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THESIS ABSTRACT 

Inflammatory bowel disease (IBD) is an idiopathic inflammatory disease of the gastrointestinal tract and 

classified as Crohn’s disease (CD) and ulcerative colitis (UC). IBD is characterized by altered functions 

of macrophages and intestinal epithelial cells.  

Dextran sulfate sodium (DSS)- and 2,4-Dinitrobenzenesulfonic acid (DNBS)-induced colitis are 

experimental animal models that mimic UC and CD. For the first time, we determined the stability of 

reference genes in mice treated with DSS or DNBS and highlighted the importance of the appropriate 

choice of reference genes to ensure adequate normalization of RT-qPCR data. We reported that TATA-

box-binding protein (Tbp) and eukaryotic translation elongation factor 2 (Eef2) were reference genes of 

choice instead of commonly used glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and β-actin 

(Actb), which were not recommended.  

Chromogranin-A (CHGA) is secreted by enterochromaffin cells and is elevated in IBD patients. 

Chromogranin-A is cleaved into several bioactive peptides that regulate several biological functions. 

However, the role of chromogranin-A and its derived peptides in IBD remains unclear. Thus, we 

investigated the functions of chromogranin-A and its derived peptides in IBD. Chromofungin (CHR: 

CHGA47-66) is a short CHGA-bioactive peptide involved in immune regulation. We demonstrated that 

Chromofungin, which encodes by CHGA exon-IV, is decreased in active UC patients and correlated 

negatively with classically activated macrophages (M1) and nuclear transcription factor kappa B (NF-

κB) activation markers, while it is correlated positively with alternatively activated macrophages (M2) 

and epithelial homeostasis markers. Chromofungin treatment decreased the severity of DSS-induced 

colitis through a decrease in M1 and NF-κB activation, and an enhancement of M2 and epithelial 

activation markers.  
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In parallel, we found that chromogranin-A was elevated in patients with active UC and associated with 

an increase in M1 activity and epithelial apoptosis, and a decrease in M2 mediators. Deletion of 

chromogranin-A protected against DSS-induced colitis through the modulation of macrophages and 

epithelial cells functions via the caspase-3/p53 pathway. 

Amelioration of colitis in Chga-knockout mouse allowed us to determine if some of the CHGA-derived 

peptides could enhance the inflammatory cascades. We found that Pancreastatin (PST: CHGA273-301), 

which encodes by CHGA exon-VII, is increased in UC patients and correlated positively with M1 

activity, while it is correlated negatively with M2, STAT3, and epithelial homeostasis. Administration of 

Pancreastatin exacerbated the severity of colitis in Chga-/- and Chga+/+ mice through an amplification of 

M1 activity by suppressing the phosphorylation of STAT3, restraining M2 activity and disturbing the 

epithelial homeostasis.  

To summarize, common reference genes are not recommended two animal models of IBD. 

Chromogranin-A plays a significant role in IBD; Chromofungin has protective features, while 

pancreastatin has detrimental effects during acute inflammation. Chromogranin-A, Chromofungin, and 

Pancreastatin appear as novel regulatory biomarkers and mediators in IBD, suggesting their potential for 

developing novel therapeutic strategies in IBD.   
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CHAPTER 1 

LITERATURE REVIEW 

2.1. Inflammatory Bowel Disease (IBD) 
2.1.1. Definition 

IBD is a long-lasting inflammatory disease affecting the gastrointestinal tract, characterized by a 

misguided inflammatory response by the mucosal resulting in structural damage to the intestinal mucosa. 

The two main forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC) that are differentiated 

by their clinical manifestations and hypothesized pathogenic mechanisms (1). UC is a non-transmural 

inflammatory disease mainly affecting the rectal and colonic mucosa, and CD can involve the whole 

gastrointestinal tract from the mouth to the anus. When neither UC nor CD diagnosis can be established, 

the term IBD unknown is used (2, 3). Moreover, in some cases the histologic examination cannot 

discriminate between UC and CD and then the term indeterminate colitis is used (4). 

2.1.2. Prevalence and Incidence 

The incidence and prevalence of IBD substantially increase in the 20th century especially in 

adolescence (5). IBD is diagnosed early in people <30 years old and its incidence is aggregating in the 

second decade of life (6, 7). Currently, IBD is a global health concern with increasing its annual 

incidence of IBD in Europe (For UC 24.3/100,000 and for CD 12.7/100,000 persons), in North America 

(For UC 19.2/100,000 and for CD 20.2/100,000 persons) and in Asia and Middle East (For 

UC 6.3/100,000 and for CD 5.0/100,000 persons). Also, IBD has high prevalence in Europe 

(UC 505/100,1000 and CD 322/100,000 persons) and North America (UC 249/100,000 and 

CD 319/100,000 persons (8). The genetic and environmental factors play a significant role to increase 

incidence of IBD that may be attributed to the lack of medical resources and effective treatments. 
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2.1.3. Etiology 

Although the definite causes of IBD remains unknown, the advanced research signified that the 

genetic susceptibility, aberrant immune responses, gut microbiota and external environment are 

implicated and functionally incorporated in the pathophysiology of IBD (9). Genome-wide association 

studies (GWAS) which identify single nucleotide polymorphisms recognized the IBD-associated genes 

highlighting the genetic contribution in the pathophysiology of IBD (10, 11). Therefore, discovery of the 

genetics and heritability factors that contribute in IBD highlights future explorations of gene-

environment interactions, gene-gene interactions, gene-pathway interactions to provide more insights 

into IBD pathogenesis. Furthermore, the environmental risk factors including drugs, smoking, diet, social 

stress and geography contribute significantly in the development of IBD (12). The expansion of 

knowledge over the last 10 years has shifted the research to investigate the luminal microbial 

composition. The gut microbiome altered in IBD suggesting a potential role in shaping the mucosal 

innate and adaptive immune responses (13, 14). 

2.2. Immunobiology of IBD  

During the past years, the research regarding the pathophysiology of IBD has been mostly focused 

on its immune responses and the exploration of how a dysregulated immune response could prompt and 

perpetuate chronic intestinal inflammation (Figure 2.1). This notion is strengthened by the success of 

immunosuppressive drugs such as cytokines and cytokine receptor blockers, or apoptosis inducers. But 

the complete knowledge of the etiology and mechanisms underlying the development of IBD are still not 

fully elucidated.  

The increase of chronic inflammatory and autoimmune disorders is correlated with the reduction in 

infectious diseases, the decrease in parasitic infestation, use of chemotherapy, vaccinations, and a general 
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development in sanitary conditions (15). This correlation shapes the notion of the hygiene hypothesis, 

which is supported by the concept that the microbiota is an essential player in the immune system 

education after birth. Thereby, the lack of microbes alters the immune education and promotes immune-

mediated diseases (16). This hypothesis fits suitably with the well-established relationship between the 

immunopathogenesis of IBD and the dysbiosis of the gut microbiota seen in some of the IBD patients 

(17, 18).  

The gut contains one the largest microbial community of the body (19). The gut microbiota is more 

stable in adulthood, while several factors exert a significant effect on shaping the gut microbiota in 

childhood (i.e. food, delivery mode, and hygiene) (20). Early gut microbial colonization is indispensable 

for the maturation and the education of the innate and the adaptive immune systems (21, 22). Innate 

immune receptors including Toll-like receptors (TLR) sense the microbe-associated molecular patterns 

and pathogen-associated molecular patterns to maintain the intestinal homeostasis (23). Therefore, an 

aberrant acute immune response to these molecular patterns can initiate a compensatory adaptive 

immune response, and ultimately launch chronic inflammation (24, 25).  

2.2.1. Innate Immune Responses in IBD 

The innate immune system is the first line of defense composed of diverse cell types, including 

immune cells such as macrophages, dendritic cells (DCs), neutrophils, and monocytes, and non-immune 

cells such as epithelial cells (26). At the early stage, intestinal inflammation is characterized by a 

mucosal infiltration of neutrophils, which contribute to the pathogenesis of IBD through the impairment 

of epithelial barrier function, oxidative and proteolytic tissue destruction, and production of 

inflammatory mediators (27, 28). Macrophages are one of the key players in the pathogenesis of IBD and 

have switchable functional states depending on their microenvironment (29). Macrophages fail to 
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produce pro-inflammatory cytokines in healthy intestinal mucosa (29), however, in patients with IBD, 

macrophages produce profuse amounts of pro-inflammatory cytokines and chemokines (30). The 

abnormal activation of macrophages lead to a defective antigen clearance and the development of 

chronic intestinal inflammation (30).  

DCs are heterogeneous innate immune cells that include plasmocytoid, myeloid, tissue-resident 

and blood-monocyte-derived subtypes (31). DCs monitor the surrounding microenvironment, present the 

antigens and shape the following immune responses to develop tolerance or initiate an adaptive immune 

response (31). In the context of IBD, DCs regulate the communication between the innate and the 

adaptive immune systems to maintain intestinal homeostasis or induce inflammation (29). Moreover, 

epithelial cell-derived thymic stromal lymphopoietin shapes the functions of DCs demonstrating the 

importance of the interaction between the intestinal epithelial cells (IECs) and DCs in gut homeostasis 

(32-35). DCs are characterized by improper functional states in IBD, demonstrating a high 

expression TLR2 and TLR4 associated to an increased production of IL-12, IL-6, chemokine receptors 

and chemoattractant to enhance and amplify the intestinal inflammation (29, 31).  

