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ABSTRACT 

  

 

BIOAVAILABILITY AND POTENTIAL ANTI-OXIDATIVE AND ANTI-INFLAMMATORY 

EFFECTS OF PURPLE WHEAT FUNCTIONAL FOODS 

 

  

Tamer Gamel                Advisors: 

University of Guelph,  2019           Elsayed Abdelaal  

      Amanda J. Wright  

 

     

Purple wheat is a colored grain containing high levels of polyphenols which may 

contribute significantly to human health due to their anti-inflammatory and anti-oxidative 

stress effects. In this work, several prototype products from purple wheat were developed 

and analyzed. The physiological impact of bran-enriched whole wheat bars and crackers 

which had the highest level of anthocyanins and antioxidants capacity among six 

prototypes were investigated in two human studies involving short- and long-term 

consumption.    

The first study was a randomized, semi-blind crossover study designed to examine 

the bioavailability of anthocyanins and phenolic acids from purple wheat bars and 

crackers and their acute effects on plasma antioxidant activity and selected inflammatory 

biomarkers. Sixteen healthy male and female participants consumed 4 servings of the 

product containing 6.7 mg anthocyanins and 176-213 mg phenolic acids. Overall, acute 

consumption of purple wheat products was associated with rapid absorption and 



 
 

excretion of anthocyanin and phenolic acids metabolites, with no impact on short term 

plasma antioxidant activity or markers of inflammation in healthy adults. To better 

understand the physiological effect of purple wheat-based foods and their cumulative 

impacts on health, a long-term randomized, single-blind, parallel arm, intervention study 

was undertaken. This study assessed changes in plasma metabolic markers in 

overweight and obese adults (BMI ≥ 25.0 kg/m2) with underlying chronic inflammation 

(hs-CRP > 1.0 mg/L) when consuming 4 servings of whole purple versus regular wheat 

convenience bars, daily for 8 weeks. Ferulic and hippuric acids were the major 

metabolites in plasma, while no intact anthocyanins were detected. Consumption of 

purple wheat bars significantly reduced plasma IL6 and increased adiponectin and DPPH 

(2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity. Comparing between the 

groups, TNF-α was reduced in both groups, while glucose was significantly lowered in 

purple wheat group. Overall, consumption of whole purple and regular wheat bars for 8 

weeks showed potential to impact markers of oxidative stress and inflammation. 

This thesis is the first to report on the absorption and metabolic effect of 

anthocyanins and phenolic acids from purple wheat products in humans. The results can 

support future development of purple wheat functional food products.  
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1.1. Introduction 

 

Polyphenols are a group of compounds widely distributed in plants and known for 

their high antioxidant activities. They have the potential to influence biological processes 

and metabolism by exhibiting anti-oxidative stress and anti-inflammation effects. This 

has implicated them in the prevention or risk reduction of cardiovascular disease, 

diabetes, arthritis and cancer, for example. Significant amounts of polyphenols, 

including anthocyanins, have been detected, not only in many fruits and vegetables, but 

also in colored edible and ornamental cereal grains (Abdel-Aal et al., 2006; Dykes and 

Rooney, 2007) and there is interest in capitalizing on their possible potential as 

functional food ingredients. Moreover, anthocyanin-pigmented whole grain products 

have shown potential as functional foods (e.g. blue and purple wheat, blue corn and 

black rice) and some have started to gain market popularity.  

Due to their generally high capacity for electron donation, polyphenols are often 

able to neutralize free radicals (Plaza et al., 2016). Their health-promoting benefits have 

been associated with their function as free radical scavengers, reducing agents and 

quenchers of singlet oxygen formation, and reactive oxygen species (ROS) deactivators 

(Rice-Evans et al., 1996; He and Giusti, 2010; Henning et al., 2010), in which they are 

capable of reducing oxidative stress and strengthening endogenous antioxidant 

systems (Plaza et al., 2016). For example, consumption of berries rich in anthocyanin 

and phenolic compounds has been associated with increased antioxidant status in the 

body (Ghosh et al., 2006; Pandey and Rizvi, 2009; Henning et al., 2010). In one 

particular study, Ghosh et al. (2006) found that extracts of boysenberries and black 

currants containing anthocyanins and non-anthocyanin polyphenols significantly 
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inhibited the increase in intracellular ROS production in hydrogen peroxide induced 

toxicity of human neuroblastoma cells. Their physiological effectiveness is largely 

associated with the number and position of their hydroxyl groups (Scalbert and 

Williamson, 2000). Consumption of anthocyanin and phenolic acids is also associated 

with reductions in cardiovascular and inflammatory diseases (Hooper et al., 2008; de 

Pascual Teresa et al., 2010), cancer (Feng et al., 2007) and diabetes (Kim et al., 2016; 

Plaza et al., 2016). This anti-inflammatory effect is achieved through modulation of 

inflammatory biomarkers and regulators such as tumor necrosis factor-α (TNF-α), 

interleukin-1 (IL-1), interleukin-6 (IL-6) and nuclear factor kappa B (NF-kB) (Guo et al., 

2009; Pandey and Rizvi, 2009; Edirisinghe et al., 2011). 

There are various native species of plants naturally high in anthocyanins and 

other phenolics, often reflected in dramatic red-purple-blue colors. There is also interest 

in developing new plant varieties enriched in these phytochemicals, including wheat 

cultivars, both for the diversity of colored ingredients and to capitalize on possible health 

benefits. Newly developed purple wheat is one of these colored grains that has 

attracted a lot of interest from the grain industry in Canada and globally due to its 

potential as a sustainable source of natural colorants and/or antioxidants. Currently, the 

purple wheat cultivar, CDC Prime purple , is commercially distributed under the 

trademark AnthoGrain. While it can be used to develop anthocyanin-containing 

functional foods that possess positive health impacts, this has not been studied in vivo. 

Moreover, while numerous studies have examined the antioxidant potential of 

anthocyanins and phenolic acids when consumed in fruits and vegetables, there is very 

limited information regarding the absorption, metabolism and possible health impacts of 



4 
 

anthocyanins and phenolic acids from processed grain foods, including consideration of 

the food matrix. To the best of our knowledge, this is the first study to report on the 

digestion, absorption and metabolism of purple wheat products in humans. It aims to 

determine potential contributions of purple wheat-based products to human health and 

research in the area of processing and health benefits of colored grains, in general, and 

of purple wheat in particular.  

1.2. Review of Literature 

 

1.2.1. Chemistry of anthocyanins and phenolic acids  

Polyphenols are an important class of phytochemicals found in many fruits, 

vegetables and grains and are therefore an important part of the human diet. Based on 

the number of phenol rings and the structural elements that connect these rings, 

polyphenols are classified into three main groups; flavonoids, tannins and lignins. 

Flavonoids exhibit the largest and most renowned category among those classes 

present in a large portion of regularly consumed fruits, vegetables and grains. 

Flavonoids can be classified into six main groups based on the variation in their 

heterocyclic C-ring (Figure 1.1), which are anthocyanidins, flavan-3-ols, flavanones, 

flavones, flavonols and isoflavonoids (Hollman, 2004; Zamora-Ros et al., 2016). The 

most abundant flavonoids in the diet are flavanols (catechins and proanthocyanidins), 

anthocyanins and their oxidation products (Scalbert and Williamson, 2000). 

 Anthocyanins are an important group of water-soluble pigments responsible for 

the blue, purple, red and orange colors of many fruits and vegetables (Miguel, 2011). 

They occur principally as glycosides of their respective aglycone anthocyanidin- 

chromophores with a sugar moiety attached to the ring generally at position 3 on the C-
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ring or the 5th position on the A-ring, in addition to organic acids in the case of acylated 

anthocyanins (Prior and Wu, 2006). Xylose, arabinose and rhamnose are the most 

common constituent pentoses and galactose and glucose are among the hexoses 

(Miguel, 2011). Sugars may also be substituted by aliphatic, hydroxybenzoic or 

hydroxycinnamic acids (Delgado-Vargas et al., 2000). Each of these various structural 

differences leads to a large diversity of anthocyanin species.  

Among the many anthocyanidins found in nature, only six are widely distributed in 

plants (Figure 1.2) including cyanidin, delphinidin, malvidin, pelargonidin, peonidin and 

petunidin (Abdel-Aal et al., 2006; Miguel, 2011). The chemical structure of anthocyanins 

influences their stability and bioavailability, which impacts the degree to which these 

compounds exert any beneficial activities. In addition to their reactions under pH 

conditions, anthocyanins undergo chemical rearrangements in response to temperature, 

oxygen, light and enzymes (Castaneda-Ovando et al., 2009; Fernandes et al., 2014). 

The diversity of anthocyanins (Figure 1.2) is derived from the number of hydroxyl 

groups, the degree of methylation of these hydroxyl groups, the type and number of 

sugars attached to the molecule and the position of attachment, as well as the nature 

and number of aliphatic or aromatic acids attached to the sugars in the molecules (Prior 

and Wu, 2006; Miguel, 2011), with cyanidin-3-glucoside being the most common 

anthocyanin in fruit, vegetables and grains (Abdel-Aal et al., 2006; 2018; Miguel, 2011). 

These rearrangements can have an impact on molecular stability, and consequently, 

the pharmacokinetics of the anthocyanin compound. Additionally, anthocyanins may 

also undergo numerous reactions in response to growing and environmental conditions 

(Abdel-Aal and Hucl, 2003).  
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Figure 1.1. Main classes of flavonoids and their substitution pattern (Stalikas, 2007). 
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Figure 1.2. The structure of the flavylium ion and the common anthocyanins in nature 

(Prior and Wu, 2006). 
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Food processing and storage conditions may also negatively affect anthocyanin levels 

and the corresponding antioxidant activity of foods and extracts (Fernandes et al., 

2014). Thus, it is important to optimize these conditions to maintain the levels and mode 

of action of anthocyanins in final food, and natural health products.  

1.2.2. Purple wheat: a grain with potential health benefit 

 Wheat-based products are staple foods that are rich in a variety of 

phytochemicals, including certain polyphenols. There are many traditional wheat 

cultivars used to prepare various baked products in the markets, and recently a variety 

of value-added and niche markets also exist for specialty grains. The majority of 

phytochemicals in wheat are concentrated in the bran fraction, which contains around 

83% of total phenolic content and 79% of total flavonoid content (Liu, 2007). Cereals are 

not typical sources of anthocyanins except for blue, red, purple and black colored 

grains. Purple wheat is a colored grain that has started to gain market popularity. The 

CDC Prime purple cultivar was developed in Saskatchewan in the late 1990s, registered 

in 2013, and now it is commercially distributed as “AnthoGrain™“ by InfraReady 

Products Ltd, Saskatoon, SK, Canada, for use in various grain and cereal products. A 

diagram showing the structure and various layers of the wheat kernel is presented in 

(Figure 1.3). The purple color of a wheat grain is caused by anthocyanins which are 

located in the pericarp while blue color is caused by anthocyanin in the aleurone layer of 

the kernel (Zeven, 1991; Abdel-Aal and Hucl, 1999; Knievel et al., 2009). Anthocyanins 

from blue or purple wheat are mainly acylated anthocyanidins (cyanidin, delphinidin and 

pelargonidin) which usually are bound to a saccharide residue such as glucose, 

galactose, rhamnose or arabinose as 3-glycosides or 3,5-diglycosides (Abdel-Aal et al., 

2006; Knievel et al., 2009). Cyanidin-3-glucoside (cy-3-glc) is the main anthocyanin 
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(Abdel-Aal et al., 2006; Liu et al., 2010) and ferulic acid is the main phenolic acid in the 

purple wheat (Liu et al., 2010; Abdel-Aal and Rabalski, 2013). 

 

 

 

 

 

Figure 1.3. Diagram of the wheat kernel showing major structures in (A) longitudinal 

and (B) transverse sections (Rathjen et al., 2009).  
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White and red wheat grains were found to contain no, or only trace levels, of 

anthocyanins with no more than 8 µg/g. In contrast, purple and blue wheat varieties 

contain up to 212 µg/g of anthocyanins (Abdel-Aal et al., 2006). The total anthocyanin 

content of purple wheat ranges from 96 µg/g (Abdel-Aal et al., 2006) to around 235 µg/g 

(Liu et al., 2010). As above, polyphenol content, in general, and anthocyanin content, in 

particular, is affected by environmental factors, including cold stress, degree of salinity 

and/or drought stress (Chalker-Scott, 1999; Gordeeva et al., 2013). A recent study to 

evaluate the anthocyanin content of purple pericarp wheat reported an average of 103 

to 313 µg/g of total anthocyanins in eight wheat lines (Abdel-Aal et al., 2016). The 

aleurone layer (bran fraction) of the purple wheat grain was reported to contain 2-fold or 

more anthocyanin compared to whole grain flour, with amounts reported between 285 

µg/g (Abdel-Aal et al., 2016) to 422 µg/g (Abdel-Aal et al., 2018).  

Purple wheat and purple wheat products have been found to have high 

antioxidant capacity, mainly linked to the level and type of anthocyanins and phenolic 

acids present in the grain. For example, purple wheat varieties exhibited significantly 

higher antioxidant capacities than red, yellow and white wheat grains with DPPH (2,2-

diphenyl-1-picrylhydrazyl) scavenging activity ranged from 7.1 to 8.6 µM Trolox 

equivalent/ g compared to 6.7 and 6.5 µM Trolox equivalent/ g in yellow and red wheats, 

respectively (Liu et al., 2010). In another study, the ethanol extract of purple wheat bran 

has exhibited DPPH scavenging activity equivalent to 5.8 µM Trolox equivalent/ g (Li et 

al., 2007). In a recent study by Abdel-Aal and others, the purple wheat bran and isolated 

bran powder exhibited exceptional antioxidant capacity based on scavenging of DPPH, 

ABTS (Azinobis (3-ethybenzothiazoline-6-sulfonic acid) diammonium salt) and peroxyl 
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radicals, hold promise as functional food ingredients (Abdel-Aal et al., 2018). High 

anthocyanin-rich milling fractions obtained from purple wheat grain could conceivably be 

used to develop various purple wheat anthocyanin enriched products. This type of 

product is not yet commercially available but would be supported by research in several 

areas, including nutrient characteristics, processing and physiological impact. The 

health benefits of purple wheat products can be assessed through in vivo and in vitro 

protocols, although in vitro investigations have so far been limited to anthocyanin 

characteristics and antioxidants activity, and there were no in vivo investigations of 

purple wheat or purple derived ingredients, when this thesis research was initiated. 

1.2.3 Bioavailability and metabolism of anthocyanins and phenolic acids  

Many epidemiological and bioavailability studies have provided evidence 

confirming the antioxidant power of polyphenols and their potential to prevent 

degenerative diseases such as cancer and cardiovascular disease. The presence of 

anthocyanins and phenolic acids in plasma may contribute to their antioxidant and 

health-promoting effects in the body, associated with their function as free radical 

scavengers, reducing agents and quenchers of singlet oxygen formation (Rice-Evans et 

al., 1996; He and Giusti, 2010; Henning et al., 2010).  

Anthocyanin bioavailability has been extensively studied in fruits and vegetables, 

but minimal or very little information is available in the case of cereal and grain food 

products. Research indicates that, in general, these molecules are rapidly absorbed and 

metabolized in the body, with a small amount being excreted in the urine within 2–4 h 

and up to 8 h, mostly in the intact, methylated and glucurono-conjugated forms (Wu et 

al., 2002; McGhie and Walton, 2007; Jin et al., 2011). However, the mechanisms by 
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which anthocyanins are absorbed in the gastrointestinal tract (GI) remain under 

investigation. Several in vivo studies have indicated that rapid absorption of 

anthocyanins occurs in the stomach and the small intestine (Mulleder et al., 2002; 

Felgines et al., 2007; Fernandes et al., 2012). This was confirmed by the rapid detection 

of intact anthocyanin glycosides in urine and plasma of human participants within 30 to 

60 min following ingestion (Felgines et al., 2002; 2005; 2007; Fernandes et al., 2012; 

2014). A study following the distribution of anthocyanins in mice using 14C-labelled cy-3-

glc fed through gavage showed that most of the radioactivity was recovered in the GI 

tract, in particular 50.7% was recovered in the small intestine and 23% in the caecum 

3 h after oral administration (Felgines et al., 2010). Additionally, there was minimal 

accumulation of radioactivity in plasma (0.044%) and in tissues outside the GI tract 3 h 

post treatment, with liver, gallbladder and kidneys showing the highest levels (0.14-

0.27%) of radioactivity.  At 24 h after ingestion, 44.5% of the radioactivity was recovered 

in the feces (Felgines et al., 2010). In a human study to track anthocyanin metabolism 

and elimination, isotopically labeled cy-3-glc, the main anthocyanin in many fruits, 

vegetables, and grains, was orally administered to healthy male participants (Czank et 

al., 2013). Postprandial serum cy-3-glc reached peak concentration at 1.8 ± 0.2 h, while 

major metabolites of this molecule; phloroglucinaldhyde, ferulic and hippuric acids, 

reached peak serum concentrations between 6 and 24 h. In this study, breath was 

shown to be a significant route of elimination, after urine, especially during the first 6 h 

of digestion, with 66 and 29% of total 13C recovered in urine and breath, respectively. 

Over the subsequent 6 and 24 h, feces represented the major route of elimination 

(Czank et al., 2013). Other work has shown that cy-3-glc can reach the large intestine in 
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significant amounts, undergo decomposition and be catabolized by the gut microbiota 

(Cardona et al., 2013; Fang, 2014; Faria et al., 2014). For example, bacterial-dependent 

metabolism of three anthocyanin monomers under simulated large intestine conditions 

were investigated (Chen et al., 2017). This demonstrated that anthocyanins with mono-

glucosidic linkages are more easily degraded compared to di-glucosidic linkages 

resulting in a wide range of intermediate and final metabolites (Chen et al., 2017). The 

modulatory effect of the anthocyanins on gut microbiota and their potential impact in 

microbiota-related diseases in vitro and in vivo still require further investigations. 

Phenolic acids are one of the well-studied groups of polyphenols, although their 

metabolism has not received as much attention as that of other flavonoids, including 

anthocyanins. In general, phenolic acids are metabolized in the body as glucuronated, 

sulphated and methylated metabolites, each exhibiting variation in biological activity 

(Manach et al., 2004; 2005; Heleno et al., 2015). The most frequently encountered and 

studied phenolic acids are caffeic and ferulic acids. Ferulic acid is the main acid in 

wheat grains, mainly concentrated in the bran and outer layers of the kernel (Antoine et 

al., 2004; Beta et al., 2005; Li et al., 2008). It was found to have low intestinal release 

from grain fractions (Adam et al., 2002; Anson et al., 2011). This is explained in relation 

to a grain structure in which most of the ferulic acid is covalently bound to the 

indigestible polysaccharides and mainly present in an insoluble form esterified to cell 

wall arabinoxylans (Izydorczyk and Biliaderis, 1995; Barron et al., 2007; Anson et al., 

2009). Similar to anthocyanins, phenolic acids are absorbed by the gastric epithelium 

and have been detected in plasma and urine shortly after their ingestion (Konishi et al., 

2006; Lafay et al., 2006; Zhao et al., 2004). Ferulic acid absorption in rats was shown to 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0733521012002202?np=y#bib7
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be moderate, i.e. 50% or more of the ingested dose from a ferulic acid enriched diet 

was recovered in the urine (Adam et al., 2002; Prior et al., 2010). On the other hand, in 

a human pharmacokinetic study, following tomato consumption, the recovery of ferulic 

acid in urine was 11-25% of the ingested amount, based on total free ferulic acid and 

feruloyl glucuronide (Bourne and Rice-Evans, 1998). Subsequently, the cumulative 

urine excretion of free ferulic acid continued to increase up to 7-9 h, after which ferulic 

acid was not detected (Bourne and Rice-Evans, 1998). Ferulic acid and other phenolic 

acids bound to plant cell walls are not released by mammalian endogenous enzymes, 

but rather require enzymes such as xylanases and esterases produced by colonic 

microflora (Kroon et al., 1997). 

1.2.4. Antioxidant effects of wheat anthocyanins and phenolic acids  

            Wheat grains and their fractions were reported to contain significant levels 

of many phytochemicals, including phenolic acids (ferulic and vanillic acids), 

carotenoids and tocopherol in addition to anthocyanins in the colored grain (Bartłomiej 

et al., 2012). These phytochemicals, mostly present in the aleurone fraction of wheat 

bran, have antioxidant activities that can help combat ROS and free radicals and 

contribute several health benefits to the body. Regular consumption of these antioxidant 

compounds from whole grains is associated with a reduced risk of many heart diseases 

and several forms of cancers (Dykes and Rooney, 2007). A wide range of bioactive 

compounds, including phenolic acids (136.8–233.9 μg/g), alkylresorcinols (99.9–316.0 

μg/g), phytosterols (562.6–1035.5 μg/g), and tocols (19.3–292.7 μg/g) are present in the 

wheat (Okarter et al., 2010; Bartłomiej et al., 2012). Additionally, several phenolic acids 

with antioxidant capability such as chlorogenic acid, ferulic acid, caffeic acid, p-
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coumaric, and sinapic acid are distributed in different parts of wheat grain, i.e., testa, 

pericarp, and aleurone (Kandil et al., 2012). The phenolic contents of bran are 15–18 

fold higher than that of endosperm, whereas only 17% of the total phenolic content is 

present in starchy endosperm (Liyana-Pathirana and Shahidi, 2006). Environmental 

conditions, including heat stress and postharvest treatments, can significantly alter the 

antioxidant properties in different wheat grain fractions, i.e. 40 and 60% decline in 

DPPH and ORAC values were reported in wheat bran exposed to heat stress for 9 days 

(Cheng et al., 2006).  

