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ABSTRACT  

The project aimed to investigate the role of rice bran (RB) polyphenols in modulating 

biomarkers and risk factors associated with cardiovascular disease (CVD) and Type 2 diabetes 

(T2DM). Firstly, the effect of various processing conditions (heat stabilization treatments) on 

the phenolic composition of RB and its corresponding antioxidant activity were investigated. 

The results from this study established that stabilization via drum-drying resulted in a 

significant increase in measured total phenolic content and associated antioxidant activity. 

Mass spectrometry studies revealed ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, 

syringic acid, sinapic acid, feruloyl glycoside, shikimic acid, tricin, and their isomers as the 

most predominant phenolic compounds present in drum-dried RB. Due to the increased 

antioxidant activity of the drum-dried RB sample, it was chosen for further in vitro and ex vivo 

analysis.  

To determine the effect of RB polyphenols in modulating genes associated with antioxidant 

and anti-inflammatory pathways in vitro, a human umbilical vein endothelial cell (HUVEC) 

model under induced oxidative stress conditions was employed. HUVECs under oxidative 

stress were treated with varying concentrations of RB phenolic extracts (25, 50, 100, and 250 

µg/mL). Using quantitative real-time polymerase chain reaction (qPCR), the expression of 

nuclear factor erythroid 2-related factor 2 (Nrf2), nicotinamide adenine dinucleotide phosphate: 

quinone oxidoreductase 1 (NQO1), heme oxygenase 1 (HO1), nicotinamide adenine 

dinucleotide phosphate oxidase 4 (NOX4), intercellular adhesion molecule 1 (ICAM1), 

endothelial nitric oxide synthase (eNOS), ectonucleoside triphosphate diphosphohydrolase 1 

(CD39), and ecto-5'-nucleotidase (CD73) genes were determined. Results obtained from this 

study revealed that treatment with RB extract down-regulated the expression of ICAM1, CD39, 

CD73, and NOX4 and up-regulated the expression of Nrf2, NQO1, HO1 and eNOS indicating 

an antioxidant/ anti-inflammatory effect of RB during endothelial dysfunction. 

Furthermore, to investigate the impact of RB polyphenols on biomarkers associated with 

inflammation and free radical damage, a RAW264.7 mouse macrophage cell model stimulated 

with hydrogen peroxide and lipopolysaccharide was used. Following treatment with RB 

polyphenol (25, 50, 100, and 250 µg/mL) extracts, production of malondialdehyde, 

intracellular reactive oxygen species, nitric oxide and pro-inflammatory cytokines (interleukin-

12, p70, interferon-γ, interleukin-6) were significantly reduced. 
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Due to the observed antioxidant and anti-inflammatory effect of RB polyphenols, an ex vivo 

study was undertaken to examine if they had an impact on platelet function under oxidative 

stress conditions, a significant risk factor of vascular disorders. Blood samples obtained from 

healthy human volunteers were treated with varying concentrations of RB phenolic extracts 

(50, 100, 250 and 500 µg/mL). Hydrogen peroxide and ADP were used as an oxidative stress 

stimulant and platelet activator respectively. Biomarkers of platelet activation were evaluated 

through the measurement of platelet activation related conformational change (PAC-1) and de-

granulation (CD62P/P-selectin). It was observed that RB phenolic extracts displayed 

significant antioxidant and anti-inflammatory activity, however, did not have an impact upon 

ADP induced platelet activation under oxidative stress conditions. Further investigations into 

the effect of RB polyphenol extracts on platelet stimulation via other activation pathways, such 

as collagen and thrombin, are warranted. 

To evaluate the effect of RB phenolic extracts on risk factors of T2DM, a pancreatic β-cell 

model was used. β-cell function was investigated by evaluating the expression of candidate 

genes such as Glucose transporter 2 (Glut2), Pancreatic and Duodenal Homeobox 1 (Pdx1), 

Sirtuin 1 (Sirt1), Mitochondrial transcription factor A (Tfam) and Insulin 1 (Ins1). Gene 

expression was studied using qPCR. Additionally, the impact on glucose-stimulated insulin 

secretion was investigated using an enzyme-linked immunosorbent assay (ELISA). Treatment 

with different concentrations of RB extracts (25, 50, 100, and 250 µg/mL) resulted in a 

significant increase in the expression of Glut2, Pdx1, Sirt1, Tfam and Ins1 genes and glucose-

stimulated insulin secretion under both normal and high glucose conditions. The outcomes 

from this study revealed that RB phenolic extracts can modulate the expression of genes 

involved in β-cell dysfunction and insulin secretion as a result of the synergistic action of 

polyphenols present in RB by targeting signalling molecules, reducing free radical damage by 

its antioxidant activity, and stimulation of effectors or survival factors of insulin secretion. 

Finally, to evaluate the effect of RB phenolic extracts on glucose release in vitro, a novel starch 

digestibility model was utilized. The starch hydrolysis of a rice variety with a high glycemic 

index (GI) was pre-treated with RB phenolic extracts (7.5, 15 and 30 mg/mL) during cooking 

and with digestive enzymes. The results obtained from this study demonstrated a reduction in 

the rate of starch digestibility, possibly due to a direct interaction of the polyphenols present in 

the RB extracts with the starch and/ or with the enzymes. Since a steady release of glucose over 

time is essential for maintaining a moderate postprandial glycemic and insulinemic response, 
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consumption of RB, which is abundant in GI lowering polyphenols, may be an appropriate 

method that can be used as a preventative measure to assist in controlled glucose release. 

The outcomes highlighted in this project demonstrate that the bioactive constituents found in 

RB may play a key role in targeting specific mechanistic pathways associated with CVD and 

T2DM risk by virtue of its antioxidant and anti-inflammatory properties.  
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INTRODUCTION  

The pathophysiological link between lifestyle diseases such as cardiovascular disease (CVD) 

and Type 2 diabetes (T2DM) is complex and multifactorial (Lorber, 2014). Inflammation is a 

normal process by which the body’s immune system responds to external stimuli by integrating 

many complex signalling pathways. However, during chronic inflammation, an imbalance in 

homeostatic mechanisms is generated which causes the immune system to become activated 

resulting in damage to healthy tissues. Oxidative stress occurs as a result of an imbalance 

between the production of reactive oxygen species and antioxidant defences, resulting in 

changes in stress-signalling pathways (Lamb & Goldstein, 2008). Hence, chronic inflammation 

and free-radical damage mediated by oxidative stress have been identified as major 

contributors to lifestyle diseases such as CVD and T2DM (Hulsmans & Holvoet, 2010). 

Appropriate regulation of the oxidative-inflammation balance is required to improve glucose 

metabolism to minimise insulin resistance and maintain vascular function, thereby slowing the 

development and progression of degenerative lifestyle diseases. Anti-inflammatory 

medications currently in use (e.g. aspirin) aim to inhibit the cyclooxygenase (COX) pathway 

where acetylated COX-2 loses activity required to form prostaglandin and thromboxane which 

are responsible for the aggregation of platelets that form blood clots (Spite & Serhan, 2010). 

However, current medications are known to be associated with several side effects, hence, 

investigations into alternative therapeutics are warranted (Razavi-Nematollahi & Ismail-Beigi, 

2019; Zhao et al., 2019).  

Lifestyle and dietary changes are important risk factors of CVD and T2DM. For example, a 

lipid-rich diet is recognised to result in the generation of reactive oxygen species and 

diminished activity of antioxidant enzymes (i.e. superoxide dismutase, catalase and glutathione 

peroxidase) which eventually leads to endothelial and β-cell dysfunction (Fernández-Sánchez 

et al., 2011). An emerging trend in functional foods that contain polyphenols with the potential 

to prevent lifestyle diseases has been highlighted in several in vitro and in vivo studies which 

display protective benefits against hyperglycemia, hyperlipidemia, inflammation and oxidative 

stress (Callcott, Blanchard, Snell, & Santhakumar, 2019; Candiracci, Justo, Castaño, 

Rodriguez-Rodriguez, & Herrera, 2014). The mechanisms by which polyphenols elicit these 

responses include either specific interactions between polyphenols and their biological target 

(e.g. proteins, or defined membrane domains) and/or non-specific actions facilitated by 

structural components commonly found in polyphenols (e.g. hydrogen donating ability to 
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scavenge free radicals) (Fraga, Galleano, Verstraeten, & Oteiza, 2010; Mathew, Abraham, & 

Zakaria, 2015).  

Rice bran (RB), is found on the outer layer of the rice grain and is produced as a by-product 

when brown rice is polished (Kahlon, 2009). RB is normally used as an animal feed, however, 

it is known to be a highly nutritious product rich in proteins, vitamins, minerals, fatty acids and 

fibre (Satter et al., 2014). Most of the compounds present in RB with antioxidant potential can 

be grouped into phenolic acids and flavonoids. Some of the major phenolic acids present in RB 

includes compounds such as ferulic acid, p-coumaric acid, p-hydroxybenzoic acid, sinapic acid, 

and gallic acid and some of the minor constituents include protocatechuic, vanillic, caffeic, and 

syringic acids. Moreover, flavonoids such as tricin, luteolin, apigenin, quercetin, isorhamnetin, 

kaempferol, and myricetin are also recognised to be present in RB (Park, Lee, & Choi, 2017). 

Since dietary supplements in the form of ground RB, extract, oils and hulls are thought to play 

an important role in the existing food crises, a better understanding of the functional properties 

and compositional diversities of these RB constituents, as well as its interactions within cellular 

components, will provide further insight into the development of nutritional and 

pharmacological approaches to prevent diseases. The overall objective of this project was to 

investigate the therapeutic properties of RB by exploring its antioxidant and anti-inflammatory 

activity utilising in vitro and ex vivo models.   
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CHAPTER 1 - RICE BRAN DERIVED BIOACTIVE 

COMPOUNDS MODULATE RISK FACTORS OF 

CARDIOVASCULAR DISEASE AND TYPE 2 DIABETES 

MELLITUS: AN UPDATED REVIEW 

 

PREFACE 

This review paper discusses the mechanistic pathways behind CVD and T2DM development 

and the therapeutic potential of bioactive compounds derived from RB that might assist in 

preventing these chronic diseases. 