2.2.2. Adaptive Immune Responses in IBD 

Contrasting to the innate immune response, the adaptive immune responses are highly specific and 

confirm long-lasting immunity (36, 37). The main components of the adaptive immune system are T 

helper cells (Th), which are plastic and adaptable to stimuli (37).  
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Figure 2.1. Interactions between immune system, microbiota, host genetic and environmental factors contribute to the 
pathogenesis of IBD. Figure is adapted from Zhang et al. (38). 
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Naïve Th cells can be activated and differentiated into various Th subtypes including Th1, Th2 or 

Th17 cells (36, 37). Appropriate activation of Th cells is a fundamental toward the antigen clearance. 

However, abnormal development of activated T cell subtypes can lead to initiate the inflammatory 

cascade through excessive production of cytokines and chemokines (39).  

Until a few years ago, CD was entitled as a Th1-mediated condition based on a prominent 

production of IL-12 and IFN-γ, while UC was illustrated as an uncommon Th2-mediated condition based 

on increased production of IL-5 and IL-13, associated with low expression of IL-4 (37, 40, 41). 

Cytokines associated with pro-inflammatory T cell types are fundamental mediators of intestinal 

inflammation (42). IFN-γ produced by Th1 cells triggers the apoptosis of enterocytes and enhances the 

macrophages activation to produce more TNF-α. Furthermore, Th1 cells produce TNF-α, which induces 

the differentiation of stromal cells into myofibroblasts and endorses their production of matrix 

metalloproteinases to trigger enterocyte apoptosis (43, 44). Although, Th2 response in the development 

of IBD is still under debate, IL-13 produced by Th2 cells can indeed enhance intestinal permeability and 

promote enterocyte apoptosis (45). Th2 response is a hallmark of helminths infection and is characterized 

by high an increase of IL-4 (46). Subsequently, several studies highlighted that helminths infestation 

protects against colitis, as IL-4 being able to repress the production of Th1 cytokines (46-48). The 

discovery of IL-17-producing Th17 cells modified this Th1/Th2 concept (49).  

Th17 cells produce a large amount of IL-17, IL-21 and IL-22, and are stimulated by a combination 

of IL-6 and transforming growth factor (TGF)-β, and expand under IL-23 (50). IL-17A is elevated in the 

inflamed intestinal mucosa of IBD patients and is associated with abundant Th17 and Th1/Th17 cells 

(51-53). Intestinal expression of IL-21 is higher in patients with CD when compared with UC and normal 

intestinal tissue (54). IL-21 induces the Th1 signaling and IFN-γ production (54), and increases the 

expression of IL-23 receptor present on Th17 cells to potentiate the expansion of Th17 subset (55-57). 
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Deletion of IL-21 protects against colitis by enhancing the resistance to Th1/Th17 cell-driven colitis and 

by decreasing the release of IL-17A and IFN-γ (58). IL-17A produced by Th17 cells promotes the 

recruitment and effector functions of different immune cells such as neutrophil and macrophages to the 

inflamed mucosa, and induces the increase of pro-inflammatory molecules, such as IL-1β and inducible 

nitric oxide synthase (iNOS) (59, 60). Also, inconsistencies exist regarding the expression of IL-22. IL-

22 is elevated in active CD and DSS-induced colitis (61), but is reduced in inflamed UC colonic tissue 

(62) and IL-22 exerts protective properties in DSS-induced colitis (63).  

There are many regulatory cells, which are essential to develop tolerance to antigens (64). CD4+ T 

cells that express the forkhead box protein P3 transcription factor (FoxP3+) and the IL-2 receptor α chain 

(CD25+), so-called Treg cells, are involved in the intestinal homeostasis (64, 65). Thus, alterations in the 

function of Treg cells can initiate inflammatory processes (66). CD4+FoxP3+CD25+ Treg cells have been 

distinguished in the healthy mucosa; their number increases during intestinal inflammation and can 

reduce Th1-mediated colitis (67-69). Treg cells exert their protective and immunoregualtory functions by 

producing anti-inflammatory cytokines such as IL-10 and TGFβ and by decreasing the activation and the 

effector function of T cells (70). Interestingly, stimulation of Treg cells with IL-6 can suppress the 

expression of FoxP3 and induce IL-17 expression, subsequently developing Th17-like subtype of cells 

(71). This is critical during the progression of chronic mucosal inflammation.  

2.3. The Role of Macrophages in IBD 

Macrophages mediate the microbial recognition and destruction, and their interaction with the gut 

microbiota drives the immune responses by activating several inflammatory cascades (29, 72, 73). IBD is 

characterized by mucosal recruitment of a variety of inflammatory cells including T lymphocytes, 

macrophages, dendritic cells, neutrophils, and plasma cells that produce a wide array of cytokines (15). 
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Several studies demonstrated that alterations in the responses of macrophages to luminal antigens 

underlie the IBD pathogenesis (Figure 2.2) (74), therefore, understanding how macrophages maintain gut 

homeostasis can provide novel therapeutic approaches. Discovering new targets involved in mediating 

macrophage switch from a pro-inflammatory to an anti-inflammatory status can offer novel therapeutic 

strategies toward patients with UC and CD.   

Macrophages comprise a unique group of tissue immune cells that are ideally situated at the 

interface of the host and the enteric luminal environment to appropriately respond to microbes and 

ingested stimuli. However, alterations in macrophage functions contribute to the pathogenesis of IBD 

(14). Macrophages are a highly heterogeneous population of cells that exhibit a continuum of activation 

states. The wide range of macrophage phenotypes is often somewhat oversimplified into two functional 

groups: group 1: “inflammatory, M1 macrophages” (producing a low amount of interleukin [IL]-10); 

group 2: “wound healing, M2 macrophages” (producing a low to high amount of IL-10) and a recently 

appreciated subset of macrophages that produces high levels of IL-10 is referred to as “regulatory 

macrophages: Mregs” (82). Macrophages polarization depends on specific combinations of cytokines 

within the microenvironment (83) and evidence suggests that macrophages maintain considerable 

plasticity between activation states (82, 84).     



 
 
 

	
	
 
 

9	

 
Figure 2.2. Schematic summary of the relative intestinal macrophage-subtype distribution in (A) gut homeostasis or (B) 
ulcerative colitis (UC), and (C) Crohn’s disease (CD). The figure is adapted from Kühl et al (74). 
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M1 are polarized by IFN-γ that produced by NK and Th1 cells, TNF-α that produced by 

granulocytes or other antigen presenting cells (APCs) (85, 86). M1 macrophages produce pro-

inflammatory cytokines implicated in IBD (TNF-α, IL-12, IL-6), reactive oxygen and nitrogen species 

that promotes the differentiation and activation of Th1 and Th17 cells (82), and they are essential for the 

eradication of intracellular infections. M2 are polarized by IL-4 produced by granulocytes or Th2 cells in 

response to tissue injury (82). M2 produce matrix metalloproteases, growth factors, IL-10 and exhibit 

efficient phagocytosis of debris without producing pro-inflammatory cytokines that facilitate the wound 

healing. M2 are also efficient at recruiting FoxP3+ Treg cells, which would further down regulate local 

immune responses (86). The third subtype of regulatory macrophages (Mregs) is polarized by a wide 

array of signals, including IgG immune complexes, IL-10, prostaglandins, and apoptotic cells (82). 

Mregs differ from M2 as they do not produce extracellular matrix components but express high levels of 

co-stimulatory molecules (CD80, CD86) necessary for the T cells activation (87).  

The pathogenesis of IBD, including CD and UC, includes somewhat a defined and multifaceted 

interactions between innate immune responses, and the luminal content (29). The advanced genome-wide 

association studies highlighted the crucial role of the innate immune cells, especially macrophages in the 

pathogenesis of IBD (29). Macrophages are the first responders and direct subsequent adaptive immune 

responses (29). Moreover, macrophages are the main producers of pro-inflammatory cytokines such as 

IL-1, IL-6, TNFα, IL-23 and contributes to tissue damage in the inflamed intestinal mucosa (75).  

IBD is characterized by a phenotypic and functional alterations at the macrophages level (76). 

Depletion of phagocytes in Il10-/- mice ameliorates the onset and progression of colitis (77). Furthermore, 

different subsets of macrophages have dissimilar effects on the progression of colitis. M2 protect mice 

from DSS colitis, whereas M1 contribute to disease severity (78, 79). In this context, anti-TNF agents 
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reduce the onset and severity of intestinal inflammation associated with an increase of M2 activity (80). 

Moreover, mesenchymal stem cells reduce the progression of colitis by modulating inflammatory 

cytokines in the intestinal mucosa and enhancing the M2 switch (81). Furthermore, M2 drive a 

directionally concordant development of the iTreg–Th17 cell axis and re-establish mucosal tolerance 

during the development of experimental colitis (82).  

Several factors can modulate the functions of macrophages during the development of colitis. For 

example, selective deletion of the epidermal growth factor receptor in macrophages (which promotes 

cellular proliferation, differentiation, survival, and wound closure) leads to an increase in the IL-10 level 

resulting in protection against intestinal inflammation (83). Also, prostaglandin E receptor 4–associated 

protein is essential in macrophages to suppress the intestinal inflammation and maintain gut homeostasis 

(84). Activation of G protein–coupled receptors, which is expressed in macrophages, stimulates an IL-

10–dependent shift toward M2 and rescues mice from experimental colitis (85). Several other studies 

demonstrated that reducing the activity of M1 and enhancing the polarization M2 exert protective 

features against the intestinal inflammation (86, 87).  

Furthermore, unregulated, the different subsets of macrophages activity can induce tissue damage 

including the host to develop inflammatory processes or at the opposite, can induce mucosal healing. 

Understanding how chromogranin (CHGA) and its derived peptides regulate macrophages functions to 

maintain intestinal homeostasis has important outcomes. Homeostasis requires an active process and 

disruption of this balance contributes to the development of chronic inflammation. Dysregulation of 

macrophages functions and how they respond to enteric antigens, eradicate bacteria, and induce 

resolution of inflammation underlies their importance in the development of IBD. Understanding these 

pathways could influence the development of novel and more effective IBD therapeutics. 