In purple wheat, phenolic compounds, especially anthocyanins, are located in the 

aleurone layer (bran fraction) of the kernel (Zeven, 1991; Abdel-Aal and Hucl, 1999; 

Abdel-Aal et al., 2018). Phenolic antioxidants of purple wheat were reported to exhibit 

higher antioxidant capacity compared to red and yellow-colored wheat varieties, with 

Charcoal purple-colored wheat having remarkable antioxidant activity (up to 69 µM/g) as 

measured by oxygen radical absorbance capacity and DPPH radical scavenging assays 

(Liu et al., 2010). The antioxidant activity was positively correlated with phenolic 

content, highlighting the potential for this grain to impact oxidative stress. In a recent 

study, the total antioxidant activity of colored wheat anthocyanin extracts was compared 

to that of common wheat extract, as measured by three assays; DPPH, ABTS and PCL 

(Photochemiluminescence), in addition to in vitro anti-inflammatory response using a 

murine macrophage cell line (Sharma et al., 2018). The results confirmed that colored 

wheat lines exhibited higher anthocyanin content, as well as higher antioxidant activities 

and that the purple wheat extract had the highest anti-inflammatory effects followed by 

the black, blue and white wheats (Sharma et al., 2018). Among different grain fractions 
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of purple wheat, the bran has the highest level of anthocyanin which was used to 

produce high concentrated anthocyanin powder. This powder was found to contain 

about 81 to 135-fold more anthocyanin compared to the original bran and found to 

exhibit exceptional antioxidant capacity along with bran, based on scavenging of DPPH, 

ABTS and peroxyl radicals (Abdel-Aal et al., 2018), making these promising ingredients 

for the development of purple wheat functional foods. The assessment of antioxidant 

capacity of food products in vitro is a useful tool to predict the potential action these 

products can exhibit in vivo, specifically for oxidative stress and inflammation 

(Suliburska et al., 2012).  

1.2.5. Anti-oxidative stress and anti-inflammation effects of whole grain wheat  

The antioxidant and anti-inflammatory properties of anthocyanins and phenolic 

acids are dependent on the levels and molecular structure of the species consumed and 

their release from the food matrix, (i.e. bioaccessibility) and bioavailability. Maintaining 

low levels of oxidative stress are desired for normal functioning of certain cell-signaling 

pathways and communication (Tirzitis and Bartosz, 2010). However, various 

complications occur when free radicals accumulate. The uncontrolled reaction of the 

free radicals causes damage to cells and DNA (Plaza et al., 2016), resulting in 

inflammation in the body that triggers development of many chronic diseases or 

conditions such as cardiovascular disease, diabetes, cancer, insulin resistance, high 

blood pressure and osteoarthritis (de Pascual-Teresa et al., 2010; Plaza et al., 2016). 

The defending systems of the cell are composed of enzymes such as superoxide 

dismutase, catalase, cyclooxygenase-2 and glutathione-dependent enzymes, and 

reducing equivalents, or antioxidants such as α-tocopherol (Birben et al., 2012). 
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Exogenous antioxidant molecules like phenolic compounds are able to deactivate the 

formation ROS in the body through the donation of hydrogen radicals from their 

phenolic OH groups (Rice-Evans et al., 1996; Liu et al., 2010; Rosa et al., 2012). They 

can also inhibit AP-1 and NF-B pathway activation signals (Dorai and Aggarwal, 2004; 

Guo et al., 2009) and impede activity of cyclooxygenase-2, lipoxygenase and inducible 

nitric oxide synthase enzymes (Ramos, 2008; Guo et al., 2009) which lead to reduction 

of oxidative stress and inflammation. 

 Inflammation is a normal defense process to protect the body from infection, 

illness or injury (Gabay, 2006; Turner et al., 2014). There are two types of inflammation; 

acute and chronic responses and several inflammation triggers. Acute inflammation is 

the initial response to harmful stimuli or infectious challenge, while chronic inflammation 

is a persistent status in the body that can lead to tissue damage (Kaplanski et al., 2003; 

Gabay, 2006). The main switch from acute to chronic inflammation is the recruitment of 

monocytes to the area of inflammation (Kaplanski et al., 2003; Gabay, 2006). Persisting 

cellular stress, metabolic disorder, obesity, infection, injuries and diet high in fat and 

carbohydrates, are common factors leads to inflammation status (Wellen and 

Hotamisligil, 2005; Gabay, 2006; Bjorklund and Chirumbolo, 2017). Cytokines are key 

modulators of inflammation, participating in acute and chronic inflammation. The major 

pro-inflammatory cytokines; high sensitivity c-reactive protein (hs-CRP), IL-6, TNF-α, 

and IL-1β, have been studied in association with obesity, metabolic syndrome and the 

risk of chronic disease (Wellen and Hotamisligil, 2005; Turner et al., 2014). These 

cytokines, particularly IL-6, stimulate the production of acute phase protein, destroying 

an injurious agent and inducing an immune response within a short time in a localized 
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area (Kaplanski et al., 2003; Gabay, 2006). Also, IL-6 provokes not only acute phase 

reactions, but also the development of specific cellular immune responses including, 

end-stage B cell differentiation, immunoglobulin secretion and T cell activation 

(Kaplanski et al., 2003; Gabay 2006). Several evidences suggested that obesity is 

associated with a state of low-level of chronic inflammation and characterized by a 

broad inflammatory response (Wellen and Hotamisligil, 2005; Monteiro and Azevedo, 

2010). Additionally, the inflammatory and stress-response genes were reported among 

the most abundantly regulated genes in adipose tissue of obese animals (Xu et al., 

2003; Monteiro and Azevedo, 2010). There is also emerging perspective that 

glycoconjugates, such as lipopolysaccharide, produced by gram-negative gut microbiota 

can be absorbed postprandially (higher in obesity) and elicit systemic proinflammatory 

response that may contribute to chronic issues (De Lorenzo et al., 2019). 

Understanding the mechanisms leading from obesity to inflammation will have important 

implication for the design of novel therapies and functional foods that help preventing 

health complications associated with chronic inflammatory disorders. 

The consumption of dietary bioactive molecules may reduce the risk of metabolic 

disorders and act as anti-oxidative stress and anti-inflammatory agents. Whole grains 

being sources of bioactive compounds (e.g. polyphenols and dietary fibers) have 

potential, in this regard. Whole grain consumption is recommended by many leading 

health authorities (Health Canada, 2008; US Department of Agriculture, 2000) and their 

roles in supporting health have been confirmed in several intervention studies. In one 

trial, evidence of reduced levels of plasma cytokines or C-reactive protein were 

confirmed following consumption of 300g of bread made of whole wheat flour enriched 
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with bioprocessed bran (16%) by 8 healthy men (Anson et al., 2011). In a recent study, 

several phenolic compounds were identified in the plasma and urine of 8 healthy 

volunteers after consumption of a recommended dose (40 g) or high dose (120 g), of 

ready to eat wheat bran cereal, in one sitting, with a 2 week washout period between 

doses. The phenolic species present in that study were mainly ferulic acid and its 

monomeric and dimeric metabolites, which have the potential to exhibit anti-

inflammatory activity and impact redox pathways (Neacsu et al., 2017). In another 

intervention study, consumption of 70g/day of 100% whole grain shredded wheat 

biscuits by healthy overweight and obese participants resulted in a 4-fold increase in 

serum dihydroferulic acid and a concomitant reduction in plasma TNF-α after 8 weeks 

and an increase in IL-10 after 4 weeks, compared with refined wheat products 

(Vitaglione et al., 2015). Price et al. (2008) evaluated total phenolics and antioxidant 

potential in plasma and urine of 17 healthy participants after consumption of a single 

meal (93 g) of unprocessed wheat bran or a ground white rice (control). The wheat bran 

phenolics were relatively well absorbed and able to enhance antioxidant status in the 

body. In another study, the effect of a diet high in wheat aleurone (27 g aleurone) on 

plasma antioxidant status, markers of inflammation and endothelial function were 

investigated (Price et al., 2012). In that study, 79 healthy, older, overweight participants 

incorporated either aleurone-rich cereal products (27 g aleurone/d), or control products 

(contain balanced fiber and macronutrients) into their habitual diets for 4 weeks. The 

results showed that, compared to control, incorporating aleurone-rich products into a 

habitual diet provided substantial amounts of micronutrients and phytochemicals and 

resulted in significantly lower plasma concentrations of the inflammatory marker, C-
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reactive protein (P < 0·035). However, no changes were observed in other markers of 

inflammation, antioxidant status or endothelial function. Therefore, cumulatively, the 

existing evidence shows that whole grain wheat products can exhibit antioxidative and 

anti-inflammatory effects mainly related to the antioxidant activity of phenolic acids, in 

general, and ferulic acid in particular. To the best of our knowledge these intervention 

studies were conducted with regular wheat types, however there is no human 

intervention study investigating the health benefit of colored wheat including 

assessment of antioxidative stress and anti-inflammatory effects. This thesis includes 

the development of several purple wheat prototype functional foods that were evaluated 

for their nutrient compositions and antioxidant capacities. These findings fed into two 

human studies, providing the first detailed information about the bioavailability and 

absorption of anthocyanins and phenolic acids from purple wheat products and the 

potential associated antioxidative stress and anti-inflammatory effects in humans. 

1.2.6. Thesis objectives and hypothesis 

Study 1 Objective: To develop several purple wheat products rich in phenolic 

compounds particularly anthocyanins and phenolic acids, in order to understand the 

effects of processing and different food matrices on the anthocyanins and phenolic acid 

characteristics and antioxidant capacity. This first aim was foundational to be able to 

investigate products containing purple wheat in the subsequent human studies.  

Study 2 Objective: To study the bioavailability of anthocyanin and phenolic acids in 

healthy adults following acute consumption of bran-enriched purple wheat bars and 

crackers and to track the impact on plasma antioxidant status and select short-term 

postprandial markers of inflammation. Hypothesis: It was hypothesized that healthy 
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adults who consumed one meal (4 servings) of purple wheat-enriched products in the 

morning would have detectable levels of anthocyanins and phenolic acids in their blood 

and urine samples and that consuming these products would significantly increase 

plasma antioxidant capacities, postprandially. 

Study 3 Objective: To study the effects of longer term (i.e. 8 weeks) consumption of 

whole purple wheat convenience bars by overweight/obese participants with chronic 

inflammation on markers of oxidative stress and inflammation, as well as blood lipids, 

anthropometric measures and basic metabolic parameters compared to whole regular 

wheat consumption. Hypothesis: It was hypothesized that consumption of whole wheat 

convenience bars for 8 weeks by overweight/obese participants with low levels of 

chronic inflammation would significantly improve markers of oxidative stress and 

inflammation as well as blood lipids and other metabolic responses. Also, it was 

hypothesized that purple wheat product may intervene differently or have superior 

effects over regular wheat product due to its anthocyanin content. 
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CHAPTER TWO 

 

Characterization of Anthocyanin-Containing Purple Wheat 

Prototype Products as Functional Foods with Potential 

Health Benefits 
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2.1. Abstract 

Background and objectives: Purple wheat is relatively rich in anthocyanin and 

phenolic acid compounds that have demonstrated positive physiological effects in 

humans. This study was intended to develop purple wheat food prototypes with 

potential to impact metabolic markers and health conditions. Several products including 

purple wheat bars, crackers, bread, pancake and porridge were developed and 

evaluated based on their nutrient content, anthocyanin composition and antioxidant 

properties. 

Findings: The products substantially varied in their nutrient contents with protein being 

high in purple wheat bread, pancake and porridge (16.5-18.8%) and intermediate in 

purple wheat bars and crackers (8.9-11-6%). The bran-enriched purple wheat products 

and whole wheat pancake were rich in dietary fiber (16.4-32.6%). The bran was added 

to boost levels of anthocyanin and dietary fiber in products. The crackers and bars had 

the highest anthocyanin content (55.9 and 41.7 µg/g, respectively) and were selected 

over other products for antioxidant testing in vitro. These two products strongly inhibited 

ABTS, DPPH and peroxyl radical activities pointing to potential to influence metabolic 

markers and general health.  

Conclusions: The purple wheat bars and crackers hold promise as functional foods 

based on their contents of polyphenols and dietary fiber and antioxidant properties. 

Significance and novelty: The study provides useful information about the innovative 

purple wheat bars and crackers for further human studies. 

 



25 
 

2.2.  Introduction 

Anthocyanins and other phenolic compounds have repeatedly been implicated in 

human health and nutrition due to their positive functions in the areas of inflammation, 

diabetes, cancer, oxidative stress and ocular health (Shipp and Abdel-Aal, 2010). Newly 

developed purple wheat has attracted a lot of interest from the grain industry in Canada 

and globally due to its potential as a sustainable source of natural colorants and/or 

antioxidant, natural health products and functional food ingredients. The purple wheat 

whole grain has approximately 96-235 µg/g of anthocyanin subject to variety and 

growing environment (Abdel-Aal et al., 2006; Abdel-Aal et al., 2016; Liu et al., 2010), 

while the bran has over 2-fold more (430 µg/g) than the whole grain since the pigments 

are concentrated in the kernel outer layers (Abdel-Aal et al., 2018). The aim of this 

study was to develop and characterize attributes of several purple wheat food prototype 

products enriched in anthocyanins as potential functional foods. The products were 

assessed based on basic nutrients and anthocyanin composition. The most promising 

products, i.e. purple wheat convenience bars and crackers were further evaluated in 

terms of their ability to scavenge free radicals using three antioxidant assays to screen 

their potential for further investigation in human study. 

2.3. Materials and Methods   

2.3.1. Preparation of purple wheat products 

Three main ingredients sourced from purple wheat grain CDC Prime purple cultivar, 

whole flour, bran and flakes, were produced at InfraReady Products LTD, Saskatoon, 

SK, Canada (Appendix, Figure A1). The purple wheat products include bran-enriched 

whole flake bars, bran-enriched whole flour crackers, bran-enriched whole flour bread, 
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whole flour bread, whole flour pancake and whole flake porridge were prepared and 

characterized (Appendix, Figure A2). The bran-enriched bars were made of purple 

wheat flakes and bran (1:1, w/w) in addition to corn syrup (37.5%), sugar (12.5%), 

canola oil (12.5%) and xanthan gum (0.5%), based on flour weight. Other bran-enriched 

products were made of a blended purple wheat whole flour and bran (1:1, w/w) in 

addition to other ingredients. Straight-dough bread was prepared according to the 

American Association of Cereal Chemists International (AACCI) approved method 

10.10.03 (AACCI, 2010). The bread ingredients based on 100 g flour weight, were 

active dry yeast (5.3 g), sucrose (6.0 g), salt (1.5 g) and canola oil (3.0 g). Because 

there is no official AACCI procedure for the preparation of pancake, in-house methods 

were used to prepare pancake by mixing 100 g of flour with 10 g butter, one egg and 

300 ml water, poured the batter on a hotplate and cooked it at 250ºC for 1 min in each 

side. The whole purple wheat porridge was prepared by boiling the flakes (100 g) with 

300 ml of water for 12 min. All the products were kept frozen (-80ºC ± 5) until analyzed. 

2.3.2. Proximate composition and anthocyanin analysis  

Proximate composition and anthocyanin analysis were performed after milling the 

products to fine particles using an M2 universal mill (IKA-Werke, Staufen, Germany). 

Protein (N x 5.7) was measured by the combustion method using a nitrogen analyzer 

(FP 2000 Leco Instrument UK Ltd., Stockport, Cheshire, UK). Moisture, starch, ash, 

crude fat, and total dietary fiber were determined according to AACCI Approved 

Methods (44-40.01), (76-13.01), (08-01.01), (30-20.01), and (32-05.01), respectively 

(AACCI, 2010). Total anthocyanin content was determined by spectrophotometric 

method (Abdel-Aal and Hucl, 1999) and anthocyanin compounds were separated and 
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quantified using HPLC (Abdel-Aal et al., 2006). Mv-3-glc was used as an internal 

standard or spike compound to validate the purification and determination method and 

to calculate the recovery of anthocyanin. The separated anthocyanins were detected 

and verified at 525 nm using pure (>97%) authentic standards of 9 anthocyanins 

(cyanidin 3,5-diglucoside, delphinidin 3-glucoside, delphinidin 3-rutinoside, cyanidin 3-

glucoside, cyanidin 3-rutonoside, petunidin 3-glucoside, pelargonidin 3-glucoside, 

peonidin 3-glucoside and malvinidin 3-glucoside) purchased from Polyphenols 

AS, Sandnes, Norway. 

2.3.3. Antioxidant scavenging capacity in vitro  

Acidified ethanol extracts of purple wheat products were used to determine the in 

vitro antioxidant capacity using three assays, ABTS (2,2’-azino-bis(3-

ethylbenzthiazoline-6-sulphonic acid) (Gamel et al., 2019), DPPH (1,1 diphenyl-2-

picrylhydrazyl) radical scavenging (Gamel et al., 2019) and oxygen radicals absorbance 

capacity (ORAC) (Jing et al., 2014). A blank sample and a standard curve of Trolox 

were established in each assay, and the antioxidant scavenging capacity of the 

products calculated as a percentage of inhibition to radical activity (Prior et al., 2005). 

2.3.4. Statistical analysis 

Data were subjected to one-way ANOVA to identify differences in nutrients among 

products using IBM SPSS Statistics for Windows, Version 25.0, 2017 (IBM Corp, 

Armonk, NY). When significance exist (p < 0.05), post-hoc analysis using Bonferroni 

adjustment was applied to assess differences between pairs. Independent t-test was 

used to test the differences in antioxidant capacity between bars and crackers. Data are 

presented as mean of triplicate ±SD. 
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2.4. Results and Discussion 

2.4.1. Proximate and anthocyanin compositions of purple wheat 

ingredients 

Table 2.1 shows that protein content averaged between 10.3 to 14.4% with whole 

flakes being the highest and whole flour being the least. The bran fraction was the 

highest in total dietary fiber (36.7%) while whole flour and flakes had similar level of 

about 11% on dry basis. As expected among the nutrients, starch content was the 

highest in whole flakes (52.5%) and whole flour (48.7%) while the second highest in 

bran (21.2%) after dietary fiber (Table 2.1). The total anthocyanin content based on the 

spectrophotometric method provides a rough estimate and is acceptable for screening 

purposes (Abdel-Aal and Hucl, 1999; Abdel-Aal et al., 2006). The method could 

overestimate anthocyanin concentration due to interference from other food compounds 

and co-pigmentation (Jenshi et al., 2011). The bran was exceptionally high in total 

anthocyanin content (902 µg/g) compared with whole flour (172 and 170 µg/g), 

respectively (Table 2.2). Previous studies showed lower (96 µg/g) (Abdel-Aal et al., 

2006) or higher (210-235 µg/g) (Liu et al., 2010; Abdel-Aal et al., 2018) levels of 

anthocyanin in purple wheat whole flour, subject to wheat variety and growing 

environment. In the current study, all purple wheat ingredients were obtained from the 

same cultivar and same batch processing. The main anthocyanin pigments in the purple 

wheat ingredients were cyanidin-3-glucoside (Cy-3-glc), followed by peonidin-3-

glucoside (Pn-3-glc) and cyanidin-3-rutinoside (Cy-3-rut) (Table 2.1), which is in 

agreement with previous studies (Abdel-Aal et al., 2006; 2018). In the current study, Cy-
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3-glc accounted for about 32-33% of the total anthocyanins found in the whole flour and 

flakes and about 23% in the bran. 

2.4.2 Proximate and anthocyanin compositions of purple wheat 

products 

The purple wheat prototype foods varied significantly in terms of their nutrient 

(Table 2.1) and anthocyanin components (Table 2.2). The purple wheat crackers and 

bars had the lowest moisture content, i.e. 5 and 18% and exhibited higher amounts of 

dietary fiber and anthocyanins. The purple wheat prototype products significantly 

differed in their total anthocyanin content exhibiting a wide range (31-292 µg/g). The 

bran-enriched purple wheat crackers (292 µg/g) and bars (283 µg/g) were rich in 

anthocyanin compared to the other purple wheat food prototypes. These findings were 

also confirmed by HPLC analysis (Table 2.2). The spectrophotometric method showed 

much higher levels which mostly related to the co-pigmentation or the interference of 

Maillard reaction compounds formed in the processed products and exhibit absorbance 

in the range 400-500 nm (Mikami and Murata, 2015). Cy-3-glc and Pn-3-glc remained 

the main detected anthocyanin compounds in purple wheat bars and crackers. purple 

wheat bread and pancake had the second highest anthocyanin level, i.e. 10.0 and 16.0 

µg/g, respectively, as measured by HPLC, with Cy-3-glc and Pn-3-glc being the main 

detected anthocyanin compounds (Table 2.2). Based on the nutrient and anthocyanin 

composition, the bran enriched bars and crackers were selected for the subsequent 

development of purple wheat functional foods. The two products were assessed in 

terms of in vitro antioxidant activity in the next section and later by two human studies, 

i.e. absorption of anthocyanins and phenolic acids by healthy individuals (Gamel et al., 
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2019) and physiological effects against oxidative stress and inflammation in individuals 

at-risk (ClinicalTrials.gov, NCT02840357). 

