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ABSTRACT 

ANTI-INFLAMMATOY EFFECTS  OF ALLOSTERIC AGONIST PEPTIDES OF CALCIUM-

SENSING RECEPTOR IN INTESTINAL MUCOSAL SYSTEM 

Hua Zhang              Advisor: Dr. Yoshinori  Mine 

University of Guelph, 2013       

 

Dietary flavour compounds, γ-glutamyl dipeptides, have been shown to activate the calcium 

sensing receptor (CaSR) via allosteric ligand binding, but their role in modulating intestinal 

inflammation is unknown. Here we show that activation of CaSR by γ-glutamyl cysteine (γ-EC) 

and γ-glutamyl valine (γ-EV) can prevent TNF-α-induced inflammatory responses in intestinal 

epithelial cells (IECs); and explore the underlying mechanism at a cellular level. Human 

intestinal epithelial cell lines, Caco-2 and HT-29, were used as in vitro model to study intestinal 

inflammation. The TNF-α-induced secretion of interleukin (IL)-8 from IECs which is recognized 

as a biomarker indicating the inflammation was reduced by γ-EC and γ-EV. The gene 

expressions of pro-inflammatory cytokines, including TNF-α, IL-6 and IL-1β, were also 

inhibited by γ-EC and γ-EV supplementation, which is resulted from the activation of exogenous 

TNF-α-induced activations of NF-κB and MAPK pathways. The inhibitory effects of γ-EC on 

pro-inflammatory signaling cascades were abolished by specific anti-CaSR antibody and 

antagonist (NPS2143) in Caco-2 cells. Our current results demonstrated the anti-inflammatory 

activity of γ-glutamyl dipeptides in vitro in IECs, and indicated that the activity was primarily 

via CaSR-mediated activation. For further study of the mechanism underlying CaSR activation 

interfering with TNF-α-induced inflammation, we identified anti-inflammatory effects of the 

peptides that were abrogated in β-arrestin2 knockdown IECs. As well, involvement of β-

arrestin2 was found to inhibit the TNF-α-dependent pro-inflammatory signalling cascade via 

cross-talk with the TNF-α receptor (TNFR). Activation of CaSR has potential benefits for 

ameliorating an impaired gut system. The current study identifies the anti-inflammatory activities 

of γ-glutamyl peptides including γ-EC and γ-EV in a mouse model of colitis. The 

supplementation of γ-EC and γ-EV in DSS-induced mice were shown to prevent DSS caused 

loss of weight, colitic symptoms, and shortening of colon length. The study of colonic 

morphology also suggested a protective effect of γ-EC and γ-EV supplementation on the lesion 

developed in DSS colitis mouse colon.  The productions of pro-inflammatory cytokines in DSS-
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treated mice were reduced by γ-EC and γ-EV, while the production of anti-inflammatory 

cytokine IL-10 was augmented. We also identified the inhibitory effect of γ-EC and γ-EV on 

pro-inflammatory cytokines secretions being abrogated by pre-treated mice with NPS2143. In 

conclusion, γ-EC and γ-EV can effectively attenuate intestinal inflammation and restore gut 

homeostasis via ligand activation of CaSR, and may be a novel therapy for chronic inflammatory 

conditions such as inflammatory bowel disease (IBD). In order to reveal the signaling pathways 

regulated by γ-glutamyl dipeptides supplementation, we studied the genomic alterations in a γ-

EC-treated DSS colitis mouse model via a microarray study. Total of 481 genes from DSS-

induced colonic tissue were regulated by γ-EC supplementation. As well known, the 

inflammatory signaling events were generally up-regulated by DSS-induced colitis. Accordance 

with the results of biological function and pathway analyses in current study, expressions of 

inflammatory mediators including myeloperoxidase, transcriptional factors, and chemotatic 

cytokines in DSS colitis mouse model were majorly down-regulated by γ-EC. The network 

analysis also showed γ-EC involved in suppressing signaling events associated with intestinal 

inflammation and preventing abnormal cellular proliferation. The above genomic profile 

elucidates the potential mechanism underlying γ-EC ameliorating inflammation and preventing 

tissue damage in the gut system. 
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Chapter 1 Literature review 

 

1.1 Introduction 

Inflammation is a complex of biological reactions generated by the innate immune system in 

response to tissue injury, infection and irritation, which is a normal defensive activity of immune 

system in order to eliminate pathogens and protect the body system from damage. The process of 

inflammation is initiated by migration of immune cells through the blood flow to the site of 

injury (Pan, Lai, & Ho, 2010). Subsequently, inflammatory mediators including reactive oxygen 

species (ROS) and pro-inflammatory cytokines are released from immune cells, resulting in 

developing clinical symptoms such as redness, swelling, pain and fever and subsequent 

activation of adaptive immune responses. However, chronic inflammation is a prolonged 

inflammatory reaction accompanied by elevated expression of pro-inflammatory cytokines and 

excessive production of ROS from inflammatory cells, which has adverse effects on host health 

status by inducing damage to the normal tissues. Chronic inflammation also impairs the immune 

tolerance response thereby developing autoimmune diseases, metabolic disorders, and 

progressive diseases. 

 

A typical chronic inflammatory disease which occurs in the gastrointestinal (GI) tract is 

inflammatory bowel disease (IBD). The GI is the primary organ directly interacted with dietary 

compounds and provides a complex barrier against foodborne pathogens and toxic agent, while 

allows nutrient absorption and water transportation into the body. Development of chronic 

inflammation in GI leads to disrupting normal absorption and digestion processes and increasing 

a risk of developing the disease-related complications. The excessive production of inflammatory 

mediators in gut induces the extensive infiltration of immune and inflammatory cells into the 
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intestinal mucosa to amplify the inflammatory responses. The impaired intestinal mucosal barrier 

function and permanent tissue damage are eventually developed from the above process which is 

characterized in the IBD. 

 

IBD, including ulcerative colitis (UC) and Crohn's disease (CD), results from a chronic and 

relapsing inflammation of the GI, induced by the complex of genetic and environmental factors 

(Sartor, 2007). Persistent activation of immune response in the intestinal mucosa is involved in 

developing the perpetuating inflammatory response which subsequently causes tissue damage 

and abnormal cell proliferation (Sartor, 2006). In addition, the immunogenic mechanisms are 

complex in IBD due to the two subtypes (UC and CD) exhibiting different immune responses to 

intestinal infections. Consequently, there are no effective strategies to cure IBD. Conventional 

treatments, including immunosuppressive drugs and biological therapies targeting particular 

inflammatory cytokines or pathways of IBD, were shown to have either limited efficacy or 

adverse side effects (Silva, Devlin, & Panaccione, 2010). Therefore, an alternative strategy needs 

to be developed in order to treat IBD and restore intestinal mucosal homeostasis. The essential 

nutrients derived from daily dietary components may have therapeutic potential for IBD 

treatment, due to the direct interaction with the intestinal mucosal system and considering safe to 

be given variable doses.  

 

Currently, the study of immuno-nutrition has been established to reveal potential efficacy for 

modulating immune response and inflammation (Grimbel, 2001 and Suchner et al., 2000). 

Nowadays, a variety of dietary peptides, including food protein derived and synthesized, are 

recruited into the studies to detect their bioactivities or therapeutic potential. Some of these 
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peptides have been identified as immunonutrients which exert immunoregulatory or anti-

inflammatory effects on human GI (Gill, et al., 2000; Shimizu, 2004 and Katayama, et al., 2006). 

However, understanding of the mechanism underlying these food-based peptides regulating 

immune responses at the cellular level is still limited.  

 

Recently, two peptides from the group of γ-glutamyl peptides, γ-glutamylcysteine (EC) and γ-

glutamylvaline (EV) were developed as flavour compounds or flavour enhancers, and have been 

described with potential agonistic properties to activate the extracellular calcium-sensing 

receptor (CaSR) through allosteric binding (Ohsu, et al., 2010). The extracellular calcium-

sensing receptor (CaSR) belonging to the G-protein coupled cell surface receptors (GPCRs) is 

expressed in diverse mammalian cells and involved in regulating calcium homeostasis in 

response to the extracellular milieu (Brown & MacLeod, 2001). CaSR also acts as a multimodal 

nutrient senor that is activated by several key nutrients including polycations and L-amino acids. 

Because epithelial cells distributed in GI tract is the primary place to encounter such nutrients, 

activation of CaSR in the intestinal epithelial system may contribute to improving gut health.  

 

Consequently, administration of γ-EC and γ-EV may induce the activation of CaSR in GI tract 

via ligand-binding and subsequently regulates intracellular signal transduction relevant to CaSR. 

Since the biological functions of CaSR in modulating physiopathological conditions of gut and 

enhancing gut health under inflammatory conditions have never been addressed, clarification of 

supplementation of γ-EC and γ-EV as a means of reducing the inflammatory response via the 

CaSR-mediated signalling pathway is considered important.  
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1.2 Chronic inflammation and human diseases 

 

In response to infection or injury, an integrated network of biological processes including 

regulation of gene expression, migration of immune cells, activation of inflammatory enzymes, 

and production of pro-inflammatory mediators is triggered to act against harmful stimuli and 

enhance wound healing to restore the homeostasis at the damage site that is called inflammation 

(Calder, et al., 2009). Inflammation is a self-protective mechanism to protect host from infection 

and program self recovery, which mainly involves the innate and adaptive immune responses.   

 

1.2.1 General aspects of inflammation 

The main aspects of the inflammation process include the increasing blood supply and 

permeability to facility recruitment of immune cells; and leucocyte migration to the site of 

inflammation to clean the infectious pathogens by releasing pro-inflammatory mediators (Calder, 

et al., 2009). Once the innate immune system is activated, production of pro-inflammatory 

cytokines and chemokines are elevated to progress the inflammatory response. The cell adhesion 

molecule endothelial vascular cell-adhesion molecule-1 (VCAM-1) and matrix metalloproteinase 

(MMPs) are up-regulated by pro-inflammatory cytokines those are involved in facilitating 

neutropils adhesion to vascular endothelium and transmigration through the endothelium to site 

of injury (Coussens & Werb, 2002). After the neurtopils recruitment is initiated, the monocytes 

migrate to the site of injury. Furthermore, the endothelial and epithelial cells at the site of injury 

are profoundly influenced by activated macrophages which are the major leukocytes that produce 

cytokines and growth factors. 
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Inflammation can be divided into acute and chronic inflammation. Acute inflammation is a rapid 

response to eliminate infectious agents when tissue is injured. The activation of this progress is 

characterized by receptors of the immune cells sensing microbial infections (Medzhitov, 2008). 

Increased blood flow, permeability and recruited neutrophils are generally associated with acute 

inflammation. The acute inflammation is limited to the site of injured tissue.  However, due to 

unsuccessful elimination of pathogens by acute inflammatory response, the persistence of 

inflammatory response possibly develops into a chronic state (Medzhitov, 2008). The following 

aspects contribute to developing chronic inflammation; (1) persistent exposure to pro-

inflammatory stimuli; (2) tissue damage and loss of barrier function caused by inflammation; (3) 

loss of tolerance to autoantigens or commensal microflora; (4) production of reactive species 

from the granulocyte; (5) defective immune regulatory activity (Calder, et al., 2009). Chronic 

inflammation has a severe negative impact on host health as compared to acute inflammation in 

response to the pathogenic infection. The macrophage plays a key role in the development of 

chronic inflammation. The extensively stimulated macrophages under the chronic inflammatory 

condition lead to overproduction of ROS, cytokines, chemokines, eicosanoids and matrix 

metalloproteinases (MMPs). Those pro-inflammatory mediators amplify the inflammatory 

responses and induce destructive damage for normal tissue cells. As such, chronic inflammation 

leads to impairing homeostasis in the body which has further implications in development of 

progressive diseases, metabolic disorders and autoimmune disorders as shown in (Fig1).  
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1.2.2 Mechanisms underlying chronic inflammation is involved in the development of 

diseases 

The chronic inflammation mediated disease is mainly developed based on two underlying 

mechanisms. On the one hand, the perpetuation of inflammation mediated by over-stimulated 

macrophages promotes T helper 1 (Th1) immune response and suppresses T regulatory (Treg) 

immune response. Treg immune response belongs to a systemic mechanism to maintain the 

homeostasis of the immune system by regulating Th1 and Th2 immune responses, which is 

impaired by excessive production of pro-inflammatory cytokines. Loss of immune tolerance as 

result of impaired Treg immune response leads to development of the autoimmune response in 

which the immune system recognizes the substances or tissues normally present in body as the 

foreign antigens and subsequently induces immune responses against them. Accordingly, it is an 

increased risk to develop autoimmune diseases under the status of chronic inflammation. On the 

other hand, ROS as well as associated increase of oxidative stress result in damage to cell 

membranes, proteins and nucleic acids (Pan, Lai, Dushenkov, & Ho, 2009). DNA damage 

caused by prolonged exposure to ROS leads to enhancing tumorgenesis via stimulating gene 

mutation and abnormal cell proliferation. Therefore, the extensive production of pro-

inflammatory mediators has direct destructive effects on normal cells and increases oxidative 

stress and the risk of carcinogenesis.  

  

1.2.2.1 Progressive disease 

Cancer is a typical progressive disease and normally occurs at the site of chronic inflammation 

via the abnormal cell proliferation (Coussens & Werb, 2002). Cell proliferation is enhanced 

during tissue regeneration at the site of injury, which is the normal process for wound healing. 
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However, chronic inflammation provides the optimal microenvironment for sustained cell 

proliferation through accumulation of growth factors and ROS produced by inflammatory cells. 

The oxidative stress increased during chronic inflammation triggers the genetic mutation in a 

tumor suppressor gene p53 thereby blocking p53-dependent apoptotic response. The p53 

mutation has been identified in various chronic inflammatory diseases such as rheumatoid 

arthritis and inflammatory bowel disease (Yamanishi, Boyle, Rosengren, Green, Zvaifler, & 

Firestein, 2002). Therefore, the permanent genetic alteration under the chronic inflammatory 

condition possibly stimulates the gene mutation-mediated tumorigenesis. The tumorigenesis 

process in turn contributes to enhancing persistent inflammatory responses. A variety of key 

signaling molecules are up-regulated to activate pro-inflammatory transcriptional pathways 

under tumorigenic conditions, including signal transducers and activators of transcription 

(STAT)-3, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and activator 

protein (AP)-1 (Pan, Lai, & Ho, 2010). Among those signaling molecules, the pro-inflammatory 

cytokine tumor necrosis factor (TNF)-α is able to activate signaling cascades by interacting with 

TNF-α receptors (TNFRs) located on the membrane of immune cells, resulting in amplifying the 

inflammatory response via up-regulating pro-inflammatory mediators such as chemokine, 

adhesions and MMPs. Those molecules play a key role in triggering chronic inflammation 

mediated carcinogenesis.   

 

1.2.2.2 Metabolic disorders and mechanisms 

The increased production of pro-inflammatory cytokines and acute phase proteins initiates 

inflammatory signaling cascades that promote metabolic dysfunction and cause development of 

chronic metabolic disorders (Hotamisligil, 2006). Obesity and type 2 diabetes are typical 
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metabolic disorders and correlated with each other. Accumulation of macrophages in adipose 

tissue is characteristic in obese patients, which causes an increased release of TNF-α to mediate 

insulin resistance and amplify the inflammatory response. The excessive production of TNF-α in 

the adipose tissue occurs in the obese mice which is involved in development of insulin 

resistance and associated the type 2 diabetes (Uysal, Wiesbrock, Marino, & Hotamisligil, 1997). 

The mechanism of chronic inflammation-induced insulin resistance is a TNFR-dependent 

process in which TNF-α activates pro-inflammatory signaling pathways including c-Jun amino 

terminal kinase (JNK) and NF-κB pathways (Kahn, Hull, & Utzschneider, 2006). JNK activated 

by TNF-α binding with TNFR is able to induce serine/threonine (Ser/Thr) phosphorylation of 

insulin receptor substrate (IRS)-1/2 thereby blocking insulin signaling. In addition, the 

degradation of IRS-1/2 can be inhibited through cytokine-activated suppressor of cytokine 

signaling proteins (SOCS) binding with IRS-1/2  (Hotamisligil, Peraldi, Budavari, Ellis, White, 

& Spiegelman, 1996; Morris, 2003). Therefore, TNF-α-mediated pro-inflammatory signal 

cascades trigger the development of insulin resistance. On the other hand, β-cell, which is a type 

of cell in the pancreas that controls the storage and release of insulin in response to intravenous 

glucose level, is involved in the regulation of glucose metabolism. The insulin resistance 

accompanied with β-cell dysfunction eventually leads to impairing glucose tolerance and 

progressively developing type 2 diabetes.  

 

1.2.2.3 Autoimmune diseases 

In chronic inflammatory diseases such as rheumatoid arthritis and inflammatory bowel diseases, 

the immune response is triggered against the tissues or non-pathogenic antigens in the host rather 

than the exogenous infectious agents. Such chronic inflammatory diseases are recognized as 
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(Wen & Fiocchi, 2004). In IBD, the self-antigens originate 

pathogenic microflora. The failure of antigen elimination and persistence of 

various nonspecific biological amplification mechanisms in IBD contribute to the development 

e humoral immune response which results in developing an autoimmune disease. 
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1.3 Gut inflammation  

Inflammation is a complex biological response that occurs against tissue injury, microbial 

pathogen infection and chemical irritation and to those that stimulate signalling transduction, 

gene expression, and production of pro-inflammatory molecules from immune cells or 

inflammatory tissue cells. The excessive production of pro-inflammatory mediators in the gut 

leads to developing a systemic disorder with loss of barrier integrity. In addition, an elevated 

production of pro-inflammatory cytokines in intestinal mucosa is able to induce the apoptotic 

resistance through stimulating the activation of anti-apoptotic NF-κB pathway that increases the 

risk of gastrointestinal malignancy.   

 

1.3.1 Physiological function of gut and gut health 

The GI tract representing the mouth, oesophagus, stomach, small and large intestines is the major 

organ that acts as an intermediate between the host and the external environment, and plays a key 

role in controling consumption and absorbtion of food components. The GI tract is indeed an 

integrated biological system associated with pancreas, liver vascular, lymphatic and nervous 

systems, which allows the nutrient aborption and protects GI tract from the pathogenic infection 

(Schneeman, 2002). In the GI tract, the luminal surface is the outside layer of the intestine where 

the digested food encounters the intestinal epithelium and nutrients are delivered into the body. 

The intestinal mucosa conjuncted with the intestinal lumen which is constituted by the intestinal 

epithelial cells (IECs). The above mentioned alimentary layers are most susceptible to 

pathogenic infection due to the direct exposure to foreign antigens that exist in the external 

environment (Johnson, 2001).  
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The foreign substances detected by naïve dendritic cells (DC) cells or monocytes located in the 

mucosal layer are able to stimulate activation of the innate and adaptive immune responses in the 

gut (Johnson, 2001). As the defence mechanism of the intestinal mucosal system, the molecular 

patterns produced from pathogenic microflora are recognized by toll-like receptors (TLRs) 

located on cell membrane or the nucleotide-binding oligomerisation domain (NOD)-family 

receptors in the cytosol, that subsequently trigger the innate immune response to protect gut 

against the pathogenic invasion by recruiting immune cells. After eliminating pathogenes, the 

immune regulatory response is initiated to restore the homeostasis of the intestinal mucosal 

immune system. The physiology and biological functions of gut have strong implications for the 

maintenance of human health. However, the risks for malnutrition and susceptibility for 

development of other systemic disorders are increased when the gut health is deteriorated.  

  

1.3.2 Chronic gut inflammation 

Recruiment of neutrophils in the intestinal mucosa at the early stage of immune response plays a 

critical role in initiating inflammatory processes. During the inflammatory processes in the gut, 

the excessive secretion of pro-inflammatory cytokines can stimulate immune cells to produce 

more inflammatory mediator including reactive oxygen intermediates, those eventually result in 

the intestinal tissue injury, the increase of mucosal permeability, granuloma formation and 

amplification of the persistent inflammation (Papadakis & Targan, 2000). The chronic gut 

inflammation is finally developed from the over-activated Th1 immune response which leads to 

deterioration of the intestinal epithelum during the progression. Subsequently, substances such as 

enteric microflora and food debris permeate into the intestinal mucosa layer to trigger a complex 

of innate and adaptive immune responses agaisnt them. As a result of that, the homeostasis 
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between the mucosal immune system and the commensal microflora in gut is impaired. 

Meanwhile, the immune regulatory response that helps to prevent hypersensitivity to commensal 

microflora and innocuous food antigens,  are inhibited during the process of prolonged chronic 

inflammation.  Due to loss of immune tolerance, the Th1 response is continually amplified 

without suppresssion by which the dysregulation of gut immune system is eventually formed.   

 

In general, the chronic inflammation in gut is resulted from the excessive pro-inflammatory 

cytokine production and persistent macrophage activation. The colitis are formed in the intestine 

during the progression of chronic inflammation. The development of colitis is characteristic in 

IBD which is occuring in the gut. It is noticeable that chronic inflammation of IBD are linked 

with the development of colorectal cancer (Terzic, Grivennikov, Karin, & Karin, 2010). An 

enzyme with carcinogenic property cyclooxygenase-2 (COX-2) can be activated by the pro-

inflammatory cytokines such as IL-1α/β and TNF-α (Macarthur, Hold, & EI-Omar, 2004). These 

pro-inflammatory cytokines are recognized as precursors of tumorigenesis by which STAT3 is 

activated to stimulate tumor growth and NF-κB is stimulated to inhibit apoptosis (Terzic, 

Grivennikov, Karin, & Karin, 2010). Meanwhile, production of ROS from inflammatory immune 

cells is able to cause DNA damage in epithelial cells that results in genomic alterations and colon 

carcinogenesis (Meria, et al., 2008). In IBD patient, there is strong association between chronic 

inflammation and the development of colorectal cancer. Consequently, it is crutial to modulate 

chronic inflammation in the gut system thereby preventing tumorigenesis.  

1.4 Overview of Inflammatory Bowel Disease (IBD) 

IBD belongs to the group of inflammatory diseases, occurring in the small and large intestines. 

CD and UC are two main forms of IBD (Cho, 2006). The differences between these two diseases 
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are based on the location and nature of inflammation. CD is developed along the gastrointestinal 

tract and affects all layers of the intestinal wall, while UC is restricted to the colon and affects 

only the mucosa. The CD and UC have distinguished characteristic immune pathogenesis. CD is 

more likely associated with the Th1 type of immune response, which commonly affects the 

ileum and the colon. Contrarily, UC may be result from the excessively stimulated Th2 responses, 

which essentially involves the rectum. It is important to develop effective strategies for the IBD 

disease prevention and treatment by thoroughly understanding the pathophysiological nature of 

this disease.   

 

Due to migration of the human populations and various environmental changes, the prevalence 

of IBD has increased in the past 3-4 decades (Cho, 2006).  Currently, about 1.4 million people 

suffer from IBD in the United States (CDC, 2011). No significant difference caused by Canadian 

status has been identified. Previously, the prevalence rate of IBD was believed to be high in 

North America and Northern Europe. However, more recently the prevalence rate has begun to 

rise in low-incidence areas such as Southern Europe and Asia. 

 

1.4.1. Pathogenesis of IBD 

The pathogenesis of the IBD is induced by the complex genetic and environmental etiological 

influences which lead to increased immune responses and persistent inflammation in the 

intestinal epithelia and the gut-associated lymphoid tissues (GALT) (Fig.2). As discussed by 

Sartor (2007), there are three main aspects accounted for the increase of IBD prevalence that 

include commensal enteric bacteria, dietary factor and genetic susceptibility.  This is established 

under the situation in which the rising number of the migrating population and alternative dietary 
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inflammatory mediators and activate innate immune response. During this process, secretion of 

pro-inflammatory cytokines including TNFα, IL6, IL1β, IFNγ and IL17 are increased, while anti-

inflammatory cytokines TGFβ and IL10 are reduced. As a result, increased Th1 and Th17 

response and reduced Treg response develops. The impaired immune tolerance in IBD 

aggravates perpetuating inflammation which further leads to loss of integrity of the intestinal 

barrier  (Othman, Aguero, & Lin, 2008). 

 

1.4.1.1 Commensal bacteria 

The commensal bacteria, a group of microorganisms existing under the host enteric environment, 

are normally non-pathogenic and less harmful for the host.  The relationship between the enteric 

microflaora and the intestinal epithelium plays a crucial role for maintenance of homeostasis in 

the gut system. However, for IBD patients, due to their defective mucosal barrier and less 

effective immune tolerance activity, the commensal bacterial antigens and adjuvant can penetrate 

into the intestinal mucosa and subsequently trigger the innate immune response. To illustrate, 

when the commensal bacteria permeate into the intestinal mucosa, they access to the TLRs 

located on macrophages in the lamina propria and subsequently activate the TLR-mediated pro-

inflammatory signaling events (Medzhitov, 2008). The colonic luminal bacteria that act as 

persistent stimulus can induce chronic inflammation in genetic deficiency rodent models (Sartor, 

1995). Meanwhile, the mutation of NOD2 causes the impairment of normal bacterial antigen 

recognition in the intestinal system. Therefore, the dysregulated immune responses and the 

defective mucosal barrier have an impact on the loss of tolerance to commensal bacteria in IBD 

patients that is an intrinsic factor causing the activation of innate immune response against 

enteric flora and the development of autoimmune diseases in the gut.  
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1.4.1.2 Immune-mediate phenomena in IBD 

 The dysregulated immune system and chronic inflammation in the gut play a key role in the 

development of IBD. The following mechanisms explain the pathogenic immune response 

associated with IBD (Sartor, 2006). (1): Cytokines, such as TNF and IFN-γ, stimulate the release 

of pro-inflammatory mediators involved in developing the perpetuating inflammation in IBD; (2): 

The recruitment of macrophages is triggered by up-regulated expression of recognition receptors 

and enhanced by pro-inflammatory cytokines, which is persistent in IBD and plays a key role in 

amplifying severity of inflammation; (3): Commensal bacterial antigens and adjuvant activate 

the NF-κB pathway in the intestinal epithelial cells via interaction with TLRs by which the 

inflammation is enhanced (Fig.3). This triggers the stimulation of naïve DC to initiate adaptive 

immune response in the mucosal immune system; (4): Overall, the failure of antigen elimination 

and persistence of various nonspecific biological amplification mechanisms contribute to the 

development of inordinate humoral immune response, resulting in an autoimmune disease. This 

situation is more significant in UC patients. The non-specific antigen induced autoantibody 

response is essential to stimulate the Th2 response in IBD that leads to impairing homeostasis of 

the intestinal immune system (Brandtzaeg et al., 2006).  (5): The loss of immune tolerance as a 

result of the depletion of Treg response is significantly associated with the pathogenesis of IBD 

as well as other autoimmune diseases.  
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Figure 3. Schematic diagram explaining the mechanisms involved in the activation of NF-kB 

pathway (Zhang, Fan, & Paliyath, 2011). (1):  P65 is a subunit of transcription factor NF-kB. 

IkBα degradation leads to stimulating production of iNOS, COX-2 and pro-inflammatory 

cytokines. (2): the pathway demonstrates the Smad signal transduction cascade activated by 

TGF-β, which suppresses the NF-kB-mediated pro-inflammatory genes expression. (3): the 

pathway demonstrates IL-10-activated signal transduction cascade which may suppress the pro-

inflammatory signal cascade associated with NF-kB through inhibiting the p38 MAPK activation.  

The IL-10 may inhibit p38 MAPK pathway by activating the JAK/STAT pathway.  
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1.4.1.3 Genetic susceptibility of IBD 

The genetic susceptibility is recently believed to be the intrinsic factor causing local pathogenic 

immune response against commensal bacterial antigens. The genetic susceptibility of the disease 

is generally determined by genome-wide association studies (GWA). Accord to the GWA studies, 

numerous risk alleles are confirmed as human genetic mutants relevant to IBD. In addition, the 

single nucleotide polymorphism (SNP) is used to identify human genomic variation which 

specifically represents the single mutational event (Cho, 2008). The information about the 

genetic linkage with IBD has been updated in the last two years. The selective identified genetic 

mutants in IBD patients were discussed in the following part. 

 

The NOD2 gene is known as the caspase recruitment domain 15 (CARD15) located in the 

pericentromeric region of chromosome 16. NOD2 is recognized as a pattern recognition receptor 

(PRR) expressed by the cells to activate innate immune response after it encounters the 

pathogenic molecular muramyl dipeptide (MDP) produced by the bacteria (Hugot, et al., 2001). 

Hence, the NOD2 mutantion is implicated in the dysregulation of immune response to 

commensal bacteria in CD. Secondly, the gene significantly associated with IBD is identified as 

IL-23 receptor (IL23R) by which Th17 response is directly triggered (Duerr, Taylor, Brant, & 

Cho, 2006).  Th17 was shown with both protective and impaired properties in the intestinal 

epithelial system (O'Connor, et al., 2009). The dual functions of Th17 may be attributed to the 

stimuli from the micro-environments that is encountered. IL23R is recognized as a key factor to 

initiate the Th17 mediated immune responses in IBD.  
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Also, genes of STAT3 and janus kinase (JAK)-2 are specifically susceptible in the UC and 

correlated with the CD (Barrett et al., 2008 and Budarf et al., 2009). STAT3 belongs to the 

STATs those are a family of transcriptional factors activated by degradation of the JAKs 

pathway and plays a critical role in maintaining the homeostasis of immune system. As a 

transcriptional protein, STAT3 widely exists in numerous types of cells to activate a variety of 

genes in response to the stimulation. The pleiotropic function of STAT3 has been demonstrated 

in the current research (Yu, Kortylewski, & Pardoll, 2007).  The activation of STAT3 pathway in 

the cluster of differentiation (CD)-8 lymphocytes leaded to increasing production of IL10, which 

is an anti-inflammatory cytokine  (Stumhofer & et, 2007). However, the IL-23 or interferon-γ 

(INF- γ) activated STAT3 in IBD was shown to amplify inflammatory responses (Cho, 2008). 

Thus, the biological functions of STAT3 in IBD demands further studies to explore its role in 

regulation of innate and adaptive immune responses, respectively.  

 

In addition to the genes summarized above, other deficient genes have also been recently 

identified to associate with IBD, and summarized in Budarf’s review (2009). Franke et al. (2008) 

recently determined that IL-10 gene deficiency was linked with UC. This research agrees with 

the current discovery in which the deficient immunosuppressive response with the reduced 

expression of cytokine IL-10 and tumor growth factor-β (TGF- β) were found in IBD patient. 

The Treg response, known to self-regulate the immune system, plays a critical role in 

maintaining homeostasis of the immune system via suppression of immune hyperactivity. 

Additionally, the IL10 and TGF-β produced from Treg cells can inhibit the persistent Th1 

dependent inflammatory reactions thereby effectively attenuating inflammation. However, the 
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functional Treg response is found to be diminished in IBD which leads to development of 

perpetuated inflammation in the gut. 

 

Overall, studies of the transcriptional profile provide valuable information for investigating the 

etiology of IBD, which further leads to beneficial studies of identifying novel therapeutic targets 

and effective treatments for patients who suffer from IBD.   

 

1.4.2 Key inflammatory cytokines involved in the development of IBD 

The immune or tissue cells releasing cytokines aim to stimulate the immune system in response 

to microenvironmental changes. However, the loss of immune tolerance response and increase of 

inflammatory cytokine production lead to developing perpetuated inflammation which results in 

impairing the barrier integrity in the gut. A dramatically elevated secretion of both TNF-α and 

interferon (IFN)-γ were found in IBD. Neutralization of these two cytokines by using specific 

related antibodies results in preventing development of colitis in the gut, which suggests that 

both TNF-α and IFN-γ are involved in development of chronic inflammation in the gut system. 

However, IFN-γ was identified as a characteristic pro-inflammatory cytokine to induce Th1 

response in CD but not in UC (Fuss, Neurath, Boirivant, & et, 1996).  TNF-α as a prototypical 

pro-inflammatory cytokine produced by activated macrophages and monocytes plays a crucial 

role in up-regulating Th1 dependent inflammatory response in the gut, which indicates a 

noticeable implication of TNF-α in the development of mucosal inflammation in IBD (Papadakis 

& Targan, 2000).  
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1.4.2.1 TNF-α-stimulated chronic inflammation in IBD  

TNF-α is involved in initiation and amplification of the inflammatory response in the intestinal 

epithelial system through directly triggering the production of other cytokines, chemokines and 

other endothelial adhesion molecules, as well as increasing vascular permeability; that leads to 

impairing the intestinal barrier integrity (Deventer, 1997). The significant increase of TNF-α 

secretion in lamina propria cells in CD has been detected, emphasizing its recruitment of 

neutrophils to the site of inflammation and the enhancement of the Th1 dependent inflammatory 

reaction (Breese, Michie, Nicholls, Murch, Williams, & Domizio, 1994). A feature of increased 

TNF-α production identified in all of the experimental IBD models and IBD patients suggests the 

predominant role of TNF-α in the pathogenesis of inflammatory disease conditions of IBD, 

resulting primarily from activation of secondary inflammatory cascades in the intestinal mucosa 

system (Garside, 1999; Satsu, Ishimoto, Nakano, Mochizuki, Iwanaga, & Shimizu, 2006; 

Kojouharoff, et al., 1997; Neurath, Fuss, Pasparakis, & et, 1997). Biological therapies, including 

Infliximab, adalimumab and certolizumab pegol, have shown promise for IBD treatment by 

inhibiting perpetuation of chronic inflammation and inducing recovery of colitis in the gut, 

which is based on using monoclonal anti-TNF-α antibody to specifically block TNF-α-mediated 

signaling events (Neurath, Fuss, Pasparakis, & et, 1997; Van Dullemen, et al., 1995; Van 

Deventer, 1999; Pache, Rogler, & Felley, 2009). To sum up, TNF-α-induced inflammatory 

cascade stimulates activation of Th1-mediated immune response in IBD and leads to suppressing 

the activation of regulatory immune response; therefore the homeostasis of mucosal immune 

system is defected. As a crucial therapeutic target in the treatment of IBD, neutralization of TNF-

α contributes to maintaining the integrity of mucosal barrier and inhibiting chronic inflammatory 

response. 
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1.4.2.2 Implication of TNFR mediated signal in development of IBD 

A basic mechanism is that TNF-α is primarily involved in regulation of cellular apoptosis/anti-

inflammation and anti-apoptosis/inflammation through signalling transduction post TNF-α 

binding with TNFR1/2 (Fig.3) (Aggarwal, 2003; Baud & Karin, 2001). TNF receptor-associated 

factors (TRAFs) are recruited to bind with tumour-necrosis factor receptors (TNFRs) in order to 

initiate the downstream signaling pathway following TNF-α stimulation (Jobin, Holt, Bradham, 

Streetz, Brenner, & Sartor, 1999). Expression of TNFRs is widely distributed along the GI tract 

and up-regulated during inflammation. TNFRs can trigger the intracellular signaling cascades via 

sensing exogenous TNF-α. TNFR1 is expressed in various types of cells; whereas TNFR2 is 

majorly expressed in immune cells. Both TNFR1 and 2 are involved in regulating the pro-

inflammatory MAPK and NF-κB pathways, while only TNFR1 is able to mediate activation of 

the apoptotic pathway which is initiated by the recruitment of Fas-associated death domain 

protein (FADD) with TNFR-associated death domain (TRADD) and subsequent activation of 

caspase 8.(Grell, 1995).  

