased acetylation which is consistent 

with its known function as a HDACi.  

At selected time-points of 3 and 24 hours, SA at a concentration of 

2.2 mM appears to cause a decrease in histone acetylation, as 

evidenced by the decrease in band size. At 24 hours, SA at a 

concentration of 4.4 mM also showed a decrease in band size. These 

results indicate that SA does not act as a HDACi (Figure 13).       
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4.46mM 
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 Ponceau S 

 

 Ponceau S 

 Ponceau S 

 

 Ponceau S Figure 13. Western Blot analysis of histone H3 acetylation following 

treatments with commercial SA.  Histone proteins (~17 kDa) were extracted 

from H9c2 cells after 3 and 24 hr treatments with SA and positive control SAHA 

(a known HDAC inhibitor). The histone proteins (10 µg) were probed with anti-

acetyl H3 antibody at 0.05 µg/mL, and detection was carried out using 

Supersignal® West Pico chemiluminescent substrate. Equal loading was 

confirmed by Ponceau S staining of each membrane following protein transfer. 3 

hours: SA decreased acetylation at a concentration of 2.2 mM. 24 hours: At 

concentrations of 2.2 and 4.4 mM, SA decreased acetylation. These results indicate 

that SA does not act as a histone deacetylase inhibitor. Experiments were 

performed using three biological replicates. N=3.   
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4.3.2 Toxicity profile of rapeseed phenolic extract I and sinapinic 

acid 

The resazurin cellular viability assay was performed in order to 

determine a non-toxic concentration of phenolic extract I and 

commercial SA for use in downstream studies. Initially, three cell 

lines were chosen: pre-adipocytes (SGBS), liver (HuH7) and muscle 

(H9c2) cells. These cell lines are relevant for studies to determine 

the potential anti-diabetic effects of the extracts, given muscle and 

adipose tissue are the main sites of GLUT4 expression, while a study 

by O’Byrne et al. (2011) has shown that GLUT4 is epigenetically 

regulated in the H9c2 cell line.       

Both phenolic extract I and commercial SA were shown to be non-

toxic in the SGBS cell line. However, both the HuH7 and H9c2 cell 

lines had a significant decrease in viability when phenolic extract I 

was applied at a concentration of 1 mg/mL (p < 0.05), with negligible 

effects on toxicity at concentrations below 0.25 mg/mL (Figure 14). 

A concentration of extract I of 0.25 mg/mL was chosen for use in 

downstream studies.        
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C 

Figure 14. Cellular viability of SGBS, H9c2 and HuH7 cells following 48 hour 

treatments with extract I and commercial SA. The resazurin viability assay was 

performed to assess cellular viability (A) There was no significant differences in 

the viability of SGBS cells after treatments with extract I and commercial SA cell 

(B) Extract I at a concentration of 1 mg/mL and 0.75 mg/mL significantly reduced 

the viability of HuH7 cells, while commercial SA did not have any significant 

effects (C) Extract I at a concentration of 1 mg/mL significantly reduced the 

viability of H9c2 cells, while commercial SA also significantly reduced viability at 

1 mM. Experiments were performed in biological triplicate. Statistical analysis was 

performed using a one-way ANOVA with a post-hoc Dunnett’s test, vs control. 

Control sample is DMSO: Ethanol (25:75 v: v). Results are displayed as ± SEM, 

with statistical significance where p < 0.05. N=3.    
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4.3.2.1 Effect of commercial sinapinic acid on the viability of 

liver cell lines   

The effect of commercial SA was determined using a range of 

concentrations and time-points in three liver cell lines - Hep3B, 

HepG2 and HuH7. These cell lines are commonly used in toxicity 

screens, as well as in studies involving obesity and diabetes. The 

equivalent SA content in mM was determined for both extracts I and 

II, as seen in table 7. The highest equivalent concentration was 5 mM 

and the lowest 0.3 mM, therefore commercial SA was tested for its 

effects on cell viability at 0.4, 3.3 and 4 mM.  

In the Hep3B cell line, at time-points of 2, 4 and 24 hours, SA at 3.3 

and 4 mM significantly reduced cellular viability. At 2 hours, SA at 

a concentration of 0.4 mM significantly reduced cellular viability 

(Figure 15). 

In both the HepG2 and HuH7 cell lines, SA at concentrations of 3.3 

and 4 mM significantly reduced cellular viability at all three time-

points of 2, 4 and 24 hours. There were no effects on the viability of 

the HepG2 and HuH7 cell lines when a concentration of 0.4 mM SA 

was applied at times of 2, 4 and 24 hours (Figure 16 and 17).      
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Hep3B  

   

 

 

 

 

Figure 15. Effects of commercial SA on the viability of the Hep3B cell line. The 

resazurin assay was performed after 2, 4 and 24 hour treatments with commercial 

SA. 2 hr: SA at concentrations of 0.4 mM, 3.3 mM and 4 mM all significantly 

reduced Hep3B viability compared to the control after 2 hour treatments (P 0.0280, 

P < 0.0001, P < 0.0001, respectively). 4 hr: At concentrations of 3.3 mM and 4 mM, 

SA significantly reduced Hep3B viability compared to control after 4 hour treatments 

(P 0.0002, P 0.0004, respectively). 24 hr: At concentrations of 3.3 mM and 4 mM, 

SA again significantly reduced the viability of Hep3B cells compared to the control 

after 24 hour treatments (P 0.0147, P 0.0081, respectively). Statistical analysis was 

performed using a one-way ANOVA with post-hoc Dunnett’s Test vs control 

samples. Control sample is DMSO: Ethanol (25:75 v: v). All results are displayed as 

± SEM, with statistical significance where P < 0.05. N=3.       
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HepG2  

 

 

 

 

 

 

 

Figure 16. Effects of commercial SA on the viability of the HepG2 cell line. The 

resazurin assay was performed after 2, 4 and 24 hr treatments with commercial SA. 2 

hr: At concentrations of 3.3 mM and 4 mM, SA significantly reduced HepG2 viability 

compared to control after 2 hr treatments (P 0.0006, P 0.0003, respectively). 4 hr: At 

concentrations of 3.3 mM and 4 mM, SA significantly reduced HepG2 viability 

compared to control after 4 hour treatments (P < 0.0001 for both). 24 hr: At 

concentrations of 3.3 mM and 4 mM, SA significantly reduced HepG2 viability 

compared to control after 24 hour treatments (P 0.0003, P < 0.0001, respectively). 

Statistical analysis was performed using a one-way ANOVA with post-hoc Dunnett’s 

Test vs control samples. Control sample is DMSO: Ethanol (25:75 v: v). All results 

are displayed as ± SEM, with statistical significance where P < 0.05. N=3.       
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HuH7  

 

 

 

 

 

 

 

Figure 17. Effects of commercial SA on the viability of the HuH7 cell line. The 

resazurin assay was performed after 2, 4 and 24 hour treatments with commercial 

SA. 2 hr: At concentrations of 3.3 mM and 4 mM, SA significantly reduced HuH7 

viability compared to control after 2 hr treatments (P 0.0003, P <0.0001, 

respectively). 4 hr: At concentrations of 3.3 mM and 4 mM, SA significantly 

reduced HuH7 viability compared to control after 4 hour treatments (P 0.0011, P 

0.0001, respectively). 24 hr: At concentrations of 3.3 mM and 4 mM, SA 

significantly reduced HuH7 viability compared to the control after 24 hour 

treatments (P 0.0017, P <0.0001, respectively). Statistical analysis was performed 

using a one-way ANOVA with post-hoc Dunnett’s Test vs control samples. 

Control sample is DMSO: Ethanol (25:75 v: v). All results are displayed as ± SEM, 

with statistical significance where P < 0.05. N=3.       

 

U n tre
a te

d

D M
S O

:e
th

a n o l

0 .4
 m

M
 S

A

3 .3
 m

M
 S

A

4  m
M

 S
A

0

5 0

1 0 0

1 5 0

2  h r

%
 v

ia
b

ili
ty *** ****

U n tre
a te

d

D M
S O

:e
th

a n o l

0 .4
 m

M
 S

A

3 .3
 m

M
 S

A

4  m
M

 S
A

0

5 0

1 0 0

1 5 0

4  h r

%
 v

ia
b

ili
ty **

***

U n tre
a te

d

D M
S O

:e
th

a n o l

0 .4
 m

M
 S

A

3 .3
 m

M
 S

A

4  m
M

 S
A

0

5 0

1 0 0

1 5 0

2 4  h r

%
 v

ia
b

ili
ty **

****



109 

 

4.3.2.2 Effects of phenolic extract II on the viability of liver and 

human intestinal cell lines 

The resazurin assay was performed to determine the effects of 

extract II on cellular viability, using the cell lines HuH7, HepG2, 

Hep3B and Caco-2. The liver cell lines were chosen as they are 

commonly used in toxicity screens, and also in studies relating to 

diabetes (Sefried et al., 2018; González et al., 2017). The Caco-2 

cell line was used as it serves as a model of the intestinal barrier, 

which is the main area of metabolism if the extract was to be 

potentially utilised as a functional food ingredient.       

Extract II at a concentration of 1 mg/mL significantly affected the 

viability of Caco-2 cells after a 4 hour treatment. There were no 

significant effects observed at 2 or 24 hours for concentrations of 

extract II less than 1 mg/mL (Figure 18).  