2.4.3 Antioxidant capacity of purple wheat ingredients, bars and 

crackers 

Anthocyanin compounds are known as potent antioxidants having exceptionally 

high radical scavenging capacities (Abdel-Aal et al., 2008) and their consumption has 

been associated with positive reductions in oxidative stress and inflammation in humans 

and animals (Guo et al., 2009; He and Giusti, 2010). As a result, purple wheat products 

could have the potential to possess antioxidant activity in vitro and in vivo. In this study, 

the in vitro antioxidant capacity of the purple wheat bars and crackers, in addition to the 

main ingredients (e.g. whole flour, whole flakes and bran) were evaluated using three 

radical scavenging assays, ABTS, DPPH and ORAC (Figure 2.1). In terms of the 

ingredients, the wheat bran had the highest antioxidant capacity according to all three 

assays. This is consistent with its high anthocyanin level compared to the whole flour 

and flakes. Inhibitions of 74, 100, and 94 % of ABTS, DPPH and oxygen radical 

activities, respectively were observed when purple wheat bran extract was included in 

the reaction media (Figure 2.1). Approximately 54 and 52% of ABTS radical activity was 

inhibited in the presence of purple wheat whole flour and flakes, respectively. Moreover, 

these two ingredients had much less power to inhibit DPPH activity compared with bran 

as only 38 and 45 % was inhibited (Figure 2.1). On the other hand, the purple wheat 

whole flour and flakes inhibited oxygen radical activity by about 71 and 74%, 

respectively. These results are in agreement with previous studies (Abdel-Aal et al., 

2008; Liu et al., 2010). A similar trend was observed for the purple wheat bars and 
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crackers. Both showed great potential to inhibit radical activity in case of ORAC method 

with about 76 and 80% inhibition activity, respectively (Figure 2.1). The inclusion of their 

extract to the reaction media resulted in 51 and 55% inhibition of ABTS radical activity 

and 39 and 31% of DPPH radical activity for convenience bars and crackers, 

respectively (Figure 2.1). Thus, consumption of these two purple wheat products has 

the potential to modulate or impact metabolic markers. Acute consumption of 4 servings 

of purple wheat bars and crackers containing 6.7 mg anthocyanin and 176-213 mg total 

phenolic acids by 16 healthy adults showed rapid absorption and excretion of 

anthocyanin and phenolic acid metabolites with little or no impacts on plasma 

antioxidant activity or the inflammatory biomarkers, IL-6 and TNF-α. The maximum 

plasma concentration of ferulic acid and phenolic acid metabolites reached 9-31 and 

765-745 ng/ml within 30 to 60 min following products consumption but, no intact 

anthocyanin compounds were detected in the plasma (Gamel et al., 2019). A longer 

term human intervention study (ClinicalTrials.gov, NCT02840357) was also conducted 

at the Human Nutraceutical Research Unit, University of Guelph, and data analysis is 

underway. In general, the purple wheat bars and crackers hold promise as functional 

foods based on their content of polyphenols and dietary fiber and antioxidant properties. 

2.5. Conclusions  

In this study several purple wheat prototype products were developed and examined for 

their chemical composition, anthocyanin characteristics and radical scavenging activity. 

Among the products, bran enriched purple wheat bars and crackers exhibited the 

highest anthocyanin and dietary fiber contents and antioxidant capacity. These two 

products were selected to study the bioavailability and physiological impact of purple 
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wheat anthocyanin and phenolic acids in human clinical studies. In general, the purple 

wheat bars and crackers hold promise as functional foods based on content of 

polyphenols and dietary fiber and their antioxidant properties. 
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Table 2.1. Proximate composition of purple wheat ingredients and prototype food products (mean ±SD, % db, n=3)a 

 

Purple wheat Moisture Protein Total Dietary 
Fiber 

Starch Crude fat Total ash 

Main ingredients       
Whole flour 10.5 ±0.1ab 10.3 ±0.1c 11.3 ±0.6b 48.7 ±1.0a 1.6 ±0.1b 1.2 ±0.1b 
Whole flakes 11.2 ±0.1a 14.4 ±2.0a 11.1 ±0.2b 52.6 ±0.1a 1.9 ±0.3b 1.2 ±0.2b 
Bran 9.8 ±0.1b 11.6 ±0.1b 36.7 ±0.4a 21.2 ±1.7b 2.6 ±0.2a 3.0 ±0.1a 

Food prototypes       
Bran-enriched purple wheat bars 18.0 ±0.1e 7.3 ±0.4d 26.7 ±0.5a 28.6 ±0.8f 9.2 ±1.1b 1.7 ±0.1e 
Bran-enriched purple wheat crackers 5.1 ±0.1f 10.6 ±0.1c 16.3 ±0.8c 39.3 ±1.4d 16.5 ±0.8a 3.6 ±0.1b 
Bran-enriched purple wheat bread 38.0 ±0.2c 16.5 ±0.6b 16.4 ±0.2c 52.4 ±1.3b 5.1 ±0.1e 2.9 ±0.1c 
Whole purple wheat bread 35.7 ±0.1d 18.0 ±2.2a 11.9 ±1.2d 48.7 ±1.2c 6.4 ±0.1d 2.5 ±0.1d 
Whole purple wheat pancake 42.5 ±2.7b 16.8 ±1.2b 20.3 ±1.7b 32.2 ±2.5e 7.9 ±0.1c 4.5 ±0.1a 
Whole purple wheat porridge 74.2 ±0.3a 18.8 ±2.8a 13.6 ±0.1d 59.4 ±3.3a 1.3 ±0.1f 1.2 ±0.1f 
aAmong ingredients or food products, mean values with the same superscript are not significantly different at p < 0.05. 
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Table 2.2. Anthocyanin content of purple wheat ingredients and prototype food products (mean ±SD, µg/g db, n=3)a 

 

Purple wheat Total 
anthocyaninb 

Anthocyanin compoundsc 

 Cy-3-glc Cy-3-rut Pn-3-glc Non-identified Total 

Main ingredients       
Whole flour 172.0 ±5.8b 40.6 ±1.2b 3.2 ±0.1b 17.5 ±0.1b 65.5 ±2.5b 126.8 ±1.3b 
Whole flakes 170.1 ±6.3b 40.0 ±0.1b 3.1 ±0.1b 16.3 ±0.1b 60.6 ±0.1b 120.0 ±0.1b 
Bran 902 ±14.0a 187.5 ±2.0a 20.3 ±0.8a 80.2 ±2.5a 518.0 ±55.8a 806.0 ±61.2a 

Food prototypes       
Bran-enriched purple wheat bars 282. 8 ±2.7a 18.3 ±0.3b 1.2 ±0.1c 8.7 ±0.1b 13.5 ±0.5b 41.7 ±0.8b 
Bran-enriched purple wheat crackers 291.5 ±1.4a 21.6 ±0.3a 1.6 ±0.1b 10.2 ±0.1a 22.5 ±0.6a 55.9 ±0.2a 
Bran-enriched purple wheat bread 80.5 ±4.4b 4.5 ±0.3c 3.2 ±0.1a 2.4 ±0.1c 11.4 ±0.5c 16.8 ±0.5c 
Whole purple wheat bread 65.4 ±0.1c 3.3 ±0.1c 0.6 ±0.1d 0.5 ±0.0d 5.6 ±0.2d 10.0 ±0.4d 
Whole purple wheat pancake 96.0 ±5.1b 2.4 ±0.2d 0.0 ±0.0f 0.0 ±0.0e 13.6 ±0.4b 16.0 ±0.4c 
Whole purple wheat porridge 30.7 ±1.8d 2.2 ±0.1d 0.4 ±0.0e 0.4 ±0.0d 4.0 ±0.2e 7.0 ±0.2e 
aAmong ingredients or food products, mean values with the same superscript are not significantly different at p < 0.05. 
bMeasured by a colorimetric method. 
cMeasured by HPLC method; Cy-3-glc, cyanidin-3-glucoside; Cy-3-rut, cyanidin-3-rutinoside; Pn-3-glc, peonidin-3-glucoside. 
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Figure 2.1. Effect of purple wheat ingredients and products on inhibition of ABTS, 

DPPH and peroxyl radicals. Among ingredients or food products columns with the same 

letter are not significantly different (p < 0.05). 
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2.6. Bridging to Chapter 3 

Purple wheat can yield ingredients, e.g. flour, bran, and flakes that are relatively 

rich in anthocyanins and phenolic acids compared to regular wheat. Incorporating these 

ingredients into cereal and baked products would support boosting the level of phenolic 

compounds. Chapter 2 reports on the development and testing of several purple wheat 

prototypes products. The two products with the highest anthocyanin and phenolic acid 

contents and highest antioxidant activities in vitro, i.e. the bran enriched purple wheat 

bars and crackers are now selected for further in vivo investigation. To the best of our 

knowledge, no human studies have been conducted to evaluate the impact of digestion 

of purple wheat products on health. Therefore, Chapter 3 reports on the first human 

clinical trial of purple wheat products. The research aimed to explore the bioavailability 

of anthocyanins and phenolic acids from these purple wheat products in healthy adults, 

as well as their short term (acute) impact on plasma antioxidant activities and 

inflammation makers, IL6 and TNF-α. Combined with the in vitro work, such studies can 

provide insight into the potential bioavailability and metabolism of anthocyanin and 

phenolic acids form purple wheat products and the potential for longer term metabolic 

impacts. They are also important given the possible role of food matrix, ingredient 

interactions, and processing effects on phytochemical stability and absorption. 

Additionally, impact of long-term (8-week) consumption of purple wheat products 

on oxidative stress, inflammation and plasma antioxidant activities were also studied on 

overweight and obese participants at risk of CVD.  
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As cereal and baked products are staple foods in the diets in many populations, 

regular daily consumption may provide a reasonable and cost-effective solution for 

fighting many health problems and improving overall well-being.   

Previous studies reveal that other cereal grains such as purple and red rice have 

shown anti-inflammation and antidiabetic effect in cell culture (Min et al., 2010; Boue et 

al., 2016) and in patients with CVD (Wang et al., 2007) and that these impacts were 

linked to the anthocyanins and phenolic compounds in the grain. In order to 

demonstrate beneficial health benefits of purple wheat products as potential functional 

foods, human clinical studies along with characterization of nutrients and chemical 

composition, are required.  
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CHAPTER THREE 

 

 

Absorption and metabolites of anthocyanins and 

phenolic acids after consumption of purple wheat crackers 

and bars by healthy adults 
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3.1. Abstract 

The physiological effects of polyphenols in human health are dependent on their 

bioavailability and metabolism. The aim of this study was to determine anthocyanin and 

phenolic acid metabolites and their absorption following acute consumption of two 

purple wheat products by healthy adults. A secondary objective was to track changes in 

plasma antioxidant status and short-term markers of inflammation postprandially for 8 

hours. Anthocyanin and phenolic acid metabolites were quantified in the plasma and 

urine of 16 healthy female and male participants following the consumption of 4 

servings of bran-enriched purple wheat bars and crackers containing 6.7 mg 

anthocyanins and 176 - 213 mg total phenolic acids. A few anthocyanin metabolites 

were detected in the urine and none were found in plasma. Ferulic acid was detected in 

plasma and urine, while hippuric acid was the major metabolite in the urine. The 

maximum plasma concentration of ferulic acid and phenolic acid metabolites reached 9-

31 and 765-745 ng/ml within 30 to 60 min following products consumption. With acute 

consumption of purple wheat bars and crackers by healthy adults, rapid absorption and 

excretion of anthocyanin and phenolic acid metabolites was observed with no short-

term impacts on plasma antioxidant activity or the inflammatory biomarkers, IL-6 and 

TNF-α.  
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3.2. Introduction 

Phenolic compounds, including anthocyanins and phenolic acids, can play 

significant roles in human health, in relation to inflammation, diabetes, cancer, and 

oxidative stress (Guo et al., 2009). These compounds are found, not only in various 

fruits and vegetables, but also in colored grains such as purple wheat (Abdel-Aal et al., 

2006). The total anthocyanin content of purple wheat ranges from 96 µg/g (Abdel-Aal et 

al., 2006) to around 235 µg/g (Liu et al., 2010). Cyanidin-3-glucoside (Cy-3-glc) is the 

main anthocyanin present in purple wheat (Abdel-Aal et al., 2006; Liu et al., 2010) and 

ferulic acid is the main phenolic acid (Liu et al., 2010, Abdel-Aal and Rabalski, 2013). 

The antioxidant and anti-inflammatory potentials of anthocyanins and phenolic acids are 

dependent on their levels and molecular structure of the species consumed, as well as 

their release from the food matrix, i.e. bioaccessibility, bioavailability, absorption and 

metabolism. Anthocyanins tend to be rapidly absorbed and metabolized, with a small 

amount of the molecules being excreted in the urine within 2–4 h and up to 8 h, mostly 

in the intact, methylated and glucurono-conjugated forms (Wu et al., 2002; Jin et al., 

2011). However, research on the extent of anthocyanins metabolism/breakdown within 

the gastrointestinal tract is still undergoing. Several in vivo studies indicated they are 

absorbed in the stomach and the small intestine (Felgines et al., 2005; Fernandes et al., 

2014) with rapid detection of intact anthocyanin glycosides observed in urine and 

plasma within 30 to 60 min of ingestion (Felgines et al., 2005; Fernandes et al., 2014). 

An interesting study following the distribution of anthocyanins in mice using 14C-labelled 

Cy-3-glc fed through gavage showed that most of the radioactivity was recovered in the 

GI tract, specifically 51% was recovered in the small intestine and 23% in the caecum 
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3 h after oral administration (Felgines et al., 2010). There was minimal accumulation of 

radioactivity in plasma (0.044%) and in tissues outside the GI tract 3 h post 

consumption, with liver, gallbladder and kidneys showing the highest levels (0.14-

0.27%) of radioactivity. At 24 h after ingestion, 45% of the radioactivity was recovered in 

the feces (Felgines et al., 2010).  

Like anthocyanins, phenolic acids are absorbed by the gastric epithelium and 

have been detected in plasma and urine shortly after consumption (Zhao et al., 2004). 

Ferulic acid is the dominant acid in the wheat grain, mainly concentrated in the bran and 

outer layers of the kernel (Beta et al., 2005) and has been reported to have low 

intestinal release from grains (Anson et al., 2011). This is attributed to the wheat grain 

structure in which most of the ferulic acid is covalently bound to the indigestible 

polysaccharides and mainly present in an insoluble form esterified to cell wall 

arabinoxylans (Parker et al., 2005). Processing of whole-grains to baked products such 

as bread, cookie or muffins improves phenolic acid bioaccessibility and bioavailability by 

releasing some of the insoluble bound ones and increasing the level of soluble or free 

phenolic acids (Abdel-Aal and Rabalski, 2013). Additionally, metabolites of ferulic acid, 

i.e. dihydroferulic acid-3-O-sulphate and dihydroferulic acid-4-O-sulphate, have been 

detected in plasma and urine samples following consumption of whole grain bread by 

healthy participants (Bresciani et al., 2016). A recent human study which investigated 

phenolic metabolite distribution in the plasma, urine, and feces following consumption of 

40 versus 120 g wheat bran cereal by healthy adults reported elevations in several 

polyphenolic compounds present in the wheat bran and their metabolites, including 

ferulic acid and ferulic dimers (Neacsu et al., 2017).  
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Most of the evidence pertaining to the absorption and metabolism of 

anthocyanins and phenolic acids, has come from human studies conducted with fruit 

and vegetables. There is very limited information regarding the absorption, metabolism 

and possible health impacts of anthocyanins and phenolic acids from processed grain 

foods enriched in anthocyanins and phenolic acids. Thus, the objective of the current 

study was to determine anthocyanin and phenolic acid metabolites and absorption by 

healthy human participants following acute consumption of two bran-enriched purple 

wheat products. Two products, i.e. convenience bars and crackers, with a comparable 

level of anthocyanins and similar phenolic acid contents were investigated as examples 

of different food matrices. A secondary objective was to assess plasma postprandial 

total antioxidant activity and markers of inflammation, IL6 and TNF-α, in comparison to 

baseline.  

3.3. Materials and Methods 

3.3.1. Study products  

Two purple wheat products, bran-enriched convenience bars and bran-enriched 

crackers, were developed at Guelph Research and Development Centre, Agriculture 

and Agri-Food Canada, Guelph, ON, based on the purple wheat AnthoGrain™ 

(InfraReady Products Ltd, Saskatoon, SK, Canada). The two products for the human 

study were prepared in the pilot plant of InfraReady Products LTD, Saskatoon, SK, 

Canada following good manufacturing and sanitary practices (Appendix A2). The bran-

enriched convenience bars were made of purple wheat whole grain flakes and purple 

wheat bran (1:1, w/w) in addition to corn syrup (37.5%), sugar (12.5%), canola oil 

(12.5%) and xanthan gum (0.5%), based on flour weight. The bran-enriched crackers 
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were made of a blended purple wheat whole grain flour and purple wheat bran (1:1, 

w/w) in addition to canola oil (15.0%), salt (1.0%) and baking powder (2.0%), based on 

flour weight. Products were shipped refrigerated to the University of Guelph by the end 

of the processing day. Products were portioned into 4 servings (40 and 30 g/serving for 

the bars and crackers, respectively), sealed from air and moisture in food grade plastic 

containers, and frozen at -20 ºC until the evening before consumption, when they were 

thawed at room temperature. The serving sizes were designed to deliver equal amounts 

of anthocyanins from both products (Table 4.1), while considering Health Canada’s 

guideline for product serving sizes (2008). Nutrients contents of purple wheat 

ingredients are reported in the supplementary data (Appendix; Table A1). 

3.3.2 Product analysis  

Anthocyanin and phenolic acid composition were determined in duplicate. 

Nutrient composition was measured in triplicate. Bran-enriched purple wheat 

convenience bars and crackers were milled to fine particles using an M2 universal mill 

(IKA-Werke, Staufen, Germany) and nutrient analysis was conducted. Protein (N  5.7) 

was measured by the combustion method using a nitrogen analyzer (FP 2000 Leco 

Instrument UK Ltd., Stockport, Cheshire, UK). Moisture, starch, ash, crude fat, and total 

dietary fiber were determined according to AACCI Approved Methods of Analysis, 11th 

Ed. Anthocyanins were extracted according to the method described previously (Abdel-

Aal and Hucl, 2003). This extract was used to quantify anthocyanin contents and 

composition, and in vitro antioxidant capacity. Free and bound phenolic acids (FPA and 

BPA) in the purple wheat products were extracted according to the method described 

previously (Abdel-Aal and Rabalski, 2013). Prior to injection, 3 mL of each extract were 
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concentrated under nitrogen to 1 mL, then purified by SPE (Oasis HLB 5-mL cartridge) 

activated using 1.5 mL of methanol 95%, followed by 1.5 mL of 1.5 M formic acid (Kuntz 

et al., 2015). After complete adsorption/diffusion, anthocyanins or phenolic acid 

fractions were eluted from the SPE cartridge using 1.5 mL of acidified ethanol 95%/ 

formic acid (0.2 M) (80:20) and collected in a graduated 5-mL glass tube. The eluent 

was concentrated under nitrogen to 0.5 mL, and then filtered using a 13-mm disc filter 

(0.2 µm GH Polypro (GHP) Membrane) into an HPLC vial for injection. The 

anthocyanins and phenolic acids were separated and quantified according to the 

method described previously (Abdel-Aal et al., 2006) using an 1100 series 

chromatograph (Agilent Tech., Mississauga, ON, Canada) equipped with a photodiode 

array detector (PDA) and a Zorbax SB-C18 rapid resolution column (Agilent Tech., 

Santa Clara, CA., USA) 46 mm x 75mm x 3.5 μm. The column was eluted with a 

gradient mobile phase consisting of (A) 6% formic acid and (B) absolute methanol at 1 

mL/min. Mv-3-glc was used as an internal standard or spike compound to validate the 

purification and determination method and to calculate the recovery of anthocyanin. The 

separated anthocyanins were detected and verified at 525 nm, and phenolic acids at 

275 and 320 nm using pure (>97%) authentic standards of 9 anthocyanins (Cy-3, 5-glc, 

Dp-3-glc, Dp-3-rut, Cy-3-glc, Cy-3-rut, Pt-3-glc, Pg-3-glc, Pn-3-glc, and Mv-3-glc) 

purchased from Polyphenols AS, Sandnes, Norway and 6 phenolic acids 

(protocatechuic, vanillic, caffeic, p-coumaric, ferulic and sinapinic acids; purity >97%) 

purchased from Sigma-Aldrich  Co., ON, Canada.  
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3.3.3. In vitro antioxidant scavenging capacity of purple wheat 

products 

The in vitro antioxidant capacity of ethanol extracts of purple wheat products 

were assessed using the ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) 

and DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging methods (Niki, 2010). The 

antioxidant scavenging capacity was calculated as Trolox equivalents using a standard 

curve of Trolox.  

3.3.4. Human study design  

A randomized, semi-blinded crossover acute meal bioavailability study was 

conducted at the Human Nutraceutical Research Unit (HNRU), at the University of 

Guelph, ON, Canada from June 2015 to April 2016. The study was approved by the 

Human Research Ethics Board (REB) of the University of Guelph (15JN008, Appendix 

A3) and registered at ClinicalTrials.gov (NCT02730910). 