 

The review discusses:  

1. RB derived bioactive compounds against biomarkers of CVD 

2. RB derived bioactive compounds against biomarkers of T2DM 

3. Hormesis and bioavailability 
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PROJECT OBJECTIVES 

 

The literature review contained in this chapter has outlined numerous studies that have 

demonstrated the role RB bioactive compounds can play in modulating biomarkers associated 

with CVD and T2DM. However, there has been a lack of studies that have investigated the 

impact of stabilisation methods on RB phenolic functionality. There was also a lack of research 

on RB from Australian varieties and limited information on specific functions and their 

associated metabolic basis.     

 

This project aimed to investigate the functionality (including antioxidant and anti-

inflammatory potential) of thermally treated RB phenolics. The main objectives of this study 

were to determine:  

 

1. The phenolic composition and corresponding antioxidant activity of RB that has 

undergone various thermal treatments. 

2. The antioxidant and anti-inflammatory activity of RB extracts in HUVECs induced 

with oxidative stress. 

3. The antioxidant and anti-inflammatory properties of RB extracts when exposed to 

RAW264.7 macrophage cells. 

4. The effect of RB extracts on platelet function. 

5. The effect of RB extracts in modulating insulin secretion and expression of genes 

associated with β-cell function. 

6. The role of RB extracts in ameliorating starch digestibility of a white glutinous waxy 

rice.  
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CHAPTER 2 - STABILIZATION TREATMENT OF RICE BRAN 

ALTERS PHENOLIC CONTENT AND ANTIOXIDANT 

ACTIVITY 

 

PREFACE 

Chapter 1 illustrated that there are limited studies that have investigated the therapeutic benefits 

of thermally treated RB bioactive constituents. Moreover, the phenolic content and antioxidant 

potential of RB from Australian varieties has yet to be thoroughly investigated. Hence, chapter 

2 addresses the first objective of this thesis:  

 

‘Determine the phenolic composition and corresponding antioxidant activity of RB that has 

undergone various thermal treatments’ 

 

This study examined RB obtained from an Australian grown variety (Reiziq) that had 

undergone one of either extrusion, drum-drying, microwave or oven stabilization treatments. 

Characterization of these samples was conducted by the measurement of their total phenolic 

content and separation and characterisation of individual compounds using ultra-high-

performance liquid chromatography (uHPLC) coupled to an online ABTS system. Antioxidant 

activity and the identity of the compounds was examined using benchtop antioxidant assays 

and liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF-MS), 

respectively. 
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Supplementary table: Identification of bound and free phenolic compounds present in stabilised and non-stabilised RB via authentic and tentative 

methods 

Bound phenolic composition: NS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  11.238 179.0363 135.0466 0.74 ± 0.07 1.54 ± 0.02 Caffeic acid 

2.  16.305 169.0883 108.0235 

119.0513 

152.0130 

0.65 ± 0.01 1.07 ± 0.02 Unknown compound 

3.  17.397 193.0516 134.0389 

149.0620 

178.0285 

210.61 ± 3.78 20.42 ± 1.50 3-Hydroxy-4-methoxycinnamic acid 

(isoferulic acid) 

4.  18.075 223.0625 145.0879 

178.0280 

193.0513 

208.0390 

1.10 ± 0.10 4.64 ± 0.25 Unknown compound 

5.  18.275 193.0518 134.0390 

149.0621 

178.0283 

17.05 ± 0.62 2.52 ± 0.07 Ferulic acid 

6.  21.986 385.0942 161.0624 

241.1095 

341.1044 

3.14 ± 0.11 1.57 ± 0.08 Unidentified Ferulic acid dimer 

7.  23.927 221.0837 155.1093 

199.0987 

0.49 ± 0.01 1.39 ± 0.07 Unknown compound 

8.  24.248 385.0950 153.0941 

197.0826 

357.1000 

8.43 ± 0.28 5.20 ± 0.18 Unidentified Ferulic acid dimer 

9.  28.342 385.0947 201.1140 

261.0782 

341.1045 

4.02 ± 0.10 3.77 ± 0.10 Unidentified Ferulic acid dimer 
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10.  29.819 385.0945 193.0523 

251.0938 

326.0805 

9.43 ± 0.42 8.42 ± 0.47 Unidentified Ferulic acid dimer 

11.  30.394 577.1358 175.0773 

199.1347 

385.0942 

417.1210 

497.0745 

533.1472 

2.94 ± 0.36 1.80 ± 0.06 Unknown compound 

12.  32.249 193.0517 

 

149.0626 

178.0279 

20.75 ± 0.20 2.04 ± 0.03 Unidentified Ferulic acid derivative 

13.  32.618 385.0941 134.0390 

175.0773 

193.0516 

281.1407 

343.0832 

0.60 ± 0.00 1.22 ± 0.01 Unidentified Ferulic acid dimer 

14.  33.69 341.1045 134.0388 

178.0273 

193.0515 

249.1143 

1.46 ± 0.04 1.24 ± 0.08 Caffeic acid hexose 

15.  36.152 577.1362 134.0375 

197.1194 

215.1302 

329.2341 

385.0942 

1.09 ± 0.02 1.97 ± 0.13 Unknown compound 

16.  37.606 577.1368 134.0369 

193.0530 

329.2344 

526.3513 

2.62 ± 0.02 2.31 ± 0.01 Unknown compound 

17.  38.202 383.1150 215.1090 

329.2338 

343.0837 

2.62 ± 0.02 1.28 ± 0.13 Unknown compound 
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Bound phenolic composition: OS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  11.246 179.0351 135.0452 0.66 ± 0.09 1.64 ± 0.16 Caffeic acid 

2.  16.317 167.0352 108.0223 

119.0505 

123.0448 

139.0410 

152.0117 

163.0400 

0.57 ± 0.03 1.16 ± 0.02 5-Methoxysalicylic acid 

 

3.  17.358 193.0502 134.0375 

149.0608 

178.0275 

214.01 ± 1.22 21.54 ± 0.12 3-Hydroxy-4-methoxycinnamic acid 

(isoferulic acid) 

4.  18.027 223.0608 134.0376 

149.0597 

178.0268 

193.0501 

208.0372 

1.39 ± 0.15 5.97 ± 0.49 Unknown compound 

 

5.  18.292 193.0469 134.0355 

149.0584 

178.0238 

12.12 ± 1.27 1.92 ± 0.29 Ferulic acid 

6.  18.984 511.3410 149.0572 

178.0240 

193.0472 

223.0569 

487.2966 

0.88 ± 0.01 1.12 ± 0.01 Unknown compound 

7.  22.002 385.0871 

 

161.0580 

241.1049 

282.0849 

341.0981 

3.37 ± 0.03 1.48 ± 0.01 Unidentified Ferulic acid dimer 

8.  23.933 221.0820 134.0365 

155.1079 

0.45 ± 0.01 1.23 ± 0.11 Unknown compound 
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176.0452 

199.0977 

9.  24.26 385.0880 153.0901 

197.0792 

243.1199 

357.0931 

8.53 ± 0.08 5.54 ± 0.06 Unidentified Ferulic acid dimer 

10.  28.24 385.0880 201.1105 

217.0479 

341.0983 

3.59 ± 1.03 3.83 ± 0.22 Unidentified Ferulic acid dimer 

11.  29.839 385.0880 163.0377 

193.0476 

251.0884 

326.0747 

9.94 ± 0.14 8.58 ± 0.58 Unidentified Ferulic acid dimer 

12.  30.409 577.1273 134.0361 

175.0741 

199.1304 

385.0884 

417.1144 

533.1387 

2.88 ± 0.18 1.96 ± 0.12 Unknown compound 

13.  32.272 193.0481 

 

149.0589 

178.0246 

20.66 ± 0.72 2.00 ± 0.03 Unidentified Ferulic acid derivative 

14.  33.718 341.0992 134.0362 

178.0251 

193.0485 

1.16 ± 0.03 1.19 ± 0.02 Caffeic acid hexose 

15.  36.183 577.1364 134.0377 

197.1191 

215.1293 

385.0944 

487.3054 

1.12 ± 0.07 1.82 ± 0.03 Unknown compound 

16.  37.616 577.1293 134.0354 

193.0478 

329.2302 

2.61 ± 0.02 2.45 ± 0.12 Unknown compound 
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17.  38.212 383.1099 147.0791 

178.0257 

215.1052 

329.2295 

343.0791 

2.28 ± 0.25 1.19 ± 0.05 Unknown compound 

Bound phenolic composition: MS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  16.310 167.0363 108.0234 

139.0419 

150.0339 

0.60 ± 0.08 1.23 ± 0.22 5-Methoxysalicylic acid 

2.  17.356 193.0519 134.0391 

178.0288 

218.79 ± 2.05 21.68 ± 0.85 3-Hydroxy-4-methoxycinnamic acid 

(isoferulic acid) 

3.  18.01 223.0629 134.0393 

149.0613 

178.0285 

193.0521 

208.0393 

1.66 ± 0.60 6.88 ± 1.91 Unknown compound 

4.  18.278 193.0523 134.0394 

149.0625 

178.0287 

9.38 ± 1.19 1.43 ± 0.22 Ferulic acid 

5.  20.964 445.1156 134.0390 

171.1039 

193.0525 

327.0884 

401.1254 

3.51 ± 0.08 1.37 ± 0.06 Unknown compound 

6.  21.984 385.0942 161.0620 

341.1046 

0.45 ± 0.02 1.17 ± 0.07 Unidentified Ferulic acid dimer 

7.  23.918 221.0831 134.0398 

155.1088 

176.0483 

199.0987 

8.96 ± 0.23 5.53 ± 0.04 Unknown compound 
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8.  24.257 385.0944 153.0933 