 

The intestinal inflammation was shown to be attenuated by deletion of both TNFR1 and TAK1, 

which suggested the TNFR signaling cascade activated by TNF-α involved in controlling 

inflammation (Kim, Kajino-Sakamoto, Omori, Jobin, & Ninomiya-Tsuji, 2009). It also indicated 

that the TNF-α-activated TNFR-mediated signaling pathway implicates in the pathogenesis of 

IBD. Following recruitment of downstream signaling molecules stimulated by TNF-α binding 

with TNFR, the TRAFs interact with the receptor-interacting protein (RIP), and subsequently 

detaches from TNFR to form a complex with TAK1, TAB1 and TAB2 in cytoplasm. This 

complex intermediates subsequent activation of NF-κB, JNK, p38 MAPK and nuclear factor of 
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activated T cells (NFAT) pathways (Fig.4) (Bouwmeester, et al., 2004; Liu, Busby, & Molkentin, 

2009; Ninomiya-Tsuji, Kishimoto, Hiyama, Inoue, Cao, & Matsumoto, 1999; Wang, Deng, 

Hong, Akkaraju, Inoue, & Chen, 2001). Among the complex, TAK1 is an indispensable 

intermediator in TNF-α-induced signaling pathways. The deletion of TAK1 leads to blocking 

activations of NF-κB kinase (IKK) and JNK in response to bacterial challenge  (Chen, 2005). 

TAK1 has been identified as a master regulator involved in maintaining homeostasis in immune 

cells, keratinocytes, intestinal epithelial cells, and hepatocytes (Ajibade, et al., 2012; Kajino-

Sakamoto, et al., 2008; Inokuchi, et al., 2010; Omori, et al., 2006). Following TNF-α interacting 

with TNFR, a complex of signaling cascades including TAK1 is triggered in order to control 

activation of AP-1 and NF-κB pathways thereby amplifying inflammatory response (Baud & 

Karin, 2001). Because TNFRs-mediated signaling cascade is mainly involved in governing the 

pro-inflammatory signal transductions, the dysregulation of TNF-α-induced TNFR signaling has 

a strong correlation with the development of various chronic inflammatory diseases including 

IBD.  

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 4. Schematic representation of components of TNF

with TNFR1 induced activation of TRADD and s

FADD activated caspase8 leads to apoptosis. A complex is formed by TAB1, 2, 3 and TAK1 

after TRAF2/5 activation. The phosphorylation of MAPKs and IKK is initiated through forming 

the complex of TABs and TAK1 by which the transcriptional factors AP

stimulated. 
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. Schematic representation of components of TNFα signaling pathway. TNF

activation of TRADD and subsequent recruitment of TRAF2/5

FADD activated caspase8 leads to apoptosis. A complex is formed by TAB1, 2, 3 and TAK1 

after TRAF2/5 activation. The phosphorylation of MAPKs and IKK is initiated through forming 

the complex of TABs and TAK1 by which the transcriptional factors AP-1 and
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1.4.3 Therapeutic approach in IBD 

The complicated interplay of genetic, environmental and immunological factors leads to 

induction of excessive immune response and persistent inflammation in the intestinal epithelia 

and gut-associated lymphoid tissues, which further results in development of IBD. Except for 

immune suppressing therapies, the current treatments for IBD are based on modulation of 

inflammation and immune responses. The drug based therapies mainly contribute to maintaining 

patients with IBD in the remission phase. To date, there is no effective medical therapy to cure 

IBD. The surgical management is used to control sever disease progression which leads to 

developing extensive intestinal damage. Due to unclear etiology and autoimmune disorder 

characteristics, removing the lesion section of the intestine or colon is unable to prevent relapse 

of IBD. 

 

1.4.3.1 Conventional treatments 

The step-up and top-down approaches illustrate the algorithm of IBD treatments which consists 

of immunomodulators, anti-inflammatory medicines, and biological reagents (Papa, et al., 2009). 

The step-up approach is a conventional strategy used for IBD treatment in which the patients are 

treated with the moderate drug forward to stronger ones in order to control disease progression 

(Papa, et al., 2009). This approach is initiated with the anti-inflammatory drug such as 5-

aminosalicylates and antibiotics. The immunosuppressive drugs such as corticosteroids are 

administered by IBD patients in the second phase of treatment. In the third phase, the 

immunomodulatory drugs including azathioprine and 6-mercaptopurine are applied to the 

patients in order to maintain remission. Finally, Infliximab, a monoclonal anti-TNF-α antibody, 

is used to block TNF-α induced pro-inflammatory response and disease progression. Infliximab 
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is generally used for severe case of IBD when the patients fail to the aforementioned 

pharmacological therapies. On the other hand, the steps of treatment progression in the top-down 

approach are reversed in the step-up approach. Current studies have demonstrated that the 

prolonged improvement and healing of the mucosal system in CD patients are results of the top-

down strategy (Hommes, Baer, van Assche, & al, 2006). Since all of the above treatments are 

mainly based on immunosuppression, strong side-effects are associated with the long term use of 

immunosuppressive agents which leads to ineffective maintenance of remission phase and 

increase in the relapse rate (Owenberg, Peppelenbosch, & Hommes, 2006). In addition, the 

conventional medical therapies for IBD have significant site-effects including increased risk of 

lymphoma, infectious complications, endocrine impairment, and hypertension (Baumgart & 

Sandborn, 2007). Meanwhile, effective and safe dosage levels for use of the above drugs to treat 

IBD are still controversial and may lead to an increase in toxicity risk factor.     

 

1.4.3.2 Dietary intervention 

Due to the limitation of conventional medical treatments, researchers have focused on exploring 

novel therapeutic strategies for IBD treatment. Dietary components generally have anti-

inflammatory and anti-oxidative properties to potentially ameliorate disease conditions of IBD. 

Current dietary interventions for IBD treatment mainly include probiotics, prebiotics, amino 

acids and dietary peptides. Dietary interventions may not suitable for substituting the 

conventional medical therapy, but are effective complementary approaches for IBD treatment. 

1.4.3.2.1 Anti-inflammatory activity of dietary compounds 

A variety of bioactive dietary compounds were identified as powerful therapeutic strategies to 

modulate inflammation in human chronic inflammatory diseases (Calder, et al., 2009). Those 
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included flavonoids, phytochemicals, n-3 polyunsaturated fatty acids (PUFAs), β-carotene, 

vitamin E and C as summarized in Table 1. The mechanisms for reducing inflammatory response 

using  above nutritional interventions include eliminating ROS, reducing oxidative stress, 

inhibiting secretion of pro-inflammatory cytokines and chemokines, restoring immune regulatory 

response, and regulating transduction signal pathways such as the NF-κB and peroxisome 

proliferator-activated receptor (PPAR)-γ pathways. Activation of PPAR-γ has an impact on 

decreasing the inflammatory response in various types of cells, which suggests that PPAR-γ has 

anti-inflammatory property. Excessive local or peripheral production of ROS is found in chronic 

inflammatory diseases. Prevention of systemic ROS damage is beneficial for reducing 

inflammation through scavenging free radicals. Most of the anti-inflammatory bioactive 

components, including flavonoids, phytochemicals and antioxidant vitamins such as β-carotene, 

vitamin E and C, have strong antioxidative activity which contributes to restoring the redox-

balance in the body system. Therefore, above dietary compounds are known to have therapeutic 

potential for modulating inflammation during the disease progression. 

 

Table 1. Summary of possible mechanism of bioactive dietary compounds in modulating 

inflammation.  

Dietary 

compounds 

Antioxidative 

effects 

Anti-inflammatory signaling 

events 

Regulation 

of immune 

responses 

Ref. 

 Reduce 

ROS 

Reduce 

oxidative 

stress 

Pro-

inflammatory 

cytokines 

 

Transcriptional 

signalling 

Treg immune 

response 

 

Epicatechin 

(EC) 

Reduce  

ROS 

Increase 

superoxide 

dismutase 

(SOD) and 

catalase 

Suppress IL-6, 

IL-8 

Inhibit 

degradation of 

IκB and block 

NF-κB 

activation 

Enhance IL-

10 production 

(Al-

Hanba

li, et 

al., 

2009) 
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(CAT) and 

reduced 

glutathion

e (GSH) 

 

(Sinha

, et al., 

2012) 

 

Epigallocate

chin-3-

gallate 

(EGCG) 

 Down-

regulate 

iNOS, 

COX-2 

epxression  

Reduce MCP-

1, IL-

1βproduction 

Suppress TNF 

activated 

TNFR1; 

inhibit NF-κB-

and p38-

induced pro-

inflammatory 

signaling 

events 

 

EGCG-

induced 

Foxp3 

expression 

leads to 

increase Treg 

frequency 

 

(Xiao, 

et al., 

2013) 

(Won

g, et 

al., 

2011) 

Curcumin  Decrease 

COX-2 

expression 

Inhibit TNF-α-

induced pro-

inflammatory 

cytokine 

productions 

Block p38, 

JNK and NF-

κB activation. 

Promote 

CD4(+) T 

cells 

differentiatio

n into Treg in 

intestine 

through 

inducing 

tolerogenic 

DC cells  

 

(Kim, 

et al., 

2007) 

(Cong, 

Wang, 

et al., 

2009) 

Lycopene Reduce 

ROS 

Reduce 

iNOS and 

COX-2 

expression 

Reduce LPS-

induced IL12 

production. 

Inhibit NF-κB 

signalling, 

IRF-1 and 

STAT-1α in 

murine RAW 

264.7 

macrophages.  

 

 (De, et 

al., 

2007) 

(Kim, 

et al., 

2004) 

β-carotene  Inhibit 

LPS-

induced 

iNOS, 

COX-2 

expression 

Reduce TNF-

α, IL1-β, IL-6 

and MCP-1 

expression in 

macrophage 

Inhibit 

degradation of 

IκB. Suppress 

NF-κB, JNK, 

p38 and ERK 

phosphorylatio

n.  

 (Bai, 

et al., 

2005) 

(Lin, 

Chang

, 

Yang, 

Chen, 

Wang, 

& 

Chang

, 
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2012) 

 

PUFA Decreas

e 

release 

of NO 

Down-

regulate 

iNOS 

expression 

Reduce IL1-β, 

IL-6 and TNF-

α expression 

Suppress NF- 

κB, JNK, p38 

activations 

 (Xia, 

Feng, 

Chen, 

& Su, 

2007)(

Ho et 

al. 

2010) 

 

Vitamin E Reduce 

lipid 

peroxid

ation 

product

s 

Inhibit 

activation 

of COX-2 

Decrease IL-8, 

TNF-α 

production 

Suppress NF-

κB activation 

 (Deva

raj & 

Jialal, 

2000) 

(Prathi

bha, et 

al, 

2013) 

 

1.4.3.2.2 Dietary intervention for IBD treatment 

Because the dietary compounds have a direct impact on gut health as a source of luminal 

antigens, various dietary interventions or supplements have been found with beneficial effects in 

maintaining remission or improving recovery of lesion in IBD patients  (Yamamoto, 2013). The 

efficacy of dietary interventions is more promising to maintain clinical remission when 

systemically combined with medical treatments for IBD. Due to the deteriorated mucosal barrier 

and developing progressive lesion, nutritional status in patients suffering from IBD is 

significantly compromised. Accordingly, the dietary interventions or nutritional 

supplementations potentially contribute to modulating malnutrition status in IBD patients.    

 

It is well known that gut commensal microflora plays a vital role in maintenance of intestinal 

immune system and protection of gut against various pathogenic infections. Probiotics, referred 

as live micro-organism, have beneficial effects on improving the host health through modifying 
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the enteric microflora and intestinal luminal microenvironment. Selective strains of probiotic 

micro-organism, including Saccharomyces boulardii, Lactobacillus GG and VSL#3, are able to 

survive in intestinal lumen after administration through production of antimicrobial agents such 

as bacteriocins and hydrogen peroxide. They also release acidic metabolic products to reduce 

luminal pH thereby inhibiting growth of the pathogens (Yamamoto, 2013). Administration of 

probiotics was identified to possess immunomodulatory effects in animal model of colitis and 

UC patients (Jonkers & Stockbrugger, 2003). Multiple mechanisms underlying probiotics 

exerting therapeutic effects on IBD have been discovered and those include competitively 

interacting commensals and pathogenic flora, communicating with epithelium system and 

regulating immune responses (Shanahan, 2000). In a recent study, a novel mechanism underlying 

Lactobacilli maintaining the gut health was revealed and a peptidoglycan-derived muropeptide 

produced by Lactobacilli was shown to have protective effects in a NOD2-dependent manner 

(Fernandez, et al., 2011).  

 

Prebiotics, referred as non-digestible and non-absorbable food ingredients, are involved in 

regulation of luminal bacteria growth in the digestive system (Calder, et al.,  2009). Prebiotics 

can be selectively metabolized by colonic bacteria. The fermented products of prebiotics 

produced by colonic bacteria have enhancive effects on modulating the microenvironment in the 

colon. Consequently, this microenvironment is improved to be beneficial for the gut health. For 

example, inulins, a group of polysaccharides, were shown to improve the recovery of damaged 

colonic mucosa and reduce the release of prostaglandin E (PGE)-2, thromboxan B (TXB)-2, and 

leukotriene B (LXB)-4 in DSS-induced rat colitis model (Videla, Vilaseca, Antolin, & al., 2001). 

Furrie et al. (2005) identified that a combination of prebiotics and probiotics administered to 
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patients with CD leaded to reducing tissue damage and secretion of pro-inflammatory cytokines 

such as TNF-α and IL-1α. 

 

1.4.3.2.2.1 Dietary peptides and amino acid based interventions 

The functional amino acids and dietary peptides that have been explored by using in vitro and in 

vivo IBD models were summarized in Table 2. Different types of amino acids were found with 

the anti-inflammatory and immune regulatory activities on ameliorating chronic gut 

inflammation. L-tryptophan (Trp) was identified with therapeutic capacity in a DSS-induced 

colitis piglet model (Kim, Kovacs-Nolan, Yang, Archhold, Fan, & Mine, 2009). L-Trp 

metabolism plays an important role in maintenance of immune tolerance via activating catabolic 

enzyme indoleamine 2, 3-dioxygenase (IDO) (Mellor, L, & Munn, 2004). In addition, glutamine 

(Gln) is recognized as a promising therapeutic candidate for improvement of gut health and has 

been intensively studied for IBD treatment based on its effects on repairing the epithelial layers, 

maintaining the intestinal mucosa function and enhancing the immune responsiveness 

(Kretzmann, et al., 2008). Beutheu et al. (2013). determined that both glutamine and arginine 

supplementations had protective effects on maintenance of intestinal barrier integrity in a 

methotrexate (MTX)-induced Caco-2 cell model via regulating activation of JNK, extracellular 

signal-regulated kinases (ERK1/2) and NF-κB pathways.  

 

The dietary peptides derived from food proteins have bioactive properties that are beneficial for 

disease prevention and health enhancement. Soy, egg and milk are major resources of functional 

food proteins used as dietary peptides  (Young, Tsao, & Mine, 2011). The bioactivity of dietary 

peptides is more likely higher than the native protein from which the peptides are derived. The 
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reasons for that includes that the functional groups are more exposed in the unfolded protein; and 

peptides could easily pass through the intestine lumen into the mucosa to interact with target 

biological molecules such as membrane receptors. In addition, the dietary peptides derived from 

food proteins with therapeutic capacity can also be delivered into the colonic epithelial cells to 

attenuate the inflammation and modulate pro-inflammatory signal events. A soy-derived 

tripeptide was recently identified with anti-inflammatory activity to modulate severity of colitis 

and suppress secretion of pro-inflammatory cytokines via an intestinal proton-dependent peptide 

transporter (h-PepT1). Also, the dietary peptides derived from whey protein have been identified 

with anti-inflammatory properties to inhibit IL-8 production from lipopolysaccharide (LPS)-

induced respiratory epithelial cells through blocking LPS binding with TLR4 (Iskandar, 

Dauletbaev, Kubow, Mawji, & Lands, 2013). Likewise, other therapeutic targets deserve 

attention from researchers in order to indentify effective mechanisms by which dietary peptides 

can regulate the cellular signalling events relevant to inflammatory responses produced by 

intestinal epithelial cells (IECs).  

 

Table 2. Mechanisms of bioactive amino acids and dietary peptides in alleviating gut 

inflammation and restoring homeostasis of intestinal epithelial system.  

 In vitro In vivo Mechanism of action Ref. 

Amino acids     

L-cysteine H2O2-

stimulated 

Caco-2 cells 

DSS-

induced 

piglet 

Inhibit IL-8 production from 

H2O2-stimulated Caco-2 

cells. 

Reduce the expression of 

pro-inflammatory cytokines, 

including TNF-α, IL-6, IL-

1β. Up-regulate expression of 

apoptosis initiator caspase-8.  

 

(Katayama & 

Mine, 2007) 

(Kim, Kovacs-

Nolan, Yang, 

Archbold, Fan, 

& Mine, 2009) 

Taurine macrophage- DSS- Suppress macrophage (Zhao, et al., 
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like THP-1 

cells and 

Caco-2 cells 

co-culture 

induced 

C57BL/6 

mice 

inflammatory protein 2 (MIP-

2) expressions in DSS-

induced mouse colitis. 

Reduce the damage produced 

by THP-1 cells to Caco-2 

cells.  

 

2008) 

L-arginine  DSS-

induced 

mouse 

model 

Increases in colonic 

expression of amino acid 

transporter. Improve the 

clinical parameters and 

reduced colonic permeability 

in DSS colitis through 

enhancing iNOS activity. 

 

(Coburn, et al., 

2012) 

L-Trptophan H2O2-

stimulated 

Caco-2 cells 

DSS-

induce 

pig 

model 

Inhibition of IL-8 production 

from H2O2-stimulated Caco-2 

cells. 

Reduce the expression of the 

pro-inflammatory cytokines 

TNF-α, IL-6, IFN-γ, IL-

12p40, IL-1β and IL-17, as 

well as IL-8 and intracellular 

adhesion molecule (ICAM)-

1. 

(Kim C. J., 

Kovacs-Nolan, 

Yang, 

Archbold, Fan, 

& Mine, 2010) 

(Katayama & 

Mine, 2007) 

Dietary peptides     

Whey protein 

hydrolysates 

LPS-

induced 

respiratory 

epithelial 

cells 

 

 Suppress LPS-induced IL-8 

production through 

interacting with TLR4. 

(Iskandar, 

Dauletbaev, 

Kubow, Mawji, 

& Lands, 2013) 

Asn-Pro-Trp- Asp-

Gln (NPWDQ) 

derived from 

casein 

 

Caco-2 cells  Enforce the intestinal tight 

junction and elevate 

expression of occludin at 

both gene and protein levels 

thereby enhancing intestinal 

barrier function.  

(Yasumatsu & 

Tanabe, 2010) 

Lactoferrin  DSS- or 

TNBS-

induced 

rats 

Have a protective effect 

against the development of 

colitis. 

 

(Togawa, et al., 

2002) (Togawa, 

et al., , 2002) 

 

Bovine 

glycomacropeptide 

(GMP)  

 TNBS-

induced 

rats 

Has anti-inflammatory 

activity in the ileum through 

regulating Th17 response. 

 

(Requena, 

Daddaoua, 

Martinez-Plata, 

Gozalez, 
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Zarzuelo, & 

Suarez, 2008) 

 

Egg Lysozyme 

 

 DSS-

induced 

piglet 

model 

 

Suppress local pro-

inflammatory cytokine 

expression and promote anti-

inflammatory cytokine 

expression.  

 

(Lee, Kovacs-

Nolan, Yang, 

Archbold, Fan, 

& Mine, 2009) 

Phosvitin 

phosphopeptides 

(PPPs) derived 

from egg yolk 

 

H2O2-

stimulated 

Caco-2 cells 

 Inhibit IL-8 secretion from 

H2O2-stimulated Caco-2 

cells. 

(Katayama, 

Xue, Fan, & 

Mine, 2006) 

Soy-derived di-

and tripeptides 

 DSS-

induced 

pig 

colitis 

Decrease IFN-γ, IL-1β, TNF 

and IL-17A expression and 

increase forkhead box P3 

(FOXP3) expression in pig 

treated with DSS. 

 

(Young, Ibuki, 

Nakamori, Fan, 

& Mine, 2012) 

Tripeptide VPY 

derived from soy 

protein 

Caco-2 and 

THP-1 cells 

DSS-

induced 

mouse 

colitis 

Inhibit IL-8 and TNF-α 

secretion from Caco-2 and 

THP-1 cells, respectively.  

Suppress expression of pro-

inflammatory cytokines 

including IFN-γ, IL-1β, TNF-

α and IL-17 and reduce MPO 

activity. 

(Kovacs-Nolan, 

et al., 2012) 

 

1.4.3.2.2.2 γγγγ-glutamyl peptides 

The γ-glutamyl peptides, including γ-glutamyl cystein (γ-EC) and γ-glutamyl valine (γ-EV), have 

been developed as a flavor or flavor enhancer by Ajinomoto Co. Ltd. and validated with capacity 

of inducing calcium-sensing receptor (CaSR) activation and elevation of intracellular calcium 

level (Conigrave & Brown, 2006; Wang, et al., 2006; Conigrave, et al., 2007; Ohsu, et al., 2010. 

Accordingly, the γ-EC and γ-EV are both potential allostric agonists that regulate the integrated 

CaSR-mediated cellular signal events. CaSR has a biological property to sense availability of 

nutrient agonists or allosteric modifiers by which bioactivities of the gastrointestinal epithelial 
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cells can be regulated. Therefore, CaSR expressed along the GI tract may be the novel 

therapeutic target for γ-glutamyl peptides exerting enhancive effects on gut health.  

 

1.5 Calcium sensing receptor (CaSR) 

 The CaSR, referred to as a GPCR, is composed with seven transmembrane-spanning domains 

and coupled with a G protein through intracellular loops, and is able to sense the changes of 

extracellular calcium concentration and subsequently modulate related cellular activities (Brown 

& MacLeod, 2001). Expression of CaSR was first identified in the parathyroid gland with its 

characteristic function of maintenance of calcium homeostasis and regulation of parathyroid 

hormone (PTH) expression. Current studies have shown that CaSR is widely distributed in 

diverse types of cells within different tissues including the nervous system, bone, gastrointestine 

and kidney. CaSR is involved in the regulation of various cellular activities including secretion, 

apoptosis, proliferation, differentiation and ion-channel activity (Brown & MacLeod, 2001, 

(Hofer & Brown, 2003; Mundy, 2002). 

 

1.5.1  Physiological role of CaSR 

CaSR expressed in the parathyroid cells from a bovine parathyroid gland is able to control PTH 

secretion and calcium reabsorption by sensing elevating extracellular calcium concentration. 

Along with discovering that CaSR is widely expressed in various tissues, an increasing number 

of other biological functions of CaSR were identified in the diverse physiological system. CaSR 

plays a vital role in regulating ion homeostasis, hormonal secretion, gene expression, signaling 

transduction and cell proliferation. To illustrate that, CaSR expressed in bone is involved in 

governing osteoblaster differentiation and osteoclast activity (Deftos, 2002). The increased GI 
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absorption of calcium mediated by vitamin D leads to hypercalcemia and bone reabsorption. The 

up-regulated CaSR expression was shown to be induced by administration of vitamin D3. On the 

other hand, the mechanism of hypercalcemia development is related to inflammatory cells which 

have implication in the pathogenesis of diseases (Deftos, 2002). CaSR also plays an important 

role in establishment and maintenance of oscillatory Ca
2+

 influx pathway in which calcium 

excretion is regulated by CaSR expressed in the distal nephron segments of the kidney (Vezzoli, 

Soldati, & Gambaro, 2009). In addition, CaSR expressed in the cardiovascular system is 

involved in modulation of arterial blood pressure and myogenic tone (Smajilovic & Tfelt-hansen, 

2007). Accordingly, CaSR has diverse biological functions involved in the management of 

physiological activities of various systems other than regulating ionic homeostasis.    

 

1.5.2 CaSR in gastrointestinal track 

CaSR is widely distributed along the GI track. In the stomach, CaSR was detected on both the 

apical and basolateral membranes of gastrin-secreting cells (G cells) and mucous-secreting cells 

as well as on the basolateral membrane of parietal cells (Ray, Squires, Curtis, Meloche, & 

Buchan, 1997; Rutten, Bacon, Marlink, Stoney, & Meichsner, 1999; Cheng, Qureshi, 

Chattopadhyay, Qureshi, & Butters, 1999). In human small and large intestines, CaSR is 

primarily expressed on both the apical and basolateral membranes of villous and cryptic 

epithelial cells (Hebert, Cheng, & Geibel, 2004). Expression of CaSR was also identified in 

certain enteroendocrine cells at the base of crypts in human colon (Sheinin, Kallay, Wrba, 

Kriwanek, Paterlik, & Cross, 2000). The physiological role of CaSR in GI system has been 

reviewed and summarized (Geibel & Hebert, 2009). CaSR was involved in activation of 

trafficking process of ion pump thereby affecting H
+
 secretion and stimulating gastrin release 
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from G cells in the stomach. Along the small intestine, CaSR expressed in epithelial cells was 

shown to play a potential role in sensing nutrient availability and regulating turnover of nutrient 

absorption process. Also, CaSR-mediated mechanism is critical for GI tract in order to sense the 

extracellular level of calcium and allosteric modifiers of those that have an impact on GI motility 

(Brown & MacLeod, 2001). In both small and large intestines, CaSR is involved in modulating 

calcium absorption or secretion in response to extracellular Ca
2+

 level which is majorly affected 

by 1,25-dihydroxy vitamin D3 levels (Favus, Kathpalia, Coe, & Mond, 1980). Since CaSR exerts 

effect on modulating fluid secretion and absorption in the intestine, regulation of CaSR 

activation may potentially contribute to ameliorating diarrhea.  

 

Expression of CaSR was identified in normal colonic epithelium and Caco2 cells, and enables 

colonic epithelial cells to sense extracellular Ca
2+

 concentration (Chakrabarty, S, Radjendirane, 

Appelman, & Varani, 2003). The expression of CaSR in colon from healthy gut was determined 

in a trend of gradient descent. The higher expression level of CaSR was detected at the top 

colonic crypts, while CaSR expression was not detected at the bottom of the crypt (Chakrabarty, 

Radjendirane, Appelman, & Varani, 2005). CaSR expressed at the apex of crypt facilitates cell 

differentiation; on the other hand high cellular proliferation was found in the cells at the bottom 

of crypt without CaSR expression. CaSR in the colonic epithelium can be activated by the diet-

derived CaSR agonists existing in colon such as polyamines (Quinn, et al., 1997). This suggests 

that CaSR expressed in colon may have a potent biological function to regulate the gut health in 

response to available agonistic nutrients. The Ca
2+

-induced activation of CaSR in colonic 

myofibroblasts had been determined to promote differentiation of these cells thereby stimulating 

regeneration of the intestinal barrier (Pacheco and MacLeod, 2008). Therefore, CaSR is directly 
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involved in modulating proliferation and differentiation of colon epithelial cells. A reduction of 

CaSR expression was identified in colon tissue in colorectal cancer patients (Chakrabarty, S, 

Radjendirane, Appelman, & Varani, 2003). Increase in dietary calcium intake leads to prevention 

of development of colorectal cancer and promoting colonic mucosal epithelial cell differentiation 

in a CaSR-dependent fashion (Bresalier, 1999; Hebert, Cheng, & Geibel, 2004). Therefore, 

CaSR activation is known to have beneficial effects in maintaining colon integrity and reducing 

risk of development of colon cancer. This may also be involved in regulating the physiological 

changes in various aspects of gut system to maintain homeostasis. All in all, CaSR is a functional 

chemosensor expressed in GI in response to extracellular milieu that regulates physiological 

activities. 

 

1. 5.3 CaSR activation mediated signalling events 

CaSR expression has been determined to play a key role in regulating cellular calcium 

homeostasis, osmotic balance, and water absorption in response to elevated extracellular Ca
2+

 

level. CaSR as a versatile regulator is involved in modulating various aspects of cellular 

functions and has become a potential therapeutic target for disease treatment or prevention. 

 

1.5.3.1 CaSR activation  

CaSR along with metabortopic glutamate receptors (mGluR1-8), γ-aminobutyric acid receptor 

(GABA), and taste receptors (T1R1-3) belongs to the type C GPCRs which consists of a large 

extracellular NH2-terminal ligand-binding domain, seven-transmembrane domain (7-TMD) 

motifs and an intracellular carboxyl terminus as shown in Fig.4. The structure of N-terminal 

ligand-binding domain of CaSR is composed by one similar to the characterized motif of 
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bacterial periplasmic binding proteins referred as Venus Fly Trap domain (VFT) which provides 

multiple sites for ligand-binding with agonists as well as both negative and positive allosteric 

modulators (Brown & MacLeod, 2001; Pin, Galvez, & Prezeau, 2003 (Saidak, Brazier, Kamel, & 

Mentaverri, 2009). Therefore, various multivalent cations and cationic peptides bind with this 

domain to stimulate CaSR activation (Table. 1). The activity of CaSR is also sensitive to changes 

in pH and ionic strength in the microenvironment (Saidak, Brazier, Kamel, & Mentaverri, 2009). 

Moreover, CaSR can be moderately activated by the aromatic amino acids via the VFT binding 

domain. γ-glutamyl peptides were also shown to bind with CaSR via the same binding domain to 

regulate the integrated CaSR-mediated cellular signalling events including release of intracellular 

calcium (Broadhead, et al., 2011; Ohsu, et al., 2010; Wang & et, 2006). Whereas, the 

phenylalkylamine derivatives attempt to bind with CaSR through the transmembrane domain and 

basic polypeptides potentially interact with negatively charged regions of CaSR (Breitwieser, 

Miedlich, & Zhang, 2004). In current, the physiological relevance of the CaSR agonists, 

especially allosteric modulators, remains to be discovered. One question that needs to be 

addressed is that the CaSR-mediated signaling events may be vary in response to the 

distinguished conformational changes of CaSR caused by different agonistic stimulations.  

 



 

 

 

Figure 5. A schematic representation of the monomer of CaSR. The extracellular domain 

consists of VFT which acts as 

domain is composed by the characteristic seven transmembrane helices. The carboxyl terminus is 

extended into the cytoplasm. The location

 

 

Table 3. Summary of CaSR ag

Category CaSR agonist

Multivalent Cations 

 

 

     High affinity Gd
3+ 

    Intermediate 

affinity 

Ni
2+

 

    Low affinity Sr
2+ 

Ca
2+

 

Mg
2+ 

Al
3+

 

L-amino acids Phenylalanine

Tryptophan

Tyrosine

Histidine

L-Alanine

40 

. A schematic representation of the monomer of CaSR. The extracellular domain 

as the major ligand for agonistic interaction. The transmembrane 

domain is composed by the characteristic seven transmembrane helices. The carboxyl terminus is 

nto the cytoplasm. The location of binding sites for agonists and antagonists are shown. 

Summary of CaSR agonists 

CaSR agonist Concentration Ref. 

 

  

2.2uM (Breitwieser, 

Miedlich, & Zhang, 

2004)

120uM  

1-5mM 

3mM 

4-7mM 

2mM 

 

 

Phenylalanine 

Tryptophan 

Tyrosine 

Histidine 

Alanine 

0.69mM 

0.3mM 

 

1.2mM 

5.5mM 

 

(Conigrave, Mun, 

Delbridge, Quinn, 

Wilkinson, & Brown, 

2004)

 

. A schematic representation of the monomer of CaSR. The extracellular domain 

interaction. The transmembrane 

domain is composed by the characteristic seven transmembrane helices. The carboxyl terminus is 

of binding sites for agonists and antagonists are shown.  

 

(Breitwieser, 

Miedlich, & Zhang, 

2004) 

(Conigrave, Mun, 

Delbridge, Quinn, 

Wilkinson, & Brown, 

2004) 
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Basic polypeptides Polyarginine 

Protamine 

polylysine 

40nM 

150nM 

0.3-2uM 

 

(Brown, Katz, 

Butters, & Kifor, 

1991) 

Polyamines Spermine 

Spermidine 

500uM 

4mM 

 

(Quinn, et al., 1997) 

Aminoglycoside 

antibiotics 

   

    High affinity Neomycin 

 

77-150uM 

 

(Katz, Butters, Chen, 

& Brown, 1992) 

(McLarnon, Holden, 

Ward, Jones, Elliott, 

& Riccardi, 2002) 

    Intermediate 

affinity 

 

Gentamycin-C 

Tobramycin 

400uM 

30uM 

    Low affinity Gentamycin-B 

ribostamycin 

2mM 

3mM 

 

Pheylalkylamine 

derivatives 

NPS R-568 0.05uM 

 

 

(Petrel, Kessler, 

Dauban, Dodd, 

Rognan, & Ruat, 

2004) 

 

γ-glutamyl peptides Glutathione 

γ-Glu-Cys 

γ-Glu-Ala 

4uM 

5uM 

5uM 

(Broadhead, et al., 

2011) 

 

1.5.3.2 Cellular signaling mediated by CaSR activation 

Two types of messenger-dependent activation pathways are involved in GPCRs mediated 

signalling cascades, including G-protein-mediated signalling and GRKs-induced densensitization 

(Fig.5) (Pierce & Lefkowitz, 2001). CaSR as a GPCR is able to directly initiate the G-coupled 

protein mediated downstream signal events in response to the agonistic stimulation which 

includes three main phases. Firstly, the CaSR-induced intracellular signaling cascades are 

initiated through activation of downstream signal transductional pathways by which the 

intracellular calcium levels and diacylglycerols (DAG) are increased (Hofer & Brown, 2003). A 

rise of intracellular calcium in cytosol results from activation of phospholipase C (PLC), 

formation of inositol trisphosphate (IP3) and release of Ca
2+

 from the internal calcium storage 
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located on endoplasmic reticulum (Zhang & Xu, 2009). Subsequently, the protein kinase C (PKC) 

activation is induced by elevated intracellular calcium level or by DAG triggering the initiation 

of MAPK associated signal transduction via  activation of Ras protein (a family of guanine 

nucleotides binding proteins; GTP) (Brown & MacLeod, 2001). The CaSR activation is also 

capable of activating various signal proteins that belongs to the MAPK pathway such as the JNK, 

p38 MAPK, and ERK1/2 as described in Table 2 (Tfelt-Hansen, et al., 2003). Finally, the 

endpoint of the CaSR-mediated signaling events at a cellular level may be a complex of 

transcription factors by which the expression of the genetic information is controlled, such as 

NF-κB and AP-1. Accordingly, CaSR is known to be involved in regulating cellular processes 

including proliferation, differentiation and apoptosis under both normal and pathological 

conditions through interplay with other intracellular signaling cascades. 

 

 



 

 

 

Figure 6. Schematic representation of agonist

intracellular signalling cascades are initiated via the interaction between activated CaSR and 

PLC mediated by G proteins. This interactive activity eventually leads to release the IP3 and 

DAG through the hydrolysis of PLC and phosphatidylinositol bisophosphate (PtdInsP2). As IP3 

diffused to bind with the specific receptor located on the ER, calcium ions would be released 

from internal calcium storage.  MAPKs signal cascades is initiated followed by PKC activ

In a G-proteins independent pathway, phosphorylated CaSR by GRKs leads to recruitment of 

arrestins. β-arrestins are involved in regulating various signaling pathways by directly interacting 

with PI3K, IκBα, RhoA, a subfamily of the Rho family (Rac
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. Schematic representation of agonists-activated CaSR signal cascades.

intracellular signalling cascades are initiated via the interaction between activated CaSR and 

PLC mediated by G proteins. This interactive activity eventually leads to release the IP3 and 

drolysis of PLC and phosphatidylinositol bisophosphate (PtdInsP2). As IP3 

diffused to bind with the specific receptor located on the ER, calcium ions would be released 

from internal calcium storage.  MAPKs signal cascades is initiated followed by PKC activ

proteins independent pathway, phosphorylated CaSR by GRKs leads to recruitment of 

arrestins are involved in regulating various signaling pathways by directly interacting 

, RhoA, a subfamily of the Rho family (Rac), and p38 MAPK. 