Extract II significantly reduced viability of the Hep3B cell line at 1 

and 0.75 mg/mL after 24 hour treatments (Figure 19). Viability of 

the HepG2 cell line was significantly reduced at 1 and 0.75 mg/mL 

after 2 hour treatments, while only 1 mg/mL significantly reduced 

viability after 4 and 24 hour treatments (Figure 20). Finally, a 

concentration of 1 mg/mL of extract II significantly reduced the 

viability of the HuH7 cell line at all three time-points (Figure 21).   

  

 



110 

 

Caco-2  

 

 

 

 

 

 

 

 

Figure 18. Effects of commercial SA and phenolic extract II on the viability of 

the Caco-2 cell line. The resazurin assay was performed after 2, 4 and 24 hour 

treatments with phenolic extract II and commercial SA. 2 hr: Extract II and 

commercial SA assayed at concentrations ranging from 1-0.5 mg/mL, did not affect 

cellular viability compared to the control. 4 hr: At a concentration of 1 mg/mL, 

extract II significantly reduced Caco-2 viability compared to the control (P 0.0332). 

Commercial SA did not affect cellular viability. 24 hr: None of the concentrations 

tested for extract II and commercial SA affected cellular viability compared to the 

control. Statistical analysis was performed using a one-way ANOVA with a post-

hoc Dunnett’s Test vs control samples. Control sample is DMSO: Ethanol (25:75 

v: v). All results are displayed as ± SEM, with statistical significance where P < 

0.05. N=3.       
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Hep3B 

 

 

 

 

 

 

 

 

Figure 19. Effects of phenolic extract II on the viability of the Hep3B cell line. 

The resazurin assay was performed after 2, 4 and 24 hour treatments with phenolic 

extract II. 2 hr: Extract II did not affect cellular viability when compared to the 

control after 2 hr treatments. 4 hr: Extract II did not affect cellular viability. 24 

hr: At concentrations of 1 and 0.5 mg/mL, extract II significantly reduced Hep3B 

viability (P 0.0191 and P 0.0223, respectively). Statistical analysis was performed 

using a one way ANOVA with a post-hoc Dunnett’s Test vs control samples. 

Control sample is DMSO: Ethanol (25:75 v: v). All results are displayed as ± SEM, 

with statistical significance where P < 0.05. N=3.       
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Figure 20. Effects of phenolic extract II on the viability of the HepG2 

cell line. The resazurin assay was performed after 2, 4 and 24 hour 

treatments with phenolic extract II. 2 hr: Extract II at concentrations of 1 

and 0.75 mg/mL respectively, significantly reduced cellular viability of 

HepG2 cells when compared to the control (P 0.0221, 0.0412, respectively). 

4 hr: Extract II at a concentration of 1 mg/mL significantly reduced cellular 

viability of HepG2 cells when compared to the control (P0.0277). 24 hr: 

Extract II at 1 mg/mL significantly reduced cellular viability when compared 

to the control (P 0.0029). Statistical analysis was performed using a One-

way ANOVA with a post-hoc Dunnett’s Test vs control samples. Control 

sample is DMSO: Ethanol (25:75 v: v). All results are displayed as ± SEM, 

with statistical significance where P < 0.05. N=3.       
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HuH7 

  

 

 

 

 

 

 

 

 

Figure 21. Effects of phenolic extract II on the viability of the HuH7 cell 

line. The resazurin assay was performed after 2, 4 and 24 hour treatments 

with phenolic extract II. 2 hr: Extract II at a concentration of 1 mg/mL 

significantly reduced cellular viability when compared to the control (P 

0.0054). 4 hr: Extract II at a concentration of 1 mg/mL significantly reduced 

cellular viability when compared to the control (P 0.0135) 24 hr: Extract II 

at 1 mg/mL significantly reduced cellular viability when compared to control 

(P 0.0417). Statistical analysis was performed using a one-way ANOVA with 

a post-hoc Dunnett’s Test vs control samples. Control sample is DMSO: 

Ethanol (25:75 v: v). All results are displayed as ± SEM, with statistical 

significance where P < 0.05. N=3.       
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4.3.3 Summary of cell line toxicity data for phenolic extracts and 

commercial SA  

Below is a summary of the various cell lines used, along with the 

corresponding concentrations of phenolic extracts I, II and 

commercial SA which were toxic and non-toxic in selected cell lines 

(expressed in mg/mL). 

 

 

 

Table 7. Toxic and non-toxic concentrations of phenolic extracts I and II 

(mg/mL), along with commercial SA (mM) in various cell lines 

Cell line Extract I Extract II         Commercial SA 

H9c2      1                0.75 -           -  1 mM             - 

HuH7      1                0.5  1                     0.75          4 mM        0.4 mM 

SGBS        -                1       -             -     -               1 mM 

Hep3B -        - 1                      0.5 4 mM        0.4 mM 

HepG2 -        - 1                      0.5 4 mM        0.4 mM 

Caco-2 -         - 1                      0.5 3.3 mM            - 

Toxic Non-toxic Toxic Toxic Non-toxic Non-toxic 
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4.3.4 Phenolic extract I and commercial SA do not effect GLUT4 

expression after 48 hour treatments 

Previous work by O’Byrne et al. (2011) has shown that GLUT4, 

which is the main insulin-responsive glucose transporter, is 

regulated by HDACs. Given SA has previously been shown to 

inhibit HDAC activity, the effect of the phenolic extracts and 

commercial SA on GLUT4 expression were examined.  

Phenolic extract I was used at a maximum concentration of 0.25 

mg/mL dissolved in DMSO: Ethanol (25:75 v: v), as this was the 

dose at which there were no effects on cellular viability observed in 

both the HuH7 and H9c2 cell lines (Figure 22). After 48 hour 

independent-treatments with phenolic extract I and commercial SA, 

RNA was collected and reverse transcribed to cDNA. GLUT4 gene 

expression was determined by end-point PCR with agarose gel 

electrophoresis and quantitative PCR (Figure 22).  

Both analyses showed there were no effects on GLUT4 expression 

in the HuH7, H9c2 or SGBS cell lines following treatments with 

extract I and commercial SA.    
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hour treatments. H9c2 cell line: There are no effects on GLUT4 expression in 
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extract 1 and commercial SA using end-point PCR. Statistical analysis was 

performed using a one-way ANOVA with a post-hoc Dunnetts test (vs control, p 
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4.3.5 GLUT4 expression in the H9c2 cell line is not effected after 

24 hour treatments with extract I, II and commercial SA  

As there were no effects on GLUT4 expression after 48 hour 

treatments, it was decided to re-analyse the effects of extract I and 

commercial SA in a 24 hour treatment experiment, along with 

extract II.  

Both phenolic extracts I and II at a concentration of 0.5 mg/mL did 

not significantly effect GLUT4 expression after 24 hour treatments 

in the H9c2 cell line. Commercial SA also did not affect GLUT4 

expression, even at the increased concentration of 2.2 mM for 24 

hours. (Figure 23).    
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Figure 23. GLUT4 expression in the H9c2 cell line after 24 hour treatments. 

Both phenolic extracts I and II at 0.5 mg/mL, and commercial SA at 0.5 and 2.2 

mM do not significantly affect GLUT4 expression when analysed by (A) end-

point PCR and (B) densitometric analysis.  Statistical analysis was performed 

using a one-way ANOVA with a post-hoc Dunnetts test (vs control, p < 0.05). 
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4.3.6 Commercial SA increases glucose uptake, while phenolic 

extract I inhibits uptake in muscle cells  

The effect of both phenolic extracts I and II along with commercial 

SA, was determined in terms of ability to influence glucose uptake 

in H9c2 cells. A concentration of 1 mg/mL displayed cellular 

toxicity and so a concentration of 0.5 mg/mL was chosen for each 

extract, while 2.2 mM was chosen for SA. (These were also the same 

concentrations used to determine their effects on GLUT4 

expression).  

The cells were incubated independently for 2 hours with the extracts 

and SA, followed by a further 1 hour incubation with Phloretin, a 

known glucose uptake inhibitor. Extract II at a concentration of 0.5 

mg/mL significantly inhibited glucose uptake compared to the 

DMSO: Ethanol (25:75 v: v) control (grey), while extract I at the 

same concentration does not seem to effect glucose uptake (Figure 

24). Commercial SA at a concentration of 2.2 mM significantly 

increased glucose uptake compared to the control (grey). (P < 0.05) 

(Figure 24).    
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4.4 Discussion 

The first aim of this chapter was to examine the histone deacetylase 

inhibitory activity of commercial SA, given only one study has 

shown it acts as a HDAC inhibitor. Histone deacetylase’s are 

enzymes responsible for removing acetyl groups from lysine 

residues on histone tails (Yoon and Eom, 2016). As a result, they 

play an important role in regulating gene expression and protein 

modification. HDAC inhibitors have been shown to play a role in 

various diseases such as Cardiovascular, Cancer, Inflammatory 

Cystic-Fibrosis Lung Disease, Parkinson’s disease, and Diabetes 

(Yoon and Eom, 2016; Bodas et al., 2018; Tan et al., 2018; 

Besancon et al., 2018; Cho et al., 2018).  Using a HDACi assay kit, 

commercial SA was tested at various concentrations, along with 

TSA, which is a potent non-selective HDAC inhibitor. Significant 

inhibition was observed with the HDAC assay at the highest 

concentrations of SA, 10 and 20 mM, after 24 hour treatments. There 

was no effect after 3 hours with commercial SA, however there was 

with the positive control TSA.  It was aimed to confirm this by 

Western Blot analysis, at the time-points of 3 and 24 hours. After 3 

hour treatments with SA, there was no HDAC inhibitory activity 

observed. However, at a concentration of 10 mM, the band density 

appears to be increasing which supports the hypothesis that SA acts 

as a HDAC inhibitor only at high concentrations. At a concentration 

of 2.2 mM, SA resulted in a decrease in band density. In contrast, 

the positive control SAHA shows a clear increase in band density, 
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as acetylation is increased due to its role as a HDACi. After 24 hours, 

SA at concentrations of 2.2 and 4.46 mM caused a decrease in band 

density, indicating there is less histone H3 acetylation occurring. 