 
 
 

	
	
 
 

12	

2.4. Animal Models of IBD 

The use of experimental animal models of intestinal inflammation has achieved much of the recent 

progress in the ground of understanding about the intestinal immunobiology (88). Although these models 

do not represent the complexity of human disease and do not replace studies with patient biopsies, they 

are valuable tools for studying many important disease aspects, which are difficult to address in humans. 

A number of animal models are available to study IBD. Among them chemically induced animal models 

are widely used due to their induction simplicity, immediate onset of inflammation and better control 

(88). The most widely used and characterized experimental model of UC is DSS experimental colitis, 

which was developed by administration of DSS in the drinking water. Changing the concentration and 

duration of DSS exposure can induce acute, chronic model of colitis. The severity of colitis also depends 

on the molecular weight of DSS (89). The exact etiology of DSS induced colitis is still unknown. 

However, there are reports of increased rates of apoptosis and decreased proliferation of epithelium in 

acute DSS colitis leading to defective epithelium integrity. Due to the loss of epithelium integrity, altered 

activation of the immune system can take place that was evident through a significant increased 

expression of pro-inflammatory cytokines (TNF-α, IL-1β, IFN-γ and IL-12) in the colon of DSS colitic 

models (89). The, DSS-experimental colitis model is a suitable model to address the objective proposed 

within this proposal. 

The hapten-induced trinitrobenzene sulfonic acid (TNBS) and the dinitrobenzenesulfonic acid (DNBS) 

models of colitis are the two main models that mimic CD (88). They are given via rectal installations, 

diluted in varying concentrations of ethanol(89). Ethanol administration is necessary to interrupt the 

colonic mucosal barrier to permit diffusion of DNBS or TNBS into the intestinal mucosa and activate the 

host immune responses(90). Clinically, DNBS results in severe inflammation in the colon and 
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rectum(91), and induces a strong inflammatory response (92). Compared to DNBS, TNBS is considered 

to be a hazardous chemical because of its highly oxidative properties that can enhance the risk of 

explosion upon contact with bases such as sodium and potassium hydroxide. Moreover, DNBS binds 

more selectively to proteins than TNBS, binding only to the ε-amino group of lysine (89). Furthermore, 

TNBS is no longer accessible in the United States of America(89). Therefore, DNBS is currently favored 

over TNBS to induce colitis. 

2.5. Treatments for IBD  

Diverse therapeutic innovations have led to a shift in the medical management of UC and CD 

patients. The treatment of patients with UC depends on the stage of the disease, while in CD depends on 

both location and severity of the disease.  

2.5.1. Classic Anti-inflammatory Medications 

Classical IBD treatments include amino salicylates, and antibiotics to treat mild disease, 

corticosteroids to treat moderate disease, and biological molecules to treat aggressive disease (15). 

Furthermore, maintenance therapies include azathioprine, mercaptopurine, amino salicylates, 

methotrexate and metronidazole (15). However, these drugs have severe side effects and some patients 

do not achieve clinical remission state (16). 

Classic anti-inflammatory medications: 5-Aminosalicylates are essential frequently used anti-

inflammatory drugs in UC patients (93). However, 5-Aminosalicylates show limited effectiveness in 

prompting resolution of inflammation and clinical implications in CD patients (94). In patients with UC, 

5-Aminosalicylates show efficacy in repressing the inflammation and inducing of remission (95). The 

pharmacologic mechanism of action for 5-Aminosalicylates includes reduction of pro-inflammatory 
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mediators, inhibition of neutrophil chemotaxis, suppression of prostaglandin synthesis via the blockade 

of the cyclooxygenase and the lipoxygenase, and by decreasing NF-κB activition (93).  

Besides 5-Aminosalicylates, systemically and topically delivered corticosteroids are applied to 

induce remission in patients with UC (96). However, corticosteroids are not appropriate to maintain the 

remission in UC and CD (97). The mode of action for corticosteroids depends on the binding of 

glucocorticoids to a specific cytosolic receptor followed by its translocation to the nucleus to regulate 

gene transcription (98), and inactivate pro-inflammatory transcription factors such as NF-κB (99). 

2.5.2. Classic Immunosuppressive Medications  

Azathioprine, cyclosporin-A and methotrexate are the classic immunosuppressive drugs of choice 

in the treatment of IBD patients (100). These drugs have been used to induce the remission stage in 

patients with UC and CD (101-104). Mechanistically, azathioprine inhibits the activation of the innate 

and adaptive immune cells and enhances T cells apoptosis (105). Moreover, cyclosporine-A binds to 

specific intracellular receptors and then block the activation of the transcription factor nuclear factor of 

activated T cells (NFAT) that regulates the gene expression of cytokines and T cells apoptosis (106). 

Methotrexate suppresses production of inflammatory cytokines (107), and regulates the survival of 

immune cells through the inhibition of cell proliferation and induction of apoptotic events (108).  

2.5.3. Biologic Therapy With Anti-TNF Agents 

Biological therapy for IBD can be associated with the existing of pro-inflammatory cytokines in 

the intestinal mucosa of the IBD patients. These cytokines, particularly TNF-α, are significant 

contributors in the development of IBD (17). TNF-α links the innate and the adaptive immune responses, 

and has a crucial significance in the development of IBD (42). TNF is produced by immune and non-
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immune cells in the inflamed intestinal mucosa of IBD patients (42). TNF has detrimental effects in the 

gut wall including induction of neo-angiogenesis, and activation of macrophages to release more pro-

inflammatory cytokines (42). Thus, the use of monoclonal antibodies such as anti-TNF-α seems 

promising to treat IBD through the activation various immune mechanisms including the induction of T 

cells apoptosis, complement activation, and antibody production (17). Furthermore, blockade of TNF 

reestablishes the suppressive function of Treg cells and enhances their protective and beneficial features 

(48). Consequently, anti-TNF treatment increases the number of CD4+FoxP3+CD25+ cells and reverses 

their apoptosis in the mucosa of patients with IBD (49, 50). Although the biological therapies are 

effective, the high cost represents a barrier to the treatment. Moreover, long-lasting therapy with 

biological molecules can generate anti-drug antibodies leading to immunogenicity (18). Therefore, an 

optimal treatment regime is warranted to minimize the formation of anti-drug antibodies.  

Anti-TNF biological agents including infliximab, golimumab, certolizumab, and adalimumab are 

used as clinical biological therapies for UC and CD (109). Infliximab shows efficacy to induce and 

maintain the remission in IBD (110). Combination therapy between anti-TNF agent and 

immunosuppressive agents such as azathioprine has been used as treatment protocol in IBD showing 

higher efficacy in induction of corticosteroid-free clinical remission than monotherapy (111). Moreover, 

early combined immunosuppression reduced the possibility of major adverse consequences in IBD when 

compared with conventional therapeutic protocol (112). Although, the combination therapy between 

immunosuppressive drugs and TNF antagonists seems to be an effective strategy to achieve optimal 

outcomes in patients at high risk of IBD progression, long-term prospective studies are warranted to 

avoid serious complications (113).  
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Several ongoing studies aim to minimize the adverse effects of biological therapy. Therefore, 

preclinical, clinical studies and controlled clinical trials investigating the biological molecules are 

required. Moreover, developing alternative treatment protocols to IBD patients are highly appreciated.  

2.5.4. Cutting-Edge and Emerging Drugs  

Currently, anti-cytokines and therapies that manipulate leukocyte adhesion, cytokine receptors, and 

costimulatory signaling are being investigated as potential IBD treatments (15). The success of anti-TNF 

agents highlights the importance of the inhibition of pro-inflammatory cytokines and cytokine signaling 

as a key therapeutic strategy to manage IBD. However, studies using new cytokine inhibitors have 

resulted in disappointing outcomes, with anti-IFNγ antibodies (Fontolizumab) displaying low efficiency 

in active CD patients (114). Moreover, the anti-IL-17A antibody (Secukinumab) resulted in exacerbation 

of CD in several patients, conceivably be indebted to the protective features of IL-17A in the intestinal 

mucosa (115, 116). Conversely, other cytokine blockers displayed promising results in clinical trials.  

IL-6 and its agonistic soluble receptor (sIL-6R) contribute in activating immune cells, and their 

high levels in IBD patients are associated with activation of T cells (117). Moreover, blockade of IL-6R 

protects against experimental colitis (118). Consistently, the anti-IL-6R antibody (Tocilizumab) 

displayed promising results that associated with higher response and remission rates in CD (118). 

However, further studies are required to verify these effects on a large cohort of IBD patients.  

IL-12 p35–p40 and IL-23 p19/p40 are two pro-inflammatory cytokines that are increased in the 

intestinal mucosa of patients with IBD (40, 119). IL-23 p19 and p40 blockers effectively suppress 

intestinal inflammation in experimental mice models of colitis (120). Successively, antibodies against IL-

12–IL-23 p40 and IL-23 p19 subunits were developed and showed a high response rate in IBD patients 
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(Ustekinumab, Risankizumab, Ruselkumab) (121, 122). Moreover, cytokine signaling is regulated by 

intracellular activation of Janus kinases (JAKs). Therefore, JAK kinases inhibitors are used to regulate 

cytokine signaling (123, 124).  

Emerging new therapeutic approaches based on, inhibition of the active components of the immune 

system, improvement of the epithelial barrier functions and tissue remodeling, and activation of anti-

inflammatory pathways may provide novel therapeutic agents to control and manage both CD and UC. 

Therefore, we focus on investigating the role of CHGA and its derived peptides in physiological and 

pathological states of the intestinal mucosa. 

2.6. Chromogranin-A and derived peptides and their pharmacological effects during the 
development of intestinal inflammation (This section will be submitted as a review: Manuscript 1.) 