197.0829 

357.0992 

4.07 ± 1.00 3.81 ± 0.14 Unidentified Ferulic acid dimer 

9.  28.351 385.0946 261.0781 

341.1043 

9.24 ± 0.61 8.36 ± 0.26 Unidentified Ferulic acid dimer 

10.  29.819 385.0947 163.0398 

193.0516 

2.93 ± 0.19 1.87 ± 0.02 Unidentified Ferulic acid dimer 

11.  30.4 577.1360 149.0606 

175.0775 

21.21 ± 0.60 2.00 ± 0.07 Unknown compound 

12.  32.252 193.0517 

 

149.0614 

178.0280 

0.50 ± 0.03 1.07 ± 0.03 Unidentified Ferulic acid derivative 

13.  32.608 385.0939 193.0516 

281.1404 

343.0836 

1.08 ± 0.02 1.81 ± 0.03 Unidentified Ferulic acid dimer 

14.  36.167 577.1361 197.1186 

215.1300 

385.0941 

487.3062 

2.64 ± 0.08 2.38 ± 0.06 Unknown compound 

15.  37.61 577.1366 193.0520 

329.2344 

526.3512 

0.60 ± 0.08 1.23 ± 0.22 Unknown compound 

Bound phenolic composition: ES-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  11.272 179.0354 135.0458 0.58 ± 0.01 1.37 ± 0.05 Caffeic acid 

2.  17.470 193.0509 134.0382 187.40 ± 4.78 19.07 ± 0.60 3-Hydroxy-4-methoxycinnamic acid 

(isoferulic acid) 

3.  18.072 223.0620 134.0380 

193.0512 

1.01 ± 0.08 4.32 ± 0.25 Unknown compound 

4.  18.357 193.0513 134.0385 12.32 ± 0.64 2.24 ± 0.09 Ferulic acid 

5.  23.966 221.0818 191.0676 

199.0972 

0.44 ± 0.02 1.24 ± 0.13 Unknown compound 
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6.  24.302 385.0932 357.0980 7.63 ± 0.31 4.98 ± 0.10 Unidentified Ferulic acid dimer 

7.  28.397 385.0937 201.1129 

261.0769 

341.1035 

3.80 ± 0.90 3.19 ± 0.14 Unidentified Ferulic acid dimer 

8.  29.878 385.0935 193.0510 

251.0921 

326.0811 

7.79 ± 0.49 7.38 ± 0.32 Unidentified Ferulic acid dimer 

9.  30.454 577.1358 175.0766 

199.1340 

385.0940 

417.1196 

497.0733 

533.1471 

2.46 ± 0.28 1.72 ± 0.04 Unknown compound 

10.  32.322 193.0505 

 

134.0381 

163.0418 

178.0272 

17.10 ± 1.09 1.81 ± 0.06 Unidentified Ferulic acid derivative 

 

11.  36.222 577.1358 197.1185 

215.1288 

347.2444 

385.0929 

1.05 ± 0.05 1.73 ± 0.08 Unknown compound 

12.  37.674 577.1354 193.0504 

247.0117 

329.2334 

487.3069 

526.3481 

2.16 ± 0.14 2.02 ± 0.11 Unknown compound 

 

Bound phenolic composition: DDS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Retention Time 

1.  17.467 193.0501 

 

134.0374 

178.0270 

175.02  ± 1.30 17.73 ± 0.34 3-Hydroxy-4-methoxycinnamic acid 

(isoferulic acid) 



75 
 

2.  18.027 223.0607 134.0370 

164.0478 

178.0268 

193.0501 

2.12  ± 0.04 4.12 ± 0.00 Unknown compound 

3.  18.307 193.0502 134.0375 

178.0268 

12.06 ± 0.28 2.28 ± 0.10 Ferulic acid 

4.  24.262 385.0932 401.0877 7.00 ± 0.16 4.65 ± 0.07 Unidentified Ferulic acid dimer 

5.  28.35 385.0934 261.0769 

341.1034 

4.30 ± 0.03 3.45 ± 0.15 Unidentified Ferulic acid dimer 

6.  29.836 385.0937 187.0424 

251.0928 

343.2110 

7.03 ± 0.25 7.25 ± 0.02 Unidentified Ferulic acid dimer 

7.  30.447 175.0766 159.0496 3.37 ± 0.11 1.61 ± 0.07 Unknown compound 

8.  32.259 193.0508 149.0617 

178.0276 

15.7 ± 0.08 1.76 ± 0.05 Unidentified Ferulic acid derivative 

9.  37.606 577.1353 329.2332 

487.3057 

2.14 ± 0.05 1.91 ± 0.02 Unknown compound 

10.  38.195 383.1138 215.1075 

329.2332 

343.0823 

2.10 ± 0.04 1.10 ± 0.03 Unknown compound 

Free phenolic composition: NS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  4.613 546.1478 111.0461 

143.0364 

175.0616 

325.1083 

518.1536 

1.97 ± 0.09 1.23 ± 0.06 Unknown compound 

2.  5.567 485.1524 131.0361 

182.0469 

315.0728 

367.1251 

0.38 ± 0.01 1.63 ± 0.10 Unknown compound 



76 
 

3.  9.5 197.0462 

 

135.0463 

165.0196 

179.0383 

1.69 ± 0.05 1.37 ± 0.02 Syringic acid 

4.  11.62 547.1676 162.0212 

203.0928 

293.0769 

337.0589 

517.1573 

0.97 ± 0.01 2.25 ± 0.15 Unknown compound 

5.  11.89 121.0307 119.0396 0.89 ± 0.02 1.14 ± 0.08 Unknown compound 

6.  12.16 163.0408 119.0503 

121.0304 

137.0253 

0.69 ± 0.04 2.42 ± 0.14 Unknown compound 

7.  14.22 385.1152 119.0499 

163.0404 

173.0094 

295.0459 

1.74 ± 0.07 1.13 ± 0.04 Unidentified Ferulic acid dimer 

8.  14.54 504.1157 137.0251 

162.0234 

247.1216 

341.1064 

401.1823 

579.1354 

0.63 ± 0.03 2.02 ± 0.03 Unknown compound 

9.  15.453 579.1358 134.0367 

163.0393 

193.0510 

309.0627 

563.1435 

0.83 ± 0.02 1.25 ± 0.03 Unknown compound 

10.  15.933 223.0603 145.0873 

162.0198 

208.0393 

0.42 ± 0.01 1.10 ± 0.04 Sinapic acid 

11.  16.48 753.2248 343.2121 

511.3501 

1.12 ± 0.01 2.37 ± 0.11 Unknown compound 
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12.  18.12 723.2135 343.2137 

487.3065 

565.3213 

605.1134 

5.55 ± 0.13 5.00 ± 0.05 Unknown compound 

13.  18.52 329.2343 171.1026 

211.1339 

248.9700 

287.2226 

28.29 ± 2.80 18.27 ± 1.35 Tricin 

Free phenolic composition: Free OS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  5.409 485.1508 131.0352 

182.0459 

315.0722 

367.1243 

0.43 ± 0.00 1.87 ± 0.03 Unknown compound 

2.  6.589 372.0941 185.0451 

203.0556 

261.0075 

347.1458 

0.78 ± 0.06 1.17 ± 0.07 Unknown compound 

3.  7.527 206.0456 129.0563 

160.0403 

191.0206 

0.79 ± 0.05 1.94 ± 0.24 Unknown compound 

4.  9.311 477.6064 162.0199 

211.0262 

245.1033 

414.1034 

0.84 ± 0.01 1.20 ± 0.05 Unknown compound 

5.  11.289 197.0457 135.0462 

165.0194 

179.0357 

 

2.03 ± 0.02 1.49 ± 0.02 Syringic acid 

 

6.  11.687 121.0301 119.0378 1.68 ± 0.12 2.25 ± 0.02 Unknown compound 

7.  11.808 121.0300 119.0396 0.92 ± 0.01 1.25 ± 0.03 Unknown compound 
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8.  14.088 137.0246 119.0484 

121.0296 

0.74 ± 0.03 2.40 ± 0.18 Protocatechuic aldehyde 

9.  15.008 163.0400 119.0506 4.54 ± 0.43 1.39 ± 0.14 p-coumaric acid 

10.  15.394 504.1149 137.0248 

193.0528 

247.1197 

401.1805 

1.41 ± 0.01 1.32 ± 0.06 Unknown compound 

11.  17.992 223.0602 145.0859 

162.0188 

208.0361 

0.59 ± 0.01 1.30 ± 0.04 Sinapic acid 

12.  25.409 753.2242 487.3058 0.91 ± 0.01 1.99 ± 0.06 Unknown compound 

13.  26.21 723.2136 201.1120 

343.2126 

487.3056 

5.13 ± 0.12 4.12 ± 0.03 Unknown compound 

14.  42.917 329.2335 139.1126 

171.1022 

211.1333 

287.2221 

30.28 ± 2.08 19.59 ± 1.55 Tricin 

Free phenolic composition: MS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  4.187 229.0830 125.0251 

131.0354 

160.0414 

173.0460 

191.0233 

0.35 ± 0.01 2.79 ± 0.70 Unknown compound 

2.  4.711 325.1076 143.0356 

173.0481 

191.0206 

260.0775 

295.1032 

12.60 ± 2.78 1.19 ± 0.08 Unknown compound 

3.  5.497 372.0940 131.0355 0.35 ± 0.02 1.29 ± 0.08 Unknown compound 
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191.0203 