One possible explanation for the difference observed between 3 and 

24 hours in the HDAC assay could be due to the presence of 

metabolites which are functioning as HDAC inhibitors. Sinapinic 

acid is known to be metabolised to 3-hydroxy-5-

methoxyphenylpropionic acid, dihydrosinapic acid and 3-hydroxy-

5-methoxycinnamic acid (Chen, 2016). In terms of its structure, 

dihydrosinapic acid is only lacking in one double bond in 

comparison to SA, and so should behave similarly. As such, 24 hours 

may be enough time for SA to be metabolised and it could be these 

metabolites which are contributing to the observed HDAC inhibition 

seen at 24 hours in the HDAC assay. Unfortunately, we could not 

confirm that SA at a concentration of 10 mM acts as a HDAC 

inhibitor at 24 hours, as insufficient amounts of histone proteins 

could be extracted. This could be due to the degradation of histone 

proteins within the cells due to the toxic concentration of SA applied. 

It appears from the data that that SA acts in a dose-dependent 

manner, with band density increasing as the concentration increases. 

Zinc is crucial for the catalytic activity of HDAC enzymes, and it 

has been shown that phenolic acids inhibit the ACE-I enzyme by 

binding zinc and blocking the catalytic activity of the ACE-I 

enzyme. Indeed, data from chapter 3 has shown that commercial SA 

can inhibit the ACE-I enzyme (Goncalves and Romano, 2017). 
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However, this inhibition was observed when SA was used at 

concentrations of 5 mM. Therefore it appears that SA is only 

effective in the H9c2 cell line at concentrations which reduce cell 

viability. Other studies have examined the effects of phenolic acids, 

including SA, on histone H3 acetylation. Similar to the results 

obtained here, they found that SA increased histone H3 acetylation 

in a dose-dependent manner, and to different extents dependent on 

the cell line. In the MCF-7 breast cancer cell line, SA at 

concentrations of 3 and 4 mM produced very faint bands on a 

Western Blot, while a large band appears when concentrations of 5 

mM are applied to MCF-7 cells, indicating the SA acts as a HDACi 

at the highest concentration (Saenglee et al., 2016). In the HeLa 

cervical cancer cell line, Western Blot analysis of SA produced small 

bands when concentrations of 1 and 2 mM were applied, with a large 

band appearing when a concentration of 3 mM was applied 

(Saenglee et al., 2016). This demonstrates that the role of SA as a 

HDACi is dose and cell line dependent, and so further study is 

necessary using different cell lines and a broader range of 

concentrations. The data also suggests that SA could prove useful in 

a cancer setting, as previous studies have also found that SA is a 

cytotoxic agent against various cancer cell lines, and induces 

apoptosis at high concentrations (Eroğlu et al., 2017; Saenglee et al., 

2016). 

There is scant evidence in the current literature regarding the toxicity 

of commercial SA, and what does exist shows variation in the level 
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of toxicity observed. A study by Saenglee et al. (2016) found that 

commercial SA had different IC50 values in two different cancer cell 

lines. For MCF-7 breast cancer cells, the IC50 was greater than 5 

mM, while for HeLa cervical cancer cells the IC50 was 2.6 mM, after 

24 hours of treatment. A ‘normal’ cell line, Vero kidney epithelial 

cells were also found to have an IC50 greater than 5 mM (Saenglee 

et al., 2016). In contrast, another study by Hameed et al. (2016) 

found that SA significantly reduced HeLa cell viability starting from 

5 mM, with an IC50 of 7.24 mM after an 18 hour exposure. The group 

also tested V79 Chinese hamster lung fibroblasts for 18 hours with 

SA, and were found to have an IC50 of 1.86 mM. These studies have 

shown that SA has a different toxicity profile depending on cell type, 

treatment time and the concentration of SA used. It was important to 

assess the extracts and commercial SA to determine a non-toxic dose 

in cell lines relevant to the experiments performed in this work. 

The main aim of this chapter was to investigate any potential anti-

diabetic effects of the extracts I, II and commercial SA. Muscle 

tissue is the main site of insulin-stimulated glucose uptake in-vivo, 

and so the H9c2 muscle cell line was chosen (Michael et al., 2001). 

Many studies have also shown that the effect of insulin on adipose 

tissues is dependent on GLUT4, and the SGBS cell line was also 

used as part of the cytotoxicity studies (Hauner et al., 1998). Three 

liver cell lines were also used as part of the toxicity studies with the 

extracts and SA. Previous work by O’Byrne et al. (2011) showed 

that GLUT4 is epigenetically regulated in the HepG2 cell line. 
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Therefore, we tested the liver cell lines HepG2, Hep3B and HuH7. 

Despite its tumorigenic origin, the HepG2 cell line was found to best 

represent the in-vivo setting of the liver (Sefried et al., 2018). The 

HuH7 liver cell line is also relevant in that it has been used to study 

iron metabolism in obesity, with obesity known to play a key role in 

the pathology of T2DM (Chung et al., 2007). The Caco-2 cell line 

was also tested as SA is primarily absorbed in the small intestine, 

where Caco-2 cells serve as a model of the human intestinal barrier. 

The initial toxicity studies were carried out with extract I and 

commercial SA for 48 hours. Since extract II was generated after 

extract I, it was subsequently tested along with commercial SA for 

incubation times up to 24 hours in liver cell lines. As seen in table 7, 

both extracts at concentrations of 1 mg/mL were toxic. A 

concentration of 0.5 mg/mL of extracts I and II was non-toxic in the 

tested cell lines. In terms of commercial SA, higher concentrations 

of 4 mM reduced cell viability, with only concentrations of 0.4 mM 

having no effect on cell viability in the cell lines tested.  

GLUT4 is a key regulator of glucose uptake in response to insulin, 

and its dysregulation plays a key role in the development of T2DM. 

Initial experiments were carried out with extract I to determine if it 

effects GLUT4 expression in the SGBS pre-adipocyte cell line and 

HuH7 liver cell line after 48 hour treatments. There was no GLUT4 

detected in either cell line, and treatments with either extract I or 

commercial SA do not increase its expression. Previous work has 
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shown that there is very little GLUT4 expression in pre-adipocytes, 

with an increase in GLUT4 corresponding to a concomitant increase 

in differentiation. It may therefore be necessary to differentiate the 

SGBS cell line and then examine the expression of GLUT4 after 

treatments with extract I and commercial SA (Hauner et al., 1998). 

Extract I and commercial SA were also assessed for their effects on 

GLUT4 expression in the H9c2 muscle cell line. There was no effect 

on GLUT4 expression observed after a 48 hour treatment in H9c2 

cells. However following treatment with extract I and commercial 

SA after 24 hours, there was greater expression of GLUT4, even in 

untreated samples. Extract II was also tested with extract I and 

commercial SA, both at higher concentrations and for 24 hours. 

There was an increase in GLUT4 expression with commercial SA at 

concentrations of 0.5 and 2.2 mM. However extract I at a 

concentration of 0.5 mg/mL caused a decrease in GLUT4 

expression, while extract II at a concentration of 0.5 mg/mL also 

decreases GLUT4 expression. GLUT4 expression increased after 24 

hours in the untreated and control cells, it may be necessary to repeat 

this experiment in differentiated SGBS cells and the HuH7 cell line 

after 24 hour treatments and at higher concentrations.  

Along with assessing GLUT4 expression, the ability of both extracts 

and commercial SA to influence glucose uptake was assessed. Given 

muscle is the main site of insulin-stimulated glucose uptake, the 

H9c2 cell line was used. Commercial SA at a concentration of 2.2 

mM was found to significantly increase glucose uptake in H9c2 
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muscle cells when compared to control cells. In contrast, both 

extracts resulted in a decrease in glucose uptake, with extract II at a 

concentration of 0.5 mg/mL resulting in a significant decrease in 

uptake. This is reflected in GLUT4 expression, where the extracts 

displayed a trend towards decreased GLUT4 expression. However, 

the result obtained with commercial SA correlates with a previous 

study by Cherng et al. (2013), who demonstrated that SA increased 

glucose uptake in the soleus muscle of diabetic rats. This increase in 

uptake was observed after a 2 hour pre-treatment with commercial 

SA, and therefore it might be of benefit to assess GLUT4 expression 

at this time-point also. Interestingly, the same study by Cherng et al. 

