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MICE 
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This thesis is an investigation of the effects of whole beans, with different levels of 

phenolics level, on colonic inflammation in mice. C57BL/6 male mice were fed a basal diet 

(BD) supplemented with or without 20% bean flour for 3 weeks. Colitis was induced by 2% 

dextran sulphate sodium (DSS) in mice drinking water. Phenolic determinations of the 

bean flours revealed that within each pair of beans, the darker bean had higher phenolic 

content and antioxidant activity compared to the lighter one. In addition, only coloured 

beans had anthocyanin. When bean were consumed both prior to and during DSS cycle, 

the mice experienced both disease attention and aggravation. However, when bean 

consumption was limited to prior to DSS induction only, mice had reduced colitis upon 

later DSS induction. Overall, findings suggest that the effects of bean may differ depending 

on the timing of consumption.  
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1.1 Ulcerative Colitis (UC) 
 

1.1.1 Overview 

 

1.1.1.1 Signs and Symptoms 

Ulcerative colitis (UC) is an inflammatory bowel disease (IBD), characterized by 

remitting and relapsing inflammation of the large intestine, resulting in symptoms such as  

weight loss, chronic diarrhea and bloody stool. UC and Crohn’s disease (CD) are the two major 

subtypes of IBD. UC affects only the colon, and the inflammatory response is confined to the 

mucosa [1]. CD may affect any part of the gastrointestinal (GI) tract, and it is not confined to the 

mucosa but affects the entire bowel wall [1]. Although IBD is rarely lethal on its own, the 

disease is associated with increased morbidity and decreased quality of life among such patients 

[2, 3].  

1.1.1.2 Epidemiology  

The incidence of UC has stabilized at a high rate in most developed countries, whereas it 

continues to rise in regions where UC had been less common [4-17]. The burden of UC is high in 

industrialized countries, with higher rates among Caucasians and Ashkenazic Jews [4-8, 15]. In 

North America, the incidence of UC  increased between 1960 and 1980, and has since plateaued 

[15]. The incidence of UC ranges from 2.2 to 14.3 cases per 100,000 person years [4-8]. With 

over 9,200 new cases diagnosed each year, Canada has one of the highest UC prevalence and 

incidence in the world [18]. In Europe, the incidence of UC ranges from 1.5 to 20.3 cases per 

100,000 person-year [9-14, 19]. In East Asia, the incidence and prevalence rates of UC are lower 

compared to those of Western countries, but the rates have been increasing rapidly [16, 17]. For 

example, the incidence of UC in Seoul, Korea increased by 10 fold from 1986 to 1997[16]. 

Overall, UC is becoming a major public health problem.  
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1.1.2 Risk factors  

 

Evidence from both UC patients and animal models of colitis suggest that UC is 

influenced by a complex interaction of genetic, environmental, and immunologic factors [20-23].  

1.1.2.1 Genetic Susceptibility  

UC is a complex polygenic condition that may genetically predispose certain individuals 

to a higher risk of developing the disease [20]. Heritability studies indicate the concordance for 

UC for monozygotic twins ranges from 6% to 18%, compared to 0% to 5% in dizygotic twins 

[24-26]. In addition, siblings of people with UC are 6 to 9 times more likely to develop this 

disease compared to the general population [24].  

Franke et al. examined the single nucleotide polymorphisms  across the human genome 

in 1,167 diseased individuals and 777 healthy controls and identified UC susceptibility loci [20]. 

The researchers were particularly interested in Interleukin (IL)-10 gene variants, because this 

gene has a suppressive effect on the immune system and has previously been demonstrated to 

play an important role in UC pathogenesis [27]. One specific variant near IL-10  was associated 

with a 35% increase in the risk of developing UC [20]. This study demonstrated that defective 

IL-10 function  may be central to UC pathogenesis [20].   

1.1.2.2 Environmental Influence  

The higher incidence of UC seen in industrialized countries and the dramatic increase in 

cases during the 20
th

 century supports the theory that environmental factors contribute to disease 

development [5, 16, 19]. South Asians who have migrated to developed countries are at 

increased risk for UC [28, 29]. In the UK, the incidence of UC among South Asians is 17.2 cases 

per 100,000 person-year, compared to 7.0 cases per 100,000 person-year for Caucasians[28]. 

Employment involving mainly indoor and limited physical activity confers an increased risk of 
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UC [21]. Confirming this observation, UC is more prevalent in white-collar compared with blue-

collar occupations, and the mortality is high among secretaries, professionals, sales workers, 

homemakers, managerial occupations, and teachers [21]. In contrast, UC mortality is low among 

farming occupations, manufacturing occupations, and manual laborers [21].  

 Studies on the association linking diet and IBD yield inconclusive results [30]. Persson 

and colleagues found that frequent fast-food intake confers a 3- to 4- fold greater risk for UC 

[31]. The relationship between UC and tobacco smoking is complex. Current smoking is 

protective against UC in a dose dependent fashion [32, 33]. Paradoxically, ex-smokers are 

approximately 1.7 times more likely to develop UC than those who never smoked [34]. Ex-

smokers also have a poorer disease course, with more frequent hospitalization and are more 

likely to require colectomy [35]. Therefore, environmental factors, such as sedentary lifestyle, 

unhealthy diet, and tobacco smoking, may trigger the development of UC.  

1.1.2.3 Immunological Defects  

UC is characterized by immunoregulatory defects in the colonic mucosa, which appear to 

be associated with microbial exposure [22, 23].  An inappropriate immune response to normal 

luminal components is proposed to increase the risk of UC. In the healthy gut, commensal 

bacteria live symbiotically with the host [36, 37]. It is hypothesized that exposure to commensal 

bacteria down-regulates the inflammatory genes and blocks activation of the Nuclear Factor 

Kappa-B (NF-ĸB) pathway, thus inhibiting the inflammatory immune response of the gut to the 

microbes [22, 38]. In UC, this tolerance is lost. Exposure to luminal microflora now triggers an 

inflammatory response by the cells lining the mucosa, leading to chronic, destructive immune 

responses [22, 23]. Uncontrolled immune responses can impair gut barrier function. Colitis is 

associated with increased permeability of the epithelial lining of the gut resulting in continuous 
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stimulation of the mucosal immune system [39, 40]. Animal studies show a tendency for the 

development of severe inflammation in areas of the intestine lying beneath the location of 

permeability defects [41]. In the healthy gut, the presence of tight junctions and a colonic mucus 

layer provides an effective barrier against luminal microbes and antigens [40]. The intestinal 

epithelial cells also have developed control mechanisms that limit inappropriate activation of 

immune responses [37]. However, when microbes cross the mucosal barrier, they may come into 

direct contact with immune cells, thereby intensifying the permeability defect, and establishing a 

self-sustaining cycle of mucosal inflammation [42, 43]. Consequently, immunoregulatory defects 

and microbial exposure increase the risk of colitis development.  

It is likely that the combined action of all these risk factors contribute to the pathogenesis 

of UC. In genetically predisposed people, the exposure to distinct environmental factors results 

in dysregulation of the mucosal immune system.   

1.1.3 Etiology 

 

In the past decades, dozens of different models of experimental IBD have been developed 

to investigate the etiology of the disease. Currently, IBD experimental models can be classified 

into genetic, immunological, bacterial, and chemical models [44-47]. Genetic models, including 

gene knockout (KO)  and transgenic models, are increasingly being used to characterize the 

influence of host factors [46]. Most of these models, in which the genes encoding specific 

immune factors have been knocked out, are useful for identifying components of the innate and 

adaptive immune system that are involved in disease development [48-50]. Immunological 

models involve the adoptive transfer of defined host cell subsets, frequently T cells, into 

immunodeficient recipient mice [46, 51]. These facilitate the investigation of the contribution of 



 
 

6 
 

specific cell populations to IBD pathology. Bacterial models use various bacterial strains known 

to induce colitis in immunodeficient mice and/or mice housed under special environmental 

conditions (germ free, specific pathogen free (SPF), gnotobiotic) [47, 52]. These models offer 

the opportunity to investigate the effects of specific bacterial strains and the status of the host 

microbiota in colitis pathogenesis.  Lastly, chemical models require a chemical trigger, such as 

trinitrobenzene sulfonic acid (TNBS) or dextran sodium sulfate (DSS) to induce intestinal 

inflammation. In both TNBS and DSS models, colitis is induced by the intrarectal or oral 

administration of these substances, respectively [53-55]. One study reported differences in 

clinical signs and cytokine patterns between TNBS and DSS induced colitis in mice, such that 

TNBS-induced colitis more closely resembles CD and DSS-induced colitis more closely mimics 

UC [56]. Although animal models of colitis have limited capability to fully recapitulate human 

colitis, they still give researchers the opportunity to test various therapeutic strategies and gain 

insight into the etiology of the disease.  Despite extensive research, the exact cause for the 

initiation and/or progression of UC remains unknown. For the purpose of this thesis study, this 

section will focus on the role of oxidative stress in the pathogenesis of colitis.  

Reactive oxygen species (ROS) are produced in abnormally high levels in UC and the 

destructive effects of these ROS may contribute to the initiation and/or progression of the disease 

[57]. ROS are formed naturally as by-products of normal metabolism [58]. These molecules are 

highly reactive due to the presence of an unpaired electron and thereby cause destructive effects 

to tissues [58]. Fortunately, tissues are equipped with an intrinsic antioxidant defense system 

[59]. Oxidative stress arises when there is a marked imbalance between the production of ROS 

and their removal by antioxidants [59].  
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Directly measuring ROS is challenging because ROS have short biological half-lives 

[59]. Numerous techniques with varying levels of precision have been developed to estimate 

oxidative status. Some techniques rely on indirectly measuring the levels of oxidatively damaged 

molecules, which can be categorized into lipid peroxidation, and oxidative DNA and protein 

damage. Thiobarbituric acid reactive substance (TBARS) level is commonly assessed in a 

variety of tissues to determine the lipid peroxidation. Another approach is to measure the level 

and/or activity of antioxidant enzymes. Glutathione (GSH), superoxide dismutase (SOD), 

catalase, and glutathione peroxidase (GPX) are key antioxidant enzymes and their levels and 

activity reflect oxidative status [60]. Lastly, assays for antioxidant capacity can provide a holistic 

view of antioxidant status.  Some of the commonly used colorimetric assays include oxygen 

radical absorbance capacity (ORAC) and Ferric reducing/antioxidant power assay (FRAP).   

Several studies have been conducted to evaluate the status of ROS in animal models of 

colitis (Table 1).  Some of the common features observed during colitis are associated with 

increased generation of oxidatively damaged molecules (8-nitroguanine, 8-oxo-2’-

deoxyguanosine (8-oxodG), TBARS), up-regulation of ROS inducing enzymes (lipid peroxidase, 

inducible Nitric Oxide synthase (iNOS), Myeloperoxidase (MPO), GPX), and down regulation 

of antioxidant enzymes (SOD, GSH, Glutathione S-transferase (GST), catalase) [51, 53-55, 61-

64]. These findings are fairly consistent between studies with the exception of GSH, which is a 

major antioxidant enzyme produced in cells. Lee et al. found GSH was significantly increased in 

both DSS and TNBS induced colitis while other studies reported a reduction in this antioxidant 

enzyme [53]. This discrepancy may be due to differences in the degree of inflammation. In 

response to mild oxidative stress, tissues will produce more antioxidant enzymes to counteract 
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the oxidative stress; however, severe persistent oxidative stress depletes body antioxidant stores 

and limits the production of more antioxidants, leading to lower antioxidant levels [60].  

Studies with KO mice revealed a causal role for ROS in UC development [65]. Esworthy 

et al. used KO mice lacking the antioxidant enzyme GPX and found that the animals develop 

symptoms and pathology consistent with UC as early as 11 days of age in the absence of any 

chemical insults [65]. When ROS are generated close to cell membranes, peroxidation of cell 

membrane lipids may occur and lead to disruption of membrane integrity [66]. This can lead to 

damage of the colonic epithelium and increased mucosal permeability [67]. The fact that 

oxidative stress is present before the cascade of colonic inflammation is initiated, argues for a 

causal role for ROS in colitis.  

Table 1. The status of ROS in animal models of colitis 

Model  Result Reference 

Double KO mice lacking GPX MPO ↑  

Lipid peroxidase ↑ 

Esworthy et 

al.2001 [65] 

   

Female SCID mice, Transfer of CD4+ cells 

lacking regulatory T cells to severe 

combined immunodeficiency (SCID) 

animal to induce nitric oxide synthase 

(iNOS)-dependent DNA damage 

8-nitroguanine ↑ 

8-oxodG ↑ 

Ding et al. 2005 

[51] 

Male C3H/HeJ mice, 5% DSS,  3 and 7 d Selenium-dependent GPX ↑ Tham et al. 

2002 [61] 

Male BALB/c mice, 5% DSS, 7 d GPX activity ↑ 

SOD activity ↓ 

Yao et al. 2010 

[54] 

Female Wister rats, 5% DSS, 8 d GSH ↓ 

MPO ↑ 

iNOS ↑ 

Camuesco et al. 

2004 [62] 

Female Swiss-Webster mice, 5% DSS, 7 

d/cycle with 1-4 cycles DSS separated by 

14 d water 

GSH ↓ 

GST activity ↓ 

ɣ-glutamylcysteine synthetase 

(ɣ-GCS) ↓ 

 

Clapper et al. 

1999 [63] 

Male C3H/HeJ mice 

Male C3H/HeN mice, 5% DSS,  3 and 7 d 

GSH ↑ 

SOD activity ↓ 

Lee et al. 2010 

[53] 
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Catalase activity ↓ 

MPO ↑ 

Lipid peroxidase ↑ 

Male Wistar rats, 80mg/kg TNBS, single 

dose 

GPX ↑ 

SOD ↑  

Catalase  ↑ 

GSH  ↓ 

Nieto et al. 

2000 [55] 

Rats, 120mg/rat TNBS, single dose GSH ↓ 

Hydrogen peroxide (H2O2) ↑ 

Ardite et al. 

2000 [64] 

 

Excessive neutrophils recruited to the site of inflammation were proposed to be an 

important source of ROS.  One of the most prominent histological features observed in UC 

patients is neutrophil infiltration into the inflamed mucosa [66, 68]. The accumulation of 

neutrophils in the intestinal mucosa and subsequently in the intestinal lumen, is directly 

correlated to clinical disease activity and epithelial injury in IBD [66]. During the initial innate 

immune response, neutrophils are seen passing from the circulation through gaps in the vascular 

endothelium to infiltrate the tissues [30]. Once there, neutrophils release antimicrobial peptides 

and ROS that may, themselves, cause further tissue damage [69]. Neutrophils also recruit and 

activate macrophages through the production of chemokines and proinflammatory cytokines 

such as tumor necrosis factor α (TNF- α), IL-1β, IL-6, and IL-8 [70]. Eventually, neutrophil 

infiltration will lead to the formation of crypt abscesses. In addition, circulating activated 

neutrophils are a major source of ROS and reactive nitrogen species, MPO, and inflammatory 

cytokines, which together induce oxidative stress and an inflammatory response [30, 66, 68, 69].  

Active neutrophils can generate superoxide radicals and hydrogen peroxide [66]. 

Neutrophils can also generate reactive nitrogen RNS through MPO activity [66, 71]. MPO is 

abundant in neutrophils and is secreted into the phagolysosomal compartment following 

phagocyte activation [66]. MPO can oxidize nitrite, a stable end-product of nitric oxide (NO) 

metabolism to form nitrogen dioxide (NO2), a RNS, which can further oxidize tyrosine to form 
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nitrotyrosine [71]. Nitrotyrosine is a key player in the oxidation observed in UC [71]. Increased 

nitrotyrosine-immunoreactive cells have been reported in DSS-induced experimental colitis, as 

well as patients with IBD [71, 72]. Lastly, MPO can oxidize halides in the presence of H2O2. In 

the body, Cl- is the major substrate for MPO to form hypochlorous acid (HOCl) [66]. HOCl in 

turn reacts with tyrosine molecules to form 3-cholorotyrosine, which can cause tissue damage or 

dysfunction in many inflammatory conditions [66].  

1.1.4 Complications of UC 

 

UC is characterized by chronic, relapsing and remitting inflammation in the colon. 

Epidemiological studies found that 90% of UC patients would have active disease symptoms 

during the first year following diagnosis, and 50% of the patients would experience symptomatic 

remission in subsequent years [73]. In the first 5 years following diagnosis, 25% of patients had 

continuous disease remission, 18% of patients experienced continuous active disease, and the 

remaining 57% patients alternated between symptomatic remission and relapse [73]. 

Symptomatic relapse not only affects the quality of the life of the patient, but also exposes them 

to increased risk of developing colitis associated colorectal cancer (CAC). More than 20% of 

IBD patients develop colorectal cancer within 30 years of onset and more than 50% of these 

patients die from complications of CAC  [74].  

Persistent inflammation of the colon can also affect other organ systems. Extraintestinal 

manifestations of IBD have been documented in bone and joins, skin, eyes, liver, lungs, and 

kidney [75]. The overall prevalence of any extraintestinal manifestation in IBD patients can be as 

high as 40% [76]. Musculoskeletal manifestations, especially arthritis, are prevalent in IBD 

patients. In a large retrospective study, joint complications were found in 16% of UC patients 



 
 

11 
 

[77]. Eye complications occur in approximately 3% of IBD patients, and in severe cases, the 

patients can experience significant vision changes [78]. 

Therefore, chronic inflammation in UC patients has serious consequences.  

Extraintestinal manifestations should be monitored regularly in the management of UC patients.  

Since IBD is a major risk factor for CAC, interventions that reduce IBD symptoms can 

potentially decrease morbidity and mortality associated with CAC.  

1.1.5 Therapy 

 

 As demonstrated earlier, UC is a complex and chronic condition, which not only affects 

the quality of the life of patients but also increases the risk of developing CAC [74]. Therefore, 

therapeutic interventions designed to control UC symptoms and targeting UC pathogenesis are 

extremely important.  

 Corticosteroids such as prednisone and 5-aminosalicylic acid (5-ASA) are standard first 

line therapies for the induction of remission in mild to moderate UC [79]. Prednisone is a 

commonly used treatment for UC patient, but its clinical effects are often transitory, and disease 

recurs on reducing the dose [79]. 5-ASA, as an anti-inflammatory agent, is usually well tolerated 

but frequently induces side effects such as acute pancreatitis, abdominal pain, diarrhoea, nausea, 

headache, anaemia, renal failure and anaphylaxis [80]. Immunomodulators are usually used in 

patients who do not respond to corticosteroids or after remission is achieved [79]. However these 

agents still have serious side effects or clinical limitations for use [79]. Only a few trials used 

antibiotics, such as Metronidazole, Ciprofloxacin and Rifaximin have been carried out in UC 

patients and the results are controversial [81]. In addition, the frequent use of antibiotics can lead 

to resistance and render continuing use of these therapies ineffective [82]. Uncontrolled 
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ulceration of the colon eventually evolves into fistulas, perforation, and bleeding, which can only 

be treated through resection of the colon [79]. Therefore, there are needs for better therapeutic 

agents that can effectively induce remission and alter the natural course of the disease with 

minimum or no side effects.  

 Natural interventions are favoured by UC patients, especially in those who fail to respond 

to conventional therapies and/or have concerns of the side effects [83].  As many as half of all 

IBD patients use some form of natural interventions, and many patients will use natural 

interventions in addition to conventional therapy [84]. Similar to conventional therapies, natural 

interventions function as anti-inflammatory agents, and immunomodulators [83-85]. Examples 

of natural anti-inflammatory agents used are prebiotics, phenolic compounds, and essential fatty 

acids. The benefits of prebiotics are achieved through the production of short chain fatty acids 

(SCFAs) from bacterial fermentation of non-digestible carbohydrates in the colon [86]. Phenolic 

compounds may exerts their beneficial effects by reducing the oxidative stress and inhibiting the 

activation of pro-inflammatory pathways [58]. Details on prebiotics and phenolic compounds 

will be discussed in later sections. Probiotics are considered as natural immunomodulators and 

function to stimulate lymphocyte and macrophages activity [85]. Most common probiotics used 

in clinical research of IBD is a product called VSL#3, which contains several species of 

Bifidobacteria, Lactobacillus, and Streptococcus [79]. Some clinical research showed that VSL#3 

can prevent an increase in pathogenic bacteria and relapse in UC patients who are intolerant to 5-

ASA [81]. Overall, clinical trials with natural interventions yield positive outcomes, and natural 

interventions may be the future of UC management. More research is needed to investigate the 

effects of natural interventions, especially those that can act as both anti-inflammatory agents 

and immunomodulators in UC management 
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1.2 Common Bean (Phasolus vulgaris L.) 

1.2.1 Overview 

Common bean (phasolus vulgaris L.) has attracted the attention of many researchers to 

investigate its benefit to colon health. Common bean is a dicotyledon and belongs to the pea 

family [87]. It is an important member in legume/pulse foods categories. Nowadays there are 

many dry bean market classes depending on the colour, shape and size of the beans. Some of the 

commonly consumed varieties are navy, black, kidney, and pinto beans. The plant is edible for 

both dry beans and green beans.  Dry beans are the matured seeds whereas green beans are 

immature seeds wrapped in pods (Figure 1). Overall, common bean is an important commodity, 

being a staple food in many parts of the world.  
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Figure 1. Bean picture showing A) immature green bean pod, and B) matured bean with seeds.  
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Dry bean offers a superb source of protein, carbohydrates, dietary fiber, minerals, 

vitamins and many phenolic compounds. Recently, researchers are particularly interested in the 

high antioxidant activities observed in dry beans. A large study conducted by US Department of 

Agriculture examined the antioxidant capacities of over one hundred common foods in the 

United States and found many dry bean varieties ranked high based on both per serving and per 

gram wet weight basis, with small red bean, red kidney bean and pinto bean in the Top 5 ranking 

[88].  

Dry bean is a very nutritious food from many aspects and it is not surprising why 

nutritionist would characterize dry bean as a nearly perfect food.  For the purpose of this thesis 

study, this section will only discuss two aspects of bean nutrition, dietary fiber and phenolic 

compounds, with more emphasis on phenolic compounds.  

