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ABSTRACT 

This thesis investigates the role of pigmented rice polyphenols and their ability to modulate 

obesity-related oxidative stress and inflammation. This study aims to conduct polyphenol 

profiling across Australian-grown pigmented rice varieties, identify anti-adipogenic potential 

and explore the anti-inflammatory and antioxidant properties of pigmented rice in in-vitro, ex-

vivo and in-vivo biological systems.  

Australian-grown rice varieties, were profiled for their polyphenol content and antioxidant 

activity. Pigmented rice varieties contained higher total antioxidant activity compared to brown 

varieties. Yunlu29 (red) had the highest total antioxidant activity. UHPLC profiling determined 

Yunlu29 to contain phenolic acids and proanthocyanidins. Polyphenol profiling facilitated the 

selection of Yunlu29 (red), Purple (purple/black) and Reiziq (brown) to be used for in-vitro, 

ex-vivo and in-vivo biological testing.  

In-vitro studies investigated the effect of pigmented rice-derived polyphenol extracts (PE) on 

adipocyte differentiation using C3H10T1/2 cells. Lipid accumulation and peroxisome 

proliferator-activated receptor gamma (PPAR) expression were quantified. PE derived from 

Purple rice significantly reduced (p < 0.001) lipid accumulation by 56.0% and PPAR 

expression in adipocytes by 35.6%.  

To investigate antioxidant and anti-inflammatory potential, human umbilical vein endothelial 

cells (HUVECs) were treated with PE. Purple PE significantly decreased reactive oxygen 

species by 46.0%. Yunlu29 (red) PE reduced interleukin-8 (IL-8) (84.0%) and interleukin-6 

(IL-6) (63.0%).  

To explore anti-inflammatory and antioxidant potential of pigmented rice PE an ex-vivo study 

was conducted. Fasting blood samples were treated with PE. PE treatment demonstrated a 

dose-dependent reduction in malondialdehyde (MDA) and tumour necrosis factor-α (TNF-) 

levels. Purple PE reduced plasma MDA concentration by 59.0%. Brown rice PE at 50 g mL-

1 reduced TNF- levels by 98.0%.  

A cross-over dietary intervention human clinical trial was conducted on a pre-screened healthy 

population (n = 24) investigating the antioxidant and anti-inflammatory potential of pigmented 

rice varieties. Blood samples were collected 30-minutes, 1, 2 and 4-hours post rice 

consumption. Antioxidant activity, MDA and pro-inflammatory cytokines were analysed on 

the blood samples collected. Post purple rice consumption, antioxidant activity increased (p < 

0.0001) by 70.5%. The red rice variety Yunlu29,  (p < 0.005) reduced MDA levels by 9.2% 
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30-minutes post-consumption . Purple rice  decreased TNF- levels at the 1-hour (p < 0.05)

and 4-hour (p < 0.005) time points by 21.9% and 25.4% respectively.  

To investigate the antioxidant and anti-inflammatory potential of pigmented rice in the obese 

population a dietary intervention study was conducted of the same experimental design as 

previously described, on an obese (BMI > 30) cohort (n = 22). Antioxidant activity increased 

(p < 0.001) at the 1-hour time point by 40.3% post purple rice consumption. MDA decreased 

(p < 0.05) at the 30-minute time point by 6.8% post purple rice consumption. At the 4-hour 

time point MDA levels was reduced (p < 0.001) by Yunlu29 (red) by 9.6%. Yunlu29 (red) 

reduced interleukin-6 levels by 13.6% at the 30-minutes post consumption. Both the purple (p 

< 0.01) and red (p < 0.001) varieties reduced interleukin-12p70 concentrations at 30-minutes 

by 8.7% and 10.3% respectively.  

The outcomes highlighted in this thesis, demonstrate that polyphenols found in pigmented rice 

may play a key role in targeting specific therapeutic pathways in obesity-related oxidative 

stress and inflammation. 
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INTRODUCTION 

Obesity is a central and fundamental component in the development of metabolic syndrome 

and is significantly correlated to the pathogenesis of lifestyle diseases such as type II diabetes 

and cardiovascular disease (Huang, 2009). Increased incidence of lifestyle diseases in the obese 

has been attributed to obese populations having consistently higher levels of inflammation and 

free-radical damage mediated oxidative stress. With limited anti-obesity treatments available, 

there is a large demand for therapeutic alternatives or functional foods with disease 

preventative potential.  

Rice (Oryza sativa L.) is a global cereal staple consumed by more than half of the world’s 

population. Furthermore, 90% of the global rice production is consumed in Asia with rice 

consumption rates rapidly increasing on other continents such as Australia (Mohanty, 2013).  

In Australia, commercial rice production began in the early 1920’s with the majority of rice 

grown in the New South Wales Riverina and Murray regions. Whilst a large portion of 

Australian rice is exported, this only contributes to less than 1% of the global rice trade. 

Australia’s global contribution is exceptionally small, when compared to Asia, contributes 93% 

to the global rice trade (Food and Agriculture Organisation of the United Nations Statistics 

Division, 2015; Rice Growers' Association of Australia Inc, 2013).  Globally, Australian rice 

is recognised as a high-quality premium product and is demanded by higher priced international 

markets. Australia is globally classified as the most efficient producer of rice with an average 

yield of 11 tonnes per hectare (t / ha). Australia’s water usage in rice production continues to 

decline as selected rice cultivars are bred to suit Australia’s dry climate (Rice Growers' 

Association of Australia Inc, 2014).  

However, the Australian rice industry faces many challenges. Drought, limits water allotment 

to rice farmers, placing strain on rice production. Therefore, the Australian rice industry needs 

rice cultivars that will transform the industry to increase value per tonne of rice produced to 

maintain economic efficiency.  

“Let food be thy medicine and medicine be thy food” was an ideology embraced by Hippocrates 

2500 years ago. The recent realisation that a healthy diet in conjunction with a healthy lifestyle 

can lead to a considerably reduced risk of disease and increase life expectancy has ignited a 

huge demand for functional food alternatives by consumers (Arvanitoyannis & Van 

Houwelingen-Koukaliaroglou, 2005). Functional foods are foods that when consumed has the 
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potential to elicit health benefits to reduce the risk of disease or beneficially effect target 

functions beyond its basic nutritional functions (Maurice & JoAnne, 2008).  

Pigmented rice is rich in bioactive compounds called polyphenols (Goufo & Trindade 2014). 

There are over 8000 polyphenol compounds in nature and are chemically characterised as 

having at least one aromatic ring attached to one or more hydroxyl groups (Santhakumar et al., 

2014). Polyphenols are abundant in pigmented whole grains and are utilised by the plant as a 

defence mechanism to pests and diseases. Polyphenols range from simple low molecular 

weight molecules such as phenolic acids to very large complex molecules such as tannins. 

Polyphenols can be classified into various subclasses based on the number and arrangement of 

carbon atoms present in their chemical structure (Crozier et al., 2009). It is the chemical 

composition and structure that gives polyphenols their high antioxidant and anti-inflammatory 

potential and the focus of many nutritional studies as to how polyphenols derived from fruits, 

vegetables and wholegrains may serve as functional food alternatives in treating disease 

(Alvarez-Suarez et al., 2014; Joseph et al., 2016; Thompson et al., 2017).  

Due to the high antioxidant potential of polyphenols, Australian-grown pigmented rice 

varieties may serve as a potential functional food in alleviating oxidative stress and modulating 

pro-inflammatory states. This project investigates the therapeutic properties of pigmented rice 

focussing on Australian-grown rice varieties and their potential in modulating antioxidant and 

anti-inflammatory activity in in-vitro, ex-vivo and in-vivo biological healthy and obese models. 



3 

References 

Alvarez-Suarez, J. M., Giampieri, F., Tulipani, S., Casoli, T., Di Stefano, G., González-

Paramás, A. M., . . . Battino, M. (2014). One-month strawberry-rich anthocyanin 

supplementation ameliorates cardiovascular risk, oxidative stress markers and platelet 

activation in humans. The Journal of Nutritional Biochemistry, 25(3), 289-294. 

doi:https://doi.org/10.1016/j.jnutbio.2013.11.002 

Arvanitoyannis, I. S., & Van Houwelingen-Koukaliaroglou, M. (2005). Functional foods: a 

survey of health claims, pros and cons, and current legislation. Critical Reviews in Food 

Science and Nutrition, 45(5), 385-404.  

Crozier, A., Jaganath, I. B., & Clifford, M. N. (2009). Dietary phenolics: chemistry, 

bioavailability and effects on health. Natural Product Reports, 26(8), 1001-1043. 

doi:10.1039/B802662A 

Food and Agriculture Organisation of the United Nations Statistics Division. (2015). 

FAOSTAT. This is an adaptation of an original work by FAO. Views and opinions 

expressed in the adaptation are the sole responsibility of the author or authors of the 

adaptation and are not endorsed by FAO.  Retrieved from 

http://faostat3.fao.org/download/Q/QC/E 

Goufo, P., & Trindade , H. (2014). Rice antioxidants: phenolic acids, flavonoids, anthocyanins, 

proanthocyanidins, tocopherols, tocotrienols, γ-oryzanol, and phytic acid. Food Science 

& Nutrition, 2(2), 75-104. doi:10.1002/fsn3.86 

Huang, P. L. (2009). A comprehensive definition for metabolic syndrome. Disease Models and 

Mechanisms, 2(5-6), 231-237. 

Joseph, S. V., Edirisinghe, I., & Burton-Freeman, B. M. (2016). Fruit Polyphenols: A Review 

of Anti-inflammatory Effects in Humans. Critical Reviews in Food Science and 

Nutrition, 56(3), 419-444. doi:10.1080/10408398.2013.767221 

Maurice, D., & JoAnne, L. (2008). Functional foods: a conceptual definition. British Food 

Journal, 110(11), 1133-1149. doi:10.1108/00070700810918036 

Mohanty, S. (2013). Trends in Global Rice Consumption. Rice Today, 12(1), 44-45.  

Rice Growers' Association of Australia Inc. (2013). Fact Sheet: Rice and the Economy. In Rice 

Growers' Association of Australia Inc (Ed.). 

Rice Growers' Association of Australia Inc. (2014). Fact Sheet: Rice and Water. In Rice 

Growers' Association of Australia Inc (Ed.). 

Santhakumar, A., Bulmer, A., & Singh, I. (2014). A review of the mechanisms and 

effectiveness of dietary polyphenols in reducing oxidative stress and thrombotic risk. 

Journal of Human Nutrition and Dietetics, 27(1), 1-21. doi:10.1111/jhn.12177 

Thompson, K., Pederick, W., Singh, I., & Santhakumar, A. B. (2017). Anthocyanin 

supplementation in alleviating thrombogenesis in overweight and obese population: A 

randomized, double-blind, placebo-controlled study. Journal of Functional Foods, 32, 

131-138. doi:http://doi.org/10.1016/j.jff.2017.02.031



 

 

 

4 

CHAPTER 1 - THERAPEUTIC POTENTIAL OF RICE-

DERIVED POLYPHENOLS ON OBESITY-RELATED 

OXIDATIVE STRESS AND INFLAMMATION 
 

PREFACE 

This review paper discusses the therapeutic potential of coloured rice polyphenols. This review 

highlights the potential of coloured rice polyphenols in modulating oxidative stress and 

inflammation as well as the specific pathways polyphenols may target.  

