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ABSTRACT 

 

THE EFFECTS OF FLAXSEED AND ITS BIOACTIVES ON COLON HEALTH AND 

DSS-INDUCED ACUTE COLITIS AND RECOVERY IN C57BL/6 MICE 

 

Leila Zarepoor                                                                                Advisors: Dr. Alison Duncan 

University of Guelph, 2013                                                                              Dr. Krista Power 

 

 

Flaxseed (FS) contains bioactives with gut health promoting potentials, including soluble 

fibre, α-linolenic acid (ALA), and lignans. It also contains nutritive proteins. FS bioactives are 

unequally distributed in the seed, with the hull enriched in fibre and lignans, and the kernel 

enriched in ALA and protein. On account of anticancer and cholesterol lowering effects of FS, 

currently there is an increasing interest in consumption of FS-based products and supplements; 

however, their effect on healthy colon and common gastrointestinal disorders, e.g. colitis, is 

unknown. Thus, this thesis explored the effects of FS, FS hull and kernel, and FS purified 

bioactives (oil, protein and mucilage) on dextran sodium sulphate (DSS)-induced colitis 

symptoms in mice. Additionally, the effects of FS and its purified bioactives (oil, protein and 

mucilage) on some biomarkers of gut health in a healthy state were investigated.  The results of 

this study showed that consumption of 10% FS diet advanced colitis symptoms by increasing 

disease activity index (DAI), colonic histological damage and myeloperoxidase (MPO) levels, 

while increased serum and colon inflammatory cytokines. FS adverse effect on colitis was 

associated with upregulation of seven genes involved in the NF-κB signalling pathway in colon. 

FS hull and kernel had less influence on colitis symptoms.  Purified FS protein and mucilage also 
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aggravated DSS-induced colitis symptoms, while reduced the survival rate during the recovery 

period. FS oil had fewer effects on colitis symptoms. 

In healthy animals, FS increased biomarkers of bacterial activity (cecum size, cecal short 

chain fatty acid levels [SCFAs]), increased crypt length and mucus production, unregulated  

several genes involved in bacterial defense and immune and inflammatory response, while 

down-regulated numerous genes involved in cell cycle events. FS mucilage and protein also 

increased cecum size and SCFA levels, but FS mucilage increased crypt length in colon and FS 

protein reduced it. FS oil also reduced crypt length in healthy animals, without any other 

significant changes in cecum or colon. 

Overall, these findings imply that consumption of FS, FS protein and mucilage influence 

biomarkers of colon health, such as bacterial activity and mucosal barrier integrity in healthy 

mice, while aggravating DSS-induced acute colitis symptoms. 
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1.1. Introduction  
 

The gastrointestinal (GI) tract plays an important role in nutrient digestion, metabolism, and 

absorption, but it is also involved in the regulation of inflammation, elimination of carcinogens, while 

being a host to a diverse microbial ecosystem [1]. There are many factors involved in gut health, but the 

most important ones include: a functioning gut barrier, a healthy symbiosis relationship between gut 

commensal bacteria and the host, and a balanced immune response [1]. Dysfunction or imbalance in 

these factors leads to chronic human diseases, such as inflammatory bowel disease (IBD), colon cancer, 

diabetes, and obesity [1-3]. Ulcerative colitis (UC), which is a common type of IBD characterized by 

chronic, remitting and relapsing inflammation in the colon, is associated with alterations in all three 

components of gut health, i.e. microbial dysbiosis, gut barrier dysfunction, and an impaired immune 

response [4]. UC is considered a global disease with increasing incidence and prevalence worldwide [5, 

6], but the current treatments for UC are mainly limited to anti-inflammatory, antibiotic, 

immunosuppressant, and biologic agents [7], which frequently cause severe side effects. Additionally, 

many UC patients fail to respond, and also become resistant to these therapies [8], therefore more 

natural alternative therapies, such as dietary components, are being studied for their effectiveness in 

reducing UC symptoms [4, 9]. Some dietary components showed the ability to modulate the various 

aspects of gut health, including colonic microbiota, GI barrier integrity, and immune response. These 

modulations may influence gut health differently depending on the colon health condition, presence or 

absence of GI disorders, and the type of disorder [1, 10, 11]. Between dietary interventions, prebiotics, 

and their fermentation products (in particular butyrate) [4, 12-15], phenolic compounds (e.g. curcumin, 

quercitrin, and rutin) [16, 17], and n3-polyunsaturated fatty acids (PUFAs) [18-20], show some 

beneficial effects on UC, with some controversy in the results.  Flaxseed (FS) is an oilseed containing a 
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variety of these bioactives and thus may have the potential to influence gut health components and 

colonic inflammation. Research on the gut health promoting potential of FS has primarily focused on 

colon cancer, where it showed beneficial effects [21-23]. The increasing evidence on anti-tumorigenesis 

properties of FS has promoted the interest in using FS, FS components and bioactives as a food 

ingredient or supplement [24]; however research on FS effects on colon health components and colonic 

inflammation are limited or lacking. Therefore my research program focused on the effects of FS, and 

FS bioactives on colon health and colitis in an animal model of colonic inflammation. For this purpose, 

my review of literature focused on different components of colon health, current knowledge about UC, 

and FS bioactives that can potentially influence on UC. Sections1.9, 1.10 and 1.11 of this chapter are 

adapted from the following book chapter: 

Zhang C., Zarepoor L., Lu J. and Power K.A. Functional foods and gut health.  Nutraceuticals and 

Functional Foods: Natural Remedy. Editors: Brar S.K., Kaur S. and Dhillon G.S. (2013), NOVA 

publishers. 

 

1.2. Colon Health 

 

1.2.1. Overview 
 

In Western culture the concept of gut health has been overlooked for a long time, while in Asia it has 

been one of the most fundamental concepts in physical and mental health. For example, the gut has been 

known as the centre of spiritual and physical strength in Japanese culture [25]. Gut health is now 

receiving more attention in Western culture as the number of people affected by GI disorders is 
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increasing. Hence, a need for developing and producing treatments and/or investigating gut health-

promoting foods is pertinent [1]. From a scientific point of view the definition of gut health is still 

unclear. By this time, the most complete definition of gut health has been provided by WHO, which 

defines gut health as: “A state of physical and mental wellbeing in the absence of GI complains that 

require doctor consultation, in the absence of indications of, or risks for bowel diseases, and in the 

absence of confirmed bowel diseases” [26].  

Today we know that gut function is not limited to nutrient digestion, metabolism, and absorption, 

but that the gut is also involved in the regulation of inflammation and elimination of carcinogens, while 

being a host to a diverse microbial ecosystem [1]. There are many factors involved in gut health, but the 

most important ones include: gut barrier integrity, a healthy symbiosis between gut commensal bacteria 

and the host (via a balanced microbiota and a functioning immune response), and the absence of 

diseases (e.g. IBD and colon cancer) [1, 10, 11]. There is increasing evidence that gut health 

components can be affected by several environmental factors, such as stress, exposure to pathogenic 

microorganisms or chemicals, antibiotics, and diet [1]. Additionally, aside from GI diseases, other 

chronic metabolic diseases, such as diabetes and obesity are increasingly being linked to gut health [27-

30]. As a result, both scientific communities and the food industries are showing more interest in 

developing new options, such as dietary components, to help maintain and/or promote gut health in 

healthy individuals and UC patients, respectively.   

 

1.2.2.  Mucosal Barrier Integrity  
 

The gut barrier integrity is one of the major components in colon health which is directly involved 

in epithelial defense, gut metabolic function, and the mucosal immune and enteric nervous systems [1]. 
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The gut wall consists of a multifunctional cellular and secretory barrier which separates the luminal 

contents from the abdominal cavity and host tissues [31, 32]. Environmental challenges, such as changes 

in diet, microbial activity and structure, and exposure to toxins and allergens constantly stress the 

mucosal barrier. The major components responsible for maintaining gut barrier integrity and 

functionality are the mucosa and its overlying mucous layer, and the underlying submucosa layer [1]. 

The mucosa is comprised of glandular epithelium, lamina propria, and muscularis mucosae (Figure 1.1) 

[1].  

 

Figure 1-1. The structure of the colon wall 

Colon wall in Hematoxylin and Eosin stained colon section of a mouse. The colon section was prepared and 

photographed in Dr. Power`s lab, using light microscopy (Olympus BXS1, Tokyo, Japan). 
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Glandular epithelium forms the crypts which contain germinating stem cells, absorptive epithelial 

cells and goblet cells, while lamina propria contains immune cells, such as T cells and dendritic cells 

(DCs). Muscularis mucosae is a thin layer of smooth muscles, which separates the mucosa from the 

submucosa [1]. The mucosa is covered by a layer of mucus, which is secreted by goblet cells, and its 

main functions are to provide a physical barrier from luminal and food born bacteria, act as a lubricant 

to facilitate the passage of digesta through the GI tract, and reduce the physical stress that is induced by 

luminal contents. In addition to goblet cells, colon crypts are made of a variety of other cell types with 

specific biological functions, including epithelial cells which are located on the crypt surface. Epithelial 

cells are connected to each other by highly regulated tight junctions, which seal the space between cells, 

and prevent the penetration of luminal content and colonic microbiota into lamina propria and 

submucosal layers. Lamina propria contains a complex group of immune cells that react to the presence 

of allergens and infectious and pathogenic substances in the colon [1]. Alterations in the gut barrier 

components, such as impaired mucus layer, chronic hyperactivation of immune cells and dysfunctioning 

tight junctions, can lead to enhanced permeability in the gut wall, translocation of bacteria, and varying 

degrees of chronic inflammation [33], and also may be involved in the pathogenesis of several 

extraintestinal diseases, such as obesity [34]. Therefore, there is increasing interest in developing 

therapeutic agents which are able to maintain or improve the gut barrier integrity. 

Certain foods and purified food components, such as prebiotic and phenolic compounds have 

demonstrated the capacity to modulate the gut barrier integrity, by increasing mucus production, crypt 

length, and /or modifying immune and inflammatory response [35-41]. Prebiotics (e.g. oligosaccharides 

[35], viscous soluble fibres [36]) have the potential to modulate the gut barrier integrity and function, 

either as a result of microbiota changes or by direct effects of their fermentation products (SCFAs) on 

the colonocytes [1, 35, 36]. Furthermore, butyrate has been shown to modulate a variety of cell signaling 



  7 
 
 
 

pathways within the colonocytes by altering the expression of genes involved in the cell cycle (e.g. 

cyclins), proliferation (e.g. Proliferating Cell Nuclear Antigen [PCNA]), apoptosis (e.g. Caspases, B-cell 

lymphoma 2 [Bcl2]), and immune and inflammatory responses (nuclear factor kappa-light-chain-

enhancer of activated B cells [NF-κB), interleukin [IL]-6, tumor necrosis factor alpha (TNF)-α) [42]. 

These findings demonstrate the potential of dietary bioactives to influence gut barrier integrity, by 

altering mucus production, crypt length, and the expression of variety of genes that are involved in 

regulation of cell cycle events, and immune and inflammatory response. 

 

1.2.3. Microbiota  

 
Colonic microbiota is another major component responsible for maintaining gut health. The human 

colon contains a very diverse and densely populated microbial community, as there are about 400 

different species with 10
10

 - 10
14  

cfu (colony-forming units) of bacteria per gram of wet feces [43]. The 

density of bacterial populations varies in different areas of the colon, for example bacterial number, 

proliferation, and fermentation, is higher in the proximal colon compared to the distal colon since their 

major energy supply, easily fermentable materials (mainly carbohydrates), is more available in the 

proximal colon. In fact, the cecum and proximal colon are the major sites of fermentation, while water 

and carbohydrates are depleted in the distal colon [43].  

The major classes of bacteria within the human colon are Bacteroidetes, Firmicutes, 

Enterobacteriacae, Streptococci, Lactobacilli, and Enterococci, followed by smaller populations of 

Clostridia and Staphylococci [44]. A balanced microbial ecosystem with an appropriate level of growth 

and activity is one of the essential factors in not only gut health, but overall human health, since 

dysbiosis, or elevated activity and growth of potentially harmful bacteria, can lead to a variety of  
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diseases [45].  Several factors, such as stress, pathogenic microorganisms, antibiotic exposures, and diet, 

can influence colonic microbiota, either negatively or positively [1, 45]. There is increasing evidence 

that dietary components, especially prebiotics, can influence colonic microbiota profile and activity. 

Prebiotics (dietary components containing fermentable non-digestible carbohydrates and proteins) may 

potentially modulate gut health through a bidirectional relationship with micobiota. Prebiotics are 

metabolized by microbial enzymes, producing biologically active short chain fatty acids (SCFAs). 

Acetate, propionate, and butyrate are the major SCFAs produced in the gut, with the ratio of 60:20:20, 

respectively [43]. SCFAs are rapidly absorbed in the cecum and colon, and about 5-10% of SCFAs are 

excreted in the feces [43]. SCFAs, particularly butyrate, have direct effects on mucosal layer since ceco-

colonic epithelial cells use 70-90% of butyrate as a substrate in energy-producing pathways [43]. 

Additionally, SCFAs reduces the luminal pH, thereby reduce the absorption of ammonia, and increasing 

mineral and water absorption. Also, SCFAs modulate inflammation-related cell signaling pathways [46]. 

Secondly, SCFAs can potentially modify the commensal bacteria populations, promote the growth and 

activity of beneficial bacteria, while suppress the growth and activity of harmful bacterial populations 

[47]. For instance,  SCFAs, especially butyrate, can improve the growth of commensal bacteria, such as  

bifidobacteria and Lactobacillus [43]. The health-promoting effects of prebiotics and SCFAs is 

currently a main research focus since many chronic diseases, such as IBD, colon cancer, obesity, 

diabetes, and even several neurological disorders, have been linked to microbiota dysbiosis [28]. 

 

1.2.4. Balanced Immune Response 
 

Another major component in gut health is a functioning immune system. The colonic immune cells 

(dendritic cells, macrophages, mast cells, T cells and B cells) have an important challenge to maintain a 



  9 
 
 
 

balanced immune response. Colonic immune cells have to protect the colon against pathogens, while 

tolerating the friendly coexisting bacteria [1]. As described in the previous section, the GI tract is 

colonized with a vast community of commensal bacteria, which are involved in the metabolism of a 

variety of bioactives, such as probiotics, provide nutrients to colonocytes, suppress the growth and 

activity of pathogenic bacteria, and participate in balancing the host immune response [48]. In a healthy 

gut, the commensal bacteria are peacefully tolerated by their host, but in several situations, such as in 

diseased states or in genetically susceptible individuals, there is a change in the interaction between gut 

microbiota and intestinal mucosa that can shift their relationship toward pathogenicity [48]. For 

example, it has been suggested that immunoregulatory defects of the colonic mucosa can change the 

commensalism relationship between microbiota and mucosal barrier [49], and can thereby lead to a 

continuous stimulation of the mucosal immune system. Hyper-stimulation of the immune system can 

result in development of IBD which is associated with uncontrolled chronic inflammation, intestinal 

epithelial barrier damage and dysfunction [50-52]. 

In summary, all three components of gut health (GI barrier integrity, colonic microbiota, and 

balanced immune response) have critical roles in maintaining colon health and function. The defect in 

each of these components can lead to initiation and progression of GI disorders, such as IBD.  For 

instance, hyper activation of immune response increase gut permeability, which in turn can elevate the 

transmucosal movements of commensal and pathogenic bacteria from the lumen into the lamina propria, 

and can aggravate the vicious cycle of inflammation by stimulating innate and adaptive immune systems 

[50-52]. 
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1.3. Inflammatory Bowel Disease and Ulcerative Colitis 

1.3.1. Overview 
 

IBD  is a group of gastrointestinal disorders, that are characterized by chronic, relapsing, and 

remitting  inflammatory conditions of the GI tract [53]. IBD has two major subtypes: ulcerative colitis 

(UC) and Crohn’s disease (CD). Although both conditions produce similar disease symptoms such as 

abdominal pain, bleeding, diarrhea, and weight loss, they are dramatically different with regards to 

disease location, morphology and histopathology. In UC, intestinal inflammation is mainly limited to the 

colon, and the inflammatory response is restricted to the mucosa, while CD can affect any part of the GI 

tract, and can affect the entire bowel wall [53-55]. UC and CD have some similarities in the process of 

inflammation, as both of them are associated with epithelial barrier dysfunction. They also have 

histological differences, for example UC is characterized with neutrophil infiltration and prominent 

crypt distortion and ulceration, while CD typically involves patchy mucosal lesions, non-necrotizing 

granulomas, and pseudopolyps [56]. Although IBD is rarely lethal on its own, it significantly reduces the 

quality of life and increases morbidity in patients [55, 57, 58].  

 

1.3.2. Epidemiology 

 
IBD is considered a global disease as it affects people worldwide; the disease incidence and 

prevalence are increasing in different regions and with time [5, 6]. Europe and North America have a 

high incidence of UC, with the annual incidence rates of 0.6-24.3 cases, and 2.2-19.2 cases per 100,000, 

respectively [5, 59], while Asia and the Middle East have significantly lower annual incidence rates 

(0.1-6.3 cases per 100,000). Although the incidence rate of UC has stabilized since the 1980s in North 
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America [60], the incidence and prevalence rates of UC in southern and eastern Europe [61-63] and Asia 

[64-68] are still increasing. The increasing rate of UC in developing countries may be through gradual 

industrialization and subsequent changes in lifestyle [59, 69]. Overall, UC is becoming a major public 

health problem as the global population of UC patients is increasing over time [59, 69], which increases 

the need for safe and effective therapeutic treatments. 

 

1.3.3.  Risk Factors of UC 
 

UC is a multifactorial disorder influenced by a complex interaction of genetic and environmental 

factors [54, 70-72]. 

 

1.3.3.1. Genetic Susceptibility 

 

Certain individuals with a specific genetic background may be at a higher risk for developing UC  

[73]. Population-based studies indicate that genetic susceptibility plays a role in the pathogenesis of IBD 

[74], as about 20% of people with UC have a family history of IBD [75], and the risk of IBD 

development increases 2 to 13 times for offspring of IBD patients [76]. Additionally, heritability studies 

on monozygotic and dizygotic twins show that the concordance for UC is higher in monozygotic twins 

compared to dizygotics (6-18% vs. 0- 5%) [77-79].  

A genetic study on single nucleotide polymorphisms (SNPs) across the human genome has 

suggested a UC susceptibility loci [73]. In this study, one specific SNP of IL-10 was associated with a 

35% increase in the risk of UC development [73]. IL-10 is an anti-inflammatory cytokine with 
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suppressive effects on the immune and inflammatory response, and IL-10 deficiency may have an 

important role in UC pathogenesis [73, 80].   

Moreover, genetic variation can influence the symbiosis between the immune system and colonic 

microbiota. Some genetic variants can cause intolerance to commensal bacteria, resulting in the 

initiation of an immune and inflammatory response. For example, it has been observed that nucleotide-

binding oligomerization domain-containing protein 2 (NOD2) gene is involved in CD development. 

Some of NOD2 genetic variants identified in CD patients can reduce the immunological tolerance to 

luminal microbiota, resulting in an amplified immune response, which triggers the course of 

inflammation [81].  

Similarly, UC has been associated with a mutation in the Toll-like receptor (TLR)-4 gene in humans 

[82]. This gene encodes the TLR-4 protein in a variety of cells, including T cells, B cells, monocytes and 

neutrophils. TLR-4 protein is a membrane receptor with a fundamental role in pathogen recognition by 

detecting lipopolysaccharide (LPS) in the cell walls of Gram-negative bacteria. LPS recognition is 

followed by activation of the innate immune system and initiation of an immune response [83]. 

Therefore, the hyperactivation of TLR-4 can increase the risk of colonic inflammation, while TLR-4 

deficiency may result in susceptibility to bacterial infections. 

 

1.3.3.2. Environmental Factors 

 

As mentioned previously, the incidence of UC in North America has significantly increased during 

the last half century, and now it is remarkably growing in developing countries which used to be 

categorized as low-incidence nations. This phenomenon suggests a critical role of environmental risk 

factors in UC development [59, 70]. Emigration [84-86], industrialization, and urbanization are some of 
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the environmental changes that may explain the recent growth in UC incidence in developing countries. 

These changes are usually associated with alterations in dietary habits, and lifestyle, toward increasing 

the risk of UC development [59, 69]. Additionally, UC is more prevalent in higher socioeconomic 

groups, and individuals with sedentary indoor occupations [87]. UC mortality is also affected by 

lifestyle, as mortality rate is low amongst farmers, people with manufacturing occupations, and manual 

laborers, compared to secretaries, managers, and teachers [88]. 

Dietary habits may also influence the susceptibility to UC development; however, the findings in 

this area are inconclusive. It has been observed that high fast-food intake results in a 3- to 4- fold 

increased risk for UC development [89]. Also, increased consumption of total fats, omega-6 fatty acids, 

and red meat has been shown to increase the risk of UC development [90]. In contrast, high intake of 

vegetables and fruits can reduce UC risk [90]. 

 Therefore, reducing environmental risk factors by having a healthier lifestyle and diet has the 

potential to decelerate the increasing UC incidence globally. 

  

1.3.4. Pathophysiology of IBD 
 

The exact causes of IBD are still unknown; however, through the use of IBD experimental models, 

our understanding of the mechanisms involved in the initiation and progression of IBD have improved 

[91]. Currently, it is evident that human UC is also associated with a reduction of adherent mucus [92], 

alterations in tight junction proteins [51], increased epithelial cell apoptosis [93], enhanced gut 

permeability, increased bacterial translocation, and immune and inflammatory response [50-52]. Three 

major mechanisms involved in IBD pathogenesis are alterations in microbiota structure and interactions 
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with the intestinal mucosa, inflammatory mediators in intestinal immunity, and hyperactivation of the 

NF-κB signaling pathway. 

 

1.3.4.1. Microbiota-mucosa cross talk 

 

IBD is a result of alteration of immune homeostasis in intestinal mucosa [94]. 

Intestinal homeostasis relies on the complex interactions between the intestinal epithelium, gut 

microbiota, and the host immune system [95]. A variety of regulatory mechanisms participate in the 

maintenance of intestinal homeostasis, and a failure in their functionality may be involved in IBD 

pathology. Under normal conditions, the intestinal immune system protects the host against pathogens, 

and plays a role in preventing the passage of excessive intestinal bacteria, while tolerating the friendly 

commensal bacteria. The immune system continuously monitors luminal content for bacteria, and 

dendritic cells, macrophages, and epithelial cells can rapidly responds to luminal changes. The immune 

system maintains immune homeostasis by using constitutive antimicrobial mechanisms [96]. It has been 

found that several genes are linked to IBD, such as NOD2, and genes that mediate autophagy (i.e. 

ATG16L1, IRGM), have critical roles in host-microbe interactions, and maintaining 

intestinal immune homeostasis [96]. 

On the other hand, commensal bacteria actively interact with the intestinal mucosa and impact 

the activity of the immune system and the amplitude of the immune response [94]. There is increasing 

evidence indicating that alterations in microbiota profile, and the imbalance between beneficial and 

pathogenic bacteria is involved in UC pathogenesis [97-99]. Active IBD is associated with a reduction 

in microbiota diversity and the loss of some normal anaerobic bacteria (e.g. Bacteroides, Eubacterium 
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and Lactobacillus species). This reduction is associated with an increase in pathogenic Clostridia and 

Escherichia coli in IBD patients [97, 98].  

 

1.3.4.2. Inflammatory Mediators in Intestinal Immunity 

 

 The colon contains a dense network of innate and adaptive immune cells, such as DCs, 

macrophages, mast cells, T cells and B cells (Figure 1.2). As mentioned earlier, the immune network 

has a critical role in maintaining gut health by providing appropriate defense against pathogenic 

bacteria, toxins and antigens, while tolerating the commensal bacteria. DCs are the most common type 

of antigen-presenting cells in the lamina propria, and similar to macrophages, mast cells and neutrophils, 

DCs are a part of the innate immune system in colon [100]. DCs are activated by antigen exposure or 

injury, and can then initiate the adaptive immune response by presenting antigens, and subsequently 

activating, T and B cells. DCs activate the T helper cell (TH) enabling differentiation into TH1 or TH2 

cells. TH1 and -2 cells migrate to the site of infection or injury and participate in the regulation of the 

inflammatory response by secreting pro- or anti-inflammatory cytokines [101].  

 TH1 cells are mostly characterized by promoting the switch of macrophages from less 

inflammatory phenotype (M2) to more inflammatory phenotype (M1), by releasing interferon (IFN)-γ, 

and upregulating the production of pro-inflammatory cytokines, such as TNF-α, IL-1β, interferon (IFN)-

γ, IL-6, and IL-17 in macrophages [102]. The increased level of cytokines is associated with chemotactic 

effects as it initiates the recruitment of natural killer cells, neutrophils, and macrophages. The recruited 

immune cells also increase cytokine secretion and enhance the inflammatory response [103]. 

Macrophages and DCs closely interact with TH cells. IL-12, produced by DCs and macrophages,  



  16 
 
 
 

 

Figure 1-2.  Innate and adaptive immune cells in the gut 

(Adapted from [95] and [104]) 
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promotes the differentiation of TH1 cells, in turn, TH1 cells secret IFN-γ, stimulating the production of 

IL-12 by DCs and macrophages [103].  

In contrast, TH2 cells are mainly characterized by releasing less inflammatory/anti-inflammatory 

cytokines (IL-4, IL13 and IL10), and promoting the polarization of macrophages toward M2 phenotype. 

M2 macrophages release  IL-4, IL-5, IL10 and IL-13, which reduce the inflammation and promote the 

wound healing processes [103]. Additionally, TH2 cells promote their own profile by using IL-10 and 

IL-4 and  increasing the production of TH2 cytokines, inhibiting the production of IL-2 and IFN-γ by 

TH1 cells, and IL-12 by DCs and macrophages, and subsequently inhibiting the production of TH1 cells 

[105]. 

Additionally, the imbalance of intestinal inflammatory mediators is involved in the increased 

production of reactive oxygen species (ROS) in UC. One of the major manifestations of UC is a vast 

recruitment of immune cells within the colonic wall. The infiltration of neutrophils and macrophages  

into the mucosa [56] is associated with a release of ROS, myeloperoxidase (MPO), superoxide radicals 

and hydrogen peroxide, resulting in an increase in epithelial permeability and colonic damage [106, 

107]. Additionally, chemokines and pro-inflammatory cytokines, released from neutrophils, recruit more 

macrophages to the inflamed tissue and activate them [108]. The combination of elevated oxidative 

stress and hyperactivation of inflammatory response leads to increased colonic damage [106-108]. 

 Dysfunction of the intestinal immune system in auto-regulating the immune response is 

considered one of the main factors in the etiology of IBD as an autoimmune disease. The failure of the 

intestinal immune system to control the immune responses can result in hyperactivation of the immune 

system, overproduction of pro-inflammatory cytokines, and mucosal injury. IL-1β, IL-6, IL-10, IL-17, 

TNF-α, and IFN-γ are some of the most studied cytokines in the inflammatory pathway [109-115], and 
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therefore may be targets for potential novel drug and dietary therapies in treating immune-related GI 

disorders, such as IBD. 

 

1.3.4.3. NF-κB Signaling Pathway 

 

The NF-κB signaling pathway is an integral pathway in the regulation of immune and inflammatory 

responses, which plays a crucial role in enabling cells to adapt and respond to environmental signals. 

NF-κB signaling has an important role in the regulation and expression of cytokines, enzymes and 

receptors involved in the immune response [116]. Dysregulation and hyperactivation of NF-κB signaling 

is linked to a variety of inflammatory and autoimmune diseases, including IBD [117]. Enhanced 

activation of NF-κB signaling has been observed in both intestinal biopsies from IBD patients [117], and 

in colon tissues of mice exposed to dextran sodium sulphate (DSS: a chemical inducer of colonic 

inflammation) [118]. NF-κB is comprised of a family of dimeric transcription factors, including Rel (c-

Rel), RelA (p65), RelB, Nfkb1 (p50/p105) and Nfkb2 (p52/p100) [119]. Under resting conditions, NF-

κB dimers are bound to inhibitor of κB (IκB) proteins.  IκB proteins inactivate and control NF-κB 

complexes in the cytoplasm, and prevent their translocation to the nucleus. As demonstrated in Figure 

1.3, several types of stimuli can cause the phosphorylation of IκB proteins by the IκB kinase (IKK). 

IKKs are activated by a number of factors including pro-inflammatory cytokines (such as IL-1β), TLRs 

(which are pattern-recognition receptors responsible for sampling and responding to commensal and 

pathogenic microbiota and microbial products) [120], and TNF-α, [119, 121]. Phosphorylated IκB 

proteins leave the NF-κB complexes and are degregaded by proteasomal enzymes. As a result, the 

bound NF-κB dimers will be free to translocate to the nucleus, and induce alterations in the expression 

of a variety of genes. Generally, NF-κB signaling can be activated through two main types of pathways:  

http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
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Figure 1-3. Pathways involved in activating the NF-κB signaling pathway  

Abbreviations: BAFFR: B cell-activating factor receptor; ICAM: Intercellular cell adhesion molecule 1; LTBR: 

Lymphotoxin beta receptor; MCP-1: Monocyte chemotactic protein-1; MIP-2: Macrophage inflammatory protein; RANK:  

Receptor Activator of Nuclear Factor κ B; VCAM-1: Vascular cell adhesion molecule 1 (Adapted from [123]). 

 

canonical and non-canonical pathways [122]. The canonical pathway, which is dependent on activation 

of IKKβ, is activated by a variety of physiological NF-κB stimuli, mainly TNF-α and IL-1. Non-

canonical pathway is an atypical pathway of NF-κB activation, which is dependent to casein kinase-II 
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(CK2) and tyrosine-kinase-dependent pathways. In this pathway, the activation of IKKα can cause the 

phosphorylation of the p100 NF-κB subunit, followed by proteasome-dependent processing of p100 to 

p52, which can lead to the activation of p52–RelB heterodimers. p52–RelB complex can translocate to 

the nucleus and activate transcription, including selective activation of gene expression [123]. Nfkb1and 

RelB are involved in the activation of both canonical and non-canonical NF-κB signaling [121]. Nfkb1 

is one of the major genes in NF-κB pathway as it encodes a 50 kD protein, which is a DNA binding 

subunit of the NF-κB protein complex [124]. RelB gene is another key member in the NF-κB pathway 

since it has an important role in the development of innate and adaptive immune system by regulating 

differentiation and function of DCs, as well as T cell activation [125]. As discussed earlier, activated 

NF-κB homo- or heterodimer complexes translocate to the nucleus where they bind to specific DNA 

binding sites, and activate the transcription of an array of genes involved in regulation of immune and 

inflammatory responses (i.e. cytokines [IL-6] and Rel/IκB protein [p105]). For example, NF-κB 

signaling can affect the expression of chemokine CCL5, which is a key regulator of immune response. 

Chemokine CCL5, also known as RANTES (regulated on activation normal T-cell expressed and 

secreted), is a member of the CC-chemokine family, which has a complex influence on the biology and 

activity of a variety of immune cells including T lymphocytes, monocytes, natural killer cells, DCs, 

basophils, and eosinophils [126]. CCL5 binds to the chemokine receptors and activates immune cell 

polarization, chemotaxis and release of pro-inflammatory cytokines [126, 127].  

In addition to immune-stimulatory effects, NF-κB signaling also influences the expression of genes 

related to cell growth, survival, response to injury, and apoptosis (e.g. Bcl family members, IAPs, Birc3, 

Atf1 and Egfr) [121, 128-130].  

Since dysregulation of the NF-κB signaling pathway is linked to IBD pathogenesis, development of 

therapeutic agents, which target NF-κB signaling, can be an effective strategy in UC management. 

http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
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1.3.5.  Complications with Ulcerative Colitis  
 

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

significantly reduces quality of life, and also causes personal and financial burdens [55]. An 

epidemiological study by Langholz et al. (1994) showed that 57% of UC patients experience recurring 

relapses within 3-7 year after diagnosis, and after 25 years of follow-up, the accumulative risk of having 

relapses reached to 90% [131]. Additionally, 20-25% of UC patients needed to undergo 

coloproctectomy after 10-25 years of disease [131, 132]. Coloproctectomy surgery causes some long-

term problems, such as increased risk of mortality and morbidity [133].  

One of the serious complications of UC is the onset of colitis-associated colorectal cancer (CAC) 

due to chronic inflammation [134]. It has been reported that UC patients are more susceptible to develop 

colon cancer (2–8- fold relative risk compared to the general population). The degree of colonic 

involvement, age of onset, severity, and duration of disease are some factors that can affect CAC risk 

[135]. Recent findings imply that the cumulative risk of malignancy is less than 1% for the first 8–10 

years, but it grows about 0.5%–1.0% every year and reaches to 5%–10% after 20 years, and 15%–20% 

after 30 years [136]. The rate of CRC in UC patients is estimated about 25%-40% after 40 years if they 

do not have a prophylactic colectomy [137]. Another study using a 30-year surveillance program 

suggests a lower cumulative incidence (10.8% at 40 years) [138]. These findings, however, with 

different estimations, imply an obvious correlation between colonic inflammation and cancer 

development. 

Another major complication of UC is the development of extra-intestinal disorders, such as hepatic 

diseases. The liver is one of the extra-intestinal organs where its main function is strongly influenced by 

the gut through gut-liver axis. Disorders of the hepatobiliary system are common extra-intestinal 
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manifestations in IBD. It has been reported that the prevalence of primary sclerosing cholangitis (PCS) 

in IBD is relatively high, as about 70–80% of patients with PSC have IBD [139]. Furthermore, an 

epidemiological study showed that 11% of UC patients demonstrate the symptoms of hepatobiliary 

disease [140]. Other extra-intestinal manifestations of IBD include peptic ulcers (10%), osteoporosis 

(3%) [141-143], joints (23%), skin (15%), mouth and eye diseases (each 4%) [141, 144]. Thus, early 

diagnosis, and safe treatment of UC is required to reduce the risk of CRC development, and prevent 

extra-intestinal manifestations.  

 

1.4.  Animal Models of IBD 

1.4.1. Overview 

 

In the past decade, many different models of experimental IBD have been developed to investigate the 

etiology of the disease, and examine the efficacy of new therapeutic options on disease treatment. These 

experimental models can be classified into four major categories: genetic, immunological, bacterial and 

chemical [91, 145-147]. Gene knockout and transgenic models are two main genetic models, which are 

increasingly being used to investigate the effect of host-related factors on disease development (e.g 

specific components of innate and adaptive immune system, for example IL-10 deficiency) [91, 148-150]. 

Immunological models are used to investigate the role of specific immune cell populations in IBD 

pathology. In immunological models, a specific subtype of immune cells is introduced to immunodeficient 

mice, to investigate their roles and effects in disease progression or treatment [91, 151]. In bacterial 

models, germ free, specific pathogen free or immunodeficient mice are exposed to a specific bacteria 

(pathogen or commensal), to investigate the potential beneficial or adverse effects of different bacterial 
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strains in IBD development or treatment [147, 152]. Using chemical models is another option in IBD 

research. GI inflammation can be induced by administrating specific chemicals to animals. Presently, 

using trinitrobenzene sulfonic acid (TNBS) and DSS are the most common chemicals used to induce 

colitis in mice and rats. In TNBS models, colitis is induced by an intra-rectal administration of the 

substance; the model more closely mimics human CD, and its histological damages are more located in the 

upper intestinal tract, while in the DSS model, the chemical is administrated orally [153-155], and the 

inflammation is more similar to UC symptoms in humans [156]. Although animal models of colitis have 

limited capability to fully mimic human UC, they are quite practical, and increasingly being used for a 

better understanding of UC pathophysiology and also to develop novel therapeutic strategies in IBD 

treatment. For the purpose of this thesis study, this section will focus on the DSS-induced colitis model.  