1.2.2 Fiber 

 

Fibers are found in carbohydrate-rich plant foods, such as beans. There are two main 

types of fiber essential for optimum health: soluble and insoluble fiber [89]. In the USA, 

adequate intake for fiber is 38 and 25 g/day for adult men and women respectively or an amount 

equivalent to 14 g of fiber for every 1000 calories consumed [86]. This recommendation was 

based on the minimum amount of fiber required to have a positive impact on health and disease 

[86]. The consequences of consuming a diet low in fiber cannot be ignored. Inflammatory bowel 

disease, which includes UC has been associated with low dietary fiber intake[90]. Thus, 

choosing foods high in fiber content can help people to achieve colon health.  

Beans are a rich source of both insoluble and soluble fiber. Fiber content in beans 

remained high after cooking with content ranging from 19.11 to 25.2 g/ 100 g dry weight (DW) 
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[91, 92]. In one study, the soluble fiber content ranged from 4.47 to 5.26 g/100 g DW, and the 

insoluble fiber content ranged from 11.39 to 13.25 g/100 g DW[91]. A more recent study found 

much lower soluble fiber content (2.60±0.57 g/100 g DW) and much higher insoluble fiber 

content (22.6±0.10 g/100 g DW) than what was reported previously [92]. This difference could 

be due to bean variety used and/or bean preparation differences. Overall, beans are high in 

dietary fiber and incorporating bean into one’s diet can help achieve the daily recommended 

dietary fiber intake.  

1.2.3 Phenolic compounds  

 

1.2.3.1 Nomenclature, Occurrence and Dietary Burden  

Phenolic compounds are naturally occurring plant molecules that are involved in their 

natural defence against ultraviolet radiation and insects [58]. In vivo, phenolic compounds are 

proposed to have a wide range of effects, such as anti-oxidative, anti-inflammation, anti-

mutagenetic, ant-carcinogenic, and anti-angiogenesis[58]. Dry bean is rich in phenolic 

compounds, including phenolic acids and flavonoids. The basic phenolic structure is called an 

aglycone form.  Aglycone can associate with various carbohydrates and organic acids to form 

glycone structure. Many phenolic compounds can also join together to form polymers.   

Phenolic acids have a carboxyl group attached to benzene ring [93] (Figure 2). Two 

classes of phenolic acids can be distinguished depending on their structure: benzoic acid 

derivatives and cinnamic/ hydroxylcinnamic acid derivatives [93]. Some commonly occurring 

phenolic acids include, chlorogenic acids (found in coffee, apples, pears, berries, artichoke), 

caffeic acid (coffee, wine, beans), ferulic acid (found in legumes, cereal brans, pumpkin), p-

courmaric acid (found in beans, wheat, oats, apples, grapefruits), and vanillic acid (prickly ash, 

Japanese alder, oriental ginseng, beans) [93, 94]. The total phenolic acid content of beans are 
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relatively high with a level similar to that of wild berry species on a fresh weigh basis (0.81-1.70 

mg of Gallic acid equivalent (GAE)/g)[95]. In western countries, the consumption of phenolic 

acids are generally high (100 mg to 2 g/d) originating mainly from high coffee consumption [96] 

.  

 

Figure 2. Structures of some common phenolic acids [93] 

 

Flavonoids are widely available in plant food and have the basic skeleton of 

diphenylpropanes (C6 + C3 + C5) with different oxidation level of the central pyran ring [97] 

(Figure 3). The six major subclasses of flavonoids are flavanol, flavanones, flavones, 

isoflavones, flavonols, and anthocyanidins [98]. Some common flavonols include kaempferol, 

myrictetin, quercetin, and isorhamnetin [98].  Flavonols are found nearly ubiquitous in plant 

foods, but not uniformly distributed throughout the plant kingdom. Beans are relative rich 

sources of one or more subclasses of these polyphenols [99-101].  In addition, many flavonoids 
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in foods are also polymerized into large molecules called tannins, which are include hydrolysable 

tannins and proanthocyanidin, which also present in beans [99, 102]. Consumption of total 

flavonoids ranges from about 20 mg/d observed in United States, Denmark and Finland to more 

than 70 mg/d observed in Holland[103-106].  

 

Figure 3.General structure of flavonoids [98]  

 

Anthocyanins are glycosides of anthocyanidins (a flavonoid) (Figure 3). The aglycones 

are rarely found in nature [137]. In plants, anthocyanins are responsible for the blue, purple, red 

and intermediate hues, and may result in black color in some cases [58]. The appearance of their 

hue depends on pH value [58].  There are several hundred anthocyanins known, varying in their 

basic anthocyanidins skeleton, and/or the position and the extend of sugar acylation. The most 

common anthocyanins are glycosides of cyanidin, delphinidin, maldivian, pelargonidin, 

peonidin, and petunidin [107]. Anthocyanins are highly concentrated in colored fruits and 
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vegetables [108]. Colored beans, especially black beans are rich in anthocyanins [100, 101]. In 

United States, anthocyanins intake is about 3.1 mg per day, provided mostly by blue and red 

fruits, vegetables, and also red wine [109].  

 

Figure 4.General structure of anthocyanins [108] 

 

1.2.3.2 Soluble versus Insoluble-bound Phenolics 

 Phenolic compounds in food may exist as free, soluble conjugates and insoluble bound 

forms [110]. Phenolics form both ester and ether linkages owing to their bifunctional nature 

through reactions involving their carboxylic and hydroxyl groups, respectively [111]. This 

allows phenolics to form cross-links with cell wall macromolecules to become insoluble bound 

phenolics (IBP) [111]. Numerous studies found the content of IBP in certain foods exceeds by 

far the proportion of soluble phenolics (SP) [112-116]. Although IBP are not readily available 

for absorption, they can be released under the low pH conditions of the gastrointestinal tract and 
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upon colonic fermentation [117, 118]. Upon release, they can exert a localized effect on the gut 

lumen or could be absorbed into the bloodstream [118]. Therefore the IBP content of foods may 

be a more realistic and physiologically relevant reference when studying whole food. 

 Since IBP may be a more physiologically relevant form of phenolic compounds to 

humans, it is important to evaluate the relative amount of IBP compared to soluble phenolics in 

foods. After analysing IBP in varies foods such as wheat, millet, heartnuts, walnuts, corn, oats, 

rice, barley, and malt, researchers have recognized the important contribution of IBP to phenolic 

acid and flavonoid content, as well as antioxidant activities [112-116, 119, 120] . In these 

studies, soluble phenolics were extracted with various organic solvents using different extraction 

conditions. In some studies, the SP fractions were hydrolyzed into free phenolic acids (FPA). 

Chemically, both SP and FPA represented the phenolics that are readily available for absorption. 

The leftover residue, after soluble phenolics extraction, was treated with base and/or acid 

hydrolysis to obtain IBP fraction. IBP fraction represented the phenolics that formed extensive 

linkages to the food matrix and may be released upon colonic fermentation [121, 122]. Although 

this chemistry approach does not represent the complexity of biological digestion system, it can 

still provide some information on the relative amounts of IBP in foods.  

Phenolic content is usually assessed with Total Phenolic Content (TPC) assay and Total 

Flavonoids Content (TFC) assay. Several different antioxidant activities assays measuring either 

the free radical scavenging ability or reducing power were used in these studies [113-116, 120]. 

Over all, depending on the type of food and the phenolics extraction conditions, the contributions 

of IBP compared to the soluble fraction can vary (Table 2). Some researchers reported IBP 

contained higher phenolic content and antioxidant activities compared to the soluble fraction, 

while the others reported the opposite.  Higher IBP were reported in wheat bran, wheat, some 
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varieties of millet, barley, malt, corn, oat and rice [112-116]. Lower or equivalent IBP were 

reported in barley, and in some varieties of millets and walnuts [116, 119, 120].  

Table 2. Phenolic content and antioxidant activity of soluble phenolics and bound phenolics in 

selected foods. 

Food 

Analysed  

Extraction Results  Reference 

Wheat 

bran 

80% MeOH,  

twice,  5:1 ratio 

(v/w), 1 hr, room 

temperature (RT) 

For TPC, FPA ranged from 185±1.4 to 336±2.4 

µg GAE/g. Total IBP ranged from 3364±24.4 

to 3967±5.8 µg GAE/g. 

Higher p-hydrozybenzoic acid, Vanillic acid, 

Syringic acid, p-Courmaric acid, ferulic acid in 

IBP than FPA. 

Salicylic acid, tran-cinnamic acid were found 

in IBP but not FPA 

Kim et al. 

2006 

[112] 

Barley  Various extraction 

solution (EtOH, 

Acetone), 8:1 ratio 

(v/w), 10 min, 

sonication, 30-40 

ºC 

For TPC, comparable levels of FPA (0.29±0.04 

to 0.68±0.09 mg GAE/100 g) versus IBP 

(0.24±21 to 0.49±0.14 mg GAE/100g ) 

  

Bonoli et 

al. 2004 

[119] 

wheat MeOH-Acetone-

water 

(7:&:6,v/v/v), 6 

times,20:1 (w/v), 

15s, polytron 

homogenizer, RT 

For TPC, FPA ranged from 137±4 to 981±47 

µg ferulic acid equivalent (FAE)/g. 

IBP ranged from 328±14 to 12186±149 

µgFAE/g. 

Higher antioxidant activity measured by total 

antioxidant capacity (TAC), ORAC, diphenyl-

1-picrylhydrazyl (DPPH), 

photochemiluminescence (PCL) in IBP than 

FPA 

Liyana-

Pathirana 

et al. 2006 

[113] 

millet 70% acetone 

(v/v),3 times,  20:1 

ratio (v/w), 25min, 

sonication, RT 

For TPC, SP ranged from 7.19±0.12 to 

32.39±0.93 µmol FAE/g. IBP ranged from 

2.21±0.01 to 81.64±0.15 µmol FAE/g 

For TFC, SP ranged from 1.18±0.07 to 

33.71±0.73 µmol catechin equivalent (CE)/g. 

IBP ranged from 0.28±0.10 to 4.53±0.14 µmol 

CE/g.  

For antioxidant activity, TEAC ranged from 

3.70±0.73 to 41.68±0.24 µmol Trolox 

equivalent (TE)/g for SP; and 5.03±0.73 to 

86.13±2.60 µmol TE/g for IBP. FRAP ranged 

from 3.64±0.10 to 26.75±0.36 µmol ascorbic 

acid equivalent (AAE)/g for SP; and 2.96±0.55 

to 29.33±2.60 36 µmol AAE/g for IBP. 

Chandrase

kara and 

Shahidi, 

2010 

[116] 
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Higher ferulic and p-Coumaric acid in IBP than 

all SP (free, esterified) 

Barley, 

malt 

70% MeOH (v/v), 

10:1 ratio (v/w), 20 

min, gyratory 

shaker, RT 

Barley: 

TPC, FRA ranged from 37.7 to 64.2 mg 

GAE/Kg. IBP ranged from 211.6 to 320.5 mg 

GAE/Kg.  

For DPPH, FRA ranged from 1.4 to 2.4 %. IBP 

ranged from 4.5 to 8.5% 

For FRAP, FRA ranged from 0.375 to 0.430 

Quercetin equivalent (QE)/Kg. IBP ranged 

from 0.502 to 0.667 QE/Kg. 

Malt: 

For TPC, FRA ranged from 34.1 to 64.8 mg 

GAE/Kg. IBP ranged from 81.1 to 234.9 mg 

GAE/Kg.  

For DPPH, FRA ranged from 1.1 to 2.1 %. IBP 

ranged from 2.3 to 5.3% 

For FRAP, FRA ranged from 0.344 to 0.418 

QE/Kg. IBP ranged from 0.351 to 0.446 

QE/Kg. 

For both barley and malt, Gallic acid, Catechin 

and Vanillic acids were only presented in SP. 

High p-Courmaric acid and Ferulic acids were 

found in IBP. 

Dvorakov

a et al. 

2008 

[114] 

Walnut 80% MeOH (v/v), 

twice, 10:1 ratio 

(v/w), 2 hr, RT 

For TPC, FPA ranged from 1.48 to 10.42 mg 

GAE/g. IBP ranged from 1.94 to 3.73 mg 

GAE/g.  

For FRAP, FPR ranged from 871.49±0.04 to 

3454.27±0.27 µmol AAE/g. IBP ranged from 

1218.77±0.17 to 2534.37±0.44 µmol AAE/g 

Ellagic acid content ranged from 0.09 to 0.32 

mg/g in FPA, and ranged from 0.55 to 1.21 

mg/g in IBP 

Li et al. 

2006 

[120] 

Corn, 

wheat, 

oats, rice 

80% EtOH (v/v), 

twice, 2:1 ratio 

(v/w), 10 min, 

chilled 

% TPC contributed by IBP were 85%, 75%, 

75%, and 62% for corn, wheat, oats, rice 

respectively compare to FPA.  

% TFC contributed by IBP were 

91%,96%,61%,65% for corn, wheat, oats, rice 

respectively  

% antioxidant activity (total oxyradical 

scavenging capacity (TOSC) assay) contributed 

by IBP were 87%, 90%, 58%, and 71% for 

corn, wheat, oats, and rice respectively.  

Ferulic acids content contributed by IBP were 

98.8%, 98.8%, 97.8% and 93% for corn, wheat, 

oats, and rice respectively. 

Adom and 

Liu. 2002 

[115] 
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The inconsistent findings regarding the relative contribution of IBP can be partially 

explained by the extraction conditions. Chandrasekara and Shahidi used ultrasonic assisted 

extraction in their millet study [116]. The passage of ultrasonic waves in the extraction solution 

produced vibrations, which resulted in bubble formation [123]. When these bubbles collapsed 

near the cell wall, the resulting shock waves and liquid jets can cause those cell walls to break 

and release their contents into the solvent [123]. As result, UAE allowed greater penetration of 

the solvent into the sample matrix. This facilitated the release of bound phenolics into the solvent 

and resulted in higher soluble phenolics level observed in the study. The extraction solvent was 

another factor contributing to the mixed results. Adom and Liu used chilled 80% EtOH in a 2:1 

solvent to solid ratio in their initial soluble phenolics extraction, while other studies operated 

under room temperature or slightly elevated temperatures [112-116, 119, 120]. Lower 

temperature may limit phenolic release into the extraction solvent. In addition, EtOH may not be 

a strong enough solvent. Bonoli et al. compared different solvents and found acetone to be 

almost twice as effective in phenolics extraction compare to EtOH [119]. The solvent to solid 

ratio used in Adom and Liu’s study was also the very low compared to others (5:1 to 20:1) [112-

116, 119, 120] . It is likely that at a ratio of 2:1, there was insufficient solvent to interact with the 

solid material and solubilize the phenolics into extraction solution. Therefore, a combined effect 

of lower temperature, weaker extraction solvent, and lower solvent to solid ratio may result in 

lower phenolics being released initially, leaving high levels of phenolics in IBP fraction. Lastly, 

extraction duration may also be an important factor. Adom and Liu used only 10 mins in the 

initial SP extraction, while other studies under conventional extraction condition, used 20 min to 

2 hrs [112-116, 119, 120]. Longer extraction duration potentially facilitated the release of 
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phenolics into the extraction solvent, contributing to higher phenolics content in the soluble 

fraction.  

When analysing specific phenolic acids and antioxidant activities, results were consistent 

among the studies [112-116, 119, 120] . Higher p-hydrozybenzoic acid, vanillic acid, syringic 

acid, p-courmaric acid, ferulic acid and ellagic acid were found in IBP fraction compared to SP 

fractions in wheat bran, millets, and walnuts [112, 116, 120]. In addition, salicylic acid and 

trans-cinnamic acid were only detected in IBP fraction in wheat bran [112]. Different antioxidant 

assays were used and in general IBP fractions have higher antioxidant activities compare to 

soluble fractions [113-116, 120]. The differences were large in antioxidant assays based on a free 

radical scavenging principle (ORAC, DPPH, TOSC) and less prominent in FRAP, which 

measures reducing power.  

 Overall, the majority of the studies found higher TPC, TFC and antioxidant activities in 

the IBP fraction compared to soluble fractions. The relative higher contribution of IBP is 

particularly important for colon health. As mentioned previously, IBP protected within 

macromolecules may reach the colon where they are released as free or soluble forms after 

bacterial fermentation. After dissociation and fermentation, the free phenolics and/or phenolics 

metabolites may act along the colon to create a reduced environment and prevent the damage 

caused by ROS to intestinal cells [117, 118, 124].  

1.2.4 Bean phenolics content and profile   

 

 Common beans are a rich source of phenolic acids, flavonoids, and anthocyanins. The 

common bean is comprised of three different compartments; cotyledon, seed coat and 

embroyonic axe, which make up on average, 89%, 10% and 1% of the total seed weight 
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respectively [125]. The cotyledon contains protein and carbohydrate, while the seed coat which 

is the protective barrier for the cotyledon, has the highest concentration of phenolic compounds.  

[125, 126].  

Many research groups measured the phenolic and flavonoids content in a wide variety of 

beans (Table 3). One way to measure phenolic content was to sum all the individual phenolic 

acid detected by high performance liquid chromatography (HPLC). This method only reflects the 

level of known phenolic acids. Another method to determine phenolic content is to use a 

colorimetric assay, but it is very difficult comparing TPC between studies using this approach, 

particularly when complex extracts are analyzed and different methods are used to quantify it.  In 

the case of Folin-Ciocalteu method, different reagent concentrations, timing of reagent addition 

and incubation, and different standards used to express the results are the main sources of this 

problem [127]. As a result, TPC determined using this method had large variations between 

studies.  

Table 3. Phenolic content and flavonoid content in different bean varieties. 

Bean 

cultivar 

Extraction 

condition 

Phenolic acid content 

(TPC)  

Flavonoids content 

(TFC) 

Reference  

Wild, 

weedy, 

cultivated 

(raw, 

whole 

seeds) 

80% MeOH and 

70% EtOH (pH2), 

RT 

 

Conventional method: 

0.90 to 2.11 mg 

GAE/g 

Not measured Espinosa-

Alonso et 

al. 2006 

[100]
1 

Brazilian 

& 

Peruvian 

(raw, seed 

coat and 

cotyledon 

separate) 

70% MeOH and 

70% acidic MeOH 

(v/v), 20:1 ratio 

(v/w), shake, 2 h, 

4◦C 

  

HPLC method: 

Coat:  

Not detectable (n.d.) 

to 20±1 mg/100 g  

Cotyledon: 

4.8±0.1 to 40.2±0.4 

mg/100 g  

HPLC method: 

Coat: 

nd to 765±49 mg/100 

g  

Cotyledon: 

Nd to 0.93±0.00 

mg/100 g  

Ranilla et 

al. 2007 

[99]
1 

15 US 

market 

MeOH with 0.2% 

TBH (2,3-tert-butl-

HPLC method: 

19.1 to 48.3 mg/100 g 

Not measured Luthria et 

al. 2006 
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classes 

beans 

4hydroxy anisole) 

and 10% acetic 

acid (v/v), 14:1 

ratio (v/w), 

sonicator, 30min, 

RT 

[128]
1 

Brazilian 

bean  

(FT Nobre 

and Jalo 

Precoce 

variety) 

70% MeOH and 

70% acidic MeOH 

(v/v), 20:1 ratio 

(v/w), shake, 2 h, 

4◦C 

 

HPLC method: 

25.2±0.1 and 37±4 

mg/100 g 

Assay: 

2.2±0.1 and 2.4±0.1 

mg CE/g  

HPLC method: 

31.5±0.1 and 41±3 

mg/100 g 

 

Ranilla et 

al. 2009 

[129]
1,2 

1 Bayo 

Madero 

3 Flor de 

mayo 

3 Negro 

70% acetone or 

50% MeOH (v/v), 

10:1 ratio (v/w), 

shake, 24 h, RT 

Conventional method: 

Acetone: 

18.88±0.92 to 

26.65±0.42 mg CE/ g 

MeOH: 

11.23±1.08 to 

16.94±0.33 CE/g 

Not measured Rocha-

Guzman 

et al. 2007 

[130]
2 

Common 

dry beans 

(Dermason 

and pinto 

beans) 

50% MeOH (v/v), 

5:1 ratio (v/w), 

blender, 5min, 

twice, RT 

Conventional method: 

2.36±0.11 and 

3.74±0.13 mg GAE/g 

 

Conventional method: 

0.14±0.02 and 

1.27±0.14 mg GAE/g 

Akilloglu 

et al. 2010 

[131]
2 

6 common 

bean 

varieties  

80% MeOH (v/v), 

50:1 (v/w), shake, 

2 h, RT 

 

Conventional method: 

3.62 to 16.61 mg CE/g 

Conventional method: 

0.41 to 1.02 mg rutin 

equivalent (RE)/g  

Oomah et 

al. 2005 

[132]
2 

1
 levels determined by HPLC and represent the sum of all identified compounds. 

2
 levels 

determined by colorimetric assays. Ciocalteu reagent assay for TPC and Aluminum Chloride 

(AlCl3) for TFC 

Common beans contain many different phenolic compounds (Table 4). In terms of 

phenolic acids, vanillic acid, caffeic acid, vanillin aldehyde, syringic acid, courmaric acid, ferulic 

acid, sinapic acid, chlorogenic acid, hydroxycinnamic acid, and p-courmaric acid have been 

reported in beans [99-101, 128]. Ferulic is the predominate phenolic acid in beans with the 

highest concentration and presented in all bean varieties [99, 100, 128]. Beans also contain a 

variety of flavonoids including daidzein, quercetin, kaempferol, coumestrol, myricetin, catechin, 

and rutin [99-101]. Among these flavonoids, quercetin and kaempferol were found in most bean 
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varieties [128, 167]. Anthocyanins were only detected in colored beans at relatively low 

concentration compared to phenolic acids and flavonols [100]. Six anthocyanins were detected 

including delphinidin, cyanidin, petunidin, pelargonidin, peonidin, and malvidin. Delphinidin is 

the main anthocyanin in beans and may account up to 81.0% of total anthocyanins detected 

[100].  

Table 4. Phenolic acids, flavonoids and anthocyanins profile of different bean varieties. 