The gastrointestinal is the largest endocrine organ that produces a broad range of hormonally active 

peptides. Mucosal changes during inflammation alter the distribution and products of enteroendocrine 

cells (EECs) that plays a role in immune activation and regulation of gut homeostasis by mediating the 

communications between the nervous, endocrine and immune systems. Patients with IBD are 

characterized by an alteration of CHGA, a major soluble protein secreted by EECs that function as a pro-

hormone. CHGA gives rise to several bioactive peptides that have direct or indirect effects on biological 

processes associated with intestinal inflammation. In IBD CHGA and its derived peptides are correlated 

with the disease activity. Therefore, in this review, we described the potential immunomodulatory roles 

of CHGA and its derived peptides and their clinical relevance during the progression of intestinal 

inflammation. Ultimately targeting CHGA and its derived peptides might be of potential use for the 

diagnosis and clinical management of IBD patients. 
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2.6.1. Introduction 

The intestinal epithelium is a critical barrier that separates luminal contents from the underlying 

tissue. The enteroendocrine cells (EECs), the main components of the enteroendocrine system, are one of 

the main cells that help the intestinal epithelium to recognize the luminal contents and maintain its proper 

functions (125). EECs produce several hormones and pro-hormones with significant roles in 

gastrointestinal homeostasis, intestinal motility, and immunity (125). These hormones act as biological 

mediators in the intestinal mucosa with the possibility to diffuse to the central nervous system (CNS) 

through the brain-gut axis to regulate digestive processes, immune functions, blood flow secretion and 

motility (126, 127). Moreover, EEC products shape the immune functions, such as lymphocyte 

proliferation and immunoglobulin production, through the modulation of natural killer cell activity, 

phagocytosis, T cell differentiation, and cytokine production (127). This communication between the 

enteric nervous system and the immune system plays a major role in the pathophysiology of IBD. To 

maintain the intestinal homeostasis, EECs, and their secretory molecules induce endocrine, autocrine, 

paracrine and neurocrine regulatory effects in response to various nutrients, non-dietary antigens and gut 

microbiota (127, 128), which shape the intestinal immune responses.  

CHGA is one of the most abundant proteins localized in the secretory granules of EECs in the 

gastrointestinal tract (129) and is widely expressed by neuroendocrine cells (129). CHGA is the 

precursor of several functional peptides that exert a large range of biological functions by influencing the 

endocrine, neuroendocrine, cardiovascular and immune systems (129). Importantly, the presence of 

CHGA & its derived peptides in the extracellular space is a prerequisite for their function as regulatory 

peptides (127). In the context of intestinal inflammation, it has been demonstrated that the alteration of 

the intestinal epithelial homeostasis is associated with intestinal cell differentiation including CHGA 
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expression (130). Hyperplasia of EECs and high levels of CHGA have been reported in IBD and other 

gastrointestinal diseases (130-132), suggesting that CHGA is likely to play a critical role in maintaining 

the intestinal inflammation through the regulation of the innate and adaptive immune responses. 

Therefore, this article reviews the potential roles of CHGA and its derived peptides aiming at a coherent 

picture of their contributions to intestinal inflammatory responses and their roles in shaping the mucosal 

immune responses.  

2.6.2. Chromogranin-A Structure and Biology  

CHGA is a unique heat stable, acidic and soluble protein, presents abundantly in secretory cells 

of the endocrine, nervous, and immune systems, and express by several normal or neoplastic cells or 

some cancer cells (129). CHGA is co-stored and or co-released with catecholamines from storage 

granules in the adrenal medulla and EECs (129, 133-135). The human CHGA gene is located on 

chromosome 14q32.12 span 12 192 bp and is organized in eight exons and seven introns, providing rise 

to a transcript of 2,041 bp that encodes a 439-amino acid mature protein of 48 -52 kDa molecular weight 

(136). Human GHGA gene is homologous with a portion of mouse chromosome 12, rat chromosome 6, 

and bovine chromosome 21 (137). CHGA has ten dibasic sites, which are potential sites of proteolytic 

cleavage (37) and undergoes post-translational processes and proteolytic cleavages by pro-hormone 

convertases enzymes to generate several CHGA-derived peptides (CgDPs) (133, 134). Each exonic 

regions of CHGA give rise to one or more CgDPs and exon I correspond the signal peptide (129).    

The rate and pattern of CHGA processing diverge in a tissue-specific manner e.g. its rate and 

processing are low in the adrenal medulla and anterior pituitary gland, while they are faster and more 

extensively in gastrointestinal mucosa (129, 134). Furthermore, CHGA processing can happen after its 

release from neuroendocrine cells (138). For this reason, in the gastrointestinal mucosa, the regulation of 
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the CHGA processing to generate diverse molecules under different physiological and pathological 

conditions is crucial for counterbalancing pathophysiological conditions of the gastrointestinal tract to 

maintain the homeostasis. 

2.6.3. Potential Physiological Functions of CHGA in Intestinal Homeostasis  
2.6.3.1. Intracellular Functions of CHGA 

CHGA plays a critical role in calcium homeostasis, as it has a high-binding capacity and low 

affinity for Ca2+ (139). Additionally, CHGA expands the exchange of free and bound calcium within the 

secretory granules and the calcium mobilization into the cytoplasm via activation of the calcium channels 

present on the membrane of granules (129, 140). In the context of IBD, the colon has persistent, 

abnormal motility with amplified propulsive activity and reduced segmented contractions (141). More 

likely, alterations in the enteric nervous system play a significant role in the colon dysmotility (142), and 

the altered smooth muscle (SM) contraction also plays a potentially important role. The increase in 

cytosolic Ca2+ is crucial to intestinal SM contraction, which depends on Ca2+ influx from extracellular 

stores and Ca2+ release from intracellular stores during the intestinal inflammation (143). Subsequently, 

reduced Ca2+ influx and altered Ca2+ release contribute to dysmotility during the progression of intestinal 

inflammation (143-145). Moreover, understanding the molecular nature of Ca2+ signaling and regulation 

in the immune cells has suggested that interference with Ca2+ signaling may also be a useful approach to 

control excessive immune cells activation (146, 147). Linking all together, CHGA may be involved in 

regulating Ca2+ channel functions in colonic SM and various immune responses in the pathophysiology 

of intestinal inflammation, thus suggesting a promising role for CHGA in the therapeutic management of 

patients with IBD. 

Secretory granules are unique organelles in which hormones and neuropeptides are packaged and 
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stored for secretion through the regulated secretory pathway upon stimulation of neuroendocrine cells 

(148). Thereby, secretory granule biogenesis is an essential phase to accomplish the physiological 

functions of these hormones and neuropeptides (149). The additional intracellular function of CHGA is 

related to granule biogenesis; CHGA has an essential role in replacing the secretory granules cells after 

exocytosis and up regulating the biogenesis of dense-core granules through the inhibition of degradation 

process (150, 151). CHGA is the driving molecule for secretory granules biogenesis since it aggregates 

in the acidic environment of the vesicles and promotes the budding of trans-Golgi membranes ending 

with dense-core granules formation (150, 151). Moreover, CHGA N-terminal region firmly binds the 

lipid-rich microdomains of trans-Golgi membranes that affect the pro-hormone transport into the 

secretory granules or the adrenal medulla, into the chromaffin granules (152). 

2.6.3.2. Extracellular Functions of CHGA 

The adrenal medulla is the primary source of circulating CHGA, but adrenergic nerve endings 

(129) and neuroendocrine cells also secrete CHGA (153, 154). The enterochromaffin (EC) cells 

constitute the largest endocrine cell population in the gut (155) and are the main source of CHGA in the 

gastrointestinal mucosa (156), which is an important enteric mucosal signaling molecule influencing gut 

physiology and maintaining homeostasis (157, 158). Thus, the involvement of CHGA in the control of 

gut homeostasis is logical, but its immunological role remains to be verified. At CNS level, CHGA may 

have an autocrine role in modulating the secretion of peptides derived from the pituitary gland (159). To 

link CNS and gut, the brain-gut axis and its role in the gastrointestinal inflammation (160) could provide 

novel insights into the role of CHGA in the gastrointestinal pathological conditions. CHGA indirectly 

produces neuronal apoptosis by inducing microglia cells to generate both heat-stable diffusible 

neurotoxic agents and TNF-α (161), and there is evidence that a microglia-dependent TNFα-mediated 
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up-regulation in CNS excitability specifies insight into potential mechanisms underlying the different 

neurological changes associated with chronic intestinal inflammation (162). 

Angiogenesis is the process of new blood vessels formation from pre-existing vessels and is 

tightly controlled by the harmonized action of pro- and anti-angiogenesis factors (163). Altered 

angiogenesis is a common contributing factor underlying many pathologic conditions, including IBD 

(163). Morphological, phenotypic and functional evidence of potent angiogenic activity in patients with 

IBD has been studied, suggesting that the local microvasculature experiences a significant progression of 

inflammation-dependent angiogenesis (164). Growing evidence suggests that angiogenesis can be 

regulated by CHGA (165) through various mechanisms. These mechanisms include inhibition of 

endothelial cell proliferation, migration, and invasion that induced by vascular endothelial growth factor 

(166), stimulation of secretion of basic fibroblast growth factor (bFGF) (167), inhibition of hypoxia-

inducible factor-1 alpha nuclear translocation (165), TNF-induced disassembly of vascular-endothelial 

cadherin dependent adherence junctions and thrombin-induced endothelial permeability (166). Moreover, 

CHGA regulates the angiogenic factors tightly controlled by proteolysis through a thrombin-induced 

mechanism (168). Therefore, it is possible that CHGA can maintain intestinal homeostasis through 

regulation of angiogenesis process, which appears to be a fundamental component of IBD 

pathophysiology, providing the conceptual outline for anti-angiogenesis therapies in IBD. 