 

1.4.2. DSS-Induced Colitis 
 

DSS was used in 1985 for the first time to induce colitis in hamsters [157], and has been extensively 

used over the years in different rodents. In the DSS model, colonic inflammation is induced by adding 

DSS into the animals’ drinking water [158, 159]. Depending on the concentration, duration, and 

frequency of DSS administration, acute or chronic colitis can be induced. 

 

1.4.2.1. Clinical, Histological, and Molecular Features of DSS-Induced Colitis 

 

The DSS-induced colitis in rodents closely mimics human UC, clinically and histologically, 

including weight loss, alterations in stool consistency (diarrhea), blood in stool, shortening of the 

colorectum, reduced physical activity, and decreased food and water intake [158, 160]. Some of these 
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clinical symptoms can be seen within 2 days post-DSS exposure [160]. Some of the common 

histological manifestations of colitis, in human and DSS-induced colitis, include mucosal damage [158], 

crypt distortion and cryptitis, and infiltration of neutrophils into the lamina propria and submucosa 

[161]. Additionally, DSS exposure is associated with goblet cell loss and decreased mucin production 

[158, 160-162]. 

Furthermore, there are several molecular biomarkers, which are common between DSS-induced 

colitis and human UC. For example both are associated with increased levels of MPO, and higher 

expressions of pro-inflammatory cytokines (e.g. IL-12, IFN-ɣ, TNF-α, and IL-1β) [145, 163]. The level 

of MPO, an enzyme released from neutrophils, indicates the level of neutrophil infiltration, and has a 

direct correlation with disease severity in both IBD patients [164], and DSS-exposed animals [145]. 

Overall, the similarity of clinical, histological, and molecular changes of DSS-induced colitis with 

human UC makes it a reliable model to investigate the pathophysiology of IBD, as well as therapeutic 

options. Additionally, DSS is increasingly being used in colitis recovery studies since the removal of 

DSS is associated with a gradual regeneration of crypts and recovery from colitis [165, 166]; however, 

of course, the extent of recovery is dependent to the mouse strain [161]. 

 

1.4.2.2. Pathogenesis of DSS-induced Colitis 

 

 

 The exact mechanisms that are involved in pathogenesis of DSS-induced colitis are not clear.  

One possible mechanism is the increase in gut permeability induced by DSS. 

The chemical structure of DSS allows it to directly interact with the mucus layer and alter its 

integrity. Under normal conditions, the mucus layer, produced by goblet cells, is firmly attached to the 

epithelium surface [167], and prevents direct exposure of epithelial cells to luminal content and 
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commensal bacteria. It also prevents the penetration of bacteria into the colonic wall and blood 

circulation. In vitro studies showed that DSS can quickly change mucus structure and integrity, thereby 

increasing gut permeability [168]. It can possibly happen through chemical interactions between DSS 

molecules and the glycans in mucin. Mucin glycans are sulfated molecules with multiple negative 

charges on sulfate residues [169]. The sulfated structure of the mucin plays an important role in its 

functionality and integrity [170]. Sulfated DSS can solubilize in the sulfated mucin network, and can 

then destabilize the chemical bonds that maintain the mucus integrity. Additionally, DSS can directly 

interact with tight junction proteins and proteins (such as occludens), which results in increased gut 

permeability [162, 171]. The adverse effect of DSS on gut permeability is not limited to alterations in 

mucus and tight junctions, as in vivo studies showed that DSS can induce apoptosis in colonic epithelial 

cells [172, 173]. The increased permeability by DSS results in penetration of luminal bacteria and the 

molecules of luminal content into the lamina propria and submucosa, which can initiate immune and 

inflammatory responses. Similarly, human UC is also associated with a reduction of adherent mucus 

[92], alterations in tight junction proteins [51], increased epithelial cell apoptosis [93], enhanced gut 

permeability,  bacterial translocation and increased immune and inflammatory response [50-52].  

 

1.4.2.3. Factors Involved in the Severity of DSS-induced Colitis 

 

The severity of DSS-induced colitis depends on animal strain. Different mice strains can show 

different levels of susceptibility to DSS-induced colitis, due to the genetics and microbiological 

differences. A study analyzing DSS-induced colitis (3.5% DSS for 5 days) in nine strains of mice showed 

major differences in animal susceptibility to colitis development among strains [165]. C3H/HeJ, NOD/Ltj, 

NOD-scid inbred strains were very susceptible, while 129/SvPas and DBA/2J inbred mice were more 
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resistant to DSS effects [165]. BALB/c mice, which are frequently used in DSS studies, are less 

susceptible compared to C57BL/6 mice [161]. Suzuki et al. showed that different strains of mice also have 

different levels of susceptibility to AOM/DSS-induced colon cancer, resulting in significant differences in 

tumor incidence, multiplicity, and inflammation. The different level of susceptibility in various mice 

strains can be related to genetic variation and its effect on the risk of colitis-associated neoplasia [174]. 

Furthermore, animal gender may be involved in the susceptibility to DSS as male mice have showed 

higher susceptibility to DSS compared to female mice, which was reflected in increased colonic 

histological damage [165]. 

The severity of DSS-induced colitis is also dependent on DSS molecular weight (MW) and degree 

of sulfation [160]. DSS MW is variable from 5 kDa to up to 1,400 kDa [160]. DSS of 5 kDa produced 

only sporadic lesions in the cecum and upper colon of BALB/c mice, while DSS of 40 kDa produced 

more severe colitis especially in the middle and distal third of the colon. 500 kDa DSS did not produce 

any colonic lesions since its large size prevents passage through the mucosal membrane to exert its 

effects [175]. 

 

1.4.2.4. Applications and Advantages of DSS-induced Colitis 

 

The DSS model can be used to induce acute or chronic colitis, depending on the concentration, 

duration, and frequency of DSS administration. In the acute model of colitis, the DSS is administrated 

for a short period (4-7 days), with a concentration of 2-5% [158, 176], while in chronic model of colitis, 

a low concentration of DSS (e.g. 1%), is administrated for long periods (e.g. 100 days [177, 178]). 

Another way of inducing chronic colitis is by administering a DSS in several cycles which are separated 

by intervals of normal drinking water, in order to mimic the relapse and remission periods in human UC 
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[158, 176]. Additionally, DSS can be used to induce CAC in animals; however, induction of colon 

neoplasia by using only DSS is expensive and time consuming. Using carcinogens, such as 

azoxymethane (AOM) and heterocyclic amines with DSS can increase tumor incidence, multiplicity, 

and/or lesion development. For example, administration of AOM, a classic chemical carcinogen, with 

DSS, increases the percentage of colonic tumor incidence to 100% compared to 15–20% for using DSS 

alone, and 0% for using only AOM (one injection, 7.4 mg/kg body weight) [179]. 

The DSS model has some advantages compared to other animal models of colitis. For instance, an 

acute, chronic, or relapsing model can be produced easily by changing the dose and length of DSS 

administration to the animals. Additionally, using a variety of therapeutic agents for human IBD in a 

DSS model showed that DSS-induced colitis can be used as a validated model to mimic human UC in 

mice [160]. Currently, the DSS model is a widely accepted as a colonic inflammation model due to the 

simplicity of the experimental method, reproducibility of results (such as the time required for 

inflammation development and severity of injuries), relative uniformity of the induced lesions, and 

clinical and histological similarities of symptoms, such as diarrhea, bleeding, and dysplasia, to human 

UC [158, 160, 180-182].  

 

1.5.  UC Treatment 

1.5.1. Overview  

 

UC is a complex relapsing and remitting chronic disease, which significantly increases the risk of 

developing CRC, and frequently causes extraintestinal manifestations [183]. If UC is not treated 

properly, then severe ulceration of the colon can eventually produce fistulas, perforation, and bleeding. 
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In this case, resectioning of the colon may be the only therapeutic option [184]. Thus, providing suitable 

therapeutic agents with the least amount of side effects can effectively reduce the colonic inflammation 

and control the disease symptoms are extremely important. Currently, UC patients mainly use one or a 

combination of the following therapeutic options: conventional treatments, complementary and 

alternative medicine, and natural dietary interventions. 

 

1.5.2. Conventional Treatments 
 

The four major types of conventional treatments include anti-inflammatory, immune-modulatory, 

antibiotic, and biologic agents. Corticosteroids are anti-inflammatory agents used in IBD treatment. 

Corticosteroids, such as prednisone and 5-aminosalicylic acid (5-ASA), are the most common 

conventional medicines in UC treatment. They are used to  induce the  remission phase in mild to 

moderate UC [184]. Prednisone is frequently used by UC patients, however, its therapeutic efficacy is 

temporary, and after reducing the dose, the disease may reoccur [184]. 5-ASA, also known as 

mesalamine, is a common anti-inflammatory medicine. however in 10-45% of people, depending on the 

dose and the length of the therapy, it causes some side effects [185]. Some of the common side effects of 

5-ASA are renal failure, anaphylaxis, acute pancreatitis, nausea, abdominal pain, diarrhoea, headache, 

and anaemia [185]. Additionally, long-term consumption of corticosteroids can affect wound healing 

and increase the risk of osteoporosis and hyperglycemia [186, 187]. 

Immunomodulatory agents are a novel class of medicine that are being investigated for their 

therapeutic effects in UC treatment. Azathioprine and 6-mercaptopurine are two types of 

immunomodulators with immunosuppressive properties, which act by reducing the proliferation of T 
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and B cells [188, 189]. Immunomodulators have clinical limitations for use [184], and can also induce 

serious side effects, especially by suppressing bone marrow, causing pancreatitis, and inducing allergy 

symptoms, abdominal pain, rash, and fever [189]. 

Antibiotics, such as Ciprofloxacin and Rifaximin, are also considered as potential options in UC 

treatment. Some antibiotics showed the ability to attenuate the immune response by suppressing the 

luminal and pathogen bacteria, however the findings about their efficacy are controversial [190]. 

Additionally, it has been observed that the frequent use of antibiotics may cause resistance to them and 

lead to ineffectiveness of the treatment [191].  

Through the introduction of biologic treatments, the medical management of IBD has changed 

remarkably [192]. As mentioned earlier, under normal situations, the intestinal immune and 

inflammatory pathways are controlled by maintaining the balance of pro-inflammatory (TNF-α , IFN-γ, 

IL-1, IL-6, and IL-12) and anti-inflammatory cytokines (IL-4, IL-10, IL-11) [193]. Since IBD is 

associated with an imbalanced cytokine milieu, using biologic agents that target the production and 

activity of some specific cytokines can be effective in disease treatment. Some examples of biologic 

agents with anti-IBD potentials are the monoclonal antibodies that are targeted against TNF-α 

(infliximab), leukocyte adhesion molecules (MLN02 and alicaforsen), Th1 polarisation, T-cell activation 

or NF-κB signaling [192, 193]. Besides the high cost of medicines, there are concerns about the side 

effects of biologic treatments, specifically of infliximab. Some side effects include the risk of allergic 

reactions to the infusion, reactivation of old infections like tuberculosis, and worsening of the disease 

[194].   

 

1.5.3. Complementary and Alternative Treatments 
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Due to the growing concerns about the various side effects of conventional medicine, UC patients 

are increasingly using traditional complementary and alternative medicine (CAM) as they believe they 

are less toxic compared to conventional drugs [195].  

Traditional Chinese medicine and acupuncture are two common forms of CAMs used in Western 

populations [196-198]. Several randomized controlled trials investigated the effects of specific herbal 

medicines, such as as Kui jie qing [199], aloe vera gel [200], wheat grass juice [201], and germinated 

barley food stuff [202], in UC treatment, and most of them found beneficial effects of herbal remedies. 

Additionally, it has been observed that the combination of CAM and conventional medicine has a 

greater beneficiary effect compared to either of the treatments separately [203]. 

Even though CAMs may be effective in some UC patients, they cannot be considered as safe 

medicine since most of herbal remedies are unregulated [204, 205]. Additionally, some adulterations in 

formulating herbal medicine have been discovered, such as adding conventional medicines to herbal 

remedies to induce a desired effect [206]. Also, herbal medicines may have toxic contaminations, such 

as lead, mercury, and arsenic [207]. The side effects and/or poisoning effects of some herbal medicines 

may be a result of these contaminations, or can be related to the presence of various bioactives in the 

herbs [208-210]. Unpurified herbal extracts contains a wide variety of active bioactives, which may 

affect UC and systemic health adversely. Thus, complementary studies and the enforcement of quality 

control measures are required to ensure safe use of CAMs in the treatment of human diseases including 

UC. 

 

1.5.4. Natural Dietary Interventions 
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Currently, many UC patients are interested in using natural interventions since many patients fail to 

respond to conventional medicine or worry about side effects [195]. Epidemiological studies showed 

that about half of IBD patients use some form of natural interventions in addition to conventional 

therapy [203]. The mechanisms of action of natural interventions are similar to conventional therapies 

since their effects are also through their anti-inflammatory and immunomodulatory properties [195, 203, 

211]. Some of the most studied natural components with potential benefits in UC treatments are 

prebiotics, phenolic compounds and n3-PUFAs. Prebiotics (non-digestable fermentable dietary 

components) are fermented by microbiota in the colon and produce SCFAs, with modulatory effects on 

gut barrier integrity, as well as anti-inflammatory and immunomodulatory properties [35-41, 212]. 

Phenolic compounds are another group of natural components with anti-oxidative and anti-inflammatory 

actions [213]. The majority of studies showed the beneficial effects of prebiotics and phenolic 

compounds on colitis, while there are a few studies showing their null or adverse effects [214-217]. 

Also, the results on omega-3 PUFAs such as eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) have been controversial. While the majority of studies found protective effects of DHA and EPA 

in UC treatment [218-221], some studies showed their adverse effects [11, 222, 223]. Further details 

about the effect of prebiotics, phenolic compounds and n3-PUFAs on gut health and particularly on 

colitis, and their respective mechanisms of action will be provided in next section.  

 Overall, the various side effects and ineffectiveness of conventional therapies in some patients, and 

the safety concerns of using herbal medicine, bring the attentions to natural interventions in UC 

treatment. However more research is required to study the efficacy of natural bioactives in UC 

management and also to better understand their mechanisms of action. 
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1.6. Prebiotics and Gut Health 

1.6.1. Overview 

 

The concept of prebiotics initially started with Japanese research on specific non-digestible 

oligosaccharides and their effects on gut health. They found that these components (especially fructo-

oligosaccharides [FOS]) are selectively fermented by bifidobacteria [224, 225]. Then Gibson & 

Roberfroid confirmed these observations and introduced the first definition of prebiotics as 

“nondigestible food ingredients that beneficially affect the host by selectively stimulating the growth 

and/or activity of one or a limited number of bacteria in the colon” [47].  This definition was revised in 

2004 to “a prebiotic is a selectively fermented ingredient that allows specific changes, both in the 

composition and/or activity in the gastrointestinal microflora that confers benefits upon host wellbeing 

and health” [226]. The two main types of dietary prebiotics are non-digestible fermantable 

carbohydrates and undigested proteins which escape digestion in the small intestine and reach the colon. 

Between these two categories, carbohydrate fermentation is more energetically favourable. Non-

digestible fermentable carbohydrates include resistant starch and resistant dextrins, non-starch 

polysaccharide (e.g. pectins, arabinogalactans, gum Arabic, guar gum and hemicellulose), non-digestible 

oligosaccharides (e.g. raffinose, stachyose, galactans and mannans) and undigested portions of 

disaccharides and sugar alcohols [44]. The recommended intake of dietary fibre is 25 to 35 g/d in adults 

[227].  

 

1.6.2. Biological Functions in the Colon 
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Prebiotics carry out different physiological functions related to the main components of colon health 

[212]: a healthy epithelial layer for effective digestion and absorption of nutrients, normal and stable 

intestinal microbiota, and an effective immune status [1]. They also play critical roles in the prevention 

and treatment of certain diseases [212]. Prebiotics, especially soluble fibres, enhance stool water holding 

capacity, which makes stools bulkier and softer, alleviates constipation, decreases diarrhea incidence, 

and reduces colonic inflammation [228-231]. Although prebiotics contribute to colon health through 

both non-fermentative and fermentative processes, most of their beneficial effects are through bacterial 

fermentation and their end products (SCFAs). Previous studies have reported the protective effects of 

soluble fibres and butyrate on mucosal layer integrity by enhancing the number of goblet cells [39, 41], 

and increasing mucus production [40, 232], probably through stimulation of Muc2 (gene responsible for 

mucin synthesis) by butyrate [40, 232]. Additionally, several studies showed the ability of soluble fibres 

to influence GI barrier integrity by increasing crypt length [40, 41, 233]. Soluble fibre fermentation 

products showed a critical role in fibre-induced changes in crypt length. For instance, it has been 

observed that a fructan-supplemented diet increases the crypt length in bacteria-associated, but not in 

germ-free rats [40]. Similarly, a konjac-supplemented diet increased SCFAs and crypt length in 

conventional, but not in germ-free rats [41]. In contrast, a study using four different fibres with different 

degrees of solubility and fermentability showed that the fermentability of fibre is not the sole factor in 

increasing the mucosal growth, and the physical stress induced by dietary fibres may also have a critical 

role [233].  

 

1.6.3. Prebiotics  and UC   
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 Several studies have examined the effects of prebiotics on IBD, in both IBD patients and 

experimental animal models (Table 1-1). In these studies a variety of prebiotics have been used, such as 

inulin, FOS, pectins, β-glucan, resistant starch, and partially hydrolyzed guar gum. In addition to 

prebiotics, SCFAs were administrated by different routes including use of enemas or oral administration 

of sodium butyrate. Overall, the majority of both prebiotics and SCFAs induced beneficial effects in 

IBD patients and animals models of IBD [12-14, 228, 229, 234-245]. However, there are discrepancies 

in the degree of positive effects with most studies showing significant reduction in disease symptoms 

[12-14, 228, 229, 234-245], while others are showing minor beneficial effects [217, 247]. Additionally, 

there are a few studies that show the adverse effects of prebiotic in animal models of UC. For instance, it 

has been observed that the FOS supplementation aggravates diarrhea and weight loss in DSS-induced 

acute colitis in mice [217].  In UC patients, prebiotic and SCFA-based interventions were able to 

improve clinical symptoms of colitis (stool frequency, stool blood), maintain intestinal integrity 

(endoscopic and histological score), and prolong remission [12, 240, 249]. For example, daily 

consumption of 12 g oligofructose-enriched inulin for 2 weeks was well-tolerated by UC patients and 

reduced colitis score and dyspeptic symptoms [238].  The beneficial effect of prebiotics and SCFAs has 

been confirmed in several animal studies. For instance, dietary supplementations with β-glucan, soluble 

corn fibre, resistant starch, and inulin were able to reduce colonic inflammation and tissue damage by 

modulating the inflammatory response in IL-10 knockout mice; a spontaneous colitis model [241, 242].  

In another study, cellobiose supplementation improved colitis, weight loss, tissue edema, and 

inflammatory cytokine in DSS-induced colitis in mice [228]. Similarly, butyrate enema reduced colitis 

by improving endoscopic and histological score and reducing clinical symptoms in UC patients [12, 

234]. Regarding the anti-IBD effect of SCFAs, experimental animal studies confirm the findings from  
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Table 1-1. Effects of prebiotics and butyrate on biomarkers of colitis 

Study Design Outcomes Ref 

Prebiotics 

19 UC patients; Oligofructose-enriched inulin (12 g/day); 2wks ↓ Colitis  score, dyspeptic symptoms, calprotectin (neutrophil protein) [238] 

21 UC patients; GBF (20-30 g/d);24wks ↓ Colitis by ↓  clinical activity index  [202] 

19 UC patients; GBF (20g/d); 12m ↓ Colitis by ↓ clinical activity index at 3, 6, and 12 months, and ↓ cumulative recurrence rate  [240] 

Smad3-deficient mice treated with the pathogen Helicobacter 

hepaticus; Galacto-oligosaccharides;5000 mg/kg BW; 6 wks 

↓ Colitis  severity, ↑ NK cells and NK expression of CCR9, a chemokine receptor involved in 

lymphocyte trafficking to the gut, ↑ fecal Bifidobacterium ssp 
[246] 

IL-10
-/-

 mice; β-glucan (50 mg/kg, orally); 4 wks ↓ Colitis, colonic inflammation, tissue damage, and TNF-α expression.  ↑IgA and E in the 

serum, spleen, mesenteric lymph nodes, and PP 

[241] 

IL-10
-/-

 mice; Soluble corn fiber (SCF), polydextrose (PDX), 

Biogum (BG), Pullulan (PI-20),  resistant starch-75 (RS-75), 

SCF&BG, RS-75&BG, and inulin (4%); 47 d 

RS-75, SCF, RS-75&BG, and inulin ↓ DAI.  RS-75 and inulin ↓ ileal and colonic 

inflammatory lesions. RS-75, SCF, and inulin ↓ IFN-ɣ. SCF, PDX, BG, PI-20, and RS-75 ↑ 

colonic PPARɣ expression in wild type mice.  

[242] 

BALB/c mice; 3.0 or 9.0%  Cellobiose, 7 d; (3.5% DSS, 7 d) ↓ colitis, weight loss, tissue edema and inflammatory cytokines (IL-1β, TNF-α, IL-17, IP-10) [228] 

C57Bl/6 mice; 5%  FOS in purified (FOS+P) or non-purified  basal 

diet (FOS+NP); 4 wks; (2% DSS, 5 d) 

FOS+P: ↑ diarrhea and weight loss,  cecal succinate 

FOS+NP: ↓ fecal bleeding, SCFAs  

[217] 

Sprague-Dawley rats; Ambrotose complex (AMB) (37.7 & 377.7 

mg/kg), Advanced AMB (AdvAMB) (57.4 & 574.3 mg/kg); 14 d; 

(5% DSS, 7 d). 

Both diets: ↓ colitis, disease scores, monocyte count, and partially prevented colon shortening. [235] 

 

 

BALB/c mice;Partially hydrolyzed guar gum (PHGG); 3 wks; (8% 

DSS, 7 d)  

↓ Colitis, DAI, colon shortening, infiltration of neutrophils, mucosal cell disruption, MPO and 

TNF-α 

[14] 

 

A/HeJ mice; Pectin (25-100 mg/kg, orally), 2 d prior to UC 

induction;  (5% acetic acid, rectal injection) 

↓ Colitis, macroscopic scores, damaged area, colonic MPO and MDA, vascular permeability, 

adhesion of peritoneal neutrophils and macrophages, ↑mucus. 

[236]  

HLA-B27 transgenic rat in SPF condition; Inulin/oligofructose (1:1 

ratio, 5 g/kg BW); 7 wks;  

↓ Colitis, histologic scores, cecal IL-1β. ↑cecal TGF-β, Lactobacillus and Bifidobacterium 

populations. 

[243] 

Sprague-Dawley rats; Inulin (400 mg/day, orally or enema) or Fecal 

water from inulin-fed rats (5 ml/d, enema) or Butyrate enama (40 or 

80 mM/L); 15d; (5% DSS, 5 d) 

Oral inulin: ↓colitis, inflammation and lesion scores, tissue MPO, cecal and colonic pH, ↑ 

lactobacilli. Fecal water from inulin-fed rats: ↓colitis, lesion and inflammation score. Inulin or 

butyrate enemas had no effect. 

[245] 

 

Sprague-Dawley rats; Fibre fraction  of  GBF (3%); 2 wks; (0.5-

3.5% DSS, 5 d)  

↓ Colitis, clinical symptoms. ↑ cecal butyrate and colonic epithelial repair. [237] 

Butyrate 

35 UC patients; 100 mM/d, rectal enema, 20 d Minor effect on inflammation and oxidative stress, ↑colonic IL-10/IL-12 ratio [247] 

51 UC patients; 5-ASA (2g) + topical 80 Butyrate mM/L, 6 wk ↓ Colitis, endoscopic and histological score, ↑ remission [12] 

10 UC patients; (100 mM/L) enemas; 2 wks ↓ Colitis, endoscopic and histological scores, clinical symptoms  [234] 

C57Bl/6 mice, 0.5 %  diet Sodium butyrate; (2.5% DSS, 7 d)  ↓ Colitis, mucosal lesion, MPO, eosinophil concentration. Improved the %B cells, 

macrophages and active T cells in cecal lymph node, ↑ IL-10 in duodenum 

[13] 

Wistar Albino rats; 25 mM/d enema for 3 d; (4% DSS, 3 d) ↓ Colitis, mucosal permeability, neutrophil infilteration, HSP70 expression and activation of 

HSP and NF-κB, ↑ cell viability 

[248] 

Abbreviations: GBF: Germinated barley foodstuff; NK: natural killer cells; MDA: malondialdehyde; PP: Peyer’s patch; SCF: soluble corn fiber; PDX: 

polydextrose; BG: biogum; PI-20: Pullulan; RS-75:  resistant starch-75  
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human studies, as butyrate enemas improved mucosal lesions and colonic permeability, cell viability, 

neutrophil infiltration, eosinophil concentration, MPO (biomarker of neutrophil infiltration) in DSS-

induced UC in rats and mice [13, 248]. 

 

1.6.4. Mechanisms Involved in Prebiotics Beneficial Effects on UC 
 

Using experimental models of colitis, researchers are able to examine various molecular biomarkers 

to find the potential mechanisms for prebiotics and SCFAs action in IBD. Some of these main 

mechanisms include supporting the two main components of gut barrier (microbiota and epithelial 

layer), and modulating the immune response [229, 236], which will be discussed in this section. 

 

1.6.4.1.  Supporting Gut Microbiota Balance 

 

The anti-inflammatory effects of prebiotics mainly arise from the secondary products of bacterial 

fermentation, SCFAs (acetate [C2], propionate [C3], and butyrate [C4)). The production of these SCFAs 

decrease colonic pH and thereby decreases the growth of pathogenic bacteria in the colon [250], while 

supporting healthy commensal bacteria [251]. It has been observed that UC is associated with alterations 

in microbiota profile [97]. It has been demonstrated that active IBD is associated with a reduction in 

microbiota diversity and loss of some normal anaerobic bacteria (e.g. Bacteroides, Eubacterium, and 

Lactobacillus species). This reduction is associated with an increase in E. coli and clostridia in IBD 

patients [97, 98]. It is hypothesized that the imbalance between beneficial and pathogenic bacteria might 

be a cause in IBD pathogenesis [98, 99]. On the other hand,  prebiotics and SCFAs (especially butyrate) 
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showed the ability to improve microbiota growth and activity [226], by increasing bacteria, such as 

bifidobacterium [251]. For instance, oligofructose and inulin intake increased surface counts of 

bifidobacteria and lactobacilli in both the proximal and distal colon of non-IBD subjects [251]. Prebiotic 

consumption also increased eubacteria in subjects without changing total anaerobes clostridia, 

bacteroides, or coliforms [251]. Studies showed that prebiotics have similar beneficial effects on 

microbiota in IBD patients. For example, 3 week supplementation with FOS elevated faecal 

bifidobacteria concentration and reduced disease activity index (DAI) in IBD patients [239]. Another 

study showed that inulin/oligofructose treatment significantly increased cecal lactobacillus and 

Bifidobacterium populations in HLA-B27 transgenic rats, while decreased colonic inflammatory 

histologic scores and tissue pro-inflammatory cytokines [243].  

 

1.6.4.2. Enhancing Gut Barrier Integrity 

 

Besides having indirect effects through modulating gut microbiota, prebiotics and their fermentation 

end-products may also reduce IBD symptoms and disease progression by enhancing the colon epithelial 

layer integrity through various mechanisms. Firstly, SCFAs are an important energy source for 

colonocytes. About 95-99% of SCFAs produced by bacterial fermentation are rapidly absorbed from the 

colonic lumen; between SCFAs, butyrate is the preferred energy substrate for colonocytes. In fact, 

butyrate accounts for about 70% of total energy consumed by colonic epithelial cells [252]. The 

importance of SCFAs as an energy source for colonocytes is even more critical in the ulcerated colon, 

where the absorption of nutrients from the diet is diminished [253]. As a result, it is reasonable to 

assume that the loss of this nutrient source may be especially detrimental to colon epithelium viability. 

Supporting this hypothesis, studies found decreased fecal concentrations of SCFAs in patients with UC 



  38 
 
 
 

[254]. Actually, it has been observed that rectal irrigation with SCFAs mixture or butyrate was effective 

in reducing the degree of inflammation and histological criteria in UC patients and experimental animal 

studies [234, 248, 254].  

Secondly, fermentation products of prebiotics, especially butyrate, modulate epithelial cell 

proliferation in a physiological pattern. UC is associated with crypt erosion, distortion, and ulceration, 

which is associated with the expansion of the proliferative zone in colonic biopsies (colon cancer risk 

biomarker) [255]. So, dietary components with the ability to increase proliferation in lower, but not 

upper area of the crypts may support crypt recovery in UC. Ex vivo studies show that butyrate increase 

the proliferation rate in the basal 60% area of crypts [256], while reduces the proliferation rate in upper 

parts of the crypts in UC patients [234], similar to its effect on cancer cells [257]. Thus, butyrate 

increases the recovery of erosions and ulcers, while reducing the risk of colon cancer development in 

UC patients. This opposite effect of butyrate on proliferation is known as the “Butyrate Paradox”, which 

might be related to the inherent difference of the cells, cellular state of activation and energy status, and 

the different ability of  cells to β-oxidize butyrate [46]. 

Additionally, prebiotics and butyrate can protect the mucosal layer by increasing mucus secretion in the 

colon [40, 232]. Mucus, the secretory product of goblet cells, is the first line of defence against physical 

and chemical irritations, and prevents the commensal bacteria to come in direct contact with colonic 

epithelial cells [31]. It has been observed that inulin-type fructans increase the number of goblet cells 

and thickness of the epithelial mucus layer [40], and butyrate enhances mucus secretion through 

stimulation of Muc2 (gene responsible for mucin synthesis) [232]. Additionally, several studies showed 

the ability of soluble fibres in increasing crypt length [40, 41, 233]. For instance, it has been observed 

that fructans-supplemented diet increases the crypt length in rats [40]. Similarly, diet supplemented with 

konjac increased SCFAs and crypt length in conventional, but not in germ-free rats [41]. Another study 
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showed that consumption of prebiotics (Sodium gluconate and Mannan oligosaccharide) was associated 

with increased crypt depth in pig jejunum [258]   

 

1.6.4.3. Modulating the Immune Response 

 

Alterations in mucosal and systemic immune responses play an important role in the pathogenesis 

of IBD. Studies show hyperactivation of NF-κB signaling pathway, and impairment of natural immunity 

in UC patients and DSS-induced colitis [117, 118, 259]. It has been observed that the level of mucosal 

immunoglobulin (Ig)-G type antibodies is increased in IBD patients [260]. This change might mediate 

the damage in intestinal mucosa by activation of complement cascades and consequently the production 

and release of inflammatory cytokines [261]. On the other hand, it has been observed that prebiotics can 

modulate the inflammatory and immune response [13, 14, 228, 232, 248, 262-264]. For instance, a 

mixture of galactooligosaccharides/FOS supplementation for 6 months reduced plasma level of total 

IgE, IgG1, IgG2, and IgG3 in infants at high risk of allergies [262]. In another study, FOS 

supplementation increased the percentage of DCs expressing TLR4, and reduced clinical symptoms in 

IBD patients [239]. The anti-inflammatory and immunomodulatory effects of prebiotics and butyrate in 

the colon are partly through inhibiting the activation of NF-κB signaling pathway, which is associated 

with decreases in pro-inflammatory mediators, such as TNF-α, leukotriene (LT) B4, nitric oxide (NO), 

IL-1β, IL-17, IL-12, and inducible protein (IP)-10 [13, 14, 228, 241, 248, 263]. Additionally, they 

increase the production of anti-inflammatory cytokine IL-10, modulate the activation and translocation 

of various immune cells (macrophages, eosinophil, T cells, B cells, DCs, neutrophils), reduce Heat 

Shock Protein (HSP) 70 expression, and inhibit IFN-γ-mediated apoptosis [13, 14, 248].  
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1.6.5. Possible Adverse Effects of Soluble Fibre on Gut Health and UC 

 

The majority of previous studies showed beneficial effects of soluble fibre and their fermentation 

products (SCFAs) in UC [12-14, 228, 229, 234-245] by enhancing gut barrier integrity [40, 232], 

supporting gut microbiota balance [239, 243, 251], and modulating immune response [228, 239, 241, 

262, 263].  In contrast, some studies have shown that certain prebiotics can increase gut permeability. 

For instance, Ten et al. have demonstrated that inulin consumption can increase the intestinal 

permeability and the translocation of Salmonella in rats [265], and dietary FOS can induce similar 

effects [265, 266] in a dose-dependent manner [267]. In another study, FOS and lactulose increased 

intestinal lactobacilli and bifidobacteria, and reduced Salmonella colonisation, while both significantly 

increased translocations of Salmonella. However, cellulose and wheat fibre, which are less fermentable, 

did not induce similar effects [268]. Additionally, Elsenhans et al. found that the administration of 

pectin and guaran, two highly fermentable polysaccharides, increased urinary excretion of orally 

administered permeability probes (polyethylene glycol markers [PEG] 4000), suggesting increased gut 

permeability by these prebiotics. In contrast, methylcellulose and carrageenan, two polysaccharides that 

are less fermentable, unchanged the excretion of PEG 4000 [269]. It has been suggested that rapid 

fermentation of prebiotics increases the concentrations of organic acids, which may damage the gut 

barrier integrity and increase the mucosal permeability [265-268].   

 

1.7.  n3-PUFAs and UC 
 

The anti-inflammatory properties of n3-PUFAs suggest that they may have therapeutic benefits for 

inflammation-associated diseases. While the beneficial effects of n3-PUFAs on some inflammatory 
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diseases (e.g. rheumatoid arthritis) is relatively convincing [270], their clinical effects on IBD are not yet 

clear. IBD is associated with PUFA profile alterations in plasma and colonic mucosa, suggesting a role 

of these fatty acids in disease initiation or progression [271, 272]. As demonstrated in Table 1-2, from 

human and animal studies, n3-PUFAs can induce both beneficial [18-20, 220, 273-275], null [276-278], 

and adverse [11, 222, 223] effects, leaving to some controversy within the research community. 

Despite the controversy, the majority of studies suggest that n3-PUFAs play a beneficial role in colitis. 

In a prospective cohort study, with a median follow up of 4.2 years, EPA and DHA intake was 

positively associated with protection from UC, suggesting a preventative role of n3-PUFAs [20]. n3- 

PUFAs also showed the beneficial effects in UC treatment, as a randomized controlled trial in IBD 

patients showed that daily consumption of EPA-DHA-rich seal oil, considerably improved health-related 

quality of life score and bodily pain [275]. In another study, daily consumption of fish oil (containing 

5.4 g EPA and DHA) improved histologic findings, weight gain, and reduced rectal dialysate leukotriene  

B4 (LTB4) levels in UC patients [220]. Similarly, some animal studies showed beneficial effects of n3-

PUFAs in reducing IBD [18, 19, 273, 274, 280]. For instance, in a TNBS-induced IBD rat study, it was 

observed that fish oil-rich supplementation (containing 450 mg n3-PUFAs/kg/day) was more effective 

than 5-aminosalicylic acid (5-ASA) in reducing inflammation, suggesting the potential for n3-PUFAs to 

reduce the required dose of conventional treatments [280]. In another study on TNBS-induced colitis, 

daily administration of 450 mg/kg ALA to rats reduced colonic tissue damage, including macroscopic 

lesions [19]. Additionally, modifying the fat composition of diet to the  LA:ALA ratio of 2 could reduce 

DAI and histological scores, and improve colon length in DSS-induced colitis in rats [18]. 
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Table 1-2. Effects of n3-PUFAs on biomarkers of colitis 

 

n3-PUFAs Study Design Outcome Ref 

EPA, DHA Meta-analyses of randomized controlled trials; n3-PUFAs effect on 

remission in UC; 3 studies (n=138).  