Bean 

cultivar  

Extraction 

condition  

Phenolic acids Flavonoids Anthocyanins Reference 

Wild, 

weedy, 

cultivated 

(raw, 

whole 

seeds) 

80% MeOH 

and 70% EtOH 

(pH2), RT 

 

p-hydroxybenzoic 

acid 

Vanillic acid 

Caffeic acid 

Vanillin aldehyde 

Syringic acid 

Courmaric acid 

Ferulic acid 

Sinapic acid  

Daidzein 

Quercetin 

Kaempferol  

Coumestrol  

Delphinidin 

Cyaniding 

Petunidin 

Pelargonidin 

Peonidin 

Malvidin  

Espinosa-

Alonso et 

al. 2006 

[100] 

Brazilian 

& 

Peruvian 

(raw, seed 

coat and 

cotyledon 

separate) 

70% MeOH 

and 70% acidic 

MeOH (v/v), 

20:1 ratio 

(v/w), shake, 2 

h, 4◦C 

  

Coat:  

Chlorogenic acid 

Hydroxycinnamic 

acid 

Cotyledon: 

Sinapic acid 

Ferulic acid 

Hydroxycinnamic 

acid 

 

Coat:  

Quercetin 

Kaempferol  

Myricetin  

Catechin  

Cotyledon: 

Quercetin 

Keampferol  

Not measured Ranilla et 

al. 2007 

[99] 

10 US 

market 

classes 

beans  

60% MeOH 

(v/v), 20:1 

ratio (v/w), 

ultrasonic 

sonicator, 60 

min, RT 

p-coumaric acid 

Sinapic acid 

Ferulic acid 

Myricetin 

Quercetin 

Rutin 

Kaempferol  

 

Delphinidin 

Petunidin 

Malvidin 

Cyanidin 

Pelargonidin 

Lin et al. 

2008 

[56, 101] 

15 US 

market 

classes 

beans 

MeOH with 

0.2% TBH and 

10% acetic 

acid (v/v), 14:1 

ratio (v/w), 

sonicator, 

30min, RT 

Caffeic acid 

p-coumaric acid 

Ferulic acid 

Sinapic acid  

Not 

measured 

Not measured Luthria et 

al. 2006 

[128] 
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Darker beans are usually considered as having higher phenolic content and antioxidant 

activity compare to lighter colored beans. However not all phenolic compounds have color and 

not all phenolic compounds are in the seed coat [99]. Therefore, different classes of phenolic 

compounds should be considered separately in their relation to seed colour. After examining 62 

wild and weedy Mexican bean varieties, the highest phenolic acids value was from a pale yellow 

bean and the lowest from a mixed coloured bean [100]. Rocha-Guzman et al also found a similar 

trend, the relative order of TPC in acetone extract was: cream colour> yellow mottled  colour> 

black colour [130]. Since phenolic acids are mainly located in the cotyledon, and this may 

explain the lack of association between phenolic acids and seed color [99]. Currently, researchers 

accept that flavonoids are responsible for the different pigmentations observed in bean coat 

[133]. Beans with the same bean coat colors tend to have similar flavonoids profile [99]. 

Quercetin derivatives were more concentrate in black and red bean coats than in beans with light 

brow and stripes coats [99]. Furthermore, white bean cultivars are poor in kaempferol 

derivatives, and had no detectable level of quercetin glycosides [99]. No flavonoids were 

detected in the navy bean, which has white coat [101]. The association between seed color and 

anthocyanin is also evident. The anthocyanin contents were higher in black seeds than in other 

colour seeds (mottled gray, mixed coloured) [100]. Similarly, Ranilla et al. detected high levels 

of anthocyanins in all black and red beans, but only small quantity in light brown and stripes 

beans [99]. In summary, flavonoids may contribute more to seed coat colour compared to 

phenolic acids [99-101, 128].  
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1.2.5 Antioxidative property of bean phenolics 

In 1947, Boland and ten-Have first proposed that phenolic antioxidants can interfere with 

the oxidation process [134]. The potency of phenolic compounds to act as antioxidants arises 

from their ability to donate hydrogen atoms via hydroxyl groups on benzene rings to electron-

deficient free radicals and in turn form a resonance-stabilized and less reactive phenoxyl radical 

(free radical terminator) [134]. Phenolic compounds may also act to scavenge free radicals, break 

radical chain reactions, and chelate metal [135]. 

The antioxidant activity of phenolic compounds is directly related to their structure. In 

the case of phenolic acids, the number and position of hydroxyl groups in the molecule are 

associated with antioxidant activity [136].  Flavonoids also present antioxidant activity, which 

depends on the position and degree of hydroxylation on the B ring [137]. Proanthocyanidins also 

have free radical-scavenging activity, influenced by the structure of the monomers and the 

degree of polymerisation [138]. Researchers found that flavonoids, such as Quercetin, and 

anthocyanins, such as delphinidin and petunidin have significant antioxidant activity in 

comparison to butylated hydroxytoluene [139]. Individual antioxidant compounds can not only 

act alone, but act in combination with other antioxidant, and interactions among them can affect 

total antioxidant capacity, producing synergistic effects [140]. Therefore, as a phenolic 

compound rich food, the common bean is high in antioxidant activity.  

Various antioxidant activity assays have been established and they can be categorized 

into ones that assess the removal of ROS (ORAC, DPPH, β-clam), and ones that measure the 

ability to reduce other compounds (FRAP). As mentioned previously, beans are excellent 

antioxidants because their high phenolic compounds content [88]. ORAC in selected bean 

varieties ranged from 80.40 to 149.21 mg TE/ g, a relatively high level compared to other foods 
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[88].  For example, blueberries are commonly perceived as high in antioxidant, but in the same 

study, blueberry only had a ORAC value of 62.20 TE/g, a level lower than what were observed 

in beans [88].  DPPH assay measures the ability of a compound to quince 50% of ROS and 

different studies tend to use different ROS concentrations. The lack of standardization in DPPH 

assay makes it impossible to compare results between studies [127].  In brief, bean phenolic 

extracts exhibit antioxidative capacity, and seed coat extracts have higher DPPH compares to 

cotyledon extract [99]. 

Comparison of the phenolic content of bean using antioxidant activities revealed strong 

correlations in many studies. The contribution of the phenolic compounds to the total anti-radical 

activity was evaluated by normalizing their values based on the standard (gallic acid, catechin, 

rutin, etc) used for their calculations. Total phenolic acid measured by colorimetric assay was the 

major contributor to the total antiradical activity measured by β-carotene method, accounting for 

about 40-71 % of total antiradical activity, depending on bean cultivar. Similarly, antioxidant 

activity toward DPPH of acetone phenolic extracts positively correlated with TPC (r
2
= 0.9605, 

p<0.05) [130].The contribution of the flavonoids and the anthocyanin, to antioxidant activity was 

minimal, being <10 and 7% respectively [132]. Together these results indicate that TPC can be 

conveniently used as a predicator of antioxidant and antiradical activity of bean cultivar.  
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1.3 Bean Bioactive and Colon Health 
 

1.3.1 The effects of fiber and SCFAs on colitis  

 

 Dietary fibre plays a role in numerous physiological functions, as well as in the 

prevention and treatment of certain diseases. In the context of colon health, studies suggest that 

an adequate amount of daily dietary fiber prevents constipation, provide substrate for colonic 

bacteria, and increases SCFAs production [86]. Insoluble and soluble fibers are the two classes 

of dietary fibre and each carries out different physiological roles in the body. Insoluble fiber or 

non-fermentable fiber exerts its beneficial effects to the colon by increasing fecal bulk, 

decreasing colonic transit time, and binding carcinogens and bile salts [86]. On the other hand, 

soluble fiber has been shown to alleviate colonic inflammation and decrease diarrhea [141-143]. 

The water holding ability of soluble fiber can relieve constipation by making stool bulker and 

softener [144]. The anti-inflammatory effects of  soluble fibre arise from secondary products of 

bacterial fermentation, namely SCFAs [86]. These microbiota produce enzymes that are capable 

of breaking down glycosidic and other chemical bonds that are not digested in the upper portion 

of the GI tract[86]. SCFAs, mainly acetate (C2), propionate (C3), and butyrate (C4) and other 

metabolites such as lactate and pyruvate are the major metabolic products [145]. The production 

of these SCFAs decrease colonic pH and thereby decreases the growth of harmful bacteria in the 

colon [145]. In addition, SCFAs provide an important energy source for colonic epithelial cells, 

and plays a role in the maintenance of the colonic barrier integrity and function [146]. 

Particularly, butyrate is shown to modulate inflammatory response in the colon by decreasing the 

production of pro-inflammatory cytokines and inhibiting NF-κB activation [147]. Therefore, 

dietary fibers contribute to colon health through insoluble fibre and the non-fermentative 



 
 

32 
 

processes, as well through soluble fibre and the fermentative processes. However this section 

will focus on the role of soluble fiber and its fermentation products, SCFAs, in colitis.   

 Several studies have examined the effects of SCFAs or their derivatives in both UC 

patients and animal models of colitis (Table 5). In these studies, SCFAs were administrated by 

different routes including ingestion of dietary fiber, use of enemas or oral administration of 

sodium butyrate. Overall, SCFAs or dietary fibers presented beneficial effects in colitis in both 

UC patients and animals of experimental colitis [141, 142, 148-150]. However, there were 

discrepancies in the degree of positive effects with some studies showing diminished disease 

symptoms while one study only found minor beneficial effects. In UC patients, SCFAs based 

interventions were able to improve clinical symptoms of colitis (stool frequency, stool blood), 

maintain intestinal integrity (endoscopic and histological score), and increase remission rate. In 

experimental colitis studies, researchers were able to examine various molecular biomarkers in 

organs. SCFAs or dietary fibers attenuated the expression of inflammatory cytokines (IL-1β, 

TNF-α, IL-17, inducible protein (IP)-10, IL-12), increase the production of anti-inflammatory 

cytokine IL-10, and suppressed the activation and translocation of various immune cells 

(macrophages, eosinophil, T cells, B cells, dendritic cells). The effects of SCFAs on oxidative 

stress yield mixed results. Harmer et al found no significant effects of butyrate enemas (100 

mM) on oxidative stress measured in colonic mucosal biopsies (total GSH, GSH, Glutathione 

disulfide (GSSG), GSH/GSSG ratio, TEAC, GST, malondialdehyde (MDA)) [151]. In contrast, 

5% soluble fiber diet decreased oxidative stress in animals by reducing NO synthase activities 

and restoring colonic GSH level [142]. This discrepancy may be due to the use of distinct 

experimental protocols (UC patients vs. TNBS induced colitis), the source of SCFAs (butyrate 

vs. soluble fiber), and dose of SCFAs administration.   
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Table 5. Therapeutic application of soluble fiber and SCFAs in colitis 

Treatment 

 

Model Effect  Reference  

cellobiose 

3.0 or 9.0% in 

diet (w/w) 

Male BALB/c 

mice 3.5% DSS, 7d 

Reduced colitis, reduced weight loss, 

diminished tissue edema, attenuation of 

inflammatory cytokine (IL-1β, TNF-α, 

IL-17, IP-10) 

Nishimura 

et al. 2010 

[141] 

Sodium 

butyrate 

0.5% in diet 

(w/w) 

C57BL/6 mice, 

2.5% DSS, 7d  

Reduced colitis, improvement of mucosa 

lesion, reduced MPO,  reduced 

Eosinophil concentration, reduced the % 

of mature B(CD19+, CD5+) cells, 

macrophages (CD11b, CD11c-) and 

activate T (CD4+CD69+) cells in cecal 

lymph node, reduced the% memory 

T(CD44+, CD4+) cell, dendritic cells in 

Peyer’s patches, reduced IL-10 in 

duodenum, decreased acetate and 

propionate concentration 

Vieira et 

al. 

2012[148] 

5-ASA (2g) + 

topical 80 

butyrate mM/L, 

6 wk 

Human UC  Improvement of colitis, improved 

endoscopic and histological score, higher 

remission 

Vieira et 

al. 2003 

[149] 

 

Butyrate 

enemas (100 

mM), 20 d 

UC patients (low-

grade 

inflammation) 

Minor effect on inflammation, increased 

colonic IL-10/IL-12 ratio, no significant 

effects on oxidative stress 

Hamer et 

al. 2010 

[151] 

5% fiber 

(Plantago ovate 

seeds) in diet, 3 

wk 

Female Wistar rats, 

10 mg of TNBS/rat 

Reduced colitis, reduced MPO and NO 

synthase activities, restoration of colonic 

glutathione levels, diminished TNF-α 

concentrations, elevated butyrate and 

propionate production 

Rodriguez-

Cabezas et 

al. 2002 

[142] 

Butyrate 

enemas (100 

mM/L), 2wk 

Human UC 

patients  

Reduced colitis, improved endoscopic 

and histological score, improved clinical 

symptoms (stool frequency, stool blood) 

Schepach 

et al. 1992 

[150] 

 

1.3.2 Dietary phenolic compounds can modulate the intestinal inflammatory 

response  

 

 A growing body of evidence from both in vitro and in vivo studies suggests that phenolic 

compounds may reduce or delay colitis development by modulating the intestinal inflammation. 

Most studies use pure phenolic compounds in rodent models of colitis, with one pilot study 
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involving UC patients (Table 6).  Quercetin and its glycosylated form rutin, as well as curcumin 

were the most studied phenolics. Overall, pure phenolic compounds were effective in preventing 

and treating intestinal inflammation and related injury, with the exception of quercetin in one 

study and luteolin [115, 152-163]. The contrasting result in the case for quercetin, in comparison 

to others, may due to the low dose (0.1%) used in the study or the animal model of colitis used 

[152]. The mechanism involved in the disease aggravation associated with luteolin is more 

complex and may involve an impaired epithelial wound-healing process and increased apoptosis 

in luteolin-fed mice [160]. However, luteolin was able to ameliorate spontaneous colitis 

associated with IL-10
-/- 

mice and this may due to the difference in animal models [160].  

Table 6. Pure phenolic compounds modulating colonic inflammation 

Phenolic 

compound 

dose Animal 

model 

Results Reference 

Quercetin  

 

20-100 μM, 1 d 

after colitis 

inducer (c.i.), 6 

d 

Rats, 15 mg 

TNBS 

(rectally) 

Reduced colitis severity and 

colonic MPO activity in a 

dose-depended manner  

Adom et 

al. 2002 

[115] 

 0.001%, 

0.01%, 0.1%, 

14 d prior or 3 

d after c.i.  

Mice, 5% 

DSS 

No effect on colitis severity  Kwon et 

al. 2005 

[152] 

Rutin (3-O-

rhamnosyl-

glucosyl-

quercetin) 

10 mg/kg/d, 1 

day after c.i., 6 

d 

Rats, 15 mg 

TNBS 

(rectally)  

Reduced colitis severity and 

MPO activity  

Adom et 

al. 2002 

[115] 

 0.001%, 

0.01%, 0.1%, 

14 d prior or 3 

d after c.i.  

Mice, 5% 

DSS 

Reduced colitis severity, IL-

1β mRNA and protein 

expression and IL-6 mRNA 

expression in a dose-depended 

manner 

Kwon et 

al. 2005 

[152] 

Quercitrin (3-O-

rhamnoosyl-

quercetin) 

1 mg/kg/d, 5 

day after c.i, 10 

d 

Rats, 5% 

DSS for 5 d 

followed by 

2% DSS for 

10 d  

Reduced colitis severity, 

lower colonic MPO and 

alkaline phosphatase (AP) 

activities, restored GSH level, 

lower colonic iNOS and 

cyclooxygenase-2 (COX-2) 

expression and pro-

Camuesco 

et al. 2006 

[153] 
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inflammatory cytokines.  

Kaempferol 0.1 or 0.3%, 7 

or 21 d 

Mice, 2% 

DSS for 4 d 

Reduced colitis severity, 

lower colonic MPO, 

decreased NO, lowered COX-

2 and iNOS mRNA 

expression, lowered TNF-α, 

IL-1β and IL-6 

Park et al. 

2012 

[154] 

Dosmalfate 400-800 

mg/kg/d, 7 d 

Mice, 5% 

DSS 7 d 

Reduced colitis severity, 

lower colonic MPO activity, 

decreased neutrophil 

infiltration, reduced IL-1β 

level, restored colonic 

prostaglandins (PG) 

production  

Villegas 

et al. 2003 

[155] 

Epigallocatechin-

3-gallate 

(EGCG) 

30mg/kg/d, 10 

d prior i.c. + 12 

h post 

Rats, 24 mg 

TNBS 

Reduced colitis severity, 

lower colonic MPO activity, 

enhanced SOD activity  

Azuma et 

al. 2008 

[156] 

Curcumin ~ 4 mg/kg/d, 

14 d 

Mice, 3.5% 

DSS 

Reduced colitis severity, 

lower colonic MPO activity, 

reduced CD4 and CD8 cell 

infiltration, blocked NF-ĸB 

activation 

Melgar et 

al, 2008 

[157] 

 100 mg/kg/d, 7 

d 

Rats, 3% 

DSS 5 d 

Reduced colitis severity, 

lower colonic MPO activity, 

decreased neutrophil 

infiltration, restored GST 

activity and GSH level, 

lowered MDA, NO level 

Kitajima 

et al. 2000 

[158] 

 ~ 30 mg/kg/d, 

6 month 

Human, UC Reduced colitis severity, 

improved clinical activity 

index (CAI) and endoscopic 

index (EI) 

Hanai et 

al.2006 

[159] 

Resveratrol  30 mg/kg/d or 

60 mg/kg/d, 14 

d 

Mice, 5% 

DSS 7 d 

Reduced colitis severity, 

lower colonic MDA and MPO 

activity, restored SOD, GSH-

Px activity, decreased 

expression of TNF-α, IL-8, 

interferon γ (IFN-ɣ)
 

Yao et al. 

2010 [54] 

Luteolin 0.5%, 2%, 5% 

(w/w), 3 d 

Mice, 3% 

DSS, 6 d 

Aggravated colitis severity, 

enhanced NF-κB activation in 

distal colon, reduced COX-2 

expression, increase in 

caspase 3 

Karrasch 

et al. 2007 

[160] 

 2% (w/w), 3  Il-10
-/-

 mice, 

4 weeks 

Reduced colitis severity, 

decrease cecal NF-κB 

activation,  

Karrasch 

et al. 2007 

[160] 
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Vanillic acid 200 mg/kg/d, 

7d 

Mice, 5% 

DSS 7d 

Reduced colitis severity, 

reduced IL-6 production, 

COX-2 expression and NF-κB 

activation 

Kim et al. 

2010 

[161] 

Ellagic acid 

 

10mg/kg twice 

a day 

Rats, 3% 

DSS, 7d 

Reduced colitis severity, 

lower MPO activity, lower 

TBARS 

Ogawa et 

al. 2002  

[162] 

Ferulic acid 

(Sodium 

ferulate)  

200,400 or 800 

mg/kg/d, 7 d 

Rats, 8% 

(v/v) acetic 

acid 

(rectally) 

Reduced colitis severity, 

Lower MPO level in mucosa, 

higher SOD, lower MDA and 

NO, lower prostaglandins E2 

(PGE2)  

Dong et 

al. 2003 

[164] 

(Phytosteryl 

ferulates) 

50 mg/kg/d or 

100 mg/kg/d, 8 

to 18 d, oral or 

subcutaneous 

Mice, 1% or 

3% DSS for 

6-16 d 

Reduced colitis severity, 

lower MPO activity, 

suppressed the upregulation of 

IL-1β, IL-6, TNF-α and COX-

2 mRNA, reduced NF-κB p65 

level, elevated IκB-α 

Islam et 

al. 2008 

[163] 

 

 A possible mechanism through which phenolic compounds exert their anti-inflammatory 

properties is through NF-κB pathway modulation [54, 152-155, 157, 161, 163].  One common 

method to measure the NF-ĸB activation is by staining for the p65 subunit of NF-ĸB molecule. 

Upon activation, NF-ĸB translocate from cytoplasm to the nucleus. The researchers observed the 

presence of p65 in the nuclei of inflammatory cells and epithelial cells in the DSS-treated group 

[157, 161, 163]. However this staining pattern was markedly suppressed in the presence of 

curcumin, phytosetryl ferulates, and vanillic acid [157, 161, 163]. In addition, immunostaining 

revealed that Curcumin and Phytosetryl Ferulates also resulted in strong signal for IkB-α, an 

inhibitor for NF-κB [157, 163]. Another method for measuring NF-κB activation is to use NF-

κB
EGFP 

transgenic mice. In this model, activation of the NF-κB pathway is accompanied with the 

florescence expression in the tissue. Luteolin, a flavonoid, decreased cecal NF-κB activation in 

IL-10
-/- 

mice [160].  
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Pro-inflammatory cytokines, such as IL-1β, IL-6, IL-8 and TNF-α, are induced upon 

activation of the NF-κB pathway in inflamed tissue. The roles of these pro-inflammatory 

cytokines, particularly TNF-α, in the pathogenesis of IBD are well documented both in naturally 

occurring disease and in animal models of colitis.  These pro-inflammatory cytokines amplify the 

inflammatory cascade of inflammatory mediators, destructive enzymes, and free radicals that 

cause tissue damage. Phenolic compounds were able to reduce the production of many 

proinflammatory mediators such as IL-1β (rutin, dosmalfate, kaempferol, ferulic acid), IL-6 

(rutin, kaempferol, ferulic acid), IL-8 (resveratrol), TNF-α (resveratrol, kaempferol, ferulic acid) 

(Table 6). Among the proinflammatory enzyme activities,  COX-2 activity and PGE2 production 

were decreased in inflamed colon after quercitrin, kaempferol, luteolin, vanillic acid and ferulic 

acid interventions [153, 154, 160, 161, 164].  Increased inducible nitric oxide synthase (iNOS) 

expression and/or NO production were also modulated to levels comparable to healthy controls 

by quercitrin, kaempferol, and curcumin [153, 154, 157]. Sodium ferulates significantly reduced 

iNOS, COX-2 protein expression in colonic mucosa of rats with colitis [164]. Similar effects 

were also observed in a study with ferulic acid [163]. Therefore, phenolic compounds exert their 

effect on intestinal inflammation by reducing proinflammatory cytokines and inducible enzymes, 

resulting in a decrease in colitis severity.    

 It is well documented that ROS activates NF-κB, which leads to the generation of 

proinflammatory cytokines and inducible enzymes, such as COX-2 and iNOS, in leukocytes and 

macrophages [165]. Conversely, the proinflammatory cytokines cause oxidative stress by 

promoting the release of ROS by immune and non-immune cells [165]. Thus, inflammation and 

oxidative stress are involved in the spiraling vicious cycle that contributes to the severity of the 

intestinal inflammation. Therefore, it is not surprising that the phenolic compounds that exhibit 
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excellent anti-oxidative properties also inhibit NF-κB activation. The bulk of published data 

illustrates the emerging and promising role of phenolic compounds as therapeutic tools in 

colonic inflammation. Their ability to improve clinical signs of colitis, modulate MPO level and 

activity, and influence NF-κB signalling pathway and levels of proinflammatory cytokines, 

encourage the clinical use of these natural compounds. These results also promote future studies 

investigating the effects of consuming whole foods rich in phenolic compounds in colonic 

inflammation.   