 

activated CaSR signal cascades. CaSR-activated 

intracellular signalling cascades are initiated via the interaction between activated CaSR and 

PLC mediated by G proteins. This interactive activity eventually leads to release the IP3 and 

drolysis of PLC and phosphatidylinositol bisophosphate (PtdInsP2). As IP3 

diffused to bind with the specific receptor located on the ER, calcium ions would be released 

from internal calcium storage.  MAPKs signal cascades is initiated followed by PKC activation. 

proteins independent pathway, phosphorylated CaSR by GRKs leads to recruitment of β-

arrestins are involved in regulating various signaling pathways by directly interacting 
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Table 4. Summary of CaSR-induced activation of MAPK pathway 

 MAPK pathways Ref. 

1 

 

The allosteric activation of the CaSR by L-amino acids leads to 

enhanced ERK1/2 activation in CaSR-expressing human embryo 

kidney cells (HEK-239). 

 

(Lee, et al., 2007) 

2  The colonic CaSR is involved in regulating secretion of growth 

factors from colonic myofibroblasts which is mediated by activation 

of Phosphoinositide 3-kinase (PI3K) and p38 MAKP.  

 

(Peiris, Pacheco, 

Spencr, & 

MacLeod, 292) 

3 The CaSR activates PKC and MAPK following by Gq/11-mediated 

PI-PLC-dependent pathways in bovine parathyroid and HEK-239 

cells, which indicates the importance of MAPK in phospholipase A 

(cPLA)-2  activation. 

 

 (Kifor, et al., 

2001) 

4 A high extracellular Ca2+ concentration in the physiological range is 

capable of directly increasing renal proximal vitamin D receptor 

(VDR) expression through the mechanism relevant to CaSR 

activation which is intermediated by the p38αMAPK in proximal 

kidney epithelial cell. 

 

(Maiti, Hait, & 

Beckman, 2008) 

5 The activation of CaSR leads to active G protein-induced 

downstream pathways in rat fibroblasts and ovarian surface epithelial 

cells. The receptor tyrosine kinases, Src family kinases and PI3K 

were regulated by CaSR activation.         

 

(Hobsone, 

Wright, Lee, 

McNeil, 

Bilderback, & 

Rodland, 2003) 

6 The exogenous calcium induced CaSR activation plays a primary 

role in regulating secretion of parathyroid hormone-related protein 

(PTHrP) mediated by ERK1/2 and p38 MAPK activations. 

   

(MacLeod, 

Chattopadhyay, & 

Brown, 2003) 

7 The bismuth (Bi3+) as trivalent cation can stimulate CaSR activation. 

Bismuth subsalicylate may have effects on promoting gastric mucous 

epithelial cell growth via a CaSR induced MAPK-dependent fashion. 

 

(Gilster, Bacon, 

Marlink, 

Sheppard, 

Beveney, & 

Rutten, 2004) 

 

8 The CaSR activation induced by Ca
2+

 and Mg
2+

 leads to ERK1/2 

phosphorylation and elevating intercellular calcium releasing and 

secrestion of IL8 in human esophagus epithelial cell line (HET-1A). 

(Justinich, et al., 

2008) 

 

 

 



 

45 

 

1.5.3.3 CaSR-activated β-arrestins mediated signalling 

The GRK-β-arrestin coupled system has been found as a critical mechanism to regulate GCPR 

activity in addition to G-protein-mediated classical signalling regulatory loop. By agonistic 

activation of CaSR, GRKs can be triggered to induce recruitment of β-arrestin2 to couple with 

intracellular G-proteins. β-arrestin dependent desensitization is only initiated when the agonistic 

modulators bind with GCPR to induce GRK phosphorylation thereby mediating interaction 

between β-arrestins and the receptor (Pierce & Lefkowitz, 2001). As a result, the interaction 

between the G-protein and GCPR is blocked. Furthermore, the role of β-arrestins has been 

explored as a multifunctional scaffold and adaptor protein, which is involved in regulating 

numerous signalling networks including JNK, p38 MAPK and ERK, a serine-threonine protein 

kinase (Akt), PI3K and Ras homolog family member A (RhoA) pathways (DeWire, Ahn, 

Lefkowitz, & Shenoy, 2007). As signalling scaffold proteins, β-arrestins have been discovered 

with capability of directly binding with the key target molecules such as ERK1/2 and JNK, IκBα, 

as well as TRAF6; and are potentially involved in regulating pro-inflammatory pathways (Gao, 

et al., 2004; Wang, Tang, Teng, Wu, Zhao, & Pei, 2006). In addition, β-arrestins are able to 

regulate the immune response by coordinating NF-κB-dependent signaling pathway in cells. β-

arrestins are able to directly associate with IκBα thereby inhibiting NF-κB transcriptional 

activation in various cell types such as HEK293, HEK-TLR4, HeLa, THP-1 cells (Fan, Luttrell, 

Tempel, Senn, Halushka, & Cook, 2007; Gao, et al., 2004; Witherow, Garrison, Miller, & 

Lefkowitz, 2004). It is possible that the allosterically activated CaSR-induced GRK activation 

leads to recruitment of β-arrestins to attenuate G-protein mediated signaling events, thereby 

regulating the integrated signal cascades in response to a physiological alteration.   
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The studies described above provide us a substantial opportunity for investigating the role of 

CaSR under the inflammatory condition in the gut. Activation of CaSR in the intestinal epithelial 

system potentially contributes to enhancement of the gut health. γ-glutamyl peptides have been 

currently identified to allostericly activate CaSR located in the cellular membrane (Conigrave & 

Brown, 2006; Wang, et al., 2006; Conigrave, et al., 2007; Ohsu, et al., 2010). Administration of 

γ-glutamyl peptides may induce activation of CaSR via ligand-binding and regulate intracellular 

signal transduction relevant to CaSR activation. Since the function of CaSR in modulating 

physiopathological conditions and enhancing the GI health under inflammatory conditions have 

never been addressed, characterization of γ-glutamyl dipeptide supplementation, including γ-EC 

and γ-EV, as a means of reducing the inflammatory response via the CaSR-mediated signalling 

pathway becomes highly necessary. 

 

1.6 Hypothesis and objectives 

The main hypothesis of this project was that the supplementation of γ-glutamyl dipeptides such 

as γ-EC and γ-EV may contribute to modulating cellular inflammatory responses in an intestinal 

mucosal system via the influence of CaSR-mediated cellular signalling pathways. The following 

three issues were addressed in the following studies: (1) γ-EC and γ-EV may have anti-

inflammatory effects and these effects on IECs may be mediated by the activation of CaSR; (2) 

γ-EC and γ-EV-induced CaSR activation may interfere with TNF-α-stimulated inflammatory 

signalling cascade in IECs; (3) γ-glutamyl dipeptides may have therapeutic and 

immunoregulatory potential of preventing systemic inflammation.    
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The objectives of the study focused on analyzing the protective and therapeutic anti-

inflammatory activities of γ-EC and γ-EV, and their role in modulating signalling events to 

restore cellular homeostasis in intestinal mucosal system with inflammation. Further studies are 

done to characterize  mechanisms underlying these CaSR allosteric agonistic dipeptides in 

ameliorating inflammatory responses in the intestinal mucosal system.  The  research objectives 

were: 

• To identify anti-inflammatory properties of γ-EC and γ-EV in virto using TNF-α-induced 

inflammatory IEC models.  

• To verify that anti-inflammatory effects of of γ-EC and γ-EV on IECs are mediated by 

CaSR, and to determine the effect of γ-EC- and γ-EV-induced CaSR signalling on TNF-

α-induced inflammatory signal pathways. 

• To evaluate the therapeutic efficacy of γ-EC and γ-EV in restoring intestinal mucosal 

homeostasis and regulating inflammatory responses in an animal model of experimental 

colitis.  

• To identify transcriptional regulation induced by γ-EC in an experimental animal colitis 

model.  
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Chapter 2 Identify anti-inflammatory activity of γ-glutamyl dipeptides in vitro and 

underlying mechanism 

 

2.1 Introduction 

Chronic and acute intestinal inflammations are strongly correlated with intestinal mucosal 

immune responses. Excessive production of pro-inflammatory molecules from chronic 

inflammatory process induces perpetuating inflammation in IBD. Among pro-inflammatory 

cytokines, TNF-α has been identified to play a critical role in the pathogenesis of IBD in human 

patients (Neurath, Fuss, Pasparakis, & et, 1997; Van Deventer, 1999; Van Dullemen, et al., 

1995).  Evidence suggests that TNF-α is the major pro-inflammatory cytokine causing the 

inflammatory cascade through activation of TNF receptor (TNFR)-mediated signaling pathways 

in IBD, which impairs the mucosal homeostasis and leads to inhibit activation of the regulatory 

system to attenuate pro-inflammatory events. Neutralizing inflammatory responses by anti-TNF-

α therapies has been shown to reduce pathology and morbidity of IBD successfully. However, 

the anti-TNF-α therapies have significant side-effects; and safe dosage levels for consumption 

are still controversy  (Baumgart & Sandborn, 2007). Therefore, the novel therapeutic approaches 

need to be developed for IBD treatment.  

 

The dietary peptide-based intervention has been found with therapeutic efficacy to attenuate the 

intestinal inflammation (Kovacs-Nolan, et al., 2012). Those interventions have a limited toxic 

effect compared with the pharmaceutical approaches used to treat with IBD patients. Therefore, 

identification of a dietary peptide-based strategy targeting TNF-α-induced inflammatory 

signaling events is necessary. γ-glutamyl peptides are positive allosteric agonists of calcium-

sensing receptor (CaSR), and are known to regulate integrated CaSR-mediated cellular signalling 
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events, including the release of intracellular calcium in various cell types (Broadhead, et al., 

2011; Ohsu, et al., 2010; Wang & et, 2006). Administration of γ-glutamyl peptides, including γ-

EC and γ-EV, may induce the activation of CaSR via ligand-binding and regulate intracellular 

signal transduction relevant to CaSR activation.  It is necessary to study anti-inflammatory 

effects of γ-glutamyl peptides on intestinal epithelia in a CaSR dependent manner.   

 

CaSR belongs to G-protein-coupled cell surface receptor (GPCR) family and involved in 

regulation of various cellular activities including secretion, apoptosis, proliferation, 

differentiation and ion-channel activity (Brown & MacLeod, 2001; Mundy, 2002). The 

distribution of CaSR in gastrointestinal tract has been detected in human (Hebert, Cheng, & 

Geibel, 2004). Two types of messenger-dependent activation pathways are involved in CaSR 

mediated subsequent signalling transductions at a cellular level: 1, GPCR-induced activation of 

cAMP-dependent protein kinase and protein kinase C; and 2, GPCR kinases (GRKs)-induced 

desensitization and attenuation of G-protein-mediated signalling which is resulted from agonist-

induced conformation changes (Pierce & Lefkowitz, 2001). Through activation of CaSR, β-

arrestins are specifically bind with phosphorylated GRKs to desensitize CaSR-induced G-

protein-mediated signalling in the parathyroid gland (Pi, et al., 2006). As signalling scaffold 

proteins, β-arrestins can bind directly with the components of MAPKs such as ERK and JNK, 

IκBα, as well as TRAF6 (Gao, et al., 2004; Wang, Tang, Teng, Wu, Zhao, & Pei, 2006). Thus, 

the β-arrestin family may not only modulate cellular localization, desensitization and 

internalization, but also mediate crosstalk between GPCRs and other receptor-induced signalling 

events. However, comprehensively understanding the role of β-arrestins involved regulation in 

CaSR-mediated signals still needs further investigation. 
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In the present study, we have examined the role of CaSR activation by γ-EC and γ-EV and their 

effect on modulating intestinal inflammation in vitro by using intestinal epithelial cell lines. In 

order to minimize reduplicate experiments, Caco-2 cells and γ-EC were selected for studying 

intracellular signaling events regulated by γ-glutamyl peptides supplementation. Accordingly, we 

have characterized the mechanisms underlying the CaSR-mediated anti-inflammatory effect of γ-

glutamyl dipeptides and revealed the involvement of β-arrestin2 interaction with TNF-α-

mediated inflammatory signalling pathways.  

 

2.2 Materials and methods 

2.2.1 Materials and reagent 

The following antibodies used in this study; rabbit monoclonal anti-phospho-SAPRK/JNK, anti- 

SAPRK/JNK, anti-β-arrestin2, anti-TAB1 and mouse monoclonal anti-phospho-IκBα, and β-

actin (Cell Signalling Technology, Danvers, MA, USA); mouse polyclonal anti-TAK1, anti-

CaSR (Santa Cruz Biotechnology, Dallas, Texas, USA ); and HRP-conjugated anti-mouse and -

rabbit IgG (Promega, Madison, WI, USA). The CaSR antagonist NPS 2143 was the gift from 

Ajinomoto Co., Ltd. (Kawasaki, Japan). The fetal bovine serum (FBS) Hyclone, Dulbecco's 

modified Eagle's medium (DMEM/F12), Lipofectamine LTX and plus reagent, and Opti® -

MEM I reduced serum medium were purchased from Invitrogen. The CaSR agonists γ-EC and γ-

EV, and the CaSR antagonist NPS-2143, were kindly provided by Ajinomoto Co., Ltd 

(Kawasaki, Japan). 

 

 



 

51 

 

2.2.2 Cell Culture and Treatment 

The human colorectal adenocarcinoma-derived intestinal epithelial cell (IEC) lines Caco-2 and 

HT-29 were purchased from American Type Culture Collection (ATCC) (Manassas, VA 20110 

USA). Caco-2 cells were grown in 5ml of Dulbecco's Modified Eagle Medium: Nutrient Mixture 

F-12 (DMEM/F12) (Invitrogen Life Technologies Inc., Burlington, ON) supplemented with 20% 

FBS (HyClone) and 50 U/mL penicillin-streptomycin (Invitrogen Life Technologies Inc., 

Burlington, ON). HT-29 cells were grown in McCoy's 5a modified medium (Invitrogen) 

supplemented with 10% FBS, 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) (Invitrogen), and 50 U/mL penicillin-streptomycin. For treatment with CaSR 

agonists/antagonists, cells between passages 15-45 were seeded at a density of 2 x 10
5
 cells/well 

in 48-well plates (Corning, Life Science, Tewksbury, MA, USA) and grown for 5-7 days with 

fresh media replacements every 2-3 days. Confluent cell monolayers were rinsed with Hank’s 

buffered salt solution (HBSS) and treated with different concentrations of γ-EC or γ-EV, 

dissolved in culture medium, at doses and times indicated. For in vitro inflammation experiments, 

Caco-2 and HT-29 cells were stimulated with recombinant human TNF-α (2 ng/mL; Invitrogen) 

to induce inflammation. The cell viability was examined by water-soluble tetrazolium-1 (WST-1) 

assay as described by Hegenauer et al. (1977). WST-1 (Roche Diagnostics, Lava, QC) was 

diluted by 1:30 in 5% FBS DMEM/ F12 media. After the removal of supernatant for the IL-8 

assays, 300ul WST-1 contained media was added into each well of plate and incubated for 5-10 

min at 37°C until color development. Supernatants were transferred into a 96-well microtiter 

plate for measurement at 450 nm in a plate reader (BioRad model 550, Bio-Rad Laboratories). 
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2.2.3  Fluorescent Intracellular Ca
2+

 Staining 

HT-29 cells (1.5 x 10
6
 cells/well) were grown for 48 h on collagen-coated coverslips (BD 

Biosciences, Mississauga, ON) in 6-well culture plates (Corning). The media was removed by 

siphoning, and cells were washed by 2ml HBSS. After washing, cells were treated with 2ml of 

0.5mM γ-EC and γ-EV in each well and incubated for 6h. Fluo-4 NW dye (Invitrogen) loading 

solution were quickly but carefully added into each well at 2ml and incubated for 45min at 37
o
C 

in the incubator after removing the peptides contained media. After incubation with fluorescent 

dye, the cells were quickly rinsed with 2ml cold PBS for 2-3 times and incubate cells for 5-

10min between each time of washing. Subsequently, coverslips were carefully collected from 

each well. Add 10ul of mounting medium Fluoromount-G (SouthernBiotech, Birmingham, AL, 

US) which contains anti-fade reagent on a standard glass slide. The coverslips were gently 

mounted at the center of the slide. The mounting medium was solidified for 1 to 2h in dark; and 

then the excess mounting medium was removed by filter paper. The immunefluoresence loaded 

slides were stored at -20
O
C before imaging. The intracellular fluorescence labelled calcium was 

imaged by Leica DM 6000B microscope connected to a Leica TCS SP5 system (CLSM-MP) 

(Microscopy Imaging Facility, University of Guelph, ON) under excitation at 488 nm and 

emission at 520 nm.  

 

2.2.4 Evaluation of anti-inflammatory activity in vitro  

The γ-EC and γ-EV were supplemented in 5% FBS contained DMEM/F12 media and 10% FBS 

McCoy’s 5a media using both prophylactic (before TNF-α addition) and therapeutic (after TNF-

α addition) strategies. For each experiment, there were positive (TNF-α treated along) and 

negative control (without TNF-α treatment) samples used to compare treatment groups. Caco-2 



 

 

and HT-29 cell monolayers were washed with 

before supplementation of peptides. A sequent diluted concentration of 

0.001mM to 1mM were treated with t

γ-EV were prepared at 100mM in

diluted by media to obtain the desired concentration to treat cells

in anti-inflammatory activity, cells were pre

(H-100) (1 µg/mL) (Santa Cruz Biotechnology) or NPS

of 450ul γ-EC or γ-EV. After 2h, 

additional 0.5h, 2h, 3h and 4 h, respectively. The cell culture supernatants were collected and 

used for measuring IL-8 secretion by ELISA. The cells were washed twice by cold 

and then stored directly under -80

Figure 1. Therapeutic strategy was shown as above 2ng/ml of TNF

for 2h incubation, and then γ-EC or 

For preventative strategy, cells were incubated with 

before adding 2ng/ml of TNF-α. 
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29 cell monolayers were washed with 0.5ml Hank’s buffered salt solution (HBSS) 

before supplementation of peptides. A sequent diluted concentration of γ-EC and 

0.001mM to 1mM were treated with two cell lines at 0.5ml. The stock solution of both 

EV were prepared at 100mM in dimethyl sulfoxide (DMSO) and stored at 

diluted by media to obtain the desired concentration to treat cells. To examine the role of CaSR 

inflammatory activity, cells were pre-treated with 50ul of a rabbit polyclonal 

) (Santa Cruz Biotechnology) or NPS-2143 (1 µM) for 45 min before addition 

EV. After 2h, 10ul TNF-α was added into cell media and cultured for an 

additional 0.5h, 2h, 3h and 4 h, respectively. The cell culture supernatants were collected and 

8 secretion by ELISA. The cells were washed twice by cold 

80
o
C for the further immunoblotting analysis.  

 

Therapeutic strategy was shown as above 2ng/ml of TNF-α was added into media 

EC or γ-EV was added into media to continually incubate for 4h. 

For preventative strategy, cells were incubated with γ-EC or γ-EV containing media for 2h 

 

Hank’s buffered salt solution (HBSS) 

EC and γ-EV from 

. The stock solution of both γ-EC and 

and stored at -20
o
C, and then 

. To examine the role of CaSR 

50ul of a rabbit polyclonal anti-CaSR 

M) for 45 min before addition 

 was added into cell media and cultured for an 

additional 0.5h, 2h, 3h and 4 h, respectively. The cell culture supernatants were collected and 

8 secretion by ELISA. The cells were washed twice by cold 0.5ml PBS 

 was added into media 

EV was added into media to continually incubate for 4h. 

EV containing media for 2h 
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2.2.5 Cytokine ELISA 

The cell supernatants were collected for future interleukin-8 (IL-8) assays. The IL-8 

concentration in the cell supernatants were detected by an IL-8 enzyme-linked immunosorbent 

assay (ELISA).  Mouse anti-human IL-8 antibodies (Cat.554716, BD Bioscience, San Diego, CA) 

were coated at 0.05ug per well in 100ul of 100mM sodium phosphate (pH 9.0) buffer in a 96-

well microtiter plate (Corning Costar) incubated overnight at 4°C. The microtiter wells were 

washed 4 times with 300ul of phosphate buffered saline (PBS), pH 7.0, containing 0.05% 

Tween-20 (Thermo Fisher), and then blocked with 200ul 1% (W/V) bovine serum albumin 

contained PBS for 1 h. The plate was washed 4 times between each of following steps. The cell 

supernatant samples and IL-8 standard (Cat. 558465, BD Bioscience) were added into the plate 

and incubated for 2h at 37
o
C after blocking. The biotinylated mouse anti-human IL-8 antibodies 

100ul (Cat.554718, BD Bioscience) were added into the plate at a dilution rate of 1:2000 for 1h 

incubation at 37
o
C.  The avidin-horseradish peroxidase conjugate (HRP) (Cat.554058, BD 

Bioscience) 100ul was placed into each well and incubated for 0.5 h at 37
o
C.  After the final step 

of washing, the color development was completed by adding 50 ul/well of 3,3’,5,5’-

tetramethylbenzidine (TMB; Sigma Aldrich) and stopped by 25 ul/well 0.5N H2SO4; and then 

the absorbance was read at 450nm. The cell sample IL-8 concentrations were extrapolated from 

the IL-8 standard calibration curve. 

 

2.2.6 Cell culture and Transfection 

Caco-2 cells were transiently transfected using Lipofectamine
®

 LTX and Plus
™

 Reagent 

(Invitrogen) according to the manufacturer’s instructions. Cells were cultured in 24- or 6-well 

plates until 60-80% confluence was reached. siRNA targeting human β-arrestin-2 (Hs ARRB2-3 
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siRNA) (QIAGEN) or negative control siRNA (scramble) (QIAGEN Inc., Toronto, ON.) (0.5 µg 

or 2.5 µg per well for 24- or 6-well plates, respectively) were diluted in 100 µL Opti-MEM
®

 I 

medium (Invitrogen) and incubated for 15 min at room temperature with 0.5 µL or 2.5 µL PLUS 

Reagent. Lipofectamine LTX (1.5 µL or 6 µL) was diluted in 100 µL Opti-MEM
®

 I medium and 

added to the siRNA solution, and the mixture was incubated for 25 min at room temperature. The 

transfection mixture was diluted in 400uL or 800 µL Opti-MEM
®

 I medium and added to the 

cells in 24- or 6-well plates, respectively. After 6-8 h incubation, 0.5mL or 1 mL of DMEM/F12 

medium containing twice concentration of FBS, 1 mM sodium pyruvate, and 50 U/mL 

penicillin-streptomycin was directly added to each well. After 48h of transfection, cells were 

treated with γ-EC and TNF-α as previously described, and culture supernatants were collected 

for ELISA and cells were harvested for Western blotting or Co-immunopercipitation analysis. 

 

2.2.7 Immunoblotting analysis 

Following treatment, cells were washed twice with cold 1ml PBS and lysed in 100ul ice-cold 

radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher, Rockford, IL, USA) containing 

Halt
™

 Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher). Cell lysates were sonicated 

for 5 min at room temperature and centrifuged at 10 000 x g for 25 min, and protein 

concentration was measured by DC Protein Assay (BioRad, Mississauga, ON). Samples (30-50 

µg of protein) were separated by SDS-PAGE (10%) and transferred to a nitrocellulose membrane 

(Bio-Rad). Membranes were blocked using 5ml 5% non-fat milk powder in Tris-buffered saline 

(TBS), and incubated with 5ml primary antibody at the dilution rate of 1:2000 (v/v) or 1:1000 

(v/v) overnight at 4°C. Detection was carried out using 5ml of HRP-conjugated anti-mouse or 

anti-rabbit IgG (Promega) at the dilution rate of 1:10,000 (v/v) and ECL Western Blotting 
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Detection Reagent (GE Healthcare). Densitometry was performed using Image J software (Image 

Processing and Analysis in Java, National Institutes of Health, http://rsbweb.nih.gov/ij/). 

 

2.2.8 Co-immunoprecipitation (Co-IP) assay  

Cells were harvested 30 min after TNF-α stimulation and immunoprecipitation was carried out 

according to the manufacturer’s instructions using a Pierce Crosslink Immunoprecipitation Kit 

(Thermo Fisher). Briefly, anti-β-arrestin-2 (C16D9) or anti-TAK1 (H-5) antibodies (Santa Cruz 

Biotechnologies) (2 µg-10 µg) were cross-linked to protein A/G-agarose beads, and incubated 

with pre-cleared lysate (550 µg of total protein) for 2 h at room temperature. The eluted antigen 

was analyzed by Western blotting using anti-TAB1 (25E9) (Cell Signaling) or anti-CaSR (H-100) 

(Santa Cruz Biotechnology) antibodies at dilution rate of 1:1000 (v/v). 

 

2.2.9 Total RNA extraction and analysis of gene expression by real-time reverse-

transcription polymerase chain reaction (RT-PCR) 

Both Caco-2 and HT-29 cells were grown in 24-well culture plate (Corning Costar) to form a 

monolayer.  γ-EC and γ-EV were treated with cells at 0.5mM in 1ml of media per well for 2h 

before adding 2ng/ml of TNF-α into media to induce inflammation. Following 4h incubation 

with TNF-α, cells were rinsed twice with 1ml of PBS at each time. And then, total RNA was 

extracted from adherent cultured cells using the AurumTM Total RNA Mini Kit (BioRad) 

according to the manufacturer’s instruction. Quantity and quality of the RNA were verified by 

measuring the A260 and A280 (NanoDrop® ND-1000; Thermo Scientific, Wilmington, DE) and 

by gel electrophoresis. mRNA was reverse transcribed at 1ug using a qScript
™

 cDNA Synthesis 

Kit (Quanta Biosciences). cDNA 50ng was used for each real-time PCR reaction. RT-PCR was 
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performed using PerfeCTa SYBR Green Supermix (Quanta Biosciences) on a MyiQTM Single 

Color Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.) using the following 

conditions: denaturation 15s at 95
o
C, annealing 15s at 56

o
C, and extension 30s at 72

o
C. Primers 

were designed using Primer3 v.0.4.0 (Rozen & Skaletsky, 2000) and synthesized by the 

University of Guelph Laboratory Services Molecular Biology Section (Guelph, ON) (Table. 1). 

Results were expressed as fold changes relative to the negative control (untreated) mouse colonic 

samples. Relative gene expression was calculated using the 2
-∆∆Ct

 method using GAPDH as the 

reference gene as described by Livak and Schmittgen (2001). Results are presented as fold 

expression change relative to negative control. 

 

Table 1. Primer of human  

Gene Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Product  

(bp) 

Accession No. 

     

CASR ccctctacgattgctgtggt agtctgctggaggaggcata 113 bp NM_000388 

TNF-α tcagcctcttctccttcctg gccagagggctgattagaga 127 bp NM_000594 

IL1β tccagggacaggatatggag tctttcaacacgcaggacag 133 bp NM_000576 

IL6 tacccccaggagaagattcc agtgcctctttgctgctttc 166 bp NM_000600 

IL10 ttacctggaggaggtgatgc ggccttgctcttgttttcac 148 bp NM_000572 

IL 2 gcaactcctgtcttgcattg tgagcatcctggtgagtttg 170 bp NM_000586 

GAPDH tcaccagggctgcttttaac gacaagcttcccgttctcag 152bp  

 

2.2.10 Statistical analysis 

Data are expressed as means ± SEM. Statistical analyses were performed with GraphPad Prism 

version 5.0 (GraphPad) using one-way ANOVA followed by Tukey’s multiple-comparison test. 

Differences were considered significant when p<0.05. 
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2.3 Results 

2.3.1 CaSR expression and activation by γγγγ-EC and γγγγ-EV in IECs 

In this study, both Caco-2 and HT-29 cell lines were used in order to minimize the variability 

caused by intrinsic responses of different types of cells to cytokine signals, and CaSR expression 

in both cell lines was confirmed using Western blotting and RT-PCR (Figure 2A). To exclude 

the possibility of confounding treatment effects due to differences in CaSR expression levels, we 

compared CaSR expression in both cell lines following treatment with TNF-α, γ-EC, and γ-EV. 

No significant effect on CaSR expression was observed in either cell line upon treatment with γ-

EC, γ-EV, or TNF-α when compared to untreated control cells (Figure 2A). 

 

To confirm activation of CaSR in IECs by the γ-glutamyl peptides used here, HT-29 cells were 

treated with γ-EC or γ-EV, in the presence of 1 mM Ca
2+

 to ensure successful allosteric binding 

with CaSR, and fluorescent dye-labelled intracellular calcium (Ca
2+

i) was visualized by confocal 

microscopy. As expected, an increase in fluorescence intensity was observed in cells treated with 

γ-EC or γ-EV when compared to untreated control cells (Figure 2B), indicating that the peptides 

could indeed activate CaSR and induce the release of Ca
2+

i. 

 

 

 

 

 

 

 

 

 

 



 

 

A: 

B: 

Figure 2. Expression of CaSR in Caco

(A) The protein (top panel) and mRNA (bottom panel) expression pattern of CaSR in Caco

HT-29 cells when treated with γ-

or γ-EV, followed by stimulation with 2 ng/mL TNF

means ± SEM of three independent experiments.

and γ-EV-induced release of intracellular calcium in HT

or γ-EV for 6 h and the fluorescence intensity was visualized. Representative images of a single 

cell from each group are shown.  (A) and (B) showed 

intracellular calcium releasing in treatment groups, respectively.  (C). represented the 

intracellular calcium expression in a negative control group.
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Expression of CaSR in Caco-2 and HT-29 cells and Activation by γ

(A) The protein (top panel) and mRNA (bottom panel) expression pattern of CaSR in Caco

-EC, γ-EV, and TNF-α. Cells were pre-treated with 0.5 mM 

EV, followed by stimulation with 2 ng/mL TNF-α where indicated. Data are expressed as 

means ± SEM of three independent experiments.  (B) Confocal fluorescence images of 

ease of intracellular calcium in HT-29 cells. Cells were treated with 

EV for 6 h and the fluorescence intensity was visualized. Representative images of a single 

cell from each group are shown.  (A) and (B) showed γ-EV and γ-EC-induced an increas

intracellular calcium releasing in treatment groups, respectively.  (C). represented the 

intracellular calcium expression in a negative control group. 

 

29 cells and Activation by γ-EC and γ-EV. 

(A) The protein (top panel) and mRNA (bottom panel) expression pattern of CaSR in Caco-2 and 

treated with 0.5 mM γ-EC 

 where indicated. Data are expressed as 

(B) Confocal fluorescence images of γ-EC- 

29 cells. Cells were treated with γ-EC 

EV for 6 h and the fluorescence intensity was visualized. Representative images of a single 

induced an increase of 

intracellular calcium releasing in treatment groups, respectively.  (C). represented the 
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2.3.2 γγγγ-EC and γγγγ-EV exert anti-inflammatory effects on cytokine production in IECs 

We examined the anti-inflammatory activities of γ-EC and γ-EV using an in vitro model of 

inflammation in Caco-2 and HT-29 epithelial cell lines. Cells were treated with TNF-α to induce 

cellular inflammatory responses; and secretion of the chemokine IL-8 was measured as an 

indicator of inflammation (Fig.3). As expected, TNF-α significantly increased IL-8 secretion 

when compared to untreated control cells. Treatment with γ-EC and γ-EV significantly reduced 

TNF-α-induced IL-8 secretion in a dose-dependent manner in both cell lines tested. This effect 

was observed when cells were pre-treated with the peptides for 2 h prior to TNF-α addition 

(Figure 3A) and when the peptides were added 2 h after TNF-α stimulation (Figure 3B), 

indicating that γ-EC and γ-EV could act to both prevent inflammation and treat existing 

inflammatory processes. The expression level of IL-8 and TNF-α were dramatically elevated 

over 10 folders comparing with normal cells in both Caco-2 and HT-29 cells after exogenous 

TNF-α stimulation. In addition, two more pro-inflammatory cytokine IL-6, and IL-1β were 

shown up-regulated by TNF-α stimulation, but less than 10 folders. When the effect of γ-EC and 

γ-EV treatment on the expression of pro-inflammatory cytokine genes was examined in more 

detail, it was found that the expression levels of IL-8, TNF-α, IL-6, and IL-1β were all 

significantly reduced at around 50% by γ-EC or γ-EV in both Caco-2 (Figure 4A) and HT-29 

cells (Fig. 4B). Nevertheless, the expression of anti-inflammatory cytokine IL-10 was also 

analyzed in this section. The results showed a trend of increasing IL-10 expression in both Caco-

2 and HT-29 cells induced by γ-EC or γ-EV treatment, while a significant increase of IL-10 was 

only observed in Caco-2 cells (Fig. 4A). 
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A: Therapeutic strategy 

 

B: Preventative strategy 

 

Figure 3. γ-EC and γ-EV exert anti-inflammatory activity in Caco-2 and HT-29 Cells. (A) 

Preventative anti-inflammatory effect of γ-EC and γ-EV. Caco-2 and HT-29 cells were pre-

treated with γ-EC or γ-EV for 2 h at indicated concentrations and stimulated with TNF-α for 4 h. 

IL-8 secretion was measured by ELISA. Data are expressed as means ± SEM of three 

independent experiments. *P < 0.05, **  P < 0.01, and *** P < 0.001 relative to positive control 

(TNF-α) cells.  (B) Therapeutic anti-inflammatory effect of γ-EC and γ-EV. Caco-2 and HT-29 

cells were stimulated with TNF-α for 2 h, followed by treatment with γ-EC and γ-EV for 4 h at 

indicated concentrations. IL-8 secretion was measured by ELISA. Data are expressed as means ± 

SEM of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 relative to 

positive control (TNF-α) cells.  
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A: 

 

B: 

 

Figure 4. γ-EC and γ-EV reduce TNF-α-induced inflammatory gene expression in Caco-2 

(A) and HT-29 (B) cells. Cells were treated with 0.5 mM of γ-EC or γ-EV for 2 h and then 

stimulated with TNF-α for 4 h, and relative mRNA expression was measured by real time RT-

PCR. Results are expressed as fold change relative to untreated cells. Data are expressed as 

means ± SEM of three independent experiments. *P < 0.05 and ***P < 0.001 relative to positive 

control (TNF-α) cells.  
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2.3.3 γγγγ-EC and γγγγ-EV exert anti-inflammatory effects on TNF-α-activated signal pathways 

in IECs 

To further identify the anti-inflammatory effects of γ-glutamyl peptides on the upstream of 

signals by which cytokine production is controlled, we analyzed the γ-EC-mediated effects on 

TNF-α-induced activations of NFκB and MAPK pathways in Caco-2 cells. The results indicated 

that γ-EC treatment significantly inhibited TNF-α-induced phosphorylation of JNK and IκBα 

after TNF-α incubation for 0.5, 2 and 3h (Fig.5). The phosphorylated p38 expression was also 

shown to be moderately reduced by γ-EC supplementation. However, no significant inhibitory 

effect of γ-EC on phosphorylated p38 expression was identified, which was caused by the low 

expression level of phosporylated p38 in Caco-2 cells and gel to gel variables.  Taken together, 

these results suggest that γ-glutamyl peptides have strong anti-inflammatory effects on 

modulating TNF-α-induced signalling events in vitro in IECs. The results also suggested CaSR-

mediated inhibition targeting at the upstream site of TNF-α-induced signal.  