Participants were recruited through flyers posted around the University of Guelph 

campus and the city of Guelph and sent by email and through social media. A total of 16 

healthy male and female participants were enrolled after assessing eligibility through a 

phone screening questionnaire and in person screening visit. According to Health 

Canada’s guidance document for conduct and analysis of comparative bioavailability 

studies (2012), the minimum number of participants required for a bioavailability study is 

12. Non-smoking healthy participants aged 18-55 years with BMI of 18-25 kg/m2, with 

no history of any major disease or medical condition, who were not taking any regular 

over the counter medications or natural health products, not taking any dietary 
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supplements other than multivitamins that were low in anthocyanins and phenolic 

compounds, and having not taken any antibiotics in the previous three months were 

eligible. Elite or training athletes and individuals who were pregnant or breastfeeding, 

having any food allergies, or anaphylactic or life-threatening allergies were excluded. 

Participants deemed eligible were invited to attend an orientation session and received 

detailed information about the study purpose, procedures and risks, and provided 

written informed consent before being enrolled in the study. Out of 144 respondents to 

emails and phones, 69 were eligible for the in-person screening based on which 51 

individuals did not meet the inclusion criteria. 18 participants were eligible, but 2 

declined to participate, and therefore 16 participants, including eight males and eight 

females, completed the study. Participants characteristics at baseline and study 

CONSORT are presented in the supplementary data (Appendix; Table A2 and Figure 

A4). 

Participants were requested to consume one of two purple wheat products 

(convenience bars or crackers) individually, in random order, on 2 occasions separated 

by a washout period of at least 5 days. Participants were instructed to follow a low 

anthocyanin/phenolic diet by omitting high anthocyanin/phenolic content foods for a 10-

day run-in period prior to the first study visit and throughout the washout period. A list of 

these foods was provided to the participants and they were advised to communicate 

with the study coordinator regarding any food concern. Forty-eight hours prior to the 

study, participants were requested to avoid consuming any alcoholic beverages and 

over-the-counter medications and refrain from participating in strenuous physical 

activity. Participants were also asked to undergo a 12 h overnight fasting prior to the 
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study visit, where no intake of food or drink was permitted, except water. Study visits 

were scheduled within the follicular phase (approximately days 6-13 of the menstrual 

cycle) for premenopausal females. On each study day, participants provided fasting 

(baseline, time-point 0) blood and urine samples on the morning before consuming of 

the product. Blood samples were collected in EDTA-containing vacutainer tubes by an 

authorized and trained phlebotomist through an intravenous (IV) catheter inserted into a 

forearm vein. Saline (500 mL, 0.9% sodium chloride) was used to keep the IV line clear 

throughout the study visit. Participants were asked to consume one of the purple wheat 

products within 25 minutes along with one glass of water (250 mL). No subsequent food 

or water was allowed within 4 h following the product consumption. During the study 

visit, blood samples were obtained every 30 min for the first 3 h after product 

consumption and then at 4, 6, and 8 h afterward. Participants also provided urine 

samples at periods of 0-2, 2-4, 4-6, 6-8, and 24 h. At the end of each timeframe, 

participants were asked to empty their bladders to ensure that all urine up to the time-

point was collected and pooled. At 4 h, a lunch meal low in polyphenols (i.e. white 

sauce chicken pasta or cheese pasta, baby carrots and a fruit cup based on mango or 

pineapple or a vanilla snack pudding) was served to the participants, with a glass of 

water (250 mL). Four hours later, the IV line was removed, and participants consumed a 

pre-packaged light snack (i.e. oat granola bar). At the end of the study day, participants 

were sent home with a prepared dinner meal and snack low in polyphenols and two 

bottles of water (500 mL each). Participants were requested to return the next morning, 

having fasted for 12 h, to provide a fasting urine sample. 
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3.3.5. Analysis of plasma and urine samples 

Plasma was separated by centrifugation at 3000 rpm for 10 min at 4 °C 

immediately after collection and was aliquoted in 2-mL dark, polypropylene light 

sensitive Eppendorf tubes, acidified with 50% formic (50 µL/mL plasma) and stored at -

80 °C, until analysis. Urine samples were collected in 120-ml sterile specimen 

containers and the volume was recorded. Then urine samples were portioned into 15-

mL dark, non-sterile polypropylene light sensitive tubes, acidified with 50% formic acid 

(50 µL/mL urine) and stored them at -80 °C until analysis.  

Plasma and urine samples were analyzed for anthocyanins and phenolic acids 

and their metabolites using HPLC. Prior to injection, plasma and urine samples were 

purified by SPE (Kuntz et al., 2015). Mv-3-glc (0.2 µg/mL) was added as an internal 

standard.  Anthocyanin and phenolic acids were eluted, concentrated, filtered and 

injected for HPLC analysis, as above for the grain products. The identity of 

anthocyanins and phenolic acids was also confirmed using UPLC-MS (Waters Acquity 

UPLC H-Class, Mississauga, Ontario, Canada) based on the congruence of retention 

times and positively charged molecular ions using ESI positive mode. The mass 

detector was set in a full range of m/z i.e., 50 to 1250 along with 32 channels of 

selected molecular ion recording (SIR). The QDa detector was also focused on 

molecular ions using the following settings: cone voltage 15V, probe temp 350°C, 

capillary voltage 1.5KV, detector source temp 120°C, sampling rate 8 points/sec, gain 1 

and centroid data collection. The SIRs were chosen based on common anthocyanins 

and phenolic acids present in the purple wheat (Abdel-Aal et al., 2006) and some 

possible pathways of anthocyanin and phenolic metabolites (De Ferrars et al., 2014). 
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The limits of detection and quantification for anthocyanins and phenolic acids were 5 

and 50 ng per injected volume (5-10 µL), respectively. Recovery of anthocyanins, total 

phenolic acids and ferulic acid in the urine samples were calculated as a percentage of 

each compound(s) in the total volume of urine collected over the 24 h period to the total 

intake of each corresponding compound(s) in the food product. 

3.3.6. Postprandial plasma total antioxidant activity 

Exactly 30 and 25 µL, respectively, of plasma were used for determination of 

total antioxidant activity using the ABTS and DPPH radical scavenging assays, as 

previously described (Niki 2010). 

3.3.7. Postprandial plasma IL-6 and TNF-α 

Plasma interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were measured 

using the BioSource IL-6 ELISA kits (KAC1261) and Thermo Scientific Human TNF-α 

ELISA kits (EH3TNFA), respectively. Standard curves for IL-6 (R2 = 0.9946) and TNF-α 

(R2 = 0.9869) were used.  

3.3.8. Data and statistical analysis.   

Analyses were carried out in duplicate except for nutrient and antioxidant capacity 

analyses which were performed in triplicate. Tabular results are presented as mean 

±SD of each product (n=16). In case of figures, the data are presented as mean ±SE 

(n=16). Total area under the curve (AUC) was calculated for the urinary metabolites of 

each participant using GraphPad Prism (Version 5.0 for Windows, GraphPad software, 

San Diego, California, USA). Using Sigma Plot 13.0 software (Systat Software Inc., San 

Jose, California, USA), one-way ANOVA testing was used to determine statistically 

significant differences (p ˂ 0.05) within time points for each product (presented in the 



51 
 

figures) as well as the overall data between the two products and between genders 

(presented in the text). 

3.4. Results and Discussion 

3.4.1. Product characteristics and antioxidant capacity 

The purple wheat bars and crackers contained reasonable amounts of dietary fiber 

(26.7 and 16.3 g/100g), anthocyanins (41.7 and 55.9 µg/g) and total phenolic acids 

(13.3 and 14.6 mg/g), respectively (Table 3.1) compared to those commercially 

available. The addition of anthocyanin-pigmented bran into the purple wheat product 

recipes increased content of these physiologically active compounds. Based on Health 

Canada guidelines (2008), the serving size for bars was portioned to 40 g and for 

crackers was 30 g. The difference in serving portions was accepted so that both 

products would deliver the same level of anthocyanins (6.7 mg). Total phenolic acids 

content slightly differed (213 and 176 mg, for the bars and crackers, respectively), 

based on 4 servings of each product (Table 3.1). The consumption of these products 

based on purple wheat could contribute towards achieving higher levels of anthocyanins 

and phenolic acids since grain foods are staples in most diets. Additionally, the 

presence of high levels of dietary fiber may also contribute to the overall nutritional 

profile of these products. The main anthocyanins detected in the purple wheat products 

were Cy-3-glc, Cy-3-rut and Pn-3-glc (Table 3.1). Other presumed anthocyanins were 

cyanidin-3-O-(6-O-malonyl)-glucoside, cyanidin-3-(6-O-succinyl)-glucoside), and Pt-3-

glc based on previous studies (Abdel-Aal et al., 2016), which were considered with total 

non-identified anthocyanins. The phenolic acids; ferulic, protocatechuic, vanillic, caffeic, 

p-coumaric and sinapinic acids, were also identified in the purple wheat products in both 
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free and bound forms (Table 3.1). The total ferulic acid content which includes the free 

and bound fractions was comparable in both products (about 1080 µg/g) (Table 3.1). 

However, the level of free phenolic acids, especially ferulic acid, in the crackers (103.5 

±0.7 µg/g) was higher than in the raw wheat (6.0 ±0.1 µg/g) perhaps due to the release 

of bound ferulic acid enabled during the baking process (Abdel-Aal and Rabalski, 2013). 

Most of the phenolic compounds in cereal grains are present in the insoluble forms 

covalently bound to cell wall structural components, including cellulose, lignin and 

arabinoxylans (Acosta-Estrada et al., 2014).  

The purple wheat convenience bars and crackers prepared for the human study 

had quite close DPPH scavenging capacity, e.g. 2.5 ±0.2 and 2.7 ±0.1, and ABTS 

scavenging capacity, e.g. 1.2 ±0.1 and 1.1 ±0.1 (µM Trolox equivalent/g sample), 

respectively (Table 3.1). This antioxidant capacity of the products is comparable to 

natural antioxidants such as ascorbic acid which exhibited 0.99 of µM Trolox equivalent 

for 1% of vitamin solution as measured by ABTS method, respectively (Gliszczynska-

Swiglo, 2006), indicating the potential of purple wheat products to function as 

antioxidants in the body. The anthocyanins and phenolic acids present could both 

contribute to the ability of purple wheat products to act as antioxidants or radical 

scavengers subject to their bioavailability.  

3.4.2. Clinical study results 

3.4.2.1. Metabolites and absorption of anthocyanins and 

phenolic acids                

No intact anthocyanins or their metabolites were detected in plasma samples 

within 8 hours following the consumption of purple wheat bars and crackers by healthy 

males and females.   
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Table 3.1. Compositional and antioxidant characteristics of purple wheat convenience 

bars and crackers (mean ± SD, “as is” basis) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For each parameter means with different superscript letters indicate significant differences  

between products (p < 0.05). 

a) TDF: Total dietary fiber.   (b) cy-3-glc: cyanidin-3-glucoside, cy-3-rut: cyanidin-3-rutinoside, pn-3-glc: 

peonidin-3-glucoside.      (c) FPA: Free phenolic acids; BPA: Bound phenolic acids. 

Composition 

                Bars                   Crackers 

 g/100g 
Per 4 serving  
(160g)   

g/100g 
Per 4 serving  
(120g) 

Nutrient composition     
Moisture 18 ± 0.1a  28.8 5.1 ± 0.1b  6.0 

Protein 7.3 ±0.4b  11.7 10.6 ± 0.1a  12.7 

Crude fats 9.2 ± 1.1b 14.7 16.5 ± 0.8a  19.8 

Starch 28.6 ± 0.8b  45.8 39.3 ± 1.4a  47.1 

Ash 1.7 ± 0.1b  2.7 3.6 ± 0.1a 4.3 

TDF a 26.7 ± 0.5a 42.7 16.3 ± 0.8b  19.6 

Anthocyanin composition b     µg/g mg/160g µg/g   mg/120g 

Cy-3-glc 18.3 ± 0.3a  2.9 21.6 ± 0.3a  2.6 

Cy-3-Rut 1.2 ± 0.1b 0.2 1.6 ± 0.1a 0.2 

Pn-3-glc 8.7 ± 0.1b 1.4 10.2 ± 0.1a 1.2 

Non-Identified 13.5 ± 0.5b 2.2 22.5 ± 0.6a 2.7 

  Total 41.7 ± 0.8b  6.7 55.9 ± 0.2a  6.7 

Phenolic acid composition  µg/g  mg/160g    µg/g   mg/120g 

Protocatechuic     

   Free 5.0 ± 0.4b 0.8 47.5 ± 1.2a 5.7 

   Bound        69.0 ± 0.2b 11.0 89.0 ± 0.7a 10.7 
Caffeic      

   Free 3.3 ± 0.1b 0.5 6.1 ± 0.4a 0.7 

   Bound        4.0 ± 0.6b 0.7 7.0 ± 0.8a 0.9 

Vanillic      

   Free 11.0 ± 0.3b 1.8 31.0 ± 2.1a 3.7 

   Bound        58.0± 0.2b 9.3 69.0 ± 0.4a 8.3 
p-Coumaric      

   Free 1.3 ± 0.2b 0.2 4.0 ± 0.9a 0.5 
   Bound        37.0 ± 0.8a 6.0 35.0 ± 0.5a 4.2 

Ferulic     

   Free 14.5 ± 0.3b 2.3 103.5 ± 0.7a 12.4 

   Bound        1067.0 ± 4.2a 170.8 980.0 ± 3.0b 117.6 

Sinapinic     

   Free 1.6 ± 0.1b 0.3 13.3 ± 0.7a 1.8 
   Bound        58.0 ± 1.0b 9.3 80.0 ± 2.0a 9.6 

Total FPA  36.7 ± 2.0b 5.9 195.4 ± 11.7a  23.5 

Total FPA + BPAc 1329.7 ± 2.0b  213.0 1465.4 ± 6.0a  175.8 

Antioxidant capacity (µM Trolox equivalent/g) 

ABTS 1.1 ± 0.1a  1.2 ± 0.1a  

DPPH  2.7 ± 0.2a  2.5 ± 0.2a  
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As anthocyanins were reported to have several directions in the body, being absorbed 

in the stomach or intestine, accumulating in tissues, metabolized by colonic bacteria, or 

transformed to new compounds/metabolites (Williamson and Clifford, 2010), the level of 

anthocyanins delivered in the 4 servings of the purple wheat-based products in the 

current study was not sufficient to induce detectable levels in plasma, based on this 

distribution. Similarly, in a previous study (Wu et al., 2002), no anthocyanin compounds 

or metabolites were detected in 2 mL of plasma obtained from elderly women following 

their consumption of 690-720 mg total anthocyanins from elderberry or lowbush 

blueberry extracts. It was also reported earlier that phloroglucinol aldehyde, ferulic acid 

and hippuric acid are the possible major metabolites of Cy-3-glc in serum and urine 

(Czank et al., 2013). In the current study, ferulic acid was present in plasma, but 

hippuric acid and phloroglucinol aldehyde were not detected. Ferulic acid may have 

been a metabolite of consumed anthocyanins or from ferulic acid, directly since it is 

present at relatively high levels in purple wheat products.  

The purple wheat products contained relatively higher levels of phenolic acids 

than anthocyanins (Table 3.1). Total phenolic acid concentrations, including ferulic acid, 

were determined in plasma up to 8 h. Individual ferulic acid was considered because it 

is a main phenolic acid present in purple wheat and has demonstrated effective 

antioxidant activity, both in vitro and in vivo, along with its derivatives, including ferulic 

acid ethyl ester, ferulic acid dehydrodimers, and feruloyl glycosides (Shahidi and 

Chandrasekara, 2010). In general, ferulic acid was the only phenolic acid identified in 

the postprandial plasma samples (Table 3.2). De Ferrars et al. (2014) identified ferulic 

acid among the major phenolic metabolites in plasma and urine of healthy male 



55 
 

participants who consumed a 500 mg oral bolus dose of 13C-labelled Cy-3-glc. In the 

current study, the majority of or all ferulic acid present in plasma probably derived 

directly from purple wheat products since anthocyanins are present in the products at 

relatively small concentration compared to phenolic acids. In other words, a small 

portion of ferulic acid could be a metabolite of anthocyanins. The concentration of ferulic 

acid in plasma over 8 h was 70 and 170 ng/ml after the consumption of 4 serving of 

purple wheat bars and crackers containing 173 and 130 mg, respectively. 

Overall, postprandial levels of plasma total phenolic acid metabolites were 

elevated following consumption of the purple wheat bars and crackers, reaching a 

maximum concentration (Cmax) of 745-766 ng/ml within a short time, i.e. 30 to 60 min 

(Figure 3.1A). Significant reductions in their concentration were observed up to 8 h. 

Likewise, the concentration of ferulic acid in plasma reached a Cmax within 1 h followed 

by gradual decline until 8 h (Figure 3.1B). This finding agrees with other study, where 

the time to maximum absorption (Tmax) for ferulic acid following consumption of a high 

bran-breakfast cereal by healthy volunteers was between 1-3 h (Neacsu et al., 2017), 

while in another study it peaked at 90 min after consumption of high bran bread by 

healthy men (Anson et al., 2011). In the current study, there were no significant 

differences between the bars and crackers (p = 0.754) or between male and female 

participants (p=0.695), in terms of total plasma phenolic acid metabolites. However, 

significantly a higher plasma ferulic acid concentration (p = 0.009) was observed 

following consumption of the crackers (Figure 3.1B). At Tmax of 1 h, cracker 

consumption corresponded to 31 ng/ml of ferulic acid in plasma, while 9 ng/ml was 

observed following convenience bar consumption at the same time point (Figure 3.1B).  
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Table 3.2. UV and mass characteristics of selected compounds/metabolites in plasma 

and urine samples analyzed using mass spectra in positive mode  

Compounda 
Retention 
time (min) 

Max UV 
absorbance 

(nm) 
Major MW 

Main  

m/zb 

(M+H)+ 

 
Suggeste
d formula 

Number of 
compounds 
(matching 

Mw ±0.10)C 

Other 
fragments 

(m/z) 

Identified at 320 nm 

1 2.1 
240, 291, 

309 
176 177 - 115 194, 279 

2 2.65 240, 329 262 263 - 67 
111, 194 

279 

3 4.1 243, 318 
176, 
251 

177, 
252 

- 
115 
19 

304 

4 7.0 241, 322 194, 
 

195 
 

C10H9O4 138 
177, 297 
341, 363 

5 8.4 240, 323 224 225, C11H12O5 71 
161 
171 

Identified at 270 nm 

6 3.1 248 179 180 C9H9NO3 71 105 

7 10.2 277 205 206 - 29 131 

Identified at 525 nm 

8 14.3 504, 284 

88, 170, 
196, 280, 
403, 497, 

833 

89,171, 
197, 
281, 
404, 

498, 834 

- Numerous 

105, 228, 
280, 346, 
480, 729, 

790 

9 15.2-15.4 512, 306 
94, 122, 

197, 218, 
273 

95, 123, 
198, 219 

274 
- Numerous 

183, 275, 
369, 425, 
489, 674, 
763, 781 

10 15.8 -16.0 497, 322 
89, 330, 

739 
90, 331, 

740 
- Numerous 

113, 129, 
307, 862, 

966 

 
a)  Compounds 1, 3, 4 and 7 were identified in both plasma and urine samples. Compounds 2, 5, 6, 8, 9 

and 10 were identified in urine samples only. Compound 4 was identified and confirmed as ferulic acid. 

Compounds 5 and 6 were identified and confirmed as sinapinic and hippuric acids. 

b)  m/z:  mass to ion ratio. 

c)  Standard reference data from National Institute of Standards and Technology (NIST). 
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Figure 3.1. Total phenolic acid metabolites (expressed as ferulic acid) (A) and ferulic 

acid content (B) of plasma obtained from healthy participants (n = 16) following 

consumption of purple wheat products. Points with the same letter within each product 

are not significantly different (p ˂ 0.05). Data is mean ± standard error. 

Time (h)

0 1 2 3 4 5 6 7 8 9

T
o
ta

l 
p
h
e
n
o

lic
 a

c
id

 m
e
ta

b
o
lit

e
s

 i
n
 p

la
s
m

a
 (

n
g

/m
l)

500

550

600

650

700

750

800
Bars Crackers 

bc

a

bc
c bc c

d

b

e
e

ab

a

ab

bc

cd

d

e
ef

ef

f

Time (h)

0 1 2 3 4 5 6 7 8 9

F
e
ru

lic
 a

c
id

 i
n
 p

la
s
m

a
 (

n
g

/m
l)

0

10

20

30

40
Bars Crackers 

a

`

b

d

a

b
b

c

e

f
f

a

bb
aaaa

cd

c

d

B

A



58 
 

This may relate to the higher level of free ferulic acid present in the crackers (103.5 

µg/g) compared to the bars (14.5 µg/g) (Table 3.1) and potentially to differences in 

product structure since it is expected that phenolic acids are more easily released and 

solubilized during cracker dough formation versus in the bars where they remain intact 

with cell wall constituents and therefore less bioaccessible (Anson et al., 2011).  

In terms of the urinary analysis, anthocyanin and phenolic acid metabolites were 

tracked up to 24 h following product consumption. Three anthocyanin-related 

metabolites (compounds 8-10) were detected through the isoplot analysis and their 

spectrum characteristics around 500 nm (Table 3.2) and supplementary data (Appendix, 

Figure A4). These metabolites were in low concentrations and due to their large 

numbers of fragmented ions, it was challenging to assign them to known formulas. 