1.3.3 Effects of phenolic rich foods in experimental colitis  

 

Natural products and dietary components are becoming an attractive approach for treating 

colitis among patients who are either unresponsive or who develop significant side effects to the 

treatment drugs. As studies revealed the beneficial effects of pure phenolic compounds in colonic 

inflammation, foods high in phenolic compounds start to draw people’s attention. Some of the 

foods examined so far are tea, bilberries, cocoa and pomegranate (Table 7). Phenolic extract 

from whole foods or dried whole food powder were incorporated into the animal diet or gavage 

fed to the animal [166-170]. Overall, reduced colitis severity was observed with Sunrough tea, 

bilberries, cocoa extract, pomegranate extract (PE) and green tea at low dose (0.1%, 0.25%), but 

aggravation of colitis was associated with green tea at high dose (0.5% and 1%) [166-170].  
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Table 7. Effects of phenolic extract and whole food on colonic inflammation in vivo studies. 

Food of 

interest 

(known 

phenolic 

compounds) 

Dose Animal 

Model  

Results  Reference  

Yabukita tea 

(flavonoids) 

0.13 mg/day, 

7d 

Mice, 3% 

DSS, 14 d 

Worse survival rate, decreased 

spleen hypertrophy 

Akiyama 

et al. 2012 

[166] 

Sunrough tea 

(anthocyanin) 

0.16 mg/day, 

7d 

Mice, 3% 

DSS, 14 d 

Improved survival rate, decreased 

spleen hypertrophy, lower IL-1β 

Akiyama 

et al. 2012 

[166] 

Green tea 

extract 

(70% catechin, 

35% EGCG, 

3% caffeine) 

1% (w/w) in 

diet during 

DSS cycle 

Mice, 5% 

DSS, 6 d 

Worse survival rate, 

hepatotoxicity, nephrotoxicity, 

lower HO-1, NQO1, lower HSPs 

Inoue et 

al. 2011 

[171] 

 0.1%, 0.25%, 

0.5%, 0.1% 

(w/w) in diet 

during DSS 

cycle 

Mice, 2% 

DSS, 6 d 

Worse colitis (0.5%, 1%), 

improved colitis(0.25%, 0.1%), 

elevated IL-1β (0.5%, 1%), lower 

IL-1β (0.1%), increase crypt cell 

regeneration (0.1%, 0.25%) 

Kim et al. 

2010 

[167] 

Bilberries 

(anthocyanins) 

20% (w/w) in 

diet, 14 d 

Mice, 

2.5% 

DSS, 7 d 

Reduced colitis severity, lower 

IFN-γ and TNF-α secretion 

Piberger 

et al. 2011 

[168] 

Bilberries 

extract 

(anthocyanins) 

1%, 10% 

(w/w) in diet, 

14 d 

Mice, 

2.5% 

DSS, 7 d 

Reduced colitis severity (1%, 

10%), lower IFN-γ and TNF-α 

secretion (10%) 

Piberger 

et al. 2011 

[168] 

Cocoa extract 

(flavanols) 

500 mg/kg 

twice a day 

during DSS 

cycle 

Mice, 5% 

DSS, 7 d 

Reduced colitis severity, lower 

MPO level, lower NO, reduced 

COX-2 expression, lower pSTAT-

2 and pSTAT1α phosphorylation, 

lower IL-6, IL1β, and TNF-α 

production  

Andujar et 

al. 2011 

[169] 

Pomegranate 

extract 

(ellagitannins) 

250 mg/kg/d, 

20 d 

Rats, 5% 

DSS, 7 d 

Reduced colitis severity, higher 

hematological parameters, 

increase in Bifidobacteria 

Lactobacilli and Clostridium, 

higher FRAP, lower TBARS, 

lower COX-2, lower PGE2, 

down-regulated CD40, IL-1β and 

IL-4. 

Larrosa et 

al. 2010 

[170] 
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Three independent studies observed the disease aggravation associated with consuming 

green tea extract at high doses. A pro-oxidant effect of green tea extract fed at high dose was 

proposed as the cause of colitis aggravation. The researchers observed lower SOD and catalase 

activity as well as higher TBARS level in 1% GTP fed mice prior to DSS exposure. TBARS is a 

reliable indicator for lipid peroxidation, therefore its elevation indicates heightened oxidative 

stress [172]. The negative impact of GTP on the overall oxidative state of the animal may prime 

the animal to respond with further heightened oxidative stress upon DSS exposure. Indeed, after 

DSS exposure, GTPs fed mice had further increase in TBARS levels and decreased production 

of antioxidant enzymes, such as HO-1 and NQO1 [171].  Therefore, at high-dose, GTPs act as a 

pro-oxidant and aggravate DSS-induced colitis.  

Other studies using Sunrough tea, bilberries, cocoa extract, PE and GTP at low dose 

achieved attenuation of DSS induced colitis [166-170]. Many mechanisms were proposed to 

explain how these dietary phenolic interventions exert their beneficial effects on colonic 

inflammation. Sunrough tea and bilberries are high in anthocyanin content and the researchers 

proposed a systemic anthocyanin-specific benefit. Sunrouge, an anthocyanin rich tea showed 

inhibitory effect against DSS-induced colitis in mice compare to Yabukita, a tea without 

anthocyanin [166].  In addition, anthocyanins were significantly increased in the gastric mucosa, 

small intestine and serum following Sunrough tea administration [166]. Together, these data 

suggested that anthocyanins may play a major role in the anti-inflammatory effects observed. 

However, the researchers failed to detect anthocyanin in colonic mucosa [166]. Confirming this 

observation, another study also found anthocyanins being efficiently absorbed from the stomach 

and appear rapidly in blood, then demonstrate antioxidative and anti-inflammatory effects before 

reaching the colon [173]. Since anthocyanins are not associated with IBP fraction, and are 
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readily absorbed along the GI track, anthocyanins may be changing the overall health status to be 

more resistance to inflammatory insult rather than exerting a local effect on colonic tissues.  

Microbiota status is important for the pathogenesis of UC [47]. Larrosa et al. proposed 

that consumption of PE attenuates colitis by improving the microbiota status of the animal [170]. 

DSS caused a significant increase in the growth of harmful bacteria such as E.coli, 

enterobacteria, and total aerobic bacteria [170]. After administration of a PE-rich in 

ellagitannins, rats had increased colonization of Lactobacilli, Bifidobacteria and Clostridium 

[170]. Although a typical prebiotic effect cannot be discarded since the PE contained other 

compounds such as fiber and sugar apart from the phenolic content. Phenolic compounds may 

still account for most of the actions since urolithin-A, the main in vivo derived metabolite of PE 

phenolics, also facilitated the colonization of these beneficial bacteria [170]. Previous studies 

observed that gut inflammation results in changes in the microbiota composition, disrupts 

colonization resistance, and enhances growth of pathogen [47]. In addition, pathogenic 

enterobacteria species can benefit from inflammatory defenses, thereby forming a vicious cycle 

in colitis development [174]. On the other hand, both Bifidobacterium and Lactobacillus can 

effectively modulate the pro-inflammatory response in the intestinal epithelial cells challenged 

by pathogenic enterobacteria, preventing the colonization and invasion of these harmful bacteria 

[175]. Furthermore, most of the colonic butyrate-producing bacteria belong to Clostridium and 

butyrate can modulate colonic inflammation [176]. Together, increased colonization of 

Lactobacilli, Bifidobacteria and Clostridium in PE-treated groups contributed to colonic health.  

Phenolic compounds come with different structures and properties and may therefore 

exert their effects through different mechanisms. However all phenolic compounds are excellent 

antioxidants. So there may be a common mechanism of improved antioxidative status associated 
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colitis attenuation. A large number of experimental and clinical data suggests that chronic gut 

inflammation may be the result of a sustained over production of reactive oxygen and nitrogen 

species [177]. Dietary interventions with phenolic rich foods reduced NO level, iNOS expression 

and TBARS in DSS exposed animals [169, 170]. Therefore an antioxidant dependant mechanism 

may explain colitis attenuation observed with phenolic rich foods. 

Studies involving phenolics extract or whole foods are very challenging due to the 

presence of multiple bioactives and in some cases, the exact phenolics profile of the food of 

interest is unclear. However, these studies are more relevant to everyday life since phenolic 

compounds are usually consumed within their food matrix, in the form of whole foods. In 

general, consumption of foods high in phenolic content may attenuate DSS-induced colitis. 

However, the dose of phenolic-rich foods should be carefully controlled, as high doses may 

induce pro-oxidative effect and worsen colitis symptoms [166, 167, 171].  Future studies of other 

phenolic rich foods, especially whole foods, are necessary to investigate potential dietary 

therapeutic interventions for UC patients.  

1.3.4 Bean consumption and colon cancer 

 

        More and more evidence has indicated that it may be whole foods (fruits, vegetables, 

legumes etc.) rather than certain individual compounds they contain, that may be responsible for 

many of the colon health effects observed in epidemiological studies. Since people consume 

whole foods, it is more relevant to study the health benefit of food in their natural form. For bean 

consumption and colon health, Correa et al. found an inverse correlation between bean intake 

and colon cancer mortality in 15 countries [178].  A recent multicenter randomized clinical trial 

called the Polyp Prevention Trial also observed a 65% reduction in the recurrence of advanced 
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colorectal adenomatous polyps among participants in the highest quartile compare to subjects in 

the lowest quartile of bean consumption [179]. Since advanced adenomas are more likely to 

progress to cancer than small tubular adenomas, it is likely that the reduction in advanced 

adenomas recurrence observed with high dry bean intake may play a strong role in preventing 

the progression of adenomas to carcinomas[180]. In a cohort study, legume consumption was 

associated with lower relative risk of colon cancer (0.33 95% CI; 0.13-0.83) [181]. Therefore 

high levels of dry bean intake enhance colon health by reducing the risk of colon cancer and/or 

lowering the recurrence of advanced adenoma. These results also promoted future studies 

investigating potential therapeutic properties of dry beans.  

So far the effect of whole bean consumption on colitis has not been investigated. A few 

studies investigated the effects of bean consumption on experimental colon cancer in rodents and 

found beneficial effects (Table 8). Overall, beans were able to suppress carcinogenesis at all 

three stages of disease development. Animals fed on pinto beans, Bayo Madero, and navy beans 

had lower dysplastic or neoplastic lesions and  aberrant crypt foci compare to animals fed on 

basal diet (BD) only [182-184]. Less adenocarcinoma were observed with pinto beans, navy 

beans, and black beans [182, 184, 185]. Reduced tumor incidence and tumor multiplicity were 

associated with pinto beans, black beans, and navy beans intervention [182, 185].  

 

 

 

 



 
 

44 
 

Table 8. Effects of bean on experimental colon cancer rodent studies 

Bean intervention Model Results  Reference  

Cooked pinto beans 

(59.1%) in diet, 3 wk 

Male F344 rats,  

15 mg/kg AOM, 

twice injection 

with one week 

apart 

Reduced adenomas, 

adenocarcinomas, hyperplastic 

lesions, tumor multiplicity  

Hughes et 

al. 1997 

[182] 

Cooked black and 

navy beans (75%) in 

diet, 6 wk 

Male Fischer rats, 

15 mg/kg AOM, 

twice injection 

with one week 

apart 

Reduced tumor incidence, 

adenocarcinoma incidence, tumor 

multiplicity; elevated butyrate 

production and propionate production 

in distal colon 

Hangen 

and 

Bennink, 

2002 

[185] 

Cooked Bayo Madero 

cultivar bean, 5.7 and 

2.5 g/kg BW garage 

fed for whole bean 

and nondigestible 

fraction (NDF) 

respectively, 4 wk 

Male Sprague 

Dawley rats, 15 

mg/kg AOM, 

twice injection 

with one week 

apark 

Reduced aberrant crypt foci (ACF), 

increased butyrate production in 

whole bean fed only, decreased β-

glucuronidase activity 

Vergara-

Castaneda 

et al. 2010 

[183] 

Cooked navy bean 

(74%), 60% EtOH 

extracted fraction 

(74%), bean residue 

(9%), 1 wk 

 

ob/ob mice,  7 

mg/kg AOM, 

twice injection 

with one week 

apart 

Lower incidence of any types of 

lesions (focal hyperplastic, dysplasia, 

adenoma, adenocarcinoma), lower 

lesion multiplicity. 

lower adenocarcinoma incident in 

extract compare to whole bean 

Bobe et 

al. 2008 

[184] 

 

Beans contain a high proportion of polysaccharides that include mainly resistant starch 

(RS), soluble and insoluble fiber, and nondigestible oligosaccharides. As mentioned previously, 

soluble fiber can be fermented in the colon to produce SCFAs. The chemopreventive effects of 

beans on AOM-induced colon cancer may be achieved through the production of SCFAs from 

bean polysaccharides [185, 186]. Confirming this theory, lower tumor and adenocarcinoma 

incidence, tumor multiplicity, and aberrant crypt foci (ACF) were accompanied by elevated 

acetate, butyrate, and propionate in cecum and colon [185, 186]. 

The specific components responsible for the potent anticarcinogeneic properties of dry 

beans are difficult to identify. In addition to polysaccharides, bean phenolic compounds may also 
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contribute to the anti-carcinogenesis property. Vergara-Castaneda et al. compared the effects of 

cooked bean and bean nondigestible fraction (NDF) on AOM-induced colon cancer [183]. 

Cooked bean had higher total soluble fiber but lower level of phenolic acids and condensed 

tannins [183]. In addition, NDF significantly decrease ACF to levels comparable to cooked bean 

without affecting SCFAs production. Additional mechanisms other than SCFAs were responsible 

for the protective effects observed with NDF, possibility involving phenolic compounds. 

Confirming this theory, mice fed on bean extract group had lower incidence of adenocarcinomas 

compared to mice fed on whole bean diet [184]. The bean extract group had higher concentration 

of phenolic compounds which may account for the added health benefit.  

Overall, using AOM-induced colon cancer model, researchers observed anti-carcinogenic 

properties associated with consuming beans. Both fiber and phenolic compounds are the major 

bioactives contributing to these observed health benefits.  

 

 

1.4 DSS Induced Model of Colitis 
 

Today there are numerous studies using DSS-induced colitis model to investigate 

pathogenesis of colitis and different factors affecting colitis. In the DSS model, colitis is induced 

by the addition of DSS in animal drinking water [44, 54, 187]. In general acute colitis is induced 

using relatively high concentration of DSS (2-5%) administered continuously for short periods 

(4-14 days) [188, 189]. Chronic colitis may be induced by continuous administration of a low 

concentration of DSS (1%) or by cyclical administration of relatively higher doses of DSS 
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separated by several days of normal drinking water [188, 190].   For the purpose of this thesis 

study, the following section will focus on the DSS induced acute colitis model.  

1.4.1 Dextran sodium sulfate 

 

 DSS is a sulfated polysaccharide of dextran, a complex branched glucan. Dextran can be 

synthesised by certain bacteria such as Leuconostoc spp and Strptococcus spp from sucrose[191]. 

It is made of straight and branched chains with molecular weight ranging from as low as 5 kDa 

to 1,400 kDa. DSS is a polyanionic derivative of dextran, produced by esterification with 

chlorosulphonic acid. The sulphur content is approximately 17% which corresponds to 

approximately two sulphate groups per glucosyl residue of the dextran molecule.  

In 1985, Ohkusa et al. first reported the use of DSS to induce colitis in hamsters. The 

model was subsequently adapted for mice in 1990 [188]. Today DSS is commonly used in 

research to induce colitis in experimental animals due to its simplicity, the high degree of 

uniformity and reproducibility of colonic lesions [46]. DSS induced colitis models also has the 

advantage of mimicking clinical and histological features of human UC. Furthermore, studies 

that validated the DSS model by using different therapeutic agents for human IBD, show that 

DSS-induced colitis can be used as a relevant model for the translation to human disease [157]. 

Mice show differential susceptibilities and responsiveness to DSS depending on DSS molecular 

weight, degree of sulfation, concentration, duration of exposure, and mouse strain.  

In terms of DSS, the molecular weight ranges from 5 kDa to up to 1,400 kDa and 

different molecular weight would result in differences in colitis severity. Kitajima et al. 

investigated the relationship between the molecular weight of DSS and the features of colitis in 

mice [158].  DSS at 3 different molecular weights, 5 kDa, 40 kDa, and 500 kDa was 
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administered in drinking water at 5% (w/v) to 6-7-wk-old female BALB/c mice for 7 days. The 

most severe colitis was observed in mice treated with 40 kDa DSS, followed by 5 kDa DSS, 

while no lesions was observed in 500 kDa DSS group. In addition, mice given 40 kDa DSS mice 

developed more severe inflammation in the middle and distal third of the colon, while 5 kDa 

DSS mice’s lesions were concentrated in the cecum and upper colon.  

1.4.2 Clinical, histological, and molecular features 

 

 Clinical features of DSS-colitis reflect those seen in human UC. Clinical manifestation of 

DSS induced acute colitis include weight loss, watery diarrhea, presence of stool blood, decrease 

in food and water intake, decrease activity levels and even death in some extreme cases[44, 187]. 

Usually watery diarrhea and occult blood are the earliest features of DSS colitis and may occur 

as early as Day 2 of DSS administration [192]. Disease symptoms tend to worsen as DSS 

administration proceeds, and the inflammation may be fully established within 7-10 days 

depending on the animal species and the concentration of DSS [193]. However, animals tend to 

recover once the DSS administration is stopped [44]. 

 Histological  changes in DSS induced acute colitis mainly affect the mucosa but may 

extend to the submucosa and the muscularis mucosa [187]. Typical histological changes include 

mucin depletion, epithelial degeneration, immune cells infiltration into the lamina propria, goblet 

cell loss, increased submucosal edema, presence of ulcers from focal to more extensive area, 

crypt distortion, cryptitis, and crypt abscesses [44, 187, 192]. Cryptitis refers to transepithelial 

migration of neutrophils into mucosal epithelium, and crypt abscess refers to the migration of 

numerous neutrophils through mucosal epithelium into crypt lumen [187]. Cryptitis and crypt 

abscess are also common histological feature of human UC [194]. Besides neutrophils, other 
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immune cells such as macrophages and lymphocytes, may also infiltrate the mucosa and 

submucosa layer [187]. Usually crypt loss, followed by crypt shortening, are the earliest 

histological features of DSS induced colitis and occur around Day 2 or 3 of DSS intake [39]. By 

the end of DSS cycle, the mucosa is characterized by extensive erosion and inflammation [39].  

Numerous biomarkers have been associated with DSS induced colitis [44, 156, 195]. 

MPO is an indicator of the extent of neutrophil infiltration into the mucosa and thus increased 

MPO activity indicates worsen disease prognosis. Studies reported elevated MPO activity as 

DSS exposure increased [44]. DSS-induced colitis is also associated with the upregulation of 

different cytokines and chemokines, including TNF-α, IL-1β,IL-6,IL-10, IL-12,and IFN-γ, as 

well as chemokine macrophage inflammatory protein (MIP)-2 [44, 156, 195].  

 The DSS-induced colitis model is simple and not expensive, which makes it one of the 

most commonly used models of UC. Overall, DSS is effective in producing clinical and 

histological features of UC characteristics in experimental animals. The many inflammatory 

mediators upregulated in DSS-induced colitis can also provide valuable information on the 

pathogenesis of colitis.  

1.4.3 Pathogenesis of DSS colitis  

 

 The exact mechanism through which DSS initiates colitis is unknown. One hypothesis is 

that DSS, as a mucosal epithelium toxin, may cause defects in the epithelial barrier integrity, 

thereby increasing the colonic mucosal permeability to allow permeation of lumen contents that 

in turn elicit inflammatory response. The epithelial barrier protects the colon from a large 

number of external antigens and microorganism such as food derived antigens, viruses, bacteria, 

parasites and the products of these organisms within the intestinal lumen. Yan et al. observed 
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epithelial barrier dysfunction shown as increasing permeability in colon epithelium of DSS 

treated mice [44]. This change in colon permeability worsens as DSS exposure increases and 

recoveres after DSS withdrawal [44].    

Many studies have reported that this change in colon permeability facilitates 

inflammation rather than a consequence of an inflammatory response [39, 40, 196]. In human 

UC, the formation of crypt abscess reflects an impairment epithelial barrier function, even 

though the epithelial cells remain morphologically intact. This observation indicates epithelial 

barrier impairment occurs prior to ulcer formation [196]. Similarly, in DSS-induced colitis, the 

researchers found an increase in colonic permeability prior to crypt erosion or ulcer formation 

[39]. This change in colon permeability in the DSS-induced colitis model, may be the result of 

the loss of epithelial tight junction proteins [40]. Together the observation that increased colonic 

permeability proceeded the development of significant intestinal inflammation, suggests that in 

DSS-induced colitis, alteration in the colonic barrier structure occur before the intestinal 

inflammation and not as a consequence of it.  

Lastly, the toxic effect of DSS on colonic mucosal epithelial cells is another proposed 

mechanism by which DSS alters epithelial barrier permeability. DSS was found to inhibit 

proliferation of murine colon carcinoma cell line and causes decrease in cell viability and by 

preventing some cells entering the G2 and M phase of the cell cycle in vitro. A recent study by 

Araki et al. also reported an increase in epithelial apoptosis and a decrease in cell proliferation in 

vivo [197].   In this study, epithelial apoptosis increased approximately 5-fold compared to the 

healthy control. On the other hand, compared to the control, the mitotic cells decrease about half-

fold and cells with cell cycle arrest at G0 stage in the crypt increased approximately 2-fold [197]. 
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Together, the increased apoptosis and decreased proliferation lead to a breakdown of the 

epithelial barrier function.  

In summary, the epithelial barrier injury theory proposes that DSS may cause mild injury 

to the colonic epithelial cells resulting in an increase in colonic mucosal permeability allowing 

the lumen content to permeate the colonic mucosa. These permeated substances may cause 

destruction of the epithelial cells of basal crypts and induce an inflammatory response in the 

colonic mucosa. Although DSS-induced colitis model does not represent the complexity of 

human disease, it is still a valuable and indispensable tool that provides a wide range of options 

for investigating involvement of various factors into the pathogenesis of IBD and evaluate 

different therapeutic options.   
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Chapter 2: Rationale, Hypotheses, and Objectives 
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2.1 Rationale 
 

As demonstrated in Chapter 1, UC is characterized by extensive inflammatory response, 

heightened oxidative stress, and disturbed microbiota composition. Uncontrolled UC cannot only 

reduce the quality of the life of patients, but also progress into CAC. At present, there is no cure 

for human UC. Conventional therapies such as anti-inflammatory agents, immunomodulators, 

and antibiotics are being used to control disease symptoms but tend to generate serious side 

effects. Emerging evidence suggests that natural interventions, such as prebiotics, phenolic 

compounds, and probiotics can reduce intestinal inflammation, and restore the balance of the 

microbes. 