257.0771 

344.0993 

4.  6.574 372.0945 167.0383 

203.0560 

261.0079 

295.0857 

347.1461 

0.51 ± 0.02 1.15 ± 0.05 Unknown compound 

5.  7.516 206.0462 124.0415 

142.0343 

160.0407 

191.0212 

0.51 ± 0.04 3.63 ± 0.15 Unknown compound 

6.  9.401 401.1101 148.0769 

172.0979 

216.0873 

278.0674 

0.65 ± 0.04 1.31 ± 0.06 Unknown compound 

7.  11.287 197.0457 135.0462 

179.0354 

 

1.97 ± 0.10 1.45 ± 0.04 Syringic acid 

8.  11.666 121.0306 119.0410 3.09 ± 0.21 2.23 ± 0.04 Unknown compound 

9.  11.808 121.0306 119.0410 0.79 ± 0.04 1.24 ± 0.04 Unknown compound 

10.  13.76 517.1573 163.0409 

198.0043 

241.9942 

279.0515 

509.1889 

7.69 ± 0.39 1.11 ± 0.04 Unknown compound 

11.  14.084 137.0256 121.0305 

133.0159 

0.71 ± 0.04 2.20 ± 0.11 Protocatechuic aldehyde 

12.  15.007 163.0408 119.0512 7.52 ± 0.19 2.10 ± 0.07 p-coumaric 

13.  15.788 387.0940 119.0505 

163.0407 

207.0306 

0.43 ± 0.02 1.15 ± 0.23 Unknown compound 
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14.  17.993 223.0617 145.0869 

162.0196 

195.1016 

208.0379 

0.58 ± 0.02 1.54 ± 0.06 Sinapic acid 

15.  25.418 753.2248 487.3069 

713.4740 

0.87 ± 0.00 2.07 ± 0.06 Unknown compound 

16.  26.218 723.2146 343.2129 

487.3060 

4.68 ± 0.04 4.06 ± 0.16 Unknown compound 

17.  42.916 329.2340 171.1024 

211.1339 

287.2222 

25.29 ± 2.47 15.86 ± 2.61 Tricin 

Free phenolic composition: ES-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  5.408 485.1512 131.0350 

182.0455 

315.0721 

341.1085 

372.0937 

413.1664 

0.43 ± 0.08 1.85 ± 0.24 Unknown compound 

2.  6.588 372.0941 153.0202 

203.0561 

261.0076 

347.1461 

0.95 ± 0.39 1.37 ± 0.01 Unknown compound 

3.  6.732 372.0935 187.0604 

203.0559 

261.0068 

347.1457 

1.11 ± 0.49 1.08 ± 0.01 Unknown compound 

4.  7.569 446.1302 161.0813 

191.0196 

206.0455 

321.0723 

5.06 ± 2.95 1.58 ± 0.12 Unknown compound 
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355.0670 

5.  8.729 323.1343 148.0763 

162.0214 

188.0351 

225.1607 

239.0658 

293.1225 

304.1031 

0.68 ± 0.22 1.11 ± 0.00 Unknown compound 

 

6.  9.309 477.6058 162.0203 

211.0235 

283.0485 

315.1177 

456.1516 

0.74 ± 0.27 1.34 ± 0.01 Unknown compound 

7.  11.302 197.0448 

 

135.0446 

162.0202 

179.0348 

189.1101 

1.73 ± 0.92 1.65 ± 0.01 Syringic acid 

8.  11.695 121.0298 119.0376 0.92 ± 0.38 1.40 ± 0.03 Unknown compound 

9.  11.815 121.0298 119.0376 1.38 ± 0.65 1.84 ± 0.05 Unknown compound 

10.  13.21 371.0984 186.1128 

237.0399 

0.38 ± 0.01 1.07 ± 0.01 Unknown compound 

11.  14.087 163.0401 121.0297 

137.0248 

154.0161 

0.84 ± 0.35 3.14 ± 0.20 Unknown compound 

12.  17.98 223.0601 145.0865 

193.0495 

208.0360 

0.48 ± 0.10 1.30 ± 0.05 Sinapic acid 

13.  25.432 753.2244 511.3501 

713.4740 

1.01 ± 0.46 2.55 ± 0.15 Unknown compound 

14.  26.236 723.2138 491.1190 

605.1118 

3.16 ± 1.79 3.89 ± 0.15 Unknown compound 

15.  42.916 329.2334 139.1124 12.49 ± 8.32 14.64 ± 0.98 Tricin 
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171.1016 

211.1335 

287.2220 

Free phenolic composition: DDS-RB 

Peak Retention Time Parent ion Fragments UHPLC activity  

(mg/100g GAE) 

ABTS activity 

(mg/100g TE) 

Tentative identification of compounds 

1.  3.153 222.0402 117.0194 

161.0451 

191.0197 

10.77 ± 0.27 2.59 ± 0.08 Unknown compound 

2.  4.980 328.0445 111.0449 

143.0349 

191.0199 

237.0434 

260.0765 

295.1026 

2.24 ± 0.09 1.17 ± 0.02 Unknown compound 

3.  5.587 117.0559 101.0252 0.39 ± 0.01 1.80 ± 0.12 Unknown compound 

4.  7.693 206.0455 135.0454 

160.0401 

181.0501 

7.96 ± 0.25 2.98 ± 0.12 Unknown compound 

5.  7.907 355.0671 113.0613 

130.0872 

157.0504 

184.0604 

203.0820 

0.63 ± 0.01 1.44 ± 0.04 Feruloyl glycoside 

6.  9.487 131.0715 119.0366 0.90 ± 0.02 1.32 ± 0.05 Unknown compound 

7.  10.547 278.0669 131.0716 

167.0348 

181.0503 

215.0578 

239.0609 

0.88 ± 0.05 1.39 ± 0.03 Unknown compound 

8.  11.587 197.0454 135.0454 

165.0203 

2.11 ± 0.02 1.43 ± 0.03 Syringic acid 
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179.0346 

9.  11.853 547.1667 135.0454 

162.0197 

203.0926 

337.0590 

425.1423 

1.23 ± 0.05 1.94 ± 0.03 Unknown compound 

10.  12.113 121.0296 101.0253 1.48 ± 0.03 1.63 ± 0.02 Unknown compound 

11.  13.453 165.0553 119.0485 

147.0451 

0.56 ± 0.01 1.08 ± 0.01 Unknown compound 

12.  14.127 517.1563 135.0458 

165.0555 

185.0820 

225.0031 

509.1883 

3.85 ± 0.17 1.54 ± 0.02 Unknown compound 

13.  14.480 163.0399 121.0296 

137.0247 

0.70 ± 0.01 2.31 ± 0.14 Unknown compound 

14.  15.180 173.0816 112.9859 

137.0241 

154.0138 

0.41 ± 0.01 1.06 ± 0.01 Shikimic acid  

 

15.  15.373 163.0398 119.0503 3.11 ± 0.10 1.15 ± 0.05 p- coumaric acid  

16.  16.027 195.0659 136.0527 3.94 ± 0.14 1.08 ± 0.04 Unknown compound 

17.  16.847 225.0763 133.0146 

167.0343 

195.0647 

0.62 ± 0.03 5.05 ± 0.16 Unknown compound 

18.  18.040 193.0503 134.0371 

149.0608 

178.0271 

3.78 ± 0.06 1.13 ± 0.06 Ferulic acid 

19.  18.440 223.0609 149.0271 

164.0478 

193.0450 

204.0658 

208.0372 

1.03 ± 0.01 2.38 ± 0.02 Sinapic acid 
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20.  25.807 753.2236 343.2108 

385.2324 

511.3503 

1.10 ± 0.02 2.27 ± 0.03 Unknown compound 

21.  26.653 723.2143 343.2120 

487.3055 

3.04 ± 0.06 2.95 ± 0.07 Unknown compound 

22.  42.907 329.2334 139.1113 

171.1014 

211.1331 

265.1476 

301.2005 

29.09 ± 0.67 24.89 ± 0.55 Tricin 
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CHAPTER 3 - RICE BRAN PHENOLIC COMPOUNDS 

REGULATE GENES ASSOCIATED WITH ANTIOXIDANT 

AND ANTI-INFLAMMATORY ACTIVITY IN HUMAN 

UMBILICAL VEIN ENDOTHELIAL CELLS WITH INDUCED 

OXIDATIVE STRESS 

 

PREFACE 

The impact of RB phenolics on biomarkers associated with CVD is investigated in the 

following three chapters (3, 4 & 5). The impact of various thermal treatments on RB phenolic 

composition was investigated in Chapter 2 and the treatment that resulted in the highest 

antioxidant activity was selected for the remainder of the studies.  