Although, several studies (Felgines et al., 2005; Fernandes et al., 2014) have reported 

methylated and glucurono-conjugated anthocyanins to be the main urinary metabolites 

after consumption of anthocyanin-containing berries, these metabolites were not 

detected in the current analysis, perhaps related to the different food matrix structures, 

nutrients, and anthocyanin concentrations. In order to contribute to the physiological 

effects in the body, phytochemicals, including anthocyanins, have to be metabolized 

and utilized throughout the GI tract (Williamson and Clifford, 2010).    

Pharmacokinetic parameters of anthocyanin metabolites in urine revealed that 

total metabolites peaked at 0-2 and 2-4 h, with an average of 18-22 ng/ml excreted 

(Figure 3.2A). By including the total urine volume, the accumulated anthocyanin 

metabolites in urine up to 24 h reached about 13 µg (Figure 3.2B) for both products with 

no significant difference (p = 0.489) observed. The total AUC of urinary anthocyanin 
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levels were 3.8 ± 3.6 and 3.7 ± 3.6 nM·h/L for the first 8 h of excretion following 

consumption of the bars versus crackers, respectively (Table 3.3). The urinary recovery 

based on total excretion 24 h postprandially was similar (0.19%) for both products 

(Table 3.3, p > 0.05). Similarly, previous studies showed 0.15% urinary excretion in 24 h 

after consumption 0f 7.0 g gel-encapsulated chokeberry extract, respectively (Felgines 

et al., 2005). In the present study, when total volume of urine was considered, it was 

interesting to observe significant differences between male and female participants (p = 

0.017), with males excreting higher amounts of anthocyanin metabolites (17.1 µg) than 

females (11.6 µg). To the best of our knowledge, sex differences in the metabolism of 

phenolic compounds have rarely been investigated. In the current study, menstrual 

cycle was taken into account when a study visit was scheduled for premenopausal 

females to minimize potential hormonal impacts.  

There were 10 urinary phenolic metabolites detected after acute consumption of 

the purple wheat products, of which, ferulic and hippuric acids were identified as the 

dominant peaks (Table 3.2). Total urinary excreted phenolic acid metabolites, including 

ferulic and hippuric acids exhibited similar trends as the anthocyanin metabolites, in that 

the highest concentration was observed at Tmax 0-2 h and 2-4 h (Table 3.3 and Figure. 

3.2). The phenolic acid metabolites had Cmax values of 6.8 ± 3.4 and 11.1 ± 5.4 µM at 

Tmax 0-2 h with total AUC values of 4.8 ± 1.7 and 7.3 ± 2.3 µM·h/L for the convenience 

bars and crackers during the first 8 h of excretion, respectively (Table 3.3). The overall 

rapid appearance of phenolic metabolites in the urine agrees with a recent study with 

wheat bran cereal, where several metabolites including ferulic acid were peaked in urine 

at 3 h postprandially (Neacsu et al., 2017).  
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Table 3.3. Pharmacokinetic parameters of urinary anthocyanins and phenolic acids  

 Cmaxa Tmax b (h) AUC c  
Urine recovery d 

(Excretion %) 

Total anthocyanin (nM)  

Bars 6.1 ± 6.5  0-2 3.8 ± 3.6a 0.19a 

Crackers 
4.5 ± 5.4  
5.1 ± 6.3  

0-2 
2-4 

3.7 ± 3.6a 0.19a 

Total phenolic acids (µM)  

Bars 6.8 ± 3.4 0-2 4.8 ± 1.7b 3.4b 

Crackers 
11.1 ± 5.4 
11.0 ± 6.3  

0-2 
2-4 

7.3 ± 2.3a 5.7a 

Ferulic acid (µM)  

Bars 
0.5 ± 0.4  
0.7 ± 0.6 

0-2 
2-4 

0.4 ± 0.2b 0.23b 

Crackers 
1.2 ± 1.2  
1.0 ± 0.7 

0-2 
2-4 

0.6 ± 0.30a 0.48a 

 

a) Data for Cmax is presented as mean ± SD (n=16). Cmax, maximum amount of compound 
excreted based on total volume of urine and Mw of cy-3-glc and ferulic acid. 

b) Tmax, time in hours to reach the maximum urine concentration. 
c)  AUC, total area under curve expressed as nM·h/L or µM·h/L, based on total collected urine up to 

8 h. Different superscript letters indicate significant differences between products at p < 0.05. 
d) Urine recovery, percentage of compound in total urine collected volume up to 24 h to total intake 

of compound in the food product. Different superscript letters indicate significant differences 

between products at p < 0.05. 
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Figure 3.2. Metabolites and accumulated anthocyanins (A, B), phenolic acids (C, D) 

and ferulic acid (E, F) in urine obtained from healthy participants (n =16) following 

consumption of purple wheat products. Total anthocyanin metabolites content is 

expressed as cyanidin-3-glucoside. Total phenolic acids content is expressed as ferulic 

acid. Points with the same letter within each product are not significantly different (p ˂ 

0.05). Data is mean ± standard error. 
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Significantly higher concentrations of total phenolic acid urinary metabolites (p = 

0.034) were observed for the crackers versus bars (Figure 3.2C). Again, this could be 

related to the higher level of total FPA in the crackers (23.5 mg) versus the bars (5.9 

mg) (Table 3.1) and differences in food matrix. Recovery of phenolic acid metabolites, 

based on total urinary excretion, ranged between 3.4 and 5.7% for the purple wheat 

bars and crackers, respectively. The amount of ferulic acid detected in urine was 400 

and 630 µg in case of bars and crackers, respectively (Figure 3.2E). It peaked at two 

time-points, 0-2 and 2-4 h and showed AUC of 0.4 ± 0.2 and 0.6 ± 0.3 µM·h/L with 0.23 

and 0.48% recovery for bars and crackers (p = 0.093) during 8 h of urine excretion, 

respectively (Table 3.3). Phenolic acid metabolites and ferulic acid accumulated in the 

pooled urine up to 24 h were 6750 ± 4400 and 400 ± 293 µg following convenience bar 

consumption and were 10000 ± 6660 and 620 ± 570 µg after consumption of the 

crackers, respectively (Figure 3.2D and 3.2F). No significant differences were found 

between male and female participants in terms of urinary excretion of phenolic acid 

metabolites (p = 0.768) or ferulic acid (p = 0.085), specifically. This finding agrees with 

previous study, where no significant difference was observed between men and women 

in terms of urinary polyphenols concentration during the 24 h following consumption of 

six different polyphenol-rich beverages (Ito et al., 2005). 

3.4.2.2. Postprandial plasma total antioxidant activity 

Antioxidant activity of plasma samples were analyzed using the ABTS and DPPH 

assays. While these two assays use non-physiological radicals, together they provide a 

more complete picture of biological free radical scavenging activities. According to both 

assays, slight elevations in plasma antioxidant activity were observed at 2 and 3 h, 
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although these elevations were non-significant (p > 0.05). Plasma scavenging activities 

with the ABTS radicals at baseline were 0.81 - 0.83 ±0.2 and with the DPPH were 1.8 - 

2.0 ± 0.40 µM TEAC/dL. At 2 h following consumption of purple wheat bars and 

crackers, ABTS scavenging activity peaked to 0.86 ± 0.2 and 0.9 ± 0.2 µM TEAC/dL 

and DPPH scavenging activity to 1.9 ± 0.4 and 2.1 ± 0.4 µM TEAC/dL, respectively 

(Figure 3.3A). Although, phenolic acids and their metabolites have the ability to donate 

H-atoms or to demonstrate electron transfer capability, their radical scavenging activity 

in the plasma was insignificant with the acute consumption of purple wheat products. 

Data from acute and long-term interventions with healthy participants who consumed 

fruits and vegetables rich in polyphenols have yielded similar results, with no significant 

changes observed in plasma antioxidant capacity (Record et al., 2001). Food matrix, 

type and concentration of phenolic compounds present, dose and the intervention 

duration and design, directly influence plasma antioxidant status. In the current study, 

across all time points, there were no significant differences in postprandial plasma 

antioxidant activity between purple wheat products (p = 0.287 for ABTS and p = 0.067 

for DPPH), nor were there differences between males and females (p = 0.737 for ABTS 

and p = 0.754 for DPPH). Therefore, the level of anthocyanin and phenolic acids in the 

products was not sufficient to produce a significant impact on plasma antioxidant 

scavenging activity in an acute meal scenario in healthy adults.  

3.4.2.3. Postprandial plasma IL-6 and TNF-α  

The levels of plasma postprandial IL-6 and TNF-α were tracked for 8 h following 

consumption of both purple wheat products. At baseline, the overall plasma 

concentrations of IL-6 ranged from 8.7 to 9.8 pg/ml (Figure 3.3B), which is within the 
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range reported for healthy adults, i.e. 5-15 pg/ml (Alecu et al., 1998). No significant 

changes were observed postprandially in either male or female participants. There also 

were no differences in IL-6 between the convenience bars and crackers (p = 0.300) 

across all time points (Figure 3.3B). In an earlier study, consumption of a high 

carbohydrate, moderate-fat strawberry beverage containing 13 and 31 mg/100 ml of 

anthocyanins and polyphenols by overweight adults had no impact on postprandial 

plasma IL-6 during 6 h of digestion (Edirisinghe et al., 2011). In the current study, 

postprandial plasma concentrations of TNF-α were also monitored. Accordingly, the 

concentration of TNF-α at baseline was below 9 pg/ml, which is comparable to levels 

previously reported for healthy adults (up to 16 pg/ml) (Alecu et al., 1998). There also 

were no significant changes observed with consumption of purple wheat products, 

consistent with the above-mentioned strawberry beverage study where plasma TNF-α 

remained unchanged for 6 h after the meal (Edirisinghe et al., 2011). In this study, 

postprandial IL-6 and TNF-α levels were not impacted by purple wheat product 

consumption. This may relate to the relatively low levels of inflammation in the healthy 

participants, as well as the low levels of anthocyanin and phenolic acids in the products. 

Thus, longer term consumption by participants with elevated chronic inflammation is 

warranted investigations.  
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Figure 3.3. DPPH and ABTS scavenging activity (A) and IL-6 concentration (B) of 

plasma obtained from healthy participants (n = 16) following consumption of purple 

wheat products, expressed as Trolox equivalent antioxidant capacity (TEAC). Points 

with the same letter within each product are not significantly different (p ˂ 0.05). Data is 

mean ± standard error. 
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3.5. Conclusions  

Following acute consumption of 4 servings of bran-enriched purple wheat 

convenience bars or crackers by healthy adults, a few phenolic acids and their 

metabolites were detected in the plasma, but no anthocyanins or anthocyanin 

metabolites were observed. Urine samples, however, contained anthocyanin 

metabolites and phenolic acids and their metabolites. The presence of these 

phytonutrient metabolites suggests the potential for purple wheat products to contribute 

beneficially to healthy eating.  The low concentrations of anthocyanins and phenolic 

acids in the urine samples could indicate extensive digestion, metabolism, and 

utilization of the products in the human body although slight or no changes in plasma 

antioxidant activity or IL-6 and TNF-α inflammatory biomarkers were observed 

postprandially. The study is the first in vivo report on the digestion and absorption of 

anthocyanins and phenolic acids from purple wheat products. It supports that purple 

wheat products have modest potential to positively impact human health and 

rationalizes further research, including longer term consumption of purple wheat-based 

products. 

3.6. Bridging to Chapter 4 

Chapter 3 is the first report of a human study in which participants consumed 

purple wheat. It was focused on determining the bioavailability of purple wheat 

anthocyanins and phenolic acids and their metabolites in healthy participants and short-

term impact on plasma antioxidant activity. In this work, a few phenolic acids and their 

metabolites were detected in the plasma following acute consumption of 4 servings of 
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bran-enriched purple wheat convenience bars or crackers by healthy adults, but no 

intact anthocyanins or anthocyanin metabolites were found. Low concentrations of 

anthocyanin and phenolic acid metabolites were detected in the urine, which may 

indicate extensive digestion, metabolism, and utilization of the products in the body. 

However, no significant changes in plasma antioxidant activity or IL-6 and TNF-α 

inflammatory biomarkers were observed postprandially. 

Chapter 4 now reports the results for a second human study. This was 

undertaken to provide a comprehensive picture about the physiological effects of purple 

wheat products when consumed daily for 8 weeks compared to whole regular wheat 

products. This was important to study if long-term consumption of purple wheat 

products would have impacts on metabolic markers in human adults or not. As cereal 

and baked products are staple foods in the diets in many populations, regular daily 

consumption may provide a reasonable and cost-effective solution in fighting many 

health problems and improve the overall well-being.  Chapter 4 addresses the concept 

of whether or not daily consumption of wheat products could result in accumulation of 

phenolic compounds in the body and further induce positive metabolic influences. 

Importantly this study recruited overweight and obese adults with underlying chronic 

inflammation. Previous studies reveal that other cereal grains such as purple and red 

rice have shown anti-inflammation and antidiabetic effect in cell culture (Min et al., 2010; 

Boue et al., 2016) and in patients with CVD (Wang et al., 2007) and that these impacts 

were linked to the anthocyanins and phenolic compounds in the grain.  A recent meta-

analysis of 128 randomized clinical trials was conducted to investigate the effects of 

berries and red grapes/wine as sources of anthocyanins, and nuts and pomegranate as 
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sources of ellagitannins on a range of cardiometabolic risk biomarkers (García-Conesa 

et al., 2018). The study revealed that both anthocyanin- and ellagitannin-containing 

products significantly reduced various plasma lipids marker and most of these effects 

were detected in obese/overweight participants, but limited or non-evidence were found 

in normal weight individuals (García-Conesa et al., 2018). Thus, including overweight 

and obese participants with moderate to high level of inflammation would make ideal 

model to study the impact of purple wheat anthocyanins and phenolic acids on oxidative 

stress, inflammation and lipidemia. Therefore, our second intervention study to 

determine the effects of 8-week consumption of anthocyanin-enriched whole wheat 

purple wheat convenience bars on markers of lipidemia, inflammation and oxidative 

stress compared to whole ordinary wheat bars, was designed to recruit overweight and 

obese adults with chronic inflammation (serum hs-CRP > 1 mg/L). Because of the whole 

wheat consumption of both the purple and regular wheat varieties, the study also 

provides information about the physiological effects of whole wheat product 

consumption, in general. Data and results of the second intervention human study are 

presented in Chapter 4. 
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CHAPTER FOUR 

 

Effects of 8-week whole purple and regular wheat consumption on 

metabolic markers in overweight and obese adults with chronic 

inflammation: A randomized, single-blind parallel arm study 

 

  



70 
 

Effects of 8-week whole purple and regular wheat consumption on 

metabolic markers in overweight and obese adults with chronic 

inflammation: A randomized, single-blind parallel arm study 

 

Tamer Gamel1, 2, El-Sayed Abdel-Aal2, Shannon Pare1, Amy Tucker1, Kate Faughnan1, 

Charlene O’Brien1, Andrea Dykun1, Iwona Rabalski2, Mark Pickard3,  

and Amanda Wright1 

  

 

 

 

 

Authors contributed to the manuscript as follow: Gamel, Abdel-Aal, Pickard, and Wright 

designed research study; Gamel, Pare, Faughnan, O’Brien, Dykun, and Wright 

coordinated and conducted clinical study; Gamel conducted sample analysis; and 

Gamel and Rabalski handled the chromatographic technique and analysis. Gamel, 

Tucker and Wright managed and conducted statistical analysis. Gamel, Abdel-Aal and 

Wright analyzed data, wrote the paper, and had primary responsibility for final content. 

All authors read and approved the final manuscript. 

 

 

The material presented in this chapter is taken in whole or in part from a manuscript ready to be 

submitted for publishing.



71 
 

4.1. Abstract 

Plasma oxidative stress and inflammatory markers, and metabolites of anthocyanin and 

phenolic acids were determined in overweight and obese adults with chronic 

inflammation who replaced their daily carbohydrate foods with bran enriched regular or 

purple whole wheat convenience bars for 8 weeks. A randomized, single-blind parallel 

arm study was conducted with 29 participants with serum hs-CRP > 1.0 mg/L, who were 

randomized to consume 4 servings daily of either whole regular or whole purple wheat 

bars for 8 weeks. Plasma markers of inflammation, oxidative stress, lipidemia, and 

metabolites of anthocyanin and phenolic acids were compared at Days 1, 29 and 57. 

Both groups were equivalent at baseline, in terms of each parameter investigated and 

overall, few changes were observed with time. Ferulic and hippuric acids were the 

dominant metabolites found in the plasma and no parent anthocyanins were detected. A 

significant reduction in IL6 and increases in adiponectin and DPPH radical scavenging 

activity were observed for the purple wheat group (p < 0.05). TNF-α was lowered in both 

groups and ferulic acid concentration increased within the regular wheat group. After 8 

weeks, the two wheat groups were significantly different only in plasma TNF-α and 

glucose (p < 0.05) with regular wheat being lower in TNF-α and purple wheat lower in 

glucose. Overall, replacement of grain servings with either whole regular and purple 

wheat bars by overweight and obese adults for 8 weeks showed modest potential to 

improve plasma markers of inflammation and oxidative stress, with minimal differences 

based on type of wheat.  
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4.2. Introduction 

Whole grains are rich sources of health-promoting compounds, including 

phenolic compounds and dietary fibers (Jones 2006; Dykes and Rooney, 2007) and 

their consumption has been associated with reduced risk of cardiovascular disease, 

stroke, type 2 diabetes, metabolic syndrome and gastrointestinal disorder (Dykes and 

Rooney, 2007; Jonnalagadda et al., 2011). The potential for whole grains to modulate 

antioxidant status and biomarkers of oxidative stress and inflammation, specifically, has 

been investigated in human intervention trials (Vitaglione et al., 2015) and effectiveness 

is related, in part, to their phenolic molecules. Phenolic compounds and their 

metabolites, because of their activity as free radical scavengers, reducing agents and 

quenchers of singlet oxygen formation, can deactivate reactive oxygen species through 

the donation of hydrogen radicals from their phenolic OH groups (Rice-Evans et al., 

1996; Liu et al., 2010, Rosa et al., 2012). They can also participate in reducing 

inflammation and carcinogenesis through inhibiting AP-1 and NF-B pathway activation 

(Dorai and Aggarwal, 2004; Guo et al., 2009) and impeding activity of cyclooxygenase-

2, lipoxygenase and inducible nitric oxide synthase enzymes (Ramos, 2008; Guo et al., 

2009).  

Whole grain products are increasing in popularity and their potential to modulate 

antioxidant status and biomarkers of oxidative stress and inflammation have been 

investigated in human intervention trails (Vitaglione et al., 2015). There has also been 

renewed interest in exploring and developing alternative whole grain products, including 

those based on purple wheat (Abdel-Aal et al., 2006; 2018). Purple wheat is a variety 

developed based on the CDC Utmost cultivar (regular wheat) and which owes its color 
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to the enrichment in anthocyanins. Purple wheat and its fractions, including the bran, 

can be included in different types of baked products that have potential as functional 

foods (Shipp and Abdel-Aal, 2010). We recently showed that, when healthy adults 

consumed purple wheat bars and crackers, the anthocyanins were rapidly absorbed 

and excreted, with no short-term impacts on plasma antioxidant activity or the 

inflammatory biomarkers, IL-6 and TNF-α (Gamel et al., 2019). The intent now is to 

explore whether longer term (i.e. 8 week) consumption of products based on whole 

purple wheat, compared to whole regular wheat, in place of other servings of grain, and 

with weight maintenance, would alter markers of inflammation, oxidative stress and 

lipemia in individuals with overweight/obesity and chronic inflammation. It was 

hypothesized that consumption of both whole grain products would positively influence 

the metabolic markers of inflammation and oxidative stress as well as blood lipids, but 

that, owing to their anthocyanin content, the purple wheat may intervene differently or 

have superior effects compared to regular wheat. 

4.3. Materials and Methods 

4.3.1 Study materials/ products 

Whole grain purple (CDC Prime purple cultivar, commercially distributed by 

InfraReady Products LTD, Saskatoon, SK as AnthoGrainTM and regular (CDC Utmost 

cultivar) wheats were used to produce bran-enriched convenience bars at the 

Saskatchewan Food Industry Development Centre Inc., Saskatoon, SK., following good 

manufacturing and sanitary practices. Both bars were designed to be relatively high in 

dietary fiber due to the addition of bran (Table 4.1 and Appendix A6). In each case, 

whole wheat flakes and wheat bran (1:1) were combined with corn syrup, sugar, canola 
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oil and xanthan gum. Dry ingredients were mixed with corn, compressed, shaped into 

thick sheets, cut to bar size and dried at 300°F for 30 min. Products were shipped 

frozen to the University of Guelph where they were immediately portioned into baggies 

in 40 g servings, sealed from air and moisture, packaged in groups of four to provide the 

daily serving amount (160g) and, labelled by participant and day numbers before being 

placed in frozen storage (-18°C ± 2). Frozen bars were provided to participants every 

two weeks. Participants were asked to keep the bars frozen until thawing the day before 

of consumption.  