In human, CHGA gene has naturally occurring variation that involved in the alteration in 

autonomic function, which could explain the correlation between plasma CHGA concentration and 

catecholamine release and highlight its critical role in granule number, size, and density (169).   To 

decipher the implication of CHGA in various inflammatory diseases, recently, CHGA knockout mice 

have been produced (150). Mice are viable, healthy and fertile without any developmental abnormalities 
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and their neural and endocrine functions are not grossly impaired, and adrenal glands present regular 

structures with typical sizes and a number of chromaffin cells (150). 

To conclude, although the physiological impact of CHGA is yet to be fully understood, the 

accumulated evidence on significant contributions of CHGA lend substantial support to the hypothesis 

that these co-stored and co-released CHGA serve as a pro-hormone for regulatory peptides that can 

impact a broad range of biological functions that involved in maintaining gut homeostasis. 

2.6.4. The Functional Aspects of CHGA Derived Peptides in the Intestinal Mucosa 

CHGA is cleaved at multiple dibasic sites and exposed to an extensive degree of intracellular and 

extracellular proteolytic processing, particularly at the N- and C-terminal regions (138). CHGA 

undergoes post-translational processes and proteolytic cleavages induced by pro-hormone convertases 

enzymes to generate several biologically active peptides like pancreastatin, chromofungin, catestatin, 

betagranin, vasostatin-I, vasostatin-II, parastatin, prochromacin, WE14, serpinin, G25, chromacin, and 

chromostatin which all have a wide range of regulatory activities shaping the neuroendocrine and the 

immune systems (9, 10). Each of the exonic regions of CHGA gives rise to one or more CgDPs, with 

exon I correspond the signal peptide (5) (Figure 2.3). Some of the CgDPs have similar effects, but others 

provoke opposite responses. Therefore, it is more likely that two or more CgDPs could have synergistic 

or antagonistic effects in the intestinal mucosa to co-regulate the functions of immune cells (170). 

Understanding the expression level for each CgDPs during the progression of intestinal inflammation 

will provide novel insights toward discovering therapeutic windows for patients with IBD. 
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2.6.4.1. Vasostatins (VS) 

Vasostatins (VS) are two N-terminal CHGA peptides, VS-I (CHGA1—76) and VS-II (CHGA1—113) 

(171) elucidated a wide range of homeostatic actions, including inhibition of parathyroid hormone 

secretion, vasodilation, antimicrobial effects and regulation of cell adhesion (129). VS processing 

provides a series of biologically active shorter N-terminal peptides, i.e. CHGA1—16, CHGA1—40 and 

Chromofungin (CHGA47—66) named vasostatin-derived peptides (172). Approximately 50% of CHGA is 

processed intra-granularly before its release, which is critical for the biological activities of the 

subsequently secreted VS (138). Moreover, CHGA is processed extracellularly through several systems 

including the clot-dissolving plasmin generating VS-II (173). Most of the biological activities of 

vasostatins are counted for VS-1, which is involved in regulating various biological processes suggesting 

its potential as a novel therapeutic target for intestinal inflammation.  
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Figure 2.3. Schematic illustration of human chromogranin A (CHGA) structure and processing.  
The human CHGA gene is organized in eight exons and seven introns. Peptide-encoding regions and putative functional 
domains. Specific CHGA sequences undergo proteolytic cleavage by the pro-hormone convertases to generate several 
bioactive peptides include vasostatins (VS), Chromofungin (CHR), Pancreastatin (PST), Catestatin (CST), Prochromacin, 
Chromacin, WE-14, Serpinin, and parastatin. Roman numerals represent exon sequences in CHGA mRNA. Arabic numbers 
designate amino acids in the mature protein (minus signal peptide). (Eissa et al. 2017 Unpublished) 
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VS-I (CHGA1—76) protects the integrity of endothelial barriers and inhibits TNF-α-induced 

vascular leakage, a TNF-α-induced flux of proteins within endothelial cell monolayers, and TNF-α-

induced gap formation in arterial endothelial cells (174, 175). Increased the permeability of the intestinal 

epithelium and pro-inflammatory cytokines are key events in the pathogenesis of IBD, and their 

inhibition is considered a main therapeutic goal in the treatment of IBD (176). VS-1 constrained IFN-γ- 

and TNF-α-increased permeability of colonic epithelial cells and reduced IL-8 release in LPS-stimulated 

epithelial cells (177). Furthermore, VS-1 has a site that provokes adhesion and extending of fibroblasts 

and smooth muscle cells on solid surfaces (178); also VS-1 promotes the wound healing through the 

increasing of migration of mechanically injured Caco-2 cells (177). Oral administration of VS-1 protects 

against DSS-induced colitis by decreasing the weight loss, reducing colonic pro-inflammatory cytokines 

and inhibiting reduced intestinal transmembrane resistance (177). Additionally, in endothelial cells, VS-1 

can also inhibit the nuclear translocation of hypoxia inducible factor-1 alpha, a master regulator of 

angiogenesis suggesting that VS-1 is a critical regulator of angiogenesis (165). Also, VS-I is involved in 

many other biological processes in the gut such as antimicrobial activity, pain relief, and the suppression 

of gastrointestinal motility (175). Recently, it has been reported that VS-1 is implicated in leukemic cell 

trafficking and tissue infiltration in chronic lymphocytic leukemia suggesting the critical role of VS-I in 

the regulation of cell trafficking through the endothelial barrier (179).  

The gut has its local nervous system referred to as ENS to control the enteric processes include 

motility, immune response, microvascular circulation, intestinal barrier function, and epithelial secretion 

of fluids (180). IBD is characterized by a dysregulation of the ENS (142). Thereby, VS-I may have a 

potential to counterbalance the dysregulation of ENS during the progression of intestinal inflammation as 

VS-1 exerts effects on the expression of neurofilaments and the survivability of neurons. Also, VS-1 
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triggers the production of microglial neurotoxins and the death-signaling pathways in the neurons (181). 

In addition to this, VS-1 showed a nociceptive effect in colonic smooth muscle and afferent nerve 

terminals under experimental conditions (157, 158). 

Taken together, VS-1 can regulate the intestinal inflammation through different mechanisms that 

include inhibition of intestinal permeability and pro-inflammatory cytokines, improving cell trafficking, 

accelerating of healing of mechanically injured colonic epithelial cells and regulating angiogenesis and 

mediating ENS functions. 

2.6.4.2.  Chromofungin (CHR) 

CHR (CHGA47-66) is an active short CHGA N-terminal peptide, also named vasostatin-derived 

peptide, that has potent antimicrobial activity via penetration of the cell membranes through the lecithin 

monolayers and interacts with calmodulin in the presence of calcium (182, 183). The antimicrobial 

peptides are essential peptides in the maintenance of intestinal barrier function and immune homeostasis 

and are dysregulated within inflamed intestinal mucosa of patients with IBD (184, 185). Thus, CHR can 

have a significant role in the pathophysiology of intestinal inflammation. In addition to its antimicrobial 

activities, CHR activates neutrophils, with important implications for inflammation and innate immunity 

(186, 187) and facilitates the communication between the endocrine and immune systems (133). The 

local release of the cationic and amphipathic CHR from activated human polymorphonuclear (PMN) 

neutrophils aggravates the transient influx of Ca2+ that leads to activating the unstimulated PMN to 

produce a series of critical immune-regulating molecules (182, 183, 188). Moreover, CHR reduced the 

activity of M1 in response to LPS, enhanced M2 functions in response IL-4/IL-13 stimuli and decreased 

the chemotaxis activity (189). Furthermore, CHR reduced the severity of DSS-induced colitis that 

associated modulation of the macrophages plasticity and maintaining the homeostasis of the epithelial 
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cells (190). Moreover, CHR showed activity in modulating nociception by exhibiting potent 

antinociceptive effects at low doses through an action on the sensory neurotransmitter action and direct 

or/and indirect activation of inflammatory cells (158).    

Intestinal ischemia is a key factor in the pathophysiology of IBD and facilitates leukocyte 

infiltration, migration, and adhesion (191). Likewise, the vascular endothelium in CD patients is 

characterized by many abnormalities, including loss of monolayer integrity that led to tissue edema, 

extravasation of red blood cells, endothelial cell necrosis, and endothelial cell hypertrophy and infiltrated 

by various immune cells (192). Surprisingly, patients with IBD show an inflammatory response some 

relations to that seen in ischemic heart disease which has a higher prevalence in IBD patients (193). 

Interestingly, CHR treatment acts as a post-conditioning agent against ischemia/reperfusion (I/R) 

damages, decreasing infarct size and lactate dehydrogenase activity and directly affects heart 

performance, guards against I/R myocardial injuries throughout the activation of pro-survival kinases 

(194). Subsequently, we could assume that CHR could provide potential protective features in the 

context of intestinal inflammation through improving the vascular endothelium properties and regulating 

the intestinal vasculature functions.  

The interrelationships between the antimicrobial peptides, innate immunity, gut microbiota, 

epithelial proliferation pathways, sensory neurotransmitter action and activation of pro-survival kinases 

highlight the potential roles of CHR during the progression of intestinal inflammation. Alteration of the 

functional antimicrobial aspects in the gastrointestinal tract can participate in the damage at the level of 

the epithelial barrier by modulating the microbial composition and favor initiation of the inflammatory 

process at the intestinal mucosa. Further detailed explorations on the interplay of CHR, gut epithelial 

host—microbe interactions, immune responses, inflammation and proliferation pathways are necessary 
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to increase our understanding in that matter. Therefore, CHR might be a good therapeutic target that 

promises for the advance of new and causal therapeutic possibilities in different intestinal inflammatory 

disorders. 