As the antioxidant and anti-inflammatory effect of RB extracts in endothelial dysfunction, and 

its underlying mechanisms have not yet been investigated the objective of chapter 3 was to:  

 

‘Determine the antioxidant and anti-inflammatory activity of RB extracts in HUVECs with 

induced oxidative stress’  

 

HUVECs under oxidative stress were treated with varying concentrations of RB phenolic 

extracts and the expression levels of several oxidative stress related genes were examined using 

qPCR. RB extracts were found to display antioxidant and anti-inflammatory effects in this 

dysfunction endothelial cell model. 
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CHAPTER 4 - THE ANTIOXIDANT AND ANTI-

INFLAMMATORY PROPERTIES OF RICE BRAN PHENOLIC 

EXTRACTS 

 

PREFACE 

Examination of the impact of Reziq RB extracts on endothelial dysfunction in chapter 3 

demonstrated significant bioactivity of the RB extracts. To further investigate the in vitro 

antioxidant and anti-inflammatory effects of RB extracts, a similar investigation on RAW264.7 

macrophage cells was conducted. Hence, chapter 4 addresses the third objective of this thesis:  

 

‘Determine the antioxidant and anti-inflammatory properties of RB extracts on RAW264.7 

macrophage cells’ 

 

RB demonstrated antioxidant and anti-inflammatory properties when exposed to RAW264.7 

macrophage cells stimulated with hydrogen peroxide and lipopolysaccharide as outlined in the 

following paper.
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CHAPTER 5 - EFFECT OF RICE BRAN PHENOLIC 

EXTRACTS ON PLATELET ACTIVATION RELATED 

CONFORMATIONAL CHANGE 

 

PREFACE 

Following examinations of the antioxidant and anti-inflammatory properties of RB extracts in 

endothelial and macrophage cell models, the effect of RB bioactive constituents on platelet 

function was examined. To date, there have been only a limited number of studies conducted 

that demonstrate the impact of RB phenolic compounds on platelet activation. Hence, chapter 

5 addresses the fourth objective of this thesis:  

 

‘Determine the effect of RB extracts on platelet function’ 

 

An ex vivo model was employed to measure the impact of RB extracts on platelet activation 

with and without oxidative stress. Blood from healthy human volunteers was treated with 

different concentrations of RB phenolic extracts and oxidative stress was induced. After 

examining biomarkers of platelet activation, no significant impact on ADP induced platelet 

activation was observed.  
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Effect of rice bran phenolic extracts on platelet 

function 

Abstract  

Cardiovascular diseases are one of the leading cause of mortality worldwide. Diet consisting 

of plant-derived antioxidants and polyphenols have been demonstrated to modulate vascular 

haemostasis by virtue of its anti-thrombotic and anti-coagulant potential. Rice bran (RB), a by-

product of the rice milling process, is composed of various bioactive phytochemicals, including 

polyphenols and phenolic acids. This study aimed to determine the effect of RB polyphenol 

extracts on biomarkers of platelet activation related conformational change (PAC-1) and de-

granulation (CD62P/P-selectin) induced by adenosine diphosphate (ADP) platelet agonist 

under oxidative stress conditions. Blood samples obtained from healthy human volunteers were 

treated with different concentrations of RB phenolic extracts (50, 100, 250 and 500 µg/mL). 

Hydrogen peroxide was used to simulate an oxidative stress environment within the samples. 

Biomarkers of platelet activation were evaluated through the measurement of platelet activation 

dependant monoclonal antibody expression (PAC-1 and CD62P/P-selectin). It was observed 

that RB phenolic extracts did not have an impact on ADP induced platelet activation under 

oxidative stress conditions. Further studies evaluating its impact on measures of secondary 

haemostasis such as platelet aggregation and coagulation profile using other platelet stimulants 

such as collagen and arachidonic acid are warranted to assess the overall impact of RB 

phenolics on haemostasis.  
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1. Introduction 

Platelets are key components found in the blood, and its primary function is to rapidly bind to 

damaged blood vessels, and prevent excessive bleeding. However, activated platelets can also 

become aggregated at the site of vascular injury, stimulating atherothrombotic disease (Yun, 

Sim, Goh, Park, & Han, 2016). Platelet activation releases agonists such as adenosine 

diphosphate (ADP), which acts on P2Y1/P2Y12 pathway to potentiate further platelet activation 

and ADP release (Qiao et al., 2018). Eventually, a cascade of events leads to the activation of 

the platelet glycoprotein (GP) IIb/IIIa receptor which cross-links fibrinogen or von Willebrand 

factor (vWF) between receptors, resulting in platelet conformational change and granular 

release (α-granules, dense granules, and lysosomes). This results in the recruitment of 

additional platelets to the site of vascular injury and subsequently leads to thrombus formation 

(Yun et al., 2016).  

Currently known therapeutics such as clopidogrel, prasugrel and ticagrelor inhibit ADP-

induced platelet activation. However, the progressive usage of these drugs in the antiplatelet 

therapy regimes increases the bleeding risk in high-risk patients (Schoener et al., 2017). 

Therefore, natural alternatives with minimal side effects and anti-platelet activation potential 

could act as effect complementary therapeutics. Dietary polyphenols, via its antioxidant 

potential, have been shown to inhibit pathways of platelet activation and thrombus formation 

by targeting the cyclooxygenase (COX)-1 and P2Y1/P2Y12 pathways respectively 

(Santhakumar, Stanley, & Singh, 2015). It is believed that the structure of functional groups in 

polyphenols play an important role in blunting platelet receptors in addition to alleviating free 

radical production, a precursor to platelet activation.  

Rice bran (RB), a by-product of the rice milling process, is usually discarded or used as animal 

feed (Saji, Schwarz, Santhakumar, & Blanchard, 2020). However, the bran layer is composed 

of several bioactive phytochemicals, including polyphenols (Saji, Francis, Schwarz, Blanchard, 

& Santhakumar, 2019). The aim of this study was to determine the effect of RB polyphenol 

extracts on biomarkers of platelet activation related conformational change (PAC-1 

expression), de-granulation (CD62P/P-selectin expression) induced by ADP.  

2. Materials and Methods 

2.1 Chemicals and reagents  
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All chemicals and reagents used in this study were purchased from Chem-Supply Pty Ltd. 

(Gillman, SA, Australia), Sigma-Aldrich (Castle Hill, NSW, Australia) and BD Biosciences 

(North Ryde, NSW, Australia). 

2.2 Rice bran extract preparation   

Commercially stabilized RB (drum-dried), from an Australian grown Reiziq rice variety, was 

obtained from SunRice Australia, courtesy of their milling plant in Leeton, NSW, Australia. 

Polyphenol extraction was conducted using an acetone/water/acetic acid (70: 29.5: 0.5, v/v) 

mixture and was characterized elsewhere (Saji et al., 2020). RB extract was reconstituted in 

50% dimethyl sulfoxide (DMSO) and stored at -20°C prior to commencing ex vivo trial.  

2.3 Subjects and sample collection  

The trial was approved by the Charles Sturt University Ethics Committee (Approval No.: 

H18065). The study was performed in compliance with relevant laws and institutional 

guidelines. Twenty-two healthy participants (BMI 18.5–24.9) were recruited from the local 

community (Wagga Wagga, NSW, Australia). Written consent was obtained from all the 

participants prior to the commencement of the study. Participants were then screened to ensure 

only applicants that were healthy, non-smoking, no history of chronic metabolic or 

cardiovascular conditions were selected. A food frequency and antioxidant questionnaire were 

also utilized to monitor participants for recent consumption of foods and/or medications that 

were of an anti-inflammatory or antioxidant nature. Whole blood was collected by a trained 

phlebotomist into tri-potassium EDTA (1.8 mg mL−1) and trisodium citrate (28.1 g mL−1) 

anticoagulant tubes to perform a full blood count (FBC) and platelet function studies 

respectively. Care was taken to ensure minimal sample handling or agitation to prevent 

artefactual platelet activation. No samples were obtained from traumatic phlebotomy 

procedures or contained obvious clots. FBC was conducted on a Beckman Coulter® Ac.T™ 

5diff CP haematology analyzer (Beckman Coulter, Inc., Lane Cove, NSW, Australia). 

2.4 Platelet function testing 

Platelet activation dependant monoclonal antibodies (PAC-1 and CD62P/P-selectin) were used 

to examine the effect of RB phenolic extract on different stages of platelet activation both with 

and without oxidative stress. Monoclonal antibody expression was measured using a Beckman 

Coulter Gallios™ Flow Cytometer (Beckman Coulter, CA, USA) and data analysis conducted 

using the Kaluza™ Flow Cytometry Analysis Software (Beckman Coulter, CA, USA). The 
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setup and laser detection were validated using BD Cytometer setup and tracking beads. The 

spectral overlap between different channels was calculated automatically by the FACS Suite 

software after measuring single-colour compensation controls. Optimal compensation was 

achieved using antibody capture beads and the corresponding conjugated antibodies. Ten 

thousand platelet events are acquired, gated on the basis of light scatter and CD42b monoclonal 

antibody expression. Activation dependant monoclonal antibody (PAC-1 and CD62P/P-

selectin) are articulated as mean fluorescence intensity (MFI).  

2.4.1 Experimental protocol  

Citrated whole blood (40 L) was incubated with 10 L of RB phenolic extracts (50, 100, 250 

and 500 µg/mL) at 37C for 20 min. ADP was used as a positive control and DMSO served as 

a negative control. Oxidative stress was induced by adding 10 L of hydrogen peroxide (10 

µM) and incubated at 37C for 10 min. No hydrogen peroxide was added to the control tubes 

(without oxidative stress). After incubation, 10 L of antibody mixture containing CD62P/P-

selectin, CD42b and PAC-1 were added to the samples and incubated in the dark at room 

temperature for 15 min. To initiate platelet activation, 5 L of ADP (10 μM) was added to the 

samples and incubated in the dark at room temperature for 10 min. The red blood cells were 

lysed, and the cell suspension was fixed by adding 10% lysing solution (BD Biosciences, North 

Ryde, NSW, Australia). All the samples were vortexed and incubated in the dark for 15 min 

before analysis. 

2.5 Statistical analysis 

Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by 

post-hoc Tukey’s multiple comparisons test using GraphPad Prism 7 software (GraphPad 

Software Inc, California, USA) at a level of p < 0.05.  The results are reported as mean ± 

standard error of the mean (SEM). A minimum sample size of 22 subjects in each group is 

required for 80% power to detect a 5% variation in the laboratory parameters measured, where 

a 3–5% standard deviation exists in the population, assuming an alpha error of 0.05. 

Differences between the groups were considered significant when the value for p <0.05. Any 

significant statistical interactions were included in the analysis where applicable. 