(2013) found that in-vivo, it took repeated treatments with SA before 

an increase in GLUT4 gene expression was observed. One 24- hour 

treatment may not have been long enough to effect GLUT4 

expression, and perhaps repeated treatments at shorter time-points 

might prove effective. 

Obesity is known to increase the risk of developing T2DM and 

insulin resistance. Adipocytes can also secrete pro-inflammatory 

cytokines, and SA was shown to possess anti-inflammatory activity 

as shown in Chapter 5. Therefore SA could still prove effective in 

managing some of the underlying pathological features of diabetes.             

Although there have been some negative results with both the 

extracts and commercial SA, it still has potential as a therapeutic 

agent for diabetes. In-vivo studies are crucial to determining the 
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benefits of these extracts, as studies have shown that commercial SA 

is well tolerated in animal models (Cherng et al., 2013). It is 

therefore crucial to determine a non-toxic dose of the phenolic 

extracts which are efficacious. Indeed, a concentration of each 

extract which is high enough to have an effect could be tolerated in-

vivo. Animal models are also superior to individual cell lines, 

especially when studying complex diseases such as diabetes. 

Significantly, in-vivo studies have shown that commercial SA does 

have a role in the treatment and prevention of diabetes, and though 

further studies are necessary, the phenolic extracts could still have 

potential for use as therapeutic agents in diabetes prevention and 

treatment (Kanchana et al., 2011; Cherng et al., 2013).  
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Chapter 5 

Assessment of biological activities II: 

Inflammation 
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5.1 Introduction 

Inflammation is the immune systems response to harmful stimuli 

including pathogens, damaged cells or toxic compounds (Chen et al., 

2018). Inflammation is a defence mechanism necessary for health, 

however if the checks and balances of inflammation break down 

chronic inflammation can occur which has serious consequences for 

health. Chronic inflammation plays a key role in the underlying 

pathology of numerous diseases including cardiovascular disease, 

arthritis, diabetes (T2DM) and bowel disease (Chen et al., 2018). 

The inflammatory process begins with recognition of harmful 

stimuli by Pattern-recognition receptors (PRRs), including Toll-like 

receptors (TLRs), which upon stimulation activate nuclear 

translocation of transcription factors including NF-κB (Chen et al., 

2018). Lipopolysaccharide (LPS) is a constituent in the outer wall of 

gram-negative bacteria, and is recognised by TLR4. The activation 

of TLR4 by LPS in turn stimulates the activation of NF-κB, which 

results in the production of pro-inflammatory cytokines (Yang et al., 

2016). Monocytes are one of the first group of cells to be recruited 

to the site of infection, and differentiate into macrophages and 

dendritic cells. Macrophages are a key component of the 

inflammatory process, from initiation to resolution. They also 

produce a wide range of cytokines which modulate the immune 

response (Chen et al., 2018). Cytokines can either be pro- or anti-

inflammatory, which either aide or inhibit inflammation, 

respectively. The primary function of cytokines is to recruit 
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leukocytes to the site of infection or injury, however excessive 

production of pro-inflammatory cytokines can lead to tissue damage, 

organ failure and ultimately can prove fatal (Chen et al., 2018). Pro-

inflammatory cytokines are implicated in the pathology of diseases 

including arthritis and inflammatory bowel diseases. The most 

common form of arthritis is osteoarthritis (OA), with the knee joint 

most commonly affected. Obesity is a key risk factor in the 

development of OA, with inflammatory cytokines the link between 

both conditions. Macrophages derived from adipose tissue secrete 

TNF-alpha, IL-6 and Il-1, which in turn play a role in cartilage 

matrix degradation and bone resorption in OA. In patients with OA, 

the levels of these inflammatory cytokines were found to be elevated 

in synovial fluid, synovial membrane and sub-chondral bone and 

cartilage (Wang and He, 2018). The same cytokines, TNF-alpha, IL-

1β and IL-6, were also found to be increased in patients with 

Inflammatory Bowel Disease (IBD) compared to healthy controls 

(Singh et al., 2016).  As such, blocking these cytokines is a 

mechanism to treat inflammation and its associated diseases. 
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Cytokine Source Function 

TNF-alpha • Macrophages  
• Adipocyte  
• NK cells  
• CD4+ 

lymphocytes 

§ Pro-
inflammatory 

§ Cytokine 
production  

§ Cell 
proliferation  

§ Apoptosis 

IL-1β • Macrophages  
• Monocytes 

§ Pro-
inflammatory 

§ Proliferation  
§ Apoptosis  

IL-8 • Macrophages  
• Epithelial cells  
• Endothelial 

cells 

§ Pro-
inflammatory  

§ Chemotaxis  
§ Angiogenesis 

IL-6 • Macrophages  
• T-cells  
• Adipocyte 

§ Pro-
inflammatory  

§ Differentiation  
§ Cytokine 

production 

IL-12 • Dendritic cells 
• Macrophages 
• Neutrophils  

§ Pro-
inflammatory  

§ Cell 
differentiation  

§ NK cell 
activation 

Table 8. A list of pro-inflammatory cytokines, along with their source and 

biological functions.  
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Current treatments for conditions where inflammation is the 

underlying factor, include non-steroidal anti-inflammatory drugs 

(NSAIDs). NSAIDs are one of the most commonly prescribed 

medications, accounting for approximately 5-10 % of all 

prescriptions each year (Wongrakpanich et al., 2018). However, 

NSAIDs have adverse effects, particularly on the gastrointestinal 

system. Serious effects include intestinal bleeding, peptic ulcers and 

GI perforation. Research is moving toward natural products as an 

alternative, which possess anti-inflammatory activity with minimal 

side effects on the GI system (Ambriz-Pérez et al., 2016).  In line 

with this move toward natural anti-inflammatory agents, this chapter 

focused on assessing the anti-inflammatory effects of extract I and 

II generated from Irish rapeseed meal, along with commercial SA.                
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5.2 Aims and objectives 

The main aim of this chapter was to examine the anti-inflammatory 

properties of extract I and II generated from Irish rapeseed meal, 

along with commercial SA.  

 

 

Specific objectives:  

 

1. To isolate human PBMC’s and determine the effects of both 

extracts and commercial SA on PBMC viability. 

2. To perform ELISA assays to determine the anti-

inflammatory effects of both extracts and commercial SA in 

human PBMCs.  
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5.3 Results 

5.3.1 Determining the effect of commercial SA on the viability of 

human peripheral blood mononuclear cells (PBMCs) 

In order to study the effects of commercial SA on inflammation, we 

used the model of LPS-stimulated peripheral blood mononuclear 

cells (PBMCs). It was first necessary to determine that 

concentrations of commercial SA which were non-toxic to the 

isolated PBMC’s.  

Commercial SA was added to the isolated PBMC’s at various 

concentrations for 3 hours, followed by the addition of LPS (20 

ng/mL) for 2, 4 and 6 hours. After each time-point, resazurin solution 

was added to each well and measured spectrophotometrically at 595 

nM. 

After 2 hours, commercial SA at concentrations of 2.5 and 10 mM 

significantly reduced PBMC viability (P 0.0044; P <0.0001, 

respectively). After 6 hours, commercial SA caused a significant 

reduction in viability at 10 mM (P 0.0028) (Figure 25).  
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Figure 25. Viability of human PBMCs after treatments with commercial SA. 

Isolated PBMC’s were treated with SA for 3 hours, after which LPS (20 ng/mL) 

was added for 2 and 6 hours. The resazurin assay was then used to determine 

percent viability. 2 hr: At concentrations of 2.5 and 10 mM, cellular viability was 

significantly reduced (P 0.0044; P <0.0001, respectively). 6 hr: At a concentration 

of 10 mM, SA significantly reduced viability (P 0.0028). Statistical analysis was 

performed using a Dunnett’s Test vs LPS samples. Results are displayed as ± SEM, 

with statistical significance where P < 0.05. (N=3).     
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5.3.2 Commercial SA significantly reduces LPS-induced TNF-

alpha expression in human PBMCS  

TNF-alpha is known to play a key role in inflammation and 

inflammatory diseases. In order to determine if commercial SA 

possess anti-inflammatory activity, isolated PBMCs were pre-

treated with commercial SA for 3 hours followed by the addition of 

LPS (20 ng/mL) for 2, 4 and 6 hours.  