 

The review discusses:  

➢ The subclasses of polyphenols found in pigmented rice varieties 

➢ Mechanisms involved in obesity pathogenesis 

➢ Antioxidant properties of rice-derived polyphenols 

➢ Anti-inflammatory effects of rice-derived polyphenols  

➢ Anti-dyslipidaemic effects of rice-derived polyphenols  
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THESIS AIMS AND OBJECTIVES 

 

Chapter 1 describes the current evidence of the effect of rice-derived polyphenols in 

modulating oxidative stress and inflammation. However, there are no studies demonstrating 

the potential of Australian-grown rice in modulating risk factors associated with obesity.  

 

The aim of this project was to investigate the antioxidant and anti-inflammatory potential of 

Australian-grown rice-derived polyphenols with the purpose to facilitate the Australian Rice 

Breeding Program to develop rice cultivars to contain therapeutic levels of polyphenols to be 

used as a functional food and/or nutraceutical alternative.  

 

The main objectives of this study were to determine:  

➢ The polyphenol profiles of Australian-grown pigmented and non-pigmented rice 

varieties.  

➢ The anti-adipogenic potential of Australian-grown rice-derived polyphenols.  

➢ The anti-inflammatory and antioxidant potential of crude polyphenol extract derived 

from Australian-grown rice in in-vitro human models mimicking an oxidative stress 

environment.  

➢ The anti-inflammatory and antioxidant potential of crude polyphenol extract derived 

from Australian-grown rice in ex-vivo human obese model.  

➢ The anti-inflammatory and antioxidant potential of Australian-grown rice in a healthy 

human population.  

➢ The anti-inflammatory and antioxidant potential of Australian-grown rice in an obese 

human population.  
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CHAPTER 2 - PROFILING POLYPHENOL COMPOSITION 

AND ANTIOXIDANT ACTIVITY IN AUSTRALIAN-GROWN 

RICE USING UHPLC ONLINE-ABTS SYSTEM 

 

PREFACE 

In chapter 1, revealed that there are limited studies that investigate the therapeutic benefits of 

Australian-grown pigmented rice. Furthermore, the polyphenol profiles of Australian-grown 

pigmented rice have not yet been investigated.  

 

Therefore, chapter 2 addresses the first objective of this thesis:  

 

➢ Determine the polyphenol profiles of Australian-grown pigmented and non-

pigmented rice varieties  

 

This study investigates eight (8) Australian pigmented and non-pigmented rice varieties and 

characterises their polyphenol content and measures their antioxidant activity using benchtop 

assays and UHPLC coupled with an online-ABTS system.  
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CHAPTER 3 - POLYPHENOLS FROM AUSTRALIAN-

GROWN PIGMENTED RED AND PURPLE RICE INHIBIT 

ADIPOCYTE DIFFERENTIATION 

PREFACE 

Based on the polyphenol profiling conducted in chapter 2 the best performing varieties from 

each coloured pericarp were chosen for investigation for the remainder of this thesis. Selection 

of the varieties was based on highest total antioxidant activity, total phenolic content and 

polyphenol profiling from UHPLC analysis. The varieties chosen were Yunlu29 (red), Purple 

(purple) and Reiziq (brown). The anti-adipogenic potential of Australian-grown pigmented rice 

in relation to their effect in modulating adipocyte differentiation has not yet been elucidated.  

 

The aim of chapter 3 is to investigate the second objective of this thesis:  

 

➢ Determine the anti-adipogenic potential of Australian-grown rice-derived 

polyphenols.  

 

The rice samples used for this part of the study originated from different crop years to those 

assayed in Chapter 2. Therefore, the rice samples used for the rest of this thesis were also 

analysed for their total phenolic content and antioxidant activity using the benchtop assays 

described in Chapter 2. The data for the polyphenol screening and total antioxidant activity for 

these samples is presented this Chapter (Chapter 3). 

 

In addition, the anti-adipogenic potential of the pigmented rice-derived polyphenols is 

explored, identifying the potential of pigmented rice polyphenol extracts in inhibiting the 

differentiation of C3H10T1/2 cells into adipocytes in pro-adipogenic conditions.  
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CHAPTER 4 - PIGMENTED RICE-DERIVED PHENOLIC 

COMPOUNDS REDUCE BIOMARKERS OF OXIDATIVE 

STRESS AND INFLAMMATION IN HUMAN UMBILICAL 

VEIN ENDOTHELIAL CELLS 

 

PREFACE 

Having explored the anti-adipogenic potential of pigmented rice derived polyphenols on lipid 

accumulation and PPAR-γ expression, chapter 4 aims to address the third objective of this 

thesis: 

 

➢ Determine the anti-inflammatory and antioxidant potential of crude polyphenol 

extract derived from Australian-grown rice in in-vitro human models mimicking an 

oxidative stress environment.  

 

This chapter presents our finding from the utilisation of an in-vitro human cell culture model, 

designed to induce oxidative stress conditions, to identify the potential of pigmented rice 

derived polyphenol extract in modulating biomarkers associated with endothelial dysfunction. 

The biomarkers chosen for investigation in this Chapter (Chapter 4) are representative of those 

seen to be irregular in obese populations. 
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CHAPTER 5 - COLOURED RICE-DERIVED POLYPHENOLS 

REDUCE LIPID PEROXIDATION AND PRO-

INFLAMMATORY CYTOKINES EX-VIVO 

 

PREFACE 

Chapter 4 highlighted that pigmented rice polyphenol extract contains anti-inflammatory and 

antioxidant potential under induced oxidative stress conditions. However, to date, there have 

been limited studies conducted on the effect of Australian-grown pigmented rice derived 

polyphenols in modulating inflammation and oxidative stress in ex-vivo biological models of 

obesity.  

 

Chapter 5 of this thesis aims to investigate the fourth objective of this thesis:  

 

➢ Determine the anti-inflammatory and antioxidant potential of crude polyphenol 

extract derived from Australian-grown rice in ex-vivo human obese model.  

 

Pigmented rice polyphenol extract was incubated with plasma samples obtained from an obese 

population. Pro-inflammatory cytokines and malondialdehyde was quantified.  

 

The collection of blood samples was performed using protocols approved by the Charles Sturt 

University Human Research Ethics Committee and were compliant with National Health and 

Medical Research Council’s National Statement on Ethical Conduct in Human Research.  

 

Human Ethics Protocol Number: H1701  
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CHAPTER 6 - THE ACUTE ANTI-INFLAMMATORY AND 

ANTIOXIDANT EFFECTS OF PIGMENTED RICE IN 

HEALTHY POPULATIONS  

 

PREFACE 

Chapter 5 demonstrated that rice-derived polyphenol extracts do contain anti-inflammatory and 

antioxidant potential in samples derived from an obese population. However, in order to 

completely identify any therapeutic potential, in-vivo studies need to be conducted. This 

chapter is currently submitted to the Food and Function Journal and is presented as the 

submitted manuscript in this thesis.  

 

Chapter 6 of this thesis aims to investigate the sixth objective presented in this thesis:  

 

➢ Determine the anti-inflammatory and antioxidant potential of Australian-grown 

rice in a healthy human population.  

  

This chapter (Chapter 6) presents findings from an acute dietary intervention clinical trial in a 

healthy population. The study was designed to identify the potential pigmented rice in 

modulating antioxidant and anti-inflammatory biomarkers post pigmented rice consumption.  

 

The human clinical trial and collection of blood samples was performed using protocols 

approved by the Charles Sturt University Human Research Ethics Committee and were 

compliant with National Health and Medical Research Council’s National Statement on Ethical 

Conduct in Human Research.  

 

Human Ethics Protocol Number: H18065 
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Abstract 

The pathogenesis of lifestyle diseases has been significantly correlated to high levels of oxidative 

stress and pro-inflammation. The antioxidant and anti-inflammatory properties of polyphenols 

in coloured rice varieties could have potential to neutralize oxidative stress and modulate 

inflammatory responses. A cross-over design, randomised, dietary intervention human clinical 

trial was conducted on a pre-screened healthy population (n = 24) investigating the antioxidant 

and anti-inflammatory potential of pigmented rice (purple, red and brown) varieties. Post 

baseline blood samples collection volunteers consumed a serve of cooked pigmented rice. Blood 

samples were collected at 30-minutes, 1, 2 and 4-hours post rice consumption. A one-week wash-

out period between each supplementation bout (rice variety) was conducted. Blood and 

biochemical parameters were analysed on baseline blood samples. Antioxidant activity, 

malondialdehyde (MDA) and a pro-inflammatory cytokine panel were analysed on the blood 

samples collected. Post purple rice consumption, antioxidant activity increased (p < 0.0001) by 

70.5% and maintained elevated for all time points. The red rice variety Yunlu29, significantly 

(p < 0.005) reduced MDA levels by 9.2% at the 30-minute time point. Purple rice demonstrated 

a significant (p < 0.05) decrease by 4.0% at the 30-minute time point only. Purple rice 

significantly decreased TNF- levels at the 1-hour (p < 0.05) and 4-hour (p < 0.005) time points 

by 21.9% and 25.4% respectively. IL-6 concentrations were significantly reduced at 1 and 2-

hour post Purple (p < 0.05; 11.7%) and Yunlu29 (red) (p < 0.01; 14.1%) consumption 

respectively. The brown rice variety did not affect any parameters tested. The outcomes of this 

study highlight that polyphenols found in pigmented rice may play a key role in targeting specific 

oxidative stress and inflammatory therapeutic pathways. Pigmented rice varieties may serve as 

a potential functional food in reducing risk factors associated with lifestyle diseases.  
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1. Introduction 

Antioxidant imbalances, excessive free radical production (oxidative stress) and pro-

inflammation are fundamental precursors in the development of lifestyle diseases such as 

cardiovascular disease and type II diabetes1. Due to the global obesity epidemic, over the last 

few decades there has been an increasing emphasis on diet being utilised in ascertaining health 

benefits to restore antioxidant balance via modulating oxidative stress and pro-inflammation. 

In particular, the consumption of polyphenol-rich foods has become of increasing focus due to 

the antioxidant and anti-inflammatory nature of polyphenols. There has been a vast array of 

dietary intervention studies exploring the health benefits of polyphenols found in tea 2, fruits 3 

and vegetables 4. However, in-vivo antioxidant and anti-inflammatory studies into the effect of 

polyphenol-rich wholegrain consumption is limited.  

Rice is a global staple consumed by more than half of the global population daily 5. Pigmented 

rice varieties have been reported to have antioxidant and anti-inflammatory potential, thus 

presenting pigmented rice as a potential functional food alternative. The therapeutic 

characteristics of red and purple rice have been attributed to the presence of polyphenols. 

Pigmented red and black rice varieties have been reported to be rich in polyphenols, particularly 

of the phenolic acid, proanthocyanidin and anthocyanin sub-classes 6. There have been 

numerous in-vitro studies investigating the anti-inflammatory and antioxidant potential of rice-

derived polyphenols 1, 7, 8. However, these findings are yet to be validated in human in-vivo 

studies.  

At present, there have been no other studies that have investigated the acute anti-inflammatory 

and antioxidant effects of consumed whole grain pigmented rice in a healthy population. The 

aim of this cross-over dietary intervention trial is to identify if acute pigmented rice (purple, 

red and brown) consumption can increase antioxidant status and reduce biomarkers of 

oxidative stress and inflammation in a healthy human population. 
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2. Methods & Materials  

 

2.1. Materials 

 

All chemicals, standards and reagents were purchased from Sigma-Aldrich (St Louis, Missouri, 

USA) unless otherwise stated.  