No effect on relapse rate; Pooled analysis: ↑ diarrhea and symptoms in 

upper GI tract  

[11] 

EPA, DHA 25639 UC participants; completed 7-day food diaries; prospective 

cohort for UC development; follow-up time: 4.2 years. 

Total n3-PUFAs, EPA, and DHA were associated with protection from 

UC. 

[20] 

Seal oil Pilot study on 10 IBD patients, followed by a randomized 

controlled study (n=19); 30 ml/d; 10 d.  

↓ elevated n6:n3 ratio in rectal mucosa and blood, bodily pain. [275] 

Fish oil 9 UC patients; Fish oil n3-PUFAs (4.5 g/d) + sulfasalazine (2 g/d); 

2- mo periods, separated by 2 mo.  

No effect on most laboratory indicators, sigmoidoscopy, and histology 

scores. ↓ Plasma oxidative stress.  

[278] 

EPA 12 children with UC (mean age, 12.1 years); 1.8 g/d EPA ethyl 

ester (EPA-E); for 2 mo.  

No significant effect on mucosal histologic scores; ↓ LTB4 in leukocytes 

and colonic mucosa   

[276] 

Fish oil 10 UC patients; Fish oil n3-PUFAs (5.4 g/d) or sulfasalazine (2 

g/d); 2 mo.  

↑ DAI, platelet count, erythrocyte sedimentation rate, CRP, and total 

fecal nitrogen excretion. ↓ sigmoidoscopy score 

[222] 

Fish oil 18 UC patients; Fish oil n3PUFAs (5.4 g/d) + prednisone/ 

sulfasalazine; 4-mo periods, separated by a 1mo.  

↓ Histologic scores and rectal dialysate LTB4 levels. ↑ weight gain. [220] 

Fish oil 11 UC patients; FO n3-PUFAs  (4.2 g/d); 8 mo.  No significant effect on histopathologic scores or colonic LTB4 levels, 

↓DAI 

[279] 

Fish oil Male Sprague-Dawley rats, 450 mg n3-PUFAs/kg/day, or 5-ASA, 

or both; 14 d; (intrarectal TNBS) 

Both diets: ↓ COX-2 expression, PGE2 and LTB4 production and NF-κB 

activation.  5-ASA+ n3-PUFAs: stronger than a higher dose of 5-ASA 

alone to ↓ NF-κB and ↑PPARγ.  

[280] 

ALA and 

LA 

Male Sprague-Dawley rats;  10% fat diet with LA:ALA ratios of 

215, 50, 10 and  2; 90 d; (4% DSS, 11 d) 

LA:ALA ratio of 2: ↓ Colitis , DAI, histological score, mucosal MPO, 

TNF-α, IL-1b, colonic n6-PUFAs, ↑ colon  length, colonic n3-PUFAs 

[18] 

Soybean oil 

and Fish oil 

Male Wistar rats; 5-8% fish oil or soybean oil, or combination 

(SF); 47 d; (3% DSS, 7 d) 

Fish oil and SF diet: ↑ IL-10 and ↓ DNA damage. Just SF ↓ DAI, MPO 

and histological score.  

[277] 

Fish oil  SMAD3
−/−

 mice; 0.75% to 6.00% fish oil enriched DHA; 12 wks; 

(transgenic mice exposed to Helicobacter hepaticus) 

↑ Colitis, histopathology score and mortality, ↓ weight gain and T cells 

functionality 

[223] 

ALA Male Sprague-Dawley rats ; 450 mg /kg/d; 14 d; (intrarectal 

TNBS) 
↓ Tissue damage, oxidative stress, iNOS expression, NF-κB activation 

and LTB4, TNF-α and COX-2 concentrations in colon. 

[19] 

Fish oil Colonoscopic biopsies from 7 UC patients incubated with culture 

medium and enteral elemental diet modified by fish oil (EF); 

dilutions: 1:20, 1:10, and 1:5; 24 h.  

All EF dilutions ↑ IL-1ra/IL-1β ratio in UC samples, but not in controls. [281] 
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On the other hand, there are studies showing no or little effects of n3-PUFAs on UC, for example, a 

randomized cross over study in UC patients showed that while consumption of fish oil along with 

sulfasalazine significantly reduced the elevated plasma oxidative stress, it did not improve most of the 

UC biomarkers, sigmoidoscopy, or histology scores [278]. Also, in a study in children diagnosed with 

UC (mean age 12.1 years), dietary supplementation with highly purified EPA ethyl ester (1.8 g/d), did 

not significantly improve the mucosal histologic scores [276]. Additionally, a study in DSS-induced 

colitis in rats, showed that while 5-8% fish oil consumption reduced DNA damage and increased the 

production of IL-10, it did not make a significant improvement in DAI and histopathology scores [277]. 

Lastly, studies showing the adverse effects of n3-PUFAs on UC biomarkers cannot be ignored. For 

instance, in a meta-analysis of randomized controlled trials on the effect of n3-PUFAs on IBD relapse 

rate, pooled analysis showed a higher rate of diarrhea and symptoms in the upper GI tract in UC patients 

with n-3 PUFAs supplementation, without a significant effect on relapse rate [11]. 

 Moreover, a randomized cross over study showed that fish oil supplementation reduced the 

sigmoidoscopy score, but exacerbated DAI, and increased platelet count, erythrocyte sedimentation rate, 

C-reactive protein, and total fecal nitrogen excretion [222]. Finally, in a study on SMAD3
-/-

 mice 

exposed to Helicobacter hepaticus, fish oil supplementation increased the inflammation histopathology 

score and mortality, reduced weight gain, and altered the functionality and profile of T lymphocytes 

[223]. 

 

1.7.1. Mechanisms Involved in n3-PUFAs Beneficial Effects in UC  
 

The beneficial effects of n3-PUFAs on IBD might be through several mechanisms, including 

modulation of the NF-κB, COX, and TLR4 pathways. One of the major mechanisms for the anti-
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inflammatory effects of n3-PUFAs is through suppression of NF-κB activity [280], which  plays an 

important role in the regulation and expression of COX-2, cytokines, iNOS, and enzymes and receptors 

involved in the immune response (e.g. T-cell and  B-cell receptors) [116]. Dysregulation of NF-κB is 

linked to a variety of inflammatory and autoimmune diseases, including IBD [117]. 

The long chain PUFAs (dihomo-ɣ-linolenic acid (C20:3 n-6), AA, and EPA) are precursors of 

eicosanoids. AA-derived eicosanoids, 2-series prostaglandin (PGs) and thromboxane (TXs), and 4-series 

leukotriene (LTs) have inflammatory properties [282] and mediatory roles in cellular proliferation and 

inflammation [283]. In contrast, EPA-derived eicosanoids, 3-series PGs and TXs, and 5-series LTs, have 

less inflammatory activity [283]. Both n3- and n6-PUFAs use the COX and LOX enzymes to produce 

their own eicosanoids [282]. As a result, dietary supplementation with n3-PUFAs or n3-PUFAs-rich 

foods can increase the production of less-inflammatory eicosanoids at the expense of more-

inflammatory ones [282]. n3-PUFAs can also reduce the production of inflammatory eicosanoids from 

n6-PUFAs by suppressing COX-2 activity, both directly and indirectly through inactivation of the NF-

κB signaling pathway [280, 284]. Additionally, a part of the anti-inflammatory effects of DHA and EPA 

is related to production of anti-inflammatory resolvins, protectins, and docosatrienes [282].   

Additionally, n3-PUFAs can suppress the TLR4 signaling pathway. TLR4 is expressed in a variety 

of cells within the gut, including different immune cells, absorptive enterocytes, Paneth cells, goblet 

cells, enteroendocrine cells, and subepithelial myofibroblasts [285]. TLR4 activation results in release of 

a variety of inflammatory cytokines (such as TNF-α and IL-6). n3-PUFAs are natural antagonists for 

TLR4, and can suppress the inflammatory response and release of inflammatory cytokines [286]. Other 

potential anti-IBD mechanisms of n3-PUFAs include acting as free radical scavengers and protecting 

UC patients against the overall effect of oxidative stress [19, 278] and DNA damage [277], increasing 

PPARγ activation [280], and IL-10 production [277]. 

http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
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1.7.2. Mechanisms Involved in Adverse Effects of n3-PUFAs in UC 
  

The adverse effects of n3-PUFAs in both UC patients and animal models of colitis may be related to 

the effects of n3-PUFAs on apoptosis and oxidative stress. A balance between cellular proliferation and 

apoptosis is important in colon health [287]. UC is associated with increased epithelial cells apoptosis, 

which can be considered as a primary pathogenic factor in damaging the colonic mucosa [288, 289]. On 

the other hand, it is frequently reported that n3-PUFAs supplementation can increase apoptosis in 

healthy colonocytes, as well as colon cancer cells [282, 290-292]. There are several mechanisms to 

explain the stimulatory effects of n3-PUFAs on apoptosis, including alterations in the composition, 

structure, and fluidity of the cell plasma membrane composition (including lipid rafts) [282, 293]; these 

changes would lead to alterations in signal transductions and activity of membrane receptors and 

enzymes [282]. Also EPA and DHA possess a high degree of unsaturation and their incorporation into 

membranes can increase the membrane susceptibility to ROS damage [282]. Collectively, these changes 

facilitate the activation of the extrinsic apoptosis pathways [282]. The effects of n3-PUFAs are not 

limited to the cell membrane, as n3-PUFAs also are incorporated into the mitochondrial membranes of 

colonocytes. Subsequently, oxidative stress can change the mitochondrial functionality and initiate 

intrinsic apoptosis [282, 291]. Additionally, n3-PUFAs can reduce anti-apoptotic and increase pro-

apoptotic proteins, caspase 3 and -8 activation and  cytochrome c expression [282]. Other possible 

mechanisms involved in the adverse effects of n3-PUFAs in IBD include altering immune cell profiles 

(number of regulatory and cytotoxic T lymphocytes, recruitment, and functionality) [223], and 

increasing platelet count, erythrocyte sedimentation rate, and C-reactive protein [222]. 
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In conclusion, the therapeutic and anti-inflammatory role of n3-PUFAs in animal models of colitis 

and IBD patients is controversial. This controversy might be related to variables between studies. Some 

of the most important variables in human studies are different sample sizes, genetic backgrounds and 

environmental and dietary habits of subjects, and health related behaviours. In animal studies, using 

different IBD models and animal strains might influence the effect of diet on disease development.  

Some other variables are sensitivity of animal strain to the method of IBD induction, genetic 

background, type and dose of IBD inducer, and using different assessment methods and biomarkers for 

disease evaluation.  

   

1.8. Phenolic Compounds and UC 

1.8.1. Overview 
 

Phenolic compounds are natural molecules from plant origin [213]. More than 8,000 different 

phenolic compounds has been identified and categorized into subclasses based on their chemical 

structure. Phenolic compounds are increasingly being used in clinical and pre-clinical studies, because 

of their anti-oxidative, anti-inflammation, anti-mutagenic, ant-carcinogenic, and anti-angiogenesis 

properties [213, 294].  

The effects of lignans on UC have not been studied yet, while studies on other phenolic compounds 

on UC have shown to be promising. A growing body of evidence suggests that phenolic compounds 

may reduce or delay colitis development by modulating intestinal inflammation. Most studies used pure 

phenolic compounds in rodent models of colitis, and showed positive results in preventing and treating 

intestinal inflammation and injury, with few exceptions which showed either adverse or no effects 

(Table 1-3). In addition to animal strain and model, these controversies may be due to some other  
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Table 1-3.  Effects of phenolic compounds on biomarkers of colitis 

Phenolic 

Compound 

Study Design 

(subject, phenolic dose, colitis induction (c.i.) in animal models) Main Outcomes Ref 

Vanillic acid Female BALB/c mice; gavaged 200 mg/kg/d (5% DSS for 7 d) ↓ Colitis severity, IL-6 production, COX-2, and NF-κB activation [303] 

Ellagic acid 

 

Male Fisher 344 rats; gavaged 10 mg/kg 2x/day (3% DSS for 7 d) ↓ Colitis severity, MPO activity, and TBARS [304] 

Coumarin Male Wistar rats; Acute Colitis: gavaged 2.5-50 mg/kg/d; (10 mg/kg 

TNBS). Chronic Colitis: gavaged 5 or 25 mg/kg/d; (10 mg/kg TNBS 

on Day 0 and 14 d)  

Acute Colitis: ↓ Colitis severity, ↓ MPO and AP activity; ↑ GSH 

content  

Chronic Colitis: ↓ Colitis severity and MPO activity; ↑ GSH content  

[305] 

Ferulic acid 

 

Male C57Bl/6J mice; 50 or 100 mg/kg/d; (1% DSS for 6-16 d) ↓ Colitis severity, MPO activity, IL-1β, IL-6, TNF-α and COX-2 

mRNA, and NF-κB activation 

[306] 

Resveratrol 

 

C57Bl/6 mice; 2.1 mg/kg/d in diet; (1% DSS for 8 d)  ↓ Colitis severity, DAI, MPO, cytokines, PGE2; ↑ fecal Lactobacilli 

and Bifidobacteria count
 

[307] 

Curcumin Male BALB/c mice; 2% in diet; (3.5% DSS for 14 d) ↓ Colitis severity, DAI, MPO activity, CD4 and CD8 T cells, and NF-

κB  

[308] 

89 patients with quiescent UC; 1 g/patient twice a day for 6 months ↓ Colitis severity, CAI, and EI [16] 

Quercitrin Female Wistar rats; gavaged 1 mg/kg/d; (5% DSS for 5 d followed 

by 2% DSS for 10 d) 

↓ Colitis severity, colonic MPO and AP activities, iNOS and COX-2 

expression, TNF-α and IL-1β; ↑ GSH 

[215] 

Kaempferol Female C57BL/6J mice; 0.1% or 0.3% in diet; (2% DSS for 7 d) ↓ Colitis severity, colonic MPO, NO, COX-2 and iNOS mRNA 

expression, TNF-α, IL-1β and IL-6 mRNA 

[17] 

Luteolin NF-κB
EGFP

 transgenic mice (C57Bl/6 background); 0.5%, 2%, 5% in 

diet; (3% DSS for 6 d) 

↑ Colitis severity, NF-κB activation in distal colon, caspase 3; ↓COX-2 

expression 

[214] 

Quercetin Male Sprague-Dawley rats; rectally 10-100 µM, 1 d post TNBS; (15 

mg/rat TNBS for 6 d)   

↓ Colitis severity, dose-dependently, ↓ MPO activity [300] 

Female Wistar rats; gavaged 1 mg/kg/d; (5% DSS for 5 d followed 

by 2% DSS for 10 d) 

No significant reduction in colitis severity [215] 

Female ICR mice; 0.001% -0.1% in diet; (5% DSS for 1 wk) No significant effect on histological signs of colitis severity [216] 

Rutin Male Wistar rats; 10 mg/kg/d; (42 mg/kg TNBS for 5 d)  ↓ Colitis severity, colon/BW ratio, and MPO activity [299] 

Male multidrug resistance gene-deficient (mdr1a
-/-

) mice; 0.1% in 

diet for 15 or 18 wks 

No significant effect on histological signs of colitis severity [309] 

Male Sprague-Dawley rats; 10 mg/kg/d given 1 day post TNBS; (15 

mg/rat TNBS for 6 d) 

↓ Colitis severity and MPO activity to about 55% of control [300] 

Female ICR mice; 0.001% - 0.1% in diet; (5% DSS for 1 wk) ↓ Colitis severity, IL-1β mRNA and protein expression, and IL-6 

mRNA expression, dose-dependently. 

[216] 

Abbreviations: CAI: clinical activity index; DAI: disease activity index; GSH: glutathione; NO: nitric oxide 
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possible reasons. Firstly, the dose of phenolic compounds use can produce dissimilar results as at high-

doses, some phenolic compounds can act as a pro-oxidant and aggravate colitis [295, 296]. Secondly, 

variation in administration methods can cause variability in bioaccessibility of the phenolic compound to 

the colon. Additionally, the structure complexity of the compound will determine where it will be 

absorbed along the digestive tract. For example, oral administration of quercetin, that is actively 

absorbed from the small intestine [297, 298] could not ameliorate chemically-induced UC in mice [215, 

216], while rutin, which reaches the colon intact, could significantly attenuate colitis severity [216, 299-

302].  

 

1.1.1. Mechanisms Involved in Anti-inflammatory Effects of Phenolic 

Compounds 
 

One of main mechanisms involved in anti-inflammatory properties of phenolic compounds is 

through modulation of the NF-κB signaling pathway [180, 310]. DSS-induced colitis is associated with 

NF-κB activation, which increases the production of pro-inflammatory cytokines, such as IL-1β, IL-6, 

IL-8 and TNF-α, in inflamed tissue [180, 310-312]. These pro-inflammatory cytokines amplify the 

cascade of inflammatory mediators, destructive enzymes, and free radicals that cause tissue damage  

[180, 303, 306, 308, 313]. In contrast, phenolic compounds, such as vanillic acid, ferulic acid, and 

curcumin, are able to suppress NF-κB activation, reduce the production of many pro-inflammatory 

mediators, such as IL-1β, IL-6, IL-8, IFN-γ, and TNF-α, and reduce colitis symptoms [17, 154, 180, 216, 

296, 303, 306, 308, 313, 314]. Furthermore, among the pro-inflammatory enzymes, COX-2 activity and 

PGE2 production were decreased in inflamed colon after treatments with vanillic acid, ferulic acid, 

resveratrol, luteolin, and quercitrin [17, 214, 215, 284, 303, 306, 307, 313-316]. 
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One of major features of UC is infiltration of neutrophils into lamina propria and submucosa [107, 

317], which they can then release antimicrobial peptides and ROS, causing tissue damage [318]. 

Phenolic compounds (such as ferulic acid, resveratrol, kaempferol, curcumin, quercetin, and rutin) are 

able to lower MPO levels, which is a biomarker of neutrophil infiltration. In addition, the antioxidant 

activity of phenolic compounds may also account for their beneficial effects on colitis [319-323].  

In summary, dietary bioactives , such as prebiotics, n3-PUFAs and phenolic compounds, frequently 

showed ability to influence gut health components and colitis symptoms and severity, thus dietary 

components that are rich in these bioactives, such as flaxseed,  may also have potential to influence 

colon health and colitis.  

 

1.2. Flaxseed 

1.2.1.  Overview 
 

FS, (Linum usitatissimum L.), is a small brown or golden hard-coated oilseed [324], and a native 

plant of the Mediterranean and Western Asia areas [325]. FS is one of the most important oilseed crops 

that has been cultivated since ancient times [325], and is used for industrial purposes (e.g. for fibre 

production), as well as in the production of human foods, and feeding livestock. Almost all parts of the 

plant are utilized for different purposes, some directly and some after processing [326]. 

 

1.2.2.  Flaxseed in Food Industry 
 

FS was commonly consumed in the Middle Ages as an important component of breads and cereals 

[327]. Recently, FS have regained attention because of its health promoting bioactive (especially alpha-



  50 
 
 
 

linolenic acid (ALA), dietary fiber and lignans) [328]. Currently, FS is emerging as an important 

functional food ingredient, and is increasingly being incorporated into a variety of food products, such as 

bread, muesli bars, and breakfast cereals, or consumed as a supplement. Whole FS is regularly used in 

commercial breads and is a main potential source of dietary phenolics, especially lignans [24], while most 

supplements consist of crushed seeds [24]. The use of FS is not limited to traditional foods, as it is also 

utilized as an ingredient in the development of a variety of today’s foods such as crackers and frozen 

waffles. For example, more than 150 new flax-based products were launched in the U.S. in 2005 and 2006 

alone [329]. The federal government of Canada, in particular, supports the promotion of FS industry, as it 

has recently announced a $4 million investment in the Flax Canada 2015 Phase II in order to promote the 

innovation and commercialization of flax products for Canadians and consumers around the world [330].  

Considering the increase in use of FS in the food industry, investigating the health effects of FS and its 

components seems essential.  

1.2.3.  Flaxseed Components and Compositions  
 

FS is composed of two main seed components: the hull (the seed coat rich of fibre and lignans) and 

the kernel (the yellow core rich in protein and oil) [331] (Figure 1- 4). The hull contains the mucilage, 

testa and endosperm, containing about 42% of whole seed weight (11, 10, and 21%, respectively). The hull 

has the major portion of lignans, containing more than 75% of seed lignans. The kernel, including the 

cotyledon and embryo axis forms about 57% of the total weight of hand-dissected FS [332] (Figure 1-5.a). 

The endosperm contains 17% oil and 16% protein of whole seed, while cotyledon includes 82% oil and 

76% protein of the whole seed. The testa and the mucilage contribute 24.6 and 26.3% of the whole seed 

dietary fibre, respectively [332] (Figure 1-5.b). 
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Figure 1-4. FS and its components 

a. Whole flaxseed, b. Flax hull, c. Flax kernel. Pictures were taken in Dr. Power`s lab, using stereo 

microscopy (SZX7, Tokyo, Japan). 
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a. 

 

b. 

 

Figure 1-5.  Distribution of bioactives in FS 

 a. The proportion of hull and kernel in whole seed, and the proportion of oil, protein and lignans in kernel. b. The 

proportion of fibre, oil and protein in hull (Adapted from [332]).  Pictures were taken in Dr. Power`s lab, using 

stereo microscopy (SZX7, Tokyo, Japan). 
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1.2.4. FS Bioactives 

1.2.4.1. FS Fibres  

 

FS is a good source of dietary fibre as it accounts for 35-45% of seed weight. The quantity of fibre in 

1 tbsp of milled FS is equal to one slice of whole wheat bread or 1/4 cup of cooked oat bran [325]. One of 

the preferences of FS to other whole grains is its mixture of fibre, because FS contains generous amounts 

of both soluble and insoluble fibres with the ratio of soluble to insoluble from 20:60 to 40:60 [325, 333]. 

Mucilage, a thick, gluey substance, is the main soluble fibre in FS. Mucilage is a polar glycoprotein and an 

exopolysaccharide that exists in different parts of almost all classes of plants, normally in small 

percentages. There is increasing evidence that FS fiber has cholesterol-lowering effects, and reduces the 

risk of diabetes and coronary heart disease [334, 335]. It also decreases the incidence of obesity, and has 

shown beneficial effects in reducing the incidence of CRC [325, 332]. Few studies have investigated the 

direct effects of mucilage on health. Since other soluble fibres like fruit pectin, oat bran or mustard seed 

mucilage can lower blood cholesterol levels, the cholesterol-lowering effect of FS may be via its soluble 

fibre. In fact, FS soluble fibre has showed higher bile acid binding capacity compared to flax meal, rye and 

wheat soluble and insoluble fibre [335].  

Furthermore, the levels, types, solubility, and viscosity of soluble fibres vary considerably within 

dietary components [336], which may cause variability in their health-promoting effects. It has been 

reported that FS soluble fibre has lower viscosity and higher solubility compared to some other fibres 

(e.g. wheat and rye bran), leading to a higher degree of fermentability [335, 337], and increased 

microbiota activity [338].  

Insoluble fibre in FS, like that in wheat bran, is helpful for regulating bowel movements by bulking 

and softening stool and helping it to move along the colon more easily and quickly [339, 340].  
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1.2.4.2. FS n3-PUFA 

FS contains about 35-45% oil, including 9-10% saturated fatty acids (palmitic and stearic acids), 

and 20% monounsaturated fatty acids (mainly oleic acid), and 68% PUFAs [333]. The major portion of 

FS oil is ALA, representing 55-70% of total oil (dependent on FS variety) [333]. The high ALA content 

makes FS the richest vegetable source of ALA [325]. ALA is the essential member of the n3-PUFAs 

family and the precursor of the medium and long-chain n3-PUFAs (EPA and DHA). n3-PUFAs can be 

provided from a variety of foods. For instance, ALA exists in plants such as FS, olives, walnuts, and 

canola, while EPA and DHA mainly exists in seafoods. EPA and DHA are known to have more 

biological activities than ALA [232]; ALA can be converted to EPA and DHA, but the amount of 

conversion is controversial. The suggested amounts are 5–10% for ALA conversion to EPA and 2-5% 

for ALA conversion to DHA [341] (Figure 1-6).   

 

Figure 1-6. Conversion of short chain PUFAs to medium and long chain PUFAs  
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LA: Lionoleic acid; AA: Arachidonic acid; DPA: Docosapentaenoic acid (Adapted from [342]) 

 It has been observed that FS ALA can be effectively converted to EPA and DHA in some animals, 

as consumption of  ground or processed FS by dairy cattle and poultry reduces the amount of saturated 

fatty acids, and elevates the amount of n3-PUFAs in milk and egg yolk [325].  

n3-PUFAs are essential for normal growth and development, and have potential benefits in reducing 

several diseases, mainly cardiovascular diseases, hypertension, diabetes, and cancer [325]. Additionally, 

they have some anti-inflammatory and immuno-modulatory effects [232, 325]. n3-PUFAs effects on 

cancer and inflammation may be through altering immune cells activities (e.g. increasing natural killer 

cells activity against cancer cells), changing cell signaling pathways (such as NF-κB, tyrosine kinase and 

androgen receptor signaling), inhibiting the cell membrane synthesis by reducing the metabolism of n6-

PUFAs (resulting in the reduction of tumorigenesis), and changing eicosanoid milieu (by suppressing 

the production of prostaglandins (PG) E2 and I2 and 5-hydroxyeicosatetraenoic acid via cyclooxygenase 

[COX] and lipoxygenase [LOX] pathways) [327, 343]. Through the beneficial effects, the consumption 

of FS oil is increasing. Presently, FS oil is commercially available in bottles or gel capsules as a dietary 

supplement. 

 

1.2.4.3. FS Lignans 

 

Lignans are biphenolic compounds derived from the phenyl propiod pathway in plants [24]. Among 

foods consumed in a typical diet, FS is the richest source of lignans [344]. Although data about chemical 

composition of FS are highly variable, it has been found that the concentration of lignans in FS is from 

0.7 to 1.5% of seed dry weight [333]. In FS secoisolariciresinol diglucoside (SDG), matairesinol, 

lariciresinol, and pinoresinol are the major lignans, with SDG being the most predominant [24, 345].  
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 Most of the plant lignans in human foods are metabolized to mammalian lignans (enterolignans), 

mainly enterolactone (EL) and enterodiol (ED), by colonic microbiota [345]. First, SDG is converted to 

the aglycone secoisolariciresinol (SECO) via hydrolysation, and then the aglycone secoisolariciresinol is 

dehydroxylated and demethylated to form ED which can then be oxidized to EL. Other sources of 

enterolignan precursors, however in smaller amounts, are other seeds, nuts, whole grains, fruits and 

vegetables, coffee, and tea [346]. The conversion degree to ED and EL varies for different precursors 

from less than 15% to about 100%. The conversion degree of secoisolariciresinol and matairesinol has 

been estimated to be about 55-100% [347] (Figure 1-7).  

 

 

Figure 1-7. Metabolism of mammalian lignans by intestinal bacteria 

(Adapted from [348]) 
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After a single intake of plant lignans, enterolignans are peaked in plasma within 8–10 h. These 

compounds are eliminated gradually and excreted in urine and feces. Bioavailability of enterolignans is 

largely increased by crushing and milling of FS [24]. 

Enterolignans elicit various biological activities, such as estrogenic, anti-estrogenic, antioxidant 

[349-351], and anti-inflammatory actions [352]. Beneficial health effects, including anti-tumor, anti-

inflammatory, anti-viral, and hepatoprotective properties of lignan-rich whole-grain cereals, beans, 

berries, nuts, and various seeds have been frequently reported [345, 348, 353] and it has increased the 

interest in using lignans as nutraceutical or as a functional food ingredient. Animal studies have also 

shown anti-carcinogenic effects of pure lignans in some cancer models, including breast, prostate, and 

colon cancer [21, 354, 355]. Additionally, lignans can have beneficial effects in reducing menopausal 

symptoms in women, and decreasing the development of hormone-dependent cancers [325].  Also, SDG 

may have hypolipidemic and antioxidative potentials, which reduces the risk of oxidative stress-

associated diseases, such as hypercholesterolemic atherosclerosis, and type 2 diabetes [325]. Oxidative 

stress is considered a key factor in the etiology of many acute and chronic diseases, such as cancer [356] 

and autoimmune disorders [357]. Hyper-production of ROS is associated with the release of 

inflammatory mediators, DNA damage, activation of signal pathways, transcription factors, and 

alteration in the expression of genes involved in carcinogenesis [358]. The antioxidant effect of 

enterolignans make them a potential candidate in the prevention of diseases that are associated with 

oxidative stress [347].  

Presently, the lignan-rich portion of FS (FS hull) and purified lignans are commercially available in 

different forms, such as concentrated FS lignans in gel capsules and FS hull and fortified FS hull in 

powder form. 
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1.2.4.4. Other Bioactives in FS 

 

In addition to dietary fibres, lignans and ALA, FS is a good source of vitamins such as vitamins A 

and D, and B vitamins. Gamma-tocopherol is the main form of vitamin E in FS (9.2 mg/100 g of seeds) 

[333]. FS also contains some minerals similar to the crops. Potassium is one of the abundant minerals in 

FS, whose content is about seven times higher than in the banana [325]. Additionally, FS is a good 

source of phenolic acids and flavonoids [325]. 

FS is also a rich source of high-quality proteins [331]. About 22-25% of seed weight is protein 

[331] with amino acid composition that is comparable to most nutritive vegetable proteins, such as soy 

protein [325]. However, FS proteins are limited in lysine, they have high coefficient of digestibility 

(89.6%) and biological value (77.4%) [333], and showed to reduce plasma cholesterol and triglyceride 

concentration in rats [359].  

 

1.2.5. Flaxseed and Colon Health  

1.2.5.1. Overview 

 

FS contains many bioactives, including fibre, lignans, and n3-PUFAs, with the potential to 

beneficially modulate gut health. Previous studies on FS effects on colon health have mainly focused on 

the anti-cancer effects of FS,  and have demonstrated beneficial effects of FS in reducing the growth and 

development of colon cancer in vitro and in vivo animal models [21-23, 360, 361]. Although the exact 

bioactives responsible for this effect are not known, studies using either purified mammalian lignans 

[362, 363] or FS oil [364], suggest that these bioactives, in part, can induce anti-cancer effects. 

Furthermore, it is well established that fibre, especially fermentable fibre (inulin, pectin, oligofructose, 
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and resistant starch), can reduce the CRC risk [365-368]. Soluble fibre and their fermentation products 

also have other gut health-promoting effects by supporting the two main components of gut health 

(microbiota and mucosal layer) [40, 226, 232, 250, 251], modulating the immune response and 

inflammation [13, 14, 228, 232, 234, 243, 248, 254, 262-264], and reducing oxidative stress [229, 236]. 

The mechanisms associated with these effects are through their fermentation by gut microbiota and 

producing SCFAs, in particular butyrate. It has been observed that FS soluble fibre, which has low 

viscosity and high solubility [334, 335], can be easily fermented by colonic bacteria, and produce 

SCFAs, predominantly acetate, propionate, and butyrate [335], and improve the microbiota population 

by increasing the number of lactobacilli [338].   

Constipation is one the most common types of GI disorders. Previous human and animal studies 

showed that anti-constipative effects of FS in both healthy and constipated subjects [339, 340]. Bulk-

laxative effect of FS can be explained partly by the large amount of soluble and insoluble fibre in FS 

[339]. FS fibres can enhance stool water holding capacity, which makes stools bulkier and softer and 

reduces constipation [228-231]. The health-promoting effects of soluble and insoluble fibre are 

demonstrated in Table 1.4. 

 

Table 1-4. Characteristics of soluble and insoluble fibres.  

Soluble fibre Insoluble fibre 

Dissolve in luminal water and form a gel Make digesta bulkier 

Highly fermented by microbiota and 

produce SCFAs 

Increase the bowel movement 

Slow digestion and increase the water and 

nutrients absorption 

Reduce constipation and aid in removing 

toxics in the colon 

Have cholesterol lowering effects, and 

improve glycemic index 

Reduce the risk and progression of 

cardiovascular diseases, especially in high 

risk individuals 
(Adapted from [369, 370]) 
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1.2.5.2. Flaxseed and colon cancer 

 

There is increasing evidence that consumption of some food bioactives, such as n3-PUFAs, 

selenium, curcumin, resveratrol, and vitamin D, may modulate CRC risk  [232]. Although FS is a rich 

source of a variety of bioactives with anti-cancer properties, there are a few studies that have 

investigated the effects of FS on CRC. Most of these few studies found positive results, for example a 

recent study by Hernández-Salazar et al. showed that dietary consumption of FS and its total non-

digestible fraction showed protective effects against CRC development in AOM treated rats. These 

effects were associated with reducing the multiplicity of crypts, and up-regulation of genes involved in 

cell cycle arrest, mitochondrial apoptosis (p53, p21, bcl-2, bax) and caspase-3 [371]. Additionally, in 

studies by Bommareddy et al, dietary FS was shown to reduce AOM-induced CRC in male Fisher rats, 

as well as the intestinal tumors in Apc-Min mice (a mutant model of CRC) [21, 360].  These protective 

effects were associated with an increase in n3-PUFAs and lignan levels and a decrease in COX-1 and 

COX-2 levels [21, 360]. A further study on male Fischer rats demonstrated that dietary FS oil has 

chemopreventive effects on AOM-induced CRC compared to corn oil, which is rich in n6-PUFAs [364]. 

Furthermore, a study by Jenab et al. showed the anti-cancer property of both defatted FS and FS in 

AOM-induced CRC in male rats, suggesting that FS oil is not the only component of FS with anti-

cancer activities [22]. 

Generally, these findings propose that not one, but several FS bioactive with potential anti-cancer 

properties are involved in the protective effects of FS against CRC. As mentioned earlier, FS is one of the 

richest sources of dietary lignans [372, 373], which is over 800-fold of what is found in most other foods 

[372, 373]. Lignan metabolites, produced by gut microbiotaa, may have useful effects against CRC [363, 

374, 375], as they showed antimitotic, antiangiogenic, antioxidant, and phytoestrogenic effects [376-378]. 
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The results of epidemiological and preclinical studies show the association between lignans intake and 

reduced risk of CRC. For example, associations between elevated plasma concentrations of enterolignans, 

especially, ED, and significant reductions in colorectal adenoma risk was observed in a case-control study 

[69]. EL could induce apoptosis and reduce growth of Colo201 human colon cancer cells in culture and 

following transplantation into athymic mice [363]. Additionally, EL and ED were able to inhibit the 

growth of SW480, human colonic cancer cells, dose- and time-dependently [70]. Finally, a study in Min 

mice showed the correlation between SDG concentrations from wheat bran and its anti-cancer effects 

[362].  

Furthermore, FS oil is a potent source of ALA [331]. According to the results of epidemiological and 

preclinical studies, consumption of a high n3-PUFAs diet can lower the risk of CRC [232], this anti-cancer 

effect of n3-PUFAs seems to be partly through its anti-inflammatory functions. It is frequently observed 

that n3-PUFAs intake reduces IL-1 and TNF-α production by inhibiting the capacity of monocytes to 

produce inflammatory cytokines. It is possible that reduction in TNF-α increases the activity of caspase-3 

and decreases the activity of NF-κB signaling pathway, leading to induced apoptosis in colon cancer cells 

[232].  