After 2 hours, SA at concentrations of 1.25, 2.5 and 10 mM all 

significantly reduced LPS-induced TNF-alpha expression (P 0.0327; 

P 0.0046; P 0.0002, respectively). After 4 hours, SA also 

significantly reduced TNF-alpha at all concentrations tested: 1.25, 

2.5 and 10 mM (P 0.0033; P 0.0004; P <0.0001, respectively) (Figure 

26). Finally, after 6 hours, SA significantly reduced TNF-alpha 

expression at 2.5 and 10 mM (P 0.0320 and P 0.0142, respectively) 

(Figure 26).  
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Figure 26. Effect of commercial SA on LPS-induced TNF-alpha expression in 

human PBMC’s. Isolated PBMC’s were treated with commercial SA for 3 hours, 

followed by 2,4 and 6 hour incubations with LPS (20 ng/mL). 2h: Commercial SA 

significantly reduces TNF-alpha at a non-toxic concentration of 1.25 mM (P 

0.0327). 6h: Commercial SA significantly reduces TNF-alpha expression at a non-

toxic concentration of 2.5 mM (P 0.0320).  Statistical analysis was performed 

using a Dunnett’s Test vs LPS samples. Results are displayed as ± SEM, with 

statistical significance where P < 0.05. (N=3).    
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5.3.3 Commercial SA significantly reduces LPS-induced Il-1β 

expression in human PBMC’s  

IL-1β has been implicated in a growing number of autoinflammatory 

diseases and reduction in IL-1β has been shown to be of benefit in 

diseases such as type II diabetes and heart failure (Dinarello, 2011).   

Isolated PBMCs were pre-treated with commercial SA for 3 hours 

followed by the addition of LPS (20 ng/mL) for 2, 4 and 6 hours.  

After 2 hours, SA significantly reduced IL-1β expression at 1.25, 2.5 

and 10 mM (P < 0.0001). After 6 hours, IL-1β expression was 

significantly reduced at 2.5 and 10 mM SA (P 0.0449; P 0.0003, 

respectively) (Figure 27).          
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Figure 27. Effect of commercial SA on LPS-induced IL-1β expression in 

human PBMC’s.  Isolated PBMC’s were treated with commercial SA for 3 hours, 

followed by 2,4 and 6 hour incubations with LPS (20 ng/mL). 2h: SA significantly 

reduced IL-1β expression at a non-toxic concentration of 1.25 mM (P < 0.0001). 

6h: At a non-toxic concentration of 2.5 mM, commercial SA significantly reduced 

IL-1β (P 0.0449). Statistical analysis was performed using a Dunnett’s Test vs LPS 

samples. Results are displayed as ± SEM, with statistical significance where P < 

0.05. (N=3).         
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5.3.4 Commercial SA significantly inhibits LPS-induced IL-12 

expression in human PBMC’s  

IL-12 is a pro-inflammatory cytokine secreted by macrophages, 

monocytes, dendritic cells, granulocytes and B-cells in response to 

pathogens. It is thought to play a role in various diseases including: 

multiple sclerosis, inflammatory bowel diseases and cancer (Zundler 

and Neurath, 2015).    

Commercial SA did not have any significant effects on IL-12 

expression after 2 hours (Data not shown). After 4 hours, SA 

significantly reduced IL-12 expression at concentrations of 2.5 and 

10 mM (P 0.0291; P 0.0131, respectively). Following 6 hours with 

LPS, SA significantly reduced IL-12 expression at 1.25, 2.5 and 10 

mM (P 0.0410; P 0.0028; P 0.0014, respectively) (Figure 28).    
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Figure 28. Effects of commercial SA on LPS-induced IL-12 expression in 

human PBMCs. Isolated PBMC’s were treated with commercial SA for 3 hours, 

followed by 2,4 and 6 hour incubations with LPS (20 ng/mL). 4 h: SA significantly 

reduced IL-12 expression at 2.5 and 10 mM, however at these concentrations cell 

viability is reduced. 6 h: SA significantly reduced IL-12 expression at non-toxic 

concentrations of 1.25 and 2.5 mM (P 0.0410; P 0.0028). Statistical analysis was 

performed using a Dunnett’s Test vs LPS samples. Results are displayed as ± SEM, 

with statistical significance where P < 0.05. (N=3).         



142 

 

5.3.5 Determining the effects of phenolic extracts I and II on 

human PBMC viability   

Human PBMC’s were isolated and seeded at a final concentration of 

500,000 cells per well. Both extracts were prepared at various 

concentrations in media and added to each well. After 2, 4 and 6 

hours, resazurin solution was added to each well and measured 

spectrophotometrically at 595 nM.     

At all three time-points, extract I significantly reduced PBMC 

viability at concentrations of 1 and 0.5 mg/mL (P< 0.0001). (Figure 

29).  

With extract II, only a concentration of 1 mg/mL significantly 

reduced PBMC viability at all three time-points (P< 0.0001). (Figure 

30).   
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Figure 29. Effects of phenolic extract I on the viability of human PBMC’s. The 

resazurin assay was performed after 2, 4 and 6 hour treatments with extract I. 2 hr: 

At concentrations of 1 and 0.5 mg/mL, cellular viability was significantly reduced 

(P< 0.0001). 4 hr: At concentrations of both 1 and 0.5 mg/mL, cellular viability 

was significantly reduced (P < 0.0001) 6 hr: At concentrations of both 1 and 0.5 

mg/mL, cellular viability was significantly reduced (P < 0.0001). Statistical 

analysis was performed using a Dunnett’s Test vs untreated samples. Results are 

displayed as ± SEM, with statistical significance where P < 0.05. (N=3).     
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Figure 30. Effects of phenolic extract II on the viability of human PBMC’s. 

The resazurin assay was performed after 2, 4 and 6 hour treatments with extract II. 

2 hr: At a concentration of 1 mg/mL, cellular viability was significantly reduced 

(P< 0.0001). 4 hr: At a concentration of 1 mg/mL, cellular viability was 

significantly reduced (P < 0.0001) 6 hr: At a concentration 1 mg/mL, cellular 

viability was significantly reduced (P < 0.0001). Statistical analysis was performed 

using a Dunnett’s Test vs untreated samples. Results are displayed as ± SEM, with 

statistical significance where P < 0.05. (N=3).     
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5.3.5.1 Effects on the viability of human PBMC’s treated with 

phenolic extracts 1 and II following exposure to LPS 

Human PBMC’s were isolated and seeded at a final concentration of 

500,000 cells per well. The cells were then pre-treated with various 

concentrations of each extract for 3 hours. After this pre-treatment, 

LPS (20 ng/mL) in fresh media was added to each well. After 2, 4 

and 6 hours, resazurin solution was added to each well and measured 

spectrophotometrically at 595 nM.        

After a 2, 4 and 6 hour exposure to LPS, cells pre-treated with extract 

1 significantly reduced PBMC viability at concentrations of 1 and 

0.5 mg/mL (P < 0.0001). (Figure 31).  

With cells pre-treated with extract II, only a concentration of 1 

mg/mL significantly reduced PBMC viability (P < 0.0001). (Figure 

32).     
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Figure 31. Effects of phenolic extract I on the viability of human PBMC’s after 

the addition of LPS for 2, 4 and 6 hours. The resazurin assay was performed 

after 2, 4 and 6 hour treatments with 20 ng/mL LPS. 2 hr: At concentrations of 1 

and 0.5 mg/mL, cellular viability was significantly reduced (P< 0.0001). 4 hr: At 

concentrations of both 1 and 0.5 mg/mL, cellular viability was significantly 

reduced (P < 0.0001) 6 hr: At concentrations of both 1 and 0.5 mg/mL, cellular 

viability was significantly reduced (P < 0.0001). Statistical analysis was performed 

using a Dunnett’s Test vs untreated samples. Results are displayed as ± SEM, with 

statistical significance where P < 0.05. (N=3).     
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Figure 32. Effects of phenolic extract II on the viability of human PBMC’s 

after the addition of LPS for 2, 4 and 6 hours. The resazurin assay was 

performed after 2, 4 and 6 hour treatments with 20 ng/mL LPS. 2 hr: At a 

concentration of 1 mg/mL, cellular viability was significantly reduced (P< 

0.0001). 4 hr: At a concentration of 1 mg/mL, cellular viability was significantly 

reduced (P < 0.0001) 6 hr: At a concentration 1 mg/mL, cellular viability was 

significantly reduced (P < 0.0001). Statistical analysis was performed using a 

Dunnett’s Test vs untreated samples. Results are displayed as ± SEM, with 

statistical significance where P < 0.05. (N=3).     
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5.3.6 Phenolic extracts I and II significantly inhibit LPS-induced 

TNF-alpha expression in human PBMC’s 

The phenolic extracts generated were tested for their ability to inhibit 

LPS-induced TNF-alpha expression in human PBMCs. Isolated 

PBMCs were pre-treated with the extracts for 3 hours, before LPS 

(20 ng/mL) was added for 2 and 6 hours.  

After 2 hours post-LPS addition, PBMCs treated with extract I at 

0.25, 0.5 and 1 mg/mL had a significant reduction in TNF-alpha 

expression (P 0.0078; P 0.0031; P 0.0016, respectively) (Figure 33 

A). After 6 hours, all five concentrations of extract I: 0.062, 0.125, 

0.25, 0.5 and 1 mg/mL, significantly reduced TNF-alpha expression 

(P 0.0086; P 0.0011; P <0.0001, respectively). (Figure 33 A).   