 

 

 

 

 



 

 

Figure 5. Cells were pre-treated with 0.5 mM 

TNF-α for indicated time points. 

IκB were analyzed by Western blotting. Results are represented as relative protein expr

compared to untreated cells. Data are expressed as means ± SEM of three independent 

experiments. 
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 2.3.4 In vitro anti-inflammatory effects of γγγγ-EC and γγγγ-EV are mediated by CaSR 

activation 

To verify that the anti-inflammatory effects of γ-EC and γ-EV observed in IECs were mediated 

by CaSR activation, a specific CaSR antagonist or antibody directed against CaSR was used to 

block γ-EC and γ-EV binding. After pre-incubated with anti-CaSR antibody or NPS-2143, cells 

were treated with γ-EC or γ-EV for 2 h followed by the addition of TNF-α to stimulate 

inflammation. As before, TNF-α-induced IL-8 secretion was significantly reduced by treatment 

of the cells with γ-EC or γ-EV. However, IL-8 secretion returned to levels similar to those 

observed in the positive control cells when cells were pre-treated with anti-CaSR (Figure 6A) or 

NPS-2143 (Figure 6B), indicating that blocking of peptide binding to CaSR abrogated the anti-

inflammatory effects of γ-EC or γ-EV. NPS-2143 also prevented the inhibitory effect of γ-EC on 

the phosphorylation of JNK and IκBα in Caco-2 cells after 2 h of TNF-α stimulation (Figure 6C), 

indicating that the anti-inflammatory activity of γ-EC and γ-EV is mediated via activation of 

CaSR. 

 

 



 

 

C 

A 

B 

66 

 

 



 

67 

 

 

Figure 6. (A) Anti-CaSR antibody (top panel) and CaSR antagonist NPS-2134 (bottom 

panel) block anti-inflammatory activity of γ-EC and γ-EV. Caco-2 and HT-29 cells were pre-

treated with anti-CaSR antibody or NPS-2134, followed by TNF-α in the presence of absence of 

0.5 mM γ-EC or γ-EV, and IL-8 secretion was measured by ELISA. Data are expressed as means 

± SEM of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. 

(B) JNK and IκB phosporylation in the presence of NPS-2143 and γ-EC. Caco-2 cells were pre-

treated with NPS-2134 followed by TNF-α in the presence of absence of 0.5 mM γ-EC. Data are 

expressed as means ± SEM of three independent experiments.  
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2.3.5 CaSR interacts with β-arrestin to prevent inflammation in IECs 

To determine whether β-arrestin2 was involved in cross-talk between CaSR and TNFR-mediated 

signalling pathways in IECs, Caco-2 cells lacking β-arrestin2 expression were generated. 

Specific β-arrestin2 small interfering RNA (siRNA) was used to produce β-arrestin2 knockdown 

cells (β-arr2 KD) (Fig. 7A) and cell signalling was compared to control cells transfected with 

non-targeting control siRNA (Scramble). Since the longer transfection time and starvation of 

serum in the media can cause the severe damage of Caco-2 cells as well as the low transfection 

efficiency in Caco-2 cells, the β-arrestin2 was not completely knockout in Caco-2 cells shown 

from the result of this study.  In β-arr2 knockdown (KD) cells, γ-EC supplementation caused 

reduce of IL-8 in TNF-α-induced Caco-2 cells were augmented when compared to control cells 

expressing β-arrestin2 (Fig. 7B).  Likewise, deletion of β-arrestin2 prevented the γ-EC-mediated 

reduction in p-JKN and p-IκB phosphorylation (Fig. 7C). The observation that anti-inflammatory 

acitivity of γ-EC can be abrogated in β-arr2 KD cells would suggest that suggest that β-arrestin2 

expression is required for  γ-EC to inhibit inflammatory response in IECs. 
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Figure 7. CaSR associated with β-arrestin2 mediates anti-inflammatory effects of γ-EC. (A) The 

expression of β-arrestin2 and β-actin from Caco-2 cells transfected with β-arrestin2 siRNA (β-

arr2 KD) or control RNA (scramble) were shown by western blotting. 

(B) Effect of γ-EC on TNF-α-induced IL-8 secretion in Caco-2 cells transfected with β-arrestin2 

siRNA (β-arr2 KD) or control RNA (scramble). Cells were pre-treated with 0.5mM γ-EC for 2h 

followed by stimulation with 2 ng/mL TNF-α treatment for 2h. Data are expressed as mean 

±SEM of three independent experiments. **P < 0.01. 

(C) Phosphorylation of IkB and JNK in Caco2 cells transfected with β-arrestin2 siRNA (β-arr2 

KD) or with scambled (Scr) were indicated. The cells were pre-treated with 0.5mM γ-EC for 2h 

prior to 2 ng/mL TNF-α treatment for another 2h. Data are expressed as mean±SEM of three 

independent experiments. 
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2.3.6 Identify mechanism underlying CaSR-mediated anti-inflammatory effects 

To further examine the role of β-arrestin2 in the CaSR-mediated anti-inflammatory activity of γ-

EC and interplayed with the TNFR inflammatory pathway, the interaction between TAB1, TAK1 

and β-arrestin2, in the presence or absence of γ-EC was examined by co-immunoprecipitation. 

We found that γ-EC-induced CaSR activation leaded to forming the interaction between β-

arrestin2 and TAB1 (Fig. 8A), and consequently inhibiting the association between TAB1 and 

TAK1 (Fig. 8B). Therefore, the formation of TAK1, TAB1 and TAB2 complex was disrupted by 

which the activation of relevant inflammatory signalling cascades within the cell was inhibited. 

The results also demonstrated that depletion of β-arrestin2 abrogated γ-EC-induced blocking 

effects on TAK1 binding with TAB1 (Fig. 8C), which suggested that the disassociation between 

TAK1 and TAB1 in Caco-2 cells was mainly in a CaSR and β-arrestin2-dependent manner.  
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Figure 8. Mechanism underlying CaSR

were supplemented with 0.5mM 

incubation. The cell lysate proteins were subjected for immunoprecipitation with anti

CaSR and TAB1 coprecipitation were determined usi

through western blotting. The interaction between 

in Caco-2 cells treated with γ-EC. The TAB1 expressions in cell lysate from different treatment 

groups were shown by western blotting. 

(B) The cell lysate from TNF- 

were coimmunoprecipitated with anti

detected in Caco-2 cells. The TAB1 expressions in cell lysate from dif

were shown by western blotting. 

(C) Caco-2 cells were transfected with 

and stimulated with TNF-α (2 ng/mL) for 30min. The cell lysate proteins were 

immunoprecipitated with anti-TAK1. The bands indicated the interaction between TAK1 and 

TAB1.  The TAB1 expressions in cell lysate from different treatment groups were shown by 

western blotting.  
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Figure 8. Mechanism underlying CaSR-mediated anti-inflammatory effects. (A) Caco

were supplemented with 0.5mM γ-EC for 2h before stimulated with TNF-α (2 ng/mL) for 30min 

incubation. The cell lysate proteins were subjected for immunoprecipitation with anti

CaSR and TAB1 coprecipitation were determined using anti-CaSR and anti-TAB1 antibodies 

through western blotting. The interaction between β-arrestin2 and TAB1 or CaSR were detected 

EC. The TAB1 expressions in cell lysate from different treatment 

blotting.  

 α-induced Caco-2 cells with or without γ-EC supplementation 

were coimmunoprecipitated with anti-TAK1. The association between TAK1 and TAB1 were 

2 cells. The TAB1 expressions in cell lysate from different treatment groups 
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TAK1. The bands indicated the interaction between TAK1 and 
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2.4 Discussion 

In the present study, we have demonstrated that the γ-glutamyl dipeptides γ-EC and γ-EV exert 

potent calcium-sensing receptor (CaSR)-mediated anti-inflammatory activity in vitro in intestinal 

epithelial cell (IEC) lines. In IECs, the intracellular signalling triggered by γ-EC and γ-EV 

binding with CaSR interfered with TNF-α-stimulated pro-inflammatory signalling events thereby 

inhibiting phosphorylation of both nuclear factor of kappa B inhibitor alpha (IκBα) and c-Jun N-

terminal kinase (JNK). We further demonstrated that γ-glutamyl cysteine (EC)- and γ-glutamyl 

valine (EV)-induced activation of CaSR led to the recruitment of β-arrestin2 and subsequent 

association with TAK1-binding protein (TAB)1, thereby interfering with transforming growth 

factor-β activated kinase (TAK)-1 dependent inflammatory signaling pathways activated by 

extracellular TNF-α.  

 

Besides regulation of absorption and secretion in gut, CaSR can stimulate epithelial 

differentiation to repair damaged intestinal barrier through stimulating the Wnt signaling cascade 

in colonic myofibroblasts (Pacheco & MacLeod, 2008). CaSR activation is also involved in 

regulating translocation and recruitment of monocytes to the site of inflammation (Olszak, et al., 

2000). Moreover, studies have shown that dietary calcium intake inhibits the development of 

colorectal cancer and promotes IEC differentiation in a CaSR-dependent fashion (Hebert, Cheng, 

& Geibel, 2004). Accordingly, CaSR activation may be involved in regulating physiological 

changes in various aspects of the gut to maintain homeostasis. Indeed, CaSR has been shown to 

interact with intracellular signalling cascades to regulate various cellular processes including 

proliferation, differentiation and apoptosis under health or disease conditions (reviewed in 

Brown and Macleod, 2001). The intracellular signal transduction induced by CaSR-mediated 
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activation includes two main aspects: (1), coupled Gαq/11 protein mediated release of Cai
2+

 from 

internal calcium storage located on the endoplasmic reticulum (ER), and (2), GRK-induced 

recruitment of β-arrestin-mediated signals. In general, G-protein signalling is able to be directly 

activated by the orthosteric agonist binding with CaSR, and continue to activate various 

subsequent signal proteins belonging to the MAPK pathway such as JNK, p38 MAPK, and 

extracellular-signal-regulated kinase (ERK)1/2 (Tfelt-Hansen, et al., 2003). The regulatory 

effects of allosteric agonist-induced CaSR activation on signaling transduction in IECs has not 

been addressed.  

 

IBD results in a damaged epithelial barrier and exposure of immune cells from the lamina 

propria to commensal bacteria, enhancing the abnormal immune response (Lichtenstein, Abreu, 

Cohen, & Tremaine, 2006; Sartor, 2007). Increased expression of pro-inflammatory mediators 

including interferon (IFN)-γ and TNF-α induces the production of other inflammatory cytokines 

such as interleukin (IL)-1β, IL-6 and IL-17A thereby developing perpetuated inflammatory 

response and impairing permeability. Current evidences suggest that TNF-α is the major pro-

inflammatory cytokine causing the inflammatory cascade through activation of T helper-1 cells 

in IBD, which causes the interruption of the homeostasis of intestinal mucosal system and leads 

to inhibit activation of the regulatory system to attenuate pro-inflammatory events (Garside, 

1999; Wallach, Varfolomeev, Malinin, Goltsev, Kovalenko, & Boldin, 1999). Using exogenous 

TNF-α to trigger inflammatory responses in Caco-2 and HT-29 cells is a common in vitro model 

for identifying therapeutic activities of bio-products and studying their effects on signal 

transduction (Treede, et al., 2009). The results from current in vitro study indicated that the 

CaSR agonistic dipeptides γ-EC and γ-EV exerted anti-inflammatory effects on TNF-α-
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stimulated IECs. In order to determine this anti-inflammatory activity is mediated by CaSR, 

CaSR specific antagonist and antibody were pre-treated with IECs to block these two dipeptides 

triggered CaSR activation. The calcilytic NPS-2143, a negative allosteric regulator, can bind 

with CaSR through a specific amino-binding site located on the seven transmembrane α-helical 

domains 3 and 7 to inhibit CaSR agonist-induced signalling cascades and regulate parathyroid 

hormone secretion (Nemeth, et al., 2001; Nakajima, Hira, Eto, Asano, & Hara, 2010; Soudijin, 

Wijngarrden, & Ijzerman, 2004). A mouse polyclonal anti-CaSR antibody specifically targeting 

the extracellular N-terminus was used in this study; therefore block γ-glutamyl peptides to bind 

with CaSR. Since the inhibitory effects of γ-EC and γ-EV supplementation on secretion of IL-8 

and phosphorylation of IκBα and JNK in IECs were blocked, we found here that treatment of 

IECs in vitro with γ-EC and γ-EV could prevent activation of TNF-α-induced inflammatory 

pathways and reduce pro-inflammatory cytokine expression, and this activity was mediated by 

CaSR activation.   

  

To further understand the intracellular signalling pathways regulated by γ-glutamyl dipeptide-

induced CaSR activation in reducing inflammatory responses, the implication of CaSR in 

signalling transcriptions at a cellular level needs to be studied. As one of G protein coupled 

receptor (GPCR), the GRK-β-arrestin coupled system is a critical mechanism to regulate cellular 

CaSR activity in addition to the classical G-protein-mediated signalling regulatory loop. β-

arrestin-dependent desensitization is only initiated when an agonist binds with GPCR to promote 

GRK phosphorylation, thereby mediating interaction between β-arrestin and the receptor, and 

blocking the interaction between the G-protein and receptor (Pierce, et al., 2002). While the role 

of β-arrestins as multifunctional scaffold and adaptor proteins has been explored, less is known 
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about its role in desensitizing G-protein-mediated signalling (DeWire, Ahn, Lefkowitz, & 

Shenoy, 2007). β-arrestins act as agonist-regulated scaffolds for MAPK cascades and are 

potentially involved in regulating pro-inflammatory pathways (Oh, et al., 2010; Wang, Tang, 

Teng, Wu, Zhao, & Pei, 2006). Furthermore, β-arrestins are able to regulate immune responses 

by coordinating the NF-κB-dependent signalling pathway in cells. Association of β-arrestins 

with IκBα of the NF-κB signalling complex has been found to inhibit NF-κB transcriptional 

activation in various cell types such as HEK293, HeLa, and THP-1 cells (Fan, Luttrell, Tempel, 

Senn, Halushka, & Cook, 2007; Gao, et al., 2004; Witherow, Garrison, Miller, & Lefkowitz, 

2004). The expression of IL-6 and IL-8, transcriptional products of NF-κB signaling pathway, 

was increased by knockdown of β-arrestin2 (Gao, et al., 2004), and Fan et al. (2007) found that 

β-arrestin was involved in controlling inflammation via negatively regulating Toll-like receptor 

(TLR)-mediated NF-κB activation and positively regulating ERK1/2 activation.  

 

We likewise demonstrated here that the interaction between CaSR with β-arrestin2 in Caco-2 

cells induced by γ-glutamyl dipeptide activation could control inflammation in IECs. The 

proposed mechanism by which β-arrestin2 may mediate γ-glutamyl peptide-induced cross-talk 

between CaSR and TNFR is elucidated (Fig. 9). The inhibition of JNK and NF-κB signaling 

cascades observed here may be as a result of CaSR activation-mediated signal transduction 

interfering with the TNF-α-induced pro-inflammatory signalling pathways. Due to limited 

transfection efficiency of siRNA in Caco-2 cells, RNA interference did not totally abolish 

expression of β-arrestin2 in our study. However, the results indicated that the inhibitory effect of 

γ-glutamyl dipeptide on IL-8 secretion as well as p-JNK and p-IκBα expression were 

significantly reduced by depletion of β-arrestin2. Thus, β-arrestin2 is a putative regulatory 
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protein to control TNF-α-induced inflammation in IECs. The results from β-arrestin2-deficient 

Caco-2 cells treated with γ-glutamyl dipeptide indicated that the inhibition of inflammatory 

signalling events mediated by activation of CaSR is essentially β-arrestin2-dependent.  

 

Because both phosphoralytion of JNK and IκB were inhibited in γ-EC-treated Caco-2 cells, it 

suggests that the underlying mechanism may involve the interaction of β-arrestin2 with the 

upstream signal proteins in the TNF-α-stimulated pathway. Following recruitment of 

downstream signalling molecules by TNF-α binding with TNFR, TNF receptor associated 

factors (TRAFs) detach from the receptor and form a trimeric complex with TAK1, TAB1 and 

TAB2, which intermediates subsequent activation of MAPKs, NFκB and NFAT signalling 

pathways (Bouwmeester, et al., 2004; Liu, Busby, & Molkentin, 2009; Chen, 2005, Ninomiya-

Tsuji, Kishimoto, Hiyama, Inoue, Cao, & Matsumoto, 1999; Wang, Deng, Hong, Akkaraju, 

Inoue, & Chen, 2001;). Acting as an upstream member of the MAPK family, TAK1 is a crucial 

intermediate regulator in TNF-α and IL-1 receptor signalling pathways. Using TAK1 knockout 

mice, TAK1 has been found to be a master regulator involved in maintaining homeostasis in 

immune cells and IECs (Ajibade, et al., 2012; Kajino-Sakamoto, et al., 2008). TAK1 deficient 

mice spontaneously developed intestinal inflammation and enterocyte apoptosis (Kajino-

Sakamoto, et al., 2008). In addition, Nucleotide-binding oligomerization domain-containing 

protein 2 (NOD2) plays a critical role in the development of IBD, and Chen et al. (2004) 

demonstrated cross-talk between NOD2 and TAK1-mediated inflammatory cytokine signalling 

pathways. This suggested that TAK1 may play an important role in regulating innate immune 

responses in IBD. Therefore, we undertook to examine the potential role of TAK1 involvement 

in cross-talk between CaSR- and TNFR-mediated signaling pathways. TAK1 forms a complex 
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with TAB2 and TAB1, where TAB1 functions as an activator of TAK1 (Shibuya, et al., 1996). 

TAB1 is an adaptor protein and plays a critical role to activate TAK1 (Shibuya, et al., 1996). The 

interaction between β-arrestins and TAB1 was first identified by Xiao et al. (Xiao, et al., 2007), 

and more recently it was demonstrated that activation of the GPCR GPR120 could mediate 

association between β-arrestin2 and TAB1, thereby inhibiting TAK1-activated inflammatory 

responses in mouse macrophage cells (Oh, et al., 2010). In the present study, we demonstrated 

that cross-talk between CaSR and TAK1-mediated inflammatory pathways were bridged by β-

arrestin2 associated with TAB1 in Caco-2 cells. The interaction between β-arrestin2 and TAB1 

inhibited TNF-α-induced TAK1 activation and subsequent downstream signal transduction. It 

should be noted that β-arrestin2 can also interact with other upstream signal molecules in the 

MAPK and NFκB pathways, such as TRAFs and IκBα, and therefore inhibit activation or 

degradation of inflammatory signalling cascades. Further study will be required to identify other 

possible β-arrestin-dependent interactions mediating anti-inflammatory activity in allosterically 

activated CaSR. 



 

 

Figure 9. Schematic diagram summarizing the mechanism of CaSR

activity of γ-EC and the TNF-α-induced inflammatory pathway.

 

2.5 Conclusion 

In conclusion, we have shown that the 

ligand activation of CaSR to exert potent anti

dietary supplementation-based therapeutic strategy for the treatment of IBD. These effects were 

observed both in vitro, where γ-EC and 

The results of this study also revealed that t

leads to the association of β-arrestin2 with TAB1 to block activation of the TNF

pro-inflammatory signalling cascade through TNFR, a previously unknown function of CaSR.
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Figure 9. Schematic diagram summarizing the mechanism of CaSR-mediated anti

induced inflammatory pathway. 

In conclusion, we have shown that the γ-glutamyl dipeptides γ-EC and γ-EV can act via allosteric 

ligand activation of CaSR to exert potent anti-inflammatory effects, and may be a novel potential 

based therapeutic strategy for the treatment of IBD. These effects were 

EC and γ-EV reduced TNF-α-induced inflammation in IEC lines

The results of this study also revealed that the activation of CaSR by the γ-glutamyl dipeptides 

arrestin2 with TAB1 to block activation of the TNF

inflammatory signalling cascade through TNFR, a previously unknown function of CaSR.
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induced inflammation in IEC lines. 
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arrestin2 with TAB1 to block activation of the TNF-α-dependent 

inflammatory signalling cascade through TNFR, a previously unknown function of CaSR. 
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Chapter 3 anti-inflammatory activity of γ-glutamyl dipeptides including γγγγ-

glutamylcysteine and γγγγ-glutamylvaline in vivo 

 

3.1 Introduction 

The development of perpetuating inflammatory responses in the inflammatory bowel diseases 

(IBD) is characterized by increasing pro-inflammatory cytokine production and recruitment of 

immune cells. Several therapeutic strategies have been applied to target particular biomarker or 

signaling pathways in order to ameliorate inflammatory response, such as the biological reagents 

based therapy. The therapies are significantly effective at treating IBD patients; however, there 

are adverse side effects caused by long-term use of monoclonal antibodies (Pache, Rogler, & 

Felley, 2009). Therefore, alternative therapies need to be developed for the IBD treatment such 

as dietary intervention.    

 

Activation of calcium-sensing receptor (CaSR) has potential benefits for ameliorating an 

impaired gut system (Hebert, Cheng, & Geibel, 2004; Peiris, Pacheco, Spencer, & MacLeod, 

2007). Moreover, CaSR plays an essential role in preventing colon cancer. A decrease in CaSR 

expression in colon cancer tissue has been detected by comparing with normal colonic mucosa 

(Chakrabarty, Radjendirane, Appelman, & Varani, 2003; Chakrabarty, Wang, Canaff, Hendy, 

Appelmean, & Varani, 2005). It is well known that the chronic inflammation of IBD is involved 

in the process of colon tumorigenesis (Terzic, Grivennikov, Karin, & Karin, 2010). The role of 

CaSR in regulating inflammatory response in gut system has never been addressed before. The 

CaSR activation may exert inhibitory effect on regulating inflammatory response in the intestine; 

therefore the homeostasis of intestinal mucosa can be restored. 
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The dietary peptides have been found with therapeutic properties for attenuating gut 

inflammation and recovery of the impaired colonic tissue (Kovacs-Nolan, et al., 2012). In order 

to mimic pathological condition of IBD, a mouse colitis model was applied in current study to 

assess the anti-inflammatory effects of the dietary based γ-glutamyl dipeptides on 

gastrointestinal (GI) system. Dextran-sulphate sodium salt (DSS) is a chemical reagent 

composed by polysaccharide with three sulfate groups at per glucose molecule. The oral 

administration of DSS in the drinking water can induce epithelial damage thereby sufficient 

luminal antigens entering the lamina propria to trigger a mucosal immune response to induce 

colitis in the mouse (Karin & Greten, 2005; Tanoue, Nishitani, Kanazawa, Hashimoto, & 

Mizuno, 2008). The DSS mouse colitis model has been widely used for decades. In addition, the 

cytotoxic effects of DSS on intestinal epithelial cell lines permanently impair gut barrier function 

through activating NF-κB pathway, increasing oxidative stress and inducing cellular apoptosis 

(Araki, Sugihara, & Hattori, 2006; Bhattacharyya, Dudeja, & Tobacman, 2009). DSS is also 

capable of directly inducing macrophages to produce pro-inflammatory cytokines which results 

in stimulation of the secondary inflammatory response in the intestinal epithelial cells (IECs). 

This process was validated in a new in vitro model of macrophages co-cultured with IECs (Bauer, 

et al., 2010)(Kwon, et al., 2007). Among the pro-inflammatory cytokines produced by 

macrophages, TNF-α plays a key role in eliciting apoptosis of IECs which results in development 

of Th1-dependent inflammatory responses (Wallach, Varfolomeev, Malinin, Goltsev, Kovalenko, 

& Boldin, 1999). The significantly increased TNF-α expression has been identified in both the 

animal colitis models and human IBD patients. The similarity of TNF-α expression status 

suggests that the DSS-induced colitis mouse model can be used to mimic the intestinal 

inflammatory process experienced by IBD patients.  
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Two dietary peptides γ-glutamylcysteine (EC) and γ-glutamylvaline (EV) are CaSR allosteric 

agonists. The reduction of inflammation caused by γ-glutamyl dipeptide-induced CaSR 

activation is mediated by interfering with TNF-α-induced signalling cascades in IECs which has 

been described in our previous in vitro study (Chapter 2). Because biological functions of CaSR 

activation in modulating the intestinal inflammation and enhancing GI health have never been 

experimentally addressed, we studied the supplementation with γ-glutamyl peptides including γ-

EC and γ-EV in a DSS-induced colitis mouse model in order to identify whether they have anti-

inflammatory activity mediated by CaSR.  

 

3.2 Materials and method 

3.2.1 Mice Handling and Maintenance 

All animal studies were approved by the University of Guelph Animal Care Committee and 

carried out in accordance with the Canadian Council on Animal Care Guide to the Care and Use 

of Experimental Animals. The Animal Utilization Protocol (AUP) number is AUP07R113. The 

mice were housed in Central Animal Facility (CAF) (University of Guelph, Guelph, ON). The 

optimal conditions for the dextran-sulphate sodium salt (DSS) induction of inflammation in 

BALB/c mice were determined in the pilot trial study. Female BALB/c mice (6-8 weeks, 16-20 g; 

Charles River Laboratories, Inc., Montreal, Quebec) were group housed on a 12-h light-dark 

cycle and allowed unrestricted access to standard mouse chow and water.   
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3.2.2 Experimental Design and Induction of Colitis in Mice 

Two separated animal trials were conducted in this study. In the first trial, mice were randomly 

assigned into groups and given γ-EC or γ-EV (50 or 150 mg/kg body weight/per day in 100 µL 

of water) or water, by oral gavage, starting on day 1 and continuing until day 14. On day 7, 

colitis was induced by the addition of 5% DSS (MW 36-50 kDa; MP Biomedicals, Solon, OH, 

USA) to drinking water [for a 7-day period] (Figure 1.). Negative control (Control) mice 

received water only, positive control mice (DSS) received DSS only.  Peptides were dissolved in 

water. After adjust pH, peptides were used to oral gavage. The first trial aims to determine 

whether γ-EC or γ-EV has anti-inflammatory activities and the relevant effective dosage. Based 

on the results of the first trial, an optimal dosage for γ-EC and γ-EV supplementation was 

selected for the second trial. A second trial was conducted to verify whether the anti-

inflammatory effects of γ-EC and γ-EV were mediated in a CaSR-dependent manner in a DSS-

induced mouse colitis model. For NPS-2143 treatment, mice were obtained with intravenous 

injection (i.v.) with 1 mg/kg NPS-2143, dissolved in 20% 2-hydroypropyl-β-cyclodextrin 

(Sigma), as a 30 µl bolus into the tail vein. One hour after NPS-2143 injection mice were given 

γ-EC or γ-EV (150 mg/kg BW) by oral gavage starting on day 1 and continuing until day 14. 

Mice were euthanized on day 14. The colon was removed, from caecum to anus, and the length 

of each colon was measured. Each colon was divided longitudinally and tissue sections were 

flash frozen or stored in RNAlater
®

 (Ambion, Invitrogen Life Technologies Inc., Burlington, ON) 

for further analysis. A section of distal colon was fixed in 10% buffered formalin (Fisher 

Scientific Co., Toronto, ON) for histological analysis. 

A 



 

 

Figure 1. Experimental design.

weight of γ-EC or γ-EV orally for 14 days. On day 7, 5% DSS was added to drinking water to 

induce colitis.  (B). BALB/c mice were given 1 

γ-EC or γ-EV for 14 days. On day 7, 5% DSS was added to drinking water to induce colitis.  

 

3.2.3 Clinical evaluation of colitis

Mice were weighed daily, and data are expressed as mean percentage change relative

body weight, as the following equation: [(Weight on day X

The stool consistency, presence of blood in stool or bleeding rectum, and general appearance 

were determined and used for clinical evaluation. The 

on protocol provided by Maxwell 

defined as: Stool score: 0=normal; 1=moist/sticky stool; 2=soft stool; 3=diarrhea. Stool 

score: 0=no blood; 1=evidence of blood in stool or around anus; 2=severe bleeding. Mouse 

appearance: 0=normal; 1=ruffled fur or altered gait; 2=lethargic or moribund.

 

 

B 
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Experimental design. (A). BALB/c mice were given 50 or 150 mg/kg

EV orally for 14 days. On day 7, 5% DSS was added to drinking water to 

(B). BALB/c mice were given 1 mg/kg NPS-2143 and 150 mg/kg

EV for 14 days. On day 7, 5% DSS was added to drinking water to induce colitis.  

Clinical evaluation of colitis 

Mice were weighed daily, and data are expressed as mean percentage change relative

body weight, as the following equation: [(Weight on day X-initial weight)/initial weight]x100%. 

The stool consistency, presence of blood in stool or bleeding rectum, and general appearance 

were determined and used for clinical evaluation. The clinical evaluation was performed based 

on protocol provided by Maxwell et al. (Maxwell, Brown, Smith, Byrne, & Viney, 2009)

defined as: Stool score: 0=normal; 1=moist/sticky stool; 2=soft stool; 3=diarrhea. Stool 

score: 0=no blood; 1=evidence of blood in stool or around anus; 2=severe bleeding. Mouse 

appearance: 0=normal; 1=ruffled fur or altered gait; 2=lethargic or moribund. 

BALB/c mice were given 50 or 150 mg/kg·body 

EV orally for 14 days. On day 7, 5% DSS was added to drinking water to 

2143 and 150 mg/kg·body weight of 

EV for 14 days. On day 7, 5% DSS was added to drinking water to induce colitis.   

Mice were weighed daily, and data are expressed as mean percentage change relative to starting 

initial weight)/initial weight]x100%. 

The stool consistency, presence of blood in stool or bleeding rectum, and general appearance 

clinical evaluation was performed based 

(Maxwell, Brown, Smith, Byrne, & Viney, 2009). That is 

defined as: Stool score: 0=normal; 1=moist/sticky stool; 2=soft stool; 3=diarrhea. Stool blood 

score: 0=no blood; 1=evidence of blood in stool or around anus; 2=severe bleeding. Mouse 
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3.2.4 Histology and histological grading of colonic sections 

After colon was removed, a piece of distal colon tissue was collected and fixed in 10% (w/v) 

buffered formalin and embedded in paraffin. The embedded sections were stained with 

hematoxylin and eosin (H&E) (Animal Health Laboratory, University of Guelph, Guelph, 

Ontario) and examined by light microscopy. Histological scoring was performed as described by 

Maxwell et al. to assess for the colonic tissue injury and inflammation (Maxwell, Brown, Smith, 

Byrne, & Viney, 2009). Normal tissue was scored as 0, slightly increased number of 

inflammatory cells in the lamina propria as 1, increase in cellularity and mild edema as 2, forcal 

erosions or ulcerations as well as extension of infiltration as 3, multifocal mucosal ulceration 

with extensive cellularity as 4, diffuse ulceration and extensive mucosal damage of tissue 

structure as 5. 

 

3.2.5 Immunohistochemistry 

Immunohistochemistry for calcium-sensing receptor (CaSR) and β-arrestin-2 (BA) was 

performed on 4µm tissue sections mounted on charged slides and using an automated staining 

instrument (Dako Autostainer, Dako, Mississagua, ON, Canada). Both antisera were raised in 

rabbits. Rabbit polyclone anti-CaSR antibody and anti-β-arrestin2 antibody (Santa Cruz 

Biotechnology Inc.) were used for sample labeling at dilution rate of 1:300 (v/v) and 1:50 (v/v), 

respectively. Proteinase K and EnVision+ were used for pre-treatment and visualization of each 

antigen. Following manual deparaffinization and rehydration, sections were treated with 3% 

hydrogen peroxide to quench endogenous peroxidase activity. Tissue sections were pretreated 

with Proteinase K (Dako) for 10 minutes, and then incubated with primary antisera for 30 

minutes, followed by 30 minute incubation with peroxidase-conjugated goat anti- rabbit polymer 
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(EnVision +, Dako) visualization systems. Nova Red (Vector Laboratories, Burlington, ON, 

Canada) was used as chromogen.  For negative reagent controls, duplicate sections of each test 

tissue were subjected to the same immunohistochemical procedure with substitution of non-

immune rabbit serum at similar protein concentration for the rabbit polyclonal antisera. Intestinal 

smooth muscle was used as an internal positive control tissue for each antibody. 

 

3.2.6 Enzyme-linked immunosorbent assay  

To measure TNF-α and IL-6 concentrations in mouse colon tissue, about 100ug of tissue was 

homogenized in four volumes of PBS containing 0.5% Triton X-100 and protease inhibitors (10 

ug/ml of aprotinin, leupeptin, pepstatin and 1mM phenylmethanesulfonylfluoride (PMSF) 

(Sigma-Aldrich Canada Co., Oakville, Ontario), and centrifuged at 12 000 x g for 10 min at 4
o
C. 

Rat anti-mouse IL-6 antibodies (0.05µg/well; BD Bioscience, Cat.554400) or hamster anti-

mouse/rat TNF-α antibody (0.05µg/well; BD Bioscience, Cat.557516) were diluted in 100ul/well 

of 0.1M sodium phosphate buffer, pH 9.0, or 0.2M sodium phosphate buffer, pH 6.5, 

respectively, and incubated overnight at 4°C. Homogenate 100ul of diluted by twice of 

supernatants and 100ul of standards were added to the plate and incubated for 2 h at 37°C. 

Biotinylated anti-mouse IL-6 (BD Bioscience, Cat.554402) or anti-mouse TNF-α (BD 

Biosciences, 557432) antibodies were diluted 1:500 (v/v). Detection was carried out using 100ul 

per well of avidin-horseradish peroxidase conjugate and 3,3’,5,5’-tetramethylbenzidine substrate 

solution (TMB; Sigma Aldrich). The reaction was stopped using 50ul per well of 0.5 N H2SO4 

and the absorbance was measured at 450 nm. The IL-6 or TNF-α concentrations were determined 

from the standard calibration curves, and reported as pg cytokine relative to protein 

concentration in the supernatant.  
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3.2.7 RNA Isolation and Real Time RT-PCR 

Total RNA from mouse colon tissues was isolated using TRIzol
®

 Reagent (Life Technologies) 

an Aurum
™

 Total RNA Mini Kit (Bio-Rad Laboratories Inc., Mississauga, ON) according to the 

manufacturers’ instructions. The quantity and quality of the RNA was verified by NanoDrop
®

 

ND-1000 (Thermo Scientificcity Inc., Ottawa, ON) and gel electrophoresis. 1 µg of RNA was 

reverse transcribed using a qScript
™

 cDNA Synthesis Kit (Quanta Biosciences, Gaithersbury, 

MD, USA) according to the manufacturer’s instructions. Real-time quantitative PCR, using 50 

ng cDNA per reaction, was carried out using PerfeCTa SYBR Green Supermix (Quanta 

Biosciences) on a MyiQ
™

  Single Color Real-Time PCR Detection System (Bio-Rad 

Laboratories) using the following conditions: denaturation 15 s at 95°C, annealing 15 s at 56°C, 

and extension 30 s at 72°C. The primers listed in Table 1 were designed using Primer3 v.0.4.0 

(Rozen & Skaletsky, 2000) and synthesized by the University of Guelph Laboratory Services 

Molecular Biology Section (Guelph, Ontario, Canada). Results were expressed as fold changes 

relative to the negative control (untreated) samples. Relative gene expression was calculated by 

2
-∆∆Ct

 as described by Livak and Schmittgen (Livak & Schmittgen, 2001) using glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) as the reference gene. Results were presented as fold 

expression change relative to negative control.  The gene expression levels of cytokine 

production from the above two trials were analyzed after tissue collection. Because the calcilytic 

NPS 2143 intervention study was done in a separate trial, the data needed to be normalized in 

order to compare the altered gene expression levels of the treatment groups from two different 

trials. To illustrate, the folder changes of gene expressions in colonic tissue from γ-EC- or γ-EV-

supplemented DSS-treated colitis mice with or without NPS 2143 pre-injection were first 

normalized by DSS-treated mice referred as positive control and then calculated as percentage to 
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positive control. The calculation is shown in following: [(Fold change of treatment/Fold change 

of DSS)x100%]. 