 The common bean is an ideal candidate as a natural dietary intervention for UC 

management. Beans are high in both soluble and insoluble fiber. Bean soluble fibers act as 

prebiotics, which increase the production of SCFAs through bacterial fermentation. SCFAs play 

a role in maintaining colonic barrier integrity and function by providing sufficient energy for the 

colonic mucosa and reducing pro-inflammatory cytokine production.  In addition, beans are rich 

in phenolic compounds that exhibit anti-inflammatory and anti-oxidative properties. 

Consumption of pure phenolic compounds has been associated with reduced colitis in both 

human UC patients and animal models of colitis. Phenolic extracts and phenolic-rich foods also 

demonstrated protective effects against experimental colitis by reducing oxidative stress and 

inhibiting NF-κB activation. Thus, due to its fiber and phenolics composition, the common bean 

may prove useful in reducing symptoms and/or delaying UC disease progression. 

 Darker beans are generally considered as having higher phenolic content compare to the 

lighter coloured beans. Since phenolic content is highly correlated to antioxidant activity in bean, 
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the darker beans tend to have higher antioxidant activity as well.  In addition the types and 

concentrations of bean phenolic compounds vary greatly depending on the variety, cultivar, 

agricultural practice, storing condition, extraction methods, and methods used to analyze the 

phenolics. Therefore, as a part of this thesis, it is considered important to first characterize the 

phenolic compounds in the bean varieties to be used in these studies. Since bean phenolic 

compounds exist as both bound and soluble-forms, which may impact their bioavailability in the 

colon, characterizing both forms is also important.  Bound phenolics can reach the colon and 

exert local effects on colonic tissues; therefore, analysing the relative contribution of bound 

phenolics in beans may be of a paramount importance in understanding the bioactives in beans 

responsible for colon health.  

Bean is a very nutritious food from many aspects and it is not surprising why nutritionist 

would characterize dry bean as a nearly perfect food. For the purpose of this study, only bean 

soluble fiber and bean phenolic compounds will be discussed. Although beans, as a fiber and 

phenolic-rich foods may be beneficial to UC management, to date, no studies have examined the 

association between bean consumption and intestinal inflammation in vivo.  In addition, it is not 

clear of the relative contribution of bound and soluble phenolics in beans. Therefore, this study 

consisted of two parts, bean phenolic analysis and in vivo inflammation study. Four bean 

varieties were selected for this study. The beans were grouped in to pairs according to their 

genetic similarity, but striking differences in colour. Each pair consisted of one coloured bean 

and one white bean. These characteristics allowed the investigation of the relationship between 

seed coat colour and bean phenolic content as well as if phenolic content is an important 

contributor to beans’ health benefits.  
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2.2 Hypotheses  
 

 The overall thesis hypothesis is that beans, as a rich source of phenolic compounds and 

fiber, will induce beneficial effects on colon health by reducing the symptoms and progression of 

UC in mice. Furthermore, it is hypothesized that bean varieties with higher phenolic compound 

levels, will induce greater beneficial effects on UC symptoms and disease progression, than 

beans low in phenolic compounds.  

2.3 Objectives 

 

 The thesis objectives are to: 

1. Characterize the phenolic compound contents and antioxidant activities in both the 

soluble and bound forms in different cooked common bean varieties: navy and black 

beans; and white and dark kidney beans. 

2. Determine the relationship between seed coat colour and phenolic content.  

3. Investigate the effects of consuming cooked common beans on UC symptoms and disease 

progression in the DSS-induced colitis mouse model. 

4. Determine if beans with high levels of phenolic compounds will induce greater beneficial 

effects compared to beans with low phenolic compound content, by comparing the effects 

of genetically similar bean varieties which differ in the phenolic compound content on 

colitis symptoms and disease progression. 
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2.4 Thesis Overview 
 

Study 1: Phenolic content and antioxidant activity of cooked beans (Phaseolus vulgaris L.)and 

the effect of hydrolysis conditions 

Study 2: Navy and black beans induce both beneficial and adverse effects on biomarker of 

colonic inflammation in mice  

Study 3: Preventative effects of white and dark kidney beans on biomarkers of colonic 

inflammation in mice 
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Chapter 3: Phenolic content and antioxidant activity of 

cooked beans (Phaseolus vulgaris L.) and the effect of 

hydrolysis conditions
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3.1 Introduction  
 

Phenolic compounds are naturally occurring plant molecules that are a major source of 

antioxidants in the human diet. The main dietary sources of phenolic compounds are fruits and 

vegetables, cereal grains, and dry legumes. Dry beans (Phaseolus vulgaris L.) are considered the 

most important legumes for human consumption, because they are produced and consumed at the 

highest level worldwide [198].  The health benefits of these phenolic compounds have been 

associated with their anti-inflammatory and antioxidative properties [199, 200].  

Phenolic compounds in food may exist as free, soluble conjugates and insoluble bound 

forms [110]. Phenolics form both ester and ether linkages owing to their bifunctional nature 

through reactions involving their carboxylic and hydroxyl groups, respectively [111]. This 

allows phenolics to form cross-links with cell wall macromolecules to become IBP [111]. 

Numerous studies have found that the content of IBP in certain foods, by far exceeds the 

proportion of free phenolics [112-116]. Although insoluble-bound phenolics are not readily 

available for absorption, they can be released under the low pH conditions of the gastrointestinal 

tract and upon colonic fermentation [117, 118]. Upon release, they can exert a localized effect on 

the gut lumen or could be absorbed into the bloodstream [118]. Therefore IBP could be an 

important source of phenolics for colon health.  

IBP have been analyzed in various foods such as wheat, millet, heartnuts, walnuts, corn, 

oats, rice, barley, and malt. Depending on the type of food analysed, and the phenolics extraction 

conditions, the contribution of IBP compared to the soluble fraction vary [112-116, 119, 120]. 

For wheat, TPC measured in IBP were 2.4-,6.1-, and 13.4- fold higher than those of FPA for 

flours, whole wheat and bran, respectively [113]. Adom and Liu found even higher contributions 



 
 

58 
 

of IBP to total phenolics in corn, wheat, oats, and rice [115]. Higher TPC in IBP was also 

reported in barley, malt, and some varieties of millet [114, 116]. In contrast, some studies found 

lower IBP in barley, walnuts and some other varieties of millet [116, 119, 120]. Chandrasekara 

and Shahidi demonstrated genetics as an important factor to IBP content in millet. Among the 7 

varieties examined, 1 variety (kodo) had significantly higher TPC in IBP compared to the soluble 

fraction, 4 varieties had higher TPC in the soluble faction compared to the bound fraction, and 2 

had similar soluble and bound phenolic content [116]. The relative contribution of IBP to TFC 

also presented mixed results. In the study conducted by Adom and liu, IBP accounted for the 

majority of TFC in corn, wheat, oats and rice [115]. For wheat, as much as 93% of the flavonoids 

were detected in IBP with only 7% being extracted in the soluble fraction [115]. However, in 

Chandrasekara and Shahidi’s study, soluble extracts had higher TFC than their corresponding 

bound extracts [116].  

Different antioxidant assays were used to measure the antioxidant activity in different 

phenolic fractions. Overall, antioxidant activity correlates with TPC and TFC of the fraction with 

the higher phenolic levels. The antioxidant activity measured by TOSC, DPPH, and FRAP 

assays positively correlated with TPC and TFC in the IBP fraction, which had a higher phenolic 

content then the SP fraction [114, 115].  

IBP protected from the macromolecules may reach the colon where they are released in 

free or soluble form, after bacterial fermentation. Following dissociation and fermentation, the 

free phenolics and/or phenolic metabolites may act on the colon surface to create a reduced 

environment and prevent ROS damage to intestinal cells [117, 118, 124]. So far, no study had 

examined the IBP in beans. Since beans are generally considered as beneficial to colon health, 

and IBP can act locally on colon tissue, it is important to analyze the relative contribution of IBP 
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compared to the soluble fraction. The objectives of this study were to quantify phenolic content 

and antioxidant activity in different fractions of selected bean varieties and, to investigate the 

effect of hydrolysis conditions on the yield of phenolic acids.  

3.2 Materials and Methods 
 

3.2.1 Bean varieties 

Four varieties of dry beans were kindly provided by the University of Guelph Bean 

Breeding Program (Figure 5). The beans were navy beans (ACUG 10-B2), black beans (ACUG 

10-6), white kidney beans (WK) (ACUG 10-W1), and dark kidney beans (DK) (AC Carlmont).  
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Figure 5. The common bean varieties used in this study. A) Navy bean (ACUG 10-B2), B) balck 

bean (ACUG 10-6), C) white kidney bean (ACUG 10-W1), D) dark kidney bean (AC Carlmont).  

 

3.2.2 Preparation of bean samples 

Freckled and discolored beans were picked out according to human consumption 

standard, leaving only whole seeds in good condition. Whole beans (100g) from each variety 

were washed separately then placed into individual 500 mL beakers. The beans were soaked with 

300 mL of cold distilled water over night. 0.3% (w/v) sodium bicarbonate was measure then 
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dissolved into the soaking water in each baker. Individual beakers were then placed into slow 

cookers that were one-third filled with distilled water. The slow cookers (Hamilton Beach) were 

turned to high and the beans cooked for 7h. Cooked beans, and the remaining water in each 

beaker, were poured into a lab grinder, and ground on low for 30 s. The resulting bean paste was 

cooled and then  stored at -80⁰C until freeze-dried by Guelph Food Technology Centre to 

become bean flour.   

3.2.3 Microwave assisted extraction (MAE) 

The extraction method was adapted from Sutivisedsak, 2010 [201]. The above cooked, 

freeze-dried bean flour (1 g each) were weighed into a set of 100 mL perfluoralkoxy Teflon 

reactor vessels to which 49 mL of 60% EtOH in water was added. A Teflon stir bar was added 

and the vessels were sealed. The microwave oven (MARSX Chem Corporation) was set to 600 

W power to reach 80 °C with stirring. Three replicates of each sample were extracted at the same 

time. Following incubation, the vessels were cooled to RT and the mixture transferred to 

centrifuge tubes and centrifuged at 3000 rpm for 15 min.  The supernatant was collected then 

filtered through a polyringlidene Fluoride (PVDF) filter (0.45 µM, 13 mm, Waters USA). This 

fraction was labelled as the soluble phenolics (SP). The residue from each extraction was saved 

for bound phenolic extraction.  

3.2.4 Free phenolic acids 

Soluble phenolic extracts (2 mL) from each sample was mixed with 1 ml of 6N HCl to a 

final concentration of 2N HCl in an amber glass bottle. The bottles were then placed in a water 

bath at 85 °C for 2 h. Bottles were then cooled to RT, caps removed and the mixture filtered 

through a PVDF filter (0.45 µM, 13 mm, Waters USA).  
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3.2.5 Bound phenolics 

The residue from the MAE was hydrolyzed under basic conditions followed by acidic 

hydrolysis to determine the effect of each hydrolysis on the yield and profile of hydrolysable 

bound phenolics that were not extractable by 60% EtOH. The method of Kim et al. was used 

with some modifications [112]. 2N NaOH (40 mL) was added and mixed for 4h at RT on a 

rotator (Scientific Industries, USA) set to medium speed. At the end of the alkaline hydrolysis, 

the mixture was centrifuged at 3000 rpm for 15 min, the supernatant collected, and then its pH 

adjusted to pH 2 with 6 N HCl. The residue was then transferred into individual amber glass 

bottles and mixed with 30 ml of 6 N HCl. The bottles were placed in a water bath and the 

mixture was then placed in to a water bath and heated at 95 °C for 1 h. At the end of hydrolysis, 

the mixture was then centrifuged at 3000 rpm for 15 min and the supernatant collected. Each 

hydrolysis fraction (10 mL) was extracted 3 times with 20 mL of ethyl ether, the extracts pooled 

and air dried. The dried residue was dissolved in 2 mL of 80% MeOH, and then filtered through 

a PVDF filter (0.45 µM, 13 mm, Waters USA).   Fractions extracted under basic conditions were 

labelled as base hydrolysable bound phenolics (BHBP), and fractions extracted under acidic 

conditions were labelled as acid hydrolysable bound phenolics (AHBP). The extraction and 

hydrolysis procedures are summarized in Figure 6.  
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Figure 6. Extraction and hydrolysis procedure of cooked bean flour. 

 

3.2.6 Determination of total phenolic content 

A colorimetric Folin-Ciocaleu’s method was used to determine the TPC of all four 

factions (SP, FP, BHBP, AHBP) extracted from each bean variety. The analysis was performed 

according to Zhang with some modifications [202].  Briefly, 25 µL of gallic acid (500, 400, 300, 

200, 100, 80, 60, 40, 20, 10, 50, 0 mg/L) and samples were transferred to appropriate wells of a 

96-well microplate in triplicate, followed by the addition of 125 µL of 10X dilution to each well. 

After 10 min at RT, 125 µL of 7.5% Na2CO3 was added to each well. The plate was sealed with 

clear plate sealing tape (Sarstedt, No.95.1994) to prevent the evaporation of reagents. The 

mixture was then incubated for 30 min at RT in the dark. The absorbance was measured at 765 

nm using a microplate reader (BioTek, PowerWave XS2 USA). TPC was expressed as mg 

GAE/g dry weight (DW) of beans flour.  
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3.2.7 Total flavonoid content   

 TFC in all four factions of each bean variety were analyzed by a colorimetric method as 

described by Jia et al. with slight modifications [203]. Briefly, 100 µL of catechin (100, 80, 60, 

40, 20, 0 mg/L) or sample extracts were added to a 2 mL microcentrifuge tube containing 400 µL 

of double distilled H2O (ddH2O). To each tube, 30 µL of 5% NaNO2 was first added. After 5 

min, 30 µL of AlCl3 was then added, and followed by 200 µL of NaOH 1 min later. The 

mixtures were diluted with 240 µL of ddH2O and thoroughly mixed by vortexing for 30 s. 

Finally, 250 µL of the mixture was transferred to a 96-well microplate in triplicate, and the 

absorbance read at 510 nm using microplate reader (BioTek, PowerWave XS2 USA). TFC was 

expressed as mg CE/ g DW of bean flour.  

3.2.8 Antioxidant activity 

3.2.8.1 ORAC 

 Antioxidant activity of different fractions of sample extracts was determined by the 

ORAC assay according to procedures described by Li et al. with modification [204]. A stock 

solution of fluorescein (Sigma Chemicals, USA)(144.65 x 10 
-3 

mM) was prepared by dissolving 

4.8 mg of fluorescein in 100 mL phosphate buffer (75 mM, pH7.4). The working fluorescein 

solution (8.68 x 10 
-6

 mM) was prepared daily by diluting 9 µl of the stock solution to 14.991 ml 

of phosphate buffer. The AAPH (Sigma-Aldrich, USA) radical solution (153 mM) was prepared 

daily by taking 414 mg of AAPH and making it up to 10 ml with 75 mM phosphate buffer. Serial 

dilutions of Trolox (6.25, 12.5, 25.0, 50.0, and 100 µM) were used to generate standard curve 

from which the ORAC values of the samples were generated.  As the ORAC assay is extremely 

sensitive, the samples must be diluted appropriately before analysis to avoid interference. In this 

study, soluble phenolic extracts were diluted 100X and AHBP and BHBP were diluted 200X 

with phosphate buffer.  
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 In a 96-well plate, 150 µL of fluorescein working solution and 25 µl of sample, blank 

(phosphate buffer), or standards were loaded to each well. The plate was heated for 30 at 37 °C 

prior to the addition of AAPH. The fluorescence was read immediately after the addition and 

subsequently every min for 1 h. Each sample was analyzed in triplicate using a microplate reader 

(BioTek Fluorescent, USA) with fluorescence filters with an excitation wavelength of 485 nm 

and an emission wavelength of 528 nm. The ORAC value, expressed as µM of Trolox equivalent 

(TE) per g DW of bean flour, were calculated from the calibration curve generated from the 

Trolox standards.  

3.2.8.2 FRAP  

 The FRAP assay used for determining antioxidant activity in each bean fraction was 

based on the method of Li et al. [204]. In brief, 10 µL of standards (ascorbic acid) of various 

concentrations  (1000, 500, 250, 125, 62.5, 31.25, 15.625, 7.8125, 0 µM) or sample were added 

to a 96-well microplate in triplicate. To each well, 300 µL of working FRAP regent was added. 

The FRAP reagent, made fresh daily, consisted of acetate buffer (300 mM, pH3.6), 2,4,6-

tripyridyl-s-triazine (TPTZ) (Sigma-Aldrich, USA)(10 mM), and FeCl3·6H2O (20mM) at a ratio 

of  10:1:1 (v/v/v).  After 30 min of incubation at RT, the absorbance was recorded at 593 nm 

using a microplate reader (BioTek, PowerWave XS2 USA).  FRAP value was expressed as µM 

acetic acid equivalent (AAE)/g DW of bean flour.  

3.2.9 Statistical analysis 

Statistical analyses were performed by one or two-way ANOVA followed by a Tukey’s 

multiple comparison post-hoc test.  Values were given as means ± SEM (Standard Error of the 

Mean). Level of significance was set at p <0.05. These statistical analyses were performed using 

Sigma Plot 12.0 (Systat Software Inc, USA) for two-way ANOVA analysis and GraphPad 

Prism5 (GraphPad Software Inc, USA) for one-way ANOVA analysis.  
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3.3 Results 
 

3.3.1 Phenolic contents of different fractions of bean extracts  

 The phenolic contents of the four bean varieties are shown in Table 9. There were 

significant differences in the SP between all bean varieties with DK bean having the highest SP, 

and navy with the lowest. For BHBP fraction, TPC followed the order of DK> black > navy 

=WK; and for AHBP fraction, TPC followed the order of DK= black> WK= navy. SP had 

significant higher TPC compare to both IBP fractions, which are not significantly different from 

each other (Figure 7).    

Table 9. TPC of soluble and bound phenolic fractions of cooked bean flour 

Bean Variety TPC (mg GAE/g DW)
 

 SP BHBP AHBP Total
 a 

Navy 0.81±0.02 d 0.10±0.005 c 0.28±0.04 b 1.2±0.05 d 

Black 2.4±0.04 b 0.24±0.006 b 0.23±0.01 a 2.8±0.05 b 

WK  1.4±0.04 c 0.11±0.002 c 0.15±0.002 b 1.7±0.04 c 

DK 3.8±0.1 a 0.31±0.02 a 0.22±0.01 a 4.4±0.1 a 

Means in a column with the same letter are not significantly different p<0.05 level (n=3).    
a
Values represent sum of all fractions (SP, BHBP, AHBP) across a row for a given bean 

variety. All data showing mean±SEM. 
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Figure 7. TPC of different fractions. Statics showing comparison between fractions within one 

bean variety. All data showing mean±SEM (n=3). Bars not sharing a letter are significantly 

different, p<0.05.  

 

3.3.2 Total flavonoid content of different fractions of bean extracts 

 TFC of the four bean varieties are shown in Table 10. Only the SP had measurable 

flavonoid content.  DK bean had the highest TFC, followed by WK bean, black bean and navy 

bean.  

Table 10. TFC of soluble phenolic fractions of cooked bean flour 

Bean Variety TFC (mg CE/g DW)
 

 SP 

Navy 0.022±0.001 c 

Black 0.096±0.004 bc 

WK  0.23±0.01 b 

DK 2.3±0.05 a 
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Means in a column filled by the same letter are not significantly p<0.05 level. n=3. All data 

showing mean±SEM. 

 

3.3.3 Antioxidant activity of different fractions of bean extracts 

 Two antioxidant assays operating on different principles were used in the analysis of 

bean extracts. In both SP and BHBP fractions, black bean and DK bean had higher FRAP values 

than navy bean and WK bean (Table 11). In the AHBP fraction, the navy and black beans had 

the highest FRAP values, followed by DK bean and WK bean. So in terms of total FRAP value, 

the level measured in black bean and DK bean were significantly higher than those of navy bean 

and WK bean. In all bean varieties, SP had significant higher FRAP compare to both IBP 

fractions (Figure 8).  

 The trend in antioxidant activity as measured by ORAC was less consistent among 

different fractions (Table 12). In the SP, DK bean had the highest ORAC values among the four 

bean varieties analyzed. The ORAC values of the other three varieties were not significantly 

different from each other. In the BHBP fractions, the ORAC followed the order of black >DK 

>navy> WK. In the AHBP fraction, navy and black beans had significantly higher ORAC values 

as compared to both WK and DK bean. The overall total ORAC values of all fractions 

demonstrated the same trend as those of the soluble fraction, with DK bean had the highest 

antioxidant activity. In all bean varieties, the SP had greater ORAC values compare to both IBP 

fractions (Figure 9).  
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Table 11. Antioxidant activity as measured by FRAP of different fractions of cooked bean flour 

Bean Variety FRAP (µmol AAE/g DW)
a 

 Soluble BHBP AHBP Total 
a 

Navy 1.5±0.06 b 0.16±0.05 b 0.19±0.02 a 1.9±0.07 b 

Black 7.1±0.3 a 0.32±0.03 a 0.20±0.04 a 7.5±0.4 a 

WK  1.9±0.07 b 0.14±0.02 b 0.091±0.002 b 2.1±0.06 b 

DK 6.2±0.3 a 0.39±0.03 a 0.16±0.01 ab 6.8±0.4 a 

Means in a column with the same letter are not significantly different at p<0.05 level. n=3 
a
values represent the sum of all fractions (SP, BHBP, AHBP) across a row for a given bean 

variety. All data showing mean±SEM. 

 

Table 12. Antioxidatant activity as measured by ORAC of different fractions of cooked bean 

flour 

Bean Variety  ORAC (µmol TE/g DW)
a
 

 Soluble BHBP AHBP Total 
a
 

Navy 80.5±4.1 b 6.01±0.49 b 9.02±1.5 a 107±12 b 

Black 121±4.8 b 10.9±0.59 a 8.02±1.1 a 138±7.6 b 

WK  113±5.8 b 0.620±0.14 c 1.60±0.42 b 116±6.0 b 

DK 193±16 a 8.57±1.4 ab 2.56±0.29 b 205±17 a 

Means in a column with the same letter are not significantly different at p<0.05 level. n=3 
a
values represent the sum of all fractions (SP, BHBP, AHBP) across a row for a given bean 

variety. All data showing mean±SEM. 