With extract II, PBMCS pre-treated with 0.062, 0.25, 0.5 and 1 

mg/mL, all had a significant reduction in TNF-alpha expression after 

2 hours with LPS (P 0.0421; P 0.0460; P 0.0010; P 0.0015, 

respectively) (Figure 33 B). Following 6 hours with LPS, PBMCS 

treated with extract II at concentrations of 0.125, 0.25, 0.5 and 1 

mg/mL had significantly reduced TNF-alpha expression (P 0.0196; 

P 0.0041; P 0.0002; P 0.0003, respectively) (Figure 33 B).   
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Figure 33. Effect of extracts I and II on LPS-induced TNF-alpha expression in 

human PBMCs. Isolated PBMCs were pre-treated with both extracts at various 

concentrations for 3 hours. LPS (20 ng/mL) was then added for 2 and 6 hours before 

supernatants were collected for ELISA analysis. (A) 2h: PBMCs treated with 

extract 1 at 0.25, 0.5 and 1 mg/mL had a significant reduction in TNF-alpha 

expression (P 0.0078; P 0.0031; P 0.0016, respectively). 6h: All concentrations of 

extract 1: 0.062, 0.125, 0.25, 0.5 and 1 mg/mL, significantly reduced TNF-alpha 

expression (P 0.0086; P 0.0011; P <0.0001, respectively). (B) 2h: Extract II at 

0.062, 0.25, 0.5 and 1 mg/mL significantly reduced in TNF-alpha expression (P 

0.0421; P 0.0460; P 0.0010; P 0.0015, respectively). 6h: Extract II at concentrations 

of 0.125, 0.25, 0.5 and 1 mg/mL had significantly reduced TNF-alpha expression 

(P 0.0196; P 0.0041; P 0.0002; P 0.0003, respectively). Statistical analysis was 

performed using a Dunnett’s Test vs LPS. Results are displayed as ± SEM (N=3). 
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5.3.7 Phenolic extracts I and II significantly inhibit LPS-induced 

IL-6 expression in human PBMC’s   

The phenolic extracts generated were tested for their ability to inhibit 

LPS-induced TNF-alpha expression in human PBMCs. Isolated 

PBMCs were pre-treated with the extracts for 3 hours, before LPS 

(20 ng/mL) was added for 2 and 6 hours. 

Isolated PBMCs after 2 hours with LPS, had a significant reduction 

in IL-6 expression after pre-treatments with extract I at 0.5 and 1 

mg/mL (P 0.0348). After 4 hours, pre-treatments with extract I at 0.5 

and 1 mg/mL again significantly reduced IL-6 (P 0.0010) (Figure 

34). However, 6 hours post-LPS addition, all concentrations of 

extract I significantly reduced IL-6 expression: 0.5 and 1 mg/mL (P 

< 0.0001); 0.25 mg/mL (P 0.0045); 0.125mg/mL (P 0.0002) and 

0.062 mg/mL (P 0.0345) (Figure 34).  

With extract II, after 2 hours with LPS, both 1 and 0.5 mg/mL 

significantly reduced IL-6 (P 0.0066; 0.0087, respectively) (Figure 

35). Again, extract II at both 1 and 0.5 mg/mL significantly reduced 

IL-6 expression after 4 hours with LPS (P 0.0006). After a 6 hour 

exposure to LPS, extract II significantly reduced IL-6 expression at 

0.062, 0.25, 0.5 and 1 mg/mL (P 0.0420; P 0.0233; P 0.0010; P 

0.0005, respectively) (Figure 35).  
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Figure 34. Effect of extract I on LPS-induced expression of IL-6 in human 

PBMCs. Isolated PBMCs were pre-treated with extract I at various concentrations 

for 3 hours. LPS (20 ng/mL) was then added for 2, 4 and 6 hours before supernatants 

were collected for ELISA analysis. 2h: Concentrations of 0.5 and 1 mg/mL 

significantly reduced IL-6 expression (P 0.0348). 4h: Extract I at 0.5 and 1 mg/mL 

significantly reduced IL-6 expression (P 0.0010). 6h: Extract I significantly reduced 

IL-6 expression at 0.062, 0.125, 0.25, 0.5 and 1 mg/mL (P 0.0345; P 0.0002; P 

0.0045; P < 0.0001, respectively). Statistical analysis was performed using a 

Dunnett’s Test vs LPS. Results are displayed as ± SEM (N=3). 
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Figure 35. Effect of extract II on LPS-induced IL-6 expression in human 

PBMCs. Isolated PBMCs were pre-treated with extract II at various concentrations 

for 3 hours. LPS (20 ng/mL) was then added for 2, 4 and 6 hours before 

supernatants were collected for ELISA analysis. 2h: Extract II at both 1 and 0.5 

mg/mL significantly reduced IL-6 expression (P 0.0066; 0.0087, respectively). 4h: 

At concentrations of 1 and 0.5 mg/mL, extract II significantly reduced IL-6 

expression (P 0.0006). 6h: Extract II significantly reduced IL-6 expression at 

0.062, 0.25, 0.5 and 1 mg/mL (P 0.0420; P 0.0233; P 0.0010; P 0.0005, 

respectively). Statistical analysis was performed using a Dunnett’s Test vs LPS. 

Results are displayed as ± SEM (N=3).     
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5.3.8 Phenolic extracts I and II significantly inhibit LPS-induced 

IL-12 expression in human PBMC’s  

The phenolic extracts generated were tested for their ability to inhibit 

LPS-induced TNF-alpha expression in human PBMCs. Isolated 

PBMCs were pre-treated with the extracts for 3 hours, before LPS 

(20 ng/mL) was added for 2, 4 and 6 hours. 

After the addition of LPS for 2 hours, there was no IL-12 expression 

detected with either extract (data not shown).  

After 4 hours, PBMCs pre-treated with extract I at concentrations of 

1, 0.5, 0.25 and 0.125 mg/mL, significantly reduced IL-12 

expression (P 0.0033; P 0.0030; P 0.0052, respectively) (Figure 36 

A). After 6 hours with LPS, extract I again at concentrations of 1, 

0.5, 0.25 and 0.125 mg/mL significantly reduced IL-12 expression 

(P 0.0053; P 0.0071, respectively) (Figure 36 A).  

PBMCs pre-treated with extract II followed by the addition of LPS 

for 4 hours, had a significant reduction in IL-12 expression at 

concentrations of 1, 0.5 and 0.25 mg/mL (P 0.0281) (Figure 36 B). 

Following 6 hours with LPS, extract II significantly reduced IL-12 

expression at concentrations of 1, 0.5 and 0.25 mg/mL (P 0.0208; P 

0.0251, respectively) (Figure 36 B).       
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Figure 36. Effect of extracts I and II on LPS-induced expression of IL-12 in 

human PBMCs. Isolated PBMCs were pre-treated with extract 1 at various 

concentrations for 3 hours. LPS (20 ng/mL) was then added for 4 and 6 hours 

before supernatants were collected for ELISA analysis. (A) 4h: Extract I at 1, 0.5, 

0.25 and 0.125 mg/mL significantly reduced IL-12 expression (P 0.0033; P 0.0030; 

P 0.0052, respectively) 6h: At concentrations of 1, 0.5, 0.25 and 0.125 mg/mL, 

extract I significantly reduced IL-12 expression (P 0.0053; P 0.0071, respectively). 

(B) 4h: Extract II at 1, 0.5 and 0.25 mg/mL significantly reduced IL-12 expression 

(P 0.0281). 6h: Extract II significantly reduced IL-12 expression at concentrations 

of 1, 0.5 and 0.25 mg/mL (P 0.0208; P 0.0251, respectively).Statistical analysis 

was performed using a Dunnett’s Test vs LPS. Results are displayed as ± SEM 

(N=3).           
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5.4 Discussion 

Inflammation has long been a major source of chronic pain in 

ailments such as osteoarthritis. However, it also has more serious 

implications in the underlying pathologies of diseases such as 

cancer, diabetes, inflammatory bowel disease and neurological 

disorders. Natural products which possess anti-inflammatory 

activity are currently being investigated as alternatives to chemical 

drugs without the adverse side effects. This chapter aimed to assess 

the anti-inflammatory activities of phenolic extracts from Irish 

rapeseed meal containing SA, along with commercial SA for 

comparison. PBMCs contain lymphocytes (T cells, B cells, NK 

cells) and monocytes. Upon stimulation with LPS, monocytes 

secrete a variety of pro-inflammatory cytokines such as TNF-alpha 

and IL-12. PBMCs are used to study inflammation which is more 

representative of the in-vivo setting.  

 

 

 

 

 

 

 

 

 

 

Figure 37. Schematic illustration of the isolation of PBMCs and ELISA analysis 
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The resazurin assay was used to determine the non-toxic dose of 

extract I, II and commercial SA. This is necessary to determine if 

any reduction in cytokine level is due to the anti-inflammatory action 

of the extracts and not their cytotoxicity. Commercial SA was found 

to significantly reduce the expression of the inflammatory cytokines 

TNF-alpha, IL-1β and IL-12. The reduction was significant at non-

toxic concentrations of SA both 2 and 6 hours after the addition of 

LPS. Both IL-8 and IL-6 were tested, however inhibition was only 

observed at a toxic concentration of 10 mM.    

The phenolic extracts generated were then tested for their ability to 

reduce the expression of pro-inflammatory cytokines. Initially, the 

resazurin assay was performed for both extracts in order to determine 

non-toxic concentrations of each. Extract I and II were found to 

significantly reduce the expression of TNF-alpha, IL-6 and IL-12. 

Both extracts were also found to reduce IL-8, however only at toxic 

concentrations. 