 

2.2.  Methods 

 

2.2.1.  Rice Sample Preparation and Cooking 

 

Rice samples were obtained from field trials conducted by the New South Wales Department of 

Primary Industries and Rice Research Australia Pty Ltd. Varieties were chosen for this dietary 

intervention trial based on previous chemical and in-vitro analysis 6, 9. The varieties consisted of 

non-pigmented: brown (Reiziq), pigmented: red (Yunlu29) and purple/black rice (Purple). All 

rice samples were subjected to the same post-harvest handling and storage.  Briefly, paddy rice 

samples were dehulled using an experimental rice husker (Satake, Hiroshima-ken, Japan) and 

stored at 4C. To cook, raw rice was rinsed under cold water twice, drained thoroughly and 

placed in an Australian standard domestic rice cooker. The rice was cooked at a ratio of one cup 

of raw rice to two cups of cold water. The rice cooker was switched on and the rice was cooked 

via absorption method until the rice cooker switched to the warm setting. The rice was served 

within ten minutes after cooking.  

 

2.2.2. Participants and Anthropometric Measurements  

 

Dietary intervention trial was approved by the Charles Sturt University Ethics Committee 

(Approval No: H18065) and registered with the Australia New Zealand Clinical Trials registry 

(ACTRN1261900144219). The study was performed in compliance with relevant laws and 

institutional guidelines. All participants provided written consent prior to the commencement of 

the study. Twenty-four (n = 24) healthy (BMI 18.5 – 24.9) Caucasian participants (M = 13, F = 

11) were recruited from the local community. All recruited participants were screened by means 
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of questionnaires. A health screening questionnaire was used to determine if the participants 

were healthy, non-smoking, no history of chronic metabolic or cardiovascular conditions. A food 

frequency and antioxidant questionnaire were used to screen participants for recent consumption 

of foods and/or medications that were of an anti-inflammatory or antioxidant nature. After initial 

participant screening, anthropometric measurements (waist, chest, hips, tricep fold, suprailiac 

fold, subscapular fold) were obtained prior to blood collection.  

 

2.2.3. Blood Sample Collection, Rice Consumption and Sample Processing 

 

Participants were instructed to begin fasting from mid-night and to drink two glasses of water in 

the morning prior to attending clinic. The participants were cannulated in the median cubital arm 

vein using a 21-gauge Introcan Safety® intravenous (IV) catheter (Braun, Kronberg, Germany) 

with a ClearLink™ luer activated valve (Baxter, Alabama, USA), using aseptic cannulation 

procedure. The cannula was fixed into position with Tegaderm™ transparent IV dressing (3M, 

Minnesota, USA). Post cannulation, fasting blood samples were collected using a vacutainer 

luer-lok access device (BD Biosciences, California, USA) into 9 mL EDTA and serum-

separating (SST) tubes using aseptic blood withdrawal procedures. After baseline blood 

collection, the participants were fed one cup of cooked rice and had twenty-minutes to consume 

the rice with water ad libitum. The time at which the final mouthful of rice was consumed was 

recorded and subsequent blood samples were collected at thirty-minutes, one-hour, two-hours 

and four-hours post rice consumption using the blood withdrawal procedure as previously 

described. The participants were instructed to maintain low physical activity for the duration of 

the study and to maintain hydration by consuming 250 mL of water every thirty-minutes. At the 

end of the study the participants had the cannula removed and had a sterile IV pressure pad 

(Nichiban, Tokyo, Japan) placed at the site of cannulation. A one-week wash-out period was 

applied between supplementation bouts and the study maintained the same experimental routine 

between each rice variety tested. 
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2.2.4.  Full Blood Count, Biochemical Analysis and Plasma Processing 

 

Baseline full blood count (FBC) was determined by a Cell-Dyn, Emerald 22 haematology 

analyser (Abbott Diagnostics, IL, USA). Following FBC analysis, EDTA tubes were centrifuged 

at 2000  g for 10 minutes at 4C. The resultant plasma was aliquoted and immediately frozen 

at -80C until use. The SST tubes were stored at room temperature for 45 minutes and 

centrifuged at 2000  g for 10 minutes at 4C. The resultant serum was used for baseline renal, 

hepatic and lipid biochemical profiles which was performed using a Dimension Vista 1500 

Intelligent Lab System (Siemens Healthcare, Erlangen, Germany). Blood samples collected at 

time points post rice consumption were immediately centrifuged, aliquoted and stored as 

previously described until further analysis.  

 

2.2.5. Ferric Reducing Ability of Plasma (FRAP) Assay  

 

The ferric reducing ability of the rice extracts was determined using methods described by 

Callcott, et al. (2018) .  To perform the assay, 1.8 mL of FRAP reagent, 180 L deionised water 

and 60 L of PE or standard was added to an assay tube and incubated at 37C for 40 minutes. 

The absorbance was measured at 593 nm using a microplate reader (FLUOstar Omega 

microplate reader, BMG Labtech, Offenburg, Germany). The FRAP reagent working solution 

was used as the blank. The ferric reducing ability was expressed as mg Trolox mL-1 equivalents 

(TE).  

 

2.2.6. Malondialdehyde (MDA) Quantification  

 

A 3 mM tetraethoxypropane (TEP) stock solution was prepared and diluted with Milli-Q water 

to obtain concentrations ranging between 0 M to 10 M. The samples/standards were prepared 

for MDA quantification using the sample preparation method described by Grotto, et al. (2007).  

Briefly, the incubated plasma was diluted 1:2 with phosphate buffered saline. Plasma or TEP 

standard (75 L) was added to sodium hydroxide (3 M, 25 L) and incubated in a shaking water 

bath at 60C for 30 minutes. Following incubation, phosphoric acid (6%, 125 L) was added 

followed by thiobarbituic acid (0.8%, 125 L), gently mixed and incubated at 90C for 45 
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minutes. Upon cooling, sodium dodecyl sulphate (10%, 50 L) was added. Immediately after, 

n-butanol (300 L) was added and the samples were vortexed thoroughly followed by 

centrifugation at 3000  g for 10 minutes. The resultant butanol layer was collected. The 

prepared samples were used to quantify MDA via HPLC with methods described by Grotto, et 

al. (2007), with minor modifications. MDA quantification was conducted on an Agilent HPLC 

(Agilent Technologies, CA, USA) system using a C18 Poroshell column (3.0 mm x 100 mm, 2.7 

m) (Agilent Technologies, CA, USA) which was connected to a SB-C8 guard column (Agilent 

Technologies, CA, USA). The high-performance liquid chromatography (HPLC) system 

contained a UV-vis photodiode array detector and auto-sampler. The mobile phase consisted of 

Milli-Q water and methanol (50:50 v / v). A volume of 20L of the prepared samples was 

injected into the system. The flow rate was maintained isocratically at 0.8 mL / minute at 532 

nm for a total run time of 5 minutes. To quantify the MDA, the area under the resultant peaks 

was determined by Varian Star Chromatography Workstation V6.41 (Agilent Technologies, CA, 

USA) and compared to a TEP standard curve expressed as M TEP equivalents.  

 

2.2.7. Pro-inflammatory Cytokine Quantification  

 

Proinflammatory cytokines interleukin-8 (IL-8), interleukin-1 (IL-1), interleukin-6 (IL-6), 

interleukin-10 (IL-10), tumour necrosis factor- (TNF-) and interleukin-12p70 (IL-12) were 

quantified using Cytometric Bead Array (CBA) Human Inflammatory Cytokines kit (BD 

Biosciences, CA, USA). Thawed supernatant was prepared as per manufacturer’s instructions. 

The data was acquired using a Gallios™ Flow Cytometer (Beckman Coulter, CA, USA). Data 

analysis was conducted using Kaluza™ Flow Cytometry Analysis Software (Beckman Coulter, 

CA, USA).  

 

2.2.8.  Statistical Analysis  

 

A minimum sample size of 21 participants was 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 the alpha error of 0.05. Statistical analysis was performed using one-way analysis of 

variance (ANOVA), followed by post-hoc Dunnett’s multiple comparisons test using GraphPad 
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Prism 7 software (GraphPad Software Inc. CA, USA). The results are reported as mean ± 

standard deviation. Statistical significance was determined at a level of p < 0.05. 

 

3. Results 

Participant baseline anthropometric, FBC and biochemical parameters are presented in table 1. 

All baseline FBC and biochemical parameters of the participants in the study are within normal 

reference ranges as established by the Royal College of Pathologists of Australasia (2015).  

 

Table 1 Participant baseline anthropometric, FBC and biochemical parameters 

General      Mean               SD Reference Range 

Age (y) 37.40 14.28  

Height (m) 1.76 0.092  

Weight (kg) 74.67 10.58  

BMI 23.98 2.82  

Systolic BP 125.10 17.50  

Diastolic BP 75.73 9.447  

Pulse 65.66 10.27  

Anthropometric Parameters    

Waist (cm) 85.18 10.30  

Chest (cm) 95.28 7.50  

Hips (cm) 98.42 6.70  

Triceps Fold (cm) 10.40 6.38  

Suprailiac Fold (cm) 16.47 7.27  

Subscapular Fold (cm) 15.03 6.04  

Haematological Parameters    

Haemoglobin (g / L) 145.00 13.68 115-180 

Haematocrit (L / L) 0.40 0.04 0.36-0.54 

MCH (g) 33.30 1.25 27-32 

MCHC (g / L) 350.30 63.13 300-350 

MCV (fL) 91.81 2.59 82-98 

PLTs (x109 / L) 212.90 42.58 150-400 

RCC (x1012 / L) 4.35 0.45 3.9-5.7 

RDW (%) 14.02 2.25 11-15 

WCC (x109 / L) 5.00 0.81 3.7-9.5 

Renal Function Parameters    

Sodium (mmol / L) 138.70 1.92 135-145 

Potassium (mmol / L) 4.02 0.19 3.2-5.0 

Chloride (mmol / L) 104.10 2.54 95-110 
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Bicarbonate (mmol / L) 25.35 1.99 22-32 

Anion Gap (mmol/ / L) 13.04 3.48 12.0-20.0 

Urea (mmol / L) 6.12 1.74 2.5-6.5 

Uric Acid (mmol / L) 0.30 0.05 0.12-0.41 

Creatinine (mol / L) 80.30 11.20 45-90 

eGFR (mL / min / 1.73m2) 90.09 6.35 > 90 

Total Bilirubin (mol / L) 11.39 7.52 < 15 

Circulating Bilirubin (mol / L) 2.31 1.31 < 5 

Liver Function Parameters    

Protein (g/ L) 74.48 4.47 60-80 

Albumin (g/ L) 43.35 3.14 35-50 

Total Globulin (g / L) 32.74 16.01 22-39 

ALT (U / L) 24.70 6.64 < 35 

AST (U / L) 21.74 7.03 < 35 

GGT (U / L) 24.65 8.43 < 40 

ALP (U / L) 71.26 22.09 30-110 

LDH (U / L) 175.30 35.96 120-250 

CK (U / L) 165.10 46.30 30-170 

Calcium (mmol / L) 2.246 0.09 2.15-2.55 

Corrected Ca (mmol / L) 2.09 0.50 2.15-2.55 

Mg (mmol / L) 0.95 0.05 0.70-1.10 

PO4 (mmol / L) 1.16 0.16 0.75-1.50 

CRP (mg / L) 3.26 0.86 < 5 

Blood Glucose Parameters    

Glucose (mmol / L) 4.94 0.461 3.0-5.4 

Lipid Profile     

Cholesterol (mmol / L) 5.06 0.784 3.0-5.5 

HDL (mmol / L) 1.35 0.33 > 1.00 

LDL (mmol / L) 3.13 0.79 < 3.5 

Cholesterol ratio 3.86 1.29  

Triglycerides (mmol / L) 1.25 0.86 < 2.00 

 

Values are presented as mean ± SD, n = 24,  

Alanine transaminase, ALT; alkaline phosphatase, ALP; aspartate transaminase, AST; blood 

pressure, BP;  body mass index, BMI;  c-reactive protein, CRP; creatinine kinase, CK; estimated 

glomerular filtration rate, EGFR; gamma-glutamyl transferase, GGT; high density lipoprotein, 

HDL; lactate dehydrogenase, LDH; low density lipoprotein, LDL; mean corpuscular 

haemoglobin concentration, MCHC; mean corpuscular haemoglobin, MCH; mean corpuscular 

volume, MCV; platelets, PLTS; red cell count, RCC; red cell distribution width, RDW; white 

cell count, WCC;  
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3.1.1. The Effect of Coloured Rice Consumption on Antioxidant Activity. 