In addition, FS is rich in soluble and insoluble dietary fibres [379]. The effects of fibre intake on CRC 

have been evaluated in several case-control and cohort studies. An association between higher 

consumption of fibre, vegetables, and fruits, and lower CRC risk has been observed in most case-control 

studies [380]. In a meta-analysis of 6 case-control studies, high intake of vegetables or fibre was 

accompanied with 40–50% reduction in CRC risk [381]. Similarly, a pooled analysis of 13 case-control 

studies showed that higher intake of fibre can reduce the risk of CRC approximately 50% [382]. The anti-

cancer effects of fibre, especially non-digestible soluble oligosaccharides (e.g. inulin and oligofructose), 

seems to be related to butyrate formation by colonic microbiota, and its ability to modulate several 
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systems, including transforming growth factor (TGF)-β signaling, IFN-γ-mediated apoptosis, and the 

expression of intestinal Muc2 gene (gene responsible for mucin synthesis) [232]. 

 

1.2.5.3.  Flaxseed and IBD  
 

As mentioned earlier, most of studies on FS effects on gut health mainly focused on CRC, and FS 

effects on IBD as a major risk factor in CRC development have been overlooked.  As a result, there is no 

scientific evidence about the beneficiary or adverse effects of FS in its natural matrix  in UC. In one 

study, IL-10 knockout (IL-10
−/−

) mice,  an experimental IBD model, were fed a 10% corn oil or 10% FS 

oil diet from weaning for 9 weeks. The study results showed that although FS oil attenuated serum TNF-

α and induced positive effects on bone mineral content and density, FS oil did not have a significant 

effect on intestinal inflammation among IL-10
−/−

 mice [383]. Considering the presence of several 

bioactives in FS with anti-oxidative and immuno-modulatory potentials, FS or its components may have 

protective effects in other models of IBD. Additionally, there is increasing evidence about the 

beneficiary effects of dietary FS or its components, especially FS oil, on inflammatory related diseases. 

For instance, 10% FS supplementation was able to improve inflammation and oxidative tissue damage in 

experimental murine models of acute lung injury by decreasing lung inflammation and lipid 

peroxidation [352]. Another study showed that a FS supplemented diet can inhibit atherosclerosis in the 

low-density lipoprotein receptor-deficient mouse, partially through its anti-proliferative and anti-

inflammatory actions.The protective effects of dietary FS was associated with a reduced expression of 

PCNA and the inflammatory markers IL-6, mac-3, and vascular cell adhesion protein -1 [384]. 
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1.3. Study Rationale  
 

As discussed earlier, UC is characterized by imbalanced microbiota, disturbed mucosal barrier, and 

extensive immune and inflammatory response. Uncontrolled UC significantly increases the risk of colon 

cancer, and is also associated with extra-intestinal disorders, and reduced quality of life. Currently, there 

is no cure for human UC, and the therapeutic options are limited.  Conventional therapies including anti-

inflammatory medicine, immunomodulators, antibiotics and biological agents, are widely being used to 

reduce the colonic inflammation and damage, and/or control the symptoms of UC.  The main problem 

with conventional medicines is their ineffectiveness in some patients and their side effects in others.  

Conversely, there is emerging evidence that demonstrates the potential of natural dietary interventions, 

such as prebiotics, n3-PUFAs and phenolic compounds in reducing intestinal inflammation, and UC 

symptoms, but the findings are controversial. While the majority of studies showed the beneficial effects 

of these bioactives in UC, there are a few studies showing their adverse effects, probably through 

increasing oxidative stress and apoptosis by n3-PUFAs, or simultaneous increase in gut permeability and 

microbiota growth by prebiotics.  

FS is a dietary component, rich in prebiotics (soluble fibre), n3-PUFA (ALA) and phenolic 

compounds (lignans), with unclear effects on colon health and colitis. Also, FS is a rich source of 

nutritive proteins. While the effect of FS protein on colon health and colitis is not yet clear, soy protein, 

which has a comparable amino acid composition, reduced colitis symptoms in animal models. The 

recent findings on  beneficial effects of FS on breast, prostate and colon cancers, and the cholesterol 

lowering effects of FS has increased the interest in the consumption of FS-based foods and supplements, 

however, the effects of FS and its bioactives on colon health components and colitis, as a common 

gastrointestinal disorder, are unknown.  Therefore, this research was designed to add to our knowledge 
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on the effects of FS, FS components and bioactives on colon health and colitis. This study consisted of 

three parts; in the first study the effect of FS, FS hull and kernel on DSS-induced colitis was studied and 

compared. In the second study the effect of FS- supplemented diet on colon health components under 

normal condition was investigated. Finally, the third study was designed to investigate the effects of 

purified FS bioactives (oil, fibre and protein) on colon health, DSS-induced colitis, and colitis recovery. 
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Chapter 2. Study Objectives and Hypotheses
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2.1. Objectives  

 
The thesis objectives were to:  

 

1. Investigate the effects of consuming diets supplemented with FS, FS hull and kernel on 

colitis symptoms and disease progression in DSS-induced acute colitis in C57BL/6 mice. 

 

2. Determine the effect of dietary FS on colon health components and colonic gene 

expression in healthy C57BL/6 mice. 

 

3. Determine the effects of purified FS mucilage, oil and protein on gut health components, 

disease symptoms in DSS-induced acute colitis, and colitis recovery in C57BL/6 mice. 

 

 

2.2. Hypothesis 
 

 
 The overall thesis hypothesis was that dietary consumption of FS, which is a rich source 

of soluble fibre, ALA and lignans, will improve gut health components, and will also influence 

DSS-induced acute colitis in mice.  

 

Specifically, it was hypothesized that: 

1. FS, FS hull (rich in ligan and soluble fibre) and kernel (rich in oil), either negatively or 

positively, will influence the severity and symptoms of DSS-induced acute colitis in 

C57BL/6 mice. The potential protective effects may occur through anti-inflammatory 
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effects of FS fibre fermentation products (especially butyrate), FS oil and lignans. The 

possible adverse effects may be related to the aggravatory effects of n3-PUFA on colitis, 

or increased permeability by FS prebiotics.   

 

2. Dietary FS will have a greater influence on colitis symptoms compared with individual 

seed components (hull and kernel), due to higher concentration of bioactives in whole FS. 

 

3. Dietary FS will affect colon health components in healthy C57BL/6 mice, by increasing 

microbial activity, and altering mucosal barrier integrity. 

 

4. Purified FS mucilage, oil and protein will influence gut health components in healthy 

mice, while altering the severity of  DSS-induced acute colitis, and UC recovery in mice 
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3.1. Abstract 
 

Ulcerative colitis (UC), a major type of inflammatory bowel disease (IBD), is 

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

clinical challenges in UC treatment, patients seek more natural alternative therapies to reduce UC 

progression and symptoms. Flaxseed (FS) is a dietary oilseed containing a variety of anti-

inflammatory bioactives (prebiotics, lignans, and n3-polyunsaturated fatty acids (n3-PUFAs)), 

and has been shown to reduce colon cancer risk in experimental models, however, the effects of 

FS on colonic inflammation is unknown. The objective of this study was to determine the effects 

of FS, and its n3-PUFA-rich kernel or lignan- and soluble fibre-rich hull components, in an 

animal model of acute colitis. C57Bl/6 male mice were fed basal diet, 10% FS, 6% kernel, or 4% 

hull for 3 weeks prior to and during acute colitis induction via 5 day dextran sodium sulfate 

(DSS; 2% w/v) exposure, and clinical, histological, and molecular markers of colitis were 

assessed. Hull and kernel diets had a few effects on colitis symptoms, while FS advanced the 

symptoms by increasing disease activity index (DAI), colonic histological damage and 

myeloperoxidase (MPO) levels, serum and colon inflammatory cytokines. FS also aggravated the 

DSS-induced effects on liver, which was reflected in increased hepatic cholesterol levels. 

Additionally, FS up-regulated the colonic expression of genes involved in the NF-κB signalling 

pathway, namely Nfkb1, Ccl5, Bcl2a1a, Egfr, Relb, Birc3 and Atf1. In conclusion, this study 

shows that diet supplemented with FS aggravates DSS-induced colonic inflammation in mice, 

which is associated with increased expression of NF-κB related genes and stimulation of the 

inflammatory response.  

KEYWORDS: Acute colitis, Flaxseed, Short chain fatty acids, NF-κB signalling, Cytokines 
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3.2. Introduction 
 

Ulcerative colitis (UC), a type of inflammatory bowel disease (IBD), is characterized by 

chronic, remitting and relapsing inflammation in the colon [4]. UC is associated with clinical 

symptoms (abdominal pain, diarrhea, rectal bleeding, and weight loss), colonic histological 

changes (remarkable infiltration of neutrophils in colonic lesions, epithelial cell necrosis, and 

ulceration), and increased production of colonic and systemic inflammatory mediators such as 

chemokines and cytokines, mainly IL-6, IL-1β and TNF-α [253, 385]. It has been suggested that 

inappropriate interactions between the microbiota and the intestinal mucosa are involved in UC 

initiation and progression [386]. In addition to a significant reduction in the quality of life of  UC 

patients [387], colitis is also a major risk factor for colorectal cancer (CRC) development [4] and 

a variety of extra-intestinal manifestations including diseases of the liver [139]. 

Current treatments for UC include antibiotic, anti-inflammatory, immunosuppressant, 

biologic agents (i.e. anti- TNF-α) [7]. However, patients often suffer from severe side effects, fail 

to respond, and also become resistant to these therapies [8], therefore more natural alternative or 

complementary therapies are being studied for their effectiveness in reducing UC symptoms and 

disease progression [4, 9]. Recently, a variety of dietary components have been investigated for 

their potential to reduce UC symptoms and disease progression, including prebiotics, probiotics, 

and butyrate [4, 12-15], phenolic compounds (e.g. curcumin, quercitrin, and rutin) [16, 17], and 

n3-polyunsaturated fatty acids (PUFAs) [18-20].  

Flaxseed (FS) is an oilseed containing a variety of bioactives and thus has the potential to 

be used as an alternative or complementary therapy to reduce colonic inflammation and improve 

gut health. FS is a good source of both soluble and insoluble dietary fibre, contributing 30% and 
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10% to the seed weight, respectively [379]. It is well established that fiber, especially 

fermentable fiber (inulin, pectin, oligofructose, and resistant starch), and their colonic 

fermentation products, short chain fatty acids (SCFAs), can promote gut health. In particular, 

fibre has been shown to reduce colon cancer risk [388], impact gut microbiota [251], modulate 

intestinal immune response and inflammation [13, 14], and reduce oxidative stress [229]. FS is 

also the richest dietary source of plant lignans, predominantly secoisolariciresinol diglycoside 

(SDG) [24]. FS lignans are metabolized to mammalian lignans, mainly enterolactone (EL) and 

enterodiol (ED), by the colonic aerobic microbiota [24]. Lignans elicit various biological 

activities such as anti-cancer [362, 363], anti-oxidative, and anti-inflammatory activities [24, 

389]. In addition to fibre and lignans, FS is also a rich source of the n3-PUFA, α-linolenic acid 

(ALA). A variety of both human and animal studies have shown beneficial effects of long-chain 

n3-PUFAs (docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)), and fish oil, rich in 

DHA and EPA, in reducing colitis symptoms [20, 277]. Additionally, emerging data indicates 

that ALA can also reduce colonic inflammation through modulation of NF-κB signalling and 

reducing oxidative stress [18, 19]. Consumption of FS, or its purified FS oil, has been shown to 

improve systemic lipid profiles by increasing circulating and tissue n3-PUFA levels while 

reducing the levels of pro-inflammatory n6-PUFAs (i.e. Arachidonic acid (AA)); a mechanism 

through which FS may reduce inflammation [373].  Research on the gut health promoting 

potential of FS has primarily focused on colon cancer [21-23], however the effects of FS on 

colonic inflammation, as one of the major risk factors in development of CRC, has not been 

studied.  

Additionally, FS bioactives are unequally distributed throughout the seed components, 

with the hull enriched in fibre and lignans, and the kernel enriched in ALA [379]. Currently, 

http://en.wikipedia.org/wiki/Docosahexaenoic_acid
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there is limited research on the efficacy of different FS fractions on human health and disease 

[390, 391], however they are commercially available as natural health products or 

neutraceuticals. Thus, in addition to examining the effects of whole FS, FS kernel and hull were 

also tested for their ability to modulate colonic inflammation in a mouse model of acute colitis. 

 

3.3. Materials and Methods  
 

3.3.1. Purification and Chemical Analysis of FS, Hull and Kernel 
 

Whole FS, hull (Natunola® Flax Hull Lignans) and kernel (Natunola® Omega Flax 70) 

were purchased from Natunola (Winchester, Canada). To reduce the amount of whole seeds and 

hull from the kernel product, the kernel product was mechanically separated with the Clipper 

Model 400 Office Tester & Cleaner (A.T. Ferrell Company Inc., Bluffton, IN, USA) which 

increased the purity from 40 to 75%. FS, hull and kernel were further manually purified to obtain 

the FS ingredients with the purity of >98 % (Figure 3.1). To determine the proportions of hull 

and kernel to the whole seed, randomly selected whole seeds were weighed and then separated 

into hull and kernel fractions and reweighed. All samples were then milled with a standard coffee 

grinder, sieved (mesh size 1000 µ) to obtain equivalent particle size. Ground FS, FS hull and 

kernel samples were sent to collaborative laboratories to be analyzed for fat, protein, 

carbohydrates, lignan, and fibre content (Methods in Appendix 1). Nutritional composition of 

FS, hull and kernel is demonstrated in Table 3.1. 
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a                                               b                                              c

 
Figure 3-1. Purified FS (a), FS kernel (b) and hull (c) 

 

3.3.2. Study Design and Experimental Diets 
 

Sixty 3-wk-old male C57Bl/6 mice were purchased from Charles River Laboratories 

(Portage, MI), maintained in a 12-hr light/ dark cycle at 23 ±2°C and given food and tap water ad 

libitum. Mice were housed 3-4 mice/cage, acclimatized for 1 week on AIN-93G basal diet (BD) 

containing 7% corn oil.  The AIN-93G BD is usually formulated with 7% soybean oil, but in this 

study the corn oil was used to eliminate the influence of anti-inflammatory bioactives in soybean 

oil (such as tocopherol, isoflavones and ALA) on colonic inflammation [392-394]. Animals were 

divided into experimental groups such that initial body weight (BW) between groups did not 

differ. The experimental groups included a BD-fed negative control group (NEG) (n=24 

mice/group), 10% FS-fed group, 6% kernel-fed group, and 4% hull-fed group (n=12 

mice/group). The 4% hull and 6% kernel diets contained the same amount of hull or kernel 

present in the 10% FS diet. Diets were prepared by Harlan laboratories (Madison, USA) and 

protein, fat, and fibre levels were adjusted to equalize macronutrients across diets, and cornstarch 

was adjusted to equalize caloric content (Table 3.2). One week prior to DSS administration, BW 

and diet intake (DI) were assessed twice weekly. After 16 days of diet, all the animals except 

half of NEG group received 2% DSS (MW:36,000-50,000, MP Biomedicals, Canada) in their 
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drinking water for 5 days. During the DSS cycle, DI and water intake (WI) of each cage was 

measured, and the symptoms of colitis were monitored for each individual mouse daily. Colitis 

symptoms included the scores for stool consistency (0-3), stool blood (0-3) [395] and BW loss 

(0-3) (Table 3.3) [396]. Disease activity index (DAI) was determined as a summation of all three 

scores.  At the end of DSS cycle, mice were euthanized by cervical dislocation, blood collected 

by cardiac puncture, and serum separated and stored at -80°C for later cytokine and lignan 

analyses.  

Mouse colons and cecums were removed intact, and the colon length and cecum weight 

(including content) were measured. After removing feces, colons were weighed and 1 cm of the 

distal colon was formalin-fixed for later histological assessment. The remaining colon was 

flushed with PBS and snap frozen and stored at -80°C for later protein (distal colon) and RNA 

(proximal colon) extraction. Cecum content was snap frozen and stored at -80°C for later short-

chain fatty acid analyses (SCFAs). Livers were excised, weighed, and snap frozen and stored at -

80°C for later analyses of cholesterol levels and fatty acid profiles. All experimental protocols 

involving animals were submitted and approved by the Animal Care Committee, University of 

Guelph (Animal Utilization Protocol # 10R067). 

 

3.3.3. Histological Analysis 
 

For microscopic histological evaluation, formalin-fixed colons were embedded in paraffin, 

5 μm sections were stained with haematoxylin and eosin and evaluated in a blind manner by a 

veterinary pathologist (Dr. Geoffrey Wood) using light microscopy (Olympus BX41, Canada). 

Histological scoring was based on inflammation and crypt dilation. Inflammation severity was 
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graded from 0 (no inflammation) to 3 (severe inflammation with erosions or ulcers), and crypt 

dilation was graded from 0 to 3, where grade 0 was intact crypts, grade 1 was 20% to 50%, grade 

2 was 50%-90% and grade 3 was almost all crypts dilated. The average of the inflammation and 

crypt dilation scores was used as the total histology score. 

 

3.3.4. Colon Homogenization and Protein Extraction 
 

Snap frozen distal colon samples were homogenized (Powerlyser; Mo Bio Laboratories, 

USA) in tubes containing lysis buffer and 5x2.8 mm ceramic beads at 3500 rpm for 20 sec. The 

lysis buffer contained 200 mM NaCl, 500 mM EDTA, 10mM Trisma HCl, 10% glycerin, 

28µg/ml aprotinin, 1 µg/ml leupeptin and 1mM phenylmethylsulfonyl fluoride. Homogenization 

was followed by 3 rounds of centrifugation (at 4
o
C and 1,500 g for 15 min) to eliminate cellular 

debris. The protein concentration was assessed by a Bio-Rad protein assay kit (Bio-Rad, Canada) 

and the absorbance was read at 595nm using Bio-Tek microplate reader (Bio-Tek, USA).  

 

3.3.5. Colonic MPO and Cytokine Levels 
 

Myeloperoxidase (MPO) level was measured as a biomarker of neutrophil infiltration. 

MPO level was measured in colon protein lysates by an MPO ELISA kit according to the 

manufacturer's protocol (Hycult Biotech, Canada) and expressed as Log MPO (ng/mg protein). 

IL-1β and IL-6 concentrations were measured in colon protein lysates using an ELISA kit 

according to the manufacturer's protocol (R&D Systems, Canada) and were expressed as pg/mg 

protein.  
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3.3.6. RT2 PCR Array for NF-κB Pathway 
 

Snap frozen proximal colon sections were added to tubes containing  TRIzol reagent 

(Invitrogen, USA) and 5x2.8 mm ceramic beads and homogenized using a Powerlyser (Mo Bio 

Laboratories, USA) at 3500 rpm for 20 sec. Total RNA was extracted with chloroform and 

isopropanol, followed by centrifugation steps. RNA was purified using RNeasy mini kit and 

RNase free DNase set (Qiagen, Canada) according to the manufacturer's protocol. Concentration 

and quality of RNA was assessed by Thermo Scientific Nanodrop 2000 and Bio Rad Experion 

(Bio-Rad, Canada). cDNA was prepared using RT first strand kit (Qiagen, Canada) with 1µg 

RNA . RT-PCR was performed using Qiagen RT profiler PCR array kit specific for mice NF-κB 

pathway (PAMM-025ZA, Qiagen, Canada) and a viiA 7 real-time PCR system (SABiosciences, 

Canada). Briefly, cDNA was amplified by 40 cycles of 95°C for 15 s and 60°C for 1 min, using 

the RT Syber Green/ Rox PCR master mix (Qiagen, Canada). Actb, B2m, Gusb and Hsp90ab1 

were used as housekeeping genes to normalize the expression levels. The results were reported 

as fold change up or down-regulation in gene expression compared to the DSS group. 

 

3.3.7. Cecal Short Chain Fatty Acid Concentrations 
 

 Cecal SCFA concentrations, including acetate, propionate, and butyrate, were measured 

by GC as previously described with slight modifications [397]. Cecum content was freeze-dried, 

after homogenization and the resultant supernatant was filtered through a 0.2µm PVDF filter 

(Chromatographic Specialties Inc. Canada) and 1µl of filtrate was used for injection into the GC 



  78 
 
 
 

(Hewlett Packard 5890 Series II, Canada) using J & W GC columns, CP WAX 52 CB 30 X 0.53 

(1.0) (Agilent Technologies, Netherlands). Injector and detector temperatures were maintained at 

240°C and 280°C, respectively. The oven temperature, after an initial period of 1 min at 75°C, 

was increased to 180°C at a rate of 6°C/min; then increased by 10°C/min, and held at 230°C for 

6 min. The final oven temperature was increased by 2°C/min, and kept at 240°C for 5 min. The 

peaks were identified by comparing their retention times with acetate, propionate, and butyrate 

GC standards (Sigma, Canada). Data collection was managed using HPCHEM software 

developed by Agilent Technologies, Canada. 

 

3.3.8. Serum Cytokines  
 

Serum cytokines were measured using the Bio-Plex Protein Array System with the Bio-

Plex Pro™ mouse cytokine group (6-plex) Th17 Panel A (Bio-Rad, Canada). Samples were 

analyzed using a standard range of 0–13000 pg/ml and a sample dilution of 1:4, as recommended 

by the manufacturer. 

 

3.3.9. Serum Lignans and Hepatic Cholesterol and Fatty Acid Profiles 
 

 Serum lignans were analysed in Dr. Rong Cao`s laboratory (Guelph Food Research 

Centre, AAFC, Guelph) by using a HPLC system, and Hepatic Cholesterol and fatty acids were 

analysed in Dr. Bourlaye Fofana`s  laboratory (Crops and Livestock Research Centre,  AAFC, 

Charlottetown) by a GC system (methods in Appendix 2 and 3). 

http://www5.agr.gc.ca/eng/?id=1180557429228
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3.3.10. Statistical Analysis 
 

Data are expressed as means ± SEMs. Multiple comparisons were performed by one-way 

ANOVA, followed by LSMean post-hoc. For data that were not normally distributed (i.e. colonic 

MPO and IL6), the data was Log transformed to resemble a normal distribution before running 

ANOVA test. For nonparametric data (e.g. DAI, histological scores), Kruskal Wallis analysis 

was used, followed by Dunns post-hoc test. Comparison between two treatment groups, such as 

PCR array results, was performed by two-tailed Student`s t test. The level of significance was set 

at P<0.05. Statistical analyses and/or graphical presentation were performed using SAS 

Enterprise guide 4.3, GraphPad Prism 5.0 (GraphPad Software, Inc., USA), or Sigma Plot 12.0 

(Systat Software Inc., USA). 

 

3.4. Results 
 

3.4.1. Seed Composition, Proximate Analyses, Dietary Fibre, and Lignan 

Concentration 
 

After manual separation of the hull and kernel from whole seed, it was determined that the 

hull and kernel represent 40% and 60% of the total seed weight, respectively. Fibre analyses 

indicated that whole FS contains ~40% total fibre, ~24% protein, ~40% oil, and ~3% available 

carbohydrate; the hull contains ~49% fibre,  ~20% protein, ~27% oil, and ~2.5% available 

carbohydrate; and the kernel contains ~30% fibre, ~24% protein, ~50% oil, and ~2% available 
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carbohydrate. Nutrient composition and distribution in 100g FS, as well as 60g kernel and 40g 

hull (which are equivalent to the kernel and hull amount in 100g whole seed), is available in 

Table 3.1. The AIN-93G animal diet (basal diet; BD) was formulated to adjust for the oil, 

protein, available carbohydrate, and total fibre found in the FS, hull, and kernel (Table 3.2).  

 

Table 3-1. Nutrient composition and distribution in FS, kernel and hull 

Nutrients   

FS 

(g/100 g) 

K 

(g/60 g) 

H 

(g/40 g) 

Total oil  40.8 31.6 10.8 

 n6-PUFAs 6.5 4.9 1.7 

 n3-PUFAs 22.3 17.4 5.8 

Total dietary fibre 40.4 21.5 19.6 

 Soluble fibre   9.1 2.1 5.9 

 Insoluble fibre   31.3 19.4 13.8 

Protein 23.5 14.3 7.7 

Available carbohydrates 2.9 1 1.3 

SDG  1.1 0.07 1.07 

 

Distribution of oil, dietary fibre, protein, available carbohydrates, and SDG in 100g of 

flaxseed (FS), 60g of kernel (K), or 40g of hull (H) 

 
 

Table 3-2. Nutrient composition of the diets 

Ingredients 

 

BD 

(g/Kg) 

10% FS  

(g/Kg) 

6% K 

(g/Kg) 

4% H 

 (g/Kg) 

Casein   200 173 183.52 191.1 

L-Cystine   3 3 3 3 

Corn Starch  397.48 408.58 408.31 397.94 

Maltodextrin 132 132 132 132 

Sucrose  100 97.1 98.68 99 

Corn Oil 70 29.2 38.4 59.17 

Cellulose 50 9.6 28.50 30.35 

Mineral*
 

35 35 35 35 

Vitamin†  10 10 10 10 

Choline Bitartrate  2.5 2.5 2.5 2.5 

TBHQ‡ 0.014 0.014 0.014 0.014 

FS, kernel or hull 0 100 60.07 39.92 
 

BD, basal diet; FS, flaxseed; K, kernel; H, hull.  All diets contained 20% protein, 7% fat, 5% fiber, and 

3.8 kcal/g calorie content. *Mineral mix (AIN-93G-MX), †Vitamin mix (AIN-93-VX), ‡TBHQ, 

tertiarybutylhydroquinone 
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Table 3-3. Scoring scale for the assessment of colitis symptoms 

Score Stool 

consistency 

Stool blood 

score 

BW loss 

score 

0 Normal -Hemoccult 0-1% 

 

1 Soft but 

formed 

+ Hemoccult 1-5 % 

 

 

2 Very soft Bloody stool 5-10 % 

 

3 Diarrhea Rectal bleeding 10-20 % 

 

 

3.4.2. The Effects of FS Diets on Acute Colonic Inflammation in Mice 
 

Mice were fed BD, or BD supplemented with 10% FS, 6% kernel or 4% hull for three 

weeks prior to and during 5 days of DSS exposure, to determine their potential to lessen colonic 

damage and inflammation induced by DSS. Prior to DSS exposure, there were no differences in 

% BW gain (Figure 3.2) or DI (Figure 3.3) between groups, indicating that the diets were well 

tolerated by mice. DSS exposure was associated with reduced DI and WI, but the difference did 

not reach to a significant level (Figure 3.3). 
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Figure 3-2.The effects of FS-based diets on BW gain pre-DSS cycle 

Diet did not cause a significant difference in % BW gain between treatments (P>0.05), n=12.  
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Figure 3-3. Diet and water intake pre or in DSS cycle. 

DI was not significantly different between groups prior to DSS cycle (A), and 5 day DSS administration 

did not cause any significant difference in diet (A) or WI (B) between groups (P>0.05). 
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As demonstrated in Figure 3.4, consumption of FS, kernel and hull significantly increased 

the DAI baseline, prior to exposure to DSS (day 0). This was caused by an increase in stool 

consistency and not due to changes in BW loss, or stool blood score (Figure 3.4). DSS exposure 

increased DAI compared to NEG control from day 2 to the end of the cycle. During the DSS 

cycle, FS increased the DAI compared to the DSS group and this difference reached statistical 

significance at days 4 and 5, while the hull group slightly attenuated the DAI at DSS days 2
_
4, 

without reaching significance. Kernel diet did not significantly affect the DAI compared to the 

DSS group (Figure 3.4). The adverse effect of FS on the DAI was reflected in higher BW loss 

and stool consistency score compared to DSS group (Figure 3.4). 

Established biomarkers of DSS-induced colonic inflammation include colon shortening 

and increased colon weight/length ratio (w:l)  which were increased in all DSS-treated groups 

(Figure 3.5). Furthermore, FS worsened DSS-induced changes in the colon length and weight, 

resulting in a significant increase in the w:l (Figure 3.5). Exposure to DSS also increased distal 

colon MPO levels in all groups, and between DSS-treated animals, the FS group had the highest 

MPO level (P <0.05), while kernel and hull diets did not affect colonic MPO levels compared to 

the DSS group (Figure 3.5). Additionally, FS diet aggravated colonic histological damage 

induced by DSS, including inflammation, crypt dilation, and overall histological scores, while 

kernel and hull diets did not induce histological changes compared to the DSS group (Figure 

3.5). 

 



  84 
 
 
 

1 2 3 4 5
0

2

4

6

8

*
*
*

*

*

DSS Day

D
A

I

1 2 3 4 5
0

1

2

3

*
*
*

*

*

*

DSS Day

S
to

o
l 
c

o
n

s
is

te
n

c
y

 s
c

o
re

1 2 3 4 5
0.0

0.5

1.0

1.5

2.0

2.5

DSS Day

S
to

o
l 
b

lo
o

d
 s

c
o

re

1 2 3 4 5

-4

-2

0

2

4

6

*

*

*DSS Day

%
 B

W
 c

h
a

n
g

e

NEG

DSS

FS+DSS

K+DSS

H+DSS

  

Figure 3-4. The effect of FS-based diets on DAI during the DSS cycle 

Mice were fed BD, 10% FS, 6% kernel, or 4% hull diet for 3 weeks. During 5 days of 2% DSS exposure, 

DAI was measured daily. DSS exposure increased the DAI compared to NEG group, starting at day 2 

(P<0.05). FS aggravated DAI during the DSS cycle, with a significant difference on days 4 and 5, by 

increasing stool consistency score and BW loss (P<0.05); hull diet slightly attenuated DAI at days 2, 3 and 

4 (P>0.05); and kernel diet had no effect on DSS-induced DAI. Values are means ± SE, *P<0.05 vs. DSS 

group, n=12. 
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Figure 3-5. The effect of FS-based diets on colon morphology, histology, and MPO levels in 

colitic mice 

Mice were fed BD, 10% FS, 6% kernel or 4% hull diet for 3 weeks and exposed to 2% DSS for 5 days, except 

for the NEG control group. At sacrifice, colon weight and length were measured and colon samples were 

collected for histological analyses and MPO level. A. DSS exposure increased colon w:l, histological score 

and MPO level (P<0.05), which were aggravated by FS diet only (P<0.05). Values are means ± SE; *P<0.05 

vs. DSS group, #P<0.05 vs. NEG control, n=8 for w:l ratio, n=12 for histological score, and n=6-8 for MPO 

level. B. Representative H&E stained colon cross sections demonstrate the DSS exposure caused crypt dilation 

and inflammation, which was aggravated by FS diet (scale bar = 100 µm). 
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3.4.3. Cecum Size and SCFA Production 
 

Exposure to DSS resulted in a non-significant reduction in cecum weight, levels of cecal 

acetate and propionate (P>0.05), however, it significantly reduced butyrate levels (P <0.05) 

compared to healthy animals (Figure 3.6). FS, kernel, and hull diets all significantly maintained 

cecal SCFA levels (P<0.05) to the level of healthy controls (NEG), however, only the FS diet 

induced an increase in cecum weight (Figure 3.6). 

 

3.4.4. DSS-Induced Changes in Hepatic Function and Fatty Acid Profiles 
 

In addition to significant effects on colonic inflammation, DSS also induces adverse effects 

in the liver [398]. In this study, DSS caused a reduction in liver weight, which was significantly 

attenuated in mice consuming hull diet which had liver weights similar to healthy controls 

(NEG) (P<0.05) (Table 3.4). While hepatic cholesterol levels were not affected by DSS 

exposure, consumption of FS diet increased cholesterol levels (P<0.05) (Table 3.4). DSS 

exposure also altered the liver fatty acid profile by increasing the n6-PUFA, linoleic acid (LA) 

(P<0.05) (Table 3.4). Compared to the NEG and DSS groups, consumption of FS and kernel 

diets induced significant effects on the liver fatty acid profile as indicated by a reduction in LA 

and arachidonic acid (AA), and an increase in ALA, EPA, and DHA; thereby decreasing the 

n6:n3 ratio (P <0.05). Changes in hepatic fatty acid profiles were less affected by hull diets, 

however there was a significant increase in DHA and a reduction in AA and n6:n3 ratio (P 

<0.05), compared to the DSS and NEG groups (Table 3.4).  
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Figure 3-6. The effect of FS, kernel, and hull diets on cecum size and SCFA levels in colitic 

mice 

Mice were fed BD, 10% FS, 6% kernel or 4% hull diet for 3 weeks and exposed to 2% DSS for 5 days, 

except for the NEG control group. At sacrifice, cecums were collected for SCFAs analysis. FS diet 

increased cecum weight, while all FS based-diets attenuated DSS-induced reductions in cecal acetate, 

propionate, and butyrate. Values are means ± SE. *P<0.05 vs. DSS group, n=8 for cecum weights, and 

n=10-12 for SCFAs analysis.   
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Table 3-4. The effect of FS diets on liver size and hepatic fat profile in colitic mice 

 NEG DSS FS + DSS K+DSS H+DSS 

Liver weight (g/Kg BW) 55.07±1.53 47.21±2.06
#
 49.76±1.19

#
 50.95±0.9

#
 52.40±1.27* 

Cholesterol (mM/g liver) 1.88±0.08 1.87±0.13 2.33±0.16*
#
 1.65±0.13 1.87±0.12 

LA % 17.82±0.86 24.18±0.61
#
 20.11±0.36*

#
 20.05±0.37*

#
 23.29±0.48

#
 

AA % 8.97±0.8 9.14±0.65 6.43±0.47*
#
 5.94±0.58*

#
 6.84±0.49*

#
 

ALA % 0.14±0.03 0.22±0.04 4.97±0.37*
#
 3.79±0.31*

#
 1.12±0.05

#
 

EPA % 0.0±0
 
 0.0±0 2.01±0.13*

#
 1.22±0.12*

#
 0.28±0.02 

DHA % 1.69±0.16 2.15±0.21 7.10±0.33*
#
 6.02±0.51*

#
 4.23±0.42*

#
 

Total n6-PUFAs 26.79±1.54 33.32±0.94
#
 26.54±0.72* 25.99±0.76* 30.14±0.69*

#
 

Total n3-PUFAs 1.84±0.16 2.37±0.24 14.08±0.25*
#
 11.03±0.47*

#
 5.63±0.42*

#
 

n6:n3 15.08±0.59 15.37±1.25 1.89±0.05*
#
 2.38±0.05*

#
 5.73±0.53*

#
 

 

Mice were fed BD, 10% FS, 6% kernel or 4% hull diet for 3 weeks and exposed to 2% DSS for 5 

days, except for the NEG control group. At sacrifice, livers were collected for fatty acids and 

cholesterol analyses. DSS exposure reduced liver weight and increased hepatic LA% and total n6-

PUFAs compared to NEG control. FS and kernel did not affect DSS-induced changes in liver weight, 

but increased ALA, EPA and DHA%, and reduced LA and AA%, and n6:n3. Hull attenuated DSS-

induced changes in liver weight, while increased DHA, and reduced AA and n6:n3, without significant 

effects on other n3 and n6-PUFAs. Additionally FS diet increased hepatic cholesterol compared to 

both healthy (NEG) and DSS-treated mice. Values are means ± SE. *P<0.05 vs. DSS group, #P<0.05 

vs. NEG group.  n=8 for liver weight, and n=12 for fatty acids profile.  
 

3.4.5. Serum Lignans 
 

Mammalian and total lignans were measured in serum from BD-, FS-, kernel-, and hull-fed 

mice (Figure 3.7). Serum lignan concentrations from mice fed BD (either from healthy control 

or DSS-treated) were relatively low, with a mean total lignan concentration of 0.05±0.03µM. 