The results suggest that the extracts and commercial SA are acting 

as a TLR-4 antagonist, thereby blocking the action of LPS. This is 

evidenced by the increase in pro-inflammatory cytokines with LPS 

alone, compared to the decrease observed with the addition of the 

extracts. The reduction in pro-inflammatory cytokines could also be 

due to inhibition of NF-κB, which upon translocation to the nucleus 

results in the production of pro-inflammatory cytokines. Previous 

studies have shown that commercial SA can prevent activation of 
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NF-κB, and so this could be one possible mechanism of action 

(Zhang et al., 2017; Yun et al., 2008). One method which could be 

used to confirm this would be to perform western blot analysis of 

inhibitory kappa B (IκBα) or p65 proteins.         

The results demonstrate the potential use these extracts might have 

as anti-inflammatory agents. As mentioned previously, 

inflammation is involved in numerous diseases. TNF-alpha, along 

with IL-1β provides a chemotactic stimulus for leukocytes to migrate 

to the intima (the innermost layer of the artery wall) and adhere. This 

process is a key step in formation of atherosclerotic plaques, which 

are a major cause of cardiovascular disease (Ambriz-Pérez et al., 

2016). Previous work carried out in Chapter 3 has shown that the 

extracts also inhibit the ACE-I enzyme, which plays a role in heart 

health.    

Osteoarthritis is the most common form of arthritis, and is expected 

to be the biggest cause of disability among the general population by 

the year 2030 (Mathiessen and Conaghan, 2017). Synovial 

inflammation, termed synovitis, is found at all stages of OA 

progression, and targeting this inflammation is a promising 

therapeutic strategy. Numerous pro-inflammatory cytokines are up-

regulated in OA, including TNF-alpha and IL-6, resulting in 

increased inflammation and cartilage degradation (Mathiessen and 

Conaghan, 2017). Another form of arthritis, rheumatoid arthritis 

(RA), is also characterised by systemic inflammation and synovitis. 
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Again, elevated levels of cytokines such as TNF-alpha and IL-6 are 

observed (Urman et al., 2018). In an animal model of RA, a 

deficiency in IL-6 was found to inhibit arthritis, highlighting its 

importance in the pathogenesis of this disease (Ogata et al., 2019).   

Systemic inflammation has numerous adverse effects, and this is 

highlighted by the increased risk of cardiovascular disease in 

patients with RA. Inhibition of TNF-alpha and IL-6 have shown to 

improve vascular function and lessen inflammation in patients with 

RA (Urman et al., 2018). Insulin resistance was also be found to be 

more prevalent in RA patients compared to the general population, 

at 54 % compared to 40-45 %, respectively (Urman et al., 2018).  

TNF-alpha plays a key role in the development of insulin resistance, 

by decreasing the expression of GLUT4, which is an insulin-

dependent glucose transporter. TNF-alpha also plays a key role in 

the pathogenesis of obesity-induced insulin resistance, with 

increasing amounts in the systemic circulation, liver and adipocytes 

(Akash, Rehman and Liaqat, 2018). The levels of TNF-alpha are also 

higher in obese diabetic patients than lean ones, with levels of 51 % 

and 21 %, respectively. Crucially, TNF-alpha is also one of the main 

stimuli involved in apoptosis of pancreatic β-cells.       

Given these inflammatory cytokines play key roles in multiple 

diseases, the extracts generated could be used as therapeutic agents. 

Current treatments targeting inflammation are seen in Table 9.    
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Figure 38. Summary of the anti-inflammatory effects of SA-containing extracts. 
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Table 9. A list of treatments for inflammation and its associated diseases, such as 

arthritis and inflammatory bowel disease, along with their side effects (Li et al. 

2017; Ogata et al. 2019; Rossi et al. 2015). 

 

Drug type Examples Side effects 

 

Traditional non-selective 
NSAIDs 

§ Ibuprofen 

§ Aspirin 
Gastrointestinal 

disorders  

Renal toxicity 

 

Selective COX-2 inhibitors 

§ Celecoxib 

§ Rofecoxib 

§ Valdecoxib 

Cardiovascular health 

including congestive 

heart failure 

 

Synthetic glucocorticoids 

§ Dexamethasone 

§ Betamethasone 
GI ulcers; Bleeding; 

Infection 

 

Conventional disease-

modifying anti-rheumatic 

drugs (cDMARDs) 

§ Methotrexate 

§ Leflunomide 
 

Acceptable toxicity 
profile 

 

 

Anti-TNF biologics 

§ Infliximab 

§ Etanercept 

§ Adalimumab 

§ Certolizumab 

 

Infections 

(tuberculosis, 

pneumonia) 

Cardiovascular events 

 

Anti-IL-6 biologics 

§ Tocilizumab 

§ Sarilumab 

 

 

 

 

 

Infection (Upper 

respiratory tract, 

urinary tract) 
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As seen in Table 9, the use of NSAIDs are associated with adverse 

side effects, commonly affecting the gastrointestinal system. One 

reason NSAIDs cause GI damage is due to their inhibition of cyclo-

oxygenase (COX) enzymes, which subsequently interferes with the 

efficacy of the mucous-bicarbonate barrier, negating its protective 

function (Russell, 2001). These drugs can also have an impact on the 

surface of the GI system, acting as a topical irritant. The majority of 

NSAIDS are themselves weak acids, which also plays a contributory 

role (Russell, 2001). The extracts generated as part of this project 

offer advantages as a therapeutic agent to treat inflammation. In 

Chapter 3, the extracts were assessed for their effects on the viability 

of Caco-2 cells, which serve as a model of the intestinal epithelial 

barrier. At concentrations which were effective at reducing 

cytokines such as TNF-alpha and IL-6, there were no significant 

effects on Caco-2 viability observed. The extracts should not cause 

damage to the epithelium. The inhibition of COX enzymes also 

contributes to GI damage, however the extracts generated are 

cytokine-targeted and so should not interfere with these enzymes. 

The cardiovascular system is also affected by the use of NSAIDs and 

anti-TNFs. However, the extracts were shown in this work to possess 

heart health benefits and act as ACE-I inhibitors which can 

ameliorate hypertension.    

Current cytokine-targeting therapeutics, such as the TNF and IL-6 

biologics, are administered via  intravenous (I.V) or subcutaneous 

injection (Ogata et al., 2019). Extract I and II could be incorporated 
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into food matrices, such as snacks or drinks, which are easily 

consumed and more patient-friendly. The nutraceutical market in 

Europe is predicted to register a Compound Annual Growth Rate 

(CAGR) of 7.5 % from 2019-2024. The reason for this increase is 

believed to be due an increase in lifestyle-related diseases, aging and 

increased consumer awareness of the impact dietary factors can play 

in health and disease. In the nutraceuticals market, functional foods 

hold the largest market share, which include dairy, bakery, snacks 

and cereals (Intelligence, 2018). Therefore developing a functional 

food product containing the extracts would be well received in a 

well-established market.  

In summary, this chapter has highlighted the anti-inflammatory 

effects of phenolic extracts I and II generated from Irish rapeseed 

meal. Extracts reduced key pro-inflammatory cytokines involved in 

the pathogenesis of various autoimmune diseases.   
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6.1 General discussion 

Rapeseed meal is a low-economic value by-product from the 

rapeseed de-oiling process, and is ordinarily used as animal feed. 

Rapeseed is rich in bioactive compounds including phenolic acids, 

the majority of which remain in the meal after processing of the oil. 

Developing and improving methods to extract these phenolics from 

rapeseed meal could not only enhance the economic value of this 

resource, but also encompasses the idea of a ‘circular economy’. 

This ensures that resources which are normally considered waste are 

recycled back into the economy (Velis, 2015). The fitness and sports 

nutrition industry encompasses this concept through the valorisation 

of a by-product of cheese manufacture, whey. Whey protein 

products are widely available and extremely popular, with a variety 

of products available such as powders, shakes and snack bars.       

The first aim of this work was to generate extracts containing the 

phenolic sinapinic acid from Irish rapeseed meal. An initial 

methodology was chosen based on the phenolic acid composition of 

rapeseed meal, in terms of both its free and esterified forms. This 

resulted in the generation of an extract containing 5.31 mg of SA per 

100 mg of extract. Further modifications to the initial methodology 

were performed, and this resulted in the generation of an extract with 

an SA content of 0.569 mg/mL (57 %). Previous studies have 

reported SA in rapeseed to be in the ranges of 170-454 µg/g and 

0.11-.0.59 mg/g (Nićiforović and Abramovič, 2014; Khattab et al., 
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2010). The modified methodology used in this study is therefore an 

efficient way to ensure that maximum levels of SA are retrieved 

from rapeseed meal in one extraction. The generation of these 

extracts was an important and novel aspect of the project moving 

forward, as previous studies examining the bioactivities of SA have 

used a chemically manufactured version. 

The extracts and commercial SA were found to inhibit the ACE-I 

enzyme, which plays a role in hypertension (Figure 39). ACE-I 

inhibitors work by competitive inhibition of the ACE-I enzyme, 

blocking the formation of angiotensin II. This results in dilation of 

veins and arteries. The level of inhibition of the extracts was on a par 

with the known ACE-I inhibitor, Captopril. When assayed at 1 

mg/mL, Captopril displayed 96 % ± 0.5 ACE-I inhibition, compared 

to extracts 1 and II at 97 % ± 4.1 and 91 % ± 3.6, respectively. 