 

The effect of coloured rice consumption on antioxidant activity is presented in figure 1. Post 

purple rice consumption, antioxidant activity was significantly (p < 0.0001) increased by 

70.5% and maintained elevated for the duration of the study. The red rice variety, Yunlu29 (p 

< 0.01) also exhibited increased antioxidant activity by 21.0%, 30-minutes post rice 

consumption however, reverted back to baseline levels for the remaining time points. The 

brown rice variety, Reiziq did not demonstrate any significant antioxidant capacity.  

 

 

 

 

Figure 1 The effect of coloured rice consumption on antioxidant activity. The Purple rice 

variety significantly (p < 0.0001) increased antioxidant activity across all time points analysed. 

Post Purple rice consumption, antioxidant activity was highest at the 2-hour time point where 

activity increased by 70.49%. The red variety, Yunlu29 increased (p < 0.005) antioxidant 

activity at the 30-minute time point by 21%. The brown rice variety did not increase antioxidant 

activity.  

n = 24; The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001.  
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3.1.2. The Effect of Coloured Rice Consumption on Malondialdehyde Levels. 

 

Figure 2 demonstrates plasma MDA levels post coloured rice consumption quantified via 

HPLC methods. The red rice variety Yunlu29, significantly (p < 0.005) reduced MDA levels 

by 9.2% at the 30-minute time point. MDA levels returned to baseline at the 1-hour time point 

and significantly decreased (p < 0.05) for the remaining 2 and 4-hour time points. Purple rice 

demonstrated a significant (p < 0.05) decrease by 4.04% at the 30-minute time point only. The 

brown rice variety, Reiziq, did not exhibit any effects on plasma MDA levels.  

 

 

 

 

 

Figure 2 MDA levels decrease post coloured rice consumption. The red rice variety Yunlu29, 

significantly (p < 0.005) reduced MDA levels by 9.2% at the 30-minute time point. MDA levels 

returned to baseline at the 1-hour time point and significantly decreased (p < 0.05) for the 

remaining 2 and 4-hour time points. Purple rice demonstrated a significant (p < 0.05) decrease 

by 4.04% at the 30-minute time point only. The brown rice variety, Reiziq, did not exhibit any 

effects on plasma MDA levels. 

n = 24; The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, 

** p < 0.01. 

Malondialdehyde, MDA; Tetraethoxypropane, TEP  
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3.1.3. The Effect of Pro-Inflammatory Cytokines Levels Post Coloured Rice 

Consumption 

 

Circulatory plasma pro-inflammatory cytokines were quantified using a 6-panel kit utilising 

flow cytometric methods. Purple rice consumption demonstrated a significant (p < 0.0001) 

decrease in IL-10 levels across all time points. In particular, a 22.6% decrease was observed at 

the 4-hour time point (Figure 3a). TNF- levels significantly decreased at the 1-hour (p < 0.05) 

and 4-hour (p < 0.005) time points by 21.9% and 25.4% respectively (Figure 3b). A similar 

trend was observed for IL-8 levels where at all time points, IL-8 expression was significantly 

(p < 0.05) decreased. In particular, at the 4-hour time point IL-8 levels decreased by 13.0% 

(Figure 4a). Purple rice consumption did not affect IL-1 levels (Figure 5b). The red rice 

variety, Yunlu29 had more pronounced effect at the 2-hour time point significantly reducing 

IL-10 (p < 0.0001) and TNF- (p < 0.0001) levels by 19.8% and 44.1% respectively (Figure 

3). IL-6 concentrations were significantly reduced at 1 and 2-hour post Purple (p < 0.05; 11.7%) 

and Yunlu29 (red) (p < 0.01; 14.1%) consumption respectively (Figure 4b). Compared to the 

purple rice variety, the red rice variety Yunlu29, significantly (p < 0.0001) reduced IL-1 

levels by 16.8% at the 2-hour time point (Figure 5b). IL-1 levels were also significantly (p < 

0.0001) reduced at the 1 and 4-hour time points. IL-12p70 was also significantly reduced by 

both Yunlu29 (p < 0.0001; 15.69%) and Purple (p < 0.0005; 16.78%) at the 2 and 4-hour time 

points respectively (Figure 5a). The brown rice variety, Reiziq, did not exhibit any effect in the 

reduction of circulatory pro-inflammatory cytokines.  
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Figure 3 Plasma levels of pro-inflammatory cytokines IL-10 (a) and TNF-a (b) post coloured 

rice consumption. a) The purple rice variety significantly (p < 0.0001) reduces IL-10 levels at 

all time points. The 4-hour time point exhibited to be the most effective with levels dropping 

by 22.6% compared to the baseline. The red variety, Yunlu29, significantly (p < 0.0001) 

reduced IL-10 concentrations by 19.8% at the 2-hour time point. The brown variety Reiziq, 

had no effect in reducing IL-10 levels. b) Yunlu29 was the most effective in reducing (p < 

0.0001) TNF- levels across all time points. In particular, TNF- levels were reduced by 

44.1% at the 2-hour time point. The Purple rice variety also reduced TNF- levels (p < 0.05) 

at the 1& 4-hour time point by 21.9% and 25.4% respectively. Reiziq, did not decrease TNF-

 levels.  

n = 24; The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Interleukin-10, IL-10; Tumour necrosis factor-, TNF- 
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Figure 4 The effect of IL-8 (a) and IL-6 (b) plasma concentrations post coloured rice 

consumption. a) The Purple rice variety, significantly (p < 0.05) decreased IL-8 levels across 

all time points. The maximum effect was observed at the 4-hour time point where IL-8 levels 

decreased by 13.0% post Purple rice consumption. The red rice, Yunlu29 was most effective 

2-hours post consumption where IL-8 levels were significantly reduced by 8.6% and 

maintained at the 4-hour time point. The brown rice variety, Reiziq did not reduce IL-8 plasma 

levels. b) IL-6 concentrations were significantly reduced at 1 and 2-hour post Purple (p < 0.05; 

11.7%) and Yunlu29 (red) (p < 0.01; 14.1%) consumption respectively. The brown variety 

Reiziq did not reduce IL-6 concentrations.  

n = 24; The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Interleukin-8, IL-8; Interleukin-6, IL-6.  
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Figure 5 The effect of IL-12p70 (a) and IL-1 (b) plasma concentrations post coloured rice 

consumption. a) IL-12p70 was significantly reduced by Purple (p < 0.0005; 16.78%) and 

Yunlu29 (p < 0.0001; 15.69%) consumption at the 2 and 4-hour time points respectively. 

Reiziq did not have an effect in reducing IL-12p70. b) The red variety, Yunlu29 was the only 

variety to significantly reduce IL-1 levels. IL-1 levels reduced by 16.8% at the 2-hour time 

point.  

 n = 24; The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Interleukin-12p70, IL-12p70; Interleukin-1, IL-1.  
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4. Discussion  

To our knowledge, this is the first dietary intervention study that investigates the consumption 

of wholegrain pigmented rice in a healthy population. The results of this cross-over human 

clinical study demonstrate that acute consumption of pigmented red and purple rice 

significantly increase plasma antioxidant activity and reduce MDA and pro-inflammatory 

cytokines in healthy populations. The brown rice variety, Reiziq did not affect any biological 

parameters analysed in this study. Baseline biochemical and FBC analysis demonstrate the 

recruited cohort to be reflective of a healthy population and were within normal reference 

ranges. Polyphenol profiling of the rice varieties used in this study were previously 

characterised by Callcott, et al. (2018). Polyphenol characterisation demonstrated the red rice 

variety, Yunlu29 to be comprised of phenolic acids (63.3%), flavanols (35.1%) and 

proanthocyanidins. The brown rice variety, Reiziq was reported to exhibit a polyphenol profile 

similar to Yunlu29, however, at considerably lower concentrations. In contrast, the purple rice 

variety was abundant in anthocyanins (cyanidin-3-glucoside (30%) and peonidin-3-glucoside 

(20.29%)) (Supplementary table 1).  

This study demonstrated a 70.5% increase in antioxidant activity post purple rice consumption. 

These observations of increased antioxidant activity concur with Wang, et al. (2007), where 

patients medically diagnosed coronary heart disease were supplemented with black rice extract. 

Six months’ post supplementation, the patients had increased total antioxidant status compared 

to baseline levels. The study concluded that the total antioxidant effect could potentially be 

attributed to the high anthocyanin content in black rice. Of particular interest in this study, is 

the continued elevation of total antioxidant activity across all time points measured post purple 

rice consumption. This could possibly be due to the presence of anthocyanins and/or 

anthocyanin metabolites, suggesting they become rapidly bioavailable and retain their 

antioxidant activity. Studies have indicated that anthocyanins themselves are not readily 

absorbed or excreted but rather are hydrolysed by intestinal microflora 14.  

This notion is supported by in-vitro intestinal microflora studies conducted on anthocyanins 

demonstrating that anthocyanins are extensively hydrolysed by intestinal microflora depending 

on the sugar moiety into phenolic acids which are cleaved of their methyl groups to liberate 

free hydroxyl groups to ascertain antioxidant properties 15. Phenolic acids establish maximum 

plasma concentration (Cmax) 30-minutes post consumption 16. The antioxidant activity 

observations in this study support reported Cmax of phenolic acids as the red variety, Yunlu29, 
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which contains a polyphenol profile predominantly of phenolic acids only had significant 

antioxidant activity 30-minutes post consumption.  

Oxidative stress is a key risk factor in the development of lifestyle diseases. A consequence of 

excessive free radical production is lipid peroxidation, whereby, free radicals react with lipid 

membranes to form highly reactive bi-products such as MDA 17. In particular, the red rice 

variety, Yunlu29 significantly reduced MDA concentrations at the 30-minute, 2 and 4-hour 

time points whereas, purple rice consumption reduced MDA concentrations at the 30-minute 

time point only. The results of this study are similar to those found in Kim, et al. (2008), where 

obese women were supplemented with a black/brown rice mix for 3-weeks. The results of the 

study highlighted thiobarbituic acid derivatives to decrease in the black/brown rice mix group 

and increase in the white rice group. The study concluded that the therapeutic effects observed 

may be due to the presence of polyphenols synergistically working with vitamin E and 

selenium. Pigmented rice contains higher amounts of vitamin E and selenium compared to 

white rice 18, 19. However, there have been conflicting reported results regarding the antioxidant 

potential of vitamin E and selenium 20, 21 suggesting further human in-vivo investigation is 

warranted. In-vivo animal pigmented rice studies demonstrated black rice supplementation 

reduced MDA levels in rabbits by 58%. Red rice supplementation was also found to reduce 

MDA levels in rats (49%) and rabbits (48%) respectively 22, 23. MDA reduction observed in 

this study could potentially be attributed to the presence of anthocyanins in Purple rice. 

Anthocyanin-rich strawberries and chokeberries have been shown to decrease human plasma 

MDA levels by 31.4% and 46% respectively, indicating that anthocyanins may reduce systemic 

lipid peroxidation 24, 25. The MDA trend presented in this study is suggestive that specific 

metabolites at particular time points are systemically bioavailable to elucidate an antioxidant 

effect.  