Although the serum lignan concentrations were highly variable in all FS-based dietary groups, all 

FS diets increased serum lignan levels, however, FS and hull diets induced a more significant 

increase in serum lignans compared to the BD-fed group (Figure 3.7). This was to be expected 

since the dietary SDG level was 15x higher in the hull and FS diets compared to the kernel diet 

(Table 3.1).  
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Figure 3-7. The effects of FS diets on serum lignan levels 

Mice were fed BD, 10% FS, 6% kernel or 4% hull diet for 3 weeks and exposed to 2% DSS for 5 days. At 

sacrifice, blood samples were collected for serum lignans analysis. The level of ED, EL and total lignans 

significantly increased by all FS diets compared to DSS group (*P<0.05, **P<0.01, ***P<0.001 vs. DSS 

group). Values are means ± SE, n=7-12. 

 

3.4.6. The Effects of FS on Colonic and Systemic Biomarkers of 

Inflammation  
 

Since the 10% FS diet induced the most significant effects on colitis symptoms, we further 

analyzed these samples for FS effects on colon and serum cytokines, and colonic expression of 

genes involved in NF-κB signalling pathway as one of the major pathways involved in colonic 

inflammation.   

3.4.6.1. Colon and Serum Cytokines  
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It has been shown that colitis is associated with an increase in inflammatory cytokines (IL-

1β, IL-6 and IFN-γ), which are involved in the pathogenesis of UC and DSS-induced colitis 

[399, 400]. In this study, acute exposure to DSS was associated with an increased level of 

inflammatory cytokines in the colon and serum, however, only colonic IL-6 levels were 

significantly different (Figure 3.8). Additionally, the FS diet aggravated the DSS-induced 

increase in colonic IL-1β and IL-6, and serum IL-1β, IL-6 and IFN-γ levels (Figure 3.8). Serum 

levels of IL-10, IL-17 and TNFα were not significantly affected by DSS or FS+DSS treatment 

(data not shown). 

3.4.6.2. NF-κB PCR Array  
 

NF-κB activity plays an important role in the regulation and expression cytokines and 

enzymes and receptors involved in the immune response [116], and increased activation  of NF-

κB is linked to a variety of inflammatory and autoimmune diseases, including IBD [117]. Since 

FS aggravated different aspects of acute colitis, the colonic expression of 84 genes, involved in 

NF-κB pathway, were compared between the DSS and FS groups. The PCR results showed that 

FS up-regulated the expression of 7 genes in NF-κB signalling pathway (Table 3.5), including 

Nfkb1, Ccl5 and RelB which have major roles in development of innate and adaptive immune 

system, and polarization, activation and chemotaxis of a variety of immune cells [125, 126]. 

Bcl2a1a and Birc3, which are involved  in regulation of cell survival and apoptosis [401, 402], 

and activating transcription factor 1 (Atf1) and epidermal growth factor receptor (Egfr), which 

are related to colonic epithelial response to injury and DNA damage [130, 403], were also up-

regulated by FS diet.  

http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
http://www.abcam.com/index.html?pageconfig=searchresults&search=NFkB&sk=prod&sv=1&sn=Primary%20antibodies&l=0&fViewMore=1
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Figure 3-8. The effect of FS on colon and serum cytokine levels in colitic mice 

Mice were fed BD or 10% FS diet for 3 weeks and exposed to 2% DSS for 5 days, except for the NEG 

control group. At sacrifice, blood samples and colon were collected for cytokines analysis. DSS exposure 

slightly increased colonic IL-1β, and serum IL-1β, IL-6 and IFN-γ (P>0.05), while significantly increased 

colonic IL-6. FS diet aggravated DSS-induced elevation in colonic IL-6 and IL-1β, and serum IL-1β, IL-6 

and IFN-γ (*P<0.05, **P<0.01 and ***P<0.001 vs. NEG group, #P<0.001 vs. DSS group). Values are 

means ± SE, n=5-9. 
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Table 3-5. The effect of FS on the colonic expression of NF-κB related genes 

 

Gene 

Fold change 

FS+DSS     vs. DSS 

Bcl2a1a 2.11*** 

Nfkb1 1.19** 

Ccl5 2.05** 

Relb 2.12* 

Birc3 2.16* 

Egfr 1.97* 

Atf1 1.44* 

 

 
Mice were fed BD or 10% FS diet for 3 weeks. After 5 days of 2% DSS exposure, the expression of NF-

κB related genes in proximal colons were analysed. Actb, B2m, Gusb and Hsp90ab1 were used as 

housekeeping genes to normalize the expression levels. Values indicate the fold change up-regulation (↑) 

in gene expression compared to DSS group. *P<0.05, **P<0.01, ***P<0.001 vs. DSS group. n=5 for 

DSS group, and n=6 for FS+DSS group. 

 

 

 

3.5. Discussion 
 

The primary objective of this study was to investigate if dietary FS, and its purified hull 

and kernel seed components, could reduce symptoms of DSS-induced colonic inflammation in 

mice. FS consumption has previously been associated with reducing colon cancer growth and 

development [21, 22], however, its effects on modulating colonic inflammation, as a major risk 

factor in CRC development, has not been studied.  Mice were fed FS-based diets for 3 weeks, 

prior to and during DSS-induced acute colitis; a model extensively used to study various dietary 

agents for their potential to reduce colonic inflammation [14, 17, 277, 398, 404]. Previous 

studies have shown beneficial anti-inflammatory effects of purified dietary components, similar 

to those found in FS [12-14, 16-19]. In our current study however, consumption of FS diet 
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worsened colitis symptoms and disease progression. The amount of ground FS supplemented 

into mouse diets in this current study (10%) has previously demonstrated anti-inflammatory 

[405], anti-cancer [21, 390, 406], and cardio-protective effects [407], and thus, in addition to the 

lack of effects on DI and BW in our current study, indicates the tolerance of animals to 10% FS 

supplemented diet. 

In the current study, DSS exposure increased the symptoms of acute colonic inflammation 

in mice, including colon and liver morphological changes, colonic histological damage, 

increased colonic infiltration of neutrophils, and an increase in colonic pro-inflammatory 

cytokine, IL-6. FS diet exacerbated DSS-induced colitis as indicated by an increased DAI, colon 

w:l, colonic histological damage, MPO levels, and inflammatory cytokines. FS also exacerbated 

DSS-induced effects systemically by increasing serum inflammatory cytokines (IL-1β, IL-6 and 

IFN-γ), and altering hepatic cholesterol metabolism, which has also been implicated in the 

pathogenesis of UC and DSS-induced colitis [139, 398-400, 408]. On the other hand, FS-based 

diets improved the n3:n6 ratio in liver and increased the serum lignan levels, however these 

changes could not protect the animals against local and systemic symptoms of DSS-induced 

acute colitis.  

The adverse effect of FS on DSS-induced colitis in mice was also demonstrated by the 

increased colonic expression of genes involved in, or regulated by, NF-κB activation. Enhanced 

activation of NF-κB signalling has been observed in both intestinal biopsies from IBD patients 

[117], as well as in colon tissue of mice exposed to DSS [118], and represents an integral 

pathway in the regulation of immune and inflammatory responses. NF-κB is a family of dimeric 

transcription factors, including Rel (c-Rel), RelA (p65), RelB, Nfkb1 (p50/p105) and Nfkb2 

(p52/p100), which play crucial roles in enabling cells to adapt and respond to environmental 
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signals [119]. FS caused an increase in two of the genes encoding NF-κB members, namely 

Nfkb1and RelB, which are involved in the activation of both classical and alternative NF-κB 

signalling [121]. Activated NF-κB homo- or heterodimer complexes translocate to the nucleus 

where they bind to specific DNA binding sites activating transcription of an array of genes 

involved in regulation of immune and inflammatory responses (e.g. cytokine IL-6 and Rel/IκB 

protein (p105)) and apoptosis and cell survival pathways (e.g. Bcl family members) [121, 128, 

129]. In our study, consumption of FS resulted in an increased expression of genes related to cell 

survival, apoptosis, necrosis and growth (Bcl2a1a, Birc3 and egfr), which can be in response to 

colonic damage [130, 403, 409]. Bcl2a1a is a member of Bcl-2 family that is preferentially 

expressed in hematopoietic and endothelial cells in response to stimulatory cytokines (such as 

IL-1β and TNFα) released from mast cells, smooth muscle and T cells [409]. In this study, FS-

supplemented diet had elevated the colonic levels of  IL-6 and IL-1β , the cytokines that can 

stimulate the activation of genes in NF-κB signalling pathway [409], while their production is 

influenced by NF-κB signalling [121]. Increased inflammatory cytokines in the colon of FS-fed 

mice is in agreement with an increase in colonic NF-κB activation in these mice.  

From our results, the exact mechanisms through which FS induced an increase in NF-κB 

pathway activation, is unclear. NF-κB complexes become activated by kinases (IKKα and IKKβ) 

responsible for the phosphorylation and subsequent degradation of NF-κB inhibitors (IκBs), 

enabling nuclear translocation of the activated NF-κB complexes. IKKs are activated by a 

number of factors including pro-inflammatory cytokines (TNFα and IL-1β) and TLRs (which are 

pattern-recognition receptors responsible for sampling and responding to commensal and 

pathogenic microbiota and microbial products) [119-121]. In addition to elevated IL-1β levels by 

FS diet, which may have led to the increased activation of the NF-κB pathway, the increase in 
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microbial activity and /or load (indicated by the increased cecum size) may have also induced 

TLR stimulation of NF-κB activation in our FS-fed DSS-treated mice. Analysis of the effect of 

FS diets on microbial activity and community structure, as well as TLR signalling, will help 

further elucidate the mechanism(s) of FS-induced NF-κB activation in DSS-treated mice.  

Although whole FS diet worsened DSS-induced acute colitis, aggravation of colitis was not 

induced in mice fed kernel or hull diets. In fact, a slight benefit was observed in mice fed hull 

diets as indicated by attenuation of DSS-induced changes in BW loss (Figure 3.4) and liver 

weight (Table 3.4). This may indicate that either the level of a particular FS bioactive was not 

high enough in these FS fractions to induce adverse effects, or synergist effects of combined 

bioactives were responsible for the adverse effects of the whole seed. In this regard, Kolar et al. 

found that the combination of DHA and butyrate, compared to butyrate alone, increased 

colonocyte apoptosis by activation of mitochondrial apoptotic  pathways [410], suggesting that 

combined food bioactives may have a stronger effect than individual bioactives alone. Since 

purified FS bioactives were not tested in this current study, we are unable to conclude which 

bioactive(s) were responsible for the observed effects. However, since the level of dietary and 

serum lignans did not differ between FS and hull diet groups, it may be concluded that they are 

not solely responsible for the observed adverse effects of FS. Lignans have demonstrated anti-

inflammatory and anti-oxidative properties [24, 389], which may have been masked by the 

adverse effects induced by other FS bioactives.  

On the other hand, n3-PUFAs may be partially responsible for the adverse effects 

induced by FS diets in our colitic mice. While ALA induced beneficial effects in UC models [18, 

19], the effects induced by EPA and DHA are both beneficial [20, 277], and adverse [11, 222, 

223, 404], rendering the role of n3-PUFAs in colitis, controversial. In one study, consumption of 
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dietary fish oil increased the mortality rate, mucosal injury, and ulceration in DSS-treated 

C57BL/6 mice [404]. The adverse effects of n3-PUFAs on colitis may be through incorporation 

of n3-PUFAs in colonocyte and mitochondrial membranes which may increase their 

susceptibility to oxidative stress and apoptosis [290-292]. While the pro-apoptotic effects of n3-

PUFAs is one of the major mechanisms involved in their anti-cancer effects [290], it can 

potentially exacerbate mucosal damage in DSS-exposed colons. In the present study, hepatic 

fatty acid profiles indicate that the ALA from FS and kernel diets were efficiently converted into 

EPA and DHA. However, since the FS diet contained significantly more ALA than kernel and 

hull diets (Table 3.1), it produced the highest percentage of total n3-PUFAs between groups 

(Table 3.4), which may have led to the enhanced adverse effects on colitis in the FS-fed mice.  

Soluble fibre, which was at the highest level in the FS diet, may also be a bioactive partly 

involved in the adverse effects of FS in this study. Previous studies show beneficial effects of 

soluble fiber and their fermentation products (SCFAs) in UC [12-14], by reducing inflammatory 

and immune responses [13, 14].  In our current study, although FS diet increased cecal SCFA 

levels (Figure 3.6), colitis symptoms were not reduced in this experimental dietary group. On 

the other hand, recent studies have indicated that certain prebiotics can enhance gut permeability, 

such as dietary inulin, FOS, and β-glucan which dose-dependently increased intestinal 

permeability and microbial translocation in experimental animals [265-267, 411]. Increased gut 

permeability has been proposed as an early feature in IBD [412], and it has been observed that 

reducing gut permeability can attenuate colitis in mice [412]. Additionally, gut permeability is 

affected by the degree of prebiotic fermentability, since less fermentable fibres (e.g. cellulose 

and wheat fibre) do not increase permeability [268, 269]. FS soluble fibre has low viscosity and 



  97 
 
 
 

high solubility, leading to a high degree of fermentability [337], and thus may have enhanced gut 

permeability in our current study.  

Furthermore, consumption of FS diet also increased cecum size and SCFAs, as a result of 

fermentation of FS prebiotics. This may indicate an increase microbial activity and potentially, 

microbial overgrowth. In mice with DSS-induced colon injury, the combination of increased gut 

permeability and microbial overgrowth may lead to aggravation of colitis symptoms, as seen in 

our FS-fed mice. Alteration in gut permeability and bacterial overgrowth may also explain why 

hepatic cholesterol levels were increased in FS-fed colitic mice.  It has been observed that DSS-

induced colitis is associated with bacterial translocation to the liver, which leads to alteration in 

hepatic function [408, 413]. In our study, FS may have been aggravated cholesterol metabolism 

by affecting two critical factors in bacterial translocation; gut permeability and bacterial 

overgrowth, however this hypothesis requires further investigation.   

In conclusion, for the first time we have shown that consumption of a FS-supplemented 

diet, prior to and during exposure to DSS, aggravates acute colonic inflammation, as indicated by 

exacerbated DAI, local inflammatory response (histological scores, MPO and inflammatory 

cytokine levels), as well as systematic inflammatory response (serum inflammatory cytokine 

levels and alteration in hepatic cholesterol metabolism). The adverse effect of FS on colonic 

inflammation was associated with increased activation of NF-κB signaling; a key mediator in 

cellular responses to immune and inflammatory processes. These findings are in contrast to 

studies that found anti-inflammatory effects of bioactives similar to those found in FS (i.e. ALA 

[18, 19], soluble fibres  [14, 238] , and lignans [352]). In addition, the effect of dietary 

supplementation on DSS-induced acute colitis is also influenced by the basal diet formulation. It 

has been observed that the FOS supplementation improves fecal bleeding in mice fed non-
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purified diet, while aggravates diarrhea and weight loss in mice fed purified diet [217]. In the 

current study, FS was supplemented into purified BD, and thus the effects of FS on DSS-induced 

colitis may differ when it is consumed within a non-purified diet. Additionally, the adverse effect 

of FS on DSS-induced acute colitis may be experimental model specific, as it has been shown 

that the effect of some dietary components on colitis varies in different models of UC. In this 

regard, Joo et al. found that dietary supplementation of tomato lycopene extract reduces the LPS-

induced proinflammatory gene expression in IL-10-/-; NF-κB
EGFP

 mice (an spontaneous chronic 

model of UC) by blocking NF-κB signaling, while exacerbates DSS-induced acute colitis by 

activating caspase-3 and increasing epithelial cell apoptosis [414]. These findings suggest that 

the adverse effects of FS in our study may be related to specific DSS-induced mechanisms of 

intestinal injury. Considering the effect of FS diets on cecal SCFAs levels (Figure 3.6) and the 

beneficial effects of SCFAs, especially butyrate, on colitis [13], FS diets may show beneficial 

effects in other experimental models of colonic inflammation, however future studies are 

required. 
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4.1. Abstract 
 

The gastrointestinal (GI) tract plays an important role in nutrient digestion, metabolism, 

and absorption, regulating immune responses, and hosting a diverse microbial ecosystem. 

Dietary bioactives (prebiotics, n3- polyunsaturated fatty acids, and phytochemicals) affect gut 

health by altering microbial activity, gut barrier integrity, and immune response. Flaxseed (FS), 

an oilseed containing a combination of these bioactives, has been shown to reduce colon cancer 

in a variety of animal studies, while its effects on healthy colon have been overlooked. Thus, the 

objective of this study was to determine the effects of FS on biomarkers of colon health in mice. 

4-week old C57Bl/6 male mice were fed an AIN-93G basal diet (BD) or BD supplemented with 

10% FS for three weeks, and were assessed for morphological, histological and molecular 

biomarkers of colon health. FS consumption increased cecum weight and short chain fatty acid 

(butyrate and acetate) levels, while increased mucus score, and number of goblet cells in 

proximal colon. Additionally, FS increased crypt length and number of cells/crypt, without 

significant effects on apoptosis. Global gene expression analyses revealed 309 genes 

differentially expressed in FS group compared to BD (169 up and 140 down-regulated). FS up-

regulated several genes involved in microbial defence and immune response, while suppressed 

numerous genes involved in the progression of cell cycle events (e.g. Cyclins). Also, FS showed 

systemic health promoting effects by reducing hepatic cholesterol levels and improving n6:n3 

ratio compared to BD. In conclusion, consumption of FS by mice modulates biomarkers of colon 

health by increasing some biomarkers of gut barrier integrity and microbiota activity.  The 

implications of these results may help determine mechanisms through which FS affects colon 

cancer development or other gut-associated diseases, such as inflammatory bowel diseases.    



  101 
 
 
 

Key words: Flaxseed, colon health, cell cycle, microbial defense, gene array 

 

4.2. Introduction 
 

Today we look at the gut, not only as the site of nutrient digestion, metabolism, and 

absorption, but also as an inflammation regulator, eliminator of carcinogens, and a host to a 

diverse microbial ecosystem [1]. The factors involved in maintaining a healthy gut include a 

symbiotic relationship between the gut microbiota and host immune system, which is maintained 

by a balanced bacterial profile, effective gut barrier integrity, and a functioning immune response 

[1, 415]. Dysfunction or imbalance in these factors leads to chronic human diseases, such as 

inflammatory bowel disease (IBD), colon cancer, diabetes, and obesity [1-3]. There are several 

factors known to influence this balance, either adversely or beneficially, including stress, 

pathogenic microorganisms, antibiotics, and diet [416-418]. Dietary components are an 

important consideration in gut health, since there are several dietary bioactives that have shown 

potential beneficial effects on gut health, e.g. prebiotics, n3- polyunsaturated fatty acids (n3-

PUFAs), and phytochemicals [22, 282, 419]. Flaxseed (FS) is an oil seed containing many of 

these bioactives, including soluble fibre, lignans, and plant n3-PUFA (α-linolenic acid [ALA]). 

Previous studies have demonstrated a beneficial effect of FS in reducing the growth and 

development of colon cancer in vitro and in in vivo animal models [21-23, 360, 361]. Although 

the exact bioactive responsible for this effect are not known, studies using either purified 

mammalian lignans [362, 363] or FS oil [364], suggest that these bioactives, in part, can induce 

anti-cancer effects. Furthermore, FS soluble fibre, which has low viscosity and high solubility 

[334, 335], can be highly fermented by colonic bacteria, and produce short chain fatty acids 
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(SCFAs), predominantly acetate, propionate, and butyrate [335]. It is well established that 

soluble fibers (inulin, pectin, oligofructose, and resistant starch) and their fermentation products, 

in particular butyrate, can reduce colon cancer risk [365-368], and promote gut health by 

supporting the two main components of mucosal barrier (microbiota and epithelial layer) [40, 

226, 232, 250, 251], modulating the immune response and inflammation [13, 14, 228, 232, 234, 

243, 248, 254, 262-264], and reducing oxidative stress [229, 236].  

Though FS frequently showed beneficial effects in reducing colon cancer, its effects on 

IBD as a major risk factor in colon cancer development, is rarely studied. The results of our 

previous study demonstrated that 10% FS diet aggravates the disease activity index, and 

histological and molecular biomarkers (myeloperoxidase and inflammatory cytokines) in a 

mouse model of acute colitis. These effects were associated with increased colonic expression of 

genes involved in NF-κB signaling pathway.  

Currently most interventional studies are focused on the effect of dietary components on 

GI disorders, while understanding the histomorphological and molecular responses of the healthy 

colon to different dietary sources may shed some light on how diet influence GI diseases, such as 

colon cancer and IBD. Thus, the objective of this study was to determine the effects of FS on 

biomarkers of colon health, with regards to altering microbiota activity and gut barrier integrity, 

in healthy C57Bl/6 mice. Furthermore, to demonstrate possible mechanisms responsible for the 

gut health modulatory effects of FS, the effects of FS on global gene expression in the colon was 

also analysed. Since liver function is closely related to that of the colon, the effect of FS on liver, 

particularly in regard to hepatic fatty acid profile and cholesterol level, was also investigated. 
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4.3. Materials and Methods 
 

4.3.1. Study design and experimental diets 

 

Twenty four 3-wk-old C57Bl/6 male mice were purchased from Charles River 

Laboratories (Portage, MI), maintained in a 12-h light/12-h dark cycle at 23 ±2°C and given food 

and tap water ad libitum. Mice were housed 4 per cage, acclimatized for 1 week on AIN-93G 

basal diet (BD) containing 7% corn oil, and then randomly divided into two experimental 

groups; half of the mice continued BD and the other half started the 10% FS diet. To prepare the 

FS for diet whole FS (Natunola® Flax) was purchased, milled and sieved (mesh size 1000µ). 

Chemical composition of ground FS is demonstrated in previous chapter (Table 3.1). Diets were 

prepared by Harlan laboratories (Madison, USA) and protein, fat, fibre and available 

carbohydrate levels were adjusted to equalize macronutrients and caloric content across diets 

(previous chapter Table 3.2). Body weight (BW) and diet intake were assessed twice weekly. 

After 3 weeks of diet, feces samples were collected from each mouse and assessed for stool 

consistency score (0= normal, 1=soft, 2= very soft, 3=diarrhea). Mice were then euthanized by 

cervical dislocation, blood samples were collected by cardiac puncture, colons, cecums and 

livers were removed intact, and colon length and cecum and liver weight were measured. After 

removing feces, colons were weighed and 1 cm of the proximal colon was flushed with PBS, 

snap-frozen, and stored at -80°C for later RNA extraction. The remaining colon was rolled in 

Swiss-roll form, and formalin-fixed for later histological assessment. Cecum content and liver 

samples were snap frozen and stored at -80°C for later SCFAs and hepatic fatty acids analyses, 

respectively. All experimental protocols involving animals were submitted and approved by the 

Animal Care Committee, University of Guelph (Animal Utilization Protocol # 10R067). 



  104 
 
 
 

4.3.2. Cecal SCFAs analyses 
 

Cecal SCFAs were extracted in 0.1 phosphoric acid, treated with resin (Doex 50WX8- 

Sigma Aldrich), and filtered by 0.45 μm Ultrafree-MC microcentrifuge filter (Millipore, USA). 

Cecal SCFA analysis was carried out by using a SHIMADZU HPLC system (Kyoto, Japan).  It 

consists of two dual-plunger parallel-flow pumps, a membrane degasser, a column oven, an auto-

sampler, an UV/VIS photodiode array detector and a system controller.  A SUPELCO 

SUPELCOGELTM C-610H column (300 x 7.8 mm) was used for separation.  0.1% phosphoric 

acid was selected as mobile phase.  The flow rate was controlled at 0.9 mL/min and the injection 

amount was 25 µL.  210 nm was used to measure the fatty acid UV absorbance. The 

concentrations of 0.625-200 mM of acetic and butyric acids were used to set up the standard 

curves. 

 

4.3.3. Histological analyses 
 

4.3.3.1. Mucus production, crypt length, number and size of goblet cells 

 

For histological evaluation, formalin-fixed colon Swiss-rolls were embedded in paraffin, 5 μm 

sections were stained with alcian blue, and were scored for mucus production by two blinded 

researchers using light microscopy (Olympus BX51, Japan). The mucus scoring system was 

from 1-3, where the score of 1 was low mucification, 2 was moderate, and 3 was high 

mucification. The average of two assessments was used as mucus score. Crypt length, number 

and size of goblet cells were assessed in the Hematoxylin and Eosin (H&E) stained sections from 

colon Swiss-rolls. Crypt length and number of goblet cells were measured based on method 
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described by Young et al. [41] with some modifications. Crypt length in proximal and distal 

colon was determined separately, by measuring the length of 40 random, fully longitudinally 

sectioned crypts from the cryptal base to the flat margin of the mucosa, and the results were 

demonstrated as mean crypt length.  Since the FS diet just affected the mucus score in proximal 

colon, the number and size of goblet cells in 15 random, fully longitudinally sectioned crypts in 

proximal colon were measured, and the results were reported as average number goblet 

cell/crypt, and average goblet cell size. 

 

4.3.3.2. Colon cell apoptosis 

 

Apoptosis was assessed in formalin-fixed paraffin-embedded 5 μm colon sections using the 

ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Millipore, USA), based on 

manufacturer`s instructions.  Stained sections were examined using light microscopy (Olympus 

BX51, Japan) by a blinded researcher for cell apoptosis. Total number of apoptotic cells per 

crypt was counted in 50 hemi-crypts per section in proximal and distal colon [420]. Apoptosis 

index (AI) was calculated as 100* number of apoptotic cell per crypt. 

 

4.3.4. Microarray analysis and quantitative real-time RT-PCR 
 

4.3.4.1. RNA isolation  
 

Snap frozen proximal colon pieces were added to tubes containing  TRIzol reagent 

(Invitrogen, USA) and 5x2.8 mm ceramic beads and homogenized using a Powerlyser (Mo Bio 

Laboratories, USA) at 3500 rpm for 20 sec. Total RNA was extracted with chloroform and 
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isopropanol, followed by centrifugation steps. RNA was further purified using the RNeasy mini 

kit and RNase-free DNase set (Qiagen, Canada) according to the manufacturer's protocol. 

Concentration and quality of RNA was assessed using the Nanodrop 2000 (Thermo Scientific) 

and the Experion Automated Electrophoresis system (Bio-Rad, Canada) with the RNA StdSens 

Analysis kit (BioRad) according to the manufacturer’s instructions. Samples were further 

assessed for quality using an Agilent 2100 Bioanalyzer (Agilent, USA) at the University Health 

Network (UHN, Toronto) Microarray Centre and all had an RNA integrity number (RIN) > 9. 

RNA Samples from 4 mice/group were submitted to UHN Microarray Centre for Microarray 

hybridization and analysis (method in Appendix 4), and Pathway and gene network analysis was 

done by Dr. Dion Lepp in Guelph Food Research Centre (method in Appendix 5) 

 

4.3.4.2. Quantitative RT-PCR 

 

Three genes were selected for verification by quantitative real-time (RT)-PCR (primers in 

Appendix 6). First-strand cDNA was prepared from 1µg of RNA using the High Capacity RNA-

to-cDNA kit (Invitrogen, USA) according to the manufacturer’s instructions, and quantitative 

RT-PCR was performed in a 10 μl reaction containing 2.5 μl cDNA, 2.5 μl of 2.5 μM reverse 

and forward primer and 5 μl Sybr Select Master Mix (Invitrogen, USA) using a ViiA 7 real-time 

PCR system (Life Technologies, USA). cDNA was amplified by 40 cycles of 95°C for 15 s, 

60°C for 1 min and 72C for 1 min.  The average expression values of the ACTB and HPRT1 

housekeeping genes were used to normalize the expression levels.  
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4.3.5. Hepatic Fatty Acid Profile and Cholesterol Level 
 

Hepatic Cholesterol and fatty acids were analysed in Dr. Bourlaye Fofana`s laboratory 

(Crops and Livestock Research Centre, AAFC, Charlottetown,) by GC system (method in 

Appendix 3). 

 

4.3.6. Statistical analysis 
 

Data are expressed as mean ± SEMs. FS and BD data were compared using two-tailed 

Student`s t test for non-paired data, except for the mucus score which was analysed by non-

parametric Mann`s Whitney test. The level of significance was set at P<0.05. Statistical analyses 

and/or graphical presentation were performed using GraphPad Prism 5.0 (GraphPad Software, 

Inc., USA), or Sigma Plot 12.0 (Systat Software Inc., USA). 

 

4.4. Results 
 

4.4.1. The effect of FS diet on BW, diet intake, stool consistency and cecal 

SCFAs 
 

There were no significant differences in percent BW gain, and diet intake between FS and 

BD group (P>0.05) (data not shown). FS induced laxative effects by increasing stool consistency 

score compared to BD (0.71±0.11 in FS group vs 0 in BD group) (P<0.05), while increased the 

cecum size, and the cecal levels of butyrate, acetate and total SCFAs compared to BD group 

(P<0.05) (Figure 4.1).  

http://www5.agr.gc.ca/eng/?id=1180557429228


  108 
 
 
 

A
ce

tic
 a

ci
d

B
uty

ri
c 

ac
id

Tota
l S

C
FA

s

0

200

400

600
BD

FS

*

*

*

u
g

/c
e
c
u

m

B
D FS

0

5

10

15

**

C
e
c
u

m
 (

g
/K

g
 B

W
)

  
Figure 4-1.  The effect of FS-based diet on cecum size and cecal SCFAs levels 

FS consumption significantly increased cecum size, and the level of acetate, butyrate and total SCFAs in 

cecum. *P<0.05 and **P<0.01 vs BD. Values are mean±SE. n=10-12 

 

 

 

 

4.4.2. The effect of FS diet on colon histomorphology  
 

4.4.2.1. Crypt length, colon cell apoptosis 

 

  

FS diet significantly increased crypt length which was associated with an increased number 

of cells/crypt (P<0.05) (Table 4.3 & Figure 4.2), while it did not make a significant change in 

apoptosis index, and colon w:l ratio (P>0.05) (Table 4.3). The trends were similar in distal 

colon, however the difference between treatments was not significant (P>0.05) (data not shown). 

 

4.4.2.2. Mucus production, number and size of goblet cells 
 

Consumption of FS-supplemented diet for three weeks resulted an increase in mucus 

production in proximal colon (P<0.05) (Table 4.1 & Figure 4.2), without affecting distal colon 
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(data not shown). Increased mucus score by FS diet was associated with increased number of 

goblet cells per crypt (P<0.05), without changing goblet cells size (Table 4.1 & Figure 4.2). 

However the trends were similar in distal colon, the different was not significant (P>0.05) (data 

not shown). 

 

Table 4-1. The effect of FS diet on colon morphology, histology and cell apoptosis 

 

 

 

 

FS diet significantly increased crypt length in proximal colon by increasing the number of cells per 

crypt, without changing the apoptosis indiex, or overall colon w:l. FS diet also increased mucus 

production and the number of goblet cells per  crypt, without changing their size significantly. 

*P<0.05, **P<0.01 and ***P<0.001 vs BD. Values are mean±SE. n=6 except for colon w:l that n=12 

 

 

 

 

 

 

Colon area Measured factor BD FS 

Total Colon w:l (mg/cm) 17.9±0.6 17.7±1 

Proximal Crypt length (µm) 132.9±8.5 166.0±8.6* 

 Total cells /crypt 39.1±1.9 49.1±2** 

 Apoptosis Index 32.9±6.8 46.8±8 

 Mucus score 1.58±0.2 2.53±0.12* 

 Number of goblet 

cells/crypt 

17.1±2.2 

 

25.6±0.8** 

 

 Size of goblet cells 

(µm) 

8.8±0.3 

 

9.5±0.5 
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Figure 4-2. The effect of FS-based diet on colon histology and mucus production 

H&E-stained sections from proximal colon, showing increased number of goblet cells and crypt length 

by FS diet.. Alcian blue-stained sections from proximal colon, showing increased mucus production by 

FS diet.  
 

4.4.3. The Effect of FS Diet on Colonic Gene Expression  
 

Gene expression analysis of colon tissue revealed a total of 309 differentially expressed 

genes (FC>1.2, p<0.05) affected by FS diet (140 down- and 169 up-regulated) (Appendix 7).  

Three genes were selected for confirmation by quantitative PCR, which demonstrated a strong 
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correlation with the microarray results (Figure 4.3 and Table 4.2).  The resulting gene list was 

analysed by Dr. Dion Lepp (Guelph Food Research Centre) for enriched GO biological 

processes, and related GO terms were clustered using the DAVID functional annotation tool.  A 

number of processes related to cell division were enriched, which included key cell cycle 

regulatory genes such as Cyclin A2 and B2. In addition, defense, immune and inflammatory 

responses were affected, due to the up-regulation of several α-defensins and complement system-

related genes (Table 4.3).  Mapping of differentially expressed genes onto the Reactome 

Functional Interaction network revealed several biological networks related to the cell cycle 

affected by the FS diet, with the majority of the genes in these networks being down-regulated 

(Appendix 8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Quantitative RT-PCR verification of microarray results. 

The quantitative RT-PCR array showed that 10% FS diet significantly reduced the colonic expression of 

RELMβ and  ifrd1, while up-regulated Vanin-1 expression. *P<0.05 and **P<0.01 vs. BD. Values are 

mean±SE, n=4. 
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Table 4-2. Confirmation of microarray results with RT-PCR outcome 

 

 

 

Three genes were selected for confirmation by quantitative PCR, which demonstrated a strong 

correlation with the microarray results 

 

Table 4-3. Top five GO term clusters associated with differentially expressed genes. 

Cluster GO biological processes Enrichment score 

1 mitotic cell cycle (19), nuclear division (16), 
mitosis (16), cell division (19), M phase of mitotic 
cell cycle (16), organelle fission (16), cell cycle 
phase (20), M phase (17), cell cycle process (20), 
cell cycle (24), chromosome segregation (6) 

6.63 

2 chromosome segregation (6), mitotic sister 
chromatid segregation (3), sister chromatid 
segregation (3) 

2.01 

3 interphase of mitotic cell cycle (4), interphase (4), 
regulation of cell cycle (7) 

1.43 

4 skeletal system development (9), ossification (4), 
bone development (4) 

1 

5 defense response (12), inflammatory response 
(7), acute inflammatory response (4), response to 
wounding (8), innate immune response (3) 

1 

 
Enriched GO Biological Process terms associated with the differentially expressed 

genes were identified and clustered with the DAVID Bioinformatics Resource.  The 

GO terms found in each cluster are given along with the number of differentially 

expressed genes associated with the term in brackets. 

 
 

4.4.4. FS Effects on Hepatic Fatty Acid Profile and Cholesterol Level 
 

Consumption of FS-supplemented diet for three weeks resulted in improved hepatic fatty 

acid profile by increasing n3-PUFAs (ALA, EPA and DHA), and reducing n6-PUFAs (linoleic 

acid (LA), and arachidonic acid (AA)),  and n6:n3 ratio (P<0.001) (Figure 4.4), without 

Gene 
Fold-change 
(microarray) 

Fold-change 
(qPCR) p-value 

Ifrd1 -1.54 -1.75 0.0286 

RELMβ -1.76 -2.31 0.0499 

Vanin1 1.56 2.91 0.0030 
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significant effect on liver weight (data not shown).  Additionally, FS-supplemented diet reduced 

hepatic cholesterol level (P<0.05) (Figure 4.4), similar to previous studies [334, 335].  
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Figure 4-4. The effect of FS diet on hepatic fatty acid profile and cholesterol level 

Mice were fed BD or 10% FS for 3 weeks. At sacrifice, livers were collected for fatty acids and 

cholesterol analyses. FS diet reduced hepatic cholesterol compared to BD (A), while increased ALA, 

EPA and DHA, and reduced LA, AA and n6:n3 ratio (B). Values are means ± SE. *P<0.05, 

***P<0.001 vs. BD, n=12. 
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4.5. Discussion 
  

The primary objective of this study was to investigate if consumption of a physiologically 

relevant level of dietary FS could affect gut health components in mice. Previously, it has been 

shown that dietary fibres, lignans, and n3-PUFAs are able to beneficially modulate gut health 

[22, 282, 419]. FS, a rich source of all of these bioactives, have demonstrated beneficial effects 

in reducing the growth and development of colon cancer in vitro and in in vivo animal models 

[21-23, 360, 361], however its effects on the healthy colon have not been studied before.  Our 

findings showed that FS-based diet can be well-tolerated by C57BL/C mice, and alters gut health 

components by increasing microbiota activity, SCFAs production, mucus production, and crypt 

length (Figure 4.1 and Table 4.1). 