4.3.2 Product analysis 

Nutrient analysis was performed after milling the bars to fine particles using an M2 

universal mill (IKA-Werke, Staufen, Germany). Protein (N x 5.7) was measured by the 

combustion method using a nitrogen analyzer (FP 2000 Leco Instrument UK Ltd., 

Stockport, Cheshire, UK). Moisture, starch, ash, crude fat, and total dietary fiber were 

determined according to American Association of Cereal Chemists International 

(AACCI) Approved Methods of Analysis (44-40.01), (76-13.01), (08-01.01), (30-20.01), 

and (32-05.01), respectively (AACCI, 2010). Anthocyanins were quantified after 

extraction with acidified ethanol according to the method described previously (Abdel-

Aal et al., 2018). Free and bound phenolic acids (FPA and BPA) were extracted with 

80% methanol, as described previously (Abdel-Aal and Rabalski, 2013; Gamel et al., 

2019). The anthocyanins and phenolic acids were separated and quantified as 

previously described (Abdel-Aal et al., 2006) using an 1100 series chromatograph 

(Agilent Tech., Mississauga, ON, Canada). Mv-3-glc was used as an internal standard 

to validate the purification and determination method and to calculate anthocyanin 
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recovery. The separated anthocyanins were detected and verified at 525 nm, and 

phenolic acids at 275 and 320 nm using pure (>97%) authentic standards of 9 

anthocyanins (Cy-3, 5-glc, Dp-3-glc, Dp-3-rut, Cy-3-glc, Cy-3-rut, Pt-3-glc, Pg-3-glc, Pn-

3-glc, and Mv-3-glc) purchased from Polyphenols AS (Sandnes, Norway), and 6 

phenolic acids (protocatechuic, vanillic, caffeic, p-coumaric, ferulic and sinapinic acids; 

purity >97%) purchased from Sigma-Aldrich  Co. (Ontario, Canada).  

4.3.3. Human Study  

4.3.3.1. Trial design and participant enrolment  

A randomized, single-blind parallel arm study was conducted at the Human 

Nutraceutical Research Unit (HNRU), at the University of Guelph, Ontario from June 

2016 to September 2017. The study was approved by the Research Ethics Board (REB) 

of University of Guelph (16MR006, Appendix A7) and registered at ClinicalTrials.gov 

(NCT02840357). All participants provided written informed consent.   

Participants were recruited through various advertising channels in Guelph, ON 

and the surrounding area. A sample size calculation (OpenEpi, Version 3, open source 

calculator; http://www.openepi.com/SampleSize/SSMean.htm) using confidence interval 

(95%), power (80%), and SD of 20% indicated that 32 participants (16 per group) would 

be required, based on a 20% change in CRP in one group compared to the other, as 

estimated in previous studies, i.e. Lefevre and Jonnalagadda (2012) for a whole grain 

intervention and Zhu et al., (2013) for an anthocyanin supplement intervention. The 

study inclusion criteria were: age 18-70 years; BMI ≥ 25 kg/m2 and/or waist 

circumference ≥102 cm (men) and ≥88 cm (women); serum hs-CRP over 1 mg/L (based 

on American Heart Association; Ridker 2003); stable (>3 months) and consistent use of 
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any prescribed medications and/or supplements; non- to moderate alcohol 

consumption; not taking antibiotics within the last 3 months or planning to take 

antibiotics within the next 6 months. Exclusion criteria were: pregnant or breastfeeding, 

lifetime history of any acute medical event, including but not limited to, heart attack or 

stroke; recent diagnosis (within 6 months) of a serious medical condition, including but 

not limited to, cancer, diabetes, heart disease or hepatitis; recent history (within 6 

months) of a clinically significant psychiatric disorder, other than mild depression; any 

disorder of the gastrointestinal system or food intolerances, including but not limited to, 

inflammatory bowel disease or Celiac disease; any food allergies or any life-threatening 

allergies, regular recreational drug use of more than once per week, including but not 

limited to cannabis, magic mushrooms, ecstasy etc.; use of anthocyanin-specific 

supplements (e.g. tart cherry juice concentrate, berries extract or powder. etc.); and 

difficulty providing blood samples. Eligibility was assessed through a phone-screening 

questionnaire and then an in-person screening visit, at which a fasted blood sample was 

collected by venipuncture for determination of serum hs-CRP by an accredited medical 

laboratory (LifeLabs, ON., Canada). Eligible participants were invited to attend an 

orientation session where further details about the study were provided and they were 

invited to sample the study products, prior to signing the consent document. Figure 4.1 

shows the participant flow diagram. Out of 33 participants enrolled in the study, 4 

dropped out such that 29 participants (8 males and 21 females) completed the study 

(Figure 4.1). Table 4.2 shows participants’ basic anthropometric and related 

measurements.  
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4.3.3.2. Study intervention and procedures  

Participants were assigned randomly following stratified block randomization 

procedures (computer generated list) to one of the two products (groups); bran-enriched 

whole purple wheat (intervention) or bran-enriched whole regular wheat (control) 

convenience bars, aiming for balanced group sizes and equal distribution of male and 

female participants between groups. Ultimately, 4 males and 13 females were enrolled 

in the purple wheat group and 4 males and 12 females in the regular wheat group. 

Participants were instructed to limit their consumption of high anthocyanin/phenolic 

content foods (e.g. coffee, berries, wine and black tea) to a maximum of two servings/ 

day as recommended by Health Canada for a 10-day run-in period prior to the first day 

of the study and to maintain this diet throughout the 8-week intervention. They were 

asked to replace 4 daily servings of starchy food with the 4 servings (160g total, based 

on Health Canada guidelines (Health Canada, 2008)) of whole wheat bars for 8 weeks. 

Participants attended study visit at HNRU on Days 1, 29 and 57. They additionally 

attended three check-in visits for a quick follow-up to ensure compliance to study 

protocols and to receive the next portion of study products. Two days prior to each 

study visit, participants were requested to avoid consuming all high 

anthocyanin/phenolic acid-containing foods, alcoholic beverages and over-the-counter 

medications and supplements (unless prescribed by a healthcare professional) and to 

refrain from participating in strenuous physical activity. For 24 h prior to each study 

visits, participants were asked to adhere to their typical diet and to consume the same 

foods. This was supported by providing participants a copy of their food intake from the 

first visit. Participants were also asked to undergo a 12 hour overnight fasting prior to 
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the study visit, where no intake of food or drink was permitted, except water. For 

premenopausal female participants, study visits were scheduled within the proliferative 

phase (approximately days 6-13 of the menstrual cycle). On each study visit day (i.e. 

Days 1, 29, 57), participants provided fasted venous blood samples, and received 

batches of the assigned study products. Anthropometrics measurement (body weight 

and height, BMI and waist circumference) and blood pressure were also recorded at 

these visits, as previously described (Gamel et al., 2019). Participants also completed a 

gastrointestinal questionnaire to track the incidence of any gastrointestinal symptoms 

(i.e. abdominal discomfort, bloating, cramping, rumbling, flatulence) in the 24 hours prior 

to each visit and provided 3-day food records of food and beverage intake for 2 

weekdays and 1 weekend day during the week prior to study visit. Participants were 

instructed to store the products frozen and consume the daily portion (4 servings of 

convenience bars) periodically throughout each day, being sure to replace their typical 

grain products servings. Compliance was monitored based on returned empty bags and 

unconsumed bars and using a study diary which also captured details (e.g. illness, 

injury, new medication/supplement use) which were discussed with a study coordinator.  

Participants also rated the products’ palatability and their liking in study questionnaires 

after the first and final weeks of the intervention.  

4.3.3.3. Collection and analysis of blood samples  

On Days 1, 29, and 57, fasting blood samples were collected into BD Vacutainer 

blood tubes by an approved phlebotomist through an antecubital vein in the arm. For 

the determination of hs-CRP, a blood sample (6 ml) was collected in an SST tube with 

no anti-coagulant, allowed to clot at room temperature for 30 minutes and serum was 
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separated by centrifugation at 2600 x g for 10 min at 4ºC. Blood for other endpoints 

were collected in heparin-containing tubes and centrifuged at 3000 x g for 10 min at 

4ºC. Plasma for lipid analysis were submitted directly to medical lab for analysis, and 

other plasma portions were aliquoted prior to storage at -80 °C, until analysis. For the 

anthocyanin and phenolic acid metabolite analyses, plasma in dark Eppendorf tubes 

was acidified with 50% formic (50 µL/1 mL plasma) prior to frozen storage.  

  Fasting plasma lipids, including triglycerides, total cholesterol, LDL and HDL 

cholesterol, glucose and insulin levels, and serum hs-CRP, were determined by an 

accredited medical laboratory (Lifelabs, ON, Canada). The homeostatic model 

assessment (HOMA-2) was calculated using the online calculator 

https://www.dtu.ox.ac.uk/homacalculator/ according to Levy et al., (1998). Plasma 

antioxidant activity was determined using the ABTS and DPPH assays, as previously 

described by Niki (2010) and Gamel et al., (2019) and the ORAC method, as described 

by Jing et al., (2014) and were expressed as Trolox Equivalent Antioxidant Capacity 

(TEAC).  

Plasma levels of oxidized LDL (Hydroxynonenal (HNE) Ox-LDL), adiponectin and 

glutathione (GSH) were measured using the Ox-LDL ELISA (Cell Biolabs Inc. No. STA-

389), human adiponectin ELISA (Affymetrix eBioscience, No. BMS2032) and 

glutathione (Cayman chemical, No. 703002) kits, as per the manufacturer’s instructions. 

IL4, IL6, and TNF-α were determined using Invitrogen ELISA kits (Thermo Fisher 

Scientific Inc., CA, USA, No. EH3IL4, KHC0062 and EH3TNFA). A standard curve was 

used for calculation of plasma metabolite concentrations for each marker and a pooled 

control sample run repeatedly for calculation of intra and inter assay variability. 

https://www.dtu.ox.ac.uk/homacalculator/
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Accordingly, the inter coefficient of variation (%CV) of the assay for the inflammatory 

and oxidative stress markers, were between 2.4-3.7% and 2-4.5%, respectively.  

Plasma samples were analyzed for anthocyanins, phenolic acids, and metabolites 

thereof using ultra high-pressure liquid chromatography-mass spectrophometry (UPLC-

MS, Waters Acquity UPLC H-Class with ACQ column manager and ACQ-Photometric 

detector), as previously described (Gamel et al., 2019). Anthocyanins were detected at 

525 nm and phenolic acids at 275 and 300 nm and their identities confirmed based on 

the congruence of retention times of standards and/or the mass of separated fragments. 

MS was set to scan ES+ range m/z 50 to 1250 along with 32 channels of selected ion 

recording SIR (Marmet et al., 2014).  

4.3.4. Data and statistical analysis 

Statistical analysis was conducted using IBM SPSS Statistics for Windows, 

Version 25.0. Armonk, NY: IBM Corp (2017) and p < 0.05 significance level. Data are 

presented as mean ± SD, unless otherwise indicated. Before analysis, extreme outliers 

(> mean ± 3-fold of SD) were eliminated (Leys et al., 2013). This included a single value 

of TNF-α and the complete dataset for one participant who had extreme glucose and 

lipid concentrations. Where values of plasma hs-CRP (1% of values), IL-4 (20% of 

values) and the metabolite (12% of values) below the assays’ detectable limits, these 

data points were replaced by one half of the limit of detection (LOD/2) (Lambert et al., 

1991).  

The assumption of homogeneity of variances between the two groups was 

verified prior to each analysis of variance (ANOVA) using Levene’s Test, and the 

assumption of sphericity was verified in all cases of repeated measures ANOVA. Unless 
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otherwise stated, these assumptions were valid. Where homogeneity of variances was 

violated, data were log transformed and, where sphericity was violated, the 

Greenhouse-Geisser correction was applied. Independent t-tests were used to 

determine differences in each parameter between the two treatments at baseline (Day 

1). Analysis of covariance (ANCOVA) was used to determine differences between the 

treatments at Day 57 using Day 1 as a covariate. Repeated measures ANOVAs 

(RMANOVAs) were used to evaluate the effect of Days in the pooled dataset and within 

each treatment group, separately, as well as Days  Treatment interaction. Specifically, 

when Days was significant in the model, the Bonferroni adjustment was applied to 

assess differences between pairs of Days 1, 29 and 57. Partial Eta Squared was 

considered in the repeated measures ANOVA between the two groups to estimate the 

effect of sample size according to Cohen's rule of thumb (Richardson, 2011), where 

suggested norms for partial Eta squared are small = 0.01, medium = 0.06, and large = 

0.14.  

4.4. Results and Discussion 

4.4.1. Product characteristics 

As intended, there were no anthocyanins in the regular wheat bars, whereas 4 

servings of the purple wheat bars contain 1650 µg anthocyanins (Table 4.1). There 

were also some other slight compositional differences in phenolic acids and nutrients 

between the purple and regular wheat bars worth noting. As per Table 4.1, the total 

phenolic acids content in 4 serving of whole purple wheat bars, i.e. 215 mg, was slightly 

higher than that of the whole regular wheat bars, i.e. 190 mg. Ferulic acid was the main 

phenolic acid detected in both products, with 484 and 331 µg/g in the purple and regular 
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wheat bars, respectively. The inclusion of bran meant that the bars were also enriched 

of total dietary fiber contents, i.e. 27.8 ± 0.4 and 25.3 ± 0.5 g/100g in the purple and 

regular wheat bars, respectively, with the regular wheat bars containing the same 

amount of soluble fiber, but slightly more insoluble fiber (p > 0.05) (Table 4.1). It was 

prioritized to have comparable bar compositions and characteristics and was achieved 

using automated production. However, the processing resulted in reductions in 

anthocyanin content. In summary, the whole purple wheat bars contributed 41.6 g of 

dietary fibers, 215 mg of total phenolic acids, and 1650 µg of anthocyanins, daily, while 

the whole regular wheat bars contributed 38.4g of dietary fibers and 190 mg of total 

phenolic acids and no anthocyanins, daily, (Table 4.1); other nutrients were similar in 

both types of bars. 

4.4.2. Clinical trial design, participants characteristics and dietary 

compliance 

The CONSORT diagram (Figure 4.1) shows that out of 202 candidates, 33 

human participants were randomized into two groups each consuming 4 servings (160 

g) of either whole purple wheat bars (n= 17) or whole regular wheat bars (n = 16) daily 

for 8 weeks (56 days). Four participants (i.e. 12%) dropped out due to the inability to 

adhere to study protocols (n=2, one in each group) and adverse gastrointestinal 

symptoms (n=2, one in each group), such that 29 participants (8 males and 21 females) 

completed the study (Figure 4.1). The food records and study diaries indicate that 

participants were generally compliant with study protocols and consumed the dietary 

interventions, regularly. The overall rates of bar intake reported in the study diaries were 

99.4 and 97.3% by participants in the purple and regular wheat groups, respectively. 



83 
 

Also, based on the food records, participants were successful in limiting polyphenol-

containing food and beverages to no more than two servings per day with overall 

compliance of 89 and 85% to the study protocol and food limitation in the purple and 

regular wheat groups, respectively.  

Participants in this study were aged 25–69 years and had BMIs classified as 

being within the overweight through to class III obesity categories (i.e. 25.3–56.9 kg/m2). 

The pragmatic study included individuals with certain medical conditions, so long as the 

drug usage was stable, making the study outcomes more widely applicable to the large 

population of Canadian adults at metabolic risk. About 50% of the study participants had 

two risk factors of cardiovascular disease according to the American Heart Association 

(AHA) classifications, and 20 and 30% had three or four risk factors, respectively. At 

baseline, participants had serum hs-CRP levels ranging from 1.03 to 10.84 mg/L 

(average of 4.07 ± 2.7 mg/L) which associated with moderate to high risk of 

cardiovascular disease (CVD). According to the American Heart Association, chronic 

inflammation consistent with CRP levels of 1, 1-3 and greater than 3.0 mg/L classified 

individuals as being at low, moderate and high risk of future heart attack and stroke 

(Ridker, 2003).  

Food diaries were kept for three 3-day periods, pre-, mid-, and post-intervention. 

There were no significant treatment differences between the groups during the 3-days 

pre-intervention, or across the intervention period. However, there was an effect of Days 

in all pooled participants, whereby average intakes were comparable for energy, total fat 

and cholesterol (p > 0.05, data not shown), but significant differences were observed for 

increased intake of total carbohydrates, total fiber and total sugars, with reduced 
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saturated fat and protein intakes over time (p < 0.05, data not shown). Of note, 

participants consumed an average daily caloric intake of 2009 +/- 96 kcal, which is in 

line with a healthy adult intake for this demographic. 

4.4.3. Anthropometrics, plasma glucose, insulin, adiponectin and lipidemia 

At baseline (Day 1), all anthropometric measurements, including body weight and 

blood pressures, were comparable between participants in both groups (p > 0.05). In 

fact, there were no differences in any of the baseline measures between participants in 

the regular and purple wheat groups (p > 0.05). Accounting for Day 1 as a covariate, no 

anthropometric changes were observed between the two groups at Day 57 (p > 0.05), 

nor were there differences within each group, over time (Table 4.2). Since the daily 

servings of bars provided 500 kcal, participants were instructed to replace their typical 

servings of grain products with the study product to avoid additional calorie intake. The 

average total calories intake, 2023 ± 105 kcal for purple wheat group and 2038 ± 39 

kcal for regular wheat (p = 0.413), and the observed body weight maintenance support 

that participants were successful in replacing their typical foods with the study products 

and is important to enable comparisons of changes in the metabolic markers between 

groups.  

Comparing between the purple wheat and regular wheat groups, fasting plasma 

glucose and insulin levels were not significantly different at baseline (p > 0.05) (Table 

4.2). However, at Day 1, the fasting plasma glucose concentrations were slightly lower 

for whole purple wheat, 5.3 ± 0.4 versus 5.6 ± 0.4 mM/L for whole regular wheat group 

(p > 0.05). Within the purple wheat group, glucose decreased significantly to 5.4 ± 0.4 

mM/L (p = 0.014) after 8 weeks. It remained unchanged in the case of regular wheat 
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bars (Table 4.2). Although glucose concentrations were similar at Day 57, when Day 1 

was included as a covariate, fasting glucose was significantly lowered with consumption 

of purple wheat versus regular wheat (p = 0.035). Therefore, these results, while 

inconclusive, suggest the potential for the purple wheat products to modulate glucose 

metabolism. This is in agreement with previous evidence that anthocyanins from purple 

rice bran modulated glucose metabolism in vitro by increasing glucose uptake and 

inhibiting glucosidase activity, a key enzyme for starch digestion (Boue et al., 2016). 

There were no differences observed in plasma insulin and HOMA-IR values at baseline, 

or after Day 57 between the groups based on ANCOVA (p = 0.438 and 0.416, 

respectively). Similarly, in a previous randomized crossover intervention study, 

substitution of a whole grain wheat-based diet by refined grain products by healthy 

moderately overweight adults for six weeks did not affect insulin sensitivity (Andersson 

et al., 2007).  

Plasma lipids (i.e. TAG; total, LDL and HDL cholesterol) concentrations were 

equivalent between the groups at baseline. None of these endpoints changed after 4- 

and 8-week bar consumption nor did they differ between the treatments at Day 57 (p > 

0.05) (Table 4.2).  

Overall, analysis of the pooled data with participants from both groups shows that 

replacing 4 daily grain servings with whole wheat bars had no effect on blood pressure, 

glucose, insulin, HOMA-IR, or lipemia in adults with overweight or obesity. Similarly, in a 

previous intervention study, consumption of whole grain wheat-based diet by healthy 

overweight adults for six weeks did not affect insulin sensitivity (Andersson et al., 2007). 
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4.4.4. Inflammatory markers 

Baseline levels of the inflammatory markers, serum hs-CRP and plasma IL-4, IL-6, 

TNF-α and adiponectin were equivalent between the groups (p > 0.05). Participants’ 

average baseline serum hs-CRP were 3.4 ± 2.5 and 3.2 ± 2.6 mg/L in purple wheat and 

regular wheat and did not change within each group after 4 or 8 weeks (Table 4.2), nor 

were there differences between the groups at Day 57 based on the ANCOVA (Table 

4.2). Whole grain consumption has been associated with lower CRP levels in older 

women and individuals with certain health conditions (Gaskins et al., 2010), however 

reductions were not observed in the current 8-week study. Similarly, in a cross-sectional 

study of 938 healthy men and women, whole grain intake was not associated with 

reduction in markers of inflammation, including CRP and IL-6 (Jensen et al., 2006). 

Within the purple wheat group, IL-6 decreased significantly from 4.0 ± 2.5 to 3.0 ± 1.8 

ng/L (p = 0.038) at 8 weeks. There was also a trend for a reduction in TNF-α from 30.5 

± 10.7 to 27.0 ± 9.4 ng/L (p = 0.061) (Table 4.2). Within the regular wheat group, 

positive effects on TNF-α were observed at 4 and 8 weeks, with significant reductions (p 

= 0.003) observed at both time points. The only difference observed between the 

groups was in terms of TNF-α at Day 57 according to the ANCOVA (p = 0.022) (Table 

4.2). As per the RMANOVA, there were no Day x Treatment interactions observed for 

TNF-α or IL-6. For IL-4, the RMANOVA interaction p value was 0.061. The partial eta 

squared value of 0.102 (i.e. considered moderate) suggests that, with a larger sample 

size, IL-4 may have been significantly different by treatment, across days (Richardson, 

2011).  
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Analysis of the pooled data shows no alterations in hs-CRP, IL-4 or IL-6 after 4 or 8 

weeks (p > 0.05) (Table 4.3). The study by Andersson et al. (2007) found that 

consumption of 112 g whole grain products by 30 healthy moderately overweight adults 

daily for two 6-week period also did not affect IL-6 or CRP. In the current study, a 

significant reduction in TNF-α (17%; p =0.000) from 30.0 to 24.9 ng/L was seen at 8 

weeks (Table 4.3). Similarly, Vitaglione et al. (2015) observed significant reductions in 

plasma TNF-α after consumption of 70 g of whole grain versus refined wheat products 

daily for 8 weeks by overweight and obese subjects who maintained unhealthy dietary 

and lifestyle behaviors based on health status questionnaire and 7-days food diary 

recall.  