Oxidative stress and pro-inflammation maintain a strong relationship in the pathogenesis of 

lifestyle diseases. Excessive free radical production leads to the oxidation of proteins, 

consequently generating a pro-inflammatory response1. This study presents inflammation 

levels being significantly reduced after acute consumption of red and purple rice. The current 

study also demonstrates particular rice varieties having greater effect on reducing specific pro-

inflammatory cytokines over other varieties. Such observations suggest that particular 

polyphenols/metabolites may target specific pro-inflammatory pathways. However, the 

mechanism of action is not entirely elucidated. There are limited studies on polyphenol-

chemokine interactions, however, it has been suggested that polyphenols modulate pro-
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inflammatory signalling by impeding fundamental inflammatory mediators such as nuclear 

factor kappa-B 26, which consequently, regulates the expression of inflammatory enzymes such 

as cycloxengenase-2, mitogen activated protein kinases and pro-inflammatory cytokines 27. 

Mechanistic interaction studies suggest that polyphenols, in particular, phenolic acids and 

catechins may directly bind to chemokines to attenuate their pro-inflammatory activity. Surface 

plasmon resonance binding studies have demonstrated catechins directly binding to 

chemokines by inhibiting their pro-inflammatory activity28. In addition, curcumin, has been 

demonstrated to directly target TNF- via non-covalent interactions forming hydrophobic and 

hydrogen bonds29. The binding ability of polyphenols is also supported by a study conducted 

by Chung and Champagne (2009), which demonstrated that phenolic acids (caffeic, 

chlorogenic and ferulic acids) bind directly to proteins post thirty-minutes incubation altering 

their structural conformation reducing their ability to elicit a biological response. The inhibitory 

binding activity of polyphenols and their ability to modulate pro-inflammatory signalling may 

explain the anti-inflammatory effects observed in this study.  

Pigmented rice studies have demonstrated black and brown rice extracts to inhibit the 

production of pro-inflammatory cytokines in murine splenic macrophages, aortic tissue and rat 

adipose tissue 7, 31, 32. Whilst there are limited human in-vivo pigmented rice studies, chokeberry 

supplementation in healthy individuals was also found to reduce IL-10  and TNF- levels 33.  

These findings agree with this study, as IL-10 and TNF- was significantly reduced post Purple 

and Yunlu29 (red) rice consumption. Furthermore, red wine supplementation also 

demonstrated a significant negative correlation for TNF- as well as IL-8 and IL-6 34. This is 

of particular interest, as this study also demonstrated a reduction IL-8 and IL-6. The red wine 

used in the reported study was comprised of procyanidin B1(18.2%), catechin (11.9%) and 

gallic acid (6.3%), which are similar compounds found in the red rice variety, Yunlu29 used in 

this study 6. Previous studies have also found procyanidin 35, catechin32 and gallic acid 36 to 

possess anti-inflammatory potential. Nevertheless, the purple rice variety also demonstrated 

anti-inflammatory potential in reducing IL-8 and IL-6 levels. As previously mentioned, 

anthocyanins are not readily absorbed however it may be their metabolites such as gallic acid 

and protocatechuic acid eliciting anti-inflammatory effects 15.  
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5. Conclusion/Future Directions 

This study demonstrates that acute consumption of pigmented rice (red and purple) varieties in 

a healthy population significantly increases antioxidant activity and decreases plasma MDA 

and pro-inflammatory cytokines. The polyphenols present in pigmented rice varieties may be 

attributed to the increase in antioxidant activity and reduction in MDA and pro-inflammatory 

cytokines, whereby polyphenols and their metabolites may have a direct or indirect association 

in targeting specific antioxidant and inflammatory pathways. In addition, the different 

polyphenol profiles observed between purple and red pigmented rice varieties may have 

specific and overlapping modes of action. The effects observed in this study may be of a 

synergistic effect of bioavailable polyphenols from pigmented rice consumption. Further 

studies are warranted to evaluate the bioavailability of polyphenols post pigmented rice 

consumption. Nevertheless, the results of this study suggest that pigmented rice may serve as 

a potential functional food alternative in reducing oxidative stress and inflammation risk factors 

associated with the pathogenesis of lifestyle diseases.  
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Supplementary Table 1 Quantification of polyphenols in coloured rice varieties (mg 100 g-1). 

Phenolic compounds were detected at 280 nm. Anthocyanins were detected at 520 nm. Adapted 

from Callcott, et al. (2018). 

 

Rice 

Variety 

Peak CAT FA GA o-C p-C PCA SYR VA C3G P3G 

Reiziq Mean 0.13 0.07 0.08 0.091 0.000 0.09 0.10 0.119 - - 

 SD 0.00 0.01 0.001 0.003 0.005 0.002 0.003 0.004   

Yunlu29 Mean 0.81 0.07 0.10 0.896 0.000 0.126 0.11 0.101 - - 

 SD 0.16 0.01 0.005 0.335 0.016 0.007 0.002 0.006   

Purple Mean 0.15 0.05 0.093 0.286 0.000 1.639 0.08 1.07 17.19 8.01 

 SD 0.03 0.004 0.002 0.072 0.000 0.214 0.00 0.04 1.82 0.70 

 

 (-) indicate not detected. CAT, catechin; FA, ferulic acid; GA, gallic acid; o-C, o-coumaric 

acid; p-C, p-coumaric; PCA, protocatechuic acid; SYR, syringic acid; UHPLC, Ultra-High 

Performance Liquid Chromatography; vanillic acid, VA; C3G, cyanidin-3 -glucoside; P3G, 

peonidin-3- glucoside. 
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CHAPTER 7 - THE ACUTE ANTI-INFLAMMATORY AND 

ANTIOXIDANT EFFECTS OF PIGMENTED RICE IN OBESE 

POPULATIONS  

 

 PREFACE 

 

Chapter 6 demonstrated that acute consumption of pigmented red and purple rice increased 

antioxidant activity and reduced MDA and pro-inflammatory cytokines in a healthy population. 

However, the overall theme of this thesis is to identify if pigmented rice can modulate pro-

inflammatory and oxidative stress in the obese.  

 

Chapter 7 of this thesis aims to investigate the seventh objective presented in this thesis:  

 

➢ Determine the anti-inflammatory and antioxidant potential of Australian-grown 

rice in an obese human population.  

  

Chapter 7 follows the same experimental design described in chapter 6, involving an acute 

dietary intervention clinical trial on an obese population consuming pigmented rice and 

identifying the antioxidant and anti-inflammatory potential at set time points. This chapter has 

been submitted to the Journal of Functional Foods and is presented as the submitted manuscript 

in this thesis. 

 

The human clinical trial and collection of blood samples was performed using protocols 

approved by the Charles Sturt University Human Research Ethics Committee and were 

compliant with National Health and Medical Research Council’s National Statement on Ethical 

Conduct in Human Research.  

 

Human Ethics Protocol Number: H18065 
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Abstract 

The development of lifestyle diseases in obese populations has been attributed to higher levels 

of inflammation and free radical mediated oxidative stress. The antioxidant and anti-

inflammatory properties of polyphenols in pigmented rice varieties could have potential to 

neutralize oxidative stress and modulate inflammatory responses in obese populations. A cross-

over dietary intervention human clinical trial was conducted with three pigmented rice varieties 

chosen from previous chemical and in-vitro antioxidant and anti-inflammatory screening. Obese 

(n = 22, BMI > 30) sedentary participants consumed one cup of pigmented rice (Reiziq (brown), 

Purple (purple) and Yunlu29 (red)).  Blood samples were collected prior consumption (baseline) 

and at set time points of 30-minutes, 1-hour, 2-hours and 4-hours post rice consumption and 

analysed for antioxidant and inflammatory biomarkers. Total antioxidant activity increased (p < 

0.001) by 40.3% 1-hour post purple rice consumption. The red rice variety, Yunlu29 increased 

antioxidant activity by 29.5% and 21.2%, 30-minutes (p < 0.001) and 1-hour (p < 0.01) post 

consumption respectively. Lipid peroxidation biomarker, malondialdehyde (MDA), decreased 

(p < 0.05) at the 30-minute time point by 6.8% post purple rice consumption. At the 4-hour time 

point MDA levels was significantly reduced (p < 0.001) by the red rice variety Yunlu29, by 

9.6%. Pro-inflammatory cytokine, interleukin-10 (IL-10), was significantly (p < 0.0001) reduced 

by 3.1% 30-minutes post purple rice consumption. In contrast, Interleukin-6 (IL-6) decreased 

levels by 13.6% and 11.0% at the 30-minute and 1-hour time points respectively post Yunlu29 

(red) consumption. Both the purple (p < 0.01) and red (p < 0.001) varieties significantly reduced 

interleukin-12p70 concentrations at 30-minutes by 8.7% and 10.3% respectively. Reiziq (brown) 

did not affect any of the biomarkers analysed in this study. The outcomes of this study highlight 

that polyphenols found in pigmented rice may play a key role in targeting specific therapeutic 

pathways in obesity-related oxidative stress and inflammation.  
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1. Introduction 

Globally, obesity rates are of epidemic proportions (World Health Organisation, 2017). 

Increased abdominal adiposity is significantly correlated to elevated levels of inflammation 

and free-radical mediated oxidative stress. Prolonged pro-inflammation and oxidative stress in 

conjunction with increased weight gain facilitates the pathogenesis of lifestyle diseases such as 

type II diabetes and cardiovascular disease. Healthier lifestyle choices such as exercise are not 

always effective in combating obesity. However, dietary habits play a fundamental role in the 

pathogenesis of obesity and may be an effective way to combat the global obesity epidemic.  

Functional foods are foods rich in bioactive compounds and may serve as a complimentary 

alternative for obesity treatment. Rice (Oryza sativa L.), is a global food staple consumed at 

least once a day and cultivated in over 100 countries (Mohanty, 2013). In particular, pigmented 

rice has been demonstrated in in-vitro studies to have anti-inflammatory (Candiracci et al., 

2014) and antioxidant (Callcott et al., 2018b) potential, consequently presenting pigmented 

rice as a potential candidate as a functional food alternative.   

The beneficial properties of pigmented rice have been attributed to the presence of polyphenols. 

In particular, pigmented black varieties are abundant in anthocyanins, a polyphenol subclass 

predominant in berries and fruits and are well known for their free-radical scavenging activity 

due to the high level of B-ring hydroxylation at the 3’ and 4’ carbons facilitating the 

stabilisation of reactive oxygen species via electron removal (A. Santhakumar et al., 2015). 

Anthocyanins also contain metal chelating properties that render copper and iron inactive via 

a complex formation preventing the catalysis of free-radical reactions (Kardum et al., 2014).  

Pigmented rice varieties have been found to contain polyphenols of the phenolic acid and 

proanthocyanidin subclasses (Goufo & Trindade 2014). These particular subclasses of 

polyphenols have been demonstrated to elicit anti-inflammatory potential via down-regulating 

cytokine production (Callcott et al., 2018a). Min et al. (2010) demonstrated pigmented rice to 

attenuate the production of pro-inflammatory cytokines and their related mediators in 

inflammation induced mice. In-vitro studies have tried to identify potential anti-inflammatory 

modes of action of polyphenols found in pigmented rice suggesting, polyphenols may inhibit 

the signalling cascade of MAPK pathways (Shalini et al., 2015). Other proposed mechanistic 

modes of action have been attributed to phenolic acids directly binding to cytokines to altering 

their structural conformation (Singh et al., 2011). Furthermore, catechins have been 



 

 

 

76 

demonstrated to bind directly to chemokines and attenuate their pro-inflammatory activity (Qin 

et al., 2011).  