3. Results  

The baseline FBC of the participants in the study were within normal reference ranges (Table 

1) as established by the Royal College of Pathologists Australasia (RCPA, 2015). 
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Table 1. Baseline parameters of healthy volunteers  

Parameters Mean  SD Reference Range 

Age (y) 37.4  14.28 N/A 

Height (m) 1.76  0.09 N/A 

Weight (kg) 74.67  10.58 N/A 

Body mass index (kg m−2) 23.98  2.82 20–24.9 

Haemoglobin (g/L) 145  13.68 115-180 

Haematocrit (L/L) 0.40  0.037 0.36-0.54 

Platelet count (x109/L) 212.9  42.58 150-400 

Red cell count (x1012/L) 4.35  0.45 3.9-5.7 

Red cell distribution width (%) 14.02  2.25 11-15 

White cell count (x109/L) 5  0.81 3.7-9.5 

Mean corpuscular haemoglobin (g) 33.3  1.25 27-32 

Mean corpuscular haemoglobin 

concentration (g/L) 

350.3  63.13 300-350 

Mean corpuscular volume (fL) 91.81  2.59 82-98 

 

Values are presented as mean ± SD, n = 22 adapted from Callcott, Blanchard, Snell, and 

Santhakumar (2019).  

Treatment with RB extract (50, 100, 250 and 500 µg/mL) did not show a statistically significant 

effect on PAC-1 or CD62P/P-selectin expression compared to the ADP control under normal 

conditions.  
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Figure 1. Effect of RB phenolic extracts on PAC-1 and CD62P/P-selectin expression under 

normal conditions. (a) PAC-1 expression, (b) CD62P/P-selectin expression (n=22).  Data are 

presented as Mean ± SEM. Adenosine diphosphate, ADP; Dimethyl sulfoxide, DMSO; Rice 

bran, RB. 

Under oxidative stress conditions, treatment with RB phenolics (50, 100, 250 and 500 µg/mL) 

did not have any statistically significant effect on PAC-1 or CD62P/P-selectin expression 

compared to the control.  

 

Figure 2. Effect of RB phenolic extracts on PAC-1 and CD62P/P-selectin expression under 

oxidative stress conditions. (a) PAC-1 expression, (b) CD62P/P-selectin expression (n=22).  

Data are presented as Mean ± SEM. Adenosine diphosphate, ADP; Dimethyl sulfoxide, DMSO; 

Rice bran, RB. 
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4. Discussion  

During thrombogenesis, platelets adhere to the damaged endothelium by undergoing a 

conformational change followed by activation (PAC-1) and degranulation (CD62P/P-selectin). 

This activation results in the binding of fibrinogen to platelet surface receptors resulting in 

thrombus formation, consequently increasing platelet activation marker expression 

(Santhakumar et al., 2015). Although studies in the past have demonstrated polyphenols to 

possess anti-platelet properties by blunting platelet activation receptors, RB phenolic extracts 

in the current study did not alleviate ADP induced platelet activation under stimulated oxidative 

stress conditions (Figure 1 and 2).  

The RB extract used in this study is known to contain several bioactive constituents including 

ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, syringic acid, sinapic acid, feruloyl 

glycoside, shikimic acid, tricin (Saji, Schwarz, Santhakumar, & Blanchard, 2019). In particular, 

ferulic acid and its isomers were identified as one of the major bioactive constituents. Ferulic 

acid at 50–200 µM concentrations were found to dose-dependently inhibit platelet aggregation 

induced by platelet agonists such as ADP, thrombin, collagen, arachidonic acid, and U46619 

(Hong et al., 2016). Furthermore, ferulic acid was also found to attenuate intracellular calcium 

mobilization and thromboxane B2 production induced by the platelet agonists tested. Hong et 

al. (2016) also noted that the mechanism of this action may involve activation of cyclic 

adenosine monophosphate and cyclic guanosine monophosphate signalling. Similarly, guava 

leaf extracts rich in bioactive phenolic compounds such as ferulic acid, gallic acid and quercetin 

significantly decreased thrombin clotting time and fibrinogen concentration (Hsieh, Lin, Yen, 

& Chen, 2007). Although the RB extract used in this study did not have an effect on primary 

haemostasis i.e. platelet activation, the synergistic action of polyphenols in RB could have a 

potential impact on secondary haemostasis such as platelet aggregation and coagulation profile. 

Further studies investigating the anti-coagulant properties of RB phenolic extracts including 

fibrinogen concentrations, clotting times (prothrombin time and activated partial 

thromboplastin time) are warranted to investigate its anti-thrombotic properties.  

Interestingly, another study also noted that ferulic acid, gallic acid, quercetin and kaempferol 

have a significant inhibitory effect on COX-1 and COX-2 enzymes. The antiplatelet agent, 

aspirin is also known to act by inhibiting the COX pathway. Aspirin is recognised to have one 

aromatic ring and a free carboxyl group which is also structurally similar to gallic and ferulic 

acid (Moschona, Kyriakidis, Kleontas, & Liakopoulou-Kyriakides, 2017). Similarly, 

consumption of coffee which is rich in phenolic acids, mostly in the form of chlorogenic acid, 
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was noted to inhibit both collagen and arachidonic acid-induced platelet aggregation, but had 

no effect on ADP-induced platelet aggregation (Natella et al., 2008). The platelet activation 

pathways induced by arachidonic acid and collagen are both mediated by the COX pathway, 

through the formation of thromboxane A2 to further stimulate aggregation. Further studies 

evaluating RB extract’s impact on platelet aggregation and activation stimulated by collagen 

and arachidonic acid would be beneficial to demonstrate its activity in targeting GPVI and 

COX pathways.  

5. Conclusion  

RB phenolic extracts did not have an effect on ADP induced platelet activation/ conformational 

change both with and without oxidative stress ex vivo. Further studies evaluating the impact of 

RB polyphenols on collagen and arachidonic acid stimulated platelet aggregation and 

activation are warranted.  
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CHAPTER 6 - RICE BRAN PHENOLIC EXTRACTS 

MODULATE INSULIN SECRETION AND GENE 

EXPRESSION ASSOCIATED WITH β-CELL FUNCTION 

 

PREFACE 

The impact of RB extracts on biomarkers of T2DM were conducted in the next two chapters 

(6 & 7). Firstly, β-cell function under normal and high glucose conditions were examined. 

Hence, chapter 6 addresses the fifth objective of this thesis:  

 

‘Determine the effect of RB extracts in modulating insulin secretion and gene expression 

associated with β-cell function’ 

 

Expression of several candidate genes associated with the β-cell function was investigated 

using qPCR. Furthermore, the impact on glucose-stimulated insulin secretion was also 

investigated using an ELISA kit. Treatment with various concentrations of RB extracts resulted 

in enhanced β-cell function and insulin secretion under both normal and high glucose 

conditions.  
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CHAPTER 7 - RICE BRAN PHENOLICS AMELIORATES 

STARCH DIGESTIBILITY OF A WHITE GLUTINOUS WAXY 

RICE 

 

PREFACE 

 

To investigate the impact of RB phenolics on starch hydrolysis, RB extracts were included in 

starch hydrolysis assays to determine their impact on the kinetics of the hydrolysis. Hence, 

chapter 7 addresses the sixth objective of this thesis:  

 

‘Determine the impact of RB extracts in ameliorating starch digestibility of a white glutinous 

waxy rice’ 

 

RB phenolic extracts was observed to reduce the rate of rice starch hydrolysis in vitro. The 

effect was more pronounced when digestive enzymes were pre-incubated with the RB extracts.  
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Rice bran phenolics ameliorate starch digestibility of 

a white glutinous waxy rice 

Abstract  

Digestion of starch that results in a sustained release of postprandial blood glucose level is 

crucial in the management of diseases such as Type 2 diabetes mellitus. During digestion, 

starch is converted into glucose by enzymes such as α-amylase and amyloglucosidase. Previous 

studies have noted that polyphenols can interact with the starch structure or blunt digestive 

enzyme activity, thereby modulating the rate of digestion. The aim of this study was to 

investigate the effect of rice bran (RB) phenolic extracts on the starch hydrolysis of a white 

glutinous waxy rice. Pre-treatment of waxy rice with RB phenolic extracts during cooking and 

with digestive enzymes resulted in reduced starch digestibility. The effect observed was likely 

due to a direct interaction of the polyphenols present in the RB extracts with the starch structure 

and/ or with enzyme activity, thereby reducing starch digestibility.  
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1. Introduction 

Consumption of foods containing starch that result in a low and steady postprandial blood 

glucose response is crucial in the management of insulin resistance and Type 2 diabetes 

mellitus (T2DM) (Saji, Francis, Schwarz, Blanchard, & Santhakumar, 2019). White rice, a 

product of milled brown rice, composed mainly of starch, results in a spike in blood glucose 

levels post-consumption (Sasaki, Okunishi, Sotome, & Okadome, 2016). Starch consists of two 

types of α-D-glucose polymers, amylose (linear) and amylopectin (branched). In terms of 

digestibility, starch is broadly classified into rapidly digestible starch, slowly digestible starch 

and resistant starch (Lu, Belanger, Donner, & Liu, 2018). Slowly digestible starch and resistant 

starch are recognized to elicit a moderate postprandial glycemic and insulinemic response; and 

evade gastric digestion respectively (Lu et al., 2018; Toutounji, Farahnaky, et al., 2019). 

Furthermore, factors such as the morphology, surface features, molecular composition of 

amylose and amylopectin and supramolecular structures of the starch granule determine its rate 

of digestion (Toutounji, Farahnaky, et al., 2019). Starch is digested in a sequential process via 

enzymatically catalyzed hydrolysis into smaller component reducing sugars by pancreatic α-

amylase in the small intestine. This is followed by further hydrolysis resulting in glucose by 

other digestive enzymes such as amyloglucosidase (Edwards & Warren, 2019). Therefore, α-

amylase and amyloglucosidase are essential for starch digestion.  