 FS soluble fibre is one of the main bioactives responsible for FS-induced changes in 

colonic microbiota activity, reflected in increased cecum size and SCFA production (Figure 

4.1). Previous studies showed that FS soluble fibre causes an increase in microbiota activity (gas 

formation and SCFAs production), due to its low viscosity, and high solubility and 

fermentability [335]. In the current study, FS not only supported the microbiota by providing the 

fermentation substrates through its soluble fibre content, but also increased the mucus production 

which contains mucin, an endogenous fermentable non-fibrous material [421]. The FS-induced 

elevation in the colonic expression of genes involved in antibacterial defence and immune 

response (i.e. several α-defensins and complement system-related genes) may be in response to 

increased microbiota activity by FS diet. Defensins are one of the largest families of 

antimicrobial host defense peptides, which play an important role in the gut innate immune 

system [39]. Defensins protect the intestinal tract against not only pathogenic bacteria, but also 
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the enormous commensal microbiota, by their bactericidal effects on both gram-negative and 

gram-positive bacteria [39]. 

In addition, FS dietary fibre may be involved in stimulatory effects of FS on mucus 

production and goblet cell numbers (Table 4.1 & Figure 4.2). Previous studies showed that a 

combination of soluble and insoluble fibre increases the number of goblet cells in the proximal 

colon of both germ-free and conventional rats [39, 41], suggesting that beside SCFAs, some 

other mechanisms (such as physical stress induced by dietary fibre) may be involved in the 

stimulatory effect of FS on mucus production and goblet cell number. 

The effect of the FS-supplemented diet on crypt length may also be related to FS fibre. 

Several studies showed a major role for soluble fibre and their fermentation products in fibre-

induced elevation of crypt length [40, 41]. In this regard, it has been observed that a fructans-

supplemented diet increased the crypt length in bacteria-associated, but not in germ-free rats 

[40]. Similarly, a konjac-supplemented diet increased SCFAs and crypt length in conventional, 

but not in germ-free rats [41]. There is increasing evidence about critical role of butyrate in fibre-

induced changes in colon morphology. Previous findings demonstrated that butyrate increases 

cell proliferation in a physiological pattern by inducing proliferation in the basal 60% area of the 

crypts [256]. The controlled modulation of cell proliferation is a critical factor in the 

maintenance of gut health since it has been shown that proliferation on crypt tops is associated 

with increased risk of mutagenesis and carcinogenesis in the colon [255, 256]. 

 The controlled modulation in cell proliferation by butyrate may be related to its inhibitory 

effect on the expression of genes involved in cell cycle event [42].  In the current study, the FS-

supplemented diet increased butyrate levels and crypt length, while suppressed the expression of 
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several genes involved in cell cycle events (Figure 4.3). Cell replication is composed of four 

major phases, including growth (G1), synthesis (S), gap (G2) and mitosis (M). Cells may also 

exit the cell cycle and enter into a resting phase (G0) [282].  Cyclins and cyclin-dependant 

kinases (CDKs) promote the progression of cell replication, while retinoblastoma (RB), p53 

transcription factor, CDK inhibitors (including p21
WAF1-CIP1

, p27, p57 and INK4 proteins) 

negatively control the cell cycle progression [282]. In this study, FS significantly changed the 

expression of several genes involved in different phases of cell replication (Table 4.3 and 

Appendix 8).  There are several similarities between FS-induced changes in gene expression, 

and the effects of butyrate on colonic gene expression in previous studies [42]. Specifically, FS 

and butyrate both up-regulated GADD45 (involved in cell cycle regulation by arresting the cell 

growth), and Galectin (associated with induction of apoptosis), while down-regulated cyclin A2 

(involved in cell cycle progression), PCNA and several subunits of ORC and MCM (associated 

with DNA replication), and BUB1 and MAD2 (involved in cell proliferation). Additionally, we 

observed that the FS-supplemented diet down-regulates the expression of a variety of cyclins, 

p53 signaling genes, as well as genes involved in progression of G1, S and M phases of the cell 

cycle, which is similar to butyrate effects on HT29, Caco2, LS513, and Lovo cell lines [422-

424].  Collectively, these similarities suggest the critical role of butyrate in FS-induced alteration 

in the expression of cell cycle related genes 

The down-regulation of cell cycle related genes by the FS diet may also be partially related 

to anti-proliferative effects of n3-PUFAs, as previous studies have shown that n3-PUFAs reduce 

cell proliferation in healthy colonocytes  [425], and colon cancer cells by  the reducing cyclin 

D1-, E-, and A- associated kinase activity [426]. FS lignans may also be partially involved in FS-

induced changes in the expression of cell cycle related genes. In a study on colo 201 colon 
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cancer cells, exposure to enterolactone (one of major FS lignan metabolites) resulted in 

suppressing cell growth both in vitro and in vivo, inducing apoptosis, and reducing the 

expression of proliferation-related PCNA protein [363]. In another study,  EVn-50, lignan 

compounds extracted from Vitex negundo arrested the cell cycle in G2/M phase and induced 

apoptosis in a variety of cancer cells including HCT-116 colon cancer cells  [427]. 

Furthermore, our results confirmed previous findings about health promoting effects of FS 

by its anti-constipative [340], and cholestrol loweing effects [334, 335], as well as its beneficial 

effects in improving hepatic fatty acid profile and n6:n3 ratio. While beneficial effects of FS on 

hepatic fatty acid composition is mostly related to the ALA portion of FS oil [428], its laxative 

and cholestrol lowering effects are mainly related to FS dietary fibres.  Bulk-laxative effects of 

FS can be explained partly by the large amount of soluble and insoluble fiber in FS [339]. FS 

fibres, especially soluble fractions, enhance stool water holding capacity, which makes stools 

bulkier and softener and reduces constipation [228-231].  The similarity of FS diets and BD in 

total dietary fibre content indicates the critical role of fibre type on laxative effects of FS-

supplemented diet. Additionally, there is increasing evidence that FS fiber has cholesterol-

lowering effects, and reduces the risk of diabetes and coronary heart disease [334, 335]. Few 

studies have investigated the direct effects of FS mucilage on health, but since other soluble 

fibres like fruit pectin, oat bran and mustard seed mucilage can lower blood cholesterol levels, 

the cholesterol-lowering effect of FS may be via its soluble fibre. In fact, FS soluble fibre has 

showed higher bile acid binding capacity compared to flax meal, rye and wheat soluble and 

insoluble fibres [335].  

In conclusion, for the first time we have shown that consumption of a FS-supplemented 

diet alters gut health components, including microbiota activity, mucus production and crypt 
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length in healthy mice. These effects were associated with significant changes in colonic 

expression of a variety of genes, mainly involved in anti-bacterial defence, immune and 

inflammatory response, and cell cycle progression. Down-regulation of numerous cell-cycle 

related genes potentially explains the anti-tumorigenesis effects of FS in previous studies [21-23, 

360, 361]. In contrast, the inhibitory effects of FS on cell cycle related genes, and its stimulatory 

effect on inflammatory response may increase gut susceptibility to physical and chemical 

injuries, such as chemical-induced colonic inflammation. In this regard, our previous study 

showed that 10% FS diet aggravates DSS-induced colitis in C57Bl/6 mice by increasing disease 

activity index, colon weight:length ratio, histological score, serum and colon inflammatory 

cytokines, and colonic expression of  several genes in NF-κB signaling pathway, namely Nfkb1, 

Ccl5, Bcl2a1a, Egfr, Relb, Birc3 and Atf1. FS soluble fibre is considered one of the major 

bioactives responsible for FS-induced laxative effects, cholesterol lowering effects, and induced 

increase in microbiota activity (reflected in increased cecum size and SCFAs production), while 

soluble fibre and its fermentation product (butyrate), n3-PUFAs and lignans all may be partly 

involved in inhibitory effects of FS in the expression of cell cycle related genes. Additionally, 

FS-induced changes in colon histology (mucus production and crypt length) was limited to the 

proximal colon, suggesting the direct local effects of FS bioactives, since they are more available 

in proximal colon compared to distal colon. The exact FS bioactives responsible for FS effects 

on gut health components are not clear yet, and future studies are required to investigate the 

effect of individual FS bioactives in colon health and disease. 
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5.1. Abstract 

 
Flaxseed (FS) contains a variety of bioactives with gut health promoting potential, 

including soluble fibre and α-linolenic acid. It also has nutritive proteins comparable to soy 

protein in amino acid composition. FS has been shown to reduce colon cancer in several animal 

studies. Our previous studies showed that FS alters gut health components in healthy mice, while 

aggravates the colitis symptoms in dextran sodium sulphate (DSS) model of acute colitis in mice. 

It is not clear which FS bioactive has the major role in FS-induced changes in gut health and 

colitis. Thus, the objective of this study was to determine the effects of purified FS bioactives on 

biomarkers of colon health, DSS-induced acute colitis, and colitis recovery in mice. 4-week old 

C57Bl/6 male mice were fed an AIN-93G basal diet (BD) or BD supplemented with 3.5% FS oil 

(FO), 20% FS protein (FP), or 5% FS mucilage (FM). After two weeks, 1/3 of animals were 

sacrificed to be studied for the effects of FS bioactives on colon health, while the rest of animals 

started the DSS cycle (2% (w/v) for 5 days) to develop acute colitis. At the end of DSS cycle, 

half of animals were sacrificed to be studied for the effects of FS bioactives on acute colitis, 

while the other half started a 5-day recovery period, and were sacrificed at the end of 5 days. In 

healthy animals, FP and FM consumption increased cecal content and short chain fatty acid 

(SCFA) levels, while just FM increased colon weight:length (w:l) ratio, and crypt length. In 

contrast, both FP and FO diets reduced crypt length compared to BD. In acute colitis, both FM 

and FP aggravated colitis symptoms, by increasing disease activity index (DAI), colon w:l ratio, 

and  DSS-induced reduction in liver weight. FP increased the DSS-induced histological damage 

and myeloperoxidase level in colon. During the recovery period, both FP and FM significantly 

increased DAI, and reduced the survival rate compared to control group.  FO increased DAI in 

acute colitis, but did not affect DSS-induced changes in colon histomorphology or survival rate 
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in mice. In conclusion, consumption of FP and FM influence biomarkers of colon health and 

change the SCFAs production and mucosal barrier integrity in healthy mice, while aggravates 

DSS-induced acute colitis symptoms, probably through the cytotoxic materials bound to FP, 

production of toxic materials during protein fermentation, and/or increased bacterial activity and 

gut permeability by FS fermentable materials.   

 

Key words: Flaxseed protein, Flaxseed oil, Flaxseed mucilage, Colon health, Dextran 

sodium sulphate, Acute colitis, Colitis recovery 

 

5.2. Introduction 

 
Flaxseed (FS), a hard coated oil seed, contains a variety of bioactives with health promoting 

potential, including α-linolenic acid (ALA), soluble fibre, and nutritive proteins [379].  Previous 

studies have demonstrated a beneficial effect of FS in reducing the growth and development of 

colon and breast cancer in vivo animal models [21-23, 360, 361, 391, 429]. The anti-

tumorigenesis properties of FS and its systematic beneficial effects (such as cholesterol lowering 

properties) increased the interest in using FS as an ingredient in food products, as well as a 

dietary supplements [24], however the effect of FS on gut health components (i.e. microbiota 

activity, mucosal barrier integrity, and immune response) and common gastrointestinal (GI) 

diseases, such as ulcerative colitis (UC), is not clear yet. In our previous studies we found that 

diet supplemented with 10% FS alter the gut health components in mice by increasing the 

microbial activity, cecal short chain fatty acids (SCFAs) levels, mucus production and crypt 

length. These effects were associated with down-regulation of cell cycle related genes and up 

regulation of genes involved in microbial defense and immune response. In addition, 10% FS 
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diet aggravated dextran sodium sulphate (DSS)-induced acute colitis in C57BL/6 mice, by 

increasing disease activity index (DAI: diarrhea, bleeding, body weight (BW) loss), histological 

damage, and molecular biomarkers of colitis (inflammatory cytokines, and activation of NF-κB 

signaling pathway). Since in the previous studies FS in its natural matrix has been used, it is not 

clear which FS bioactives has the major role in altering gut health components, or aggravating 

DSS-induced acute colitis.  

Two of the main FS bioactives which may influence gut health components are FS soluble 

fibre (mucilage), and FS oil rich in α-linolenic acid (ALA). Previous in vitro studies showed the 

ability of FS mucilage to increase microbiota activity and SCFAs production [335], however its 

effect on colon morphology and histology is not yet clear. Generally, soluble fibres and their 

fermentation products, especially butyrate, showed beneficial effects on colon health by 

improving some biomarkers of GI barrier integrity (mucus production and crypt length) [40, 226, 

232, 250, 251], and reducing tumorigenesis by down-regulating the expression of genes involved 

in proliferation, oncogenesis and tumor metastasis [430, 431]. While the majority of studies have 

showed the protective effects of soluble fibre on colitis [238, 241, 242, 246], there are a few 

studies showing their adverse effects by increasing weight loss and diarrhea [217]. The effect of 

n3-PUFAs on gut health is controversial. While the studies on colon cancer mainly demonstrate 

the protective effects [21-23, 360, 361], colitis studies showed beneficial [18-20, 220, 273-275], 

null [276-278], and adverse [11, 222, 223] effects. In addition to soluble fibre and ALA, FS is a 

rich source of nutritive protein, providing the essential amino acids for human nutrition, and it 

has comparable amino acid composition to soy protein (Appendix 9) [325]. While the effects of 

FS protein on colon health and colitis are unknown, previous studies showed that soy protein is 
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protective against DSS-induced acute colitis, by reducing the inflammation score, TNF-α, and 

reducing colon shortening [432]. 

Currently, FS bioactives, in purified form or as a part of purified FS components, are 

increasingly being used. For example there is increasing interest in using FS oil in bottle or gel 

capsules, or ground FS hull, which is the soluble fibre-rich portion of the seed, however their 

effects on GI health and common GI diseases (such as colitis) are not yet clear. Thus, the first 

objective of this study was to determine the effects of purified FS bioactives, including FS oil, 

mucilage and protein, on biomarkers of colon health, with regards to altering microbiota activity 

and gut barrier integrity, in healthy C57Bl/6 mice. The second objective was to determine the 

effects of FS bioactives on colonic inflammation and recovery in a DSS model of acute colitis. 

The results of this study partly clarify which FS bioactive has the major role in FS-induced 

effects on colon health and colitis. 

 

5.3. Materials and Methods 
 

5.3.1. Experimental Diets and Study Design  
 

Purified FS oil (FO), FS protein (FP) with the purity of 74.46%,  FS mucilage (FM) with the 

purity of 75%, were provided by Dr. Sébastien Villeneuve (Food Research and Development 

Centre, Saint-Hyacinthe), Dr. Janitha Wanasundara
 
(Saskatoon Research Centre, Saskatoon, 

Saskatchewan), and Dr. Steve Cui (Guelph Food Research Centre, Ontario) respectively. The 

extraction methods and/or chemical composition of FO, FP and FM are available in Appendix 

10, 11 and 12 respectively.  

http://www.agr.gc.ca/eng/?id=1180639333520
http://www.agr.gc.ca/eng/?id=1180639333520
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Purified ingredients were sent to Harlan laboratories (Madison, USA) to be used in 

preparation of 20% FP, 3.5% FO and 5% FM diets (Table 5.1).  

 

Table 5-1. Diet composition 

Ingredients  

BD 

(AIN93G) 5% FM 3.5% FO 20% FP 

Casein 200.00 190.40 200.00 0.00 

L-Cystine 3.00 3.00 3.00 3.00 

Sucrose 100.00 100.00 100.00 100.00 

Cornstarch 397.49 340.09 397.49 380.09 

Maltodextrin 132.00 132.00 132.00 132.00 

Corn oil 70.00 70.00 35.00 70.00 

Cellulose 50.00 50.00 50.00 34.30 

Mineral mix1 35.00 35.00 35.00 35.00 

Vitamin mix2 10.00 10.00 10.00 10.00 

Choline bitartrate 2.50 2.50 2.50 2.50 

TBHQ, antioxidant 0.01 0.01 0.01 0.01 

FS soluble fibre 0.00 67.00 0.00 0.00 

FS oil 0.00 0.00 35.00 0.00 

FS protein 0.00 0.00 0.00 233.00 
 

The purity percent was considered in diet formulation, so 67g FM, 35g FO, and 233g FP was 

used to get 5% FM, 3.5% FO and 20% FP respectively.  

 

One hundred thirty seven 3-wk-old C57Bl/6 male mice were purchased from Charles River 

Laboratories (Portage, MI), maintained in a 12-h light/12-h dark cycle at 23 ±2°C and given food 

and tap water ad libitum. Mice were housed 3-4 per cage, acclimatized for 1 week on AIN-93G 

basal diet (BD), and then randomly divided into four groups. One group continued with BD, 

while the other three groups fed with 20% FP, 3.5% FO, or 5% FM diet. BW and diet intake (DI) 

were assessed twice weekly. After two weeks of diet, feces samples were collected and assessed 

for stool consistency score (0= normal, 1=soft, 2= very soft, 3=diarrhea), then eight mice in each 

diet group were euthanized to be studied for the effect of FS bioactives on healthy animals. The 
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rest of animals except nine mice in BD group (negative controls: NEG) received 2% DSS 

(MW:36,000-50,000, MP Biomedicals, Canada) in their drinking water for 5 days. During the 

DSS cycle, diet and water intake, and DAI, including stool consistency (0-3), stool blood (0-3), 

and BW loss score (0-3) [395, 396], were monitored daily (Table 3.3). DAI was determined as a 

summation of all three scores. At the end of DSS cycle, half of the mice in each diet group were 

euthanized to be studied for the effect of FS bioactives on acute colitis. The rest of animals 

started the recovery period by switching to regular drinking water, and named as DSS-, FO-, FP- 

and FM-REC (recovery). During the recovery period, water and diet intake and DAI were 

measured daily. Mice were removed from the study and terminated if their BW loss exceeded 

20% of their BW at the start of DSS cycle.  After 5 days of recovery, all animal sacrificed to be 

studied for the effect of FS bioactives on colitis recovery. 

At sacrifice, animals were euthanized by cervical dislocation, and colon, liver, spleen and 

cecum were removed intact, and colon length, liver, cecum and spleen weights were measured. 

After removing digesta from colon and cecum, empty colon and cecum weights were measured. 

Then colons were flushed with PBS, 1 cm of the proximal colons were formalin-fixed for later 

histological assessment, and the rest was snap-frozen, and stored at -80°C for later protein 

analyses. Cecum content was snap frozen and stored at -80°C for later SCFAs analyses.   

 All experimental protocols involving animals were submitted and approved by the Animal 

Care Committee, University of Guelph (Animal Utilization Protocol # 10R067). 
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5.3.2. Histological analyses 

5.3.2.1. Mucus production and crypt length 

 

For mucus assessment, formalin-fixed colon pieces were vertically embedded in paraffin, 5 

μm cross sections were stained with alcian blue, and were scored for mucus production by two 

blinded researchers using light microscopy (Olympus BX51, Japan). The scoring system for 

mucus production (mucus accumulated in goblet cells or released in the lumen) was from 1-3, 

where the score of 1 was low mucification, 2 was moderate, and 3 was high mucification. The 

average of two assessments was used as mucus score. To assess the crypt length, haematoxylin 

and eosin (H&E) stained cross sections were used. Crypt length was determined by measuring 

the length of 40 random, fully longitudinally sectioned crypts from the cryptal base to the flat 

margin of the mucosa, and the results were demonstrated as average crypt length.   

 

5.3.2.2. Inflammation score 

 

For microscopic evaluation of inflammation, 5 μm cross sections, which were prepared 

from formalin-fixed paraffin embedded colons, and stained with H&E, were evaluated in a blind 

manner using light microscopy (Olympus BX41, Canada). Histological scoring was based on 

inflammation severity and the length of inflamed/ulcered area with specific degree of 

inflammation. Inflammation severity was graded from 0 (no inflammation) to 6 (severe 

inflammation with ulcers). The total histology score for each mouse was calculated by the 

following formula: 

Histology score= (100/L)*[(la*Sa) + (lb*Sb) +…] 

In this formula:  
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la = The length of “a” area, which is the inflamed area with a specific degree of 

inflammation severity 

Sa = Inflammation severity score in the “a” area  

L= Total length, which is the circumference of colon cross section 

 

5.3.3. Colon homogenization and protein extraction 
 

Snap frozen distal colon samples were homogenized (Powerlyser; Mo Bio Laboratories, 

USA) in tubes containing lysis buffer and 5x2.8 mm ceramic beads at 3500 rpm for 20 sec. The 

lysis buffer contained 200 mM NaCl, 500 mM EDTA, 10mM Trisma HCl, 10% glycerin, 

28µg/ml aprotinin, 1 µg/ml leupeptin and 1mM phenylmethylsulfonyl fluoride. Homogenization 

was followed by 3 rounds of centrifugation (at 4
o
C and 1,500 g for 15 min) to eliminate cellular 

debris. The protein concentration was assessed by a Bio-Rad protein assay kit (Bio-Rad, Canada) 

and the absorbance was read at 595nm using Bio-Tek microplate reader (Bio-Tek, USA).  

5.3.3.1. Colonic MPO  

 

MPO activity was measured as a biomarker of neutrophil infiltration. MPO level was 

measured in colon protein lysates by using MPO ELISA kit according to the manufacturer's 

protocol (Hycult Biotech, Canada) and expressed as Log MPO (ng/mg protein).  

5.3.4.  Cecal SCFAs analyses 
 

Cecal SCFA concentrations, including acetate, propionate, and butyrate, were measured by 

GC as previously described in section 3.3.7. 
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5.3.5. Statistical analysis 
 

Data are expressed as means ± SEMs, and the level of significance was set at P<0.05. 

Multiple comparisons were performed by one-way ANOVA, followed by LSMean post-hoc. For 

data that were not normally distributed (i.e. colonic MPO and serum IL6 and IL10), the data was 

log transformed to resemble a normal distribution before running ANOVA test. For 

nonparametric data (i.e. DAI and histological scores), Kruskal Wallis analysis was used, 

followed by Dunns post-hoc test. Kaplan-Meier survival curves were generated using GraphPad 

Prism 5.03 (GraphPad Software Inc., USA) and analyzed by Log-Rank (Mantel Cox) χ2 test.  

Statistical analyses and/or graphical presentation were performed using SAS Enterprise 

guide 4.3, GraphPad Prism 5.0 (GraphPad Software, Inc., USA), or Sigma Plot 12.0 (Systat 

Software Inc., USA). 

 

5.4. Results 
 

5.4.1. The effect of FS bioactives on healthy mice 

 

5.4.1.1. BW, DI, liver and spleen weight 

 

Consumption of FS based diets for two weeks did not make any significant difference in 

percent BW gain, DI, liver and spleen weights between groups (P>0.05, Table 5.2).  
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Table 5-2. The effect of FS bioactives on BW, DI, liver and spleen weights in healthy mice. 

 

 BD FO FP FM 

%  BW change 
13.48±1.8 14.60±1.8 16.94±1.7 15.16±1.15 

DI (g/mouse/day) 
2.43±0.13 2.54±0.08 2.76±0.11 2.69±0.17 

Liver w (g/Kg BW) 
51.95±1.67 54.46±0.78 51.49±2.85 49.95±3.2 

Spleen w (g/Kg BW) 
3.28±0.32 3.17±0.09 3.25±0.23 3.3±0.31 

 

There was not a significant difference between treatment groups in regard to percent BW gain, DI, liver and 

spleen weights (P>0.05). Values are means ± SE, n=7 for BD and 8 for other groups. 

 

 

5.4.1.2. Colon and cecum size and cecal SCFAs 

 

 Two weeks consumption of FM significantly increased colon weight and weight:length 

(w:l) ratio compared to other groups (P<0.05) (Table 5.3). Additionally, FM increased the 

weight of cecum tissue and cecum content compared to all groups (P<0.05) (Table 5.3). FP also 

increased cecum content, but did not make any significant changes in colon and cecum tissue 

weight, or colon w:l ratio (P>0.05) (Table 5.3).  Additionally, FM and FP both increased cecal 

acetate, propionate, butyrate and total SCFAs levels compared to BD and FO diets (P<0.05) 

(Figure 5.1). FO did not make any significant changes in colon and cecum weight, colon length 

or w:l ratio, or cecal SCFAs levels (P>0.05) (Table 5.3 & Figure 5.1). 
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Table 5-3. Effect of FS bioactives on colon and cecum size in healthy mice. 

 BD FO FP FM 

 

Colon weight  (g/Kg BW) 5.42±0.22
 bc

 5.08±.0.23
 c
 5.89±0.21

 b
 6.66±0.26

 a
 

Colon length (mm) 
73.14±0.59

ab
 68.88±2.48

 b
 76.75±2.53

 a
 76.25±2.43

 a
 

Colon w:l (mg/cm)
 

16.04±0.59
 b
 17.09±0.61

 b
 16.94±0.62

 b
 19.45±0.88

 a
 

Cecum tissue  

(g/Kg BW) 
2.3±0.08 

b 

 
2.49±0.13 

b 

 
2.52±0.18 

b 

 
3.15±0.17 

a 

 

Cecum content  

(g/Kg BW) 
6.47±0.15

 c 

 

6.88±0.67
 c 

 

10.74±0.71
 b 

 

14.34±0.96
 a 

 
 

FM increased colon weight and w:l ratio, cecum tissue weight and  cecum content (P<0.05). FP also 

increased cecum content compared to BD (P<0.05), however did not change colon and cecum weight, or  

w:l ratio (P>0.05). FO did not make any significant changes in colon or cecum (P>0.05). Values are 

means ± SE, n=7 for BD and 8 for other groups, Values that are not sharing the same letter are 

significantly different. 
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Figure 5-1. The effect of FS bioactives on cecal SCFAs levels in healthy mice.  

FM and FP both significantly increased cecal acetate, propionate, butyrate and total SCFAs levels 

(P<0.05), while FO did not induce any significant effect compared to BD (P>0.05). Values are means ± 

SE, n=7 for BD and 8 for other groups, Values that are not sharing the same letter are significantly 

different. 
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5.4.1.3. Mucus production and crypt length 

 

All FS-based diets significantly changed crypt length. FM increased crypt length, while FO and FP 

reduced it compared to BD (P<0.05, Figure 5.2). None of the treatment groups caused a significant 

change in mucus production compared to BD (P> 0.05, Figure 5.2). 
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Figure 5-2.  The effect of FS bioactives on crypt length and mucus score in healthy mice. 

 A. FM increased the crypt length, while FO and FP reduced it compared to BD (P< 0.05). B. None of the 

treatment groups changed the mucus score compared to BD (P> 0.05). Values are means ± SE, n=7 for 

BD and 8 for other groups, Values that are not sharing the same letter are significantly different.  

 

 

5.4.2. The effect of FS bioactives on DSS-induced acute colitis 

5.4.2.1. Diet and water intake 

 

DSS exposure was associated with reduced DI in all groups, and all FS-based diets 

aggravated the reduction in DI, with FP having the least DI between groups (P<0.05). There was 

not a significant difference between groups in WI (P>0.05, Figure 5.3). 
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Figure 5-3.  The effect of FS bioactives on diet and water intakes in DSS-induced acute 

colitis.   

All FS-based diets aggravated the DSS-induced reduction in DI, with FP having the most adverse effects 

(P<0.05). WI was not significantly different between groups (P>0.05). Values are means ± SE, n=12 

except NEG and DSS groups which n=9, Values that are not sharing the same letter are significantly 

different. 

 

5.4.2.2. DAI 

 

During the 5-day administration of 2% DSS, mice were monitored daily for % BW loss, 

stool consistency, and stool blood scores. The summation of all three scores was expressed as 

DAI. The results demonstrate that FP and FM both increased DAI before starting the DSS cycle 

(day 0) (Figure 5.4). The individual DAI shows that the adverse effect of FP and FM on DAI 

before DSS exposure is through increasing stool consistency score by these two diets (Figure 

5.4).  

Exposure to DSS was associated with increased DAI, which significantly was aggravated 

by FP from day 2 to the end of DSS cycle. The adverse effect of FP on DAI was reflected in 
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increased BW loss (days 4 and 5), stool blood (days 3, 4 and 5) and stool consistency scores (the 

whole DSS cycle) (Figure 5.4).  

FO and FM aggravated DAI at days 4 and 5 (Figure 5.4). FO induced its effect on DAI by 

aggravating stool blood score at day 3 and 4,  stool consistency at day 4 and 5 , and BW loss at 

day 5. FM did not affect on DSS-induced changes in BW, but increased stool consistency during 

the cycle (except day 3), and increased blood score at day 4 (Figure 5.4). 

 

5.4.2.3. Organ Size Parameters in Acute Colitis 

 

Five days exposure to DSS was associated with significant increase in colon w:l ratio by 

reducing colon length and increasing colon weight (P<0.05) (Table 5.4).  It also significantly 

increased spleen weight, and reduced cecum content (P<0.05), without significant effect on liver 

weight (P>0.05) (Table 5.4).  

FP and FM both significantly aggravated DSS induced changes in colon w:l ratio, FM 

induced this effect by increasing colon weight, while FP changed both colon length and weight 

compared to DSS control group (P<0.05) (Table 5.4). Also, FP and FM diets both reduced liver 

weight, while increased the cecum content (P<0.05) (Table 5.4). FM also increased the cecum 

tissue weight compared to DSS group (P<0.05) (Table 5.4) however it was not different from 

healthy FM-fed mice (P>0.05) (data not shown). Also, FP aggravated DSS-induced increase in 

spleen weight (P<0.05) (Table 5.4). The effect of FO on organ weights was limited to increasing 

spleen weight, while FO did not have any significant effect on other organs factors (P>0.05) 

(Table 5.4).  
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Figure 5-4.  The effect of FS bioactives on DAI in DSS-induced acute colitis.  

During the 5-day DSS cycle, mice were monitored daily for % BW loss, stool consistency, and stool 

blood scores. DAI is the summation of all three scores. FP diet aggravated the DAI from the second day 

of DSS cycle by increasing BW loss (days 4 and 5), stool blood (days 3, 4 and 5) and stool consistency 

score (during the whole cycle) (P<0.05), while the adverse effects of FO and FM on DAI, were limited to 

the end of the cycle (day 4 and 5) (P<0.05).Values are means ± SE, n=12 except NEG and DSS groups 

which n=9, Values that are not sharing the same letter are significantly different. 
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Table 5-4. The effect of FS bioactives on organ weights in DSS- induced acute colitis. 

 

 NEG DSS FO+DSS FP+DSS FM+DSS 

Colon w:l 

(mg/cm) 17.02±0.45
 c
 21.47±0.55

 b
 21.86±0.7

 b
 27.16±0.61

 a
 26.24±1.07

 a
 

Colon weight  

(g/Kg BW) 4.57±0.13
 c
 5.59±0.16

 b
 5.59±0.18

 b
 7.2±0.21

 a
 6.74±0.36

 a
 

Colon length 

(mm) 73.22±2.3
 a
 61.22±0.88

 b
 57.75±1.67

 bc
 55±1.48

 c
 58±1.45

 bc
 

Cecum tissue  

(g/Kg BW) 2.08±0.13
 c
 2.33±0.18

 bc
 2.56±0.12

 bc
 2.7±0.21

 b
 3.36±0.4

 a
 

Cecum content  

(g/Kg BW) 7.37±0.61
 b
 3.36±0.56

 d
 4.72±0.62

 cd
 6.59±0.75

 bc
 12.43±0.97

 a
 

Liver w (g/Kg 

BW) 50.26±0.69 
a 

49.05±1.55
 ab

 46.19±0.95
 b
 42.78±0.73

 c
 40.84±1.8

 c
 

Spleen w (g/Kg 

BW) 2.49±0.07
 c
 4.08±0.26

 b
 6.21±0.64

 a
 6.13±0.55

 a
 4.12±0.38

 b
 

 

FP and FM both aggravated DSS-induced increase in colon w:l ratio, FM by increasing colon weight and FP 

by increasing colon weight and reducing colon length. They also aggravated DSS-induced reduction in liver 

weight, while increased cecum content (P<0.05). While FP aggravated DSS-induced increase in spleen 

weight (P<0.05), FO effects was limited to increased spleen size without any effects on colon, cecum and 

liver (P>0.05). Values are means ± SE, n=12 except NEG and DSS groups which n=9, Values that are not 

sharing the same letter are significantly different. 

 

 

5.4.2.4. Histological and molecular biomarkers of inflammation 

 

5.4.2.4.1. Histological score 

 

DSS exposure is associated with histological damage in the colon. The combination of 

inflammation severity and the percentage of affected area was presented as histological score. 

Between FS based diets, just FP significantly affected the histological score in proximal colon, 

and aggravated it compared to the DSS group (P<0.05) (Figure 5.5). 
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B. 

   

Figure 5-5. The effect of FS bioactives on histological damage in DSS-induced acute colitis.  

A. FP significantly increased the histological damage compared to DSS group (P<0.05). Values are 

means ± SE, n=8-10, Values that are not sharing the same letter are significantly different. B. 

Representative H&E stained colon cross sections demonstrate that DSS exposure caused crypt dilation 

and inflammation, and FP diet exacerbated the DSS-induced histological damages in colon (scale bar = 

200 µm). 
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5.4.2.4.2. Colonic MPO 

 

Exposure to DSS was associated with increased MPO level, which is a biomarker of 

neutrophil infiltration, in distal colon. FP-supplemented diet significantly aggravated the DSS-

induced increase in colonic MPO level (P<0.05) (Figure 5.6), while FM and FO did not make 

any significant effect on colonic MPO level compared to DSS group (P>0.05) (Figures 5.6). 
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Figure 5-6. The effect of FS bioactives on colonic MPO level in DSS-induced acute colitis.  

DSS exposure increased colonic MPO in all groups, and FP significantly aggravated it (P<0.05). Values 

are means ± SE, n=8, Values that are not sharing the same letter are significantly different. 

 

5.4.3. The effect of FS bioactives on colitis recovery 

5.4.3.1. Kaplan-Meier Survival Curve in Colitis Recovery 

 

The survival rate was significantly different between groups in the recovery period 

(Figure 5.7).  As mentioned in the methods section, mice were removed from the study and 
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euthanized if their BW loss exceeded 20% of their initial BW. Based on this criteria, 58.3% (7 of 

12) of the mice in the DSS group, and 66.7% (8 of 12) of the mice in the FO-REC group 

survived during the recovery period, while just  8.3% (1 of 12), remained in the study from the  

FP-REC and  FM-REC groups. The results demonstrate that DSS exposure significantly reduced 

survival rate compared to NEG control (P=0.033). DSS adverse effects on survival was 

aggravated by FP (P=0.003) and FM (P=0.027) diets, while FO diet did not make a significant 

change in survival rate compared to DSS-REC group (P>0.05) (Figure 5.7). 
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Figure 5-7. The effect of FS bioactives on survival rate during colitis recovery in mice. 