 

Table 1 Primer of mouse 

Mouse 

Gene 

Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Length   

(bases) 

    

GAPDH aactttggcattgtggaagg ggatgcagggatgatgttct 20 

TNF-α ccccaaagggatgagaagtt cacttggtggtttgctacga 20 

IL1β ggatgaggacatgagcacct agctcatatgggtccgacag 20 

IL6 ccggagaggagacttcacag cagaattgccattgcacaac 20 

IL10 gccttatcggaaatgatcca aggggagaaatcgatgacag 20 

IL 17A ccagggagagcttcatctgt aggaagtccttggcctcagt 20 

IFN-γ gctcttcctcatggctgttt gtcaccatccttttgccagt 20 

 

3.2.8. Statistical analysis 

Data are expressed as means ± SEM. Statistical analyses were performed with GraphPad Prism 

version 5.0 (GraphPad) using one-way ANOVA followed by Tukey’s multiple-comparison test. 

Differences were considered significant when p<0.05. 
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3.3. Results 

3.3.1 Preventive effects of γγγγ-EC and γγγγ-EV on DSS-induced weight lose and clinical 

symptoms  

Administration of 5% DSS in Balb/c mice for 7 days resulted in developing gut inflammation 

and tissue injure which leaded to significant weight loss and shortening of colon length in mice. 

The anti-inflammatory effects of γ-EC and γ-EV were evaluated in vivo using a DSS-induced 

colitis mouse model in the first trial of study. Compared with negative control group mice 

(treated with water), DSS-treated mice started to lose weight after the fourth day of DSS 

administration. DSS-induced mice supplemented with the high dose (150 mg/kg BW) of γ-EV 

and low dose (50 mg/kg BW) of both γ-EC and γ-EV were shown to lose significantly less 

weight than positive control mice (received DSS alone) (Fig. 2). However, intake of a high dose 

(150 mg/kg BW) of γ-EC did not lead to a reduction of weight loss compared with positive 

control mice.  
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Figure 2. Effect of γ-EC and γ-EV administration on DSS-induced weight loss. Results are 

expressed as means ± SEM of n = 12 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 

relative to mice treated with DSS only (DSS). 
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The clinical symptoms induced by DSS administration were evaluated by scoring the mice daily 

stool consistency, presence of blood in stool, and general appearance of mice. Changes were 

detected after the fourth day of DSS administration. However, γ-EC or γ-EV supplementation at 

both high and low concentrations was shown to significantly reduce the severity of clinical 

symptoms caused by DSS administration (Fig.3). The shortening of colon length is a typical 

macroscopic sign of inflammatory response in DSS-induced colitis. The mice supplemented with 

γ-EC and γ-EV at different concentrations were all shown to significantly prevent DSS-induced 

shortening of the colon length (Fig.4).  

 

  

Figure 3. Effect of γ-EC and γ-EV administration on DSS-induced colitis symptoms. 

Results are expressed as means ± SEM of n = 12 mice per group. *P < 0.05, **P < 0.01, and 

***P < 0.001 relative to mice treated with DSS only (DSS). 

 

 



 

 

A 

B 

Figure 4.  Effect of γ-EC and 

measured (A), and results are reported as percent change relative to untreated (water) mice (B). 

Results are expressed as means ± SEM of n = 

***P < 0.001 relative to mice treated with DS
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EC and γ-EV administration on colon length. Individual colons were 

measured (A), and results are reported as percent change relative to untreated (water) mice (B). 

Results are expressed as means ± SEM of n = 12 mice per group. *P < 0.05, **P < 0.01, and 

***P < 0.001 relative to mice treated with DSS only (DSS).  

Individual colons were 

measured (A), and results are reported as percent change relative to untreated (water) mice (B). 

mice per group. *P < 0.05, **P < 0.01, and 
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3.3.2 Morphological changes in colon reduced by γγγγ-EC and γγγγ-EV  

The effects of γ-EC and γ-EV administration on severity of tissue damage were evaluated 

through analyzing colonic morphology in the first trial. Due to physical disruption of the 

mucosal barrier function caused by DSS, histological signs of inflammation associated with 

pathological changes in colon were usually observed in DSS-treated mice. Those changes 

include infiltration of inflammatory cells, forcal erosions, and ulceration. In our study, the colon 

sections collected from DSS-treated mice showed loss of mucosal architecture, infiltration of 

inflammatory cells into the mucosa and submucosa, and intense cellular inflammation in all 

layers of colonic tissue. Negative control mice showed little to no cellularity. The γ-EC or γ-EV 

supplementation at high dosages and γ-EV at low dosage, except for γ-EC at low dosage, showed 

significant preventive effects on DSS-induced cellularity and multifocal mucosal ulcerations 

which can cause lose of mucosal architecture (Fig.5). The result indicated that γ-EC and γ-EV 

were able to ameliorate the DSS-induced colitis symptoms.  
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Figure 5. Photomicrographs of H&E-stained colon sections at 20x and 50x magnification 

were scored for inflammation, loss of mucosal architecture and increased cellularity. Results are 

expressed as means ± SEM of n = 6 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 

relative to mice treated with DSS only (DSS).  
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3.3.3 DSS-induced cytokine production at a protein level modulated by γγγγ-EC and γγγγ-EV 

The effect of γ-EC and γ-EV supplementation on inflammatory cytokines expression in a DSS-

treated mouse colonic tissue was investigated at the protein level in the first trial. Two cytokines 

tumour necrosis factor (TNF)-α and interleukin (IL)-6 play an essential role in inducing and 

amplifying inflammatory response in IBD that leads to damage of intestinal barriers. The results  

determined by ELISA in a DSS-induced mouse model after supplemented with γ-EC and γ-EV 

indicated both low and high dosage (50 and 150 mg/Kg BW) of both γ-EC and γ-EV 

supplementations significantly inhibited TNF-α production in DSS-induced mouse colitis (Fig.6). 

However, only a high dose of γ-EC supplementation was shown to significantly reduce IL-6 

production (Fig. 6). Likewise, both low dose of γ-EC and high dose of γ-EV supplementation 

were shown to suppress the IL-6 production, but not significantly (Fig. 6).  In contrast, the low 

dose of γ-EV supplementation was shown to increase the IL-6 production in the colonic tissue, 

but also not significantly (Fig. 6).  
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Figure 6. Concentrations of TNF-α and IL-6 in the colon of DSS-treated mice. Results are 

expressed as means ± SEM of n = 6 mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001 

relative to mice treated with DSS only (DSS). 
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3.3.4 DSS-induced cytokine production at a gene level regulated by γγγγ-EC and γγγγ-EV   

Compared to DSS-treated group in the first trial, both γ-EC and γ-EV supplementation at both 

low and high dosages significantly reduced pro-inflammatory cytokine gene expressions in 

mouse colonic tissues (Fig.7). The gene expressions of IL-1β, IFN-γ, and IL-17A in mice treated 

with γ-EC or γ-EV were 4 times less than in mice treated with DSS alone. Meanwhile, the gene 

expressions of TNF-α, IL-6 and monocyte chemotactic protein (MCP)-1 were reduced by at least 

50 % after mice were supplemented with γ-EC or γ-EV. However, due to large variation, the 

reduction of MCP-1 expression in mice treated with 50 mg/Kg BW γ-EC was not significant. 

The gene expressions of the above pro-inflammatory cytokines in mice treated with γ-EC or γ-

EV at the high dosage alone were similar to basal levels expressed in the negative control mice 

(data not shown). In order to identify the effect of γ-EC or γ-EV supplementation on the anti-

inflammatory cytokine IL-10 secretion in mouse colon, the expression level of IL-10 was also 

evaluated in this study. The results indicated that IL-10 expression was elevated in DSS-treated 

mouse colonic tissue from mice supplemented with both low and high dose of γ-EC or γ-EV 

(Fig.7). Our results illustrated that γ-EC and γ-EV supplementation is involved in attenuating 

pro-inflammatory and increased anti-inflammatory cytokine expression in a DSS colitis mouse 

model. 
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Figure 7. Relative mRNA expression levels of inflammatory mediators in the colon of 

DSS-treated mice. Results are expressed as means ± SEM of n=6 mice per group. *P < 0.05, **P 

< 0.01, and ***P < 0.001 relative to mice treated with DSS only (DSS). 
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3.3.5 Effects of γ-EC and γ-EV on CaSR- or β-arrestin2 expression in DSS-induced 

colonic tissue 

We selected three groups of mouse colonic tissue samples from our study of the first trial to 

examine the expression and distribution of CaSR or β-arrestin2 by immunohistochemical 

staining (Fig.9A). The three groups included water-treated, DSS-induced and 150mg/kg BW of 

γ-EC supplemented mice. Cytoplasmic staining for CaSR and β-arrestin2 antigens was present in 

the majority of superficial mucosal and crypt epithelial cells in colon tissue from mice without 

DSS treatment. In foci of epithelial erosion, dysplasia, and goblet cell hyperplasia in DSS-

induced mouse colon, immunostaining for both CaSR and β-arrestin2 had patchy distribution 

among both superficial mucuosal and crypt epithelial cells.  Staining for β-arrestin2 was evident 

in cytoplasm of some leukocytes in lamina propria subjacent to foci of ulceration. In sections 

from γ-EC supplemented mouse colonic tissue, immunostaining for CaSR or β-arrestin2 was 

present in superificial mucosal and crypt epithelium, but there was patchy decrease or loss of 

both CaSR and β-arrestin2 antigen in some crypt epithelial cells adjacent to foci of ulceration. 

 



 

 

 

Figure 8. Immunohistochemical staining of CaSR and 

Sections of colonic tissues from BALB/c were stained by the peroxidise technique using CaSR

or β-arrestin2-specific antibody. (A) Representative images showed CaSR

expression in colonic tissues from BALB/c mice were given water, DSS and 150 mg/kg·body 

weight of γ-EC. Photomicrographs of stained colon sections from the water group were

40x and others taken at 20x magnification.  (B) CaSR or 

cells adjacent to ulcer in the sections from mice administrated with 150 mg/kg·body weight of 

EC. The internalization of CaSR or 
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Immunohistochemical staining of CaSR and b-arrestin2 in mouse colon tissues. 

Sections of colonic tissues from BALB/c were stained by the peroxidise technique using CaSR

specific antibody. (A) Representative images showed CaSR

expression in colonic tissues from BALB/c mice were given water, DSS and 150 mg/kg·body 

EC. Photomicrographs of stained colon sections from the water group were

40x and others taken at 20x magnification.  (B) CaSR or β-arrestin2 were expressed in epithelia 

cells adjacent to ulcer in the sections from mice administrated with 150 mg/kg·body weight of 

EC. The internalization of CaSR or β-arrestin-2 were indicated by arrows. (Scale bars, 10

arrestin2 in mouse colon tissues. 

Sections of colonic tissues from BALB/c were stained by the peroxidise technique using CaSR- 

specific antibody. (A) Representative images showed CaSR- or β-arrestin2 

expression in colonic tissues from BALB/c mice were given water, DSS and 150 mg/kg·body 

EC. Photomicrographs of stained colon sections from the water group were taken at 

arrestin2 were expressed in epithelia 

cells adjacent to ulcer in the sections from mice administrated with 150 mg/kg·body weight of γ-

. (Scale bars, 10µM.) 
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3.3.6 Anti-inflammatory effects of γ-EC and γ-EV mediated by CaSR in vivo 

A second trail was conducted to verify whether or not this inhibitory effect was mediated in a 

CaSR-dependent manner in vivo.  The pre-treatment of mice with calcilytic NPS 2143 was 

shown to augment the pro-inflammatory cytokine expression. IL-6, IL-1β and IL-17A expression 

were significantly increased by over 2 fold in DSS-induced mice pre-treated with NPS 2143 

before γ-EC or γ-EV administration compared with DSS-induced mice given only γ-EC or γ-EV. 

The trend in changes of TNF-α gene expression indicated that TNF-α was up-regulated by NPS 

2143 pre-treatment in γ-EC- or γ-EV-supplemented DSS-induced mice; however a significant 

difference was not detected.  In addition, no significant differences were detected in IL-10 

expression level between NPS 2143 pre-treatment or without, even though a slight reduction of 

IL-10 expression was shown in mice pre-treated with NPS 2143. Accordingly, pro-inflammatory 

cytokine expression in mice treated with γ-EC or γ-EV was amplified by NPS 2143 treatment. 
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Figure 9. NPS-2143 blocks anti-inflammatory activity of γ-EC and γ-EV in vivo. Relative mRNA 

expression levels of DSS-induced inflammatory mediators in mice pre-treated with NPS-2134. 

Mice were injected i.v. with 1 mg/kg body weight NPS-2134 1 h before administration of 150 

mg/kg BW γ-EC and γ-EV. Results are expressed as means ± SEM of n=6 mice per group. *P < 

0.05 and **P < 0.01 relative to mice treated with DSS only (DSS). 
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3.4. Discussion 

Inflammation plays a critical role in pathogenesis of IBD, and is involved in tumorigenesis of 

colorectal cancer.  The dysregulated Th1 immune response of IBD mainly causes persistent 

inflammation in the gut system, which is characterized by up-regulated pro-inflammatory 

mediators such as IFN-γ and TNF-α. Over production of pro-inflammatory cytokines, 

particularly TNF-α, plays a major role in developing perpetuated and dysregulated mucosal 

immune response in gut (Deventer, 1997; Garside, 1999). Because administration of anti-TNF-α 

antibody successfully blocks TNF-α-mediated inflammation in CD patients, an increased number 

of novel therapeutic approaches targeting TNF-a have been developed to treat IBD (Murthy, 

Flanigan, Coppola, & Buelow, 2002; Present, et al., 1999; Van Deventer, 1999). The treatments 

targeting against TNF-α can maintain the integrity of the mucosal barrier and reduce excessive 

production of pro-inflammatory cytokines, therefore have been identified as promising treatment 

strategies for IBD. However, a rising safety concern is associated with monoclinic anti-TNF-α 

treatment. A long term of using antibody treatment may lead to development of 

immunosuppressive response and impairment of the homeostasis of the immune system. 

Consequently, developing a dietary based intervention to treat IBD has received considerable 

attention. We have revealed that both γ-EC and γ-EV exerted anti-inflammatory effects on TNF-

α-induced inflammatory response in intestinal IECs in a CaSR dependent manner. As dietary 

peptides, both γ-EC and γ-EV are consumable allosteric CaSR agonists. The regulatory effects of 

γ-EC and γ-EV on inflammatory response in the intestinal system were identified from our 

previous in vitro and current in vivo studies. The results of our in vitro study indicated that anti-

inflammatory effects of γ-EC and γ-EV in IECs are exerted only when the TNF receptor 

(TNFR)-mediated inflammatory response is activated by extracellular TNF-α binding with it. 
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Therefore, γ-EC and γ-EV are novel therapeutic interventions for the treatment of IBD by 

indirectly suppressing the TNF-α-activated TNFR mediated inflammatory response.    

   

Because an increased release of TNF-α is a feature of the murine models of IBD, we analyzed 

the anti-inflammatory effects of γ-EC and γ-EV in vivo by employing a DSS-induced mouse 

colitis model. The mucosal homeostasis impaired by DSS leads to loss of integrity of the 

mucosal barrier, over secretion of pro-inflammatory mediators and infiltration of activated 

lymphocytes as well as developing colitis in mice (Dielemen, et al., 1998; Elson, Sartor, 

Tennyson, & Riddel, 1995). In the first trial of the current study, we investigated effects of γ-EC 

and γ-EV supplementations on alleviating symptomatic and growth performance, 

pathohistological changes as well as altered cytokine production in mouse colon under the 

inflammatory condition. Supplementation of γ-EC or γ-EV improved growth performance in a 

DSS-induced colitis mouse model, except high concentration of γ-EC. The reason is unclear, but 

there might be other potential effects of a high concentration of γ-EC on growth rate. In addition, 

DSS-induced colitic symptoms, including clinical signs and shortening colon length, were 

significantly alleviated in mice supplemented with γ-EC or γ-EV. DSS treatment results in 

profound colonic tissue damage characterized by crypt destruction, ulceration and erosion of the 

intestinal mucosa, and a mass infiltration of lymphocytes into the inflamed colon  (Kwon, 

Murakami, Tanaka, & Ohigashi, 2005). That was observed in colonic tissue samples from 

positive control mice (DSS) in our study. However, mice treated with γ-EC or γ-EV were shown 

with less severity of erosion in colon sections and a decrease of cell infiltration by which the 

histological scores were significantly reduced. Accordingly, supplementation of γ-EC or γ-EV 
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has preventive effects on the severity of inflammation in a DSS-induced colitis mouse model 

through reducing colitis symptoms and improving histological parameters. 

 

A perpetuated inflammation in gut is characterized by over production of inflammatory 

mediators including IFN-γ, TNF-α, IL-6, IFN-γ, IL-1β, and IL-17A(Bourna & Strober, 2003). 

An increase of production of above pro-inflammatory cytokines was identified in the animal 

models of colitis (Egger, Bajaj-Elliott, MacDonald, Inglin, Eysselein, & Buchler, 2000; Melgar, 

Karlsson, & Michaelsson, 2005). γ-EC or γ-EV supplementation induced a dramatic decrease of 

TNF-α expression at both mRNA and protein level in DSS-induced mouse colon tissue. The 

gene expression of other inflammatory markers, IL-6, IFN-γ, IL-1β, and IL-17A were also 

markedly suppressed by γ-EC or γ-EV supplementation at both low and high dose. However, the 

pattern of IL-6 expression from mice supplemented with γ-EC or γ-EV was detected differently 

at protein or gene levels.  The reason may be the different sensitivity of the techniques. The anti-

inflammatory cytokine IL-10 is involved in maintaining homeostasis of mucosal immunity 

thereby preventing inflammation. The expression of IL-10 was significantly augmented by γ-EC 

or γ-EV supplementation. Consequently, our results suggest that γ-EC and γ-EV supplementation 

has therapeutic effect on DSS-induced colitis by inhibiting production of pro-inflammatory 

mediators and increasing secretion of anti-inflammatory cytokines.  

 

As we discovered in the previous in vitro study, the anti-inflammatory activity of γ-glutamyl 

dipeptides in the TNF-α-stimulated IECs was mediated by recruitment of β-arrestin (β-arr)-2 

following by the CaSR activation. Accordingly, identification of the impact of γ-glutamyl 

dipeptides on CaSR and β-arr2 distribution at a tissue level in a DSS-induced colitis mouse 
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model was important to support our previous finding. The immunohistologic staining results 

provide visual evidence to reveal the expression and distribution of CaSR and β-arrestin2 in the 

DSS-treated mouse colonic tissues. Both CaSR and β-arrestin2 were shown to be widely 

distributed in the superficial mucosal and colonic epithelial cells in the normal mouse by staining 

with specific antibodies.  It was determined from this study that the DSS treatment has a 

prominent impact on distribution of CaSR and β-arrestin2 in the colonic tissues. Due to DSS 

impaired colonic epithelium, a reduced expression of CaSR and β-arrestin2 were observed in 

some crypt epithelial cells adjacent to foci of ulceration. However, an intensive expression of  β-

arrestin2 was revealed in infiltrated leukocytes in lamina propria.  Because β-arrestin2 has been 

found to be highly expressed in immune cells, the change of β-arrestin2 distribution in lamia 

propria may be resulted from the infiltration of leukocytes in mouse colonic mucosa after DSS 

stimulation. Based on our immunohistologic staining results, the expression of CaSR and β-

arrestin2 in the colonic epithelium were shown to be retained in the γ-EC-supplemented mouse. 

This result indicates that γ-EC has therapeutic effect on maintaining mucosal homeostasis in 

DSS-induced colitis mouse model which is consistent with the results from our H&E staining 

histological analysis. It also implies that CaSR agonistic γ-glutamyl dipeptides exert the anti-

inflammatory activity in DSS-induced colitis mouse potentially through the mechanism of CaSR 

mediated β-arrestin2 activation which was demonstrated in our in vitro study. 

 

To identify the role of allosterically activated CaSR in regulating intestinal inflammation in vivo, 

we further examined whether or not the anti-inflammatory effects of γ-glutamyl dipeptides in 

DSS-induced mouse colitis were dependent on CaSR. Deletion of CaSR results in premature 

death of mice because of severe hyperparathyroidism (Ho, et al., 1995). The mice can survive to 
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adulthood only when the gene for parathyroid hormone (PTH) and CaSR are both deleted in 

embryonic stem cells or CaSR is deleted in specific tissue (Chang, Tu, Chen, Bikle, & Shoback, 

2008; Kos, et al., 2003; Rey, Chang, Bikle, Rozengurt, Young, & Rozengur, 2012). However, 

the CaSR-null mice with double deletion of CaSR and PTH or tissue deletion of CaSR mice were 

not available for our current study. Therefore, calcilytic NPS 2143 intervention strategy was used 

in the second trial of this study to interfere with the CaSR activation-mediated regulatory effects 

in mouse colonic tissue. This strategy has been successfully used to block the CaSR regulating 

gastrin secretion in mice (Feng, et al., 2010). In order to compare the altered gene expressions in 

the treatment groups of mice from the two different trials, the data was normalized by using 

positive control group. The calcilytic NPS 2143 pretreatment was able to reverse the decrease of 

TNF-α, IL1β, IL-6 and IL17 productions caused by the γ-EC or γ-EV supplementation, but not 

totally restore the levels of cytokine production in mice treated with DSS alone. Only IFN-γ was 

dramatically increased by NPS 2143 pre-treatment to double the secretion in mice treated by 

DSS alone. However, NPS 2143 did not show a significant inhibitory effect on IL-10 production. 

The specific reasons for that were not clear and require further study. The result from the NPS 

2143 intervention study suggests that the anti-inflammatory effect of γ-EC and γ-EV 

supplementations is mainly mediated by CaSR activation in vivo.  

 

3.5. Conclusion 

In conclusion, we have demonstrated here that γ-EC and γ-EV exert noticeable anti-

inflammatory effects on the gut system which is mediated by allosteric ligand activation of CaSR. 

It is indicated from the in vivo study that γ-EC or γ-EV supplementation is able to ameliorate the 

intestinal inflammation in a DSS colitis mouse model by inhibiting the secretions of pro-
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inflammatory cytokines and restoring mucosal homeostasis. We are the first to identify CaSR 

agonistic dietary peptides attenuating intestinal inflammation and maintaining gut homeostasis. 

Our finding suggests a novel and promising dietary based therapeutic approach for IBD 

treatment. 
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Chapter 4: Transcriptional regulation by γ-EC supplementation in a DSS-induced colitis 

mouse model  

 

4.1 Introduction 

Patients suffering from IBD typically experience malnutrition due to impared the intestinal 

lumen caused by chronic inflammation. When the lumen function is disrupted, the intestinal 

defence barriers against pathogenic invasion and toxic infection are deteriorated. The impaired 

homeostasis of the intestinal immune system results in aggravated inflammation in IBD patients. 

Due to the lack of effective treatments for IBD, as well as a high correlation with the 

development of colon cancer in IBD patients, there is an urgent need to develop effective 

strategies to ameliorate the disease conditions and restore intestinal mucosal homeostasis.  

 

Genetic susceptibility is the primary intrinsic factor leading to the development of IBD, and 

numerous genetic mutants have been implicated in IBD pathogenesis in humans, including 

NOD2, Atg16L1, IL23R, IL17, STAT3, and IL10 (Cho, 2008; Duerr, Taylor, Brant, & Cho, 

2006; Franke & et, 2008; Virgin & Levine, 2009). A genomic profile has also been identified in 

mouse models of colitis, which is widely used to explore the pathophysiological mechanisms of 

IBD (Fang, et al., 2011; te Velde, et al., 2007). These studies have revealed gene deficiencies 

which occur during IBD, and provide valuable information for investigating the pathogenesis of 

IBD and facilitating the discovery of effective treatment targets. 

 

The dietary peptide γ-glutamylcysteine (EC) was previously found to be an effective dietary 

intervention to attenuate inflammation in the intestinal epithelial system through both in vitro 
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and in vivo studies (Chapter 2 and 3). We first demonstrated that the γ-EC-induced CaSR-

mediated signalling cascade could interfere with TNF-α-induced inflammation in intestinal 

epithelial cells, and then went on to demonstrate that γ-EC has therapeutic efficacy to ameliorate 

ulceration in a DSS-induced mouse model of colitis. Moreover, the results of our in vivo study 

also suggested that γ-EC might exert distinct effects to restore homeostasis in the colonic 

epithelial system.  

Therefore, a transcriptional profile needs to be assessed to reveal the possible mechanisms 

underlying γ-EC supplementation in modulating intestinal homeostasis in the DSS colitis mouse 

model. DNA microarray is a powerful technique used for gene expression analysis of a large 

number of genes simultaneously (Dooley, et al., 2004). It has been successfully applied to 

evaluate the impact of drugs on regulating gene expression in IBD patients, as well as in in vitro 

cell models and in vivo animal models.  Accordingly, a comprehensive understanding of 

regulatory effects of γ-EC on genomic alterations associated with the gut health can be achieved 

using DNA microarray analysis. Because γ-EC was supplemented into a DSS-induced colitis 

mouse model, the genomic alterations caused by DSS administration required to be first 

determined. As an important animal model representing IBD, DSS mouse colitis has been well 

studied by DNA microarray to reveal impact of DSS on the gene expression profiles which is 

resulted from the changes in epithelial barrier function (te Velde, et al., 2007; Fang, et al., 2011). 

The main aspects of differently expressed genes caused by the DSS administration include an 

increased inflammation and reduced immune regulation as well as dysregulated tissue 

homeostasis. Therefore, it is viable to identify the regulatory effects of γ-EC on mucosal immune 

system at a transcriptional level in a DSS colitis model. 
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We thus investigated the gene expression profile in the colons of DSS-treated BALB/c mice with 

or without γ-EC supplementation. The aim of this study was to reveal the therapeutic effects of γ-

EC supplementation at a transcriptional level in a DSS-induced colitis mouse model using DNA 

microarray analysis. Determining genomic alterations in the colon will help to further explore the 

biological pathways regulated or affected by γ-EC supplementation under the inflammation. 

 

4.2 Materials and methods 

4.2.1 Animals and experimental design 

All animal studies were approved by the University of Guelph Animal Care Committee and 

carried out in accordance with the Canadian Council on Animal Care Guide to the Care and Use 

of Experimental Animals. Design of the animal study was described in the Chapter 3 in detail. 

Female BALB/c mice (6-8 weeks, 16-20 g; Charles River Laboratories, Inc., Montreal, Quebec) 

were randomly assigned into control and treatment groups, housed on a 12-h light-dark cycle and 

allowed unrestrained access to standard chow and water. In the treatment group, mice were given 

150 mg/kg·body weight (BW) γ-EC via oral gavage for 14 days. On day seven, 5% DSS (MW 

36-50 kDa; MP Biomedicals) was given to mice in both treatment and control groups by 

drinking water for seven days.  

 

4.2.2 Total RNA extraction, cDNA synthesis and labeling  

Total RNA from colon tissues of DSS alone (n=4) and treated mice (n=4) was isolated using 

TRIzol
®

 Reagent (Life Technologies) and the Aurum
™

 Total RNA Mini Kit (Bio-Rad 

Laboratories, Inc.) according to the manufacturers’ protocols, and stored at -80
o
C until use. The 

quantity and quality of the RNA was determined by using NanoDrop
®

 ND-1000 
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spectrophotometer (Thermo Scientific) and by Agilent 2000 Bioanalyzer (Agilent Technologies 

Inc., Palo Alto, CA). The average RNA integrity number of all samples was 8.45±0.23. RNA 

(1.5 ug) was converted into cDNA after amplification and labeled with CyDye using the Amino 

Allyl MessageAmp II aRNA amplification kit (Life Technologies Inc., Burlington, ON) 

according to the manufacturer’s instructions. After purification, the cDNA sample was applied to 

synthesize Amino Allyl-modified RNA (aRNA). About 3 ug of the above aRNA sample was 

continually labeled with Cy3 or Cy5, which was ready for hybridization. 

 

A mouse whole genome spotted array, OneArray V2 containing 26,422 oligonuedotide probes 

and 824 control genes, was used in this study to identify transcript profiles of mouse colonic 

tissue (Phalanx Biotech Group, Belmont, CA, USA).  The annotation and probe sequences can 

be found at www.OneArray.com. CyDye-labeled cDNA was synthesized from aRNA as 

described above, and then hybridized to the array. The hybridization and washing were 

preformed according to the manufacturer’s protocol. The hybridized microarray slides were 

stored in a dry and dark environment until ready to scan. A Genepix 4200A axon scanner (Axon 

Instruments, Union City, USA) was used to scan the labeled microarray slides. The 

quantification was performed by GenePix Pro 6.0 (Axon Instruments, Inc., CA).  

 

4.2.3 Microarray data analysis 

The gene expression levels were determined by Agilent’s GeneSpring GX software (Agilent 

Technologies, Santa Rosa, CA), and the gene annotation was summarized by GeneSpring GX 

software. LOWESS normalization was applied in the data analyzing procedure. The log-2 

transformed gene expression intensities were obtained to indicate the fold changes between 
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control and treatment samples after background subtraction and normalization. The cut-off value 

was set at 1.5-fold for changes of expression ratios by comparing γ-EC-supplemented samples 

with DSS-treated alone. Student’s t-test was performed in order to identify statistically 

significant differently expressed genes. Differently expressed genes were considered to be 

statistically significant when p-values ≤ 0.05.   

 

Gene Ontology (GO) analysis was performed by using GOMiner 

(http://discover.nci.nih.gov/gominer/index.jsp) and AmiGo (http://amigo.geneontology.org/cgi-

bin/amigo/go.cgi), respectively. Pathway and biological network analysis were carried out by 

Ingenuity pathways analysis (IPA) software.  Pathway analysis identified canonical pathways, 

biological processes and gene interaction networks that were based on the significantly 

differentially expressed genes from microarray analysis.  

 

4.2.4  Real-time RT-PCR 

The samples (n=6) from the negative control group (water), positive control group (DSS), and 

treatment group (supplemented with γ-EC) were used for RT-PCR analysis. As described 

previously, RT-PCR, using 50 ng cDNA per reaction, was carried out using PerfeCTa SYBR 

Green Supermix (Quanta Biosciences, Gaithersburg, MD, USA) on a MyiQ™ Single Color 

Real-Time PCR Detection System (Bio-Rad Laboratories, Mississauga, ON) using the following 

conditions: denaturation 3min at 95°C, 45 cycles of 15s at 95°C, and annealing 45s at 56°C. 

Mouse primers were designed using Primer3 v.0.4.0 (Rozen & Skaletsky, 2000) and synthesized 

by the University of Guelph Laboratory Services Molecular Biology Section (Guelph, Canada) 

(Table 1). Relative gene expression was calculated by 2
-∆∆Ct

 as described by Livak and 
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Schmittgen (Livak & Schmittgen, 2001) using glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) as the reference gene. Results were presented as fold expression change relative to 

negative control (water samples).   

 

Table 1. Primer of mouse 

Gene Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Accession 

No. 

    

STAT

3 

GCCAAGGAGACATGCAGGAT ACTCACAATGCTTCTCCGCA NM_011486 

COX-

2 

AGTCAGGACTCTGCTCACGA GGATTTGCTGCCTGGCTGAG NM_011198 

Bcl-2 GGGGTCATGTGTGTGGAGAG GTTCCACAAAGGCATCCCAG NM_009741 

MMP3 AGGAAATCAGTTCTGGGCTA

TACG 

AGACCCAGGGTGTGAATGCT

T 

NM_010809.1 

CCR6 CCACACCTGTGAGAGGAAGC GGAGAGCAGAGGTGAAGC

AAT 

NM_00119033

3 

 

4.2.5 Statistical analysis 

Statistical significance was determined by the Student’s t-test. Results were considered statically 

significant when p≤0.05 and reported as mean±SEM. 
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4.3 Results 

4.3.1 Altered gene expression and their biological functions 

To identify the biological activity of γ-EC supplementation in IBD, a DSS-induced BALB/c 

mouse model was used in the study. In the treatment group, BALB/c mice were given 150 mg/kg 

body weight of γ-EC by oral gavage for seven days prior to DSS treatment and then continued 

during seven days of DSS treatment. At the end of the study mice were euthanized and colon 

tissues were collected for total RNA extraction. Each colonic total RNA specimen was 

hybridized to an OneArray V2 mouse gene chip and used for detecting the altered gene 

expression caused by γ-EC supplementation. OneArray V2 spotted gene array represents the 

entire mouse genome.  

 

A total 2207 differently expressed genes were identified using Agilent's GeneSpring GX 

software and  shown in the heat map graphs (Fig.1A and B). The heat maps illustrate gene 

expression values of the signature genes regulated by γ-EC supplementation. The intensities 

displayed in individual heat maps indicated different levels of gene expression in a pair of 

samples between the group supplemented with γ-EC or treated with DSS alone. Up-regulated 

genes were shown in orange, while down-regulated genes were shown in blue.  

 

A total of 481 genes with fold change ≥ ±1.5 of differential expression were selected with a 

statistical significance of p ≤0.05 from the result of microarray analysis in which gene 

expressions from the γ-EC supplemented group were compared withthe group treated with DSS 

alone. The differentially expressed genes were summarized in (Appendix. Table 4). Among 

those genes, 168 genes were up-regulated, while 313 genes were down-regulated.    



 

 

 

 

Figure 1. Heat map analysis of OneArray V2 mouse gene array was performed in 

supplemented DSS-induced colitis mouse model using Agilent’s GeneSpring GX software. A 

total of 2207 genes were identified with significant changes induced by 

(A) Heat map analysis of combined gene chips. (B) Heat map analysis of individual gene chips 

from γ-EC-supplemented mice and mice treated by DSS alone, n=4. 
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Heat map analysis of OneArray V2 mouse gene array was performed in 

induced colitis mouse model using Agilent’s GeneSpring GX software. A 

total of 2207 genes were identified with significant changes induced by γ-EC supplementation. 

Heat map analysis of combined gene chips. (B) Heat map analysis of individual gene chips 

supplemented mice and mice treated by DSS alone, n=4.  

 

Heat map analysis of OneArray V2 mouse gene array was performed in γ-EC-

induced colitis mouse model using Agilent’s GeneSpring GX software. A 

EC supplementation. 