However, the antioxidant and anti-inflammatory properties of pigmented rice varieties is yet to 

be validated in human in-vivo studies. The aim of this cross-over dietary intervention trial is to 

identify if acute consumption of pigmented rice (red, brown and purple), can modulate 

biomarkers associated with oxidative stress and inflammation in an obese population.  

 

2. Methods & Materials  

 

2.2.  Materials 

 

All chemicals, standards and reagents were purchased from Sigma-Aldrich (St Louis, Missouri, 

USA) unless otherwise stated.  

 

2.3.  Methods 

 

2.3.1.  Rice Sample Preparation and Cooking 

 

Rice samples were obtained from field trials conducted by the New South Wales Department of 

Primary Industries and Rice Research Australia Pty Ltd. Varieties were chosen for this dietary 

intervention trial based on previous chemical and in-vitro analysis (Callcott et al., 2018a; 

Callcott et al., 2018b). The varieties consisted of non-pigmented: brown (Reiziq), pigmented: 

red (Yunlu29) and purple rice (Purple). All rice samples were subjected to the same post-harvest 

handling and storage.  Briefly, paddy rice samples were dehulled using an experimental rice 

husker (Satake, Hiroshima-ken, Japan) and stored at 4C. To cook, raw pigmented rice was 

rinsed under cold water twice, drained thoroughly and placed in an Australian standard domestic 

rice cooker. The rice was cooked at a ratio of one cup of raw rice to two cups of cold water. The 

rice cooker was switched on and the rice was cooked via absorption method until the rice cooker 

switched to the warm setting. The rice was served within ten minutes after cooking.  
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2.3.2. Participants and Anthropometric Measurements  

 

A cross-over dietary intervention trial was approved by the Charles Sturt University Human 

Ethics Committee, Charles Sturt University, New South Wales, Australia (Approval No: 

H18065) and registered with the Australia New Zealand Clinical Trials registry 

(ACTRN12618001006235). The study was performed in compliance with relevant laws and 

institutional guidelines. All participants provided written consent prior to the commencement of 

the study. Twenty - two (22) obese (BMI >30) Caucasian participants (M = 10 F = 12) were 

recruited from the local community. All recruited participants were screened by means of 

questionnaires. A health screening questionnaire was used to determine if the participants were 

obese but otherwise healthy, non-smoking, no history of chronic metabolic or cardiovascular 

conditions and performed less than 3 hours of exercise per week. A food frequency and 

antioxidant questionnaire were used to screen participants for recent consumption of foods 

and/or medications that were of an anti-inflammatory or antioxidant nature. After initial 

participant screening, anthropometric measurements (waist, chest, hips, tricep fold, suprailiac 

fold, subscapular fold) were obtained prior to blood collection.  

 

2.3.3. Blood Sample Collection, Rice Consumption and Sample Processing 

Participants were instructed to fast for eight (8) hours and to drink two glasses of water in the 

morning prior to attending clinic. The participants were cannulated in the median cubital arm 

vein using a 21-gauge Introcan Safety® intravenous catheter (Braun, Kronberg, Germany) with 

a ClearLink™ luer activated valve (Baxter, Alabama, USA), using aseptic cannulation 

procedure. The cannula was fixed into position with Tegaderm™ transparent IV dressing (3M, 

Minnesota, USA). Post cannulation, fasting blood samples were collected using a vacutainer 

luer-lok access device (BD Biosciences, California, USA) into 9 mL EDTA and serum-

separating (SST) tubes using aseptic blood withdrawal procedures. After baseline blood 

collection, the participants were fed one cup of cooked rice and had twenty-minutes to consume 

the rice with water ad libitum. The time at which the final mouthful of rice was consumed was 

recorded and subsequent blood samples were collected at thirty-minutes, one-hour, two-hours 

and four-hours post rice consumption using the blood withdrawal procedure as previously 

described. The participants were instructed to maintain low physical activity for the duration of 

the study and to maintain hydration by consuming 250 mL of water every thirty-minutes. At the 
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end of the study the participants had the cannula removed and had a sterile IV pressure pad 

(Nichiban, Tokyo, Japan) placed at the site of cannulation. The participants had a one-week 

wash-out period and the study maintained the same experimental routine between each rice 

variety tested. 

 

2.3.4. Full Blood Count, Biochemical Analysis and Plasma Processing 

Baseline full blood count (FBC) was determined by a Cell-Dyn, Emerald 22 haematology 

analyser (Abbott Diagnostics, IL, USA). Following FBC analysis, EDTA tubes were centrifuged 

at 2000  g for 10 minutes at 4C. The resultant plasma was aliquoted and immediately frozen 

at -80C until use. The SST tubes were stored at room temperature for 45 minutes and 

centrifuged at 2000  g for 10 minutes at 4C. The resultant serum was used for baseline renal, 

hepatic and lipid biochemical profiles which was performed using a Dimension Vista 1500 

Intelligent Lab System (Siemens Healthcare, Erlangen, Germany). Blood samples collected at 

30-minutes, 1-hour, 2- hours and 4-hours post rice consumption were immediately centrifuged, 

aliquoted and stored as previously described until further analysis.  

 

2.3.5. Ferric Reducing Ability of Plasma (FRAP) Assay  

The ferric reducing ability of the rice extracts was determined using methods described by 

Callcott et al. (2018c).  To perform the assay, 1.8 mL of FRAP reagent, 180 L deionised water 

and 60 L of PE or standard was added to an assay tube and incubated at 37C for 40 minutes. 

The absorbance was measured at 593 nm using a microplate reader (FLUOstar Omega 

microplate reader, BMG Labtech, Offenburg, Germany). The FRAP reagent working solution 

was used as the blank. The ferric reducing ability was expressed as mg Trolox mL-1 equivalents 

(TE).  

 

2.3.6. Malondialdehyde (MDA) Quantification  

A 3 mM tetraethoxypropane (TEP) stock solution was prepared and diluted with Milli-Q water 

to obtain concentrations ranging between 0 M to 10 M. The samples/standards were prepared 

for MDA quantification using the sample preparation method described by Grotto et al. (2007).  

Briefly, the incubated plasma was diluted 1:2 with phosphate buffered saline. Plasma or TEP 

standard (75 L) was added to sodium hydroxide (3 M, 25 L) and incubated in a shaking water 

bath at 60C for 30 minutes. Following incubation, phosphoric acid (6%, 125 L) was added 
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followed by thiobarbituic acid (0.8%, 125 L), gently mixed and incubated at 90C for 45 

minutes. Upon cooling, sodium dodecyl sulphate (10%, 50 L) was added. Immediately after, 

n-butanol (300 L) was added and the samples were vortexed thoroughly followed by 

centrifugation at 3000  g for 10 minutes. The resultant butanol layer was collected. The 

prepared samples were used to quantify MDA via HPLC with methods described by Grotto et 

al. (2007), with minor modifications. MDA quantification was conducted on an Agilent HPLC 

(Agilent Technologies, CA, USA) system using a C18 Poroshell column (3.0 mm x 100 mm, 2.7 

m) (Agilent Technologies, CA, USA) which was connected to a SB-C8 guard column (Agilent 

Technologies, CA, USA). The high-performance liquid chromatography (HPLC) system 

contained a UV-vis photodiode array detector and auto-sampler. The mobile phase consisted of 

Milli-Q water and methanol (50:50 v / v). A volume of 20L of the prepared samples was 

injected into the system. The flow rate was maintained isocratically at 0.8 mL / minute at 532 

nm for a total run time of 5 minutes. To quantify the MDA, the area under the resultant peaks 

was determined by Varian Star Chromatography Workstation V6.41 (Agilent Technologies, CA, 

USA) and compared to a TEP standard curve expressed as M TEP equivalents.  

 

2.3.7. Pro-inflammatory Cytokine Quantification  

Proinflammatory cytokines interleukin-8 (IL-8), interleukin-1 (IL-1), interleukin-6 (IL-6), 

interleukin-10 (IL-10), tumour necrosis factor- (TNF-) and interleukin-12p70 (IL-12) were 

quantified using Cytometric Bead Array (CBA) Human Inflammatory Cytokines kit (BD 

Biosciences, CA, USA). Thawed supernatant was prepared as per manufacturer’s instructions. 

The data was acquired using a Gallios™ Flow Cytometer (Beckman Coulter, CA, USA). Data 

analysis was conducted using Kaluza™ Flow Cytometry Analysis Software (Beckman Coulter, 

CA, USA).  

 

2.3.8.  Statistical Analysis  

A minimum sample size of 21 participants was 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 the alpha error of 0.05. Statistical analysis was performed using one-way analysis of 

variance (ANOVA), followed by post-hoc Dunnett’s multiple comparisons test using GraphPad 

Prism 7 software (GraphPad Software Inc. CA, USA). The results are reported as mean ± 

standard deviation. Statistical significance was determined at a level of p < 0.05. 
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3. Results 

Participant baseline anthropometric, FBC and biochemical parameters are presented in table 1. 

The average BMI of 35 was characteristic of an obese population. Most baseline FBC and 

biochemical parameters of the participants in the study are within normal reference ranges as 

established by the Royal College of Pathologists of Australasia (2015). However, estimated 

glomerular filtration rate (eGFR), c-reactive protein (CRP), lactate dehydrogenase (LDH), 

alkaline phosphatase (ALP) and triglycerides were out of normal reference ranges. 

Table 1 Participant baseline anthropometric, FBC and biochemical parameters 

General      Mean               SD Reference Range 

Age (y) 47.57 13.31  

Height (m) 1.67 0.09  

Weight (kg) 98.41 25.21  

BMI 35.13 7.10  

Systolic BP 127.9 16.02  

Diastolic BP 79.19 11.61  

Pulse 73.52 7.96  

Anthropometric Parameters    

Waist (cm) 107.90 20.75  

Chest (cm) 116.60 15.01  

Hips (cm) 119.80 16.93  

Triceps Fold (cm) 26.48 10.28  

Suprailiac Fold (cm) 37.95 12.69  

Subscapular Fold (cm) 39.81 17.85  

Haematological Parameters    

Haemoglobin (g / L) 143.30 14.18 115-180 

Haematocrit (L / L) 0.40 0.04 0.36-0.54 

MCH (g) 31.54 1.82 27-32 

MCHC (g / L) 351.40 7.57 300-350 

MCV (fL) 89.77 4.27 82-98 

PLTs (x109 / L) 252.40 47.57 150-400 

RCC (x1012 / L) 4.56 0.49 3.9-5.7 

RDW (%) 15.09 0.73 11-15 

WCC (x109 / L) 6.08 1.81 3.7-9.5 

Renal Function Parameters    

Sodium (mmol / L) 139.50 1.85 135-145 

Potassium (mmol / L) 5.48 6.37 3.2-5.0 

Chloride (mmol / L) 100.50 21.65 95-110 

Bicarbonate (mmol / L) 24.09 1.70 22-32 
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Anion Gap (mmol/ / L) 13.43 1.56 12.0-20.0 