Inhibition of ACE-1 was previously shown to play a role in the 

development of diabetes and kidney disease. Hypertensive patients 

with T2DM who received ACE-I inhibitors had a significant 

reduction in cardiovascular events; while evidence is also emerging 

to suggest that ACE-I inhibition plays a role in kidney disease (Hao 

et al., 2014; Zeier, 2018). One possible mechanism by which the 

extracts could inhibit the ACE-I enzyme is through the carboxylic 

acid functional group present in SA. This acts as the ligand which 

binds to the zinc ion in the active site of the ACE-I enzyme. This is 

the same mechanism of action as Enalapril, a drug used in the clinical 

management of hypertension (Shionoiri, Shigemasa and Takasaki, 
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1997). Initial studies examining plasma levels following 

consumption of cereal meals and cranberry juice indicate that SA is 

bioavailable, and quickly absorbed from the small intestine, 

particularly when in its free form (Hameed, Aydin and Basaran, 

2016). It has been shown that the esterification of phenolics impairs 

their absorption, with free phenolic acids being 10 to 17 times more 

bioavailable in humans (Hameed, Aydin and Basaran, 2016). 

Approximately 70-96 % of the phenolic acids present in rapeseed 

meal are esterified, which could also explain why dietary intake is 

insufficient to exert beneficial effects (Vuorela, 2005). The 

methodology used to generate the extracts involves hydrolysis of 

esterified SA, and theoretically should improve the bioavailability of 

the extracts. In-vivo studies are crucial moving forward, to determine 

their bioavailability, along with their efficacy and toxicity. 

 

Figure 39. Summary of the ACE-I pathway and its inhibition. 
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Chronic inflammation is well-established in the underlying 

pathology of numerous diseases, including cardiovascular disease, 

diabetes and obesity (Figure 40). Both of the SA-containing extracts, 

along with commercial SA, were found to significantly reduce the 

expression of pro-inflammatory cytokines including TNF-alpha, IL-

6 and IL-12. Recent studies have made significant progress in 

elucidating the mechanisms linking inflammation with hypertension. 

Studies have shown that inhibition of TNF-alpha leads to decreased 

blood pressure and inflammation in animal models of metabolic 

syndrome and pre-eclampsia (De Miguel et al., 2015). The levels of 

IL-6 have also been shown to be elevated in hypertensive conditions, 

including pulmonary hypertension. Anti-IL-6 therapy has been 

successfully used in a one-patient trial with severe pulmonary 

arterial hypertension (Furuya, Satoh and Kuwana, 2010). 

 

 

 

Figure 40. Summary of the diseases in which inflammation plays a role 
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The mechanisms by which the extracts and commercial SA exert 

their anti-inflammatory effects have not been investigated. However, 

based on evidence from previous studies and the structures of other 

anti-inflammatory bioactive compounds, we suggest possible 

mechanisms of action (Figure 41). The first mechanism of action 

involves inhibition of NF-κB, a nuclear transcription factor which 

plays a key role in the pathogenesis of inflammation. Previous 

studies have shown that treatment with SA inhibited the nuclear 

translocation of p65 and p50, thereby preventing transcription 

initiation by NF-κB (Schmitz and Baeuerle, 1991; Pahl, 1999; Yun 

et al., 2008).  Sinapinic acid was also found to inhibit the LPS-

induced degradation of IκB-α, preventing the release of NF-κB (Yun 

et al., 2008). Extensive studies involving Curcumin have identified 

mechanisms by which it inhibits TNF-α. Curcumin has also been 

shown to down-regulate NF-κB activation and inhibit TNF 

(Aggarwal, Gupta and Sung, 2013). A potential mechanism of action 

has recently been proposed by Edwards et al. 2017. By generating 

curcumin analogs which could either resist or undergo spontaneous 

oxidation, they found the oxidised analogs were potent inhibitors of 

NF-κB. These oxidative metabolites bind to and inhibit IKKβ, 

thereby preventing NF-κB translocation (Edwards et al., 2017). Both 

curcumin and SA have similar structures, such as phenolic hydroxyl 

groups, and are both hydroxycinnamic acid derivatives (Alam et al., 

2016). Studies could be performed with our SA-containing extracts 

and commercial SA to see if a similar mechanism is occurring.          
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The second potential mechanism involves inhibiting LPS signalling 

through toll-like receptor 4. The activation of TLR-4 starts a 

signalling cascade which results in NF- κB transcription and 

inflammatory cytokine production. Studies involving curcumin have 

shown that it can inhibit both ligand-dependent and independent 

dimerization of TLR-4, while also reducing the expression levels of 

TLR. Future work is necessary in order to elucidate which 

mechanism of action is occurring with our extracts and commercial 

SA. This could be done by examining GFP-tagged Re1A (p65) in 

macrophage cells stimulated with LPS to examine NF- κB 

translocation (Ernst, Vayttaden and Fraser, 2018). PCR analysis 

could determine if the extracts and SA reduce the expression levels 

of TLR-4, while molecular docking studies would also be useful to 

determine if the binding site of SA overlaps with that of LPS. In-vivo 

studies are also necessary to determine the efficacy of the extracts, 

and there have been discussions with a research group in Israel in 

regard to studying the effects of the extracts in an in-vivo model of 

inflammation.   
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Experiments were also carried out to determine if the extracts and 

commercial SA effect GLUT4 expression. Our results showed no 

effects on GLUT4 expression in the three cell lines after treatments 

with the extracts and commercial SA. However, there were 

limitations to this work in terms of the in-vitro models used, and 

there were no in-vivo studies performed. Skeletal muscle is one of 

the key insulin-target tissues, hence the H9c2 myoblast cell line was 

used in this study. However, future studies would benefit from 

experimentation with the L6 myoblast cell line (Yap et al., 2007). 

The L6 myoblast cells can be differentiated into myotubes by 

reducing the fetal bovine serum to 2 % and display insulin-dependent 

Figure 41. Potential mechanisms of TNF-α inhibition by phenolic extracts 

and commercial SA. (A) They could be acting as a toll-like receptor-4 antagonist 

(B) they could inhibit the translocation and transcription of the nuclear 

transcription factor NF-κB. Both mechanisms ultimately result in the inhibition 

of pro-inflammatory cytokine production. 
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glucose uptake and GLUT4 translocation. This is a promising in-

vitro model to identify the possible anti-diabetic effects of the 

extracts (Yap et al., 2007). Chronic hyperglycemia is a common 

characteristic of T2DM and inhibition of carbohydrate-hydrolysing 

enzymes could help to prevent these symptoms by decreasing post-

prandial glucose levels (Padilla-Camberos et al., 2014). Phenolic 

extracts from Citrus limetta inhibited both α-amylase and α-

glucosidase (Padilla-Camberos et al., 2014). Simple assays could be 

performed with our extracts to determine if they can inhibit these 

enzymes.          

Our diet plays a crucial role in the development of diseases such as 

cardiovascular disease, inflammation, diabetes and obesity. Equally, 

so too can our diet aide in disease prevention (Ozen et al., 2014). 

Consumers today are more aware of the importance of a healthy, 

balanced diet, and this has resulted in increased sales of functional 

foods/ nutraceuticals. These are defined as a food or food ingredients 

which can prevent disease development (Inan, 2019). The 

nutraceutical market in Europe is predicted to register a Compound 

Annual Growth Rate (CAGR) of 7.5 % from 2019-2024. The reason 

for this increase is due to an increase in lifestyle-related diseases, 

aging and increased consumer awareness of the impact dietary 

factors can play in health and disease. In the nutraceuticals market, 

functional foods hold the largest market share, which include dairy, 

bakery, snacks and cereals (Intelligence, 2018). Current 

pharmacological agents used to treat inflammation and hypertension 
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are associated with various side effects, and have undesirable 

methods of administration. For example, current cytokine-targeting 

therapeutics, such as the TNF and IL-6 biologics, are administered 

via I.V or subcutaneous injection (Ogata et al., 2019). Natural 

extracts possessing anti-inflammatory and hypertensive properties 

could eliminate these effects. Supplements, snacks or drinks 

containing the extracts would provide an amenable method of 

disease prevention for those of all ages, which are easily consumed 

and more patient friendly. The extracts could also be consumed pro-

actively to prevent the onset of inflammation and to maintain normal 

blood pressure. There is already a well-established market for these 

products, including products such as Benecol® which contains plant 

sterols to lower cholesterol, or Yakult- a probiotic yogurt drinks to 

maintain healthy digestion.                  

As discussed in chapter 3, there are already numerous clinical trials 

involving phenolic acids, paving the way for clinical studies with 

extracts like those prepared in this study. If a product is to be 

accepted as a functional food ingredient, the EU has a strict 

regulation in place- EC Regulation 1924/2006 (Moors, 2012). Under 

this regulation, foods or their constituents can be classified under 

three different ‘claims’, one of which is ‘reduction of disease risk 

claim’. There must be a ‘dossier with full details of the 

food/constituent and substantial scientific evidence verifying the 

claim’ (Moors, 2012). Any data obtained from in-vitro and in-vivo 

studies may only be used as supplementary evidence. 
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