Heat map analysis of combined gene chips. (B) Heat map analysis of individual gene chips 
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4.3.2 Gene ontology analysis 

In order to determine the impact of γ-EC supplementation on DSS-induced colitis, gene ontology 

(GO) analysis was used to reveal changes in biological activities in response to γ-EC 

supplementation in the DSS-induced colitis mouse model. It is important to understand the 

functions of differentially expressed genes. A total of 163 significantly enriched biological 

processes were identified through GO analysis from altered gene expression up-regulated by γ-

EC. Biological regulation (95 genes) (GO:0065007) and cellular process (138 genes) 

(GO:0009987) were the two major processes identified to be enriched by γ-EC supplementation. 

Other enriched GO biological processes included regulation of metabolic process (GO:0019219), 

signaling (GO:0023052), signal transmission (GO:0023060), immune system process (GO: 

0002376), cellular response to stress (GO:0033554), homeostasis (GO:0042592), response to 

stimulus (GO:0050896), regulation of transcription (GO:0045449), and metal ion binding 

(GO:0046872).  A total of 303 biological processes were found to be down-regulated in DSS-

treated mice supplemented with γ-EC. These processes were mostly related to biological 

regulation, cellular process, metabolic process, response to stimulus, immune system process and 

signaling. Within the immune system process (GO:0002376), results showed that the 

inflammatory response (GO:0006954), including acute (GO:0002526) and chronic inflammatory 

response (0002439), was specifically down-regulated by γ-EC in the DSS-treated mouse colon. 

The effect of γ-EC supplementation on gene expression involved in the inflammatory response is 

shown in Table 2.  
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Table 2. Altered gene expression associated with inflammation in intestine from mice 

supplemented with γ-EC compaired with mice treated with DSS alone 

ID Genes in dataset 

Fold 

Change Findings 

Il2rg IL2RG 4.505 Affects (1) 

Gpx2 

GPX2 (includes 

EG:14776) 1.866 Affects (5) 

Socs1 SOCS1 1.539 Affects (2) 

Map3k8 MAP3K8 -1.497 Affects (1) 

Il6st IL6ST -1.529 Affects (2) 

Il1a IL1A -1.542 Increases (1) 

Tnfsf14 TNFSF14 -1.590 Increases (1) 

Itga1 ITGA1 -1.615 Increases (2) 

Icam1 ICAM1 -1.646 Increases (4) 

Tnfrsf11b TNFRSF11B -1.655 Decreases (1) 

Tnf TNF -1.665 Increases (47) 

Ereg EREG -1.750 Decreases (1) 

Ptgs2 PTGS2 -1.762 Decreases (25) 

Stat3 STAT3 -1.800 Decreases (1) 

Vnn1 VNN1 -2.046 Increases (1) 

Edn1 EDN1 -2.106 Affects (1) 

Nod2 NOD2 -2.420 Decreases (2) 

Ccl2 CCL13 -2.875 Increases (1) 

Ccr1 CCR1 -2.901 Affects (1) 

Apoa4 APOA4 -5.707 Decreases (1) 

 

Summarized by Ingenuity network analysis. Fold change were chosen as cut-off values ≥1.5 or 

≤1.5. Finding section showed the list of references including genes regulated under inflammation 

condition.  
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4.3.3 Ingenuity network analysis (IPA) 

To obtain integrated information about signaling pathways and relevant biological functions, IPA 

software was applied to perform a network analysis of the γ-EC-regulated gene profiles. A total 

of 481 differentially expressed genes identified from γ-EC-supplemented DSS colitis mouse 

colonic tissues were uploaded and analyzed by IPA software. A comprehensive summary of 

significant canonical pathways was identified from the IPA library and is shown in Fig.2A. The 

top ten signaling pathways involved were atherosclerosis signaling, liver X receptor 

(LXR)/retinoic X receptor (RXR) activation, role of macrophages, fibroblasts and endothelial 

cells, hepatic fibrosis, acute phase response signaling, colorectal cancer metastasis signaling, 

PPAR signaling, IL-6 signaling and triggering receptor expressed on myeloid cells (TREM)-1 

signaling. Moreover, a summary of significant biological functions, shown in Fig.2B, was also 

identified from the IPA library which mainly involved organismal injury and abnormalities, 

cardiovascular disease, connective tissue disorders, and inflammatory diseases. 



 

 

 

Figure 2. Kyoto encyclopedia of genes and genomes ( KEGG) pathway classification of 

gene profiles regulated by γ-EC supplementation in the DSS colitis mouse model. (A) A partial 

list of canonical pathway analysis shows 

A list of biological functions regulated by 

to the less affected.  
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Kyoto encyclopedia of genes and genomes ( KEGG) pathway classification of 

EC supplementation in the DSS colitis mouse model. (A) A partial 

list of canonical pathway analysis shows signaling pathways distributed based on the 

A list of biological functions regulated by γ-EC supplementation is shown from the most affected 

 

Kyoto encyclopedia of genes and genomes ( KEGG) pathway classification of 

EC supplementation in the DSS colitis mouse model. (A) A partial 

signaling pathways distributed based on the p value. (B) 

EC supplementation is shown from the most affected 
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IPA analysis also helped to explore interactions between the genes and classify them into 

networks based on their biological functionality.  The IPA network analysis revealed a total of 25 

networks based on 481 differentially expressed genes from the present study. The networks 

determined by IPA analysis graphically represent regulatory effects of γ-EC on gene profile 

expression related to disease condition of DSS-induced colitis. The major networksidentified 

from those IPA analysis, shown in (Fig.3), included organismal injury and abnormalities, 

endocrine system development and function, protein synthesis, cell-to-cell signaling interaction, 

immune cell trafficking, cancer, cellular movement, carbohydrate metabolism, cell death and 

survival, inflammatory disease and amino acid metabolism. Color shading corresponds to the 

type of regulation: green for down-regulated genes and red for up-regulated genes. White open 

nodes are not from the microarray result list, but are associated with the pathway related to 

identify proteins. Continuous and discontinuous lines represent direct and indirect functional and 

physical interaction between genes from literature. The signal transducer and activator of 

transcription (STAT)-3, TNF, intercellular adhesion molecule (ICAM)-1 and chemokine ligand 

(CXCL)-2 are centrally distributed in the network A (Fig. 3A) of organismal injury and 

abnormalities, cardiovascular disease, cellular movement; while prostaglandin-endoperoxide 

synthase (PTGS)-2 referred as cyclooxygenase (COX)-2 and B-cell lymphoma (Bcl)-2 are 

centrally distributed in the network D (Fig. 3D) of cell-to-cell signaling and interaction, cellular 

development, cellular growth and proliferation. The above signaling molecules play a central 

role in interacting with other molecules within the networks. Moreover, the central molecules 

involved in triggering inflammatory responses were also identified by IPA pathway analysis, 

including JNK and NF-κB (Fig.3A). The above genes significantly regulated by γ-EC suggest 
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that γ-EC supplementation has therapeutic efficacy for modulating the inflammatory responses in 

the injured intestinal epithelial system.    

A: 
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F: 

 

Figure 3. Pathway analysis of altered gene expression in the colonic tissue of DSS-treated 

mice  supplemented with γ-EC. A total of 25 statistically significant networks were identified to 

be involved in γ-EC-induced regulation of gene expressions, and those networks represent 
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various biological functions. 6 networks with score of coverage over 15 were presented. (A): 

Network A has a score of 37 and represents the biological function of Organismal Injury and 

Abnormalities, Cardiovascular Disease, Cellular Movement. (B): The network B has a score of 

29 and represents Endocrine System Development and Function. (C): The network C has a score 

of 19 and represents Protein Synthesis and Cellular Movement. (D): The network D has a score 

of 18 and represents Cellular Development, Cellular Growth and Proliferation. (E): The network 

E has a score of 17 and represents Cell-To-Cell Signaling and Interaction, Hematological System 

Development and Function. (F): The network F has a score of 17 and represents Cancer, 

Cardiovascular System Development and function. Color shading corresponds to the type of 

deregulation, red for upregulated genes and green for downregulated genes. White open nodes 

are not from the microarray result list, but are associated with the pathway related to the 

identified proteins. Continuous and discontinuous lines represent direct and indirect functional 

and physical interaction between genes from literature.   
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4.3.4 Quantitative real-time PCR validation  

Real-time RT-PCR was performed to confirm the mRNA expression patterns of several key 

genes those were identified to be involved in regulating inflammation and angiogenensis from 

the current study. Colonic tissue samples (n=6) from the same group of mice used for the 

microarray study were used for RT-PCR analysis. A total of 8 genes were selected for RT-PCR 

validation, including TNF-α, IL-1β, IL-6, CCR6, STAT3, Bcl-2, COX-2 and MMP3. As 

characteristic pro-inflammatory cytokines, the inhibitory effect of γ-EC supplementation on the 

expression of TNF-α, IL-1β and IL-6 in DSS-induced mouse colon has been identified in our 

previous in vivo study. Among those eight genes, STAT3 as the central core of network A 

(Fig.3A) is a key transcriptional factor to regulate immune responses. Moreover, both Bcl-2 and 

COX-2 are important regulatory molecules involved in regulation of apoptosis and inflammation. 

They were all selected to be further analyzed by RT-PCR in order to confirm their altered 

expression (Fig. 4). The results of RT-PCR analysis were consistent with the microarray data for 

these target genes (Table 3), and validate our microarray study in which genes of pro-

inflammatory mediators were down-regulated by γ-EC supplementation in the DSS colitis mouse 

model. 
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Figure 4. Relative mRNA expression levels of STAT3, COX-2, Bcl-2, TNF-α, IL-1β, IL-6, 

CCR6 and MMP3 in the colon of DSS-treated mice. Results are expressed as means ± SEM of 

n=6 mice per group. Negative control mice were treated with water. Positive control mice 

received DSS alone. γ-EC mice were supplemented with DSS-treated mice at 150mg/kg BW. 

TNF-α, IL-1β and IL-6 were reproductive data from Chapter 3. *P < 0.05 relative to mice treated 

with DSS only. 
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Table 3. Quantitative real-time PCR validation of microarray data 

Gene Symbol Accession NO. Microarray  RT-PCR 

TNF NM_013693 -1.67 -5.56 

IL-1β NM_008361 -1.54 -4.79 

IL-6 NM_031168 -1.53 -4.95 

MMP3 NM_010809 -1.54 -1.55 

CCR6 NM_001190333 1.50 1.65 

STAT3 NM_011486 -1.8 -1.49 

COX-2 NM_011198 -1.76 -1.56 

Bcl-2 NM_009741 -1.99 -2.26 

Values are fold change  

 

4.4 Discussion: 

We previously demonstrated the anti-inflammatory effect of γ-EC supplementation in a DSS-

induced colitis mouse model. The colitic symptoms and colonic tissue damage induced by DSS 

administration were alleviated when mice were treated with γ-EC. However, the integrated 

signaling pathways regulated by γ-EC supplementation under DSS-induced  inflammatory 

condition remained to be elucidated. Consequently, a microarray study was conducted to identify 

the genomic profile of colonic tissue from γ-EC-supplemented DSS colitis mice thereby 

revealing the target mediators involved in γ-EC-based therapeutic intervention ameliorating DSS 

colitis.  

 

Not surprisingly, microarray analysis revealed that γ-EC supplementation suppressed the 

expression of genes involved in both acute and chronic inflammatory responses in the colon 

tissue of DSS-treated mice. According to current studies describing transcriptional alterations in 

the experimental colitis mouse model, gene expression associated with inflammatory responses 

were generally elevated by DSS administration (te Velde, et al., 2007; Fang, et al., 2011). The 

over expression of IL-1, TNF-α, and IL-6 has been widely reported in IBD patients and in animal 
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models of colitis, and results in the perpetuated inflammation and impairment of anti-

inflammatory activities of Treg cells (Reinecker, Steffen, Witthoeft, & al, 1993). Therefore, 

suppressing the increased secretion of pro-inflammatory cytokines may contribute to attenuating 

the inflammatory response and restoring homeostasis of the intestinal immune system. In our 

current microarray study, the expression of several pro-inflammatory cytokine genes, including 

TNF-α, IL-1, IL-6 and IL-33, which belongs to IL-1 super family, were reduced in mice 

administered γ-EC when compared to mice treated with DSS alone. The results of the DNA 

microarray analysis were consistent with our previous in vivo study in which the anti-

inflammatory activity of γ-EC was demonstrated in the DSS colitis mouse model. TNF-α, IL-1, 

IL-6 and IL-33 are produced primarily by activated Th1 cells in response to the stimulation by 

which innate immune response are enhanced. The extensive amplification of Th1-mediated 

immune response results in perpetuating inflammatory response that is believed to play a key 

role in the pathogenesis of IBD.  

 

The chronic relapsing inflammatory response of IBD is characterized by infiltration of immune 

cells into the intestinal mucosa and submucosa. Chemokines involved in governing leukocyte 

recruitment and triggering further inflammatory responses have also been implicated in the 

pathogenesis of IBD. A variety of types of cells produce chemokines in the colon in response to 

stimuli, including immune cells, fibroblasts, endothelial cells and intestinal epithelial cells. The 

up-regulated expression of colonic chemokines is correlated with disease activity in IBD (Atreya 

& Neurath, 2010). In our study, γ-EC supplementation resulted in the differential expression of 

chemokines as well as chemokine receptors: chemokine (C-C motif) ligand (CCL)-2, CCL7, 

CCL9, C-C chemokine receptor (CCR)-1, chemokine (C-X-C motif) ligand (CXCL)-1, CXCL15, 
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C2 and C3. With the exception of CCR6, all were down-regulated by γ-EC supplementation. 

CCL2 and CCL7 are known as monocyte chemoattractant protein (MCP)-1 and -3, respectively, 

and are involved in triggering migration and infiltration of monocytes and macrophages in 

response to inflammation (Deshmane, Kremlev, Amini, & Sawaya, 2009). Increased expression 

of both CCL2 and CCL7 has been detected in IBD patients (Mazzucchelli, et al., 1996; 

Reinecker, Loh, Ringler, Mehta, Rombeau, & MacDermott, 1995; Uguccioni, Gionchetti, & 

Robbiani, 1999). CCL9, referred to as macrophage inflammatory protein-1 (MIP-1), has been 

found to augment colitis and enhance Th1 responses in trinitrobenzene sulfonic acid (TNBS)-

treated mice (Pender, et al., 2005). CXCL2 belongs to the CXC subfamily and is also known as 

macrophage inflammatory protein (MIP)-2. CXCL2 is associated with inflammatory events and 

has been found to be up-regulated in the colon of IBD patients (Puleston, et al., 2005). Therefore, 

the reduction of CCL2, CCL7, CCL9 and CXCL2 expression induced by γ-EC supplementation 

indicates a potential therapeutic effect of γ-EC on modulating inflammatory responses and 

mucosal innate immunity. 

 

On the other hand, microarray analysis revealed the increased expression of CCR6 in mice 

supplemented with γ-EC when compared with DSS-treated mice. It has been shown that the 

complex of CCL20 known as macrophage inflammatory protein-3 (MIP3) and CCR6 plays a 

crucial role in regulating homeostasis of mucosal immunity and pathogenesis of IBD (Nishimura, 

Kuboi, Muramoto, Kawano, & Imai, 2009). CCR6 is found mainly on Th17 cells, Treg cells, 

myeloid dendritic cells, neutrophils, B cells, neutrophils and epithelial cells, and the majority of 

DCs isolated from Peyer’s patch have been found to be CCR6 positive. This would suggest that 

CCR6 is involved in controlling innate immune responses in the intestinal system (Salazer-
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Gonzalez, Niess, Zammit, Ravindran, Srinivasan, & et, 2006). Indeed, CCR6 deficiency results 

in impaired innate immune response against viral and bacterial infections (Nishimura, Kuboi, 

Muramoto, Kawano, & Imai, 2009). It was revealed that CCR6 is involved in Th17 cell 

migration to CCL20-expressing cells in the intestine mucosa and submucosa (Wang, Kang, Lee, 

Sun, & Kim, 2009). However, it has been recently shown that CCR6 can direct Treg cell 

migration to the colon in response to inflammation. Moreover, CCR6-expressing Treg cells are 

involved in IL-10 production in the inflamed colon (Kitamura, Farber, & Kelsall, 2010; Rivino, 

et al., 2010). The implication of up-regulated expression CCR6 in γ-EC-treated DSS colitic colon 

tissue is still unclear. Since we demonstrated in our previous study that inflammation and tissue 

injury associated with DSS colitis were ameliorated by γ-EC supplementation, the up-regulated 

expression of CCR6 in the colon may be indication of the potential effects of γ-EC on 

maintaining immune homeostasis in the gut, and this will need to be addressed in future studies. 

The elevated expression of chemokines and key cytokines in DSS-induced mouse colonic tissue 

indicates that they play a vital role in developing and perpetuating inflammation and destructive 

tissue damage in the colonic mucosa. The down-regulated expression of pro-inflammatory 

cytokines and chemokines by γ-EC supplementation in the DSS colitis mouse model suggests the 

therapeutic potential of γ-EC on attenuating the inflammatory response, regulating innate 

immune responses and maintaining gut homeostasis.  

 

As a central node of the network of organismal injury and abnormalities identified by IPA, the 

expression of STAT-3 was down-regulated by γ-EC supplementation in the DSS-induced mouse 

colon. A genome-wide association study identified STAT3 as an important Crohn's disease 

(CD)-susceptibility gene involved in the Th17-mediated pathogenesis of IBD (Barrett, et al., 
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2008). The association of STAT3 with ulcerative colitis (UC) has also been determined by single 

nucleotide polymorphism (SNP) analysis (Anderson, et al., 2009). Therefore, the role of STAT3 

and involvement of the JAK/STAT pathway in pathogenesis of IBD have been confirmed. The 

maturation and differentiation of Th17 cells is directed by STAT3 activation, which is essential 

for the development of colitis and inflammation in IBD. Cytokines including IL-6, IL-1β, TGF-β, 

IL-21 and IL-23 are able to induce STAT3 activation in native T cells and subsequently to 

regulate T cell differentiation (Aggarwal, Ghilardi, Xie, de Sauvage, & Gurney, 2003; Nishihara, 

et al., 2007; Yang, et al., 2008). Moreover, STAT3-mediated signaling is involved in modulating 

the balance of Th17 and Treg cells in IBD; therefore it plays a crucial role in regulating T cell 

homeostasis under inflammatory conditions (Durant, et al., 2010). The up-regulated expression 

of genes associated with the Th17 pathway, including STAT3, has been found in inflamed colon 

tissue (Bogaert, et al., 2010), and the expression of STAT3 was found to be increased in the 

colonic biopsies of patients with active IBD (Carey, et al., 2008). In the present study we 

demonstrated that the expression of STAT3 in the DSS colitic mouse colon was down-regulated 

by γ-EC supplementation. In addition, the expression of Bcl-2, an anti-apoptotic gene induced by 

STAT3, was also down-regulated by γ-EC supplementation in DSS-induced mouse colitis. The 

pro-inflammatory cytokine IL-6 activates Bcl-2 in T cells through a STAT3 dependent pathway, 

which leads to the development of resistance against apoptosis in pathogenic T cells, 

consequently disrupting mucosal T cell homeostasis in CD patients (Atreya, 2000). Our results 

from genomic profiling analysis indicate a potential effect of γ-EC in modulating Th17-

dependent immune responses in IBD.  
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The down-regulated expression of PTGS-2, known as Cyclooxygenase (COX)-2, was identified 

in colon tissue from γ-EC-supplemented mice when compared with mice treated by DSS alone. 

An increase in COX2 expression has been found in colonic tissue from colorectal cancer patients, 

and COX2 derived prostaglandin E2 (PGE2) is abundant in colorectal cancer tissue. Therefore, 

COX-2 plays an important role in colon carcinogenesis. Elevated PGE2, derived from COX2, 

has been implicated in the induction of resistance to apoptosis in colonic epithelial cells via up-

regulation of Bcl-2 expression and NF-κB activation (Gately, 2000; Wang & DuBios, 2010). The 

prostaglandins produced through COX2 enzyme activity are generally augmented in the 

inflamed tissue, and are involved in enhancement of the inflammatory response. Moreover, 

Singer et al. (1998) discovered that COX2 was only detected in colonic epithelial cells in IBD 

rather than normal epithelial cells. COX2 is present in the villus epithelial cells of inflamed CD 

colon and is correlated with expression of inducible nitric oxide synthase (iNOS) in colonic 

epithelial cells in UC. A significantly elevated expression of COX2 has also been found in the 

DSS experimental colitis mouse model. (te Velde, et al., 2007). In our study, the expression of 

COX2 was down-regulated by γ-EC supplementation in DSS treated colonic tissue which 

suggests that γ-EC may have therapeutic effect on modulating colonic cell proliferation and 

preventing colitis-associated colon cancer by targeting COX2. 

 

The expression of matrix metalloproteinase (MMP)-3 in DSS-induced colitic colon was also 

shown here to be suppressed by γ-EC supplementation. MMPs are involved in the regulation of 

many physiological and pathological processes including wound healing, angiogenesis, and 

inflammation in IBD (Pender & MacDonald, 2004). Elevated expression of MMP3 has been 

reported in the mucosa of IBD patients and experimental colitic animal models (te Velde, et al., 
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2007). MMP3 plays a crucial role in T cell activation in the lamina propria, which leads to 

developing mucosal injury (Pender, Tickle, Docherty, Howie, Wathen, & MacDonald, 1997). 

Pro-inflammatory cytokines, including IL-1β, TNF-α, and IL-17 can stimulate MMP3 secretion 

from colonic subepithelial myofibroblasts (Bamba, Andoh, Yasui, Araki, Bamba, & Fujiyama, 

2003). This evidence suggests that increased secretion of MMP3 is accompanied by the pro-

inflammatory signalling events in IBD. The γ-EC-induced down-regulation of MMP3 in DSS-

treated colon tissue further supports the potential protective effect of γ-EC on ameliorating the 

intestinal inflammatory response.   

 

4.5 Conclusion 

In current study, we identified the genomic alteration in the colons of γ-EC-supplemented DSS 

colitis mice by microarray analysis and consequently revealed target mediators involved in the γ-

EC-mediated amelioration of DSS-induced colitis. The elevated expression of pro-inflammatory 

molecules including transcriptional factors, and chemotatic cytokines were suppressed by γ-EC 

supplementation in the colon tissue of DSS-treated mice. Through integrated pathway analysis, 

we identified a total of 25 networks regulated by γ-EC supplementation based on 481 

differentially expressed genes. The expression of target molecules relevant to the inflammatory 

response in the intestine in particular were suppressed by γ-EC supplementation, which 

correlates with our previous observation of γ-EC-induced attenuation of colitic injury and 

inflammation in DSS-treated mice. In addition, the expression of genes involved in abnormal 

cellular proliferation and dysregulated apoptosis were also suppressed by γ-EC, suggesting the 

therapeutic potential of γ-EC supplementation for restoring homeostasis and reducing tissue 

injury.   
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Appendix: 

Table 4. Altered gene expression profile in colon tissues from DSS-treated mice supplemented 

with γ-EC as identified by microarray analysis.   

 

  

 Syste

matic Name 

Gene name Gene 

symbol 

Fold 

chan

ge 

p-

valu

es 

Biological function 

          Immune response 

mMC006813 

S100 calcium binding 

protein A14 S100a14 1.98 0.05 

GO:0034142 : toll-

like receptor 4 

signaling pathway 

mMC012586 interferon  Ifnar2 

-

1.58 0.05 

GO:0035455 : 

response to 

interferon-alpha  

PH_mM_00

04970 chemokine  Cxcl15 

-

1.74 0.04 

GO:0006955 : 

immune response  

PH_mM_00

09051 

nucleotide-binding 

oligomerization 

domain containing 2 Nod2 

-

2.42 0.02 

GO:0002253 : 

activation of immune 

response  

PH_mM_00

01547 MAD homolog 6  Smad6 1.67 0.02 

GO:0006955 :immu

ne response  

PH_mM_00

06144 apolipoprotein A-IV Apoa4 

-

5.71 0.00 

GO:0002227 : innate 

immune response in 

mucosa 

PH_mM_00

01678 chemokine  Ccr1 

-

2.90 0.00 

GO:0045824 : 

negative regulation 

of innate immune 

response  

PH_mM_00

08089 

complement 

component 2  C2 

-

1.70 0.00 

GO:0045087 : innate 

immune response  

PH_mM_00

02844 chemokine  Ccl9 

-

1.74 0.00 

GO:0006955 : 

immune response  

PH_mM_00

09046 

itchy, E3 ubiquitin 

protein ligase Itch 

-

1.61 0.00 

GO:0045087 : innate 

immune response  

mMC007371 

AHA1, activator of 

heat shock protein 

ATPase homolog 1  Ahsa1 1.69 0.05 

GO:0006950 : 

response to stress  

mMC017559 transcription factor 3 Tcf3 1.84 0.04 

GO:0030098 : 

lymphocyte 

differentiation  

mMC012060 protein kinase C, alpha Prkca 

-

1.51 0.04 

GO:0050729 : 

positive regulation of 

inflammatory 

response  
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PH_mM_00

01437 

interleukin 2 receptor, 

gamma chain Il2rg 4.51 0.04 

GO:0045579 : 

Positive regulation 

of B cell 

differentiation  

PH_mM_00

00528 forkhead box M1 Foxm1 1.55 0.03 

GO:0032873 : 

negative regulation 

of stress-activated 

MAPK cascade  

PH_mM_00

09086 

prostaglandin-

endoperoxide synthase 

2 Ptgs2 

-

1.76 0.04 

GO:0006954 : 

inflammatory 

response  

mMC021509 coactosin-like 1  Cotl1 1.59 0.04 

GO:0050832 : 

defense response to 

fungus  

mMR030462 

poly (ADP-ribose) 

glycohydrolase Parg 1.73 0.04 

GO:0016045 : 

detection of 

bacterium  

PH_mM_00

03539 zinc finger protein 287 Zfp287 

-

1.88 0.04 

GO:0042035 : 

regulation of 

cytokine biosynthetic 

process  

mMC002746 

suppressor of cytokine 

signaling 5 Socs5 

-

1.57 0.04 

GO:0045627 : 

positive regulation of 

T-helper 1 cell 

differentiation  

mMC015115 

UDP-Gal:betaGlcNAc 

beta 1,4- 

galactosyltransferase, 

polypeptide 1 B4galt1 1.70 0.04 

GO:0002526 : acute 

inflammatory 

response  

PH_mM_00

02771 dual oxidase 2 Duox2 2.16 0.03 

GO:0019221 : 

cytokine-mediated 

signal pathway, 

GO:0055114: 

oxidation-reduction 

process  

PH_mM_00

00650 chemokine  Ccr6 1.49 0.03 

GO:0070098 

chemokine-mediated 

signalling pathway 

mMC006459 

prostaglandin I 

receptor  Ptgir 

-

1.73 0.04 

GO:0032496: 

response to 

lipopolysaccharide 

PH_mM_00

09198 

adenylate cyclase 

activating polypeptide 

1 Adcyap1 

-

1.69 0.05 

GO:0002878: 

negative regulation 

of acute 

inflammatory 

response 
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PH_mM_00

08980 chemokine  Cxcl1 

-

1.57 0.02 

GO:0002526 : acute 

inflammatory 

response  

mMR030860 

La ribonucleoprotein 

domain family, 

member 1 Larp1 3.10 0.03 

GO:0016239 : 

positive regulation of 

macroautophagy 

mMR030627 

c-mer proto-oncogene 

tyrosine kinase Mertk 

-

1.61 0.04 

GO:0051250 : 

negative regulation 

of lymphocyte 

activation 

mMC014543 

heat shock protein 

family, member 7  Hspb7 1.58 0.03 

GO:0006950 : 

response to stress  

PH_mM_00

00552 heat shock protein 1A Hspa1a 1.94 0.03 

GO:0006950 : 

response to stress  

mMR030860 

La ribonucleoprotein 

domain family, 

member 1 Larp1 3.10 0.03 

GO:0016239 : 

positive regulation of 

macroautophagy 

mMC013338 

eukaryotic translation 

initiation factor 2B, 

subunit 1  Eif2b1 1.61 0.03 

GO:0032057:negativ

e regulation of 

translational 

initiation in response 

to stress 

mMC018064 

cathelicidin 

antimicrobial peptide Camp 

-

2.09 0.03 

GO:0042742 : 

defense response to 

bacterium  

PH_mM_00

01106 

fatty acid binding 

protein 4, adipocyte Fabp4 

-

1.60 0.01 

GO:0050729 : 

positive regulation of 

inflammatory 

response  

PH_mM_00

01655 

interleukin 1 receptor-

like 1 Il1rl1 

-

1.81 0.01 

GO:0050729 : 

positive regulation of 

inflammatory 

response  

PH_mM_00

01075 twist homolog 1  Twist1 

-

1.89 0.02 

GO:2000778 : 

positive regulation of 

interleukin-6 

secretion  

mMC013271 

selectin, endothelial 

cell Sele 

-

1.78 0.01 

GO:0006954 : 

inflammatory 

response;GO:007055

5 : response to 

interleukin-1  

PH_mM_00

09331 interleukin 1 alpha Il1a 

-

1.54 0.01 

GO:0006954 : 

inflammatory 

response  

mMR029085 doublecortin Dcx - 0.02 GO: 0048813: 
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1.96 dendrite 

morphogenesis 

PH_mM_00

03736 epiregulin Ereg 

-

1.75 0.02 

GO:0019221 : 

cytokine-mediated 

signaling pathway 

PH_mM_00

05135 

zinc finger, CCHC 

domain containing 11 Zcchc11 

-

1.50 0.01 

GO:0032755 : 

positive regulation of 

interleukin-6 

production 

PH_mM_00

04199 

sodium channel, 

voltage-gated, type IX, 

alpha Scn9a 

-

2.06 0.01 

GO:0006954 : 

inflammatory 

response  

mMC017391 

synovial sarcoma 

translocation gene on 

chromosome 18-like 1 Ss18l1 

-

2.07 0.01 

GO:0016358 : 

dendrite 

development  

PH_mM_00

14461 protein kinase N2 Pkn2 

-

1.86 0.01 

GO:0071777 : 

positive regulation of 

cell cycle cytokinesis 

PH_mM_00

06999 

insulin-like growth 

factor binding protein 2 Igfbp2 

-

1.96 0.01 

GO:0042104 : 

positive regulation of 

activated T cell 

proliferation  

mMR029779 

interleukin 6 signal 

transducer Il6st 

-

1.53 0.01 

GO:0019221 : 

cytokine-mediated 

signaling pathway 

mMC018374 

minichromosome 

maintenance deficient 

2 mitotin  Mcm2 1.67 0.01 

GO:0071353 : 

cellular response to 

interleukin-4  

PH_mM_00

05897 orosomucoid 1 Orm1 

-

1.68 0.01 

GO:0006953 : acute-

phase response  

mMC016605 tumor necrosis factor Tnf 

-

1.67 0.01 

GO:0006954 : 

inflammatory 

response  

mMC009685 

signal recognition 

particle 68 Srp68 

-

1.52 0.00 

GO:0042493 : 

response to drug 

mMC004510 

platelet derived growth 

factor receptor, alpha 

polypeptide Pdgfra 

-

1.51 0.00 

GO:0042060 : 

wound healing 

PH_mM_00

06777 Prohibitin Phb 1.49 0.00 

GO:0071354 : 

cellular response to 

interleukin-6  

PH_mM_00

04863 vanin 1 Vnn1 

-

2.05 0.00 

GO:0006954 : 

inflammatory 

response  

PH_mM_00

13729 

glutathione peroxidase 

2|glutathione Gpx2 1.87 0.00 

GO:0002862 : 

negative regulation 
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peroxidase 2, 

pseudogene 1 

of inflammatory 

response to antigenic 

stimulus 

PH_mM_00

13019 

tubulin, alpha 

1B|predicted gene 5620 Tuba1b 1.72 0.00 

GO:0071353 : 

cellular response to 

interleukin-4  

mMC010577 

stearoyl-Coenzyme A 

desaturase 1 Scd1 

-

2.99 0.00 

GO:0050830 : 

defense response to 

Gram-positive 

bacterium  

PH_mM_00

09233 receptor  Ripk1 

-

1.51 0.00 

GO:0032757 : 

positive regulation of 

interleukin-8 

production 

mMC002502 

complement 

component 3 C3 

-

1.83 0.00 

GO:0006954 : 

inflammatory 

response  

mMC005764 chemokine  Ccl7 

-

1.84 0.00 

GO:0006954 : 

inflammatory 

response  

PH_mM_00

01196 

helicase, lymphoid 

specific Hells 2.04 0.00 

GO:0030098 : 

lymphocyte 

differentiation  

mMC003764 

wingless-related 

MMTV integration site 

5A Wnt5a 

-

1.50 0.00 

GO:0050729 : 

positive regulation of 

inflammatory 

response  

PH_mM_00

13546 

nuclear factor, 

interleukin 3, regulated Nfil3 

-

1.67 0.00 

GO:0071353 : 

cellular response to 

interleukin-4  

mMC000828 interleukin 33 Il33 

-

1.73 0.00 

GO:0050729 : 

positive regulation of 

inflammatory 

response  

mMR001458 

interleukin 1 receptor-

like 1 Il1rl1 

-

2.17 0.00 

GO:0050729 : 

positive regulation of 

inflammatory 

response  

PH_mM_00

01454 

signal transducer and 

activator of 

transcription 3 Stat3 

-

1.80 0.00 

GO:0006953 : acute-

phase response  

mMC017365 

N-myc downstream 

regulated gene 1 Ndrg1 

-

1.86 0.00 

GO:0045576 : mast 

cell activation  

PH_mM_00

09446 chemokine  Ccl2 

-

2.88 0.00 

GO:0006954 : 

inflammatory 

response  
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mMC025239 

N-myc downstream 

regulated gene 1 Ndrg1 

-

2.10 0.00 

GO:0045576 : mast 

cell activation  

PH_mM_00

01288 heat shock protein 1B Hspa1b 1.95 0.01 

GO:0006952 : 

defense response  

mMR027543 lipoprotein lipase Lpl 

-

1.84 0.00 

GO:0010744 : 

positive regulation of 

macrophage derived 

foam cell 

differentiation  

mMC013111 

killer cell lectin-like 

receptor family E 

member 1 Klre1 

-

2.04 0.03 

GO:0032729 : 

positive regulation of 

interferon-gamma 

production 

          Oxidative stress 

PH_mM_00

06137 

peroxisomal biogenesis 

factor 1 Pex1 

-

1.51 0.04 

GO:0060152 : 

microtubule-based 

peroxisome 

localization 

mMC011241 

adiponectin, C1Q and 

collagen domain 

containing Adipoq 

-

1.60 0.03 

GO:0070994 : 

detection of 

oxidative stress 

PH_mM_00

09265 carbonic anhydrase 3 Car3 

-

1.53 0.03 

GO:0006979: 

response to oxidative 

stress 

PH_mM_00

08706 

scavenger receptor 

class A, member 3 Scara3 

-

1.73 0.02 

GO:0006979 : 

response to oxidative 

stress 

PH_mM_00

00537 

deiodinase, 

iodothyronine, type II Dio2 

-

2.02 0.02 

GO:0055114 : 

oxidation-reduction 

process  

  

tetratricopeptide repeat 

domain 19 Ttc19 

-

1.63 0.02 

GO: 0034551: 

mitochondrial 

respiratory chain 

complex III 

assembly 

PH_mM_00

06326 

glyceraldehyde-3-

phosphate 

dehydrogenase, 

spermatogenic Gapdhs 

-

2.48 0.03 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00

14481 lysyl oxidase-like 2 Loxl2 

-

1.50 0.02 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00

08285 

glutamate 

dehydrogenase 1 Glud1 

-

1.36 0.01 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00 aldo-keto reductase Akr1c18 - 0.00 GO:0055114 : 
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09450 family 1, member C18 1.56 oxidation-reduction 

process  

mMC011431 

cytochrome P450, 

family 2, subfamily e, 

polypeptide 1 Cyp2e1 

-

1.82 0.00 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00

00727 

methylenetetrahydrofol

ate dehydrogenase  Mthfd1 1.58 0.00 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00