Kaplan-Meier survival curve demonstrating the percentage of mice, which survived within different 

treatment groups during the 5 day recovery period. DSS exposure significantly reduced the survival rate 

compared to NEG control, while FP and FM diets aggravated this effect of DSS (P<0.05). FO did not 

make a significant difference in survival rate compared to DSS group (P>0.05). n=12 except NEG groups 

which n=9. 
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5.4.3.2. Diet and water intake 

The DI was significantly different between groups in the recovery period. While all 

DSS-treated animals had lower DI compared to negative control, FP significantly (P<0.05) 

and FM slightly (P>0.05) aggravated DSS-induced reduction in DI (Figure 5.8). Also, FP 

and FM diets tended to reduce WI compared to DSS group (P>0.05). FO did not make any 

significant difference in diet and water intake compared to DSS group (P>0.05) (Figure 5.8).  
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Figure 5-8. The effect of FS bioactives on diet and water intakes in colitis recovery period.   

During recovery period, all DSS-treated animals had reduced DI compared to NEG group, with FP 

significantly (P<0.05)., and FM slightly (P>0.05) aggravating the DI compared to DSS group. Also, FP 

and FM tended to aggravate WI compared to DSS group (P>0.05). FO did not make any significant 

difference in diet and water intake compared to DSS group (P>0.05).Values are means ± SE, n=12 except 

NEG group which n=9, Values that are not sharing the same letter are significantly different. 

 

5.4.3.3. DAI 

 



 

140 
 

DAI including BW, stool blood and consistency score were monitored daily during 5 day 

recovery period. During the last 3 days of recovery period the number of survived mice in FP 

and FM groups decreased to n=1-2, which was not statistically applicable. So the DAI curves for 

FP and FM groups end at day 2 and 3 respectively (Figure 5.9).   

FP-supplemented diet aggravated DAI during recovery period (P<0.05). This effect was 

associated with increased BW loss, stool consistency and stool blood scores compared to DSS 

group (P<0.05) (Figure 5.9).  Additionally, FM diet also aggravated DAI in the first and 2
nd

 day 

of recovery period, while increased the stool consistency (day 0-3), stool blood (day 2), and BW 

loss scores (day 2 and 3) (P<0.05). The diet supplemented with FO did not make any significant 

changes in DAI, compared to DSS group in recovery period (P>0.05) (Figure 5.9). 

 

5.4.3.4. Organ Size Parameters in Colitis Recovery 

 

After 5 day recovery with regular drinking water, just one mouse from FP and FM groups 

survived. The data from these two mice were excluded and other groups (NEG, DSS-REC, and 

FO-REC) were compared for organs size. The results showed that at the end of recovery period, 

both FO and DSS groups similarly had lower colon length, and higher colon weight and w:l ratio 

compared to NEG group (P<0.05) (Figure 5.10). Additionally, both DSS and FO groups had 

increased spleen and cecum size, and reduced cecum content  compared to NEG  control 

(P<0.05), without a significant difference in liver weight (P>0.05) (Figure 5.10). There was not 

a significant difference between DSS-REC and FO-REC in organ sizes (P>0.05). 
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Figure 5-9. The effect of FS bioactives on DAI during colitis recovery in mice.  

During the 5-day recovery period, mice were monitored daily for % BW loss, stool consistency, and stool 

blood scores. The summation of all three scores was expressed as DAI. The results demonstrate that FP 

and FM diets aggravated the DAI by increasing BW loss, stool blood and consistency scores (P<0.05), 

while FO diet did not make any significant change compared to DSS group (P>0.05). Values are means ± 

SE, n=12 except NEG groups which n=9, Values that are not sharing the same letter are significantly 

different. 
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Figure 5-10. The effect of FO diet on organs size after 5-day colitis recovery in mice. 

 FO-REC and DSS-REC both increased the colon w:l ratio compared to NEG control, by increasing colon 

weight and reducing colon length. They also increased the spleen and cecum size, while reduced the 

cecum content (P<0.05), without a significant difference between them. Values are means ± SE, n=12 

except NEG groups which n=9, Values that are not sharing the same letter are significantly different. 
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5.4.3.5. Colonic Histological Score After Recovery Period 

 

After five days of recovery, the histological score was assessed in the proximal colon of 

survived animals from FO-REC and DSS-REC groups.  The results showed that there was not a 

significant difference in histological damage between these two treatments (P>0.05) (Figure 

5.11). 
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Figure 5-11. The effect of FO diet on colonic histological score after 5-day colitis recovery 

in mice.  

After 5 day recovery period with regular drinking water, FO-supplemented diet did not make any 

significant changes in colonic histological score compared to DSS-REC group (P>0.05).  Values are 

means ± SE, n=12 except NEG groups which n=9. 
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5.5. Discussion 
 

The objective of this study was to investigate if dietary consumption of purified FS 

bioactives (FS protein, oil and mucilage) can influence gut health components and DSS-induced 

acute colitis and recovery in mice. Previously, we observed that 10% FS diet was able to modify 

colon health components by increasing microbiota activity, SCFAs production, increasing crypt 

length and mucus production and altering the colonic expression of genes involved in immune 

response, bacterial defense, and regulation of cycle cell events. Additionally, we observed that 

10% FS diet aggravates DSS-induced acute colitis in mice, by increasing DAI (diarrhea, 

bleeding, and BW loss), histological damage, and molecular biomarkers of colitis (inflammatory 

cytokines, and activation of NF-κB signaling pathway) (Chapter 3). Using FS in its natural 

matrix did not allow us to clarify which FS bioactive has the major role in FS-induced effects on 

gut health in healthy mice, or FS adverse effects in colonic inflammation. Thus, for the first time, 

diets supplemented with individual FS bioactives, including FS protein, mucilage and oil, were 

used to be investigated for their effects on colon health components, as well as their effect on 

DSS-induced colitis symptoms and recovery in mice.   

The results of this study showed that diets supplemented with 5% FM, 20% FP, or 3.5% 

FO were tolerated by healthy animals without any significant effect on BW, DI, spleen or liver 

size (Table 5.2). Diets supplemented with FS bioactives influenced gut health components by 

increasing bacterial activity (reflected in increased cecum content and cecal SCFAs), and/or 

changing the crypt length. Between FS-based diets only FM increased crypt length, which was 

also associated with increased colon and cecum tissue weight (Table 5.3 & Figure 5.2). This 

effect of FM on crypt length was similar to some other soluble fibres previously studied [40]. It 

has been shown that soluble fibres and their fermentation products have critical role in fibre-
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induced increase in crypt length and mucus production [40, 41, 226, 232, 250, 251]. For instance, 

it was observed that diets supplemented with fructans increases SCFAs and crypt length in 

bacteria-associated, but not in germ-free rats [40], suggesting the critical role of gut microbiota 

and SCFAs in soluble fibre induced increase in crypt length. There is increasing evidence about 

the essential role of SCFAs, especially butyrate, in colon homeostasis. Butyrate is one of the 

major sources of energy for colonocytes, and showed its ability in increasing crypt length [433]. 

In agreement with previous findings the results of this study showed that dietary consumption of 

5% FM for two weeks significantly increases cecal SCFAs levels, while increased crypt length, 

colon weight and w:l ratio in healthy animals (Table 5.3,  Figure 5.1 & 5.2).  

In addition, the majority of studies on prebiotics and colitis support the beneficial effects 

of soluble fibre in colitis [238, 241, 242, 246], while a few studies showing their adverse effects 

[217]. In this study, 5% FM diet increased DAI in DSS-induced acute colitis, and aggravated the 

DSS-induced changes in liver size and colon w:l ratio, without significant adverse effect on 

histological and molecular biomarkers of colitis in colon. The adverse effects of FM continued 

during recovery period, by increasing DAI, which lead to significant reduction in survival rate in 

this group (Figure 5.7). The adverse effect of FM on DSS-induced acute colitis and recovery 

may be partly through alteration in gut permeability by prebiotics.  Increased gut permeability 

has been proposed as an early feature in IBD [412], and reducing gut permeability can attenuate 

colitis in mice [412]. It has been observed that the adverse effect of prebiotics on gut 

permeability is correlated to their fermentability level [268, 269]. FM has low viscosity and high 

solubility, leading to a high degree of fermentability [337], and thus may have enhanced gut 

permeability in the current study. Furthermore, consumption of FM diet also increased cecum 

content and SCFAs, as a result of FM fermentation. This may indicate an increase in microbial 
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activity and potentially microbial overgrowth. In mice with DSS-induced colonic injury, the 

combination of increased gut permeability and microbial activity (reflected in increased SCFAs 

level) may lead to increased bacterial translocation to the liver, and increase hepatic damage, as 

seen in both FM and FP fed mice (Table 5.4). These results are similar to our previous findings 

that 10% FS diet increased cecum size and SCFAs levels, while aggravated colitis and 

exacerbated DSS-induced effects in liver. 

The diet supplemented with 20% FP also resulted in increased cecum content and cecal 

SCFAs levels in healthy animals (Table 5.3 & Figure 5.1). Interestingly, increased fermentation 

by 20% FP diet, however increased cecal SCFAs levels, could not influence the colon weight or 

cecum tissue weight, but was associated with reduced crypt length in healthy animals (Figure 

5.2). Furthermore, exposure of FP-fed animals to DSS was associated with remarkable 

aggravation of DAI (BW loss, diarrhea and bleeding), histological damage, and molecular 

biomarkers of colitis (MPO level) (Figures 5.4, 5.5 & 5.6). The adverse effect of FP on colitis 

continued in the recovery period, as FP-fed animals continued to have the highest DAI, which 

resulted in a significant reduction in survival.  In fact, just one mouse (out of 12) from this group 

survived by the end of study (Figures 5.7). The exact mechanism responsible for FP-induced 

reduction in crypt length in healthy mice, and FP adverse effects on DSS-induced acute colitis 

and recovery is not clear yet. The effect of FP on gut health and colitis has not been previously 

studied, and generally, research on the effect of purified dietary proteins on colon health, colitis 

and colitis recovery are rare. The different proteins may have different effects on gut health and 

GI disorders. Previous animal studies demonstrated that while both soy and whey proteins 

increase the growth of Bifidobacteria and Lactobacillus species [434, 435], only soy protein is 

able to reduce the DSS-induced acute colitis in C57/BL6 mice, by reducing the colon shortening 
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and histology scores [432]. In our study, FP, which has comparable amino acid composition to 

soy protein, adversely influenced colitis, independent to its ability in increasing the cecal 

production of SCFAs. The dramatic difference between soy and FS proteins in regard to their 

effects on DSS-induced colitis may be related to the other compounds bound to the proteins. 

While the beneficial effects of soy protein may be related to its isoflavones with anti-

inflammatory properties [436, 437], the adverse effects of FS protein in this study may be related 

to the presence of cytotoxic chemicals (e.g. cyanide and cadmium) and anti-nutritional proteins 

(such as antivitamin B6, pancreatic and salivary α-amylase inhibitors, and trypsin and 

chymotrypsin inhibitors) in FS protein [328, 379]. Cyanides have cytotoxic effects by binding to 

mitochondrial cytochrome oxidase, which results in inhibiting cellular respiration, and 

intracellular hypoxia [438]. Cadmium (Cd) is another cytotoxic substance bound to FS protein 

[439]. Cd is known as a toxic element, with a long half- life of 20 years. It can accumulate in the 

body and cause chronic toxicity [439]. Acute oral exposure to low doses of Cd (15 mg/Kg BW) 

results in GI irritation, vomiting, abdominal pain and diarrhea. In higher doses (20-30 mg/Kg 

BW) Cd affects the liver, cardiovascular and nervous systems [440]. FS accumulates significant 

level of Cd (from 0.075 to 2.775 ppm, depending on the cultivar type and soil condition) which 

usually exceeds the dietary critical value of 0.3 ppm [439]. While the level of Cd in FP was not 

analysed in this study, since Cd in FS is bound to proteins [439], the purification of FS protein 

can be associated with concentrating Cd. 

Additionally, the purification process can influence protein composition and digestibility, 

and may result in producing or concentrating toxic materials. Protein extraction may lead to 

concentrating cyanides [328], formation of abnormal amino acids and reduced digestibility 

(nutrition value) [441] of FS protein. As a result, less protein will be digested in small intestine, 
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leading to higher availability of protein in cecum and colon for bacterial fermentation. However 

protein fermentation is associated with production of SCFAs (acetic acid, propionic acid and 

butyric acid) and branched chain fatty acids (isobutyric and isovaleric acid) [442], it also 

produces a variety of substances with  cytotoxic potentials (such as ammonia (NH3), amines and 

indolic, and sulfur-containing compounds) [442]. Previous studies suggest that these metabolites 

might be toxic for colonocytes and increase the risk of carcinogenesis [441]. For example, 

Hydrogen sulfide (H2S), one of the metabolites produced by commensal sulfate-reducing 

bacteria during protein fermentation, represents an environmental insult to the intestinal 

epithelium, and potentially is involved in some of chronic GI disorders (such as UC and CRC) 

[442, 443]. H2S and ammonia both impair oxidation of butyrate, acetate and propionate, which is 

the most important energy pathway in colonocytes [442].  Additionally, using HT-29 Glc -/+  

colon cancer cell line showed that  20mM  ammonium chloride, which is a concentration close to 

that found in the colon, suppresses cell proliferation [442]. Also, as discussed earlier, high 

fermentable materials may increase gut permeability, so FP which was fermented and increased 

cecum content and cecal SCFAs levels, may also aggravated colitis symptoms and hepatic 

damage by increasing gut permeability and bacterial translocation to submucosal layers and 

liver.  

Supplementation of diet with 3.5% FS oil was associated with reduction in crypt length in 

healthy animals, with less stimulatory effects on DSS-induced damages in colon. It is known that 

FO is rich in ALA, containing more than 55% of FS oil [379]. n3-PUFAs showed gut health 

promoting effects specially in reducing colon cancer, by reducing cell proliferation and 

increasing cell apoptosis in healthy colonocytes as well as in cancer cells [282]. The effect of FS 

oil in reducing crypt length in this study may be through their effects on cell proliferation and 
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apoptosis. Overall, studies on the effect of n3-PUFAs on UC are controversial, showing their 

beneficial [18-20, 220, 273-275], null [276-278], and adverse [11, 222, 223] effects. The results 

of this study show the adverse effects of ALA-rich FO diet on DAI during acute colitis, and its 

null effects on colon histomorphology and MPO level, and survival rate. 

In summary, for the first time we have shown that consumption of purified FP- and FM-

supplemented diet alters gut health components, including microbiota activity and cecal SCFAs, 

and crypt length in healthy mice, while increases the susceptibility to DSS-induced colitis 

remarkably. The adverse effects of FP in this study may be related to the presence of cytotoxic 

materials (e.g. Cd and cyanide) in FP, or the production of potentially toxic products in protein 

fermentation. Also, the adverse effects of FM and FP on colitis may be related to simultaneous 

increase in microbiota activity and gut permeability by fermentable materials, which results in 

bacterial translocation to the submucosal layer and aggravated inflammatory response. In 

conclusion, FP and FM seem to have a critical role in FS- adverse effects in DSS-induced acute 

colitis in our previous study, while FO has less effect in this model of acute colitis. Further 

analyses are required to clarify the mechanisms involved in the effect of FS bioactives in colon 

health and colitis.  
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Chapter 6. Thesis Overview, Limitations, Future Directions, and 

Implications
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6.1. Thesis Overview 
 

  

 This thesis was comprised of the following studies using C57BL/6 mice: 1) The effect of 

FS and its seed components on DSS-induced acute colitis; 2) The effect of FS on colon health 

components; and 3) The effect of purified FS oil, protein and mucilage on colon health 

components, and DSS-induced acute colitis and colitis recovery.  

FS is known to be rich in a variety of bioactives with gut health-promoting potentials, 

including soluble fibre, ALA, and lignans [379]. In Chapter 3, the first objective was to 

determine if FS would reduce the symptoms of DSS-induced colitis in C57BL/6 mice. The 

second objective was to determine the effect of purified FS hull and kernel, which contain 

different distribution of bioactives, on colitis, and compare their effects with whole FS. The 

results of this study showed that FS exacerbated DSS-induced colitis as reflected in increased 

DAI, and histological and molecular biomarkers of colitis. The adverse effects of FS were 

associated with the upregulation of genes involved in the NF-κB signalling pathway, namely 

Nfkb1, Ccl5, Bcl2a1a, Egfr, Relb, Birc3, and Atf1. Conversely, FS hull and kernel groups had 

less influence on colitis symptoms. It was concluded that the effect of the FS-supplemented diet 

on DSS-induced colitis is stronger than hull and kernel alone. The aggravatory effects of FS on 

colitis symptoms in this study were associated with the activation of NF-κB signaling pathway 

and stimulation of inflammatory responses.  

 In Chapter 4, the effects of the FS-supplemented diet on colon health components (i.e. 

mucosal integrity, microbiota activity, and host response) in mice were examined. The increasing 

evidence on the anti-tumorigenesis properties of FS has promoted the interest in using FS as a 

food ingredient [24]; however, the information about the effects of FS on healthy colon is rare. 
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Also, understanding the effects of FS in healthy colon could partly explain why FS increased 

susceptibility to DSS-induced colitis observed in study 1. After giving 10% FS diet or BD for 3 

weeks, it was observed that FS consumption increased cecum weight, SCFA concentrations, 

mucus production, and the number of goblet cells within the proximal colon. Additionally, FS 

increased crypt length and the number of cells per crypt without significant effects on apoptosis. 

Global gene expression analyses revealed that FS up-regulated several genes involved in the 

microbial defence pathway, and immune and inflammatory response, while suppressed numerous 

genes involved in cell cycle events. In conclusion, consumption of FS by healthy mice 

modulated biomarkers of colon health by increasing some biomarkers of gut barrier integrity 

(mucus production and crypt length), microbiota activity (cecum size and SCFA levels), and host 

response (i.e. alterations in the expression of genes related to immune response). FS-induced 

alteration in colon health may either negatively or positively influence the susceptibility of the 

colon to various GI diseases. For instance, the FS-induced cell cycle arrest may be involved in 

aggravation of DSS-induced colitis by interfering with wound healing process, however may 

suppress colon carcinogenesis and tumor growth.   

 In Chapter 5, I investigated the effects of purified FS protein, soluble fibre (mucilage) 

and oil on colon health components, DSS-induced acute colitis, and colitis recovery in C57BL/6 

mice, to understand which bioactive is involved in FS-induced changes in the healthy colon, and 

FS adverse effects in colitis. After feeding healthy animals with 20% FP, 5% FM, or 3.5% FO 

diets we observed that both FM and FP diets increased the cecal SCFAs levels, while only the 

FM diet increased crypt length, colon and cecum weights, and colon w:l ratio compared to BD. 

In contrast, FP and FO both reduced crypt length compared to BD without having significant 

effects on colon or cecum size. These results suggest that between these bioactives FM has a 
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more critical role in FS-induced changes in healthy colon. In the second part of this study, while 

animals were fed FO, FP or FM diets, and acute colitis was induced by administration of 2% 

DSS in their drinking water for 5 days. Between FS bioactives, 20% FP diet had the most 

adverse effects on DSS-induced colitis, which was associated with reduced liver weight, 

increased DAI, colon w:l ratio, histological score, and MPO levels. Additionally, FP-

supplemented diet remarkably reduced the survival rate during the 5 day recovery period, as just 

1 out of 12 mice survived to the end of the study. FM-supplemented diet did not affect DSS-

induced histological damage, or MPO levels, but caused an aggravation in DSS-induced changes 

in colon w:l ratio and liver size.  It also exacerbated DAI during acute colitis, which continued 

onwards in the recovery period and reduced survival rate significantly. In contrast, FO-

supplemented diet did not affect DSS-induced changes in colon histomorphology and MPO level 

in acute colitis, or the survival rate in the recovery period. The results of this study suggest that 

FP and FM portion of seed are mainly responsible for the adverse effects observed with the FS-

supplemented diet on DSS-induced colitis.   

 Overall, this thesis has determined the effects of diets supplemented with FS, FS hull, and 

FS kernel on DSS-induced acute colitis (Chapter 3); the effects of FS on colon health 

components and colonic gene expression under healthy conditions (Chapter 4); and the effects of 

purified FS protein, mucilage and oil on colon health components, as well as DSS-induced acute 

colitis and recovery (Chapter 5), in C57BL/6 mice. This is the first study to investigate the effect 

of FS, FS components or purified FS bioactives in an animal model of acute colitis.  

 

6.2. Limitations 
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 A general limitation in using experimental animals in nutrition studies is the possible 

differences between animals and humans with regards to the metabolism of dietary components. 

It must be kept in mind that human digestive systems may be different in microbiota population 

and diversity, and also in detoxification capacity. As a result, the type and severity of effects 

induced by dietary FS, and its purified bioactives, especially FP, may be different in humans.   

Another limitation is related to the DSS model. Although 2% DSS is widely used to induce 

colonic inflammation, it cannot completely mimic human colitis. UC is a chronic IBD with 

relapsing and remission phases, while the DSS model demonstrates a snapshot of accelerated 

colonic inflammation. Additionally, the mechanisms of colitis induction by DSS may have 

influenced study outcomes. Though several studies have showed the beneficial effects of soluble 

fibre in animal models of colitis [238, 241, 242, 246], our results demonstrated that although FS 

mucilage increased cecal SCFAs levels, its overall effects on DSS-induced colitis and recovery 

were adverse. One of the possible reasons for aggravatory effects of FM in this study is the 

mechanism of colitis induction by DSS. As mentioned in the Chapter 1, the chemical structures 

of DSS and mucus facilitates an immediate interaction between them, followed by structural 

changes in mucus network, and a reduction in mucus integrity [162, 171]. The destruction of the 

mucus layer leads to an increase in gut permeability and direct exposure of immune and 

epithelial cells to luminal microbiota, and results in hyper-activation of an immune response, 

which initiates the vicious cycle of inflammation [162, 171]. Thus it is possible that using other 

animal models of colonic inflammation or chronic models that induce colitis slightly and 

gradually may show different results. 
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Although the global gene array of FS-fed healthy mice is a novelty of this study, testing the 

gene expression in just one snapshot can be a limitation. The expression of genes can change in a 

few minutes in response to external and internal stimulations [444, 445], so the data from one 

point gene expression may not completely reflect the protein expressions, and dominant 

physiological phenotypes. Thus, monitoring the expression of genes (globally or selectively) in 

several time points, or measuring specific protein levels may better demonstrate the 

physiological events.  

Another limitation of this study was that because of budget limitations we could not 

investigate the effects of purified lignan, one of the major FS bioactives, on colon health, acute 

colitis, and colitis recovery. Considering the anti-oxidative and anti-inflammatory properties of 

lignans [351, 389] their effects on colitis may be promising in future studies. 

 

6.3. Future Directions 

 
Briefly, in the current studies we observed that diet supplemented with FS, FP or FM 

affected colon health components in healthy condition, while aggravated DSS-induced acute 

colitis. Since this is the first in vivo study examining the effects of FS, its components, and its 

purified bioactives in colon health and colitis, the experiments conducted to figure out the 

mechanisms of action were limited. The various tissues (colon, cecum, mesentery lymph nodes, 

spleen and liver), which were collected at sacrifice, provide the opportunity for further analyses 

to clarify the possible mechanisms. Currently, there is increasing evidence that an alteration in 

immune cell profile is involved in the pathophysiology of IBD [446]. In future work, the spleen 

samples can be used to investigate the interactions between diet and immune cell profiles and its 

influence on colonic inflammation. 
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As discussed in Chapters 3 and 5, one of the possible mechanisms involved in the adverse 

effects of FS, FM and FP diets in colitis is the alteration in gut permeability by these diets. 

Several studies showed that certain prebiotics can enhance gut permeability, such as dietary 

inulin, FOS, and β-glucan, which dose-dependently increased intestinal permeability and 

microbial translocation in experimental animals [265-267, 411]. Additionally, the effects of 

prebiotics on gut permeability are directly correlated to their fermentability [268, 269]. FS 

mucilage has low viscosity and high fermentability [337], and FP also significantly increased the 

biomarkers of fermentations (e.g. SCFAs levels). Thus, FM and FP (individually or combined in 

whole FS) may enhance gut permeability. Also the adverse effects of FS and FP diets in the liver 

of DSS-exposed animals may be related to bacterial translocation to the liver, as a result of 

increased gut permeability. Additionally, bacterial overgrowth in the colon is another critical 

factor in bacterial translocation [139, 408, 413]. In the current studies, we observed that all FS, 

FM and FP diets increased cecal size and SCFAs production (as biomarkers of bacterial activity), 

and also increased the DSS-induced changes in liver, but we did not have any direct evidence 

confirming the bacterial overgrowth or increased permeability by these diets. Using 16S DNA 

PCR array in fecal samples or liver tissues can assess bacterial growth in the colon or bacterial 

translocation to the liver, respectively. Additionally, measuring serum and liver endotoxins can 

demonstrate FS-induced changes in gut permeability. 

As discussed in Chapter 5, another possible mechanism involved in FP and FS adverse 

effects in colitis is the production of toxic materials during protein fermentation. Further analyses 

on cecal/fecal content for the products of protein fermentation can clarify this possibility. 

Another possible reason for FP adverse effects is the presence of cytotoxic chemicals (e.g. 

cyanide and Cd) [439], and anti-nutritional proteins (e.g. anti-vitamin B6, pancreatic and salivary 
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a-amylase inhibitors, and trypsin and chymotrypsin inhibitors) in FS protein [328, 379]. 

Biochemical analyses of liver for Cd and cyanide content, and the assessment of anti-nutrients in 

diet and feces, can examine the accuracy of this hypothesis. 

Furthermore, the possible chemical changes of FS protein during extraction and 

purification may be involved in its adverse effects. Currently, there is increasing evidence 

demonstrating the effect of food processing on digestibility of proteins, and elimination or 

concentration of anti-nutrients and toxic materials [328, 441]. In fact, recent findings suggest that 

the adverse effects of some dietary components in colon health (especially processed meat in 

colon cancer) may be related to the chemical changes of proteins during food processing, which 

results in reduced digestibility. When the protein digestibility is reduced, more fermentable 

materials can reach to the colon, leading to the production of protein metabolites with cytotoxic 

properties [441]. For example, the thermolyzing process of casein, egg white protein or soy 

protein reduces their digestibility and increases the production of potentially cytotoxic materials 

(e.g. ammonium and urinary phenol, cresol, and indol-3-ol) during protein fermentation, and 

may promote colon cancer development in AOM-treated rats [441]. In addition, the preparation 

of FS for dietary use, or the processing of FP may result in the release of cyanide upon 

hydrolysis [328]. Further studies are required to examine the effect of different processing 

methods on digestibility, fermentability and toxic content of FS and FP, and their effects in colon 

health and diseases.   

Additionally, it is evident that colitis is associated with increased levels of ROS and 

oxidative stress [447]. Previous studies using anti-oxidative bioactives (such as rutin and 

curcumin) showed their beneficial effects on colitis [309]. FS lignans have anti-oxidative and 

anti-inflammatory properties [448], which make them a good candidate to be studied in oxidative 
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stress-related disorders, such as IBD. Beside their anti-oxidative potential, lignans showed to 

reduce the colonic tumorigenesis, by inducing apoptosis in in vitro and in vivo models of colon 

cancer [363]. Although the effects of lignans on colitis have not been studied yet, they may show 

beneficial effects based on their anti-oxidative and anti-inflammatory potentials, or adverse 

effects via their apoptotic properties. Since plant lignans are dependent on colonic microbiota to 

be transformed to biologically active entrolignans [345], and colitis is associated with a reduced 

population of commensal bacteria [97, 98], the administration of entrolignans may be more 

effective on colitis compared to plant lignans (e.g. SDG).  

 

6.4. Implications 
 

 

 Overall, the findings of this thesis have the potential to influence the management of 

colitis symptoms. As discussed in the Chapter 1, current colitis therapies have many limitations, 

including their ineffectiveness and intolerance in some patients [79]. These limitations promote 

the use of natural dietary interventions (such as n3-PUFAs, prebiotics, and phenolic compounds) 

among the UC patients. However the link between diet and colitis symptoms is not yet clear, UC 

patients frequently reported some specific food sensitivities, particularly with cereals, milk, eggs, 

vegetables, and citrus fruits [449, 450]. The frequency and severity of food sensitivities may be 

dependent on the consumption time, for example during relapse or remission periods [451]. FS is 

a dietary component with several bioactives with gut health-promoting potential. On account of 

the beneficial effects of FS on a variety of cancers, including colon cancer, currently there is an 

increasing interest in the consumption of FS and FS components and bioactives [24], however, 

the effect of FS consumption on colitis, as a risk factor in colon cancer development had not 
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been studied before. Additionally, knowledge about the effects of FS-based diets on colon health 

components in a healthy state is currently lacking. Therefore, research that adds to our 

knowledge on the health effects of commonly used foods (e.g. FS) are relevant to IBD 

management and can potentially influence the quality of life of IBD patients. Furthermore, 

investigating the effects of FS on the principle components of gut health will improve our 

knowledge on the mechanisms behind FS effects on common GI disorders (e.g. IBD and colon 

cancer).  
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Appendix 1: Measurement of fat, protein, fibres and lignans in FS, FS hull and 

kernel 
 

Macronutrients and lignan levels in FS, FS hull and kernel were analysed by Dr. Steve Cui 

and Dr. Rong Cao`s laboratories (Guelph Food Research Centre, AAFC, Guelph). Total lipids 

were extracted from 10g sample with chloroform/methanol mixture (1:1) and the fat profile was 

determined as described by Glew et al. (2010) [452]. Total carbohydrate in FS, hull and kernel 

were analysed as described by Dubois et al. (1956) [453]. Available carbohydrates were 

measured based on method described by Mopper et al. [454]. To determine protein content, 

whole seeds and hull, were first washed in hexane (1:2, w/v) to remove any oil and then air 

dried. All FS samples were then disintegrated to small particles using a laboratory mortar and 

pestle. Total nitrogen content of these ground samples were determined according to AOCS 

method Ba 4f-00 (AOCS, 1997) by combustion analysis using a Flash EA®1112 N-analyzer 

(Thermo Fisher Scientific, Canada) and a conversion factor of 6.25 was used to calculate protein 

content.  

Dietary fibre was determined according the Megazyme Dietary Fibre method (Megazyme 

International Ireland, Bray) with some modifications. Defatted sample was dissolved into 50ml 

MES buffer. α-amylase, proteinase and amyloglucosidase were added into the solution according 

to the Megazyme instructions. The digest was centrifuged at 9500g for 15 min followed by 

decanting. The residue (R-I) was oven dried at 103 ºC overnight. The supernatant was mixed 

with 4 volumes of 95% ethanol and then centrifuged at 9500g for 15 min. The residue (R-II) was 

also oven dried at 103ºC overnight. Both residues (R-I and R-II) were weighed, analysed for 

protein content by using NA2100 Nitrogen and Protein Analyzer (Thermo Quest, Italy), and ash 

content by  using 550ºC muffler oven. The results were recorded as Protein I & II, and Ash I & 
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II, respectively. The content of insoluble dietary fibre was calculated by equation I: Insoluble 

Dietary Fibre % = (R-I (g) –Protein I (g) – Ash I (g)) X 100/Sample (g); The content of soluble 

dietary fibre was calculated by equation II: Soluble Dietary Fibre % = (R-II (g) –Protein II (g) – 

Ash II (g)) X 100/Sample (g); The content of total dietary fibre was the sum of soluble and 

insoluble dietary fibre. All the results were recorded at the dry weight basis.   

Under the alkaline hydrolysis regime, a HPLC method was used to measure SDG, as the 

main lignan in FS.  Milled FS samples were hydrolyzed with 80% ethanol containing 0.3 M 

NaOH at 60 
o
C for 2 hr under constant stirring. The samples were centrifuged and the 

supernatant were transferred. The residues were washed twice with 80% ethanol and centrifuged. 

The supernatant was combined for each sample and the final volume was set to 25 ml by adding 

80% ethanol. Triplicate extractions were performed on each sample. The extracts were filtered 

through 0.2 mm filter and analysed by HPLC  system (Agilent Technology 1100 Series, Palo 

Alto, USA) equipped with a quaternary pump, an inline degasser, a thermostatic autosampler, 

and a diode array detector  (detects signals from 190 nm to 600 nm).  A Phenomenex Kinetex 2.6 

m C18 column (100 X 4.0 mm) was used for the separation 
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Appendix 2: Chemical analysis of serum lignans 

 

Serum lignans were analysed by Dr. Rong Cao`s laboratory (Guelph Food Research 

Centre, AAFC, Guelph). Mouse serum samples were mixed with hydrolysis reagent (β-

glucuronidase/sulfatase in NaAC buffer), incubated for 19h at 37
o
C, and treated with methanol. 

The samples were vortexed and mixed for 1 hr, then centrifuged at 20,000 g for 10 min. The 

pellet was washed with methanol and then centrifuged. The supernatant was combined and 

evaporated to dryness using a Speed-Vac with a solvent compatible ultra-cold trap and vacuum 

pump. The dried samples were re-dissolved into 50 µL of 80% methanol by vortexing, sonicated 

for 10 min, and centrifuged at 20,000 g for 10 min. The supernatant was transferred into HPLC 

vial inserts and analyzed using LC-MS/MS. LC-MS/MS analysis was carried out by using a 

SHIMADZU UPLC system (Kyoto, Japan) connected with a triple quadrupole IONICS 3Q 

Molecular Analyzer (IONICS, Bolton, Canada). 
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Appendix 3: Measurement of hepatic fatty acids and cholesterol levels 

 

Hepatic fatty acid profiles and cholesterol levels were measured by Dr. Bourlaye Fofana`s 

laboratory (Crops and Livestock Research Centre, AAFC, Charlottetown). Total cholesterol and 

free fatty acids (FFAs) were sequentially extracted from snap frozen liver samples (n=12/group). 

Briefly, pre-weighed liver samples were homogenized in 15 mL methanol using a PowerGene 

125 homogenizer (Fisher scientific, Canada) and incubated at 55°C for 15 min. Total lipid was 

extracted using 15 mL of hexane/chloroform (4:1 v/v) for 15 min, 4 mL of 0.89 % NaCl/water 

(w/v) was added and the samples vortexed. After centrifugation (1500 rpm for 15 min), the 

supernatant was collected, 5 mL hexane added and centrifuged again.  The top layer was 

collected, dried under nitrogen gas, saponified using 3 mL of methanol/100 mM KOH solution 

(94:6 v/v), and heated at 95°C for 2 hr. After adding 1 mL of double-distilled water and 3 mL 

hexane, samples were shaken and centrifuged.  

The top layer was collected, dried, reconstituted in 2 mL hexane and used for cholesterol 

analysis by GC (Agilent 6890, Hewlett-Packard, USA). To each 150 µL of sample, 25 µL of 2 

mg/mL 5α-cholestane was added as internal standard. The GC was equipped with capillary flow 

technology, enabling the detection by both a flame ionization detector (FID) and an electron 

impact MS detector. Peaks were identified by comparison of their mass spectra with a National 

Institute of Standards and Technology (NIST) database. Cholesterol separations were conducted 

using a HP-5MS column (30 m X 0.25 mm ID, 0.25 µm coating) with constant flow of 1 

mL/min. Corrected areas obtained from the FID signal were normalized to the signal for the 

internal standard 5α-cholestane and converted to amount of cholesterol per sample.   