2.6.4.3. Pancreastatin (PST) 

CHGA Exon-VII encodes for most of the biologically active peptides including the dysglycemic 

hormone PST (195). PST was the first recognized CgDPs (196) identified in human plasma and 

originally isolated from the porcine pancreas in 1986 (197). It consists of 49 amino acids (CHGA273—301) 

and needs C-terminal amidation to be active (195). PST is colocalized with histamine in EC of the 

stomach antrum and with insulin and somatostatin in the pancreatic islet cells (172). Released with 

catecholamines from the sympathetic nervous system in stress situations, PST appears to be involved in 

the modulation of energy metabolism, and it affects multiple facets of both carbohydrate and lipid 

metabolism decreasing glucose uptake and elevating spillover of free fatty acids (198). The energy 

metabolism is so crucial in the regulation of immune responses as the inflammatory mediator’s effect are 

regulated by metabolic reprograming of the immune cells in a mouse model of colitis and IBD patients 

(199). Moreover, the glucose transporters are essential in metabolic reprograming of CD4 T cell 

activation and T cell effector expansion and survival, which mediate the immunity (200). PST has a 

direct dysglycemic effect through alteration of glucose homeostasis and inhibition of insulin secretion 

(201). Also, PST has direct effects on the gastrointestinal mucosa through by inhibition of pancreatic and 

gastric exocrine secretion, parathormone release and vagus nerve stimulation (172, 202).  

IBD and insulin resistance are frequently interrelated clinical problems and associated with 

inflammation that is characterized by an increase of the pro-inflammatory cytokines and other signaling 

molecules and a down regulation of the anti-inflammatory mediators which result in an imbalance in the 
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gut microbiota (203). PST inhibits the action of insulin on glucose and lipid metabolism (198) 

demonstrating a positive relationship between PST and the development of insulin resistance (204). The 

hallmark of insulin resistance is enhanced the inflammatory cascade, which is defeated by improving the 

insulin sensitivity (205). PST deficiency in Chga-KO mice result in an up-regulation of the anti-

inflammatory molecules (Arginase, IL-10), while exogenous PST treatment decreased expressions of 

anti-inflammatory molecules and increased expression of the pro-inflammatory mediators (IL-1β, IL-6, 

TNF-α, IL-12p70, IFN) (205, 206). Furthermore, PST has direct effects on murine macrophages through 

the increasing of their pro-inflammatory cytokines in response to LPS stimuli (189, 205) and reduced 

anti-inflammatory mediators (Il10, Ym1, Fizz1) in response IL-4/IL-13 stimuli (189). PST deficiency in 

Chga-KO mice attenuated the disease severity and onset in mice model of colitis that associated with 

reduced pro-inflammatory mediators, elevated anti-inflammatory molecules, and suppression of caspase 

activation and p53 cell death pathways in the colonic mucosa (206). Interestingly, PST increases the 

chemotaxis activity of macrophages (189, 205) suggesting its potential in macrophages recruitment to the 

inflammatory microenvironment to amplify the inflammation. 

The accumulation of unfolded and misfolded proteins in the endoplasmic reticulum (ER) lumen, 

called ER stress, triggers the signaling pathways to stabilize defects in protein folding (207). The 

physiological roles of unfolded protein response (UPR) are to upturn repair activities, promote ER-

associated protein degradation and decrease global protein synthesis (208). Once UPR cannot mitigate 

the repair loads and protein-folding homeostasis, ER stress and cell death occur (209). PST interaction 

with glucose-regulated protein 78 (Grp78) is a prerequisite for protein folding and is a peptide-stimulated 

ATPase of the heat shock protein (Hsp)-70 family that favors ER stress (210). Moreover, Grp78s ATPase 

activity is an ER chaperone and is required to suppress of ER stress process (210). Interestingly, deletion 
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of CHGA leads to an increase in the expression of Grp78, but PST treatment reduces Grp78 ATPase 

activity and inhibits the increase of Grp78 during UPR activation (210). Likewise, ER stress is a major 

contributor to the intestinal secretory cell, and epithelial barrier dysfunction which results in local 

inflammation at the mucosal level (211), therefore restraining ER stress is a novel therapeutic target in 

ameliorating the intestinal inflammation (208, 212, 213). Surprisingly, deletion of CHGA results in 

suppression of p53 apoptotic pathway in the colonic mucosa in a murine model of UC (206). 

Thereby, it seems that PST acts as a pro-inflammatory peptide through the activation or 

suppression of various pathways which are involved in the intestinal inflammation. The loss of PST is 

likely only partially accountable for the attenuated inflammation seen in Chga-KO mice, and further 

studies are required to study its potential cellular and molecular immunomodulatory properties at the 

intestinal mucosa level. 

2.6.4.4. Catestatin (CST) 

CST is a 21 amino acid-long sequence of CHGA encodes by CHGA exon-VII (human 

CHGA352—372, bovine CHGA344—364, rat CHGA367—387) (172). CST is highly conserved, and its 

molecular structure is predicted as a dominant cationic loop tethered by two flanking β-strands (214). 

CST acts as nicotinic cholinergic receptors antagonist and as a potent autocrine inhibitor of 

catecholamine secretion. Besides its effects on immune cell migration (215), CST can induce 

cardiovascular responses locally and systematically (216) via induction of vasorelaxant and 

antihypertensive effects through the induction of histamine release from mast cells (217, 218). Moreover, 

CTS has angiogenic and vasculogenic activities, as it promotes migration and proliferation of endothelial 

cells and stimulates chemotaxis of vascular smooth muscle cells (219). In the context of colitis, a recent 

study revealed a novel function of hCST in the regulation of gut inflammation in association with the 
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inhibition of pro-inflammatory cytokine production via signal transducers and activator of transcription 

(STAT)-3 dependent molecular mechanism (220). Up-regulation of mouse (m) CST signaling in 

response to chemical stimuli (2,4-dinitrobenzene-sulfonic acid [DNBS; mimicking CD] & [DSS]) can 

take part in decreasing gut inflammation by influencing immune cell activation, and by reducing the 

production of inflammatory mediators (220). Additionally, CST stimulates chemotaxis of human 

peripheral blood monocytes, exhibiting its maximal effect at a concentration of 1nM comparable to the 

established chemoattractant formylated peptide (215). Furthermore, CST can attenuate the reactivation of 

intestinal inflammation via suppression M1 activity without affecting the functional ability of M2 and 

restraining the release of their associated cytokines (189, 221). 

The proper composition of the gut microbiome and its perturbations in the pathophysiology of 

IBD has been investigated extensively over the last few years suggesting a critical role of altered 

microbiome or “dysbiosis” during the inflammatory process in IBD (222). CST exerts antimicrobial 

activity, which accounts for the N-terminal fragment cateslytin (CTL, CHGA344—358) (223) through 

penetrating the cell membranes and accumulating within the cytoplasm to target intracellular mediators 

and blocking the growth of microorganisms (224). Moreover, deletion of CST decreases the innate 

antimicrobial defense through lessening the antimicrobial peptide activity (225). The effect of CST on 

murine gut microbiota was investigated, intracolonic administration of CST showed a significant relative 

reduction of Firmicutes population and relative increased abundance of Bacteroidetes suggesting a role 

of CST in modifying the intestinal microbial composition (189). Bacteroides are commensal and 

represent ~25% of the colonic microbiota that can transform sugars to volatile fatty acids and promote 

regulatory T cell functions (226, 227). Increased Bacteroides richness in response to CST treatment (189) 

might be beneficial to attenuate the intestinal inflammation. Furthermore, the metagenomic prediction 
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analysis showed that certain metabolic pathways were enriched in response to intracolonic CST 

treatment suggesting a specific functional microbiota activities associated with CST (189). The study 

showed the effect of CST on microbial composition in the gut by comparing CST-treated mice with non-

treated mice based on a small number of samples. These results of this study need to be further validated 

in a larger experiment associated with a paired analysis microbial composition before and after 

intracolonic CST treatment in the same mice to have a better understanding and avoid individual 

variations. A recent report showed that CST suppressed the reactivation of intestinal inflammation via 

decreasing M1 activity but not microbiota (189). The absence of effect on microbiota could be attributed 

to the long-term dysbiosis induced by the three cycles of DSS, which governs CST benefits.  

Reactive oxygen species (ROS) and oxidative stress are essential contributors to the pathogenesis 

of IBD-related intestinal damage promoted by the inflammatory processes, and the antioxidants play a 

significant role in counteracting free radical-mediated tissue injury (228, 229). Patients with IBD are 

characterized by elevated free radical peripheral leukocyte DNA damage and reduced antioxidant 

defenses (228). Moreover, oxidative stress is implicated in IBD pathogenesis and promoted and 

worsened by impairments of cellular antioxidant systems (230). Subsequently, antioxidant therapy is one 

of the therapeutic strategies in IBD treatment protocol (229). Interestingly, CST has antioxidant 

properties, including high activity in scavenging free radicals, chelating of Cu2+/Fe2+ metal ions, 

lessening the power and preventing lipid peroxidation (231). Despite the antimicrobial properties of CST, 

CST is not cytotoxic to immune cells and shields against DNA damage caused by hydroxyl radicals 

(231). Accordingly, the beneficial actions of CST may be attributed to its intrinsic antioxidant and DNA 

protective capacities, but up to date, there is no available data in the context of intestinal inflammation.  

Taken all together, CST acts as an anti-inflammatory peptide and exerts its beneficial protective 
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effects during the intestinal inflammation through regulation of various intracellular and extracellular 

pathways including modulation of the innate immunity and microbial composition of the gut. These 

protective effects could be synergized with each other and elucidate potent anti-intestinal inflammation 

effect. Therefore, additional studies are required to clarify the role of CST during intestinal inflammation 

development. Proteomics, genomics, physiological, immunological and microbiological tools need to be 

engaged to address all the concerns around the potential effective mechanisms. 