 



 
 

70 
 

FRAP

N
av

y

B
la

ck W
K

D
K

0

2

4

6

8
SP

BHBP

AHBP

a

b b

a

b b

a

b b

a

b b

u
m

o
l 
A

A
E

/g
  

D
W

 

Figure 8. FRAP of different fractions. Statics showing comparison between fractions within one 

bean variety. All data showing mean±SEM (n=3). Bars not sharing a letter are significantly 

different, p<0.05.  
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Figure 9. ORAC of different fractions. Statics showing comparison between fractions within one 

bean variety. All data showing mean±SEM (n=3). Bars not sharing a letter are significantly 

different, p<0.05.  
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3.3.4 Correlation analysis  

 While extractable (soluble ) and bound phenolic were studied separately in the present 

study, the total phenolic or flavonoid content  and their impact on the antioxidant activity of each 

bean variety should be considered. Sum of values of all three fractions (SP, BHBP, AHBP) may 

therefore be used to provide a relative complete picture of the phytochemical content and 

antioxidant activity. Contribution of the phenolics or flavonoids to the antioxidant activity was 

assessed by performing correlation analysis of the total values of all fractions (Table 13). Values 

from all bean varieties were used in the correlation analysis.  TPC was highly correlated with 

ORAC (R
2
=0.9176) and FRAP (R

2
=0.7098) (p<0.01). TFC also demonstrated a positive 

correlation with ORAC (R
2
=0.7252, p<0.01), but showed no correlation with FRAP. TPC was 

positively correlated with TFC (R
2
=0.7627, p<0.01). FRAP and ORAC demonstrated moderate 

correlation with each other (R
2
=0.6507, p<0.05). 

Table 13. Correlation analysis of phenolic content and antioxidant activity (bound + soluble 

phenolics) 

 TPC TFC FRAP 

TPC  0.7627 **
 

0.7098 ** 

TFC 0.7627 **  0.2250 

FRAP 0.7098 ** 0.2250
 

 

ORAC 0.9176 ** 0.7252 ** 0.6507 * 

Data showing correlation coefficient R
2. 

. Significant different: **, p<0.01; *, p<0.05; all others 

p>0.05.   
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3.4 Discussion  
 

 The values for phenolic content and antioxidant activity measured in this study were  

higher than what had been reported previously by other researchers using similar bean varieties. 

Brick and Thompson studied cooked navy, black, WK, and DK beans, and found the TPC of 

these beans were 0.46, 1.2, 0.35, and 1.63 mg GAE/g DW, respectively [205]. In the same study, 

only black and DK had measurable amount of TFC at 0.46 and 0.68 mg CE/g DW, respectively 

[205]. They also found the  ORAC values to be 14.7, 21.9, 8.9, and 29.3 µmol TE/g DW for the 

navy, black, WK and DK beans respectively [205]. These differences may be in part due to the 

different extraction method used.  

This is the first study investigating the relative contribution IBP to phenolic content and 

antioxidant activity in beans. In our study, both IBP fractions had much lower TPC, TFC, FRAP 

and ORAC compare to the SP fraction. This is different than the observation in other crops, 

where much higher IBP contents compared to soluble content, have been reported [113-116]. In 

addition to the samples themselves, extraction method could also cause differences in the 

estimates of bound and soluble phenolics. Mild extraction conditions such as lower extraction 

temperatures, weaker solvents, lower solvent to solid ratio, and shorter extraction times, tend to 

produce higher IBP [112, 115]. Such extraction method could result in fewer phenolics being 

released during the initial extraction, leaving a higher amount of the “bound” fraction. This 

might explain the higher TPC, TFC, FRAP and ORAC in the SP fraction of this study compare 

to the Brick and Thompson’s study [205]. Differences in this study could be due to the use of 

canning method for cooking, and throwing away the cooking water which may contain 

significant levels of phenolic compounds.  
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 In MAE, upon heating, the moisture inside the plant cell evaporates and generates 

tremendous pressure on the cell wall due to swelling of the plant cell [206].   The pressure 

pushes the cell wall from inside, stretches and ultimately the cell ruptures, quickly releasing the 

active constituents to the surrounding solvent thus improving the yield of SP. This phenomenon 

can be intensified if the plant matrix is impregnated with solvents. In addition, higher 

temperature attained by microwave radiation can hydrolyze ether linkages; thereby facilitating 

the release of otherwise IBP into the SP fraction [206]. As a result, relatively lower amount of 

bound phenolics was detected in the residue after MAE process.  

 Cooking has been shown to affect the total phenols, total flavonoids, and antioxidant 

activities in common beans, but it may not account for the low phenolic content and antioxidant 

activities observed in the IBP fraction in this study. According to the literature, the effects of 

thermal processing on phenolic content in beans are mixed.  Granito et al. reported that more 

severe treatment such as cooking, drying, could affect the aromatic rings of the phenoli 

compounds, making them more susceptible to the decomposition of the aromatic structure [207]. 

However Ranilla et al. reported higher TPC and antioxidant activity measured by DPPH in 

selected bean cultivar after cooking [129]. One study used similar cooking condition (soaking in 

cold water, with NaHCO3) found cooking significantly increased TPC, TFC compare to raw 

beans [131]. However, in this study, the TPC were comparable to another study examining the 

TPC of raw beans of similar varieties using the MAE method [201]. Therefore, cooking may not 

contribute to the increase yield of SP compared to the efficiency of MAE process.  

 Our results also showed that TPC was positively correlated with antioxidant activity in 

both the FRAP and ORAC assays, whereas TFC was only correlated with the ORAC value. 

While TPC assay detects all compounds with phenolic features, including phenolic acids, and 
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flavonoids, TFC is more specific to flavonoid. Since the ORAC assay operates on the basis of an 

antioxidant’s ability to scavenge free radicals such as AAPH, it is therefore possible that the 

antioxidative property associated with flavonoids was executed through their ability to scavenge 

ROS. On the other hand, FRAP assay measures the reducing power of a chemical. Compounds 

detected in the TPC, mostly the phenolic acids may therefore exert their antioxidative property 

through high redox potential.  

In cooked beans, IBP did not contributed significantly to the overall phenolic content and 

antioxidant activity as compared to SP, possibly due to the use of MAE, an aggressive extraction 

method, in the present study. The relative contribution of IBP to phenolic content and antioxidant 

activity may be higher if using a conventional method, which might be more suitable for IBP 

extraction. Comparison with a conventional solvent extraction method may clarify whether the 

higher SP was caused by genetics or the initial extraction procedure for the same beans. Lastly, 

chemical extractions and hydrolysis have their limitations as they cannot resemble what happen 

physiologically. The phenolic content and antioxidant activity in the extraction fractions are only 

a representation of what can be extracted under the conditions used in this study. In vivo studies 

are needed to investigate the bioavailability of IBP in the colon.  
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Chapter 4: The effects of navy and black bean diets on 

biomarkers of colitis in mice 
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4.1 Introduction 

 

North America has one of the highest prevalence of IBD in the world [15]. In Canada, 

IBD management costs $1.8 billion annually to individuals, their families and society at large 

[18]. The main types of IBD are UC and CD [208]. Although the exact pathogenesis of UC is 

poorly understood, genetic susceptibility, environmental influence, and immunoregulatory 

defects have all been proposed as risk factors. 

 Conventional therapeutic strategies for UC are focused on the use of anti-inflammatory 

agents (5-ASA and corticosteroids), and antibiotics (Metronidazole, Ciprofloxacin) [79]. 

However, long term use of anti-inflammatory agents, especially corticosteroids, is often 

associated with serious adverse side effects and drug dependence [79, 209]. In addition, some 

patients do not respond to these treatments [79]. Frequent use of antibiotics can lead to resistance 

and render the continued use of these therapies ineffective [82]. Therefore, research is ongoing to 

develop novel therapies with fewer side effects for the treatment of UC.   

 Natural therapies, such as prebiotics and phenolic compounds are becoming increasingly 

popular among UC patients, especially those who fail to respond to conventional therapies [83].  

Common beans (Phaseolus vulgaris L.) are an ideal candidate for UC management because of 

they are rich source of both prebiotics and phenolic compounds.  Beans contain high levels of 

both insoluble and soluble fiber [210]. Insoluble fiber can bind toxins promoting their excretion 

and decreasing colonic exposure time [86].  Soluble fiber can alleviate colonic inflammation and 

decrease diarrhea [141-143]. The water holding capacity of soluble fiber can also relieve 

constipation by making stools bulkier and softer [144]. In addition, soluble fibers can act as 

prebiotics, which, through the action of bacterial fermentation, increases the production of short 
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chain fatty acids (SCFAs) [86]. SCFAs play a role in maintaining colonic barrier integrity and 

function by providing sufficient energy for the colonic mucosa and reducing pro-inflammatory 

cytokine production [146, 148] .   

 Common bean phenolic compounds may also be beneficial in reducing colonic 

inflammation. Phenolic compounds are naturally occurring plant molecules that include phenolic 

acids and flavonoids (flavonols, anthocyanin, tannins etc.). Flavonols like quercetin and 

kaempferol are present in most bean varieties [99-101]. Anthocyanins, including cyanidin, 

delphinidin, and malvidin are glycosides of anthocyanidins, a subtype of flavonoids, are found in 

different content depending on the bean varieties [100, 101]. Tannins in beans are linear polymer 

of flavan-3-ol and flavan-3, 3-diols and mainly located in the seed coat [58, 211]. Phenolic 

compounds were shown to inhibit NF-κB activation and downregulate pro-inflammatory 

cytokine production including, IL-1β, IL-6, IL-8, and TNF-α in colonic tissue of experimental 

induced colitis [152, 154, 157, 163, 212]. Reduced colonic MPO was also observed in 

experimental induced colitis after the administration of phenolic compounds [115, 153, 154, 157, 

163, 212]. Furthermore, phenolic compounds, as antioxidants, were able to modulate oxidative 

status by suppressing iNOS expression and nitric oxide (NO) levels and restoring the level of the 

natural antioxidant, GSH levels [153, 154]. In addition, phenolic compounds can modulate gut 

microbiotic composition. Using the DSS-induced colitis model, a recent study found that reduced 

colitis was accompanied by increased colonization of beneficial microbial groups including 

Lactobacilli, Bifidobacteria, and Clostridium after administration of pomegranate extract rich in 

phenolic compounds [170]. Therefore, through their anti-inflammatory, anti-oxidant, and 

microbiotic modulating properties, phenolic compounds found in common beans may be of 

therapeutic value for UC management. 
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 On the other hand, not all common beans are created equally, with regards to their 

phenolic compound composition and concentrations. Flavonoids, including flavonols, 

anthocyanins, and tannins are mainly located in the seed coat, and largely responsible for the 

different pigmentations observed in beans [213]. Generally, darker beans contain more diverse 

flavonoid profiles and higher concentrations of these compounds [99-101]. The overall aim of 

this study was to examine the therapeutic potential of cooked common beans on the symptoms 

and progression of DSS-induced colitis in mice.  Furthermore, navy and black beans were 

studied because of the striking differences in their seed coat colours, suggesting very different 

flavonoid profiles and concentrations.  By comparing the effects of these two bean varieties on 

colitis symptoms, we aimed to determine if bean phenolic profiles are important traits for their 

effects on colon health.  

4.2 Materials and Methods 
 

4.2.1 Bean flour macronutrient composition 

Preparation of bean flour was described in Chapter 3. Cooked navy and black bean flour 

were analyzed for macronutrient and total fiber content by Maxxam Analytics (Mississauga, ON) 

(Table 14).  

Table 14. Macronutrients composition of navy and black bean flour 

Nutrients  

g/100g DW 

Navy Black 

Fat 2.2 1.7 

Protein 24 26 

Available Carbohydrates 41 42 

Fiber 24 23 

Ash 3.5 4.4 

Moisture 5.6 3.8 
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4.2.2 Diets 

Three experimental diets; BD, BD supplemented with 20% navy bean flour (NB), and 

BD supplemented with 20% black bean flour (BB) were prepared in accordance with the AIN-

93G diet formulation with  corn oil substituted for soybean oil (Table 15). The fiber content 

(cellulose) was increased from 5 to 7% of diet, to accommodate the higher fiber content of the 

beans. The soluble fiber content in BD, NB and BB diets were analyzed by Maxxam Analytics 

(Mississauga, ON) and determined to be 0.4, 0.8, and 1.5 g/100g DW, respectively. The NB and 

BB diets were corrected for macronutrient content using corn starch to adjust the energy density 

such that all diets were isocaloric.  

Table 15. Composition of the experimental diets (BD, NB, BB) 

Formula BD NB BB 

Ingredients 

(g/Kg diet) 

   

Navy bean flour 0 200 0 

Black bean flour 0 0 200 

Casein 200 146 141 

L-Cystine 3.0 3.0 3.0 

Corn starch 378 284 274 

Maltodextrin 132 132 132 

Sucrose 100 100 100 

Corn oil 70.0 66.0 67.0 

Cellulose 70.0 21.4 25.4 

Mineral Mix,  

AIN-93G-MX 

(94046) 

35.0 35.0 35.0 

Vitamin Mix,  

AIN-93-VX (94047) 

10.0 10.0 10.0 

Choline bitartrate 2.5 2.5 2.5 

TBHQ, antioxidant 0.014 0.014 0.014 

Nutrients 

(% kcal from) 

   

Protein 19.2 19.3 19.2 

Carbohydrate 63.2 63.1 63.2 

Fat 17.6 17.6 17.6 
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4.2.3 Phenolic content and antioxidant activity of the experimental diets 

Phenolic extract of BD was done using procedure described in Chapter 3. Phenolic 

content (TPC, TFC) and antioxidant activity (FRAP, ORAC) determination methods were also 

described in Chapter 3. Values for NB and BB diets were obtained by multiplying the values for 

bean flour by 20%.  

4.2.4 Anthocyanins characterization  

Characterization of anthocyanins was achieved using reversed phase HPLC and diode 

array detector (DAD). An Agilent Technologies 1100 series system with autosampler and 

quaternary pump, coupled to a DAD was used. Separations of the phenolic compounds were on a 

Phenomenex Luna C18 column (250 × 4.6 µm; 5 µm) with a C18 guard column (Phenomenex, 

Torrance, CA). The binary phase consisted of 5% MeOH in acetonitrile (ACN) (solvent A) and 

5% formic acid in water (v/v) (solvent B). The flow rate was kept at 0.9 ml/min for a total run 

time of 70 min. The gradient programme was as follow: 100% B to 90% B in 10 min, 90% B to 

85% B in 2 min, 85% B to 76% B in 5 min and maintained at 76% B for 3 min, 76% B to 66% B 

in 10 min, 66% B to 0% B in 20 min and maintained at 0% B for 10 min. There was a 10 min 

post-run for reconditioning with 100% B. The injection volume was 10 µL, and peaks were 

monitored simultaneously at 280 nm for phenolic acid, 366 nm for flavonoids, and 520 nm for 

anthocyanins. All samples were filtered through a 0.45 µm PVDF filter (Waters, USA) before 

injection. Peaks were identified by congruent retention times and UV spectra with those of the 

standards. All samples were prepared and analyzed in triplicate. 

4.2.5 Mice 

Five-week-old male C57BL/6 mice were purchased from Charles River, Canada and 

acclimatized for 1 wk with free access to the BD (AIG-93 diet; Harland laboratories Inc. 2008) 

and water.  Mice (3-4) were grouped into individual cages and housed under controlled 
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conditions of temperature (23±2 ºC), humidity (30±5%), and light (12-h light-dark cycle). All 

experimental procedures were approved by the institutional animal care committee (University 

of Guelph) in accordance with the guidelines of the Canadian Counsel of Animal Care (CCAC).  

4.2.6 Experimental protocol 

Fifty-two mice (6-wk-old) were divided into 3 groups (BD (n=26), NB(n=13), and BB 

(n=13)) such that the mean body weights (BW) of each group were not different from each other 

(p<0.05). Each group was fed their respective diet for 2 weeks during which time, food intake 

and BW were recorded. After feeding for 2 wk, experimental colitis was induced by adding 2% 

(w/v) DSS (MP Biomedicals, USA, MW 36,000-50,000) in the drinking water for 7 d. Half of 

the BD group received DSS-free drinking water and served as healthy controls. All mice were 

allowed free access to food and water, ad libitum. The experimental protocol is summarized in 

Figure 10. 

During the DSS cycle, food intake and water consumption were measured daily. In 

addition, mice were monitored daily for Disease Activity Index (DAI). The DAI was assessed by 

measuring daily body weight (BW), stool consistency and presence of blood in the stool. BW 

loss was calculated as the % difference compare to BW at the start of the DSS cycle. Stool 

consistency was determined on fresh fecal samples using the scoring system shown in Table 3.  

Stool blood was detected in fresh feces using the scoring system in Table 16.  Hemoccult Sensa 

test (Beckman Coulter, USA) was used to detect occult blood. %BW loss score, stool 

consistency score, and stool blood score were on a scale from 0 to 3 with 0 representing the 

normal/healthy condition and 3 representing the worst clinical outcome . The average of all three 

scores were used to determine the DAI.  
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All mice were sacrificed on day 7 of the DSS cycle by cervical dislocation. Colon length 

was measured from the ceco-colonic junction to the rectum with a ruler.   The colon was cleaned 

of fecal material, weighed, and sections of the proximal and distal colon (0.5 cm) were snap 

frozen in liquid nitrogen and stored in -80◦C for analysis of MPO.  The remaining colon was 

swiss-rolled and fixed in 10% buffered formalin solution for later histological analysis.  Spleen 

and cecum with its content were also collected and weighed.  

 

Figure 10. Experimental design  

 

Table 16. Scoring system for DAI criteria 

Score % BW loss score Stool consistency score Stool blood score 

0 0-1% Normal Normal (-Hemoccult) 

1 1-5% Soft but formed +Hemoccult 

2 5-10% Very soft Visible blood 

3 10-20% Diarrhea Rectal bleeding 

 

4.2.7 Colonic MPO assay  

Colonic MPO levels were measured by using MPO ELISA kit (Cederlane Laboratories 

Ltd, Canada) according to the manufacturer’s instructions. In brief, frozen distal colons were 

weighed then transferred into homogenize tubes containing homogenizing beads (2.8mm, MO 

BIO Laboratories Inc., CA) and lysis buffer (200ul/10mg colon) containing 28 µg aprotinin/ml, 1 
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µg leupeptin/ml, and 1 mM Phenylmethanesulfonyl fluoride in a Tris buffer with 10% glycerin 

and 5 mM EDTA. Samples were homogenized using a Powerlyzer 
TM 

(MO Bio laboratories Inc, 

USA) for 20 sec at 3500 rpm. Powerlyzer 
TM 

is a tissue homogenizer incorporated with bead-

beating technology. The homogenized samples were centrifuged at 1500 crf (g) for 15 min at 

4◦C. Supernatants were collected then centrifuged twice more to ensure the purity of the sample. 

Supernatants were collected and stored in -80◦C until MPO analysis.  Diluted colon protein 

extracts were analyzed for MPO levels as per kit instructions. MPO concentration was read with 

a plate reader (BioTeck PowerWave XS2, USA) at 450 nm. Values were corrected for tissue wet 

weight. 

4.2.8 Colon histopathology  

 Colon swiss rolls were fixed in 10% formalin for 24 h, and then transferred to 75% 

ethanol until paraffin embedding. Tissues were embedded in paraffin, sectioned (5µm), and 

stained with Haematoxylin & Eosin for histological analysis. 5 mm distal to proximal colon was 

measured and used for crypt erosion (Figure 11). The scoring system for crypt erosion is detailed 

in Table 17. The final scores were calculated as the sum of the scores multiplied by the % area 

affected. All slides were scored blindly.  

 

Figure 11. Representative of histological grading of colitis from normal to the most severe case, 

under 20X magnification.  
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Table 17. Histological grading of colitis 

Score Description 

0 Normal  

1 Increased immune cell infiltration, but crypt structure is maintained 

2 Loss of the basal 1/3 of the crypt, increase in the number and/or size of goblet cells 

3 Loss of the basal 2/3 of the crypt, some crypt structures are still visible  

4 Loss of the entire crypt, but surface epithelial cells are still visible 

5 Loss of entire crypt, surface epithelial cell are only visible under high magnification 

(40X) 

6 Loss of the entire crypt and the surface epithelial cells  

 

4.2.9 Statistical Analysis 

All values are expressed as means ± SEM. Statistical analyses was performed by a one-

way ANOVA or repeated measure two-way ANOVA followed by Student Newman-Keuls or 

Dunn’s nonparametric test if normality and equal variance failed. A difference with p<0.05 was 

considered significant. Statistical analyses were performed using Sigma Plot 12.0 (Systat 

Software Inc, USA) for repeated measure two-way ANOVA analysis and GraphPad Prism 

5.03(GraphPad Software Inc, USA) for one-way ANOVA analysis.  

4.3 Results 
 

4.3.1 Diet phenolic composition and antioxidant activity  

When SP and IBP fractions were combined, BB had the highest TPC, TF, FRAP, and 

ORAC values, followed by NB, and BD had the lowest values in all 4 measurements (p<0.05) 

(Figure 12). BD had measurable TPC and demonstrated antioxidant activity in the FRAP assay. 

BD had no measurable amount of flavonoids and ORAC value. 
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Five anthocyanins, namely delphinidin, cyanidin, petunidin, pelargonidin, malvinidin 

were identified in black bean flour only (Figure 13) 
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Figure 12. Phenolic content and antioxidant activity of NB, BB and BD (SP and IBP fractions 

combined). Graphs showing the A) TPC, B) TFC, C) FRAP and D) ORAC. Data are expressed 

as the mean ± SEM (n=3).  Bars not sharing a letter are significantly different p<0.05.  
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Figure 13. HPLC profile of anthocyanin of navy and black bean flour. The procedure separated 

5 anthocyanins monitored at λ 520 nm. All peaks were identified by comparison of retention time 

and UV spectra with commercial standards.  
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4.2.2 Pre-DSS BW and food intake 

Both bean diets were well tolerated by mice as indicated by diet intake and BW similar to 

mice in the BD group, prior to DSS administration (Figure 14). 
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Figure 14. Pre-DSS BW and food intake. Data showing the change in A) BW measured on -1, -

4, -8, and -14 before the DSS cycle was initiated (n=26 for BD, n=13 for NB and BB); and B) 

average daily intake per mouse measured on -7, -5, -2, and -1 before the DSS cycle was initiated 

(n=8 for BD, n=4 for NB and BB). Data are expressed as the mean ± SEM.  