Urea (mmol / L) 5.852 2.77 2.5-6.5 

Uric Acid (mmol / L) 0.30 0.063 0.12-0.41 

Creatinine (mol / L) 69.17 20.41 45-90 

eGFR (mL / min / 1.73m2) 85.78 11.13 > 90 

Total Bilirubin (mol / L) 9.39 4.46 < 15 

Circulating Bilirubin (mol / L) 1.65 0.78 < 5 

Liver Function Parameters    

Protein (g/ L) 71.65 4.42 60-80 

Albumin (g/ L) 40.04 3.28 35-50 

Total Globulin (g / L) 31.78 3.49 22-39 

ALT (U / L) 37.48 16.38 < 35 

AST (U / L) 25.17 12.32 < 35 

GGT (U / L) 47.74 50.53 < 40 

ALP (U / L) 80.73 18.36 30-110 

LDH (U / L) 294.30 423.20 120-250 

CK (U / L) 120.40 60.23 30-170 

Calcium (mmol / L) 2.27 0.010 2.15-2.55 

Corrected Ca (mmol / L) 2.18 0.41 2.15-2.55 

Mg (mmol / L) 0.87 0.05 0.70-1.10 

PO4 (mmol / L) 1.08 0.18 0.75-1.50 

CRP (mg / L) 6.52 4.56 < 5 

Blood Glucose Parameters    

Glucose (mmol / L) 5.60 1.45 3.0-5.4 

Lipid Profile     

Cholesterol (mmol / L) 5.36 1.83 3.0-5.5 

HDL (mmol / L) 1.26 0.35 > 1.00 

LDL (mmol / L) 3.09 1.25 < 3.5 

Cholesterol ratio 4.45 1.73  

Triglycerides (mmol / L) 2.09 1.51 < 2.00 

 

Values are presented as mean ± SD 

Alanine transaminase, ALT; alkaline phosphatase, ALP; aspartate transaminase, AST; blood 

pressure, BP;  body mass index, BMI;  c-reactive protein, CRP; creatinine kinase, CK; estimated 

glomerular filtration rate, EGFR; gamma-glutamyl transferase, GGT; high density lipoprotein, 

HDL; lactate dehydrogenase, LDH; low density lipoprotein, LDL; mean corpuscular 

haemoglobin concentration, MCHC; mean corpuscular haemoglobin, MCH; mean corpuscular 

volume, MCV; platelets, PLTS; red cell count, RCC; red cell distribution width, RDW; white 

cell count, WCC;  
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3.2.  The Effect of Pigmented Rice Consumption on Antioxidant Activity 

The effect of pigmented rice consumption is presented in figure 1. Post purple rice 

consumption, the antioxidant activity was significantly (p < 0.001) increased at the 1-hour time 

point by 40.3%. The red rice variety, Yunlu29 significantly increased antioxidant activity at 

the 30-minute (p < 0.001) and 1-hour (p < 0.01) time point by 29.5% and 21.1% respectively. 

The brown rice variety, Reiziq did not affect antioxidant activity.  

 

 

 

Figure 1 The effect of pigmented rice consumption on antioxidant activity expressed as mg 

Trolox equivalents mL-1. Post purple rice consumption, the antioxidant activity increased by 

40.27% (p < 0.0001) at the 1-hour time point. At the 30-minute and 1-hour time point the red 

variety, Yunlu29 increased antioxidant activity by 29.53% (p < 0.0001) and 21.17% (p < 0.01) 

respectively. The brown rice variety, Reiziq did not affect antioxidant activity.  

The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, ** p < 

0.01, *** p < 0.001.  
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3.3. The Effect of Malondialdehyde Levels Post Pigmented Rice Consumption 

The effect of circulatory MDA levels is presented in figure 2. The purple rice variety decreased 

MDA levels (p < 0.05) at the 30-minute time point by 6.8%. At the 4-hour time point MDA 

levels was significantly reduced (p < 0.001) by the red rice variety, Yunlu29 by 9.6%. The 

brown rice variety did not affect plasma MDA levels.  

 

 

 

 

 

 

 

 

Figure 2 The effect of MDA levels post pigmented rice consumption expressed as M TEP 

equivalents. The purple rice variety decreased MDA levels (p < 0.05) at the 30-minute time point 

by 6.80%. At the 4-hour time point MDA levels was significantly reduced (p < 0.001) by the red 

rice variety, Yunlu29 by 9.59%. The brown rice variety did not affect plasma MDA levels.  

The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, ** p < 

0.01, *** p < 0.001.  

Malondialdehyde, MDA; Tetraethoxypropane, TEP  
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3.4. The Effect of Pro-Inflammatory Cytokines Levels Post Pigmented Rice 

Consumption 

A 6-panel kit utilising flow cytometric acquisition was employed to quantify circulatory pro-

inflammatory cytokine levels. IL-10 levels were significantly reduced at the 30-minute time 

point (p < 0.001) by 3.1% post purple rice consumption. Both the red variety (Yunlu29) and 

brown variety (Reiziq) did not affect IL-10 concentrations (Figure 3a). However, IL-6 

concentrations were significantly reduced (p < 0.001), by the red variety (Yunlu29) at both the 

30-minute and 1-hour time points by 13.64% and 11.04% respectively (Figure 3b). The purple 

and brown varieties did not affect IL-6 concentrations. Both the purple and red varieties 

significantly reduced IL-12p70 concentrations by 8.7% and 10.3% respectively (Figure 4a). 

The purple variety reduced (p < 0.05) TNF- levels by 4.5% at the 30-minute time point 

(Figure 5) and Yunlu29 (red) reduced (p < 0.05) IL-8 levels by 8.1% at the 1-hour time point 

(Figure 4b). Rice supplementation did not influence IL-1 concentrations (data not shown).  

Figure 3 Pigmented rice consumption reduces IL-10(a) and IL-6(b) levels expressed as g 

mL-1. a) Purple rice consumption reduced (p < 0.0001) IL-10 levels by 3.1% at the 30-minute 

time point. Both the red variety, Yunlu29 and brown variety, Reiziq did not affect IL-10 

concentrations. b) IL-6 concentrations were significantly reduced (p < 0.0001), by Yunlu29 

(red variety) at both the 30-minute and 1-hour time points by 13.64% and 11.04% respectively. 

The brown variety, Reiziq had no effect on IL-10 or IL-6 levels.                                      

The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, ** p < 

0.01, *** p < 0.001.                     

Interleukin-10, IL-10; Interleukin-6, IL-6.  
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Figure 4 The effect of IL-12p70 (a) and IL-8 (b) plasma concentrations post coloured rice 

consumption expressed as g mL-1 a) Both the purple and red varieties significantly reduced 

IL-12p70 concentrations at 30-minutes by 8.70% and 10.29% respectively. The brown rice 

variety did not affect IL-12p70 levels. b) The red variety (Yunlu29), significantly reduced IL-

8 concentrations at the 1-hour time point. The purple and brown rice variety did not affect IL-

8 concentrations.  

The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, ** p < 

0.01, *** p < 0.001.  

Interleukin-12p70, IL-12p70; Interleukin-8, IL-8.  
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Figure 5 The effect of TNF- plasma concentrations post coloured rice consumption 

expressed as g mL-1. Only the purple rice variety reduced TNF- levels, 30-minutes post rice 

consumption. The red and brown variety did not influence TNF- levels.  

The level of significance from baseline is indicated by the asterisk whereby * p < 0.05, ** p 

< 0.01, *** p < 0.001.  

Tumour necrosis factor - , TNF-.   
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4. Discussion  

This is the first in-vivo study to investigate the effect of wholegrain pigmented rice exclusively 

in an obese population. This cross-over dietary intervention clinical study, highlights, that acute 

consumption of pigmented purple and red rice significantly increase antioxidant status and 

reduces MDA and pro-inflammatory cytokines in obese populations. The recruited participants 

used in this study are indicative of an obese population (mean BMI = 35.13). Some biochemical 

parameters such as CRP, fasting blood glucose, liver function (LDH and ALP) and renal 

function (eGFR) were outside of normal reference ranges. However, elevated CRP (Visser et 

al., 1999) and blood glucose (Sainaghi et al., 2008) is characteristic of an obese population. 

Studies have also demonstrated elevated hepatic (Choi, 2003) and renal (de Boer et al., 2009) 

parameters to also be distinctive of an obese population.  

Antioxidant activity significantly increased by 40.3% 1-hour post purple rice consumption. 

This could potentially be attributed to the presence of polyphenols becoming bioavailable. The 

pigmented purple rice used in this study has been profiled to be abundant with anthocyanins 

(cyanidin-3-glucoside (30%) and peonidin-3-glucoside (20.29%)) (Callcott et al., 2018b). A 

study conducted by Wang et al. (2007), demonstrated black rice extract supplemented for 6 

months increased antioxidant activity in patients diagnosed with coronary heart disease. The 

study concluded that the anthocyanins present in the rice extract were responsible for the 

increased antioxidant activity. However, a limitation to this study was that black rice fraction 

was used as the dietary intervention and did not supplement the cohort with wholegrain rice, 

thereby overlooking the potential consequences of polyphenol-starch interactions affecting the 

digestibility and uptake of polyphenols.  

Furthermore, the red variety, Yunlu29, increased antioxidant activity at 30-minutes and 1-hour 

post consumption. This is of particular interest as Yunlu29 has a polyphenol profile 

predominant in phenolic acids (63.3%), flavanols (35.1%) and proanthocyanidins. Increased 

antioxidant activity may be due to the polyphenol profile of Yunlu29. Previous reports indicate 

phenolic acids have a maximum plasma concentration of 30-minutes (Del Rio et al., 2013). 

The increased antioxidant activity observed in this study may be due to bioavailable phenolic 

acids. Furthermore, the red variety (Yunlu29), whilst still significantly higher than the baseline, 

at the 1-hour time point demonstrates a slight drop in antioxidant activity, indicating potential 

breakdown of metabolites. Nevertheless, the antioxidant activity is still significantly retained, 

indicating that possible catechin/catechin metabolites are maintaining their free radical 
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scavenging properties. Whilst the increased antioxidant capacity demonstrated in this study 

suggests bioavailable polyphenols may be primarily responsible, it would be ignorant to not 

consider other potential phytochemicals. Wholegrain pigmented rice contains a 4.3-fold higher 

concentration of tocopherols compared to non-pigmented varieties (Goufo et al 2014). Vitamin 

E a well know tocopherol predominant in pigmented rice has been demonstrated to have high 

antioxidant potential which may also contribute to the antioxidant effects demonstrated in this 

study. However, the mechanistic action of these phytochemicals in eliciting antioxidant activity 

is has not been completely established but rather believed to be a summation of synergistic 

effects contributing to the total antioxidant activity (Wang et al 2007).  

MDA is a highly-reactive bi-product of lipid peroxidation and a fundamental biomarker in 

oxidative stress quantification (Vehkala et al., 2013). Thirty-minutes post purple rice 

consumption and 4-hours post Yunlu29 (red) consumption MDA levels were reduced. 

Moreover, thiobarbituic acid derivatives were shown to decrease in obese women who 

consumed a black/white rice mix for 3-weeks (Kim et al., 2008). In-vivo pigmented rice studies 

involving animal models have demonstrated black rice supplementation to reduce MDA levels 

in rabbits by 58%. Red rice supplementation was also found to reduce MDA levels in rats 

(49%) and rabbits (48%) respectively (Ling et al., 2001; Rattanachitthawat et al., 2010). 

Reduction in concentration of MDA observed in this study could potentially be attributed to 

the presence of anthocyanins and flavanols present in pigmented rice varieties. Human in-vivo 

studies involving pomegranate extract, rich in ellagic acid and gallic acid, reduced MDA levels 

by 37.0% in an obese cohort (Hosseini et al., 2016). Anthocyanin-rich strawberries and 

chokeberries have been shown to decrease human plasma MDA levels by 31.4% and 46% 

respectively, indicating that anthocyanins may reduce circulatory lipid peroxidation by 

scavenging free radicals (Alvarez-Suarez et al., 2014; Kardum et al., 2014). It has also been 

suggested that polyphenols may inhibit oxidative damage of cellular membranes by embedding 

into the cellular lipid membranes themselves. This mechanistic mode of action has been 

demonstrated in erythrocytes, where anthocyanins, due to their amphiphilic nature, concentrate 

in the hydrophilic component of the membrane layer inducing a morphological change in the 

packing arrangement of the polar groups (Cyboran et al., 2012).  