The Glycemic Index (GI) of foods is determined by variation in blood glucose levels as starch 

is digested over time. Low GI (55 or less) rice varieties (e.g. Doongara) typically cause blood 

glucose levels to rise slowly and reduce gently over a longer time (Toutounji, Butardo, et al., 

2019). However, high GI (70 or more) rice varieties (e.g. Waxy) are digested and absorbed 

more quickly which typically causes blood glucose levels to rise and fall more rapidly 

(Toutounji, Butardo, et al., 2019). Therefore, controlling the intake of starch, especially total 

digestible starch, is an effective way to maintain steady blood glucose levels.  

Consumption of phenolic extracts and pure polyphenols are widely studied as potential natural 

therapeutic alternatives in ameliorating metabolic risk factors associated with T2DM (Barros, 

Awika, & Rooney, 2012; Figueiredo-González, Grosso, Valentão, & Andrade, 2016; Ren, Li, 

& Liu, 2019). Polyphenols are classified as either flavonoids or non-flavonoids. Flavonoids are 

structurally characterized by a diphenyl propane skeleton formed by two benzene rings joined 

by a linear bridge of carbons resulting in a three-ring structure (A, B and C) (Santhakumar, 

Battino, & Alvarez-Suarez, 2018). The most common form of non-flavonoids is phenolic acids 

in which the aromatic ring contains one or more hydroxyl substituents (Santhakumar et al., 
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2018). It is believed that polyphenols interact with the starch structure or blunt digestive 

enzyme activity, thereby modulating the rate of digestion (Rocchetti et al., 2020). The degree 

of enzyme inhibition is thought to be largely influenced by polyphenol structural and sub-

structural properties, such as the presence of functional groups (Narita & Inouye, 2011). They 

exert inhibitory actions by binding covalently to the enzyme, changing its activity and as a 

result of their ability to form quinones or lactones that react with nucleophilic groups on the 

enzyme molecule (Chinedum, Sanni, Theressa, & Ebere, 2018). 

Rice bran (RB), a by-product of the rice milling process, is usually discarded or used as animal 

feed due to its lack of demand as a food ingredient and development of rancidity during storage 

(Saji, Francis, Blanchard, Schwarz, & Santhakumar, 2019). However, RB is known to contain 

a wide range of bioactive compounds such as polyphenols and phenolic acids. Therefore, the 

aim of this study was to investigate the effect of RB phenolic extracts on starch hydrolysis of 

a white glutinous waxy rice during cooking as well as its effect on digestive enzymes (α-

amylase and amyloglucosidase). A characterized drum-dried stabilized RB, known to contain 

several bioactive compounds including ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, 

syringic acid, sinapic acid, feruloyl glycoside, shikimic acid and tricin, was employed to 

undertake these investigations (Saji, Schwarz, Santhakumar, & Blanchard, 2020). 

2. Materials and Methods  

2.1 Chemicals and reagents  

All chemicals and reagents used in this study were purchased from Aim Scientific (Prospect, 

SA, Australia), Chem-Supply Pty Ltd. (Gillman, SA, Australia), Sigma-Aldrich (Castle Hill, 

NSW, Australia), Thermo Fisher Scientific (Scoresby, VIC, Australia) and Megazyme 

International Ireland Ltd. (Wicklow, Leinster, Ireland).  

2.2 Source of rice sample 

The white glutinous waxy rice (Lion Brand Pin Kiew Glutinous Rice from Thailand) used in 

this study was purchased from the local supermarket (Wagga Wagga, NSW, Australia). 

2.3 Rice bran extract preparation 

Commercially stabilized RB (drum-dried), from an Australian grown Reiziq rice variety, was 

obtained from SunRice milling plant (Leeton, New South Wales, Australia) and subsequently 

stored at 4°C until further analysis. Phenolic compounds were extracted from stabilized RB 

using acetone/water/acetic acid (70: 29.5: 0.5, v/v) solution and previously characterized as 
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described by Saji et al. (2020). The extract was reconstituted in 10% dimethyl sulfoxide 

(DMSO) and stored at −20 °C prior to conducting the digestibility experiment. 

2.4 In vitro starch digestion assay 

The in vitro starch digestion assay used in this study was adapted from a previous study 

conducted by Toutounji, Butardo, et al. (2019) with slight modifications. Briefly, rice samples 

(20 intact grains) were pre-weighed and freshly cooked at 100 ℃ in 5 mL of water for 30 min. 

After cooking, the samples were stored in a 60 ℃ water bath before adding 40 mL of sodium 

acetate buffer (0.2 M, pH 6.0) to each sample. All samples were stirred for exactly 5 min at 

200 rpm and then equilibrated to 37 °C. At this stage, 400 µL aliquot of each sample was 

collected to represent 0 min time point. To each sample, 5 mL of a working enzyme solution 

was subsequently added so that the final 50 mL volume contained 1 U/mL pancreatic α-

amylase and 5 U/mL amyloglucosidase. The mixture was incubated at 37 °C in a recirculating 

water bath (2mag-USA, MIXbath S Stainless Steel Bath Tank with Julabo, Corio C Immersion 

circulator) for 3 h with continuous stirring at 200 rpm (2magUSA, MIXdrive 15HT Stirring 

Drive). Samples (400 µL) were collected at 5, 10, 20, 30, 45, 60, 90, 120, and 180 min time 

points and placed on a 100 ℃ hot plate for 10 min to inactivate enzymes. Prior to analysis, 

samples were centrifuged at 13,000 rpm for 10 min. The glucose concentration of the 

supernatant was measured using a D-Glucose Assay kit (GOPOD method, Megazyme 

International Ireland, Bray, Ireland). The absorbance was measured on a microplate reader 

(FLUOstar Omega microplate reader, BMG Labtech, Offenburg, Germany) at 510 nm against 

a D-glucose standard.  The digestibility of samples was calculated according to the following 

equation, where 0.9 is the molar mass conversion from glucose to anhydroglucose (the starch 

monomer unit) and plotted as a percentage of starch hydrolyis over time.  

% Starch hydrolyzed =
weight of glucose in supernatant x 0.9

dry weight of starch in solution 
 x 100  

2.4.1 Effect of rice bran phenolic extracts during cooking and on enzyme activity  

Waxy rice samples (20 intact grains) were cooked in 5 mL of 7.5, 15, and 30 mg/mL RB 

phenolic extract (final concentrations in 50 mL) for 30 min. After which, the experimental 

design described in Section 2.4 was followed.  
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Similarly, for measuring enzyme activity, α-amylase and amyloglucosidase enzymes were pre-

incubated for 1 h with different concentrations of RB extracts (7.5, 15 and 30 mg/mL), prior to 

following the experimental design described in Section 2.4.  

2.5 Statistical analysis  

Enzyme kinetic parameters were obtained by fitting the obtained data to the Michaelis-Menten 

equation using a non-linear least squares regression. Statistical analysis was performed by a 

two-way ANOVA test to compare each time point followed by post-hoc Tukey's multiple 

comparisons test using GraphPad Prism 7.03 software (GraphPad Software Inc, California, 

USA) at a level of p < 0.05.  The results are reported as mean ± standard deviation (SD). 

3. Results  

3.1 Effect of rice bran phenolic extracts during cooking 

RB extract at a concentration of 30 mg/mL (p<0.05) significantly reduced starch digestibility 

after cooking (Figure 1). However, treatment with 7.5 and 15 mg/mL of RB extract did not 

have a significant impact on starch digestibility compared to the control.  

 

Figure 3. Starch digestogram showing waxy rice variety treated with different concentrations 

of rice bran extracts at the cooking stage. Cooking with different concentrations of RB extracts 

resulted in a significant reduction in the percentage of starch hydrolyzed over time (n=3). 

Control represents waxy rice only, followed by waxy rice digested in a final volume of 7.5, 15 

and 30 mg/mL of RB extract. Data are presented as Mean ± SD. Rice bran, RB. 

3.2 Effect of rice bran phenolic extracts on enzyme activity  



141 
 

Pre-incubation of digestive enzymes (α-amylase and amyloglucosidase) with a final 

concentration of 30 mg/mL (p<0.0001) of RB extracts resulted in a significant reduction in the 

percentage of hydrolyzed starch over time (Figure 2). Whereas waxy rice treated with 7.5  and 

15 mg/mL of RB extract did not have an impact on the percentage of starch hydrolyzed.  

 

Figure 4. Starch digestogram showing waxy rice variety treated with different concentrations 

of rice bran extracts at the enzyme stage. Pre-incubation of α-amylase and amyloglucosidase 

with different concentrations of RB extracts resulted in a reduction in the percentage of starch 

hydrolyzed over time compared to the control (n=3). Control represents waxy rice only, 

followed by waxy rice digested in a final volume of 7.5, 15 and 30 mg/mL of RB extract. Data 

are presented as Mean ± SD. Rice bran, RB. 

4. Discussion  

Slowly digestible starch that elicits a steady release of glucose into the body is essential for 

maintaining a moderate postprandial glycemic and insulinemic response (Lu et al., 2018; 

Toutounji, Farahnaky, et al., 2019). Several studies have shown that dietary phenolic extracts 

and pure polyphenols can reduce starch digestion via two mechanisms; inhibition of enzymes 

and/or direct interactions with the starch granule. The degree of reduction in starch digestibility 

has been reported to relate primarily on the phenolic composition and molecular structure of 

the extracts and polyphenols, respectively (Chi et al., 2017; Narita & Inouye, 2011). 

Investigations into the impact of RB extracts on the starch digestibility of a white glutinous 

waxy rice have demonstrated that a significant reduction in digestibility was achieved by 

cooking the rice grains in a solution containing 30 mg/mL (p<0.05) of RB extract (Figure 1). 
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Similarly, pre-incubation of digestive enzymes (α-amylase and amyloglucosidase) with a final 

concentration of 30 mg/mL (p<0.0001) of RB extracts also resulted in a significant reduction 

in the percentage of hydrolyzed starch over time (Figure 2).  