2.6.4.5. Other CgDPs 

Up to date, not all CgDPs have been investigated, and more studies are needed to characterize 

their potential features. Moreover, it is believed that each CgDP could be processed to give rise newly 

derived peptides. For instance, processing of VS emerges new effective CgDPs that named VS-derived 

peptides that have more efficient and prominent biological activity than the original peptides. Therefore, 

CgDPs are not only limited to VS, CHR, PST, and CST but also include chromacins, prochromacin, WE-

14, parastatin, GE-25 and serpinins with limited known information. 

Prochromacin (CHGA79—431) sequence include three chromacins peptides that are CgDPs 

sharing the same sequence (CHGA173—194) (232). The post-translational processing and modifications are 

imperative for the effective antimicrobial properties of the chromacins (233). Subsequently, chromacins 

could provide potential protective features against colitis through regulation of the gut microbiota (234).  

WE-14 (CHGA316—330) is located just before the N-terminal side of CST (CHGA344—364) and is 

widely distributed in neurons and neuroendocrine tissues (235). In the digestive tract, WE-14 is elevated 

in ileal carcinoids (236). Autoimmune and inflammatory diseases including IBD are characterized by 

those tissues destruction induced by T cell-mediated immune attack (237). CHGA is an autoantigen for 
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CD4+ T cells (238), and WE-14 is a weak agonist for these CHGA-specific T cells (239). Some studies 

identified a series of mimotope peptides that are very potent agonists for these T cells and that reveal 

general presence of common acids in comparison with WE-14 (240). T cells drive autoimmunity to 

escape negative selection and find their antigen in the target tissue through post translational 

modification of self-peptides by enzymes (241), but WE-14 modification can either improve MHCII 

binding or introduce a new site for T-cell recognition (239). Thereby, WE-14 could a future therapeutic 

target in IBD, and further studies are required in this aspect with taking in consideration that WE-14 

could expose to post translational modifications that turn its functional aspect down.  

Parastatin (CHGA347—419) contains on most of CST fragments (CHGA344—364), but all of the GE-

25 (CHGA367—391) and its name is derived from its inhibition of secretion of both parathormone and 

CHGA from the parathyroid gland (242). Parastatin controls parathormone release by parathyroid cells at 

low plasma Ca2+ concentration through an autocrine mechanism (129). Parathormone regulates the active 

form of vitamin D through the 1α-hydroxylase enzyme (Cyp27B1), which is induced by immune cells 

stimulation (243). Moreover, Vitamin D is known to normalize the balance between pro-inflammatory 

and regulatory T cells to control IBD (244). Experimentally, it has been described that Cyp27B1 

regulates the intestinal inflammation in murine model of DSS colitis through the modulation of CD8+ T 

cells but not macrophages (245). Connecting these available studies together, let us think that parastatin 

peptide can be implicated in IBD pathogenesis through modulation vitamin D metabolic pathway. 

Serpinin (CHGA403—428) is a C-terminal CgDPs that provides the transcription signal for 

protease nexin-1 (PN-1) which is a potent inhibitor of plasmin production during the inflammation (246). 

Circulating plasmin is activated and elevated in intestinal tissues of patients with active IBD and 

experimental model of colitis. Plasmin induces a feedback mechanism in which initiation of the 
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fibrinolytic system upholds the development of colitis via activation of proteolytic enzymes to promote 

the influx of immune cells, which in turn increase the release of urokinase plasminogen activator, which 

accelerates plasmin production (247). Moreover, serpinin showed anti-apoptotic effects and inhibited cell 

death induced by oxidative stress that is an important mechanism in neuroprotection of neurons and 

endocrine cells (248). The association of oxidative stress and cell death are major contributors in the 

pathophysiology of IBD (249, 250) and several studies revealed that reducing the levels of oxidative 

stress and apoptosis led to attenuate the intestinal inflammatory process (251, 252). Here using this 

notion, we can suggest that serpinin may be beneficial new and novel therapeutic strategies for IBD 

treatment through disruption of the plasmin-induced inflammatory circuit and reducing the cell death by 

oxidative stress. 

2.6.5. Clinical Relevance of CHGA in Patients With IBD  

Up to date, there are few studies demonstrating the relation between CHGA and the clinical 

disease activity in IBD. Patients with IBD have elevated CHGA levels (131, 132, 206, 220, 253-255). 

The intestinal inflammation is intrinsically associated with changes in the number of EECs, which are 

described as CHGA-immunoreactive cells (253, 256). EEC hyperplasia, associated with lessened 

feeding, anorexia, and altered intestinal motility during intestinal inflammation, is essentially an integral 

part of the process, thus elevated CHGA levels are a putative biomarker for that (257). Alterations in 

EECs number and functions are noted during inflammation, and the immune cells in the gut express an 

array of enteroendocrine cell peptide receptors (258). Furthermore, EECs have functional Toll-like 

receptors (TLRs) and directly react to metabolites produced from gut microbiota (259, 260). These 

concepts indicate that EECs and CHGA may have critical roles in orchestrating intestinal immune 
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responses to highlight the potential significance of immunoendocrine axis. Therefore, CHGA may be a 

useful biomarker for the disease activity and responsiveness to biological therapy in IBD patients. 

Sciola et al. (131) reported that patients with active forms of UC or CD showed a significant 

increase in the levels of CHGA compared to healthy individuals and a higher CHGA levels were 

reported in the active forms rather than the quiescent disease. CHGA expression was correlated to TNF-α 

level, the extent of disease, and disease activity, independently on the IBD type. Moreover, CHGA 

values showed non-significance changes between UC or CD patients, and in UC patients no association 

was reported between CHGA levels and the number of mucosal CHGA-positive cells. Although the 

occurrence of carcinoid tumors in patients with IBD is rare, Sciola et al. (131) investigated the CHGA 

levels in IBD patients with carcinoids and reported that CHGA values could safely differentiate patients 

with neuroendocrine tumors from those with IBD alone. Therefore, insistently high CHGA levels can 

categorize the subgroup of patients with a higher chance to develop cancer.  

Furthermore, the crucial role of CHGA in evaluating the disease activity and responsiveness to 

therapeutic strategies in IBD patients was assessed by Zissimopoulos et al. (253), in which CHGA was 

significantly higher in patients with IBD than healthy volunteers, and CHGA showed higher expression 

in CD than in UC patients. Interestingly, a significant reduction of CHGA was achieved following a 

biological treatment regimen. Patients treated with anti-TNF agents showed a significant decrease in 

CHGA levels after four weeks of treatment. Confirming the association between TNF-α and CHGA in 

rheumatoid arthritis (261), which is a disease displaying some common features with IBD. Also, 

Zissimopoulos et al. (253) reported that IBD patients have significantly higher CHGA levels than in 

irritable bowel syndrome (IBS). Moreover, CHGA showed higher levels in UC patients with active 

disease and remission as compared with healthy controls (254).  
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The biological treatments could affect the CHGA levels. Patients with IBD treated with steroids 

and thiopurines exhibited a significant up regulation of the CHGA values, although most patients were in 

remission (253, 254). Moreover, treatment with steroids can trigger CHGA gene expression and elevate 

its mRNA levels (262). Appropriately, high CHGA levels in patients with IBD may aid to recognize 

those patients at increased risk of relapse at the tapering of steroids, making them appropriate for 

substitute immunosuppressant routines. 

In a translational research manner, a significant up regulation of CHGA mRNA expression levels in 

persons with active UC compared to controls was linked to a positive linear correlation with the genes of 

pro-inflammatory cytokines (TNFA, IL1B, IL6), M1 markers (MCP1 [CCL2], CD120B, TLR2, SLAMF7) 

and the intrinsic apoptotic pathway (PUMA, BAD, BAX, BAK), and a negative linear correlation 

association with anti-inflammatory and M2 mediators (C-MYC, MR, CD1b, IL-10) (206). Another study 

revealed that CHGA levels were upregulated not only in patients with UC and CD but also in murine 

models of colitis (220). 

CHGA levels are not elevated only during the intestinal inflammation but also elevated in many 

other pathological conditions and are currently used as diagnostic and prognostic markers or to monitor 

the response to pharmacotherapies in several diseases including neuroendocrine tumors, neurological 

diseases, cardiovascular diseases and hypertension (129). 

2.6.6. The Experimental Relevance of CHGA as a Neuroendocrine Marker in Animal Models of IBD 

The gastrointestinal neuroendocrine system contains EECs that are responsible for the production of a 

wide array of regulatory proteins and peptides (125, 263). The current and rising evidence herein 

presented propose that mucosal changes during intestinal inflammation are intrinsically connected with 

alterations in EECs functions, and this would be a clinically relevant explanation for the increase in 
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CHGA in IBD patients and other inflammatory disorders (127, 129). Thereby, CHGA is a general 

marker for EECs through quantification of CHGA immune-reactive cells or protein and mRNA levels of 

CHGA in vivo (264) and ex vivo models (265).  

The density of CHGA-immunoreactive cells in the large intestine is significantly increased in DSS-

induced colitis (266), in patients with UC compared to controls (130) and in patients with IBS (267). A 

strong correlation between the alterations in immune cells (Leukocytes, monocytes, macrophages, 

lymphocytes) and EECs in DSS-induced colitis (268) support the suggested the idea of communication 

between the two types of the cells during the intestinal inflammation (266). Evidence suggests that the 

high densities of EECs noticed in DSS-induced colitis are possibly due to an amplified differentiation of 

early enteroendocrine progenitors during the secretory lineage (269).  