Furthermore, red wine predominant in flavanols, demonstrated a reduction in plasma MDA 

levels when consumed by healthy individuals (Cuervo et al., 2015). Of interest in this study is 

the different time points at which MDA is reduced between each rice variety consumed. The 
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data is suggestive that free-radical scavenging metabolites resultant of polyphenol breakdown 

are becoming systemically bioavailable at later to elucidate an antioxidant effect.  

A characteristic feature observed in obese populations is consistent low-grade inflammation 

facilitated by elevated circulatory pro-inflammatory cytokines. This study observed a 

significant decrease in pro-inflammatory cytokines which concurs with previously reported 

polyphenol dietary intervention studies (A. B. Santhakumar et al., 2018). IL-6 is a major pro-

inflammatory cytokine significantly modulated by increased levels of adiposity in obese 

individuals (Eder et al., 2009). In this study, the red variety, Yunlu29, decreased circulatory 

IL-6 by 13.6% and 11.04%, 30-minutes and 1-hour post consumption respectively. In addition, 

pomegranate extract, rich in anthocyanins and ellagic acid reduced IL-6 concentrations by 

24.7% in an obese cohort (Hosseini et al., 2016). TNF- was significantly reduced by 4.5%, 

30-minutes post purple rice consumption. Intriguingly, Lehtonen et al. (2011), demonstrated 

TNF- to decrease by 4.3% in overweight/obese women post bilberry consumption. This is of 

particular interest as both bilberries and purple rice are abundant in anthocyanins.  

The results demonstrated in this study and previous reports may be attributed to the systemic 

presence of phenolic acids. Anthocyanins are not readily absorbed but rather are hydrolysed by 

gut microbiota producing phenolic acid metabolites, whilst ellagic acid is directly absorbed by 

stomach and small intestine (Del Rio et al., 2013). The bioavailability of rice-derived 

polyphenols has not yet been elucidated. Previous polyphenol bioavailability studies, have 

primarily focussed on polyphenol-rich juices (Borges et al., 2010; Kay et al., 2005; Kuntz et 

al., 2015; Santhakumar et al., 2015), extracts (Thompson et al., 2017; Xie et al., 2016) or 

homogenised/soft fruits (Alvarez-Suarez et al., 2014; Ludwig et al., 2015). By providing 

polyphenol products that are easily digestible/absorbed negates the complexity of digestion 

including but not limited to enzymatic inhibition, starch-polyphenol and lipid-polyphenol 

interactions and the role of gut microbiota. Most polyphenol bioavailability studies are 

conducted in healthy populations, which may not be reflective of polyphenol bioavailability in 

obese populations.  

In-vitro studies have demonstrated pigmented rice polyphenol extracts and purified phenolic 

acids to elicit anti-inflammatory effects on IL-6 and TNF- pathways via inhibiting 

transcriptional regulatory protein nuclear factor kappa-B (NF-B) (Callcott et al., 2018a; 

Limtrakul et al., 2015; Umesalma & Sudhandiran, 2010).  The results of this study suggest that 
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bioavailable phenolic acids may be modulating the transcriptional activity of IL-6 and TNF- 

production by inhibiting NF-B activation.  

IL-12 is a pro-inflammatory cytokine predominantly responsible for early inflammatory 

responses and facilitating the generation of T-helper type-1 cells. IL-12 consists of a heavy 

(p40 subunit) and light (p35 subunit) chain which a covalently linked via a disulphide bond to 

comprise the 1L-12p70 protein (Wolf et al., 1991). Interestingly, IL-12 is found to be elevated 

in overweight/obese populations and significantly upregulated by macrophages in the presence 

of the adipokine resistin which is implicated in the pathogenesis of type II diabetes 

(Lichtenauer et al., 2015; Silswal et al., 2005). In this study, IL-12p70 levels were reduced 30-

minutes post purple and red rice consumption by 8.70% and 10.29% respectively. The results 

of this study concur with Kolehmainen et al. (2012), where bilberries rich in polyphenols 

demonstrated reduced “inflammation scores” whereby IL-12 levels were lowered 54% in 

conjunction with lowered lipopolysaccharides (LPS) an overweight cohort. The study 

suggested that polyphenols may be acting on IL-12 pathways via modulating the activation of 

toll-lke-4 receptors and reducing LPS concentrations.  

 

5. Conclusion 

This cross-over dietary intervention study demonstrates that acute consumption of pigmented 

rice can significantly increase antioxidant status and decrease biomarkers of lipid peroxidation 

and inflammation in an obese population. The results observed in this study are most likely 

attributed to the presence of polyphenols in pigmented rice. In particular, the different 

polyphenol profiles observed between red and purple pigmented rice varieties may have 

specific and overlapping modes of action and consequently target inflammation and antioxidant 

pathways via direct or indirect interactions. The mechanistic modes of action for the results 

observed in this study is not completely elucidated and further studies are warranted in 

investigating the bioavailability of polyphenols in obese populations post pigmented rice 

consumption. Nonetheless, the results in this study suggest that pigmented rice may serve as 

potential functional food in alleviating obesity-related oxidative stress and inflammation 

reducing critical risk factors associated with the pathogenesis of lifestyle diseases.  
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CHAPTER 8 - GENERAL DISCUSSION & FUTURE 

DIRECTIONS 

 

There is an increasing consumer demand for functional foods which are foods that contain 

bioactive compounds that can elicit potential therapeutic benefits. The Australian rice industry 

faces many challenges and needs to develop a competitive edge in order to ascertain improved 

farmer return and industry growth. With the consumer influence fundamental, the overall aim 

of this thesis was to identify the health attributes associated with pigmented rice cultivars 

(Figure 1). The results of this work will facilitate the Australian rice breeding program to 

develop Australian rice cultivars containing health promoting bioactive compounds. This thesis 

assessed the polyphenol content and antioxidant activity of whole grain pigmented (red, 

purple/black) and non-pigmented (brown) rice varieties. Polyphenol pre-screening was 

undertaken to select the best variety from each coloured group for biological assessment. In-

vitro, ex-vivo and in-vivo biological models of obesity and obesity-induced oxidative stress 

were used to explore the therapeutic benefit of rice-derived polyphenols. The key findings 

demonstrated pigmented (red, purple/black) rice-derived polyphenols increased total 

antioxidant status, modulated gene expression (PPAR-) and intracellular pathways (NF-B), 

and reduced biomarkers of inflammation (pro-inflammatory cytokines, ICAM, VCAM) and 

lipid peroxidation (malondialdehyde) when treated and/or consumed by the various biological 

models of obesity. The distinct theme throughout this thesis of red and purple pigmented rice 

eliciting therapeutic effects over brown rice could potentially be due to the different classes 

and abundance of polyphenols in these pigmented rice varieties. Furthermore, this thesis 

highlights that the polyphenol profiles between the red and purple rice varieties are quite 

distinct which suggests that red and purple pigmented rice varieties may have specific and 

overlapping modes of biological activity.  

Whilst the research conducted has addressed the highlighted thesis aims and objectives, it is 

acknowledged that this work does have limitations. The inability to identify unknown 

compounds whilst conducting rice polyphenol profiling is unfavourable as it limits gaining a 

thorough understanding of the potential compounds eliciting high antioxidant activity as 

measured by the online ABTS system. Polyphenol identification may have enabled the 

deduction of potential mechanisms of action based on sub-class profiling. More transcription 

factors and key adipokines such as CAAT/enhancer-binding protein -,  adiponectin and leptin, 
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could have also been investigated in chapter 3. By only analysing PPAR-, it does not elucidate 

whether pigmented rice-derived polyphenols could target other transcriptional pathways. 

Chapter 4 investigated the effect of polyphenol extract (PE) on HUVECs in an oxidative stress 

induced environment. The study pre-treated the cells with PE and then induced oxidative stress. 

However, an inadequacy to this chapter was that the study did not explore the post-treatment 

effects of PE in HUVECs in an oxidative stress induced state. Chapter 5 incubated PE with 

plasma derived from an obese cohort. This study could have been improved via incubating PE 

with freshly collected whole blood and analysing inflammation and lipid peroxidation 

parameters, in addition to gene expression studies.  

The antioxidant and anti-inflammatory observations demonstrated in the in-vivo acute 

consumption studies have created some interesting prospects for future investigation. Firstly, 

the bioavailability of rice-derived polyphenols (a limitation to this study) has not yet been 

elucidated. Previous polyphenol bioavailability studies, have primarily focussed on 

polyphenol-rich juices (Borges et al., 2010; Kay et al., 2005; Kuntz et al., 2015; Santhakumar 

et al., 2015), extracts (Thompson et al., 2017; Xie et al., 2016) or homogenised/soft fruits 

(Alvarez-Suarez et al., 2014; Ludwig et al., 2015). By providing polyphenol products that are 

easily digestible/absorbed negates the complexity of digestion including but not limited to 

enzymatic inhibition, starch-polyphenol and lipid-polyphenol interactions and the role of gut 

microbiota. Most polyphenol bioavailability studies are conducted in healthy populations, 

which may not be reflective of polyphenol bioavailability in obese populations. There is an 

overwhelming body of evidence to support the idea that there are differences in gut microbiota 

profiles between healthy and obese populations (Ozdal et al., 2016; Ridaura et al., 2013). 

Therefore, investigation of polyphenol bioavailability in conjunction with the impact of regular 

long-term pigmented rice consumption on molecular modes of action, gut microbiota profiles, 

inflammation and antioxidant biomarkers in specific populations such as the obese is 

unquestionably warranted. In conjunction with the potential future biomedical studies that have 

been highlighted, prospective agronomic investigations and genetics studies involving rice 

polyphenol production, the effect of climate and water stress on polyphenol concentrations in 

pigmented rice is warranted. 

The impact and outcomes of this research demonstrate that cultivation of pigmented rice has 

the potential to transform the Australian rice industry (Figure 1). The outcomes of this research 

provide scientific evidence to consumers demonstrating that pigmented rice is a healthier 

alternative to regular white rice. The results of this research have the potential to encourage 
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consumers to demand Australian pigmented rice and in doing so facilitate the Australian rice 

industry to produce pigmented rice varieties. As most of these cultivars prefer warmer climates, 

this research may facilitate the Australian rice industry’s expansion into northern Australia, 

providing new farming system opportunities in those regions. The increased demand for 

pigmented rice will also provide value-addition to produced grain resulting in a higher 

marketed commodity with greater economic return to the Australian rice farmer. 

In conclusion, the health benefits ascertained from increased pigmented rice consumption may 

reduce the risk factors associated with obesity and associated lifestyle diseases which may 

facilitate in reduced public health costs. This research has provided a platform for future studies 

into the therapeutic properties of Australian-grown pigmented rice for the development of a 

nutraceutical and/or functional food.  
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Figure 1 – Graphical representation of Summary of thesis and potential outcomes and future 

directions. This thesis explored the health benefits of Australian-grown pigmented rice in biological 

models of obesity. The key findings demonstrated pigmented rice can increase total antioxidant status, 

modulate molecular and intra-cellular pathways to reduce inflammation and lipid peroxidation. The 

outcomes of this research may facilitate improved public health and reduced public health costs, 

greater economic return for Australian farmers, support and transform the Australian rice industry and 

promote further research into the health benefits of pigmented rice.  
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“There is no real ending. 

 It’s just the place where you stop the story” 
- Frank Herbert 