Similar studies conducted on sorghum varieties have shown a strong correlation between 

interaction with starch, specifically with amylose and linear portions of amylopectin and 

decreased starch digestibility, suggesting that a hydrophobic interaction with the polyphenols 

and starch structure may be involved (Barros et al., 2012; Rocchetti et al., 2020). Furthermore, 

the examination of 8 different purified phenolic acids derived from green coffee bean was 

found to have the following α-amylase inhibitory activity: dicaffeoylquinic acid > 

caffeoylquinic acid > caffeic acid > feruloylquinic acid > dihydrocaffeic acid > p-coumaric 

acid > ferulic acid > quinic acid (Narita & Inouye, 2011). The study conducted by Narita and 

Inouye (2011) had a similar phenolic profile to the RB samples used in this study. Narita and 

Inouye (2011) suggested that the degree of enzyme inhibition was primarily influenced by the 

structural properties of the polyphenols examined. This included features such as the number 

of sub-structures, neighbouring functional (methoxy or hydroxyl) groups, as well as the ability 

of some polyphenols to interact with other phenolics synergistically, may be possible reasons 

as to the reduced response observed. Similarly, another study where corn starch digestibility 

was examined, a peak inhibition (~30%) of pancreatic α-amylase and amyloglucosidase was 

observed after treatment with 2.5 mg/mL tea polyphenols (Peng, Chai, Luo, Zhou, & Zhang, 

2017). They found that tea polyphenols act as a non-competitive inhibitor of α-amylase, 

binding to non-active α-amylase sites through hydrogen bonds and hydrophobic interactions 

between its aromatic surface and amino acid residues such as tryptophan from the enzyme. 

Whereas amyloglucosidase, containing a catalytic and a non-catalytic site, is likely inhibited 

due to an allosteric effect of the non-catalytic site when it is bound by the substrate (Peng et 

al., 2017). Therefore, a similar mechanism may be responsible for the inhibitory results 

observed in this study (Figure 1 and 2). 

Another study, in which digestibility and supramolecular structural changes in maize starch 

were examined, a significant reduction in the rapidly digestible starch content and a significant 

increase in resistant starch content were observed after treatment with gallic acid (Chi et al., 

2017). After further examination using docking studies, gallic acid was found to non-covalently 

interact with starch molecules and contribute to ordered structure formation. Interestingly, Chi 

et al. (2017) also noted that gallic acid had a higher binding affinity to the digestive enzyme, 

α-amylase, than to starch chains as gallic acid was more likely to occupy the active sites of 
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Asp197, Asp300, His299 and Glu233 by hydrogen bonds and van der Waals forces, resulting 

in reduced starch digestibility. This was also observed in the present study as a more effective 

reduction in starch digestibility was observed when digestive enzymes were pre-incubated with 

RB extracts (Figure 2), possibly through a combined interaction with enzyme activity as well 

as an interaction with starch granules rather than through interactions with starch only (Figure 

1). In consideration of these observations, it is possible that the cumulative effect of the various 

polyphenols present in the RB sample may have resulted in a synergistic inhibitory effect 

against starch-degrading enzymes.  

5. Conclusion  

Slowly digestible starch that has a steady release of glucose over time is essential for 

maintaining a moderate postprandial glycemic and insulinemic response. In this study, pre-

treatment with RB extract either during cooking or with digestive enzymes reduced the starch 

digestibility of a high GI white glutinous waxy rice. The phenolic composition and molecular 

structure of the different polyphenols present in the RB sample may have contributed to a 

synergistic effect by interacting either with the enzymes and/or with the starch structure. 
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CHAPTER 8 - GENERAL DISCUSSION & FUTURE 

DIRECTIONS 

In recent years, the Australian food industry has experienced an increase in demand for foods 

that not only provide basic human nutrition but also reduce risk factors associated with 

lifestyle-related diseases (Betoret, Betoret, Vidal, & Fito, 2011). This trend has resulted in food 

processors becoming interested in exploring the potential health-promoting properties of 

under-utilised by-products such as rice bran (RB). The overall aim of this thesis was to identify 

key health benefits associated with RB polyphenolic extracts that had undergone thermal 

stability treatments. This project demonstrated that stabilisation of RB via drum-drying resulted 

in higher levels of measured total phenolic content and antioxidant activity compared to both 

non-stabilised RB and RB stabilised by other methods. Some of the key phenolic compounds 

with considerable antioxidant and free radical scavenging activities were ferulic acid, p-

coumaric acid, caffeic acid, vanillic acid, syringic acid, sinapic acid, feruloyl glycoside, 

shikimic acid, tricin and their isomers. In vitro, cell-based assays demonstrated that RB 

polyphenol extracts ameliorated biomarkers of oxidative stress and inflammation by virtue of 

its antioxidant and free radical scavenging activity. RB extracts also effectively targeted 

pathways of endothelial dysfunction and β-cell function by modulating gene expression and 

associated risk factors. 

Though RB phenolic extracts have been shown to effectively target the aforementioned risk 

factors of lifestyle-related disorders, some potential concerns and future recommended 

research aims have been identified. In chapter 2, it was not possible to identify all phenolic 

compounds with antioxidant activity. Further characterisation of fractions of the crude RB 

extracts would be useful to identify the full spectrum of phenolic compounds with antioxidant 

potential. Nevertheless, the current characterisation of phenolic compounds was beneficial in 

identifying the compounds most likely to possess a high level of bioactivity. Chapter 3 aimed 

to determine the impact of RB phenolic extracts on regulating the expression of several 

antioxidant and anti-inflammatory related genes in a stress-induced cell-based model. 

However, the use of LPS as a stimulatory agent, in addition to mimicking a pro-inflammatory 

status using H2O2, might have been contributory towards a better understanding of the 

mechanistic pathways associated with CD39 and CD73 gene expression. The combined activity 

of these genes (CD39/CD73) scavenges extracellular adenosine triphosphate and generates 

immunosuppressive adenosine in the tumour microenvironment (Perrot et al., 2019). In the 
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study conducted here, these genes were observed to have been suppressed as a result of 

treatment with the RB extract. Although supporting evidence was found in the literature that 

explains this phenomenon, a better response may have been observed if LPS was used as the 

stimulatory agent for examining the effect of RB extract on these immunomodulatory genes 

rather than H2O2. In Chapter 4, the antioxidant and anti-inflammatory effect of RB phenolic 

extracts on macrophage cells stimulated with H2O2 and LPS was investigated. In this study, 

two biomarkers of oxidative stress known as malondialdehyde and intracellular reactive 

oxygen species were employed. Evaluation of additional antioxidant enzymes such as 

superoxide dismutase, catalase and glutathione peroxidase would have been beneficial in 

developing a better understanding of the impact of RB phenolic extracts on free scavenging 

capability and their role in the regulation of redox-sensitive signalling pathways. The impact 

of RB phenolic extracts on platelet activation, a risk factor in thrombosis, was examined using 

ADP agonist ex vivo in healthy human subjects (Chapter 5). The objective was to target the 

impact of antioxidant-rich RB extracts on the P2Y1/P2Y12 pathway of platelet activation under 

an oxidative stress scenario to mimic chronic inflammation-mediated vascular disorders. 

Though there was no significant impact of the RB extracts on ADP-induced platelet activation 

under oxidative stress conditions, other platelet stimulants such as collagen and arachidonic 

acid that target the GPVI and cyclooxygenase pathway respectively could have been employed. 

This, in addition to providing valuable information on the overall impact of RB phenolic 

extracts on haemostasis, could have confirmed a similar effect observed in the endothelial 

dysfunction model stimulated by H2O2 (COX pathway). Moreover, due to the favourable 

effects of lower, sub-optimal doses of polyphenolic extracts observed in the literature on 

pathways of platelet activation, lower concentrations of RB extracts could have been utilised. 

The observed effect on platelet activation could be a result of artifactual platelet activation at 

higher doses of phenolic extracts stimulating platelet activation receptors. The in vitro impact 

of RB phenolic extracts on the digestibility of rice starch was evaluated using a novel starch 

digestibility model. Though the concentrations tested (30 mg/mL) might not be physiologically 

attainable in vivo, the study demonstrates the potential structure-activity relationship between 

the phenolic compounds and the active sites of the enzyme/starch. Further in vivo dietary 

interventions is warranted to confirm the findings observed in vitro.   

The work outlined in this research project has provided valuable information for future 

investigations involving in vivo human clinical trials and bioavailability studies that can 

examine the effect of long term consumption of RB. Investigations into varietal differences 
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and growing locations may also be considered as previous studies have noted polyphenolic 

composition and bioactivity to significantly change based on gene-environment variations 

(Shao et al., 2014). Moreover, sensory evaluation and consumer acceptance studies should also 

be taken into account as the taste, aroma, and textural properties are critical to the success of a 

new food product (Starowicz & Zieliński, 2019). Overall, the results from this project have 

undoubtedly provided evidence that RB bioactive compounds can reduce the level of risk 

factors associated with lifestyle diseases generated by oxidative stress and inflammation via 

their antioxidant, anti-inflammatory, free radical scavenging and metal chelating properties. 

Furthermore, the results obtained have contributed to the validation of RB as a functional food 

ingredient and has been instrumental in demonstrating its potential value.  

In conclusion, RB as a functional food ingredient has the potential to reduce risk factors 

associated with CVD and T2DM. This may also potentially present as a safe and effective 

complementary therapeutic to currently used strategies in ameliorating inflammation and 

oxidative stress stimulated disorders. Once optimal strategies to incorporate RB into food 

products are established and deployed, RB utilisation could increase the economic viability and 

sustainability of the Australian Rice Industry.   
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