The bottom layer was acidified to pH 1.0-1.5 and used for FFA extraction achieved with 4 

mL hexane, shaking and centrifugation. The top layer was collected, dried,  methylated into fatty 

http://www5.agr.gc.ca/eng/?id=1180557429228
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acid methyl esters (FAMES) using 3 mL of methanolic-HCl at 95°C for 1 hr, and 1 mL 0.89 % 

NaCl/water (w/v) and 4 mL hexane were added and vortexed. The top layer was collected, dried 

and reconstituted in 1 mL hexane. To each 150 µL of sample, 18.75 µL of 1 mg/mL methyl 

tricosanoate was added as internal standard for FAMES analysis by GC. Peaks were identified 

by comparison of their mass spectra with a NIST database. FAMES separations were conducted 

using a DB-23 column (60 m X 0.25 mm ID, 0.15 µm coating). Corrected areas obtained from 

the FID signal were presented as relative % of the total FAMES signal.  
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Appendix 4: Microarray hybridization and analysis 

 

RNA samples from 4 mice per group were submitted to UHN Microarray Centre for 

processing with the Affymetrix Mouse Gene 1.0 ST array according to the manufacturer’s 

instructions.  Background adjustment, normalization and probe summarization was performed 

with Expression Console version 1.0031 (Affymetrix) using the Robust Multi-array Average 

(RMA) method [455].  Identification of significantly differentially expressed genes was 

performed using the ArrayTools package implemented in R v2.15.   
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Appendix 5: Pathway and gene network analysis 

 

The analysis of pathways and gene networks was conducted by Dr. Dion Lepp (Guelph 

Food Research Centre, AAFC, Guelph). Affymetrix Transcript Cluster IDs from differentially 

expressed genes were uploaded to the DAVID Bioinformatics Resource v6.7 [456, 457], and the 

MoGene-1_0-st-v1 gene set was selected as background. Enrichment analysis was performed 

using the Functional Annotation Clustering tool based on Gene Ontology (GO) biological 

process terms (GOTERM_BP_FAT). Gene network visualization, clustering and functional 

annotation was performed with the Reactome FI Cytoscape plugin, which is based the Reactome 

Functional Interaction (FI) network, a manually curated database of human pathways and protein 

interactions.  Mouse gene symbols were first converted to orthologous human gene symbols 

using the HUGO Gene Nomenclature Committee Comparison of Orthology Predictions (HCOP) 

search tool [458-460]. 
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Appendix 6: Primers used for quantitative RT-PCR 

 

 
    

Gene Forward Primer Reverse Primer 

Ifrd1 CGAAGAACAAGAAGCGGAAC AAGGTTGAACAGTCCGATGC 

Retnlb AGCTCCAGGAGGCTGACTTT TTCCCTGGGACTATCAGTGG 

Vnn1 AAAAGCCAGTTCGCTGGATA AGGGTGTCCTTAGGCAGGAT 

Hprt1 GAGGAGTCCTGTTGATGTTGCCAG GGCTGGCCTATAGGCTCATAGTGC 

ActB CTCTGGCTCCTAGCACCATGAAGA GTAAAACGCAGCTCAGTAACAGTCCG 
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Appendix 7: The list of differentially expressed genes by FS diet in healthy mice 
 

Gene expression analysis of colon tissue revealed a total of 309 differentially expressed genes (FC>1.2, p<0.05) affected by FS 

diet (140 down- and 169 up-regulated). 

Affymetrix 
ID Fold-change pValue Symbol Name 

10537690 -4.449840105 0.022858864 Sval1 seminal vesicle antigen-like 1 

10351959 -3.303143519 0.009682017 1810030J14Rik RIKEN cDNA 1810030J14 gene 

10476042 -3.041330863 0.046140307 Tgm3 transglutaminase 3, E polypeptide 

10403046 -2.336686544 0.009202413 AI324046 expressed sequence AI324046 

10606640 -2.056109571 0.006300729 Nox1 NADPH oxidase 1 

10429555 -1.866109423 0.023219771 2010109I03Rik RIKEN cDNA 2010109I03 gene 

10545239 -1.821686861 0.0331189 NA NA 

10436087 -1.76148109 0.009750829 Retnlb resistin like beta 

10568731 -1.614068492 0.008146305 NA NA 

10545235 -1.546457093 0.012498205 NA NA 

10411373 -1.537693687 0.022763248 Hexb hexosaminidase B 

10400095 -1.536140424 0.01610713 Ifrd1 interferon-related developmental regulator 1 

10404783 -1.518665332 0.003738688 Edn1 endothelin 1 

10531610 -1.496047475 0.024574809 Rasgef1b RasGEF domain family, member 1B 

10596303 -1.488785602 0.01581731 Acpp acid phosphatase, prostate 

10542335 -1.482508863 0.032792223 Gprc5a G protein-coupled receptor, family C, group 5, member A 

10545208 -1.479823382 0.009598706 NA NA 

10352448 -1.474042567 0.023869504 Dusp10 dual specificity phosphatase 10 

10480432 -1.468114168 0.014281708 NA NA 

10403413 -1.456786349 0.036026179 Idi1 isopentenyl-diphosphate delta isomerase 

10487480 -1.438937137 0.026499706 Bub1 budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae) 

10463121 -1.437511069 0.028188853 Zfp518a zinc finger protein 518A 

10608001 -1.432671929 0.014910299 Eif2s3y eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10580286 -1.431396026 0.041372082 Best2 bestrophin 2 

10531987 -1.418175003 0.012196287 Gbp4 guanylate binding protein 4 

10399087 -1.413406065 0.015148023 Ncapg2 non-SMC condensin II complex, subunit G2 

10523062 -1.411743199 0.018629931 Alb albumin 

10420426 -1.411311594 0.023327652 F630043A04Rik RIKEN cDNA F630043A04 gene 

10406968 -1.405944463 0.012099575 Cenpk centromere protein K 

10360391 -1.403024921 0.024296712 Ifi203 interferon activated gene 203 

10538832 -1.399881995 0.005786046 Mad2l1 MAD2 mitotic arrest deficient-like 1 (yeast) 

10587639 -1.399079905 0.047287572 Nt5e 5' nucleotidase, ecto 

10420877 -1.380198588 0.026540961 Esco2 establishment of cohesion 1 homolog 2 (S. cerevisiae) 

10436106 -1.378665892 0.039681408 C330027C09Rik RIKEN cDNA C330027C09 gene 

10497122 -1.377993554 0.03792698 Depdc1a DEP domain containing 1a 

10594426 -1.372321294 0.00958358 Zwilch Zwilch, kinetochore associated, homolog (Drosophila) 

10403034 -1.365354672 0.032663367 NA NA 

10504127 -1.358455282 0.006522604 Ccl21a chemokine (C-C motif) ligand 21A (serine) 

10504154 -1.358455282 0.006522604 Ccl21a chemokine (C-C motif) ligand 21A (serine) 

10504183 -1.358455282 0.006522604 Ccl21a chemokine (C-C motif) ligand 21A (serine) 

10512377 -1.358455282 0.006522604 Ccl21a chemokine (C-C motif) ligand 21A (serine) 

10497831 -1.356722038 0.041253889 Ccna2 cyclin A2 

10403063 -1.356544495 0.022172354 Igh-VJ558 immunoglobulin heavy chain (J558 family) 

10586448 -1.352913935 0.028251907 2810417H13Rik RIKEN cDNA 2810417H13 gene 

10454192 -1.350806436 0.043563567 Ttr transthyretin 

10354649 -1.350671916 0.024042149 Pgap1 post-GPI attachment to proteins 1 

10400589 -1.3501172 0.025723909 Mis18bp1 MIS18 binding protein 1 

10466606 -1.349515678 0.03604574 Anxa1 annexin A1 

10377938 -1.348094708 0.04149082 Eno3 enolase 3, beta muscle 

10486255 -1.345396189 0.014843352 Oip5 Opa interacting protein 5 

10545233 -1.342814828 0.002974785 Igk-V1 immunoglobulin kappa chain variable 1 (V1) 

10358575 -1.339887834 0.0266886 Hmcn1 hemicentin 1 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10496822 -1.338267319 0.027601721 Gng5 guanine nucleotide binding protein (G protein), gamma 5 

10396421 -1.337358424 0.01925993 Hif1a hypoxia inducible factor 1, alpha subunit 

10389606 -1.336184178 0.022766151 Prr11 proline rich 11 

10574488 -1.333712051 0.017919964 Pdp2 pyruvate dehyrogenase phosphatase catalytic subunit 2 

10502552 -1.333591972 0.015027387 Clca1 chloride channel calcium activated 1 

10438690 -1.332301746 0.018818813 Rfc4 replication factor C (activator 1) 4 

10452316 -1.331973546 0.006464916 C3 complement component 3 

10544932 -1.330895052 0.001832386 Inmt indolethylamine N-methyltransferase 

10604076 -1.328145912 0.044649552 Snora69 small nucleolar RNA, H/ACA box 69 

10600901 -1.328018672 0.013163351 Ar androgen receptor 

10607124 -1.327571703 0.005779873 Chrdl1 chordin-like 1 

10467840 -1.325282048 0.02802169 C130021O09Rik RIKEN cDNA C130021O09 gene 

10555695 -1.322772529 0.031665086 Rrm1 ribonucleotide reductase M1 

10474437 -1.318499468 0.017626237 Ccdc34 coiled-coil domain containing 34 

10462796 -1.318175787 0.047404796 Kif11 kinesin family member 11 

10601011 -1.318132085 0.035757698 Kif4 kinesin family member 4 

10399391 -1.314583413 0.043383557 Gen1 Gen homolog 1, endonuclease (Drosophila) 

10498168 -1.309448338 0.02214314 Exosc8 exosome component 8 

10360522 -1.309267708 0.009671665 Adss adenylosuccinate synthetase, non muscle 

10436304 -1.308392409 0.037559227 Abi3bp ABI gene family, member 3 (NESH) binding protein 

10575733 -1.307928569 0.027525389 Cenpn centromere protein N 

10540105 -1.305359224 0.010442371 Tmem43 transmembrane protein 43 

10502575 -1.304916039 0.009509352 Clca4 chloride channel calcium activated 4 

10571384 -1.304796639 0.036136732 Efha2 EF-hand domain family, member A2 

10437945 -1.30463501 0.03088208 Mcm4 minichromosome maintenance deficient 4 homolog (S. cerevisiae) 

10594774 -1.302104286 0.031662641 Ccnb2 cyclin B2 

10448208 -1.301920146 0.018468031 Zfp947 zinc finger protein 947 

10573261 -1.300402613 0.037222694 Asf1b ASF1 anti-silencing function 1 homolog B (S. cerevisiae) 

10474902 -1.299872765 0.019846197 Rad51 RAD51 homolog (S. cerevisiae) 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10487340 -1.298532247 0.018798027 Ncaph non-SMC condensin I complex, subunit H 

10498379 -1.295225527 0.027532323 Igsf10 immunoglobulin superfamily, member 10 

10461723 -1.295160868 0.021768749 Fam111a family with sequence similarity 111, member A 

10453715 -1.295027857 0.016279667 NA NA 

10460400 -1.294437017 0.038724527 Pcx pyruvate carboxylase 

10542880 -1.293274271 0.041788178 4833442J19Rik RIKEN cDNA 4833442J19 gene 

10475643 -1.289722358 0.046524278 Fgf7 fibroblast growth factor 7 

10472782 -1.2894147 0.043623876 Hat1 histone aminotransferase 1 

10465895 -1.287663916 0.047818256 Fads2 fatty acid desaturase 2 

10541885 -1.287390172 0.028336264 Scnn1a sodium channel, nonvoltage-gated 1 alpha 

10389134 -1.285260889 0.026582582 Slfn9 schlafen 9 

10608661 -1.284088599 0.021409179 Raet1e retinoic acid early transcript 1E 

10498383 -1.2823913 0.014695608 Igsf10 immunoglobulin superfamily, member 10 

10474381 -1.280862506 0.041500345 Kif18a kinesin family member 18A 

10567412 -1.280713541 0.028233189 Eri2 exoribonuclease 2 

10367768 -1.280581042 0.025467968 NA NA 

10522819 -1.280406276 0.036460575 Ugt2b35 UDP glucuronosyltransferase 2 family, polypeptide B35 

10514201 -1.279919917 0.049737476 Haus6 HAUS augmin-like complex, subunit 6 

10600485 -1.276434312 0.044543577 Dkc1 dyskeratosis congenita 1, dyskerin homolog (human) 

10400137 -1.271766798 0.026782619 Dnajb9 DnaJ (Hsp40) homolog, subfamily B, member 9 

10350838 -1.27082002 0.047747218 2810417H13Rik RIKEN cDNA 2810417H13 gene 

10459643 -1.267600742 0.023484471 4930503L19Rik RIKEN cDNA 4930503L19 gene 

10416037 -1.26480917 0.035060335 Pbk PDZ binding kinase 

10538706 -1.264279863 0.038990557 Mmrn1 multimerin 1 

10454709 -1.262198547 0.036785278 Kif20a kinesin family member 20A 

10498386 -1.25839329 0.017301037 Igsf10 immunoglobulin superfamily, member 10 

10403352 -1.258139318 0.01731187 Klf6 Kruppel-like factor 6 

10498018 -1.256696559 0.007112966 Pcdh18 protocadherin 18 

10385770 -1.25646492 0.033318888 Olfr1372-ps1 olfactory receptor 1372, pseudogene 1 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10460738 -1.256244337 0.033505646 Cdca5 cell division cycle associated 5 

10507112 -1.256109712 0.033670481 Stil Scl/Tal1 interrupting locus 

10450374 -1.255208244 0.025205458 D17H6S56E-5 DNA segment, Chr 17, human D6S56E 5 

10580382 -1.254713507 0.043311623 Neto2 neuropilin (NRP) and tolloid (TLL)-like 2 

10608634 -1.251729859 0.029218412 Raet1a retinoic acid early transcript 1, alpha 

10358339 -1.250618431 0.040837065 Cfh complement component factor h 

10592201 -1.249658522 0.044001146 Chek1 checkpoint kinase 1 homolog (S. pombe) 

10548817 -1.24904624 0.024291804 Plbd1 phospholipase B domain containing 1 

10482448 -1.243852726 0.026986541 Zeb2 zinc finger E-box binding homeobox 2 

10602739 -1.243842002 0.018161188 Acot9 acyl-CoA thioesterase 9 

10384956 -1.241929514 0.030447736 Chac2 ChaC, cation transport regulator homolog 2 (E. coli) 

10435948 -1.24027986 0.041343641 Ccdc80 coiled-coil domain containing 80 

10604528 -1.238199267 0.041981994 Mbnl3 muscleblind-like 3 (Drosophila) 

10536494 -1.237578651 0.015921958 Cav2 caveolin 2 

10451805 -1.236592798 0.043804065 Sgol1 shugoshin-like 1 (S. pombe) 

10607328 -1.235275133 0.027355921 NA NA 

10452709 -1.233135254 0.04692178 Ndc80 NDC80 homolog, kinetochore complex component (S. cerevisiae) 

10572906 -1.231817663 0.043042172 Mcm5 
minichromosome maintenance deficient 5, cell division cycle 46 (S. 
cerevisiae) 

10573615 -1.230972033 0.049302533 Orc6 origin recognition complex, subunit 6 

10608648 -1.230375932 0.040702689 Raet1b retinoic acid early transcript beta 

10368041 -1.228674978 0.015118206 3110003A17Rik RIKEN cDNA 3110003A17 gene 

10374777 -1.22733408 0.025777729 Efemp1 epidermal growth factor-containing fibulin-like extracellular matrix protein 1 

10536595 -1.225258519 0.027893047 Naa38 N(alpha)-acetyltransferase 38, NatC auxiliary subunit 

10422244 -1.224972231 0.020654141 Slitrk6 SLIT and NTRK-like family, member 6 

10484584 -1.224733643 0.025288577 NA NA 

10424188 -1.22326903 0.044863349 Mtbp Mdm2, transformed 3T3 cell double minute p53 binding protein 

10589884 -1.222609702 0.035224923 Bcl2a1c B-cell leukemia/lymphoma 2 related protein A1c 

10421697 -1.221840065 0.043113724 9030625A04Rik RIKEN cDNA 9030625A04 gene 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10556266 -1.213467098 0.026274877 Wee1 WEE 1 homolog 1 (S. pombe) 

10604832 -1.212419966 0.04558371 Mir505 microRNA 505 

10536620 -1.2120404 0.040890569 Ing3 inhibitor of growth family, member 3 

10451547 -1.211202609 0.047351263 Gm16494 predicted gene 16494 

10410975 -1.207674016 0.043340514 Zcchc9 zinc finger, CCHC domain containing 9 

10603431 -1.205731235 0.03864821 Suv39h1 suppressor of variegation 3-9 homolog 1 (Drosophila) 

10375358 -1.203818262 0.027777823 NA NA 

10461391 -1.203452851 0.045662956 Pcna proliferating cell nuclear antigen 

10570963 1.20059805 0.04368334 Zmat4 zinc finger, matrin type 4 

10373846 1.2009146 0.04159326 Sec14l3 SEC14-like 3 (S. cerevisiae) 

10509856 1.202813027 0.038503938 NA NA 

10356498 1.204147936 0.028940099 Iqca IQ motif containing with AAA domain 

10465820 1.20425785 0.035425887 Gng3 guanine nucleotide binding protein (G protein), gamma 3 

10517703 1.205438003 0.039018226 NA NA 

10469143 1.205926996 0.039115935 Taf3 TAF3 RNA polymerase II, TATA box binding protein (TBP)-associated factor 

10412205 1.207229417 0.042284055 NA NA 

10403110 1.209036028 0.032594715 Gm10421 predicted gene 10421 

10540267 1.209127514 0.034805624 NA NA 

10499429 1.210291521 0.030811538 NA NA 

10563149 1.211741205 0.049755883 Ccdc155 coiled-coil domain containing 155 

10566186 1.212294085 0.029110167 Olfr571 olfactory receptor 571 

10573613 1.214808376 0.046532797 Olfr371 olfactory receptor 371 

10569149 1.214834929 0.032228601 B230206H07Rik RIKEN cDNA B230206H07 gene 

10479397 1.215926211 0.03140194 Ntsr1 neurotensin receptor 1 

10461728 1.216529511 0.035048986 Gm4952 predicted gene 4952 

10569227 1.216822725 0.045952698 Muc6 mucin 6, gastric 

10608664 1.216823587 0.027996341 NA NA 

10505515 1.217059215 0.022747756 NA NA 

10591999 1.217224253 0.033813441 NA NA 



 

200 
 

Affymetrix 
ID Fold-change pValue Symbol Name 

10413333 1.217387778 0.040433841 Dnahc12 dynein, axonemal, heavy chain 12 

10585428 1.217402458 0.035788423 Dnaja4 DnaJ (Hsp40) homolog, subfamily A, member 4 

10557111 1.219059274 0.029255849 Scnn1g sodium channel, nonvoltage-gated 1 gamma 

10430066 1.219079013 0.042808002 Foxh1 forkhead box H1 

10551907 1.219277049 0.04665366 Nphs1 nephrosis 1 homolog, nephrin (human) 

10451838 1.220913374 0.022077138 Slc5a7 solute carrier family 5 (choline transporter), member 7 

10509568 1.221215373 0.038446627 Camk2n1 calcium/calmodulin-dependent protein kinase II inhibitor 1 

10473606 1.221262341 0.045661646 NA NA 

10533844 1.221642572 0.032047327 Rilpl2 Rab interacting lysosomal protein-like 2 

10404472 1.221756468 0.021067943 Serpinb9g serine (or cysteine) peptidase inhibitor, clade B, member 9g 

10560851 1.223096068 0.022708894 1700008P20Rik RIKEN cDNA 1700008P20 gene 

10384974 1.22345971 0.027564431 Il9r interleukin 9 receptor 

10386185 1.223732341 0.037010659 Olfr331 olfactory receptor 331 

10550424 1.224409716 0.023457682 Psg29 pregnancy-specific glycoprotein 29 

10391837 1.224855606 0.038403622 Plcd3 phospholipase C, delta 3 

10529018 1.224871994 0.049219114 Cib4 calcium and integrin binding family member 4 

10603247 1.224881346 0.042322242 NA NA 

10347277 1.224988361 0.0139848 Igfbp2 insulin-like growth factor binding protein 2 

10539465 1.225415711 0.039815171 Ankrd53 ankyrin repeat domain 53 

10428453 1.225419525 0.047131458 Csmd3 CUB and Sushi multiple domains 3 

10579609 1.225516536 0.014978554 Fcho1 FCH domain only 1 

10384179 1.225837677 0.026343102 NA NA 

10585398 1.226430037 0.0317878 Gldn gliomedin 

10588137 1.226889646 0.035029415 Dzip1l DAZ interacting protein 1-like 

10587554 1.227622183 0.033991012 Tpbg trophoblast glycoprotein 

10424700 1.228605117 0.019426143 Zfp41 zinc finger protein 41 

10564537 1.228854595 0.027695882 NA NA 

10590306 1.229083463 0.03514674 Entpd3 ectonucleoside triphosphate diphosphohydrolase 3 

10603302 1.229252038 0.041203419 Mir500 microRNA 500 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10599427 1.230470435 0.044526678 NA NA 

10492540 1.230892641 0.04288208 Il12a interleukin 12a 

10563745 1.230896321 0.047902285 Mrgprb5 MAS-related GPR, member B5 

10487890 1.23157717 0.022012596 Erv3 endogenous retroviral sequence 3 

10561337 1.233092973 0.024958078 1700049G17Rik RIKEN cDNA 1700049G17 gene 

10504621 1.233674348 0.027651017 E230008N13Rik RIKEN cDNA E230008N13 gene 

10444747 1.234452042 0.03628355 NA NA 

10472378 1.235393066 0.040148904 Scn2a1 sodium channel, voltage-gated, type II, alpha 1 

10451145 1.236856877 0.04150229 Capn11 calpain 11 

10353061 1.236883276 0.039596992 NA NA 

10570513 1.23747228 0.033376425 Kbtbd11 kelch repeat and BTB (POZ) domain containing 11 

10531259 1.238028678 0.028416207 NA NA 

10517364 1.238432895 0.017576144 A330049M08Rik RIKEN cDNA A330049M08 gene 

10473399 1.239117078 0.048603575 Prg2 proteoglycan 2, bone marrow 

10554710 1.240546016 0.0278297 NA NA 

10381528 1.241806906 0.04636386 Nags N-acetylglutamate synthase 

10391504 1.242653932 0.022840852 Meox1 mesenchyme homeobox 1 

10375454 1.243269135 0.013666379 BC053393 cDNA sequence BC053393 

10404479 1.24379979 0.035810899 Serpinb9g serine (or cysteine) peptidase inhibitor, clade B, member 9g 

10411527 1.243828112 0.020616869 Cartpt CART prepropeptide 

10504656 1.243892303 0.043620051 E230008N13Rik RIKEN cDNA E230008N13 gene 

10532592 1.244296338 0.042315789 Myo18b myosin XVIIIb 

10558590 1.245435639 0.023494559 Prap1 proline-rich acidic protein 1 

10403025 1.245797938 0.040748194 NA NA 

10390299 1.246315664 0.023227761 Pnpo pyridoxine 5'-phosphate oxidase 

10570703 1.246500412 0.02314619 Gm6696 predicted gene 6696 

10346790 1.24751182 0.01808845 Ctla4 cytotoxic T-lymphocyte-associated protein 4 

10381474 1.248649504 0.023397452 Arl4d ADP-ribosylation factor-like 4D 

10392787 1.248920915 0.038613798 4932435O22Rik RIKEN cDNA 4932435O22 gene 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10522388 1.249043347 0.024770509 Slc10a4 solute carrier family 10 (sodium/bile acid cotransporter family), member 4 

10588077 1.249252767 0.01155268 2410012M07Rik RIKEN cDNA 2410012M07 gene 

10570723 1.253244178 0.02402676 Defa25 defensin, alpha, 25 

10423291 1.253519804 0.034954619 Gm5468 predicted gene 5468 

10408529 1.253671518 0.049432062 NA NA 

10537306 1.253925321 0.039606155 Akr1d1 aldo-keto reductase family 1, member D1 

10483800 1.254770509 0.022862571 1700109F18Rik RIKEN cDNA 1700109F18 gene 

10504456 1.255667341 0.046776886 Ccin calicin 

10460696 1.2561666 0.02087925 Slc25a45 solute carrier family 25, member 45 

10352777 1.257359078 0.024483429 Slc30a1 solute carrier family 30 (zinc transporter), member 1 

10500656 1.257595058 0.03283322 Cd101 CD101 antigen 

10398032 1.257610755 0.038524744 Serpina3b serine (or cysteine) peptidase inhibitor, clade A, member 3B 

10427159 1.257868785 0.017898481 NA NA 

10531910 1.258278511 0.034515342 Hsd17b13 hydroxysteroid (17-beta) dehydrogenase 13 

10512999 1.259508495 0.037072285 AI427809 expressed sequence AI427809 

10387100 1.259964069 0.038289197 Shisa6 shisa homolog 6 (Xenopus laevis) 

10477495 1.260074773 0.042412386 U46068 cDNA sequence U46068 

10558580 1.260723824 0.042056215 Utf1 undifferentiated embryonic cell transcription factor 1 

10367473 1.260998442 0.031529231 Olfr763 olfactory receptor 763 

10531195 1.261087721 0.04937807 Adamts3 
a disintegrin-like and metallopeptidase (reprolysin type) with 
thrombospondin type 1 motif, 3 

10390798 1.261670787 0.030764146 Krt25 keratin 25 

10508723 1.263144754 0.047420556 Snora61 small nucleolar RNA, H/ACA box 61 

10599001 1.26396097 0.024706742 Agtr2 angiotensin II receptor, type 2 

10423654 1.264366824 0.048022562 Osr2 odd-skipped related 2 (Drosophila) 

10381387 1.264903054 0.028119546 G6pc glucose-6-phosphatase, catalytic 

10412211 1.265821999 0.015321946 Gzma granzyme A 

10404400 1.266119199 0.027570162 NA NA 

10601701 1.266650152 0.02875056 Tmem35 transmembrane protein 35 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10424105 1.266805354 0.036925339 Colec10 collectin sub-family member 10 

10591214 1.269295841 0.042660574 Olfr867 olfactory receptor 867 

10563487 1.269501138 0.013784277 Abcc8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 

10493191 1.269621211 0.026483129 Mir9-1 microRNA 9-1 

10454252 1.270358741 0.025444905 NA NA 

10377439 1.270522363 0.016419161 Per1 period homolog 1 (Drosophila) 

10434932 1.271399936 0.020075924 Fam43a family with sequence similarity 43, member A 

10517791 1.271528519 0.023722468 Padi4 peptidyl arginine deiminase, type IV 

10375576 1.271889063 0.018702142 Olfr1380 olfactory receptor 1380 

10560030 1.271923206 0.017969735 Vmn2r56 vomeronasal 2, receptor 56 

10511042 1.272296537 0.041905942 C030017K20Rik RIKEN cDNA C030017K20 gene 

10400564 1.275034814 0.008530632 Fscb fibrous sheath CABYR binding protein 

10376402 1.277081297 0.039197789 Olfr179 olfactory receptor 179 

10385774 1.278979697 0.007627936 Olfr1371 olfactory receptor 1371 

10566678 1.279531849 0.010689531 Olfr485 olfactory receptor 485 

10420009 1.279882332 0.012745754 NA NA 

10382341 1.28006808 0.017414644 Sstr2 somatostatin receptor 2 

10416689 1.281853997 0.045125204 Olfm4 olfactomedin 4 

10562705 1.288141764 0.04599716 Gm2511 predicted gene 2511 

10570726 1.288675432 0.03679703 Defa26 defensin, alpha, 26 

10552339 1.288967724 0.021032373 Vmn2r60 vomeronasal 2, receptor 60 

10421875 1.289977002 0.041322184 NA NA 

10346137 1.290093554 0.047619582 NA NA 

10506433 1.296657729 0.020536938 Dab1 disabled homolog 1 (Drosophila) 

10402988 1.298166529 0.010432637 NA NA 

10523506 1.300962435 0.020354866 Bmp3 bone morphogenetic protein 3 

10601863 1.309804055 0.034368762 NA NA 

10444587 1.315909486 0.020179558 7330403C04Rik RIKEN cDNA 7330403C04 gene 

10427418 1.319899093 0.019828186 NA NA 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10484640 1.320666163 0.008724932 Olfr1099 olfactory receptor 1099 

10357239 1.323489411 0.006936053 Tmem37 transmembrane protein 37 

10385768 1.326231876 0.004765567 Olfr1373 olfactory receptor 1373 

10521811 1.331778803 0.020785056 NA NA 

10566597 1.338535257 0.006372022 Olfr698 olfactory receptor 698 

10475448 1.342730929 0.009694204 Duoxa2 dual oxidase maturation factor 2 

10364950 1.342835664 0.014472269 Gadd45b growth arrest and DNA-damage-inducible 45 beta 

10433212 1.349998753 0.033427664 Olfr15 olfactory receptor 15 

10404077 1.351914492 0.007121789 Slc17a2 solute carrier family 17 (sodium phosphate), member 2 

10539186 1.355470302 0.008113711 Reg3a regenerating islet-derived 3 alpha 

10414487 1.360436473 0.012034469 Olfr744 olfactory receptor 744 

10407435 1.366154084 0.048406783 Akr1c18 aldo-keto reductase family 1, member C18 

10507431 1.37047042 0.030392969 NA NA 

10494592 1.373674426 0.012416556 Gm5544 predicted gene 5544 

10464471 1.373820803 0.039884429 Gal galanin 

10570711 1.375059004 0.028052972 Defa20 defensin, alpha, 20 

10570706 1.379541727 0.029692397 Defa20 defensin, alpha, 20 

10362073 1.381505326 0.006283765 Sgk1 serum/glucocorticoid regulated kinase 1 

10570663 1.392770947 0.013751553 Defa25 defensin, alpha, 25 

10486956 1.393149231 0.033763796 Duox2 dual oxidase 2 

10457475 1.394045095 0.000828005 Abhd3 abhydrolase domain containing 3 

10368598 1.404570033 0.010702971 Clvs2 clavesin 2 

10510170 1.405328369 0.031538168 NA NA 

10510225 1.405328369 0.031538168 NA NA 

10593225 1.406644285 0.043655629 Zbtb16 zinc finger and BTB domain containing 16 

10344922 1.410633711 0.006555568 NA NA 

10604996 1.411878306 0.001735909 Xlr3a X-linked lymphocyte-regulated 3A 

10532267 1.418702001 0.001478552 Vmn2r9 vomeronasal 2, receptor 9 

10449377 1.428745231 0.026756572 Spdef SAM pointed domain containing ets transcription factor 
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Affymetrix 
ID Fold-change pValue Symbol Name 

10605007 1.436008296 0.002147541 Xlr3c X-linked lymphocyte-regulated 3C 

10600122 1.450199302 0.005261323 Xlr3b X-linked lymphocyte-regulated 3B 

10462881 1.463052855 0.006265442 Gpr120 G protein-coupled receptor 120 

10385337 1.463534739 0.023647738 Fabp6 fatty acid binding protein 6, ileal (gastrotropin) 

10499545 1.494539591 0.005889642 Efna3 ephrin A3 

10362138 1.557182089 0.007012628 Vnn1 vanin 1 

10598085 1.567128391 0.024575555 NA NA 

10570700 1.576544132 0.017422805 Defa25 defensin, alpha, 25 

10348030 1.722249507 0.006359637 NA NA 
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 Appendix 8: Protein functional interaction networks associated with differentially 

expressed genes   

 

Analysed by Dr. Dion Lepp (Guelph Food Research Centre, AAFC, Guelph). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Significantly differentially expressed genes (fold-change>1.2, p<0.05) were mapped to the Reactome Functional 

Interaction (FI) network and FI clusters (surrounded by dotted lines) were identified with the  

Reactome FI Cytoscape plugin. The GO terms associated with the FI clusters are shown. Circles (nodes) 

represent proteins and lines connecting nodes (edges) represent FIs between proteins.  Edges depict a 

predicted (---), activating/catalytic (->) and inhibitory (-|) interaction. Down-regulated and up-regulated 

genes in the FS group are shown in green and red, respectively, and the node size is proportional to 

significance, with larger nodes exhibiting higher significance. 
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Appendix 9: Amino acid composition of FP and soy protein 

 

 

 

 
 

 Amino acid 

 

Flax Protein Isolate 

(g/100g) 

Soy Protein isolate 

(g/100g)*  

Asp (with Asn) 7.69 10.20 

Glu (with Gln) 14.50 17.45 

Ser 3.68 4.59 

Gly 3.73 3.60 

His 1.83 2.30 

Arg 6.99 6.67 

Thr 2.92 3.14 

Ala 3.12 3.59 

Pro 2.49 4.96 

Tyr 2.05 3.22 

Val 3.63 4.10 

Met 1.52 1.13 

Cys 1.25 1.05 

Ile 3.05 4.25 

Leu 4.27 6.78 

Phe 3.67 4.59 

Lys 2.64 5.33 

Trp 1.31 1.12 

Total 70.34 88.07 
 

*From: Legume and legume products, Agricultural Hand book #8-16, USDA, Human Nutrition Services, Rev. 

Dec 1996. 
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Appendix 10: Extraction of FO  

 

 

FO was extracted by Dr. Sebastien Villeneuve`s laboratory (Food Research and Development Centre, 

Siant-Hyacinthe). Whole FS were placed in a hermetically closed container, water content was increased 

from 2.8 +/- 0.2 to 6.6 +/- 0.1 g H2O 100 g-1 (previously optimized for processability) by adding 41 mL 

water per 1 kg of FS (method AACC 26-95.01) and whole FS were rested for 72h to allow equilibrium. 

Oil was extracted from whole FS with a Komet laboratory oil expeller CA59G (IBG Monforts Oekotec 

GmbH & Co., Mönchengladbach, Germany) using an adapted method from Zheng et al. [461]. A shaft 

(18 mm flight-to-flight distance) was used at its slowest speed to press whole FS.  The choke (or die) at 

the meal discharge end of the screw press had a diameter of 6.25 mm. An electrical-resistance heating 

ring attached around the press head preheated the press. Four K-type thermocouples attached to the press 

were connected to a Portable Handheld Data Logger (OM-DAQPRO-5300, Omega Engineering, 

Stamford, CT, USA) and allowed to maintain the temperature of the extracted oil at 50°C.   
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Appendix 11: Extraction and chemical composition of FP 
 

 

FP extraction and chemical analysis were conducted by Dr. Janitha Wanasundara laboratory 

(Saskatoon Research Centre, Saskatoon).The objective in protein extraction was to obtain FS protein as 

natural as possible. For this purpose, the FS mucilage was removed by basically washing seeds with 

slightly basic solutions. This was done because mucilage reduces protein extractability. Then recovered 

seeds were dried and oil was extracted using hexane. Remaining residue was repeatedly extracted in 

water at pH 8. Proteins were extracted into the aqueous phase, which was dried to obtain FP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FP (100g) 

Ash (g) 5.00 

Fat (g) 0.84 

Protein (g) 74.46 

Total dietary fibre (g) 6.7 

Soluble fibre (g) 3.5 

Insoluble fibre (g) 3.24 

Phytic acid (g) 0.19 

Moisture (g) 6.00 
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Appendix 12: Extraction and chemical composition of FM 

 

 FM was extracted and analysed for chemical composition by Dr. Steve Cui`s laboratory (Guelph 

Food Research Centre, AAFC, Guelph). Five hundred Kg flaxseed hull was soaked in 2500L 55% 

ethanol for 4 hours at 65
0
C, then centrifuged for 15 min at 9000rpm. The supernatant was removed, then 

2500L 55% ethanol was added to the residue and incubated at 65
0
C for 2 hours, followed by overnight 

incubation at room temperature. In following day, the mixture was centrifuge for 15 min at 9000rpm. 

The supernatant was removed, and 5000L water was added to the collected residue, and was stirred for 5 

hours at room temperature, then centrifuged for 15 min at 9000rpm. The supernatant was removed and 

spray-dried and stored as FS mucilage.  

 

 

 

 
FM (per 100g) 

Ash (g) 4 

Protein (g) 12.48 

Total fibre (g) 75 

Moisture (g) 8.5 
 

 

 

 

 

 

 

 

 

 