04689 

ribonucleotide 

reductase M2 Rrm2 1.83 0.00 

GO:0055114 : 

oxidation-reduction 

process  

PH_mM_00

00555 lysyl oxidase Lox 

-

1.55 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMR028474 

cytochrome P450, 

family 1, subfamily b, 

polypeptide 1 Cyp1b1 

-

2.48 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMC010060 

aldo-keto reductase 

family 1, member B7 Akr1b7 

-

1.65 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMC012430 

ecto-NOX disulfide-

thiol exchanger 2 Enox2 

-

1.69 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMC020600 prostaglandin I2  Ptgis 

-

1.54 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMC018264 solute carrier family 8  Slc8a1 

-

1.65 0.00 

GO:0034614 : 

cellular response to 

reactive oxygen 

species  

mMC017902 

amiloride binding 

protein 1  Abp1 

-

1.80 0.00 

GO:0055114 : 

oxidation-reduction 

process  

mMC022630 pentraxin related gene Ptx3 

-

2.76 0.00 

GO:0045429 : 

positive regulation of 

nitric oxide 

biosynthetic process  

          Gene regulation 

PH_mM_00

07309 

H2-K region expressed 

gene 2 H2-Ke2 2.07 0.04 

GO:0006457 : 

protein folding 

PH_mM_00

05682 forkhead box O6 Foxo6 1.85 0.03 

GO:0006974 : 

response to DNA 

damage stimulus 

mMC011605 topoisomerase  Top2a 1.77 0.05 

GO:0006974 : 

response to DNA 

damage stimulus 
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PH_mM_00

06758 

high mobility group 20 

B Hmg20b 1.50 0.05 

GO:0006338 : 

chromatin 

remodeling 

PH_mM_00

16218 

serrate RNA effector 

molecule homolog  Srrt 2.47 0.05 

GO:0031053 : 

primary miRNA 

processing 

PH_mM_00

06760 histone deacetylase 4 Hdac4 1.90 0.04 

GO:0016575 : 

histone deacetylation  

PH_mM_00

01767 

GINS complex subunit 

2  Gins2 1.85 0.04 

GO:0006260 : DNA 

replication  

PH_mM_00

17416 ribosomal protein L34 Rpl34 1.91 0.04 

GO:0006412 : 

translation 

PH_mM_00

09264 

eukaryotic translation 

initiation factor 4, 

gamma 1 Eif4g1 2.03 0.04 

GO:0006417 : 

regulation of 

translation 

PH_mM_00

06609 

nuclear respiratory 

factor 1 Nrf1 

-

1.78 0.04 

GO:0006355: 

regulation of 

transcription, DNA-

dependent 

PH_mM_00

06995 

histocompatibility 2, K 

region locus 2 H2-K2 

-

2.47 0.04 

GO:0008270 : zinc 

ion binding 

PH_mM_00

05414 

DNA replication 

helicase 2 homolog  Dna2 1.60 0.03 

GO:0006281 : DNA 

repair  

PH_mM_00

15674 

oligonucleotide/oligosa

ccharide-binding fold 

containing 2B Obfc2b 1.70 0.04 

GO:0006974 : 

response to DNA 

damage stimulus 

PH_mM_00

16138 

GINS complex subunit 

1  Gins1 1.59 0.03 

GO:0006260 : DNA 

replication  

PH_mM_00

07866 

single-strand selective 

monofunctional uracil 

DNA glycosylase Smug1 

-

1.56 0.05 

GO:0006974 : 

response to DNA 

damage stimulus 

PH_mM_00

08439 

CCAAT/enhancer 

binding protein zeta Cebpz 

-

1.84 0.04 

GO:0006351 : 

transcription, DNA-

dependent  

PH_mM_00

01049 RAD51 homolog  Rad51 1.51 0.02 

GO:0006281 : DNA 

repair  

mMC007658 zinc figer protein 879 Zfp879 

-

1.98 0.04 

GO:0006355: 

regulation of 

transcription, DNA-

dependent 

PH_mM_00

08950 sal-like 2  Sall2 

-

1.81 0.03 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

PH_mM_00

02876 

Iroquois related 

homeobox 1  Irx1 

-

2.01 0.05 

GO:0006355 : 

regulation of 
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transcription, DNA-

dependent  

PH_mM_00

02811 

polyamine-modulated 

factor 1 Pmf1 1.71 0.02 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

mMC004409 

YY1 associated factor 

2 Yaf2 

-

2.06 0.04 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

PH_mM_00

14030 

methionine-tRNA 

synthetase 2  Mars2 1.69 0.02 

GO:0006431 : 

methionyl-tRNA 

aminoacylation  

PH_mM_00

04238 valyl-tRNA synthetase Vars 2.57 0.03 

GO:0006438 : valyl-

tRNA 

aminoacylation  

PH_mM_00

03400 

CTF18, chromosome 

transmission fidelity 

factor 18 homolog  Chtf18 1.70 0.02 

GO:0017111 : 

nucleoside-

triphosphatase 

activity 

PH_mM_00

13660 Fibrillarin Fbl 3.13 0.03 

GO:0032259 : 

methylation  

PH_mM_00

13207 

mitochondrial 

ribosomal protein L49 Mrpl49 1.50 0.03 

GO:0006412 : 

translation 

PH_mM_00

06227 

ubiquitin-conjugating 

enzyme E2C Ube2c 2.22 0.02 

GO:0016567 : 

protein 

ubiquitination 

PH_mM_00

06094 

coiled-coil domain 

containing 111 Ccdc111 

-

1.76 0.04 

GO:0006260 : DNA 

replication  

PH_mM_00

16208 SH2B adaptor protein 1 Sh2b1 2.63 0.02 

GO:2000278 : 

regulation of DNA 

biosynthetic process  

PH_mM_00

06959 

melanoma associated 

antigen  Mum1 

-

1.60 0.05 

GO:0006974 : 

response to DNA 

damage stimulus 

PH_mM_00

07477 zinc finger protein 827 Zfp827 

-

1.55 0.05 

GO:0006351 : 

transcription, DNA-

dependent  

PH_mM_00

06426 

thyroid hormone 

receptor interactor 4 Trip4 

-

1.62 0.04 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

PH_mM_00

09582 

mitochondrial 

ribosomal protein 

S18A Mrps18a 1.63 0.02 

GO:0006412 : 

translation 

PH_mM_00 chromatin assembly Chaf1b 2.03 0.01 GO:0006974 : 
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08570 factor 1, subunit B  response to DNA 

damage stimulus 

mMC006075 

PRP31 pre-mRNA 

processing factor 31 

homolog  Prpf31 

-

1.67 0.03 

GO:0008380 : RNA 

splicing 

PH_mM_00

17074 microRNA 184 Mir184 

-

1.82 0.05 

GO:0010468 : 

regulation of gene 

expression 

PH_mM_00

03946 polymerase  Pold1 1.64 0.01 

GO:0006260 : DNA 

replication  

PH_mM_00

05751 SET nuclear oncogene Set 2.99 0.02 

GO:0006334 : 

nucleosome 

assembly 

mMR029794 

GATA zinc finger 

domain containing 2B Gatad2b 

-

1.58 0.02 

GO: 0006355: 

regulation of 

transcription, DNA-

dependent 

PH_mM_00

05153 

ribosomal protein 

L35A Rpl35a 1.58 0.01 

GO:0042273 : 

ribosomal large 

subunit biogenesis  

mMC005775 nudix  Nudt1 1.51 0.02 

GO:0042262 : DNA 

protection 

PH_mM_00

12596 proline rich 13 Prr13 3.32 0.01 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

PH_mM_00

05467 

collagen, type XXIII, 

alpha 1 Col23a1 

-

1.51 0.02 

GO:0070207 : 

protein 

homotrimerization 

PH_mM_00

00824 

neurofilament, light 

polypeptide Nefl 

-

1.54 0.01 

GO:0051258 : 

protein 

polymerization 

mMC001701 Sp2 transcription factor Sp2 

-

1.59 0.01 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

mMC020774 

WT1-interacting 

protein Wtip 1.56 0.01 

GO:2000637 : 

positive regulation of 

gene silencing by 

miRNA 

PH_mM_00

00924 tubulin, alpha 1C Tuba1c 1.58 0.01 

GO:0051258 : 

protein 

polymerization 

PH_mM_00

05235 host cell factor C2 Hcfc2 

-

1.72 0.02 

GO:0000122 : 

negative regulation 

of transcription from 
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RNA polymerase II 

promoter  

PH_mM_00

05043 gem  Gemin6 1.79 0.01 

GO:0006397 : 

mRNA processing 

PH_mM_00

07243 

ribosomal protein 

S27A Rps27a 1.62 0.01 

GO:0006412 : 

translation 

mMC013191 

methyltransferase like 

1 Mettl1 1.66 0.01 

GO:0032259 : 

methylation  

PH_mM_00

06752 

zinc finger and BTB 

domain containing 46 Zbtb46 

-

1.66 0.02 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

PH_mM_00

07844 polymerase  Pold2 1.56 0.01 

GO:0006260 : DNA 

replication  

mMR028460 zinc finger protein 451 Zfp451 

-

1.56 0.02 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

mMC002306 

Williams Beuren 

syndrome chromosome 

region 22 Wbscr22 1.64 0.01 

GO:0032259 : 

methylation  

PH_mM_00

08756 

recombination signal 

binding protein for 

immunoglobulin kappa 

J region-like Rbpjl 

-

2.77 0.02 

GO:0045893 : 

positive regulation of 

transcription, DNA-

dependent  

PH_mM_00

16048 ribosomal protein S7 Rps7 1.92 0.01 

GO:0006364 : rRNA 

processing 

PH_mM_00

08880 

chromatin assembly 

factor 1, subunit A  Chaf1a 1.67 0.01 

GO:0006281 : DNA 

repair  

PH_mM_00

12585 

barrier to 

autointegration factor 1 Banf1 2.42 0.00 

GO:0015074 : DNA 

integration 

PH_mM_00

13081 TWIST neighbor Twistnb 1.56 0.01 

GO:0006351 : 

transcription, DNA-

dependent  

PH_mM_00

01405 

WW domain 

containing E3 ubiquitin 

protein ligase 1 Wwp1 

-

1.64 0.01 

GO:0045892 : 

negative regulation 

of transcription, 

DNA-dependent  

PH_mM_00

04097 replication factor C  Rfc5 1.58 0.00 

GO:0006260 : DNA 

replication  

PH_mM_00

05439 

cell division cycle 45 

homolog  Cdc45 1.60 0.00 

GO:0006260 : DNA 

replication  

PH_mM_00

15317 

ribonuclease P 40 

subunit  Rpp40 1.61 0.00 

GO:0008033 : tRNA 

processing 

mMC014933 

ligase I, DNA, ATP-

dependent Lig1 1.63 0.00 

GO:0006281 : DNA 

repair 
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PH_mM_00

03590 

E2F transcription 

factor 8 E2f8 1.77 0.00 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

mMC008423 

histone 

aminotransferase 1 Hat1 1.50 0.00 

GO:0016568 : 

chromatin 

modification 

mMC006789 

GAR1 

ribonucleoprotein 

homolog  Gar1 1.54 0.00 

GO:0006364 : rRNA 

processing 

PH_mM_00

07385 

minichromosome 

maintenance deficient 

10  Mcm10 1.70 0.00 

GO:0006260 : DNA 

replication  

mMR030998 uroplakin 3B Upk3b 

-

1.72 0.00 

GO:0010629 : 

negative regulation 

of gene expression  

mMC010749 

chromatin licensing 

and DNA replication 

factor 1 Cdt1 1.62 0.00 

GO:0006260 : DNA 

replication  

PH_mM_00

08092 

minichromosome 

maintenance deficient 

6  Mcm6 1.57 0.00 

GO:0006260 : DNA 

replication  

PH_mM_00

13078 

ubiquitin-like, 

containing PHD and 

RING finger domains, 

1 Uhrf1 1.75 0.00 

GO:0010216 : 

maintenance of DNA 

methylation  

PH_mM_00

04646 

LSM2 homolog, U6 

small nuclear RNA 

associated  Lsm2 1.57 0.00 

GO:0006397 : 

mRNA processing 

mMC003856 replication factor C  Rfc4 1.65 0.00 

GO:0006260 : DNA 

replication  

mMC007984 bobby sox homolog  Bbx 

-

1.69 0.00 

GO:0006355 : 

regulation of 

transcription, DNA-

dependent  

mMC006546 

SWI/SNF related, 

matrix associated, actin 

dependent regulator of 

chromatin, subfamily a, 

member 1 Smarca1 

-

2.68 0.00 

GO:0006338 : 

chromatin 

remodeling 

mMC013136 

deoxythymidylate 

kinase Dtymk 1.50 0.00 

GO:0046939 : 

nucleotide 

phosphorylation  

          Apoptosis 

mMC018610 

pleckstrin homology-

like domain, family A, Phlda3 2.11 0.04 

GO:0006917 : 

induction of 
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member 3 apoptosis 

PH_mM_00

17543 

eukaryotic translation 

initiation factor 5A Eif5a 3.22 0.03 

GO:0006917 : 

induction of 

apoptosis 

mMC008345 solute carrier family 18  Slc18a2 

-

1.69 0.04 GO: 0016265: death 

mMR027609 BCL2-like 1 Bcl2l1 

-

1.99 0.02 

GO:0006915 : 

apoptotic process  

mMC004149 paired box gene 4 Pax4 

-

1.91 0.02 

GO:0043066:negativ

e regulation of 

apoptotic process 

mMC002112 

proviral integration site 

3 Pim3 2.18 0.02 

GO:0043066 : 

negative regulation 

of apoptotic process 

mMC014959 

inhibitor of DNA 

binding 1 Id1 2.21 0.01 

GO:0006915 : 

apoptotic process  

mMC022135 polo-like kinase 1  Plk1 1.70 0.01 

GO:0043066 : 

negative regulation 

of apoptotic process 

PH_mM_00

03841 

apoptosis, caspase 

activation inhibitor Aven 1.51 0.01 

GO:0043066 : 

negative regulation 

of apoptotic process 

mMC005507 deoxyribonuclease I Dnase1 

-

2.21 0.01 

GO:0006915 : 

apoptotic process  

PH_mM_00

03167 BCL2-like 13  Bcl2l13 

-

1.53 0.01 

GO:0006915 : 

apoptotic process  

PH_mM_00

12434 

BR serine/threonine 

kinase 2 Brsk2 

-

2.54 0.01 

GO: 0070059: 

intrinsic apoptotic 

signaling pathway in 

response to 

endoplasmic 

reticulum stress 

PH_mM_00

06843 

MAD2 mitotic arrest 

deficient-like 1  Mad2l1 1.57 0.00 

GO:0043066 : 

negative regulation 

of apoptotic process 

mMR030693 angiopoietin-like 4 Angptl4 

-

1.54 0.00 

GO:0043066 : 

negative regulation 

of apoptotic process 

mMC002929 

tumor necrosis factor 

receptor superfamily, 

member 11b  Tnfrsf11b 

-

1.66 0.00 

GO:0006915 : 

apoptotic process  

PH_mM_00

13014 

Wilms tumor 1 

homolog Wt1 

-

1.93 0.00 

GO:0043066 : 

negative regulation 

of apoptotic process 

          

Cell signal 

transduction 
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PH_mM_00

09133 

G protein-coupled 

receptor 64 Gpr64 

-

1.64 0.05 

GO:0007186 : G-

protein coupled 

receptor signaling 

pathway 

PH_mM_00

09459 p21 protein  Pak3 

-

1.66 0.05 

GO:0000187 : 

activation of MAPK 

activity 

PH_mM_00

06052 

activin A receptor, type 

1B Acvr1b 

-

2.67 0.04 

GO:0032924 : 

activin receptor 

signaling pathway 

mMC012006 

mitogen-activated 

protein kinase kinase 

kinase 8 Map3k8 

-

1.50 0.05 

GO:0006468 : 

protein 

phosphorylation  

PH_mM_00

03508 homer homolog 2  Homer2 

-

2.08 0.05 

GO:0035584 : 

calcium-mediated 

signaling using 

intracellular calcium 

source  

PH_mM_00

03448 RIO kinase 2  Riok2 

-

1.99 0.04 

GO:0006468 : 

protein 

phosphorylation  

PH_mM_00

00641 

fibroblast growth factor 

7 Fgf7 

-

1.97 0.04 

GO:0008543 : 

fibroblast growth 

factor receptor 

signaling pathway 

PH_mM_00

01642 cannabinoid receptor 1  Cnr1 

-

1.69 0.04 

GO:0038171 : 

cannabinoid 

signaling pathway 

mMC002872 

DIRAS family, GTP-

binding RAS-like 2 Diras2 

-

1.60 0.04 

GO:0007165 : signal 

transduction 

mMC024033 

mitogen-activated 

protein kinase 8 

interacting protein 3 Mapk8ip3 1.95 0.02 

Go:00462328: 

regluation of JNK 

cascade  

PH_mM_00

06744 

bromodomain 

containing 8 Brd8 

-

1.82 0.04 

GO:0040008 : 

regulation of growth  

mMC010439 

tyrosine kinase, non-

receptor, 2 Tnk2 2.43 0.03 

GO:0006468 : 

protein 

phosphorylation  

PH_mM_00

05644 

leucine rich repeat 

containing G protein 

coupled receptor 5 Lgr5 1.68 0.02 

GO:0007186 : G-

protein coupled 

receptor signaling 

pathway 

mMC018771 COP9  Cops5 1.78 0.02 

GO:0046328: 

regulation of JNK 

cascade 

mMR028602 suppressor of cytokine Socs1 1.54 0.02 GO:0046426 : 
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signaling 1 negative regulation 

of JAK-STAT 

cascade  

mMC008906 lamin B1 Lmnb1 1.77 0.02 

GO:0046330: 

positive regulation of 

JNK cascade 

mMC026451 CD52 antigen Cd52 1.53 0.02 

GO:0007204 : 

elevation of 

cytosolic calcium ion 

concentration 

mMC009252 toll-like receptor 7 Tlr7 

-

1.50 0.02 

GO:0007252 : I-

kappaB 

phosphorylation  

mMC014741 tumor necrosis factor  Tnfsf14 

-

1.59 0.03 

GO:0008588 : 

release of 

cytoplasmic 

sequestered NF-

kappaB  

mMC011552 frizzled homolog 6  Fzd6 

-

1.70 0.02 

GO:0016055 : Wnt 

receptor signaling 

pathway 

mMC023797 

cyclin-dependent 

kinase-like 3 Cdkl3 

-

1.98 0.02 

GO:0006468 : 

protein 

phosphorylation  

PH_mM_00

02824 phosphodiesterase 1C Pde1c 

-

1.88 0.03 

GO:0006198 : 

cAMP catabolic 

process  

PH_mM_00

08120 protein phosphatase 1J Ppm1j 1.50 0.01 

GO:0006470 : 

protein 

dephosphorylation 

PH_mM_00

04275 

ArfGAP with SH3 

domain, ankyrin repeat 

and PH domain 3 Asap3 

-

1.67 0.02 

GO:0032312 : 

regulation of ARF 

GTPase activity 

PH_mM_00

04333 

dual specificity 

phosphatase 2 Dusp2 1.50 0.01 

GO:0000188 : 

inactivation of 

MAPK activity 

PH_mM_00

02769 A kinase  Akap6 

-

2.28 0.01 

GO:0010738: 

regulation of protein 

kinase A signaling 

cascade  

PH_mM_00

13554 

tankyrase, TRF1-

interacting ankyrin-

related ADP-ribose 

polymerase 2 Tnks2 

-

1.70 0.02 

GO:0016055 : Wnt 

receptor signaling 

pathway 

mMR030527 cyclin D1 Ccnd1 1.63 0.01 

GO:0030178 : 

negative regulation 
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of Wnt receptor 

signaling pathway 

PH_mM_00

16192 cyclin E2 Ccne2 1.63 0.01 

GO:0000079 : 

regulation of cyclin-

dependent protein 

kinase activity 

PH_mM_00

17627 

angiogenin, 

ribonuclease, RNase A 

family, 5|angiogenin, 

ribonuclease A family, 

member 3|angiogenin, 

ribonuclease A family, 

member 4 

Ang|Ang3|

Ang4 1.59 0.01 

GO:0032431 : 

activation of 

phospholipase A2 

activity 

PH_mM_00

05689 

ankyrin repeat domain 

6 Ankrd6 

-

1.96 0.01 

GO:2000096 : 

positive regulation of 

canonical wnt 

receptor signaling 

pathway 

PH_mM_00

04147 

amino-terminal 

enhancer of split Aes 1.51 0.01 

GO:0090090 : 

negative regulation 

of canonical Wnt 

receptor signaling 

pathway 

PH_mM_00

06638 

adrenergic receptor, 

beta 3 Adrb3 

-

1.69 0.01 

GO:0007190 : 

activation of 

adenylate cyclase 

activity 

mMC017182 

dCTP pyrophosphatase 

1 Dctpp1 1.59 0.00 

GO:0051289 : 

protein 

homotetramerization 

PH_mM_00

02952 

myotubularin related 

protein 7 Mtmr7 

-

2.00 0.02 

GO:0016311 : 

dephosphorylation 

PH_mM_00

00996 

collagen triple helix 

repeat containing 1 Cthrc1 

-

1.74 0.01 

GO:0060071 : Wnt 

receptor signaling 

pathway, planar cell 

polarity pathway 

PH_mM_00

14089 integrin alpha 1 Itga1 

-

1.62 0.00 

GO:0000187 : 

activation of MAPK 

activity 

mMC008656 

protein tyrosine 

phosphatase, non-

receptor type 9 Ptpn9 

-

1.63 0.00 

GO:0006470 : 

protein 

dephosphorylation 

mMC010244 

receptor tyrosine 

kinase-like orphan 

receptor 2 Ror2 

-

1.51 0.00 

GO:0007254 : JNK 

cascade 

mMC012010 intercellular adhesion Icam1 - 0.00 GO:0051092 : 
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molecule 1 1.65 positive regulation of 

NF-kappaB 

transcription factor 

activity 

mMR029520 

Rho GTPase activating 

protein 29 Arhgap29 

-

1.56 0.00 

GO:0035556 : 

intracellular signal 

transduction 

mMC014235 ring finger protein 43 Rnf43 1.83 0.00 

GO:0030178 : 

negative regulation 

of Wnt receptor 

signaling pathway 

PH_mM_00

05300 PDZ binding kinase Pbk 2.12 0.00 

GO:0006468 : 

protein 

phosphorylation  

mMC012246 

BMP-binding 

endothelial regulator Bmper 

-

1.88 0.00 

GO:0070374 : 

positive regulation of 

ERK1 and ERK2 

cascade  

PH_mM_00

09109 amphiregulin Areg 

-

1.68 0.00 

GO:0007173 : 

epidermal growth 

factor receptor 

signaling pathway 

mMC001541 

transmembrane protein 

100 Tmem100 

-

1.57 0.00 

GO:0007219 : Notch 

signaling pathway 

mMC017792 

tankyrase, TRF1-

interacting ankyrin-

related ADP-ribose 

polymerase 2 Tnks2 

-

1.64 0.00 

GO:0016055 : Wnt 

receptor signaling 

pathway 

PH_mM_00

13693 

myotubularin related 

protein 12 Mtmr12 

-

1.63 0.00 

GO:0016311 : 

dephosphorylation 

mMC019357 

regulator of G-protein 

signaling 4 Rgs4 

-

1.65 0.00 

GO:0038032 : 

termination of G-

protein coupled 

receptor signaling 

pathway 

          Transport 

PH_mM_00

05160 

leucine rich repeat 

containing 52 Lrrc52 4.39 0.04 

GO:0006811 : ion 

transport 

mMC005535 

solute carrier family 

38, member 5 Slc38a5 2.80 0.04 

GO:0003333 : amino 

acid transmembrane 

transport 

PH_mM_00

08926 

peroxisomal biogenesis 

factor 14 Pex14 1.63 0.04 

GO:0015031 : 

protein transport  

PH_mM_00

07085 

solute carrier family 

20, member 2 Slc20a2 1.87 0.04 

GO:0006811 : ion 

transport 

mMC010885 solute carrier family 10  Slc10a6 - 0.04 GO:0035725 : 
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1.51 sodium ion 

transmembrane 

transport 

mMC005143 synaptogyrin 3 Syngr3 

-

1.67 0.03 

GO:0032411 : 

positive regulation of 

transporter activity 

PH_mM_00

03856 

ATP-binding cassette, 

sub-family A  Abca6 

-

1.72 0.04 

GO:0006810 : 

transport 

PH_mM_00

06557 

solute carrier family 

38, member 9 Slc38a9 

-

1.60 0.03 

GO:0006810 : 

transport 

mMC006149 solute carrier family 9  Slc9a8 1.68 0.03 

GO:0015992 : 

proton transport  

PH_mM_00

06421 

oxysterol binding 

protein-like 1A Osbpl1a 1.62 0.02 

GO:0006869 : lipid 

transport 

PH_mM_00

02950 synapsin III Syn3 

-

1.79 0.01 

GO:0007269： 

neurotransmitter 

secretion 

PH_mM_00

15407 

SEC22 vesicle 

trafficking protein 

homolog C  Sec22c 

-

1.63 0.01 

GO:0015031 : 

protein transport  

mMC023982 lactotransferrin Ltf 1.88 0.01 

GO:0006826 : iron 

ion transport 

mMC008864 clavesin 1 Clvs1 

-

2.40 0.01 

GO:0006810 : 

transport 

mMC008382 paraoxonase 1 Pon1 

-

1.76 0.01 

GO:0032411 : 

positive regulation of 

transporter activity 

mMR028899 solute carrier family 27  Slc27a2 

-

1.93 0.00 

GO:0015908 : fatty 

acid transport  

PH_mM_00

17668 

nuclear autoantigenic 

sperm protein  Nasp 1.50 0.00 

GO:0006810 : 

transport 

PH_mM_00

04613 solute carrier family 2  Slc2a12 

-

1.79 0.01 

GO:0008643 : 

carbohydrate 

transport 

mMC011522 endothelin 1 Edn1 

-

2.11 0.00 

GO:0042045 : 

epithelial fluid 

transport 

PH_mM_00

09322 transferrin Trf 

-

1.59 0.00 

GO:0015682 : ferric 

iron transport  

PH_mM_00

09590 

potassium voltage-

gated channel, Isk-

related subfamily, gene 

3 Kcne3 1.62 0.00 

GO:0006813 : 

potassium ion 

transport 

mMR028426 

calcium channel, 

voltage-dependent, L 

type, alpha 1C subunit Cacna1c 

-

1.80 0.00 

GO:0006816 : 

calcium ion transport  
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PH_mM_00

06435 

solute carrier family 

35, member F5 Slc35f5 

-

1.50 0.00 

GO:0006810 : 

transport 

mMC016441 apolipoprotein C-I Apoc1 

-

1.61 0.00 

GO:0006869 : lipid 

transport 

mMC008123 

major facilitator 

superfamily domain 

containing 9 Mfsd9 

-

1.50 0.00 

GO:0006810 : 

transport 

PH_mM_00

13712 

ATP-binding cassette, 

sub-family G  Abcg1 

-

1.92 0.00 

GO:0006869 : lipid 

transport 

mMC004632 

aryl hydrocarbon 

receptor nuclear 

translocator-like Arntl 

-

1.65 0.00 

GO:0000060 : 

protein import into 

nucleus, 

translocation  

mMR030117 solute carrier family 1  Slc1a1 1.52 0.00 

GO:0015813 : L-

glutamate transport  

          Metablism 

PH_mM_00

08182 

fucosidase, alpha-L- 1, 

tissue Fuca1 1.66 0.05 

GO:0006004 : 

fucose metabolic 

process  

mMC017736 

galactosidase, beta 1-

like 2 Glb1l2 

-

1.64 0.05 

GO:0005975 : 

carbohydrate 

metabolic process  

PH_mM_00

06505 

leucine rich repeat 

containing 68 Lrrc68 1.65 0.04 

GO:0010923 : 

negative regulation 

of phosphatase 

activity 

PH_mM_00

17426 

D-tyrosyl-tRNA 

deacylase 1 homolog  Dtd1 1.92 0.04 

GO:0019478 : D-

amino acid catabolic 

process  

mMC009143 

ligand of numb-protein 

X 2 Lnx2 1.61 0.03 

GO:0051260 : 

protein 

homooligomerizatio

n 

PH_mM_00

01195 

glutathione S-

transferase, theta 1 Gstt1 1.52 0.04 

GO:0006749 : 

glutathione 

metabolic process  

mMC017208 

protein phosphatase 1, 

regulatory  Ppp1r11 1.55 0.03 

GO:0043086 : 

negative regulation 

of catalytic activity 

PH_mM_00

06433 

methionyl 

aminopeptidase type 

1D  Metap1d 2.01 0.03 

GO:0006508 : 

proteolysis  

PH_mM_00

05904 

serine peptidase 

inhibitor, Kazal type 6 Spink6 1.83 0.03 

GO:0010466: 

negative regulation 

of peptidase activity 

mMC001829 phospholipase A2, Pla2g4e - 0.04 GO:0016042 : lipid 
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group IVE 1.57 catabolic process  

PH_mM_00

01559 lipase, endothelial Lipg 

-

1.58 0.03 

GO:0016042 : lipid 

catabolic process  

mMC018686 

phosphoribosylglycina

mide formyltransferase Gart 1.65 0.03 

GO:0009058 : 

biosynthetic process  

PH_mM_00

05973 

beta-1,4-N-acetyl-

galactosaminyl 

transferase 4 B4galnt4 1.64 0.02 

GO:0008152 : 

metabolic process  

mMC010796 

carbamoyl-phosphate 

synthetase 2, aspartate 

transcarbamylase, and 

dihydroorotase Cad 1.99 0.02 

GO:0017144 : drug 

metabolic process  

PH_mM_00

13603 

ubiquitin-conjugating 

enzyme E2S Ube2s 1.89 0.02 

GO:0008152 : 

metabolic process  

PH_mM_00

02995 denticleless homolog  Dtl 1.58 0.02 

GO:0006511 : 

ubiquitin-dependent 

protein catabolic 

process  

PH_mM_00

00825 tubby candidate gene Tub 

-

1.78 0.03 

GO:0006909 : 

phagocytosis 

PH_mM_00

00671 enolase 3, beta muscle Eno3 2.20 0.02 

GO:0006096 : 

glycolysis 

PH_mM_00

03120 

collagen, type III, alpha 

1 Col3a1 

-

1.55 0.02 

GO:0032964 : 

collagen biosynthetic 

process  

PH_mM_00

00130 trypsin 10 Try10 5.29 0.02 

GO:0006508 : 

proteolysis  

mMC008703 protease, serine, 40 Prss40 

-

2.08 0.03 

GO:0006508 :proteol

ysis 

PH_mM_00

09067 calumenin Calu 

-

1.36 0.00 

GO:0043086 : 

negative regulation 

of catalytic activity 

mMC017454 

Bardet-Biedl syndrome 

10  Bbs10 

-

1.51 0.04 

GO:0044267 : 

cellular protein 

metabolic process  

mMC018796 

nuclear receptor 

interacting protein 3 Nrip3 

-

1.84 0.02 

GO:0006508 : 

proteolysis  

PH_mM_00

15786 

UDP 

glucuronosyltransferas

e 1 family Ugt1a9 

-

2.02 0.03 

GO:0008152 : 

metabolic process  

PH_mM_00

05733 

acyl-CoA synthetase 

bubblegum family 

member 1 Acsbg1 

-

1.91 0.02 

GO:0006629 : lipid 

metabolic process  

mMR030929 unc-13 homolog A  Unc13a 

-

1.70 0.02 

GO:0050435 : beta-

amyloid metabolic 

process  
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mMR027434 CD109 antigen Cd109 

-

2.14 0.01 

GO:0010466 : 

negative regulation 

of peptidase activity 

mMC017206 G substrate Gsbs 

-

2.35 0.01 

GO:0010921 : 

regulation of 

phosphatase activity 

mMC024079 

acetyl-Coenzyme A 

acyltransferase 1B Acaa1b 

-

1.70 0.01 

GO:0006629 : lipid 

metabolic process  

PH_mM_00

05815 

WAP four-disulfide 

core domain 12 Wfdc12 

-

1.58 0.01 

GO:0010466 : 

negative regulation 

of peptidase activity 

mMC010532 

cartilage intermediate 

layer protein, 

nucleotide 

pyrophosphohydrolase Cilp 

-

1.70 0.01 

GO:0008152 : 

metabolic process  

PH_mM_00

13775 tubulin, beta 2C Tubb2c 1.52 0.00 

GO:0006184 : GTP 

catabolic process  

PH_mM_00

00576 adenylate kinase 4 Ak4 

20.8

3 0.00 

GO:0046033 : AMP 

metabolic process  

mMC004302 

a disintegrin-like and 

metallopeptidase  Adamts1 

-

1.77 0.00 

GO:0008152 : 

metabolic process  

PH_mM_00

04411 

pyruvate 

dehydrogenase kinase, 

isoenzyme 2 Pdk2 

-

1.62 0.00 

GO:0006006 : 

glucose metabolic 

process  

mMC007513 serine incorporator 1 Serinc1 

-

1.50 0.00 

GO:0006629 : lipid 

metabolic process  

PH_mM_00

08944 

S-phase kinase-

associated protein 1A Skp1a 1.71 0.00 

GO:0016567 : 

protein 

ubiquitination 

mMC001785 

carboxypeptidase A3, 

mast cell Cpa3 

-

1.75 0.00 

GO:0006508 : 

proteolysis  

PH_mM_00

03104 serine incorporator 5 Serinc5 

-

1.62 0.00 

GO:0006629 : lipid 

metabolic process  

mMC024364 

angiotensin I 

converting enzyme  Ace2 

-

1.81 0.00 

GO:0006508 : 

proteolysis  

PH_mM_00

08827 

RAS-like, family 11, 

member A Rasl11a 

-

1.87 0.00 

GO:0006184 : GTP 

catabolic process  

PH_mM_00

09478 

matrix 

metallopeptidase 10 Mmp10 

-

1.92 0.00 

GO:0030574 : 

collagen catabolic 

process  

mMC017289 

UDP-glucose ceramide 

glucosyltransferase Ugcg 

-

1.50 0.00 

GO:0006629 : lipid 

metabolic process  

mMC001582 

matrix 

metallopeptidase 13 Mmp13 

-

2.36 0.00 

GO:0030574 : 

collagen catabolic 

process  

PH_mM_00 arrestin domain Arrdc3 - 0.00 GO:0044252 : 
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08681 containing 3 1.56 negative regulation 

of multicellular 

organismal 

metabolic process  

mMC016026 ureidopropionase, beta Upb1 

-

1.57 0.00 

GO:0008152 : 

metabolic process  

mMR029532 pappalysin 2 Pappa2 

-

1.79 0.00 

GO:0006508 : 

proteolysis  

mMC004806 

acyl-coenzyme A 

amino acid N-

acyltransferase 1 Acnat1 

-

1.59 0.00 

GO:0006631 : fatty 

acid metabolic 

process  

mMC009942 GTP binding protein  Gem 

-

1.86 0.00 

GO:0006184 : GTP 

catabolic process  

mMC016016 

chondroitin sulfate N-

acetylgalactosaminyltra

nsferase 1 Csgalnact1 

-

1.88 0.00 

GO:0046398 : UDP-

glucuronate 

metabolic process  

PH_mM_00

02396 

alkaline phosphatase, 

intestinal Alpi 

-

1.75 0.00 

GO:0006793 : 

phosphorus 

metabolic process  

mMC011094 

glutathione S-

transferase, alpha 3 Gsta3 

-

1.74 0.00 

GO:0008152 : 

metabolic process  

PH_mM_00

04510 mast cell protease 2 Mcpt2 

-

1.60 0.00 

GO:0006508 : 

proteolysis  

mMC007206 carboxypeptidase M Cpm 

-

1.66 0.00 

GO:0006508 : 

proteolysis  

mMC002204 

component of 

oligomeric golgi 

complex 6 Cog6 

-

1.72 0.00 

GO:0070085 : 

glycosylation  

          