Adiponectin demonstrate anti-inflammatory properties by modulating signaling pathways 

in a variety of cell types (Ouchi and Walsh, 2007). The current study found no 

differences in plasma adiponectin between the purple and regular wheat groups as per 

the ANCOVA (p = 0.155) (Table 4.2) or according to the RMANOVA (Day x Treatment 

interaction, p = 0.256) (Table 4.3). However, there was an increase of 23% (p = 0.005) 

from Days 1 to 57 in participants consuming the purple wheat bars (Table 4.2). It was 

previously reported that supplementation of purified anthocyanins significantly increased 

serum adiponectin concentrations in individuals with type 2 diabetes (Liu et al., 2014), 

related to activation of cAMP-PKA-eNOS signaling pathways in aortic endothelial cells.  

4.4.5. Oxidative stress markers and plasma antioxidant activity 

Plasma antioxidant activity was measured through tracking changes in the levels 

of the oxidative stress markers, GSH and ox-LDL, in addition to plasma radical 

scavenging activities. GSH is the key intracellular thiol that plays a significant role in 
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regulating the redox status of the cell (Ballatori et al., 2009; Hakuna, et al., 2015). It 

exhibits antioxidant activities and therefore may reduce cellular damage from oxidative 

stress and prevent development of CVD (Shimizu et al., 2004). Ox-LDL is another 

important marker for oxidative stress status in the body resulted from the excessive 

production of reactive oxygen species and disruption of pro-oxidants/ anti-oxidant 

balance (Ishigaki et al., 2008). Again, baseline levels of GSH in the purple (10.0 ± 5.2 

mM/L) and regular (7.2 ± 3.0 mM/L) wheat groups did not differ (p = 0.176) and plasma 

ox-LDL values were statistically similar at baseline (p = 0.555) at 999 ± 222 and 1052 ± 

246 mg/L for purple and regular wheat groups, respectively (Table 4.2). Within each 

group there were no changes (p > 0.05) in plasma GSH or ox-LDL over time (Table 

4.2). Also, comparing between the wheats, there were no differences in plasma levels of 

GSH (p = 0.532) or ox-LDL (p = 0.568) at Day 57 in the covariate analysis (Table 4.2), 

nor were there significant day  treatment interactions in the RMANOVA (Table 4.3).  

Plasma antioxidant activity was assessed by the ORAC, ABTS and DPPH radical 

scavenging methods. The ORAC and ABTS are common assays used with plasma, 

while DPPH is one of the few stable radicals (Kambayashi et al., 2009). No differences 

(p > 0.05) were observed in any of the measures of plasma antioxidant activity between 

the purple and regular wheat groups at Day 1. Within the purple wheat group, there was 

a significant increase observed in terms of the capability of plasma to inhibit DPPH 

radical activity (p = 0.036) and a trend in the case of ORAC (p = 0.059), but no 

differences in ABTS scavenging (p = 0.316) (Table 4.2). Impacts on antioxidant activity 

may be related to the levels of anthocyanin and phenolic compounds in the purple 

wheat. This finding agrees with Cao et al. (1998) who found that consumption of 
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strawberries, spinach and red wine by elderly women improved serum ORAC and that 

was associated with the level of phenolic compounds. On the other hand, no impact on 

plasma antioxidant activity was detected in the regular wheat group at either Day 29 or 

Day 57 (Table 4.2). Recently, a high correlation between the antioxidant activity of 

colored wheat genotypes, blue and purple wheats, and their contents of bioactive 

phytochemicals, including total phenolics and anthocyanins, was reported (Sytar et al., 

2018). Despite the different trends observed within the wheat groups in this study,  no 

differences were observed between the groups at Day 57 in any of plasma ABTS (p = 

0.992), DPPH (p = 0.675) and ORAC (p = 0.539) scavenging activity (Table 4.2) and 

there was no day  treatment interaction, pointing to differences based on wheat (Table 

4.3). 

In the pooled analysis to assess any effects of whole wheat bar consumption, in 

general, significant elevations in plasma GSH level (33%; p = 0.017) were observed 

after 8 weeks (Table 4.3). Elevated GSH levels generally correlate with higher cellular 

antioxidant capacity and resistance to oxidative stress (Ballatori et al., 2009; Hakuna, et 

al., 2015). There were no elevations in fasting plasma ox-LDL levels, in either wheat 

group, individually or combined (Tables 4.2 and 4.3). The pooled data for plasma 

antioxidant activity revealed that whole wheat bar consumption, in general, also had no 

effect on ABTS scavenging activity at Day 29 and 57 when compared to baseline. On 

the other hand, the pooled plasma DPPH (p = 0.039) and ORAC (p = 0.021) scavenging 

activity showed significant increases with consumption of the whole wheat bars (Table 

4.2). Similar findings were observed by Belobrajdic et al. (2011) who reported an 

improvement in serum ORAC in obese male Zucker rats fed wheat bran and barley 



90 
 

diets compared to a control diet (p = 0.06) which contained corn starch instead of bran 

fiber. Price et al. (2012) studied the effect of consuming high wheat aleurone diet (27 g 

aleurone/d) on plasma antioxidants status and markers of inflammation by seventy-nine 

healthy, older, overweight participants for 4 weeks. The results showed that, compared 

to the control, consumption of aleurone-rich products resulted in substantial increase in 

micronutrients and phytochemicals amounts which may function as antioxidant. 

However, no changes were found in markers of inflammation or plasma antioxidant 

status. 

4.4.6. Composition of plasma anthocyanin and phenolic acid metabolites  

Metabolites of phenolic acids and anthocyanins were traced in participants’ 

plasma at baseline and after 4 and 8 weeks of purple and regular wheat bar 

consumption. In both groups, six phenolic acid metabolites were detected in the plasma 

at baseline, D29 and D57, two of them were identified as ferulic and hippuric acids. 

Plasma total phenolic acid levels at Day 1 were 1761 ± 1400 µg/L in purple wheat group 

and 1025 ± 787 µg/L in regular wheat group (p > 0.05). At baseline, the ferulic and 

hippuric acid levels were (71 ± 109 and 416 ± 463 µg/L) in the purple and (68 ± 87 and 

288 ± 248 µg/L) in regular wheat groups. Laddomada et al. (2015) reported ferulic acid 

as the main phenolic acid in wheat and especially of the bran fraction. Additionally, 

hippuric acid is a urine and plasma metabolite after coffee consumption (Stalmach et 

al., 2009) and this could be the reason of being detected in the study participants’ 

plasma at baseline. We also previously reported that ferulic and hippuric acids were the 

main metabolites present in the urine of healthy individuals following consumption of 4 
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serving of purple wheat bars or crackers (Gamel et al., 2019). Additionally, ferulic acid 

was also detected in the plasma, but not hippuric. 

Within each group, after 8 weeks of purple and regular wheat product 

consumption, the plasma levels of ferulic and hippuric acids changed from 103 ± 116 to 

438 ± 426 µg/L and 156 ± 180 to 297 ± 226 µg/L, respectively (Table 4.2). Bar 

consumption did not change the plasma levels of hippuric acid in either group although 

there was a 2-fold increase (p = 0.036) in ferulic acid after 8 weeks with the regular 

wheat bars, but not with the purple wheat bars. As per the ANCOVA, there were no 

significant differences between the purple and regular wheat groups in terms of plasma 

levels of total phenolic acids (p = 0.708), ferulic acid (p = 0.501) or hippuric acid (p = 

0.564) at Day 57 (Table 4.2). Similarly, there were no significant day  treatment 

interactions in any of the phenolic acid metabolites (Table 4.3). 

Although, the UPLC detection limit for Cy-3-glc in this study was 5 ng/ 10 µL 

injected volume, no parent anthocyanins were detected in the plasma of participants 

after 4 and 8 weeks of consumption of purple wheat bars contained 1.65 mg of 

anthocyanin. This may be attributed to the low level of anthocyanin in the in plasma, i.e. 

under the detection limit or anthocyanins were absorbed by other tissues. Our previous 

study showed that no anthocyanin metabolites were detected in plasma of healthy 

individuals within 8 h of consumption of purple wheat bars and crackers containing 6.7 

mg anthocyanin, but there was some evidence of a small amount of urinary excretion 

(18-22 ng/mL) (Gamel et al., 2019). It was hypothesized that, in spite of the low 

anthocyanin level, with regular consumption of the purple wheat product, cumulative 

effects of anthocyanin consumption would occur, and physiological impacts could be 
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observed. In another study, consumption of 690-720 mg anthocyanins from elderberry 

and lowbush blueberry by elderly women resulted in no anthocyanin compounds or 

metabolites detected in plasma using HPLC-MS system with limit of detection of 5 µg/L 

based on Cy-3-glc (Wu et al., 2002).  

The pooled data shows a significant increase (p = 0.020) in plasma ferulic acid 

after 8 weeks whole wheat consumption, but no changes in the levels of total phenolic 

acids and hippuric acid (Table 4.3). Vitaglione et al. (2015) reported that whole grain 

shredded wheat consumption for 4–8 week by overweight and obese subjects with 

unhealthy dietary and lifestyle behaviors resulted in a 4-fold increase in serum 

dihydroferulic acid and a 2-fold increase in fecal ferulic acid compared with refined 

wheat crackers or toasted bread which showed no changes. 

4.4.7. Study strengths and limitation 

This is the first human study to investigate the effects of consuming whole purple 

and regular wheats in overweight and obese individuals with elevated hs-CRP and only 

the second human study of purple wheat. The study had a food-replacement well-

designed protocol with a run-in period and diet controls, food and caloric intakes record, 

and monitoring of gastrointestinal symptoms. Participant groups were balanced at 

baseline in terms of anthropometric measures, lipid characteristics and gender and 

were equivalent in terms of all outcome measures. The study also applied a 

comprehensive data and statistical analysis to precious the outcome and the result. It 

also covers broad range of age and BMI with overweight and obese male and female 

adults, increasing the generalizability of the results obtained. The study was pragmatic 

in terms of allowing individuals with moderate to high levels of chronic inflammation and 



93 
 

stable medical conditions representing different classes of CVD risk factors as well as 

stable medication use. The inclusion criteria were considered to include a group of 

adults that more sensitive to changes in markers of inflammations.  

At the same time, the study had some limitation which include the sample size 

that might be not large enough to provide significant changes especially with high 

variation in the measures between participants (high SD). Also, the level of anthocyanin 

and phenolic acids in the bars were relatively low compared to previous intervention 

studies of anthocyanin-containing foods. The level of anthocyanin in this study might not 

have been high enough to induce significant changes on various markers when 

compared to other rich source of phenolic compounds such as fruit and vegetables. 

However, this study was partly rationalized by the interest in exploring wheat-based 

baked products as staple foods which might, cumulatively deliver levels of anthocyanins 

capable of exerting metabolic benefits. Although dietary control was attempted through 

limiting the consumption of high polyphenol-containing food and beverage during the 

intervention, and complete elimination 48 h prior to blood sampling, significant 

background contributions and variability existed from other phenolic rich foods. 

Increasing the number of participants and the study duration may provide a reliable 

outcomes and conclusion. 

4.5. Conclusions 

The effects of consuming whole purple and regular wheat convenience bars on 

markers of lipidemia, inflammation and oxidative stress in overweight and obese adults 

with chronic inflammation were somewhat comparable. Modest reductions in plasma 

TNF-α were observed in both groups, with the regular wheat found to be more effective. 
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Plasma IL-6 and fasting glucose concentrations were reduced only in the purple wheat 

group. Both groups had comparable levels of plasma phenolic metabolites and 

antioxidant activity at baseline and these remained unchanged after 4 and 8 weeks of 

regular wheat product consumption, although plasma DPPH and ORAC scavenging 

activities improved in the purple wheat group. When data from both groups was pooled 

improved plasma TNF-α, GSH and adiponectin were observed, along with enhanced 

plasma DPPH and ORAC scavenging activities. In general, the results support that 8-

week consumption of whole wheat products offers positive health impacts with respect 

to inflammation and oxidative stress status, with some differences in the physiological 

effects between purple and regular wheat. 
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Table 4.1.  Nutrient, anthocyanin and phenolic acid contents of whole purple wheat and 

whole regular wheat convenience bars (mean ±SD, wet weight basis, n=3)1 

 
Convenience bar study treatments 

Whole purple wheat  Whole regular wheat 

Nutrient (g/100g) 

Moisture 11.3 ± 0.5a  15.5 ± 0.2b 

Protein 6.0 ± 0.1a  7.3 ± 0.6a 

Crude fats 7.0 ± 0.9a  8.5 ± 1.0a 

Starch 35.7 ± 1.4a  34.4 ± 0.5a 

Ash 2.1 ± 0.1a  1.9 ± 0.1a 

Total Dietary Fiber 27.8 ± 0.4a (44.5 g)2  25.3 ± 0.5b (40.5 g)2 

Insoluble Fiber 25.8 ± 0.1a  23.7 ± 0.8b 

Soluble Fiber 2.0 ± 0.1a  1.6 ± 0.3a 

Anthocyanins (µg/g) 

 10.2 ± 1.3 (1650 µg)2  Not detected 

Phenolic acids (µg/g) 

Free phenolic acids  270 ± 17.0a  210 ± 2.0b 

Bound phenolic acids 1075 ± 52.0a  970 ± 35.0a 

Total FPA + BPA 1345 ± 35.0a (215 mg)2  1180 ± 36.0b (190 mg)2 

Protocatechuic acid 130 ± 2a  256 ± 2b 

Caffeic acid 160 ± 6a  93 ± 12b 

P-coumaric acid 50 ± 4a  100 ± 7b 

Ferulic acid 484 ± 21a  331 ± 13b 

Sinapic acid 191 ± 3a  154 ± 5b 

Unidentified acids 330 ± 8a  246 ± 9b 

1 Within each row, values with the same letter are not significantly different (p > 0.05). 
2 Total amounts in 4 servings, as consumed daily. 
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Table 4.2. Outcome measures at Days 1 (baseline), 29 and 57 for participants in the purple wheat and regular wheat 

groups who consumed convenience bar study treatments1 

Measures 
 

Purple Wheat   
p-

value2 

Regular Wheat  
p-

value2 

ANCOVA 
p-value3 Day 1 Day 29 Day 57 Day 1 Day 29 Day 57 

Body weight (kg)4 85.9 ± 16.0 90.3 ± 21.4 86.8 ± 15.8 0.360 97.4 ± 22.2 97.9 ± 22.6 98.3 ± 22.7 0.108 0.985 
Systolic BP (mmHg)4 119 ± 16 125 ± 12 122 ± 15 0.418 120 ± 11 120 ± 13 119 ± 11 0.930 0.311 
Diastolic BP (mmHg)4 73 ± 7 79 ± 15 78 ± 6 0.189 76 ± 10.0 77 ± 7 75 ± 9 0.694 0.054 

Glucose (mM/L) 5.6 ± 0.4 ND5 5.4 ± 0.4 - 5.3 ± 0.4 ND5 5.4 ± 0.4 - 0.035 
Insulin (pM/L) 90.4 ± 48.3 ND 95.0 ± 45.8 - 92.2 ± 37.7 ND 107.2 ± 53.8  - 0.438 

HOMA-IR 1.7 ± 0.9 ND 1.8 ± 0.8  - 1.7 ± 0.7 ND 2.0 ± 1.0 - 0.416 
TAG (mM/L) 1.22 ± 0.56 1.34 ± 0.42 1.47 ± 0.67 0.201 1.51 ± 0.55 1.49 ± 0.64 1.52 ± 0.62 0.967 0.423 

Total Cholesterol (mM/L)6 5.09 ± 0.87 5.02 ± 0.77 5.04 ± 1.00 0.906 5.00 ± 0.76 4.94 ± 0.93 4.88 ± 0.84 0.530 0.645 
HDL (mM/L) 1.51 ± 0.28 1.48 ± 0.32 1.48 ± 0.29 0.830 1.38 ± 0.37 1.40 ± 0.35 1.37 ± 0.29 0.883 0.834 
LDL (mM/L) 3.03 ± 0.72 2.93 ± 0.74 2.90 ± 0.92 0.882 2.94 ± 0.65 2.86 ± 0.76 2.81 ± 0.63 0.313 0.963 

Total/HDL ratio 3.47 ± 0.75 3.53 ± 0.85 3.52 ± 0.91 0.553 3.79 ± 0.88 3.66 ± 0.82 3.62 ± 0.71 0.362 0.369 
Non-HDL (mM/L) 3.58 ± 0.86 3.54 ± 0.76 3.56 ± 1.00 0.982 3.63 ± 0.79 3.54 ± 0.90 3.50 ± 0.76 0.462 0.600 
Ox-LDL (mg/L) 999 ± 222 983 ± 351 932 ± 311 0.332 1052 ± 246 1123 ± 362 1047 ± 426 0.561 0.568 
hs-CRP (mg/L)6 3.4 ± 2.5 2.9 ± 2.8  3.3 ± 3.2 0.185 3.2 ± 2.6 4.0 ± 3.3 3.2 ± 2.7 0.275 0.952 

IL-4 (ng/L)4 12.5 ± 10.1  9.5 ± 9.9 9.4 ± 9.1 0.225 7.2 ± 5.8 8.2 ± 9.4 11.1 ± 10.8 0.176 0.152 
IL-6 (ng/L)4, 6 4.0 ± 2.5a 3.2 ± 2.0a 3.0 ± 1.8a 0.0387 4.1 ± 1.9  4.5 ± 2.8 3.4 ± 1.4 0.287 0.388 

TNF- (ng/L) 30.5 ± 10.7 28.0 ± 8.9 27.0 ± 9.4 0.061 29.6 ± 13.9a 23.4 ± 10.1b 22.6 ± 8.2b 0.003 0.022 

GSH (µM/L) 10.0 ± 5.2 9.9 ± 4.7 12.5 ± 3.8 0.083 7.2 ± 3.0 9.4 ± 5.4 10.6 ± 5.0 0.110 0.532 
Adiponectin (mg/L)6 11.6 ± 5.0b 13.0 ± 5.9ab 14.3 ± 6.6a 0.005 14.0 ± 4.3 15.8 ± 7.2 15.1 ± 4.9 0.222 0.155 

Antiox.- ABTS (µM/mL) 0.28 ± 0.7 0.25 ± 0.07 0.28 ± 0.06 0.316 0.27 ± 0.07 0.28 ± 0.07 0.28 ± 0.04 0.738 0.992 
Antiox.- DPPH (inhibition %) 16.0 ± 6.9a  14.2 ± 5.6a 16.6 ± 6.8a 0.0367 15.1 ± 6.0 14.4 ± 5.6 15.4 + 5.5 0.592 0.675 

Antiox.-ORAC (µM/mL)6 2.68 ± 0.1 2.70 ± 0.1 2.73 ± 0.1  0.059 2.67 ± 0.1 2.70 ± 0.1 2.71 ± 0.1 0.254 0.539 
Total phenolic acids (ng/ mL)6 1726 ± 1437 1690 ± 1277 1733 ± 1096 0.993 1025 ± 787 1146 ± 820 1182 ± 893 0.368 0.708 

Ferulic acid (ng/ mL)6,8 89 ± 132 103 ± 155 103 ± 116 0.346 68 ± 87a 106 ± 135a 157 ± 179a  0.0367 0.501 
Hippuric acid (ng/ mL)6 392 ± 476 458 ± 497 438 ± 426 0.382 288 ± 248 257 ± 207 297 ± 226 0.581 0.564 
1 Mean of data for group participants ± SD (n = 15 for purple wheat, except for TNF-α where n = 14; n = 13 for regular wheat group).  
2 Repeated measures ANOVA p-value comparing between days within each wheat category. Different superscript letters indicate sign difference (p < 0.05) between days within each group. 
3 Indicates significant difference in ANCOVA, between purple and regular wheat groups at Day 57, treating Day 1 as a covariate (p < 0.05). 
4 In the purple wheat group, the assumption of sphericity was violated so the Greenhouse-Geisser correction was applied.  
5 ND: Not determined.  6 In the regular wheat group, the assumption of sphericity was violated so the Greenhouse-Geisser correction was applied.  
7 Although the overall difference between days was significant (p < 0.05), pairwise post hoc comparisons were not statistically different probably due to the conservative nature of the 

Bonferroni adjustment. 
8 Assumption of homogeneity was violated at Day 57, treating Day 1 as a covariate, so data was log transformed prior to analysis. Arithmetic means are shown. 
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Table 4.3. Outcome measures for the pooled participant data at Days 1 (baseline), 29 and 571 