 

4.2.3 Food intake and water consumption 

 During the DSS cycle, DSS caused a significant decrease in both food and water intake, 

and this effect was not altered with the bean diets (Figure 15).  
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Figure 15. Food and water intake during DSS cycle. A) Food intakes were measured on Day 0, 

3, and 7, while B) water intake were monitored daily.  Data are expressed as the mean ± SEM 

(n=4 cages/group). Points on the curves not sharing a letter are statistically different, p<0.05. 

 

4.3.4 Disease activity index   

 There was no significant difference in % BW change any of the groups until Day 5 of 

DSS when all DSS-exposed groups had significant BW loss compared to the healthy controls 

(Figure 16A). On Day 7, NB+DSS and BB+DSS had the greatest BW loss, followed by 

BD+DSS.  

Stool consistency changed in response to DSS starting from Day 2 of the DSS cycle 

(Figure 16B). In addition, mice fed bean diets had significantly higher stool consistency scores 

than DSS-exposed mice fed BD, with NB having the highest scores by the end of the cycle. 

Interestingly, this change in stool consistency induced by beans started even before DSS 

administration as indicated by the softer stools on Day 0 of the DSS cycle.   

DSS caused an increase in stool blood after just 1 day of exposure (Figure 16C). Both 

bean diets attenuated the increase in stool blood score on Day 1 and Day 2. The attenuation in 

stool blood was lost by Day 3 in the NB+DSS group; however mice in the BB+DSS group had 

lower stool blood score throughout the DSS cycle. 
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DSS caused an increase in DAI score as early as Day 1 of exposure (Figure 16D). 

BB+DSS showed attenuation, while NB+DSS showed aggravation compared to BD+DSS on 

Day 3. The protective effect of BB was lost by Day 5, and by Day 6 both bean diets aggravated 

the DAI compared to BD+DSS.  
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Figure 16. Effects of the bean diets on DSS-induced colitis. During the DSS cycle, mice were 

monitored daily for A) % BW loss, B) stool consistency, C) stool blood. The means of all three 

scores were expressed as D) DAI. % BW loss data were rank transformed before statistical 

analysis was performed. Data are expressed as the mean ± SEM (n=13). Points on the curves not 

sharing a letter are statistically different, p<0.05.  

 

4.3.5 Colon length and organ weights 

 An increase in colon weight to length ratio is a biomarker of colonic inflammation [141]. 

DSS induced an increase in this ratio, and both bean diets aggravated this disease symptom 
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(P<0.05) (Figure 17A). In contrast, the DSS induced decrease in cecum weight was attenuated by 

both bean diets, with the effect being significant for the BB (P<0.05) (Figure 17B).   

 DSS also affected changes in extraintestinal organs, such as the spleen (Figure 18). 

Spleen weight was increased by mice exposed to DSS; however this effect was attenuated by 

bean diets.  
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Figure 17. Effect of DSS on A) colon weight to colon length ratio B) cecum+ cecum content 

weight. Data were expressed as the mean ± SEM (n=13). Bars not sharing a letter are significant 

different p<0.05.  
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Figure 18. The effect of DSS on spleen weight. Data are expressed as the mean ± SEM (n=13). 

Bars not sharing a letter are significant different p<0.05.  

 

4.3.5 Colonic MPO level 

 DSS administration increased the MPO level in the colon, though there were no 

significant differences among the DSS treated groups. However there were large variations 

among the two bean diets groups only, as shown in Figure 19.  
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Figure 19. The effects of the bean diets on distal colon MPO after 7 days of DSS. MPO levels 

were normalized to distal colon weight. Data are expressed as the mean ± SEM (n=13). Data set 

not sharing a letter are significantly different, p<0.05.  

 

4.3.6 Colon histopathology 

 Colon sections from DSS-treated mice displayed an increase in crypt distortion, and 

multiple erosive lesions (Figure 20A). All DSS treated groups had significantly higher crypt 

erosion score than NEG animals (Figure 20B). Furthermore, the NB+DSS had even higher crypt 

erosion score than BD+DSS, indicating more severe histopathology.  BB+DSS had crypt erosion 

score in between that of BD+DSS and NB+DSS.  
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Figure 20. Histological representation of the effect of the bean diets on colon erosion. A) BD, B) 

BD+DSS, C) NB+DSS, D) BB+DSS. Under 10X magnification with the red lines indicate the 

area being scored.  
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Figure 21. The effect of the bean diets on colon erosion score in DSS-induced colitis.  Scores 

reflect both the degree of inflammation (crypt distortion, erosive lesions) and the % area 

occupied by inflammation. Data are expressed as the mean ±SEM (n=8 for NEG, n=11 for 

BD+DSS, n=10 for NB+DSS, and n=10 for BB+DSS). Bars not sharing a letter are significantly 

different, p<0.05.  

 

 

4.4 Discussion  
 

 To investigate the preventative and therapeutic effects of cooked navy and black bean 

flour on UC, we fed mice bean diets for 2 weeks prior to and during colitis induction with DSS. 

The acute DSS colitis model produces symptoms comparable to those of human UC, such as BW 

loss, diarrhoea, bloody feces, shortening of the colon, and mucosal ulceration [166, 171]. Cooked 

navy and black bean flour was incorporated into the mouse diets at 20% by weight. In this study, 

we measured the severity of clinical colitis by assessing the DAI, organ biomarkers of colitis, 

and colon histopathology. Our findings demonstrated that consumption of navy and black beans 
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both aggravated (i.e. worsened BW loss, stool consistency and increased colon crypt erosion 

scores) and attenuated (delayed stool blood appearance and attenuated DSS-induced weight 

changes in the cecum and spleen) symptoms of DSS-induced colitis in mice. Since the bean diets 

had higher soluble fiber and phenolic compound content compare to the BD, it is therefore 

possible the effects observed in this study were driven by these two bioactives.  

The role of soluble fiber in colitis management has gained recent attention. One of the 

benefits of soluble fiber on colitis symptoms is due to the production of SCFAs resulting from 

colonic bacterial fermentation [86]. SCFAs decrease colonic pH, thereby decreasing the growth 

of harmful bacteria in the colon [145]. In addition, SCFAs, especially butyrate, provides an 

important energy source for colonic epithelial cells and plays a role in the maintenance of the 

colonic barrier integrity and function [146]. Butyrate also modulates inflammatory responses in 

the colon by decreasing the production of pro-inflammatory cytokines and inhibiting NF-κB 

activation [147]. Although all experimental diets used in the current study had equal total fiber 

content (70 g/Kg diet), NB and BB had higher levels of soluble fiber compared to the BD (8, 15, 

and 4 g/Kg diet, respectively). The higher soluble fiber content in bean diets may have led to 

increased cecal fermentation and elevated SCFAs production. Consistent with this hypothesis, 

DSS-induced a decrease in cecum size indicating a reduction in fermentation activity, however 

mice that were fed bean diets maintained their cecum weights comparable to what was observed 

in the healthy controls.  Further analysis of the cecum contents for SCFAs will help determine if 

the bean-induced increased in cecum size was due to fermentation of soluble fibers and increase 

fermentation products.   

Increased soluble fiber may have also exacerbated colitis in bean-fed mice. In the healthy 

situation with an intact epithelial barrier, these bacteria are localized in the luminal environment 
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and live symbiotically with the host [37]. However, in the case of impaired epithelial integrity, 

commensal bacteria are involved in the pathogenesis of colitis [48]. DSS produces defects in the 

epithelial barrier integrity, resulting in an increase in the colonic mucosal permeability,  allowing 

translocation of intestinal bacteria that in turn elicit an inflammatory response [44, 214].  

Consistent with this theory, treatment with antibiotics such as metronidazole and ciprofloxacin 

alleviate colitis in both UC patients and DSS-exposed mice [79, 215, 216].  In this study, both 

bean diets attenuated the decrease in cecum weight upon DSS exposure. This seemingly 

protective effect may potentially contribute to the disease aggravation. Higher cecum weight 

may indicate higher bacterial load and therefore potential for a greater inflammatory response 

once the bacteria penetrate the intestinal mucosa, resulting in worse crypt erosion. Future 

analyses with bacteria staining of the colonic tissue are needed to confirm this theory.  

Soluble fiber may also reduce the threshold for induction of diarrhea by increasing 

intraluminal osmolality. Goto et al. investigated the effects of fructo-oligosaccharide (FOS), a 

type of soluble fiber, and found that FOS seriously exacerbated symptoms of DSS-induced 

colitis in mice [217]. The researchers observed elevated cecal succinate as early as Day 1 of DSS 

[217]. At the same time, those mice experienced significant increase in diarrhea score [217]. 

Accumulation of succinate in the colon had been associated with increased colonic osmolarity, 

resulting in osmotic diarrhea [218]. This change in stool consistence reported by Goto et al. was 

similar to the observation in this study in bean fed mice. It is possible the same mechanism 

responsible for the disease aggravation associated with FOS also applies to this study. Cecal 

SCFAs content analysis is need to confirm this hypothesis. Lastly, in this study, stool 

consistency was already elevated (softer) in fecal samples from bean fed mice, prior to DSS 

exposure. Thus, stool consistency may not be suitable clinical marker for disease state.   



 
 

97 
 

Besides the soluble fiber, the phenolic compounds present in beans may also contribute to 

the effects of beans on colitis symptoms. The BB contained anthocyanins and had the highest 

phenolic and flavonoids content, and also the highest antioxidant activity. Elevated oxidative 

stress may contribute to initiation and/or progression of several inflammatory conditions 

including UC. ROS are produced in abnormally high level in the serum, plasma, and colonic 

tissues of UC patients [219-222]. Using animal models of colitis, several researchers have 

demonstrated heighted oxidative stress, manifest by increased accumulation of oxidatively 

damaged molecules, up-regulation of ROS inducing enzymes, and down regulation of 

antioxidant enzymes during inflammation [51, 62, 65, 170]. The increased antioxidant potential 

of the bean diets may have improved the antioxidant status in the animals, thereby reducing 

inflammation. Consistent with this theory, phenolic compounds were readily observed in the 

upper part of the gut with detectable level of metabolites as early as 30min after ingestion of 

various pure phenolic compounds in rats [223]. Furthermore circulating phenolic compounds, 

following consumption of phenolic rich foods, has been associated with improved antioxidant 

status in human [224]. Since oxidative stress has long been associated with inflammation, 

improved antioxidant status may lead to reduced inflammation, such as the inhibitory effects in 

spleen enlargement observed with both bean diets in this study. Furthermore, spleen enlargement 

is a valid organ marker of inflammation [166, 171, 225]. Several studies observed an increase in 

spleen size during colitis, and interventions that reduced colitis also inhibited spleen enlargement 

in animals [166, 171]. In our study, the suppression of DSS-induced spleen enlargement may be 

due to bean phenolic compounds and their systemic improvement of oxidative status. 

Bean phenolic compounds may also contribute to the attenuation of bloody stool 

symptoms. ROS are highly reactive and can cause destructive effects in tissues. As mentioned 
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previously, ROS are produced in abnormally high levels in both UC patients and experimental 

colitis animals [51, 62, 65, 170]. Therefore, removing ROS, or creating a reducing environment 

in the colon, could also reduce tissue damage, such as the formation of bleeding ulcers. In the 

colon, phenolic compounds,  and their metabolites could act through the surface reaction along 

the colon to create a reduced environment and prevent the damage caused by ROS to intestinal 

cells [117, 118, 124]. Both bean diets had higher TPC compared to the BD, with BB exhibiting 

the highest level. In addition, BB had significantly higher antioxidant activity measured by 

FRAP compared to both the NB and BD. These differences may explain the added benefit 

associated with the BB compare to the NB. Furthermore, phenolic compounds can not only 

reduce the oxidative stress, but also play a role in the modulation of gut microbiota. A recent 

study by Larrosa et al. found that after the administration of a phenolic rich food, rats had 

increased colonization of beneficial bacteria including Lactobacilli, Bifidobacteria, and 

Clostridium accompanied by reduced colitis [170]. Lactobacilli and Bifidobacteria have been 

suggested to suppress some harmful bacterial lineages that participate in colitis [226, 227]. In 

addition, most of the butyrate-producing bacteria from colon belong to Clostridium, so an 

increase in Clostridium counts could also contribute to epithelial barrier integrity and reduced 

inflammation.  

Lastly, the presence of anthocyanins may account for the added benefit of black beans 

compared to navy beans. In this study, mice fed on the BB had lower stool blood scores 

throughout the DSS cycle, compared to mice fed on the NB. In addition, the BB+DSS group 

demonstrated a trend toward less severe crypt erosion compared to the NB+DSS group.  

Anthocyanin extracts and anthocyanin-rich foods have been shown to ameliorate DSS-induced 

colitis in mice [166, 168]. Anthocyanin and anthocyanin rich food have been shown to reduce 
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colitis severity in mice [168]. One study examined two varieties of tea phenolic extracts on DSS-

induced colitis in mice and found that while anthocyanin-rich tea improved survival rate, 

decreased spleen hypertrophy and lowered the production of the pro-inflammatory cytokine IL-

1β, the other tea variety, without anthocyanins, aggravated colitis symptoms [166]. Higher 

phenolic compounds content and antioxidant activity may result in lower oxidative stress, and 

therefore further attenuation of colitis symptoms. Further analysis for the presence of phenolic 

metabolites and oxidative status are needed to confirm this hypothesis.    

On the other hand, phenolic compounds may also responsible for the worsening of colon 

histopathology score. Karrasch et al. observed exacerbated colitis in luteolin-treated, DSS-

exposed mice [160]. Luteolin is flavonoid, and had been shown to suppress NF-κB signaling 

both in vivo and in vitro through inhibition of IκB-kinase complex [228]. The researchers 

observed higher susceptibility of epithelial cells to undergo apoptosis and a decreased ability to 

initiate restitution in luteolin fed mice after DSS administration [160]. If beans also contain 

flavonoids that function similar to luteolin, then the failure to maintain an intact intestinal 

epithelium and to repair DSS-induced intestinal epithelial damage would result in worsening of 

colon histopathology score observed in bean fed mice. Furthermore, epithelial damage would 

also result in an increased uptake of luminal content, and thus lead to the activation of underlying 

immune cells and the mounting of an inflammatory response.  

 In summary, this study demonstrated that cooked navy and black beans both attenuated 

and aggravated DSS-induced colitis in mice.  The high soluble fiber content in beans may 

account for both the beneficial and adverse effects. Bean phenolic compounds may be 

responsible for reduced colitis symptoms with added benefits associated with higher phenolic 

compounds, and the presence of anthocyanins.  
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Chapter 5: The preventative effects of white and dark 

kidney beans on DSS-induced colitis in mice
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5.1 Introduction 
  

Common beans (phasolus vulgaris L.) are a rich source of both soluble fiber and phenolic 

compounds, both of which have demonstrated beneficial effects on UC symptoms and disease 

progression [115, 141, 142, 154, 161, 163, 164, 170]. Soluble fiber is thought to promote colon 

health through the action of SCFAs; end products of soluble fiber fermentation by the gut 

microbiota [146, 148]. As an important energy source for colonic epithelium, SCFAs contribute 

to colonic epithelial barrier integrity [146]. Furthermore, consumption of soluble fiber and 

SCFAs reduced inflammation in both UC patients and experimental induced colitis animals [141, 

142, 148-150]. Beans are also a rich source of phenolic compounds that exhibit excellent 

antioxidative and anti-inflammatory properties [58]. A study conducted by USDA examined the 

antioxidant capacities and phenolic content of over one hundred common foods in the US and 

found three dry bean varieties ranked in the Top 5 in both criteria [88]. Using animal models of 

colitis, animals fed pure phenolic compounds or phenolic-rich foods had reduced oxidative stress 

in the colon [154, 156, 164, 169, 170]. Dietary phenolic compounds also improve clinical signs 

of colitis, reduce MPO level and activity, influence NF-κB activation, and reduce levels of 

proinflammatory cytokine [115, 141, 142, 154, 161, 163, 164, 170].  Therefore, beans as a rich 

source both soluble fiber and phenolic compounds may be effective in reducing symptoms and 

progression of UC.  

Beans bioactives, such as fiber and phenolic compounds may have more beneficial 

effects in the presence of healthy microbiota composition. The microbiota is capable of 

metabolizing soluble fibers to produce SCFAs that are beneficial for colon health. However in 

IBD patients, a shift in the microbiota composition is evident, including a depletion of specific 
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types of commensal bacteria, such as Lachnospiraceae and Bacteroidetes, and enrichment in 

certain Proteobacteria species [229]. This IBD-associated microbiota composition may lead to 

altered SCFAs production. Confirming this theory, studies found decreased fecal concentrations 

of SCFAs in patients with UC [230]. Altered microbiota status as a result of colitis can also 

impair the metabolism of phenolic compounds in DSS-induced colitis [170]. Ellagitannins are 

generally metabolized by the colonic microbiota to yield urolithins in rats [231]. However after 

DSS exposure, the capacity of the microbiota to metabolize ellagitannins to its metabolites 

urolithins was reduced [170]. Therefore, in the inflamed colon, reduced metabolism of bean 

bioactives into their more potent end products, may limit the benefits associated with bean 

consumption.  

Meanwhile, certain foods, including beans that cause intestinal gas production and 

bloating may in fact aggravate symptoms in IBD patients [232]. Gas and bloating are a result of 

bacterial fermentation of soluble fiber in the colon, which is proposed to be partially responsible 

for the increased hypersensitivity to foods and beverages in IBD patients [232]. A food and 

beverage intolerance list prepared for IBD outpatients suggested that beans,  along with other 

high fiber foods, were categorized as foods that may induce and aggravate disease symptoms 

[232]. Indeed, our previous study (Chapter 4) partially supports this theory, by demonstrating 

that mice fed bean diets during colitis had increased diarrhea score and more severe epithelial 

erosion than mice fed a non-bean diet. On the other hand, it is not known if bean consumption 

during non-symptomatic phase of colitis (i.e. during remission phases) can help to reduce 

inflammation when patients relapse. In other words, can bean consumption, with its rich array of 

bioactives, help “prime” the colon to better prepare it for inflammatory insults, thereby reducing 

symptoms and progression of colitis?   
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Therefore, this study set out to determine if beans, consumed prior to colitis induction, 

can improve colitis symptoms and progression in a mouse model of UC. Furthermore, based on 

previous study (Chapter 3), dark kidney (DK) and white kidney (WK) beans had significant 

difference in phenolic contents. So, by comparing the effects of both bean types on colitis may 

enable the study to investigate eh relative contribution of phenolic compounds in reducing 

colitis.  It was hypothesized that limiting bean consumption during a non-inflammatory phase of 

colitis, would result in suppression of colitis symptoms and disease progression. In addition, 

while both beans will protect mice from developing severe colitis, the phenolic-rich bean will be 

more effective than phenolic-poor bean.  

 

5.2 Materials and Methods 
 

5.2.1 Bean flour macronutrient composition 

Cooked WK and DK flour were analyzed for macronutrient and total fiber content by 

Maxxam Analytics (Mississauga, ON) (Table 18). Preparation of bean flour was described in 

Chapter 3.  

Table 18. Macronutrients composition of WK and DK bean flour 

Nutrients  

g/100g DW 

WK DK 

Fat 2.00 1.70 

Protein 24.0 25.0 

Available Carbohydrates 40.0 42.0 

Fiber 27.5 24.5 

Ash 3.40 3.10 

Moisture 3.10 4.20 

 



 
 

104 
 

5.2.2 Diets 

Three experimental diets: BD, BD supplemented with 20% WK bean flour (WB), and 

BD supplemented with 20% DK bean flour (DB) were prepared in accordance with the AIN-93G 

diet formulation with corn oil substituted for soybean oil (Table 19). The fiber content was 

increased from 5% to 7% of diet using cellulose to accommodate the higher fifer content of the 

beans.  BD, WB and DB diets were analyzed for their soluble fiber content by Maxxam 

Analytics (Mississauga, ON), and determined to be 0.4, 1.9, and 1.7 g/100g DW, respectively.  

The BD, WB and DB diets were corrected for macronutrient content using corn starch to adjust 

the energy density such that all diets were isocaloric.  

Table 19. Composition of the experimental diets  

Formula BD WB
 

DB
 

WK bean flour 0 200 0 

DK bean flour 0 0 200 

Casein 200 146 144 

L-Cystine 3.0 3.0 3.0 

Corn starch 377 290 286 

Maltodextrin 132 132 132 

Sucrose 100 100 100 

Corn oil 70.0 66.6 67.0 

Cellulose 70.0 15.0 21.0 

Mineral Mix, 

AIN-93G-MX 

(94046) 

35.0 35.0 35.0 

Vitamin Mix,  

AIN-93-VX (94047) 

10.0 10.0 10.0 

Choline bitartrate 2.5 2.5 2.5 

TBHQ, antioxidant 0.014 0.014 0.014 

Nutrients 

(% kcal from) 

   

Protein 19.2 19.3 19.2 

Carbohydrate 63.2 63.3 63.3 

Fat 17.6 17.5 17.5 
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5.2.3 Phenolic content and antioxidant activity of the experimental diets 

Phenolic extract of BD was done using procedure described in Chapter 3. Phenolic 

content (TPC, TFC) and antioxidant activity (FRAP, ORAC) determination methods were also 

described in Chapter 3. Values for WB and DB were obtained by multiplying the values for bean 

flour that were obtained in Chapter 3 by 20%.  

5.2.4 Anthocyanins characterization 

 Characterization of anthocyanins was achieved using method as described in Chapter 3 

with reversed phase HPLC and DAD.  

5.2.5 Mice 

Five-week-old male C57BL/6 mice were purchased from Charles River, Canada and 

acclimatized for 1 wk with free access to the BD (AIG-93 diet; Harland laboratories Inc. 2008) 

and water.  Mice (3-4) were grouped into individual cages and housed under controlled 

conditions of temperature (23±2 ºC), humidity (30±5%), and light (12-h light-dark cycle). All 

experimental procedures were approved by the institutional animal care committee (University 

of Guelph) in accordance with the guidelines of the Canadian Counsel of Animal Care (CCAC).  