Colonic homeostasis 

and development 

PH_mM_00

01419 GNAS  Gnas 1.95 0.05 

GO:0055074 : 

calcium ion 

homeostasis 

mMC008796 CD59a antigen Cd59a 

-

1.52 0.04 

GO:0090272 : 

negative regulation 

of fibroblast growth 

factor production 

mMC007261 

UDP-GlcNAc:betaGal 

beta-1,3-N-

acetylglucosaminyltran

sferase 7 B3gnt7 1.54 0.04 

GO:0006486 : 

protein glycosylation 

mMR029499 

platelet-derived growth 

factor, C polypeptide Pdgfc 

-

1.63 0.03 

GO:0048146 : 

positive regulation of 

fibroblast 

proliferation  

mMR029379 actin binding LIM Ablim3 - 0.03 GO:0007010 : 
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protein family, member 

3 

1.58 cytoskeleton 

organization 

PH_mM_00

15551 cyclin D2 Ccnd2 2.04 0.02 

GO:0050679 : 

positive regulation of 

epithelial cell 

proliferation  

PH_mM_00

09340 

inhibitor of DNA 

binding 3 Id3 1.87 0.02 

GO:0030855 : 

epithelial cell 

differentiation  

PH_mM_00

01153 

matrix 

metallopeptidase 3 Mmp3 

-

1.54 0.02 

GO:0030574 : 

collagen catabolic 

process  

PH_mM_00

05509 Nicastrin Ncstn 

-

1.52 0.02 

GO:0050673 : 

epithelial cell 

proliferation  

mMC006383 vasohibin 1 Vash1 

-

1.53 0.04 

GO:0010596 : 

negative regulation 

of endothelial cell 

migration  

PH_mM_00

07924 

KN motif and ankyrin 

repeat domains 4 Kank4 

-

1.81 0.02 

GO:0051497 : 

negative regulation 

of stress fiber 

assembly 

PH_mM_00

08401 

Fraser syndrome 1 

homolog  Fras1 

-

1.88 0.02 

GO:0002009 :morph

ogenesis of an 

epithelium 

PH_mM_00

08080 

ankyrin repeat and 

SOCS box-containing 

4 Asb4 

-

2.08 0.01 

GO:2001214 : 

positive regulation of 

vasculogenesis  

PH_mM_00

00548 cyclin D2 Ccnd2 1.50 0.01 

GO:0050679 : 

positive regulation of 

epithelial cell 

proliferation  

mMC023444 fidgetin-like 1 Fignl1 1.51 0.00 

GO:0033687 : 

osteoblast 

proliferation  

mMC018708 prickle homolog 2  Prickle2 

-

1.54 0.00 

GO:0045197 : 

establishment or 

maintenance of 

epithelial cell 

apical/basal polarity 

mMC016220 

Rho GTPase activating 

protein 24 Arhgap24 

-

1.56 0.00 

GO:0001525 : 

angiogenesis  

PH_mM_00

01450 coagulation factor XII  F12 

-

2.88 0.00 

GO:0042730 : 

fibrinolysis  

PH_mM_00 stathmin 1|stathmin 1, Stmn1 1.77 0.00 GO:0031115 : 
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15385 related sequence 1 negative regulation 

of microtubule 

polymerization 

PH_mM_00

08702 

natriuretic peptide type 

C Nppc 

-

1.59 0.00 

GO:0045669 : 

positive regulation of 

osteoblast 

differentiation  

mMC013752 neurogenin 3 Neurog3 

-

2.25 0.00 

GO:0030855 : 

epithelial cell 

differentiation  

PH_mM_00

15538 choroidermia Chm 

-

1.66 0.00 

GO:0001568 : blood 

vessel development  

PH_mM_00

05098 uroplakin 1B Upk1b 

-

1.51 0.00 

GO:0030855 : 

epithelial cell 

differentiation  

mMC006830 

plasminogen activator, 

tissue Plat 

-

1.59 0.00 

GO:0014909 : 

smooth muscle cell 

migration  

PH_mM_00

03855 clathrin interactor 1 Clint1 

-

1.52 0.00 

GO:0048268 : 

clathrin coat 

assembly 

PH_mM_00

01085 

regulator of calcineurin 

1 Rcan1 

-

1.58 0.00 

GO:0051151 : 

negative regulation 

of smooth muscle 

cell differentiation 

PH_mM_00

00530 follistatin Fst 

-

1.66 0.00 

GO:0043616 : 

keratinocyte 

proliferation  

PH_mM_00

04579 

secreted frizzled-

related protein 4 Sfrp4 

-

2.33 0.00 

GO:0060429 : 

epithelium 

development  

PH_mM_00

03489 

BAI1-associated 

protein 2-like 2 Baiap2l2 

-

1.72 0.00 

GO:0046847 : 

filopodium assembly 

          Cellular activity  

PH_mM_00

13094 

high mobility group 

box 2 Hmgb2 2.60 0.04 

GO:0060326 : cell 

chemotaxis 

mMR029448 cadherin 16 Cdh16 

-

1.80 0.05 

GO:0007155 : cell 

adhesion 

mMC011484 myosin VA Myo5a 

-

1.56 0.04 

GO:0006887 : 

exocytosis 

PH_mM_00

12632 

cadherin-related family 

member 5 Cdhr5 2.80 0.03 

GO:0007155 : cell 

adhesion 

PH_mM_00

17669 actin, beta Actb 1.77 0.03 

GO:0007409 : 

axonogenesis  

PH_mM_00

04234 

SPC24, NDC80 

kinetochore complex Spc24 1.59 0.02 

GO:0007049 : cell 

cycle  
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component, homolog  

mMC014266 centromere protein H Cenph 1.61 0.02 

GO:0007067 : 

mitosis 

PH_mM_00

14065 

spindle and 

kinetochore associated 

complex subunit 1 Ska1 1.58 0.01 

GO:0007067 : 

mitosis 

PH_mM_00

06515 regulatory factor X, 3  Rfx3 

-

1.83 0.02 

GO:0072560 : type 

B pancreatic cell 

maturation 

PH_mM_00

04299 

leucine rich repeat and 

coiled-coil domain 

containing 1 Lrrcc1 

-

1.94 0.02 

GO:0051301 : cell 

division 

PH_mM_00

04152 ST6  St6galnac6 1.52 0.01 

GO:0009988 : cell-

cell recognition  

mMC008761 

mannose receptor, C 

type 1 Mrc1 

-

1.57 0.01 

GO:0006897 : 

endocytosis 

PH_mM_00

09698 laminin, alpha 1 Lama1 

-

1.78 0.02 

GO:0030155 : 

regulation of cell 

adhesion 

mMC000974 

cell division cycle 

associated 5 Cdca5 1.56 0.01 

GO:0007067 : 

mitosis 

PH_mM_00

15143 

regulator of 

chromosome 

condensation 2 Rcc2 1.61 0.01 

GO:0007067 : 

mitosis 

PH_mM_00

13745 

SPC24, NDC80 

kinetochore complex 

component, homolog  Spc24 1.65 0.01 

GO:0007067 : 

mitosis 

mMR029159 

pre B-cell leukemia 

transcription factor 1 Pbx1 

-

1.52 0.01 

GO:0030154 : cell 

differentiation  

PH_mM_00

08624 

thyrotroph embryonic 

factor Tef 1.99 0.01 

GO:0048511 : 

rhythmic process  

PH_mM_00

09491 

a disintegrin-like and 

metallopeptidase  Adamts9 

-

1.55 0.01 

GO:0045646 :regulat

ion of melanocyte 

differentiation 

PH_mM_00

09666 period homolog 1  Per1 1.73 0.01 

GO:0048511 : 

rhythmic process  

PH_mM_00

13192 centromere protein W Cenpw 1.56 0.00 

GO:0007067 : 

mitosis 

PH_mM_00

01841 protocadherin beta 9 Pcdhb9 

-

1.75 0.01 

GO:0007155 : cell 

adhesion 

mMC004622 peter pan homolog  Ppan 1.55 0.00 

GO:0001560 : 

regulation of cell 

growth by 

extracellular 

stimulus 

PH_mM_00 glial cell line derived Gfra3 - 0.01 GO:0007411:axon 
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13023 neurotrophic factor 

family receptor alpha 3 

1.59 chemotaxis 

PH_mM_00

06921 drebrin 1 Dbn1 

-

1.94 0.01 

GO:0010643 : cell 

communication by 

chemical coupling 

mMC004494 

hyaluronan and 

proteoglycan link 

protein 4 Hapln4 

-

2.51 0.01 

GO:0007155 : cell 

adhesion 

PH_mM_00

07508 mesothelin Msln 

-

1.65 0.00 

GO:0007155 : cell 

adhesion 

mMC016015 

melanoma cell 

adhesion molecule Mcam 

-

1.50 0.00 

GO:0007155 : cell 

adhesion 

mMC018475 oncostatin M receptor Osmr 

-

1.74 0.00 

GO:0008284 : 

positive regulation of 

cell proliferation 

mMR031142 

timeless interacting 

protein Tipin 1.61 0.00 

GO:0007067 : 

mitosis 

PH_mM_00

03547 

collagen, type XII, 

alpha 1 Col12a1 

-

1.76 0.00 

GO:0007155 : cell 

adhesion 

mMC009720 chemokine  Cxcl13 1.92 0.00 

GO:0035754 : B cell 

chemotaxis 

mMC000774 

D site albumin 

promoter binding 

protein Dbp 2.44 0.00 

GO:0048511 : 

rhythmic process  

mMC018162 CD209a antigen Cd209a 

-

1.73 0.00 

GO:0042129 : 

regulation of T cell 

proliferation  

mMC002811 nidogen 1 Nid1 

-

1.66 0.00 

GO:0007155 : cell 

adhesion 

mMC019146 tenascin C Tnc 

-

1.63 0.00 

GO:0007155 : cell 

adhesion 

PH_mM_00

01289 

nephroblastoma 

overexpressed gene Nov 

-

1.76 0.00 

GO:0001558 : 

regulation of cell 

growth 

mMC003694 

RAS-like, estrogen-

regulated, growth-

inhibitor Rerg 

-

1.73 0.00 

GO:0030308 : 

negative regulation 

of cell growth  

mMC018320 

reprimo, TP53 

dependent G2 arrest 

mediator candidate Rprm 

-

1.51 0.00 

GO:0007050 : cell 

cycle arrest  

PH_mM_00

05609 Dystonin Dst 

-

1.60 0.00 

GO:0007155 : cell 

adhesion 

PH_mM_00

09355 proteinase 3 Prtn3 

-

1.60 0.00 

GO:0050765 : 

negative regulation 

of phagocytosis  

PH_mM_00 synaptotagmin-like 2 Sytl2 - 0.00 GO:0006887 : 
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04365 1.56 exocytosis 

mMC011279 

SPARC related 

modular calcium 

binding 2 Smoc2 

-

1.73 0.00 

GO:0010811 : 

positive regulation of 

cell-substrate 

adhesion 

          Biological activity 

PH_mM_00

13080 

leukocyte-associated 

Ig-like receptor 1 Lair1 4.39 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

07050 

kallikrein related-

peptidase 10 Klk10 4.85 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

07720 N-acetyltransferase 10 Nat10 1.51 0.03 

GO:0008150 : 

biological_process  

mMC016104 coagulation factor II  F2rl3 

-

1.66 0.05 

GO:0007596 : blood 

coagulation  

PH_mM_00

04774 

stromal cell-derived 

factor 2-like 1 Sdf2l1 1.85 0.04 

GO:0008150 : 

biological_process  

mMC025026 

glycine C-

acetyltransferase  Gcat 1.77 0.04 

GO:0008150 : 

biological_process  

mMC001611 

tetratricopeptide repeat 

domain 28 Ttc28 

-

1.58 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

07186 

peptidylprolyl 

isomerase  Ppil5 1.79 0.03 

GO:0008150 : 

biological_process  

mMC025836 

nuclear factor, 

erythroid derived 2 Nfe2 

-

1.51 0.05 

GO:0030502 : 

negative regulation 

of bone 

mineralization 

PH_mM_00

04382 

mitochondrial 

ribosomal protein S11 Mrps11 1.51 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

04892 proline rich Gla  Prrg3 

-

1.51 0.03 

GO:0008150 : 

biological_process  

mMC021299 

transmembrane protein 

229B Tmem229b 1.58 0.02 

GO:0008150 : 

biological_process  

mMC023906 predicted gene 4763 Gm4763 

-

2.62 0.04 

GO:0008150 : 

biological_process  

mMC020380 

family with sequence 

similarity 70, member 

A Fam70a 

-

2.03 0.03 

GO:0008150 : 

biological_process  

PH_mM_00

07957 

NOP56 

ribonucleoprotein 

homolog  Nop56 2.42 0.03 

GO:0008150 : 

biological_process  

PH_mM_00

01896 

transmembrane protein 

221 Tmem221 

-

2.04 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

13160 

rosbin, round spermatid 

basic protein 1 Rsbn1 

-

1.51 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

04428 tetraspanin 18 Tspan18 

-

2.13 0.03 

GO:0008150 : 

biological_process  
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mMC005577 

interferon-related 

developmental 

regulator 2 Ifrd2 1.63 0.02 

GO:0008150 : 

biological_process  

mMC013902 

allograft inflammatory 

factor 1-like Aif1l 

-

1.95 0.03 

GO:0008150 : 

biological_process  

PH_mM_00

04418 

F-box and leucine-rich 

repeat protein 6 Fbxl6 1.58 0.02 

GO:0008150 : 

biological_process  

PH_mM_00

15498 

F-box and leucine-rich 

repeat protein 19 Fbxl19 1.72 0.02 

GO:0008150 : 

biological_process  

mMC017582 

coiled-coil domain 

containing 66 Ccdc66 

-

1.71 0.02 

GO:0008150 : 

biological_process  

mMC021132 dysbindin  Dbndd1 

-

1.87 0.03 

GO:0008150 : 

biological_process  

PH_mM_00

09140 

family with sequence 

similarity 113, member 

A Fam113a 

-

2.01 0.03 

GO:0008150 : 

biological_process  

mMC025771 crystallin, gamma C Crygc 

-

2.08 0.03 

GO:0007601 : visual 

perception  

mMC007594 

intraflagellar transport 

88 homolog  Ift88 

-

1.52 0.03 

GO:0060411 : 

cardiac septum 

morphogenesis  

PH_mM_00

02518 

methyl-CpG binding 

domain protein 5 Mbd5 

-

1.97 0.02 

GO:0008150 : 

biological_process  

PH_mM_00

05692 

calcium binding 

protein 4 Cabp4 

-

2.03 0.02 

GO:0007601 : visual 

perception  

mMC009616 zinc finger protein 189 Zfp189 

-

1.91 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

10259 predicted gene 7068 Gm7068 

-

1.89 0.04 

GO:0008150 : 

biological_process  

PH_mM_00

02170 predicted gene 5431 Gm5431 

-

1.96 0.03 

GO:0008150 : 

biological_process  

mMC001659 

family with sequence 

similarity 179, member 

A Fam179a 

-

1.81 0.02 

GO:0008150 : 

biological_process  

mMC015611 

phosphatase and actin 

regulator 2 Phactr2 

-

1.52 0.03 

GO:0008150 : 

biological_process  

PH_mM_00

05311 WD repeat domain 70 Wdr70 

-

1.57 0.02 

GO:0008150 : 

biological_process  

mMC009866 poly  Parp8 

-

1.50 0.01 

GO:0008150 : 

biological_process  

mMC005496 

family with sequence 

similarity 195, member 

A Fam195a 1.98 0.01 

GO:0008150 : 

biological_process  

PH_mM_00

09441 

polycystic kidney and 

hepatic disease 1-like 1 Pkhd1l1 

-

1.61 0.01 

GO:0008150 : 

biological_process  

PH_mM_00 THAP domain Thap6 - 0.01 GO:0008150 : 
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15346 containing 6 2.09 biological_process  

mMC014147 Hornerin Hrnr 

-

2.31 0.02 

GO:0008150 : 

biological_process  

PH_mM_00

05830 ataxin 2-like Atxn2l 1.51 0.01 

GO:0008150 : 

biological_process  

PH_mM_00

05670 

GPI anchored molecule 

like protein Gml 1.76 0.00 

GO:0008150 : 

biological_process  

mMR029821 

chloride channel 

calcium activated 4 Clca4 1.77 0.01 

GO:0008150 : 

biological_process  

mMC022207 Stannin Snn 

-

1.53 0.01 

GO:0008150 : 

biological_process  

mMC013704 

immunoglobulin-like 

domain containing 

receptor 2 Ildr2 

-

1.60 0.01 

GO:0030073 : 

insulin secretion 

mMC006853 

limb expression 1 

homolog  Lix1 

-

1.61 0.01 

GO:0008150 : 

biological_process  

mMC015579 

transmembrane protein 

200A Tmem200a 

-

1.54 0.01 

GO:0008150 : 

biological_process  

PH_mM_00

01943 symplekin Sympk 1.50 0.01 

GO:0008150 : 

biological_process  

PH_mM_00

15862 WD repeat domain 18 Wdr18 1.52 0.01 

GO:0008150 : 

biological_process  

mMC013730 

ring finger protein 

144A Rnf144a 

-

1.51 0.01 

GO:0008150 : 

biological_process  

mMC019764 syntabulin  Sybu 

-

1.52 0.01 

GO:0008150 : 

biological_process  

PH_mM_00

17385 

small nucleolar RNA, 

C/D box 13 Snord13 

-

1.65 0.01 

GO:0008150 : 

biological_process  

mMC012534 

coiled-coil domain 

containing 77 Ccdc77 

-

1.71 0.01 

GO:0008150 : 

biological_process  

mMC015993 

ATP-binding cassette, 

sub-family A  Abca12 

-

1.66 0.00 

GO:0055088 : lipid 

homeostasis 

PH_mM_00

13238 

sterile alpha motif 

domain containing 1 Samd1 1.62 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

13534 

basic leucine zipper 

and W2 domains 2 Bzw2 1.74 0.00 

GO:0008150 : 

biological_process  

mMC003942 

Ly1 antibody reactive 

clone Lyar 1.54 0.00 

GO:0008150 : 

biological_process  

mMC012224 nurim  Nrm 1.57 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

08823 

tripartite motif-

containing 15 Trim15 1.61 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

01865 olfactory receptor 878 Olfr878 

-

2.44 0.01 

GO:0007608 : 

sensory perception 

of smell 
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mMC016283 ADAMTS-like 1 Adamtsl1 

-

1.50 0.00 

GO:0008150 : 

biological_process  

mMC001999 

HIRA interacting 

protein 3 Hirip3 1.59 0.00 

GO:0008150 : 

biological_process  

mMC019042 

low density 

lipoprotein-related 

protein 12 Lrp12 

-

1.52 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

07649 

tripartite motif-

containing 46 Trim46 

-

1.51 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

14488 

thyroid hormone 

receptor interactor 4 Trip4 

-

1.69 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

01030 serine  Serpine2 

-

1.60 0.00 

GO:0007596 : blood 

coagulation  

PH_mM_00

00611 

troponin I, skeletal, 

slow 1 Tnni1 1.78 0.00 

GO:0006937 : 

regulation of muscle 

contraction  

PH_mM_00

07975 WD repeat domain 76 Wdr76 1.92 0.00 

GO:0008150 : 

biological_process  

mMC018968 chondrolectin Chodl 

-

1.65 0.00 

GO:0008150 : 

biological_process  

mMC019539 

GLI pathogenesis-

related 2 Glipr2 

-

1.53 0.00 

GO:0008150 : 

biological_process  

mMC013539 

DCN1, defective in 

cullin neddylation 1, 

domain containing 4  Dcun1d4 

-

1.51 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

03077 jerky homolog-like  Jrkl 

-

1.63 0.00 

GO:0008150 : 

biological_process  

mMC006041 LRRN4 C-terminal like Lrrn4cl 

-

1.72 0.00 

GO:0008150 : 

biological_process  

PH_mM_00

07784 

family with sequence 

similarity 107, member 

B Fam107b 

-

1.56 0.00 

GO:0008150 : 

biological_process  

mMC002835 

golgi phosphoprotein 

3-like Golph3l 

-

1.57 0.00 

GO:0008150 : 

biological_process  

          Others 

PH_mM_00

09280 fusion, derived from t Fus 2.63 0.04   

PH_mM_00

04829 

membrane-spanning 4-

domains, subfamily A, 

member 6C Ms4a6c 1.59 0.04   

PH_mM_00

17267 microRNA 327 Mir327 

-

1.84 0.05   

PH_mM_00

09479 follistatin-like 1 Fstl1 

-

1.49 0.01   

mMC011556 

stress-induced 

phosphoprotein 1 Stip1 1.57 0.02   
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mMC019112 tetraspanin 4 Tspan4 2.23 0.02   

PH_mM_00

00755 

transmembrane protein 

181B, pseudogene 

Tmem181b

-ps 1.52 0.01   

PH_mM_00

08974 

ribonucleoprotein, 

PTB-binding 2 Raver2 

-

2.24 0.01   

mMC007852 

complement 

component 1, q 

subcomponent binding 

protein C1qbp 1.99 0.01   

PH_mM_00

09368 carboxylesterase 1G Ces1g 

-

1.54 0.00   

mMC006951 

NmrA-like family 

domain containing 1 Nmral1 1.53 0.00   

PH_mM_00

08684 transcription factor 19 Tcf19 1.74 0.00   

PH_mM_00

05712 

testis expressed gene 

12 Tex12 

-

1.52 0.00   

PH_mM_00

08828 

C-type lectin domain 

family 10, member A Clec10a 

-

1.71 0.00   

Values are mean fold changes and chosen ≥1.5 or ≤1.5 which define increased and decreased 

expression, respectively, n=3, and p <0.05. 
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5.1 Conclusions 

To sum up, the chemopretective activity of γ-glutamylcysteine (EC) and γ-glutamylvaline (EV) 

and their role in attenuating intestinal inflammation and restoring intestinal mucosal homeostasis 

were revealed. This study focused on (1) identification of anti-inflammatory properties of γ-EC 

and γ-EV in virto and in vivo using the TNF-α-induced inflammatory intestinal epithelial cell 

(IEC) model and DSS colitis mouse model, respectively; (2) verifying γ-EC and γ-EV exert anti-

inflammatory effects on IECs in a CaSR-dependent manner and subsequently revealing  the γ-

EC- and γ-EV-stimulated the crosstalk between CaSR- and TNF-α-activated signal events; (3) 

elucidation of the biological pathways regulated by  γ-EC supplementation by which the 

development of colitis was prevented and intestinal inflammation was inhibited.  

  

The perpetuating inflammation in the gut system has been implicated in pathogenesis of IBD and 

development of colorectal cancer.  In addition, up-regulated TNF-α in the gut leads to 

aggravating inflammatory response which results in development of IBD. The monoclonal 

antibodies based biological therapy has been applied to treat IBD patients for decades. However, 

a risk is related with long-term use of anti-TNF-α monoclonal antibody-based therapy which 

leads to systemically blocking TNF-α-induced signaling in the whole body without targeting the 

specific tissue. Therefore, alternative strategies need to be developed to attenuate inflammation 

and minimize their deleterious effect in gut system, such as dietary interventions. A variety of 

dietary peptides, including food protein derived peptides and synthesized peptides used as food 

material, have bioactivities or therapeutic potentials for IBD treatment  (Kovacs-Nolan, et al., 

2012; Young, Ibuki, Nakamori, Fan, & Mine, 2012). Both of γ-EC and γ-EV have health benefits 
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for disease prevention. The effective mechanism needs to be revealed by which these two dietary 

peptides can inhibit inflammatory responses in IECs. 

 

Before evaluating the anti-inflammatory activity of γ-EC and γ-EV, agonistic activation of CaSR 

in IECs triggered by γ-EC and γ-EV was firstly verified by analyzing the release of intracellular 

calcium. The elevated level of intracellular calcium in HT-29 cells treated with γ-EC or γ-EV 

was shown to confirm  that γ-glutamyl dipeptides stimulated CaSR activation in IECs. In 

addition, there were no changes of CaSR expression detected in IECs caused by γ-EC or γ-EV 

supplementation. Subsequently, the results from our in vitro study indicated that γ-EC and γ-EV 

exert noticeable anti-inflammatory activity by inhibiting secretion of pro-inflammatory cytokines 

such as TNF-α, IL-8, IL-6 and IL-1β and restoring production of anti-inflammatory cytokine IL-

10 from IECs. The γ-EC and γ-EV supplementation are implicated in regulation of NF-κB and 

MAPK signaling transductions by which pro-inflammatory cytokines secretions was inhibited in 

IECs.  

 

Secondly, because pre-incubation of specific anti-CaSR antibody and antagonist NPS 2134 with 

IECs abrogated the inhibitory effects of γ-EC or γ-EV on TNF-α-induced inflammatory 

responses, it suggested that the anti-inflammatory activities of γ-EC and γ-EV are mediated by 

CaSR activation. Furthermore, a novel mechanism was identified in which CaSR is first 

activated by γ-glutamyl dipeptides through allosteric binding, and then its conformational change 

leads to interaction with β-arrestin2 located inside cell.  As a scaffold and adaptor protein, β-

arrestin2 is subsequently associated with TAB1 to block TNFR-mediated activation of both NF-
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κB and JNK pathways in Caco-2 cells. Therefore, TNF-α-induced pro-inflammatory signaling 

cascades were inhibited by γ-EC or γ-EV in IECs.  

 

Meanwhile, the anti-inflammatory activities of γ-glutamyl dipeptides, including γ-EC and γ-EV, 

were verified in vivo by using a DSS-induced colitis mouse model. Because DSS has chemotoxic 

effect on the mouse intestinal system, the intestine mucosa is impaired by DSS treatment which 

leads to developing inflammatory response and loss of body weight in mice. Administration of γ-

EC or γ-EV leads to prevent loss of mouse body weight caused by DSS treatment. The severity 

of DSS-induced colitic symptoms was also reduced by γ-EC and γ-EV supplementation. The 

macroscopic evaluation of mouse colons confirmed that DSS caused colon shortening was 

prevented by γ-EC or γ-EV administration. The expression of pro-inflammatory chemokines and 

cytokines those are involved in developing chronic inflammation in the gut , including MCP-1, 

IL-1β, IFN-γ, TNF-α, IL-6 and IL-17A, were down-regulated by γ-EC and γ-EV 

supplementation; whereas the expression of anti-inflammatory cytokine IL-10 was up-regulated.  

In order to verify whether this anti-inflammatory effect is mediated by CaSR activation, CasR 

antagonist NPS 2134 was pre-treated with γ-EC- or γ-EV-supplemented mice to block the CaSR 

activation. The regulatory effects of γ-EC and γ-EV on chemokine and cytokine production in 

the DSS-induced colitis mouse model can be abrogated by pre-injection with CaSR antagonist 

NPS2143. Consequently, we found that γ-EC and γ-EV exert anti-inflammatory effects  in the 

gut system primarily mediated by allosteric ligand activation of CaSR. Consequently, the results 

from our in vitro and in vivo study suggest that γ-glutamyl dipeptides have potential therapeutic 

efficacy for attenuation of intestinal inflammation in a CaSR-dependent fashion and maintenance 

of intestinal barrier integrity. 
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Finally, the genomic profile representing genes regulated by γ-EC supplementation in a DSS 

colitis mouse model was studied in order to explore possible biological pathways implicated by 

γ-EC-based therapeutic intervention. As well known, up-regulated inflammatory signaling events 

are characterized in the DSS-induced colitis mouse model. We identified a total of 481 

differently expressed genes from DSS-induced mouse colon tissue after treated with γ-EC and 

revealed that genes of inflammatory mediators including myeloperoxidase, transcriptional factors 

and chemotatic cytokines were mainly inhibited. The results of this part of study were 

complementary to our previous observation in which γ-glutamyl dipeptides attenuated 

inflammatory response in intestinal epithelial system. Furthermore, the results from IPA pathway 

analysis showed that 25 networks of biological functions were regulated by γ-EC intervention, 

and activations of tissue injury and inflammation associated signaling pathways were specifically 

suppressed by γ-EC supplementation. In addition, the network analysis indicated that γ-EC might 

be involved in preventing the abnormal cellular proliferation in DSS-treated colon which is 

resulted from development of resistance to apoptosis in inflamed IECs. The results of our DNA 

microarray study revealed the potential mechanisms underlying γ-EC ameliorating inflammation 

and preventing tissue damage caused by DSS treatment. 

 

All in all, we identified the anti-inflammatory activity of CaSR agonistic dietary peptides from 

both in vitro and in vivo IBD models. At a cellular level, the TNF-α-induced inflammatory 

response in IECs was suppressed by CaSR agonistic γ-glutamyl dipeptides. The profound finding 

of our research is to firstly identify a cross-talk of intracellular signalling pathways regulated by 

the receptor interaction between TNFR and CaSR by which intestinal inflammation is attenuated 



 

175 

 

by CaSR agonistic dietary peptide supplementation. This study provides significant insight into 

the mechanism underlying CaSR agonistic dipeptide modulating intestinal mucosal inflammation 

at the cellular level. The main implication of this study is to improve the fundamental knowledge 

about how CaSR agonistic dipeptide-based interventions can modulate inflammation, and 

provide solid evidence to identify the cellular mechanisms underlying their therapeutic 

implication.  

 

As introducing previously, both γ-EC and γ-EV were developed as flavour enhancer or flavour 

compounts by Ajinomoto Co. Inc. Those are derived products from the sodium glutamate (MSG) 

which is known as a flavor enhancer and widely used in food industry. However, there is a health 

concern associated with the long term consumption of MSG, because MSG-induced extra 

sodium intake may increase the risk of development of cardivascular disease. As a major food 

ingredient, developing a new type of safe flavor enhancer currently obtains attention from the 

food industry.  The γ-EC and γ-EV as new flavor enhancer components can activate CaSR 

because of their unique chemical structure. We identified that the γ-EC and γ-EV have anti-

inflammatory properties in the gut system through activating CaSR. Since both γ-EC and γ-EV 

are flavor enhancers developed by Ajinomoto Co. Inc., the integrated anti-inflammtory effects of 

γ-EC and γ-EV identified in this study contribute to discovery of health benefits of these 

dipeptides, and may provide a novel evidence for food marketing industries to adjust convential 

beliefs about food flavor enhancers, offering benefit to development of subsequnt consumer 

marketing.   
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5.2 Future works 

From above studies, we have revealed the anti-inflammatory effects of γ-glutamyl dipeptides in 

an impaired gut system and the mechanism of γ-glutamyl dipeptide-activated CaSR attenuating 

TNF-α-induced pro-inflammatory signaling cascades in IECs. However, other possible 

mechanisms may be also involved in this progress which cannot be excluded by our current 

study, and those are required to be assessed in the further analysis. For an instance, a peptide-

specific transporter along the intestinal epithelial cell membranes referred as proton-dependent 

peptide transporter (hPepT1) has been currently identified (Adibi, 1997; Shimizu, 2004). hPepT1 

is an electrogenic transporter located on apical epithelial cell of the small intestine to generate a 

proton gradient by which oligopeptide is transported into cellular endoplasm. A variety of 

specific substrates for hPepT1 include di- and tripeptides and peptidominetic drugs (Brodin, 

Nielsen, Steffansen, & Frokjaer, 2002).  It has been suggested that hPepT1 may be a potential 

therapeutic targets by which dietary peptides can regulate inflammatory responses in IECs 

(Kovacs-Nolan, et al., 2012). Accordingly, it is necessary to verify whether γ-EC- and γ-EV 

exert anti-inflammatory effects on IECs mediated by hPepT1. 

 

Secondly, we identified that the anti-inflammatory activity of γ-EC- and γ-EV are mediated by 

CaSR activation. CaSR, referred as a nutrient sensing receptor distributed along the GI track, is 

able to sense nutrient availability and is regulated by a variety of dietary components including 

L-amino acids and cationic peptides such as poly-L-lysine (Saidak, Brazier, Kamel, & 

Mentaverri, 2009). As well known, CaSR expressed by cells existing within the GI tract is 

involved in regulating absorption and satiety in response to aromatic amino acids such as L-

tryptophan (Trp) and L-phenylalanine (Pen) (Conigrave & Brown, 2006). L-Trp is also 
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implicated in regulating gastric acid secretion from G cells in a CaSR-dependent manner. 

Besides, we have identified the anti-inflammatory effects of L-Trp in a DSS-induced pig model 

from our previous study. However, the mechanism underlying L-Trp modulating DSS-induced 

inflammation in pig intestine was unknown. It is possible for L-Trp to exert beneficial effects on 

modulating gut health mediated through stimulating CaSR activation. Accordingly, it is needed 

to identify the anti-inflammatory effect of aromatic amino acids and dietary cationic peptides in 

the gut system, and verify whether their anti-inflammatory activity is mediated by CaSR 

activation. 

 

Lastly, integrated signaling pathways regulated by γ-EC supplementation were revealed in the 

inflamed colon from the above study. An overview of genomic alteration induced by γ-EC 

treatment was provided by microarray analysis in the DSS colitis mouse colon tissue. As a 

screening tool, microarray can scan and assess numerous gene expressions spontaneously. The 

altered gene expressions caused by γ-EC supplementation were applied for a comprehensive 

pathway analysis by using IPA software, and then a variety of biological pathways regulated by 

γ-EC supplementation in a DSS-induced colitis mouse model were identified those need to be 

ulteriorly studied. For examples, the upper stream signaling molecules such as IL-17 and IL-10 

regulated by γ-EC were detected by the pathway analysis. Those are correlated to our previous 

finding in the in vivo study in which γ-EC supplementation was shown to reduce IL-17 

production and raise IL-10 production in the DSS-induce mouse colon. Therefore, the 

implication of γ-EC supplementation in controlling Th17 mediated immune response and 

directing T cell differentiation needs to be explored in the future. The regulatory effect of γ-EC 

on T cell differentiation may potentially enhance Treg response and augment IL-10 production. 
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To sum up, the possible biological pathways regulated by γ-EC supplementation are worth to be 

addressed which may provide important information to elucidate how the γ-EC supplementation 

exerts therapeutic effects on preventing tissue damage caused by inflammation.  
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