 
Measures 

Pooled Participant Values  
p-value2 

between 
days 

p-value3  

Days  
Treatment 
Interaction 

Day 1 Day 29 Day 57 

Body weight (Kg)4 91.2 ± 19.7 93.8 ± 21.9 92.2 ± 19.8 0.361 0.490 

Systolic BP (mmHg)4 120 ± 14 123 ± 13 121 ± 13 0.574 0.566 

Diastolic BP (mmHg)4 75 ± 9 78 ± 12 77 ± 8 0.339 0.269 

Glucose (mM/L) 5.5 ± 0.4 ND5 5.4 ± 0.4 0.362 - 

Insulin (pM/L) 91.2 ± 42.9 ND 100.7 ± 49.1  0.160 - 

HOMA-IR 1.7 ± 0.8 ND 1. 9 ± 0.9 0.429 - 

TAG (mM/L) 1.37 ± 0.56 1.42 ± 0.52 1.50 ± 0.64 0.363 0.418 

Total Cholesterol (mM/L)4 5.05 ± 0.81 4.98 ± 0.82 4.97 ± 0.92 0.633 0.858 

HDL (mM/L) 1.45 ± 0.33 1.45 ± 0.34 1.43 ± 0.30 0.907 0.811 

LDL (mM/L) 2.99 ± 0.68 2.88 ± 0.73 2.85 ± 0.79 0.750 0.367 

Total/HDL ratio 3.62 ± 0.82 3.59 ± 0.82 3.57 ± 0.81 0.245 0.991 

Non-HDL (mM/L) 3.60 ± 0.81 3.54 ± 0.81 3.54 ± 0.88 0.709 0.874 

Ox-LDL (mg/L) 1024 ± 230  1048 ± 357 986 ± 367 0.360 0.594 

hs-CRP (mg/L) 3.3 ± 2.5 3.4 ± 3.0 3.3 ± 3.0 0.379 0.127 

IL-4 (ng/L) 9.8 ± 8.9 8.6 ± 9.8 10.0 ± 10.0 0.553 0.061 

IL-6 (ng/L)4 4.1 ± 2.2 3.8 ± 2.4 3.2 ± 1.6 0.075 0.255 

TNF- (ng/L) 30.0 ± 12.1a 25.7 ± 9.6b 24.9 ± 9.0b 0.000 0.230 

GSH (µM/L) 8.7 ± 4.5b 9.7 ± 4.9ab 11.6 ± 4.4a 0.017 0.463 

Adiponectin (mg/L) 12.7 ± 4.8b 14.4 ± 6.6ab 14.7 ± 5.8a 0.009 0.256 

Antiox.- ABTS (µM/mL) 0.27 ± 0.1 0.28 ± 0.1 0.26 ± 0.1 0.599 0.320 

Antiox.- DPPH (inhibition %)  15.6 ± 6.4a 14.3 ± 5.6a 16.0 ± 6.2a 0.0396 0.542 

Antiox.-ORAC (µM/mL) 2.68 ± 0.1b 2.70 ± 0.1ab 2.72 ± 0.1a 0.021 0.867 

Total phenolic acids (ng/ mL) 1420 ± 1196 1466 ± 1080 1477 ± 1027 0.896 0.804 

Ferulic acid (ng/ mL)4 70 ± 97a 88 ± 107a 128 ± 148a 0.0206 0.301 

Hippuric acid (ng/ mL)4 356 ± 378 386 ± 393 372± 349  0.727 0.297 
1 Mean of pooled data for all participants ± SD (n=28, except for TNF-α where n=27).  
2 Repeated measures ANOVA p value comparing between days. Different superscript letters indicate significant difference (p < 0.05) between days. 
3 Indicates if there is a significant day  treatment interaction (p < 0.05). 
4 Assumption of sphericity was violated, so the Greenhouse-Geisser correction was applied.   
5 ND: Not determined.   
6 Although the overall difference between days was significant (p < 0.05), pairwise post hoc comparisons were not statistically different, probably due to the conservative nature of the 

Bonferroni adjustment and the high SD of the measures



98 
 

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 Figure 4.1. Study participant flow diagram for purple wheat intervention study 

• Completed the study (n= 14)  
(Males n= 4, Females n= 10)  

• Dropped out (n= 2) 
- Inability to adhere to study protocol (n= 1) 
- Gastrointestinal discomfort (n= 1) 
 

• Completed the study (n= 15)  
 (Males n= 4, Females n= 11)  

• Dropped out (n= 2) 
- Inability to adhere to study protocol (n= 1) 
- Gastrointestinal discomfort (n= 1) 
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Data and statistical analysis  
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Data from one participant was excluded 
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5.1. Integrated discussion  

Purple wheat is a newly developed Canadian wheat cultivar rich in anthocyanins 

and other phenolic molecules. Although, its derived ingredients can be used to develop 

several purple wheat functional foods with potential health benefits, there are no or very 

limited products from purple wheat in the Canadian food market. This thesis adds to the 

limited specific knowledge about the potential health benefits of processed products 

based on purple wheat. In addition to the development of a range of purple wheat 

prototype products and evaluation of their compositional and in vitro antioxidant 

properties, it presents the results of two human intervention studies. It is the first to 

report on the bioavailability and metabolites of anthocyanins and phenolic acids from 

purple wheat in humans. It is also the first to investigate the potential impact of purple 

wheat products consumption on markers of oxidative stress, inflammation, lipids, 

glucose and plasma antioxidant activity in adults. 

Among the developed products in this work, the bran-enriched whole purple 

wheat crackers and bars hold the potential to provide positive physiological impact 

beyond their dietary roles. They had higher anthocyanin and phenolic acid contents 

compared to regular wheat, and exhibited scavenging capacities against free radicals, 

ABTS and DPPH. Therefore, this work confirms the potential for developing purple 

wheat products, highlighting purple wheat as a promising ingredient to prepare various 

wheat-based functional foods containing high level of polyphenols, especially 

anthocyanins, with potential as healthy grain-based food options.  

The first study was a short term randomized, semi-blind crossover acute meal 

bioavailability investigation. It is the first human study to report on bioavailability and 
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metabolites of anthocyanin and phenolic acids from purple wheat products and to track 

changes in plasma antioxidant status and short-term markers of inflammation 

postprandially in healthy adults. In this study, 16 male and female participants 

consumed 4 servings of bran-enriched purple wheat bars and crackers containing 6.7 

mg anthocyanins and 176 - 213 mg total phenolic acids in two different occasions. 

Participants were requested to completely avoid foods rich in phenolic compounds, i.e. 

berries, coffee and wine, for 10 days prior to the study and throughout the study. 

Following 8 h of products consumption, only a few anthocyanin metabolites were 

detected in the urine and none were identified in plasma. Ferulic acid was detected in 

plasma and urine. Hippuric acid was the major metabolite identified in the urine with fast 

tracking peaks at 0.5-1 and 2-4 h after consumption. Most of animal and human studies 

on anthocyanin absorption have confirmed low bioavailability, as measured by 

concentration of anthocyanins in plasma, and low excretion, as measured by 

concentration in urine. In several cases, the low level of anthocyanins in plasma was 

insufficient to exert physiological impact or health related effects (Wu et al., 2002; 

McGhie and Walton, 2007; Jin et al., 2011). In the current study, a similar scenario was 

observed as there were no significant changes observed in plasma radical scavenging 

activity, IL-6 and TNF-α during the 8 h following product consumption. Therefore, with 

acute consumption of purple wheat crackers and bars by healthy adults, anthocyanins 

and phenolic acids were rapidly absorbed and excreted. The potential to improve 

postprandial antioxidative status was evidenced, but no short-term impacts on the two 

markers of inflammation studied, were observed. The results support that purple wheat 

products may have the potential to positively impact human health, but rationalize 
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further research, including strategies to boost the phenolic contents of processed purple 

wheat products and longer term consumption of these foods. 

The second human intervention study was a longer-term randomized, single-

blind, parallel arms study aimed to assess changes in plasma metabolic markers, 

plasma antioxidant activity and anthocyanins and phenolic acids metabolites in adults 

when consuming bran enriched anthocyanin-containing whole purple wheat 

convenience bars versus whole regular wheat bars for 8 weeks. Several previous 

intervention studies have shown no effect of anthocyanin containing food on 

inflammatory markers, antioxidant activity and lipidemia in participants with none of the 

chronic disease such as diabetes, cardiac, digestive, hepatic renal, hematological and 

neurological disease and stable blood pressure (Curtis et al. 2009; Zunino et al. 2012; 

Lynn et al., 2014). On the other hand, when participants with some medical conditions 

were included in the intervention studies to investigate effect of anthocyanins containing 

foods, significant impact on oxidative stress and inflammatory markers was observed 

(Karlsen et al. 2010; Kolehmainen et al. 2012). Thus, in the current study, a total of 29 

non-smoking, overweight and obese participants with underlying chronic inflammation 

(hs-CRP over 1 mg/L), and stable medication were enrolled in the study. Participants 

were randomly allocated to consume 4 servings (160 g) of either the purple or regular 

wheat bars daily for 8 weeks and limit their consumption of other high phenolic 

compounds-containing foods. The daily consumption of the purple wheat bars contained 

around 1.7 mg of anthocyanin and both type of products contained 190-215 mg of total 

phenolic acids. The level of anthocyanins in the bars was low (10.2 µg/g) and not 

comparable to that in fruits and vegetables. Still, it was hypothesized that daily 
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consumption of the bars, might result in adequate levels of anthocyanin and phenolic 

acids or their metabolites to exert health-related effects. This was modestly confirmed. 

Fasting blood samples were collected at Days 1, 29 and 57 to determine various 

markers of oxidative stress and inflammation, lipids profile, plasma radical scavenging 

activity and metabolites of anthocyanin and phenolic acids. At baseline, both groups 

had comparable levels of each outcome measure investigated. Overall, the major 

phenolic acid metabolites detected in the plasma were ferulic and hippuric acids, while 

no intact anthocyanin molecules were detected. Plasma level of ferulic acid peaked 

significantly after 8 weeks of regular wheat bars intake. Consideration of gut microbiota 

and analysis might have offered additional insights into potential metabolic influences, 

given the evidence that significant polyphenol metabolism occurs at that level. 

Consumption of both, purple and regular wheat bars resulted in reduction on TNF-α. A 

significant reduction in plasma IL-6 and elevation in adiponectin and DPPH radical 

scavenging activity were observed in the purple wheat group. When the data for all 

participants were pooled to consider the effects of whole wheat consumption, 

improvements in plasma TNF-α, GSH and adiponectin were observed, along with 

enhanced plasma DPPH and ORAC scavenging activities. Therefore, consumption of 

whole purple and regular wheat bars for 8 weeks showed potential to improve markers 

of plasma inflammatory and oxidative stress, with few differences observed between the 

two groups. The results observed for the combined results, while modest, were 

consistent with those expected for a whole grain intervention. One of the limitations of 

this study was the small sample size and with longer study duration and larger number 

of participants further positive physiological effect may warranted. 
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5.2. Conclusions and Next Steps 

This thesis is the first comprehensive research on processed purple wheat 

products. It provides inclusive information about the development and evaluation of 

various products, including chemical composition and antioxidant capacity in vitro, as 

well as the short- and long-term impact on anthocyanin and phenolic acids absorption in 

human adults and their influences on lipidemia, oxidative stress and inflammatory 

markers, and antioxidants activity in vivo. The reports of incorporating various milling 

fractions of purple wheat rich in anthocyanin and phenolic compounds such as bran and 

whole grain into functional cereal products have practical technical relevance to the food 

industry partners. The human evidence is consistent with the overall understanding that 

anthocyanin and phenolic acids from purple wheat products are rapidly absorbed, as 

they are from other sources. Consistent and longer term consumption of purple wheat 

products could contribute toward reduction of oxidative stress and/or inflammation 

status for individuals at risk of CVD. Incorporating fruits and/or vegetables rich in 

anthocyanin into purple wheat baked products, i.e. berries purple wheat muffins, raisin 

purple wheat bread and berries purple wheat pies, might also be a strategy to achieve 

higher levels of polyphenols and a future trend in the food market for functional foods 

with potential health benefits. This work also supports future research on the 

physiological effects and benefits of polyphenols from colored grains in general and 

colored wheats, in particular, with the aim to introduce various colored wheat grains-

based products to the food market and with individuals with different health conditions 

i.e. diabetes. 
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Table A1.  Compositional and antioxidant characteristics of purple wheat bran, whole grain and flakes 

Composition 
Purple wheat ingredients 

Bran Whole grain Flakes 

Nutrient composition (g/100g, as is) 

Moisture 9.8 ± 0.1 10.5 ± 0.1 11.2 ± 0.1 

Protein 11.6 ± 0.1 10.3 ± 0.1 14.4 ± 2.0 

Crude fats 2.6 ± 0.2 1.6 ± 0.1 1.9 ± 0.3 

Starch 21.2 ± 1.7 48.7 ±1.0 52.6 ± 0.1 

Ash 3.0 ± 0.1 1.2 ± 0.1 1.2 ± 0.2 

TDF 1 36.7 ± 0.4 11.3 ± 0.6 11.1 ± 0.2 

Anthocyanin composition2 (µg/g, as is) 

Cy-3-glc 187.5 ± 2.0 40.6 ± 1.2 40.0 ± 0.1 

Cy-3-Rut 20.3 ± 0.8 3.2 ± 0.1 3.1 ± 0.1 

Pn-3-glc 80.2 ± 2.5 17.5 ± 0.1 16.3 ± 0.1 

Non-Identified 518.0 ± 55.8 65.5 ± 2.5 60.6 ± 0.1 

Total 806.0 ± 61.2 126.8 ± 1.3 120.0 ± 0.1 

Phenolic acid composition (µg/g, as is) 

Protocatechuic    

   Free 26.0 ± 3.0 3.0 ± 0.1 3.4 ± 0.2 

   Bound        97.0 ± 5.4 11.0 ± 0.3 35.5 ± 1.0 

Caffeic     

   Free 4.0 ± 0.6 1.1 ± 0.1 1.2 ± 0.1 

   Bound        11.0 ± 1.5 2.4 ± 0.4 4.0 ± 0.3 
Vanillic     

   Free 38.5 ± 2.0 5.0 ± 0.5 5.8 ± 0.3 
   Bound        195.0 ± 3.3 23.6 ± 0.7 37.5 ± 1.5 

p-Coumaric     

   Free 3.0 ± 0.5 0.3 ± 0.1 0.4 ± 0.1 

   Bound        70.0 ± 4.0 13.0 ± 0.7 16.0 ± 0.5 

Ferulic    

   Free 29.0 ± 0.6 6.0 ± 0.1 7.5 ± 0.1 

   Bound        1839.0 ± 14.0 536.0 ± 7.0 683.0 ± 1.6 
Sinapinic    

   Free 9.0 ± 0.5 1.3 ± 0.1 1.1 ± 0.1 

   Bound        88.0 ± 7.0 44.5 ± 1.1 62.0 ± 1.6 

Total FPA  139.5 ± 2.5 17.0 ± 0.2  19.4 ± 0.1  

Total FPA + BPA3 2409.5 ± 16.0 647.5 ± 2.0 857.4 ± 1.0 

Antioxidant capacity (µM Trolox equivalent/g) 

ABTS  2.15 ± 0.24a 1.10 ± 0.03b 1.14 ± 0.03b 

DPPH  6.24 ± 0.63a 2.34 ± 0.21b 2.06 ± 0.15b 

Values are mean of triplicates ± SD. 

1: TDF: Total dietary fiber. 2: Cy-3-glc: cyaniding-3-glucoside, Cy-3-rut: cyaniding-3-rutinoside, 

Pn-3-glc: peonidin-3-glucoside. 3: FPA: Free phenolic acids; BPA: Bound phenolic acids. 
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Table A2. Participant characteristics at screening (Supplementary data for the 

bioavailability human study) 

Participant 

Characteristics 

Females (n=8) Males (n=8) Total (n=16) 

Mean ± SD Range Mean ± SD Range Mean ± SD Range 

Age (year) 25.3 ± 8.6 20–46 28.0 ± 6.6 20–39 26.6 ± 7.5 20-46 

Height (cm) 165.5 ± 5.6 159.1–173.5 178.6 ± 7.2 167.0–190.2 172 ± 9.2 159.1–190.2 

Weight (kg) 57.3 ± 7.9 49.3–74.1 73.3 ± 7.2 63.8–83.9 65.3 ± 11 49.3–83.9 

BMI (kg/m2) 20.8 ± 1.8 19.1–24.6 22.9 ± 1.9 20.5–26.3 21.9 ± 2.1 19.1-26.3 

Blood pressure 

(mmHg) 
      

Systolic 121.0 ± 10.0 107.0–133.0 124.0 ± 9.0 111.0–137.0 122.0 ± 9.0 107.0–137.0 

Diastolic 76.0 ± 8.0 65.0–87.0 73.0 ± 8.0 60.0–84.0 74.0 ± 8.0 60.0-87.0 
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Table A3:  Foods to be avoided by participants during the purple wheat 
intervention studies  

 
 

Fruits  

Bilberries 
Blackberries 
Blackcurrants 
Blood oranges 
Blueberries 
Chokeberries 
Cranberries 
Elderberries 
Plum 
Pomegranates 
Raspberries 
Red fleshed peaches 
Red skinned apple 
Red/black cherries  
Red/black grapes 
Redcurrant 
Strawberries  
 
Vegetables 

Asparagus, purple 
Bok choy, purple 
Cabbage, red 
Carrot, purple or black 
Corn, purple 
Eggplant 
Lettuce, red leaf  
Olives; black, purple 
or, red 
Onion, red  
Pepper, red or yellow 
Potatoes, purple or 
red 
Radicchio 
Radish, red 
Swiss chard, red 
Tomatoes, blue or 
purple 
Tomatoes, red 
 

Grains and Beans 

Beans, black 
Beans, red kidney 
Rice, black 
Rice, red 
Rice, wild  
 
Vitamins and 
Supplements 

Anti-inflammatory 
supplements 
Antioxidant supplements 
Over the counter 
medications 
Vitamins 
 
Other Products 

Brownies 
Cake, chocolate 
Candy (avoid candy that 
have blue/red/purple 
colorants) 
Cereals with 
red/purple/blue colorants  
Chocolate  
Cider, grape 
Cider, red apple 
Frozen desserts 
(containing the above 
listed fruits) 
 

Other products 

Fruit juices (fruit punches, 
juice blends containing any 
of the above listed fruits) 
Fruitcake 
Granola bar, chocolate  
Ice cream, chocolate 
Ice cream, strawberry 
Ketchup 
Milk, chocolate 
Muffin (containing any of 
the above fruits) 
Muffin, blue berry  
Muffin, milk/dark chocolate  
Pie or baked goods 
(containing any of the 
above fruits) 
Pistachios 
Products containing 
red/blue/purple fruits (ie. 
Yogurts, jams, jellies) 
Pudding, chocolate 
Red/ rose wines 
Tea, black 
Tea, herbal 
Tortilla chips, black corn 
Tortilla chips, blue corn 
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Table A4: Example of a completed food record for the purple wheat intervention 

studies  

       

 

 

 

Meals Time 
Description or food, drink, 

condiments 

How much? 

(i.e. grams, 

cups, etc) 

How was it 

prepared? 

Breakfast 

7:00 am Life brand cereal 1 ½ cups  

7:00 am 1% milk 1 cup  

7:00 am Banana 1 medium size  

9:00 am Tim Horton’s coffee Large  

9:00 am Sugar 2 tsp  

9:00 am Cream 1 tbsp  

Morning 

snack 

10:30 am Oreo cookies – original 3 cookies  

10:30 am 1 % milk 250 mL  

12:00 pm  Ham Sandwich:   

 - Piller’s Black forest ham 3 slices  

Lunch 

 - Dempster’s 12-grain bread 2 slices Toasted 

 - Tomato 2 slices Raw 

 - Lettuce – ice berg ¼ cup chopped  

 - Miracle Whip 1 tbsp  

 - French’s mustard 2 tsp  

12:00 pm Apple – royal gala 1 medium size Eaten whole 

12:00 pm Diet Coke – can 355 mL  

Afternoon 

snack 

2:30 pm Nature Valley trail mix granola bar 2 bars  

 Tap water 2 cups  

6:00 pm Steak – lean sirloin 6 oz 
BBQ – well 

done 

Dinner 

 Potato 1 med Baked on BBQ 

 - Sour cream 1 tbsp  

 - Margarine 2 tsp  

 Caesar salad   

 - Lettuce – romaine 1 cup chopped  

 - Kraft caesar dressing 1 tbsp  

 Corn on the cob 1 med cob Boiled 

Evening 

snack 

 - Butter  1 tsp  

 Peach 1 medium Raw 

9:00 pm Activia yogurt – vanilla 100g cup  

 Tea – camomile 1 ½ cups 
1 tea bag, hot 

water 
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Figure A1. Purple wheat ingredients; A: Whole wheat kernel; B: Whole wheat flakes. 
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Figure A2. Purple wheat prototype products; A: Whole wheat bread, B: Whole wheat 

pancake, C: Bran enriched whole wheat crackers and D: Bran enriched whole wheat 

bars. 

 

 

 



129 
 

 

Figure A3. Research Ethics Board (REB) certificate for the purple wheat bioavailability 

human study. 
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Figure A4. CONSORT diagram of the purple wheat bioavailability human study 

(Supplementary data).  

 

 

Pre-Screened with Email and 

telephone questionnaire (n=144)

In-person screening with 

questionnaire (n=69)

Declined to participate (n=2)

Eligible for the study (n=18)

Participants completed the study 

(n=16; 8 F and, 8 M)

Did not meet the inclusion criteria (n=75) 

Did not meet the inclusion criteria (n=51) 
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Figure A5. UPLC-MS chromatogram and spectra of the three anthocyanin-related 

metabolites detected in urine samples at 520 nm (Supplementary data of the purple 

wheat bioavailability study). 
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Figure A6. Intervention study products; A: Bran enriched whole purple wheat bar and B: 

Bran enriched whole regular wheat bar. 
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Figure A7. Research Ethics Board (REB) certificate for the purple wheat intervention 

human study. 

 