5.2.6 Experimental Protocol 

The experimental protocol is summarized in Figure 22. Fifty-two mice (6-wk-old) were 

divided into 3 groups (BD (n=26), WB (n=13), and DB (n=13)) such that the mean BW of each 

group were not different from each other (p<0.05). Each group were fed their respective diets for 

3 weeks during which food intake and body weight were recorded.   After feeding for 3 weeks, 

mice that were previously fed on WB or DB were switched to BD. Meanwhile, 4 mice from each 

experimental diet group were sacrificed to assess the effect of bean diets in healthy animals (Pre-

DSS sacrifice). The remaining animals continued in the study.  One day after the diet switch, 

experimental colitis was induced by adding 2% (w/v) DSS (MP Biomedicals, USA, MW 36,000-
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50,000) in the mice drinking water for 7 d. Half of the BD group received DSS-free drinking 

water and served as healthy controls. At the end of the 7 d DSS cycle, all remaining mice were 

scarified (Post-DSS sacrifice).  

All mice were given food and water, Ad libitum. During the DSS cycle, food and water 

consumption was measured daily. DAI was also monitored daily according to guidelines 

described in Chapter 4. Sacrifice method and organ biomaker measurements were similar to what 

described in Chapter 4.   

 

Figure 22. Experimental design.  

 

4.2.7 Statistical analysis 

Statistical analyses were performed using the same software and statistical tests as 

described in Chapter 4.   

5.3 Results 
 

5.3.1 Diet phenolic composition and antioxidant activity  

When SP and IBP fractions were combined, DB had the highest TPC, TF, FRAP, and 

ORAC values, followed by WB, and BD had the lowest values in all 4 measurements (Figure 

23).  
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Two anthocyanins, namely cyanidin and Pelargonidin were identified in DK bean flour 

only (Figure 24). 
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Figure 23. Phenolic content and antioxidant activity of  WB, DB, and BD. Graphs showing the 

A) TPC, B) TF, C) FRAP and D) ORAC. Data are expressed as the mean ± SEM (n=3). Bars not 

sharing a letter are significantly different, p<0.05.  
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Figure 24. HPLC profile of anthocyanin of WK and DK bean flour. The procedure separated 2 

anthocyanins monitored at λ 520 nm. All peaks were identified by comparison of retention time 

and UV spectra with commercial standards. 

 

5.3.2 Bean effects on BW, diet intake, and tissue markers in healthy mice 

 Both bean diets were well tolerated by mice, as indicated by BW and food intake similar 

to mice in the BD group, prior to DSS administration (Figure 25). Bean diets did not affect colon 

length or spleen weight compared to the BD in healthy mice (Figure 26A, D). Both bean diets 

resulted in higher cecum+ cecum content weights compared to the mice fed BD (Figure 26C). 

Colon weight was higher in mice fed the WB compared to the other two experimental diets 

(Figure 26B).   
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Figure 25. Pre-DSS BW and food intake measured on -21, -18, -14, -10, -6, -2 and -1 before the 

DSS cycle was initiated. Data showing the change in A) BW (n=26 for BD, n=13 for WB and 

DB); and B) average daily intake per mouse (n=8 for BD, n=4 for NB and BB). Data are 

expressed as the mean ± SEM.  
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Figure 26. At the pre-DSS sacrifice, A) colon length, B) colon weight, C) cecum+ cecum 

content weight, and D) spleen weight were measured. All measurements were adjusted to final 

BW at sacrifice. Data were expressed as the mean ± SEM (n=4). Bars not sharing a letter are 

significantly different, p<0.05.  
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5.3.3 Dietary Intake and Water Consumption  

 During the DSS cycle, DSS caused a significant decrease in both food intake and water 

intake, and these effects were reduced by both bean diets on Day 6 (Figure 27).  On Day 7, only 

food intake was reduced in DSS exposed groups, and this effect was not altered with the bean 

diet (Figure27A). Water intake was reduced in BD+DSS on Day 6 (Figure 27B).  
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Figure 27. Food and water intake during DSS cycle. A)  Food intake and B) water intake were 

monitored daily. Data were expressed as the mean ± SEM (n=4). Points on the curves not sharing 

a letter are statistically different, p<0.05.  

 

5.3.3 Disease activity index  

There were no differences in % BW change between groups until Day 4 of DSS when 

WB+DSS had significant less BW gain compare to the healthy control (p<0.05). On Days 5, all 

DSS exposed groups had significant BW loss compare to healthy control, but there was no 

difference among the DSS groups. On Day 6, although all DSS treated mice experienced 

significant % BW loss compare to the healthy control, DB fed mice were experiencing BW gain. 

WD+DSS and BD+DSS had significant % BW loss compare to the healthy control, with the 

latter having a greater reduction (p>0.05). On Day 7, BD+DSS remained to have the greatest 
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weight loss, followed by the two bean diets that were not different from each other (p<0.05) 

(Figure 28A).  

Stool consistency changed in response to DSS starting from Day 2 of the DSS cycle. In 

addition, BD+DSS mice had significantly higher stool consistency scores than WB+DSS from 

Day 4 to Day 7. DB+DSS had stool consistency scores in between BD+DSS and WB+DSS. By 

the end of the study, BD+DSS and DB+DSS had the greatest stool consistency score, followed 

by WB+DSS which was significantly different from the other two (Figure 28B).    

DSS caused an increase in stool blood after just 1 day of exposure. Compare to BD+DSS, 

both bean diets attenuated the increase in stool blood score on Day 4 (Figure 28C). 

Overall, as demonstrated by DAI, bean diets attenuated DAI starting from Day 4. These 

results reflected the effects of beans in reducing weight loss, increase in stool consistency and 

stool blood. Interestingly, WB+DSS showed significant attenuation of DAI even at the end of the 

DSS cycle (Figure 28D).  
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Figure 28. Effects of bean diets on DSS-induced colitis. During the DSS cycle, mice were 

monitored daily for A) % BW loss, B) stool consistency, C) stool blood. The averages of all 

three scores were expressed as D) DAI. % BW loss data were rank transformed first then subject 

to statistical test. Data were expressed as means ± SE (n=11 for BD and BD+DSS, n=9 for 

WB+DSS and DB+DSS). Points on the curves not sharing a letter are statistically different, 

p<0.05.  

   

5.3.4 Tissue Markers 

 DSS induced an increase in colon weight to length ratio, and both bean diets attenuated 

this disease symptoms compare to BD+DSS (Figure 29A). On the other hand, DSS induced 

decrease in cecum+content weight was not affected by bean diets (Figure 29B).   
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 DSS also affected changes in extraintestinal organs, such as the spleen (Figure 30). 

Spleen hypertrophy has been reported by others as a marker of inflammation [166, 171]. The 

relative spleen weight in mice fed on both bean diets were not significantly different form the 

healthy control, which indicate attenuation of this disease manifestation.  
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Figure 29. The effect of DSS on intestinal organ markers. At sacrifice, A) colon weight to length 

ratio, B) cecum+ cecum content weight was measured. Data were expressed as the mean ± SEM 

(n=11 for BD and BD+DSS, n=9 for WB+DSS and DB+DSS). Bars not sharing a letter are 

significantly different, p<0.05.  
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Figure 30. The effect of DSS on spleen weight. Data were expressed as the mean ± SEM (n=11 

for BD and BD+DSS, n=9 for WB+DSS and DB+DSS). Bars not sharing a letter are 

significantly different, p<0.05.  

 

5.4 Discussion  
 

This study, for the first time, demonstrated that consuming whole beans (WK and DK) 

prior to exposure to DSS partially reduced symptoms of DSS-induced colitis in mice. Consistent 

with previous studies, mice exposed to DSS developed BW loss, watery diarrhea, and bloody 

stools [44, 166, 171]. Both bean diets attenuated these clinical symptoms with the WB having a 

more beneficial effect on stool consistency than the DB.  Colon shortening and spleen 

hypertrophy have been used as organ markers of colitis in several studies [166, 171]. The current 

study observed similar changes in DSS exposed mice, which were attenuated by bean diets. This 

may suggest reduce inflammation in the bean fed animals.  

Both soluble fiber and phenolic compounds may contribute to the protective effect 

observed with the bean diets. The soluble fiber content in WK and DK bean diets were 5X and 



 
 

116 
 

4X that detected in BD.  The benefits of soluble fiber or prebiotics are thought to arise from the 

production of SCFAs by colonic bacteria [86]. SCFAs, especially butyrate provide an important 

energy source for colonic epithelial cells; which plays a role in strengthening of colonic 

epithelial barrier integrity [146]. SCFAs can also modulate the inflammatory response in the 

colon by decreasing the production of proinflammatory cytokines and inhibiting NF-κB 

activation [147].  In this study, feeding both WB and DB for three weeks increased the cecum 

weights in healthy mice, indicating increased fermentation activity, and possible increase SCFAs 

production. Furthermore, consumption of soluble fiber were able to increase the thickness of the 

intestinal mucous layer in rats colon [233]. The formation of this mucous layer can act as a 

protective barrier in the colon and limit the translocation of luminal products into the colonic 

tissue [234, 235].   These changes in the colon might have primed the colon for later DSS insult 

and result in attenuation of colitis.  

Phenolic compounds are major bioactives in beans. Although limited studies have 

analyzed the phenolic profile in WK beans, the profile in DK beans have been reported in several 

studies. DK beans contain quercetin, kaempferol, ferulic acids, p-courmaric acids, and sinapic 

acids [101, 128, 213]. All these compounds demonstrated anti-inflammatory properties in 

experimental colitis by interfering with the NF-κB signally pathway [115, 154, 163, 164, 236]. 

NF-κB has long been considered a prototypical proinflammatory signalling pathway. NF-κB is 

involved in the regulation of proinflammatory genes, including proinflammatory cytokines, 

chemokines, adhesion molecules, and iNOS [237, 238]. Increased activation of the NF-κB 

pathway has been documented in the intestinal epithelium of IBD patients [239]. The combined 

action of these phenolic compounds may account for the reduced colitis observed in this study.  
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In addition, the inhibitory effects of phenolic compounds on NF-κB activation may be 

through their antioxidant properties [163, 164]. It is well documented that ROS activates NF-κB, 

which leads to the generation of proinflammatory cytokines, COX-2 and iNOS [237, 238]. These 

proinflammatory cytokines and inducible enzymes further contribute to increased oxidative 

stress by promoting the release of ROS. The autocatalytic vicious cycle that ensures, further 

contributes to worsening intestinal inflammation [165]. In colitis, the antioxidant properties of 

phenolic compounds could suppress the initial increase in oxidative stress, inhibiting NF-κB 

activation, and thereby attenuating the development of colitis. In this study, both bean diets 

exhibited significantly higher in vitro antioxidant activity than BD as measured by FRAP and 

ORAC assays. This could contribute to the protection offered by the bean diets in the DSS-

induced colitis reported here.  

Currently, there is no cure for UC. One of the greatest challenges in the care of UC 

patients with chronic symptoms is tapering and maintaining the patients off of steroids and other 

medications that potentially have significantly side effects associated with their use [79, 232]. 

Furthermore, as demonstrated in the previous study (Chapter 4), consumption of beans during 

inflammation resulted in aggravation of certain disease symptoms, possibly because of the 

fragile state of the colon. Therefore, interventions that are able to prime the colon to better 

prepare for inflammatory insult may be a more feasible option. Indeed, in this study, once we 

limited the bean consumption during the non-inflammatory phase, only attenuation of colitis 

resulted. It is possible that in UC patients, bean consumption during remission phases can help to 

reduce inflammation when patients relapse.   

Overall, this study demonstrated that consuming whole WK and DK beans may protect 

mice from DSS-induced colitis. The phenolic content and antioxidant activity of the bean flours 
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cannot, however explain the entire protective effect since DB had significantly higher phenolic 

content and antioxidant activity than WD, but the WD demonstrated a greater protective effect. 

Further experiments will be required to identify the active compounds in bean that induced these 

beneficial effects and the mechanisms of action.  
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Chapter 6: Discussion, Future Directions, and Implications 
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6.1 Discussion  
 

 This study consisted of two parts: 1) chemical analysis of phenolic content and 

antioxidant activity of cooked beans; and 2) in vivo assessment of the effects of consuming beans 

in DSS-induced colitis. Beans are a rich source of many nutrients, such as protein, carbohydrates, 

minerals, and vitamins. However this study placed an emphasis on bean soluble fiber and 

phenolic compounds.  

 In Chapter 3, the objective was to quantify the phenolic content and antioxidant activity in 

different fractions of selected bean varieties and, to investigate the effect of hydrolysis condition 

on the yield of phenolic acids. In this study, we found that in all bean varieties analyzed, the IBP 

fractions did not contribute significantly to the overall phenolic content and antioxidant activity 

as compared to the SP fraction. Ideally, the IBP fractions will represent the proportion of 

phenolic compounds that are protected within the food matrix, and are able to reach the cecum 

and colon. However chemical extraction of phenolic compounds cannot represent the function of 

the digestive system, which might be more sufficient in releasing phenolic compounds from the 

food matrix. In addition, this study used MAE for the initial SP extraction. MAE is a very 

aggressive extraction method. So it is possible that the phenolic compounds can be extracted 

under chemical extraction were effectively being released during the initial SP extraction, 

leaving minimal amount of phenolics for later IBP extraction.  Thus, although limited phenolic 

compounds were extracted in the IBP fraction in this study, but the physiological condition 

might favour the release of phenolic compounds from the food matrix. 

In Chapter 4, we examined the therapeutic effects of consuming diets containing 20% cooked 

navy or black bean flour in DSS-induced colitis in mice, with an emphasis of the role of phenolic 
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compounds. In this study, BD, navy and black beans were first analysed for phenolic content and 

antioxidant activity using method described in Chapter 3. The darker bean (black bean) had the 

highest TPC, TFC, FRAP and ORAC compare to light colored bean (navy bean). In addition, 

both bean diets were higher than the BD in all these measurements. In vivo study demonstrated 

that navy and black beans both attenuated and aggravated colitis symptoms. These effects may 

involve bean soluble fibers and bean phenolic compounds. In terms of disease attenuation, both 

bean diets ameliorated the DSS induced decrease in cecum weight, spleen hypertrophy, and stool 

blood, with BB having a greater beneficial effect in cecum weight and stool blood. BB had 

higher soluble fiber and phenolic content, and exhibited higher antioxidant activity compared to 

NB. The soluble fiber may exert its beneficial effects through the production of SCFAs, which 

have been shown to suppress intestinal inflammation in both UC patients, and animal models of 

colitis [141, 148-151].  Phenolic compounds may also contribute to the disease attenuation 

through their ability to reduce oxidative stress [223, 224]. Lastly, the presence of anthocyanin in 

black bean may explain the added benefit of BB compared to NB in this study.  

On the other hand, these two bioactives may also account for the disease aggravation in this 

study.  Symptoms aggravated by both bean diets were BW loss, stool consistency, colon weight 

to length ratio, and crypt erosion score.  Soluble fiber may reduce the threshold for induction of 

diarrhea by increasing intraluminal osmolality [217]. In this study, the stool consistency was 

already elevated (softer) in fecal samples from bean fed mice, prior to DSS exposure, possible 

due to the presence of soluble fiber in the bean diets. This may lead to more severe diarrhea upon 

DSS exposure. Thus stool consistency may not be suitable as a clinical marker in this study. 

Phenolic compounds may also contribute to the disease aggravation, possibly by interfering with 

the epithelial wound-healing process [160]. 
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 In Chapter 5, we investigated the preventative effect of consuming white and dark kidney 

bean diets on DSS-induced colitis. The study design is similar to that of Chapter 4, and involves 

first the quantification of phenolic content and antioxidant activity in the bean flour, followed by 

an in vivo study. Consistent with the Chapter 4 findings, the darker bean (DK) had higher 

phenolic content and antioxidant activity compared to the lighter coloured bean (WK). In this 

study, when bean feeding was limited to prior to DSS exposure only, we only observed disease 

attenuation in bean fed mice. Both soluble fiber and phenolic compounds may contribute to the 

protective effect observed with the bean diets. The production of SCFAs can not only provide an 

important energy source for colonic epithelial cells, but also can increase the thicknesses of the 

total mucous layer in the colon [146, 233]. These properties may prepare the colon for later DSS 

insult. Meanwhile, the inhibitory effects of phenolic compounds on NF-κB activation may also 

account for the beneficial effect associated with bean consumption. It is well documented that 

ROS activate NF-κB and lead to the elevated proinflammatory cytokines and further heighten the 

oxidative stress [165, 237, 238]. The antioxidative properties of phenolic compounds may 

suppress the initial increase in oxidative stress, inhibiting NF-κB activation, thereby attenuating 

the development of colitis.  

Overall, this study demonstrated that the health benefit of consuming beans may differ 

depend on the timing of consumption. When cooked black and navy beans were given both prior 

and during the DSS cycle, mice developed both attenuation and aggravation of disease symptom 

(Chapter 4). However, when bean consumption was avoided during DSS-cycle, only attenuation 

of disease symptoms resulted (Chapter 5). This is the first study that demonstrated whole beans 

are beneficial to colon health during non-inflammatory phase, and their consumption may prime 

the colon for later inflammatory insult.  .    
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6.2 Future Directions 

  

In this study, both soluble fiber and phenolic compound analyses were conducted on the diet 

or cooked bean flour, and it is important to know the level and types of their metabolites after 

colonic fermentation. Consumption of cooked black and navy beans had been associated with 

elevated butyrate, and propionate production in the colon and the production of these SCFAs 

were proposed to account for reduced colon tumour incidence [185].In this study, increased 

production of SCFAs in the cecum and colon were proposed to account for reduced colitis in 

bean fed mice. SCFAs analysis of cecal content would be able to verify this hypothesis. On the 

other hand, phenolic compounds and their metabolites were also proposed to account for the 

observed benefits associated with bean consumption.  As mentioned in earlier sections, phenolic 

compounds undergo changes along the GI track, with some being readily absorbed in the blood 

stream, and some travelling to and being metabolised in the colon. Since chemical extraction of 

phenolic compounds has its limitation to resemble digestive system, it is unclear of the level of 

phenolic compounds that eventually reached colon based on the analysis used in this study. 

Phenolic compounds extraction and analysis of the cecal or fecal content would be able verify 

the bioavailability of the phenolic compounds in the colon, as well as their contribution to the 

reduced colitis.  

Since this is the first in vivo study examining the effects of whole bean on colitis, the limited 

experiments were conducted to figure out the mechanisms that can potentially lead to the 

observed effects. In this study, various tissues were collected at sacrifice. These tissues can be 

used to further investigate potential mechanisms through which bean bioactives exert their 

beneficial effects. Since phenolic compounds are excellent antioxidant in vitro, therefore it is 
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likely that the reduced colitis is a result of this antioxidant property.  To investigate this 

mechanism, serum and colonic tissue can be used to assess the lipid peroxidation using TBARS 

assay, to measure the level and/or activity of antioxidant enzymes (GSH, SOD, catalase, GPX 

etc), and to determine the antioxidant capacity of the tissue with ORAC or FRAP assay. In 

addition, previous studies, using various experimental colitis, found down regulation of 

proinflammatory cytokine in animals fed pure phenolic compounds (rutin, kaempferol, ferulic 

acid, vanillic acid)[152, 154, 161, 163]. Since all these phenolic compounds are available in 

beans, it is possible that the reduced colitis symptoms observed in this study is a result of the 

down regulation of proinflammatory cytokines. Serum, colonic, and splenic tissues collected at 

the sacrifice can be used for cytokine analysis.  

This study demonstrated that whole bean may be beneficial to colitis especially when 

consumed prior to the exposure to inflammatory inducer. However it is unclear which bioactive, 

soluble fiber or phenolic compound responsible for the observed effects. Although this study 

selected bean varieties based on seed coat colour which are widely accepted to reflect phenolic 

content, this study failed to obtain a clear association between phenolic content and anti-

inflammatory property. In this study, phenolic compound analysis confirmed that indeed, within 

one pair, the darker bean had higher phenolic compound and antioxidant activity compared to the 

lighter bean.  However, in vivo study using DSS-induced colitis in mice revealed mixed results. 

Black bean had added benefit compare to navy bean, especially in controlling stool blood. On the 

other hand, white kidney bean was better than dark kidney bean in maintaining stool consistency. 

The relative contribution of phenolic compound to reduced colitis may be more complex than 

originally proposed. Specific phenolic compounds may be more important than total phenolic 
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content. Future study of bean phenolic characterization using more sensitive equipment such as 

mass spectrometer is needed to investigate this hypothesis. 

Furthermore, both soluble fiber and phenolic compounds are important bioactives in beans, 

and it is unclear of the relative contribution of each bioactive. Although the two beans in each 

pair are close in genetics, black bean had higher of both soluble fiber and phenolic compound 

compare to navy bean. Preliminary data suggested that black bean had added beneficial effect 

compare to navy bean, but it is unclear which bioactive plays a greater role. Future study can 

repeat these two studies, but with bean phenolic compound extracts, bean soluble fiber, and cook 

whole bean would be able to investigate which bioactive had more beneficial effects, as well as 

if there is any synergetic effect between soluble fiber and phenolic compound.  

Based on the findings of this current study, it is possible that the benefits of consuming beans 

differ depending on the timing of consumption. However in this study, two different pairs of 

beans were used in the therapeutic (Chapter 4) and prevention (Chapter 5) study. Thus, the 

findings may due to the difference in genetics rather than the timing of consumption. Repeating 

the prevention study with black and navy bean or the therapeutic study with white and dark 

kidney bean would be able to clarify this hypothesis.  

6.3 Implications  
 

The findings of this study have the potential to influence UC management.  As reviewed in 

earlier chapters, current UC therapies have many limitations, including significant side effects, 

drug dependence, and antibiotic resistance [79]. Together, these limitations promote the use of 

dietary interventions among the UC patients. However, UC patients frequently report that 

specific foods cause aggravation of their symptoms [240]. Currently, only a few studies have 
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investigated dietary exclusion and sensitivity to food in UC patients using questionnaires. These 

studies found that individuals reacted differently on exposure to certain food, some of the more 

commonly identified food sensitivities are cereals, milk, eggs, vegetables and citrus fruits[232, 

240].  Therefore, research that adds to our knowledge on food sensitively are relevant to UC 

management and can potentially improve the quality of the life of the patients.  In addition, UC 

is characterized by chronic relapsing and remitting inflammation of the colon [73]. While during 

symptomatic relapse, the UC patients experience increasing sensitively to foods, the remission 

phase may open up the window for therapies that can prolong remission and prepare the colon 

for later relapses.  
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