Several models can mimic CD, but the two main models are TNBS and the DNBS models of colitis 

(270, 271). The alterations in the number of colonic endocrine cells observed in TNBS-induced colitis 

(272) differ from those seen in DSS-induced colitis (268, 269). Moreover, differences in the changes of 

the number of colonic endocrine cells between CD and UC have been reported (130). Additionally, 

TNBS-induced colitis reduced the density of CHGA-producing cells (272, 273) that was negatively 

associated with upsurges in all immune cell types except for lymphocytes (272) supporting the debated 

idea of an interaction between EECs hormones and the gut immune system. 

2.6.7. The Relevance Between CHGA and Gut Microbiota: CHGA is a High Potential Biomarker for 
Gut Health 

The gut microbiome plays a chief role in the production of enzymes, vitamins, and other molecules 

that help digestion process and regulate our immune system (274). Altered communication between gut 

microbiota and the mucosal immune system has been recognized as the central defect result in intestinal 
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inflammation (19, 275). Growing evidence suggests that gut microbes interact with the host through 

several pathways involving EECs to regulate gut barrier functions and maintain the homeostasis (260, 

276). Moreover, CHGA and its derived peptides (VS, CHR, CST, Chromacin) exert antimicrobial 

activities (182, 183, 189, 223-225, 233). Therefore, it is more likely that alterations in EECs producing 

CHGA are associated with changes in gut microbial composition. 

Population-based metagenomics analysis reveals various markers including CHGA as a marker for 

neuroendocrine system activation for gut microbiome composition and diversity (277). This study 

showed that CHGA strongly correlated with microbial composition, diversity, and functional richness as 

well as specific microbial species and pathways. Moreover, the relationship of CHGA with composition 

distance was then validated in an independent cohort of 19 individuals using 16S rRNA gene sequencing 

data. CHGA level was associated negatively with diversity, functional richness and high-density 

lipoprotein and was associated positively with fecal levels of calprotectin, blood levels of triglycerides, 

stool frequency, stool type, and self-reported irritable bowel syndrome (277). Moreover, CHGA is 

associated with 61 species exclusively whose abundance levels collectively accounted for 53% of the 

total abundance of the microbiome. The strongest association to CHGA was reported for the Archaea 

species Methanobrevibacter smithii, which plays an important role in the digestion of polysaccharides by 

consuming the end products of bacterial fermentation and methanogens (278), while, a negative 

association with CHGA level was recorded for 24 out of 36 species from phylum Bacteroidetes. 

Furthermore, genetic variants of CHGA gene expression (encoding CHGA) did not have significant 

effects on CHGA levels and the gut microbiome suggesting that genetic variation in CHGA expression 

not explain the change observed in CHGA levels and microbiome composition (277). Thus, CHGA and 
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gut microbiome are closely associated, and CHGA results in shifts in the microbiome composition and 

functionality, which can be potentially handled to improve microbiome-related health.  

2.6.8. Difficulties in CHGA Quantifications and Methodological Factors 

As we mentioned before that CHGA is a pro-hormone proteolytically processed, intracellularly and 

extracellularly into several active peptides (149, 157, 158, 175, 186, 239, 246, 256, 279). Therefore, the 

main difficulties related to CHGA measurements on the protein level start from the low correlation and 

the specificity of CHGA immunoassays, which depend on the nonexistence of a comprehensive 

calibration standard and the use of different antibodies which display different cross-reactivity for the 

various CHGA and its derived peptide. Henceforward, outcomes and reference intervals fluctuate 

significantly among various CHGA assays and cannot be directly matched (279, 280). Furthermore, the 

possibility of false-positive results in patients with heterophilic antibodies exists in CHGA measurements 

suggesting that clinicians and not only laboratorians should know the probability of such an artifact and 

appraise it in the clinical setting. Moreover, high concentrations of CHGA, a phenomenon named “Hook 

Effect,” can lead to false lower measurements of CHGA (279, 280). Moreover, in clinical practice, the 

most common cause of false positive CHGA results is the use of proton pump inhibitors that lead to a 2–

20 fold change higher than the upper reference range (281). 

Commercial kits for the quantifications of CHGA including enzyme-linked immunosorbent assay 

(ELISA), immunoradiometric assay and radioimmunoassay are available. However, there is no 

standardization for any of these techniques: different analyses use different antibodies, which in turn 

respond with various antigenic epitopes on the surface of the protein chain resulted in significant 

differences in results and fluctuating effects on specificity and sensitivity. At the current time, CHGA 

detection does not have universal worldwide accepted pinpointing technique; like this carefulness is 
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advocated when trying to associate the outcomes from different research centers. During the challenge to 

decode the consequence of CHGA, caution is commended, bearing in mind the assembly of contributing 

factors that may result in both false positive and negative results. Therefore, developing novel tools and 

approaches to quantify the CHGA in the clinical and preclinical settings is highly required to avoid 

misleading interpretation.  

2.6.9. Perspectives and Concluding Remarks  

Our knowledge of CHGA and its derived peptides has grown exponentially over the last two 

decades and brought novel insight into the actions of elements involved in the intestinal mucosa during 

physiological and pathological conditions suggesting a variety of homeostatic regulations between the 

nervous, endocrine and immune systems (Figure 2.4, table 2.1). Therefore, CHGA is a high potential 

biomarker for gut health as well as a neuroendocrine marker. Understanding the potential roles of CHGA 

and its derived peptides could open a new insight to support the interplay between gastrointestinal 

regulatory proteins and the diffuse neuroendocrine system in inflammatory situations. The following 

years will tell us how can our existing interpretation of CHGA and its derived peptides biology will 

impact the discoveries in mechanisms and therapeutic targets of intestinal inflammation. 
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Figure 2.4. The illustration shows the direct or indirect potential immune-modulatory and regulatory roles of CHGA and its 
derived peptides in the intestinal mucosa. (Eissa et al, 2017 unpublished) 
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Table 2.1. Potential regulatory role of CHGA and its derived peptides in the intestinal Mucosa. 

Molecule Potential Mechanism Potential effect References 

CHGA 
Promotion of the calcium mobilization into the cytoplasm via activation of the calcium 
channels that present on the membranes of granules 

Regulation of contractility of smooth 
muscle (SM) and immune cells activation 

in the gut via controlling Ca+ influx. 

D’amico et al. (129) 
Mergler et al. (140) 

CHGA 
§ Replacing the secretory granules cells after exocytosis. 
§ Up regulating the biogenesis of dense-core granules through the inhibition of 
degradation process 

Regulating the storage and release of the 
hormones and/or neuropeptides in 

gastrointestinal mucosa 

Arvan et al. (148) 
Mazza et al. (149) 
Hendy et al. (150) 

CHGA 

§ Inhibition of endothelial cell proliferation, migration, and invasion that induced by 
vascular endothelial growth factor (VEGF). 
§ Stimulation of secretion of basic fibroblast growth factor (bFGF). 
§ Inhibition of hypoxia-inducible factor-1 alpha nuclear translocation.  
§ TNF-induced disassembly of vascular-endothelial cadherin dependent adherence 
junctions and thrombin-induced endothelial permeability. 

Control the angiogenesis during the 
progression of intestinal inflammation 

Veschini et al. (165) 
Ferrero et al. (166) 
Theurl et al. (167) 

CHGA 

§ CHGA elevated in IBD patients  
§ CHGA associated with positively pro-inflammatory cytokines and negatively with 
anti-inflammatory and mucosal healing mediators. 
§ In mice model of colitis, Deletion of CHGA deletion reduced the onset and severity of 
colitis through maintaining of the functions of epithelial cells and moving macrophages 
from being killers to be healers via p53-apoptotic death pathway. 
§ Associated with gut microbiota composition.  

Regulates intestinal inflammation and 
elevated CHGA levels are associated 

with the clinical severity of the disease 

Sciola et al. (131) 
Sidhu et al. (132) 
Eissa et al. (206) 
Rabbi et al. (220) 

Zissimopoulos et al. 
(253) 

Strid et al. (254) 
Moran & McLaughlin 

(255) 
Zhernakova et al. (277) 

VS-I  
(CHGA1–76) 

§ Protecting the integrity of endothelial barriers and inhibiting TNF-α-induced vascular 
leakage. 
§ Restraining IFN-γ- and TNF-α-increased permeability of colonic epithelial cells  
§ Reducing IL-8 release in stimulated colonic epithelial cells. 
§ Reducing colonic pro-inflammatory cytokines and inhibiting reduced intestinal 
transmembrane resistance 
§ Regulating the production of microglial neurotoxins and the death-signaling pathways 
in the neurons. 

 
Restrain many pro-inflammatory 

pathways which, lead to protective 
effective during intestinal inflammation 

Veschini et al. (165) 
Corti et al. (174) 
Helle et al. (175) 
Rumio et al. (177) 
Bianco et al. (179) 

CHR  
(CHGA47-66) 

§ Potent antimicrobial activity via penetration of the cell membranes. 
§ Activating innate immune cells including neutrophils 
§ Regulating the functions of Macrophages and intestinal epithelial cells 
§ Regulating the sensory neurotransmitters  
§ Anti-ischemic effect through decreasing the lactate dehydrogenase activity 

 
Protective effective during intestinal 

inflammation through various 
mechanistic insights 

Yoo (182) 
Lugardon et al. (183) 

Zhang et al. (188) 
Eissa et al. (190) 

PST  
(CHGA273–301) 

§ Modulation of carbohydrate and lipid metabolism. 
§ Decrease the insulin sensitivity. 
§ Inhibition of pancreatic and gastric exocrine secretion, the parathormone release and 
vagus nerve stimulation 
§ Decreasing expression of anti-inflammatory molecules and increased expression of the 
pro-inflammatory mediators. 
§ Reducing Grp78 ATPase activity and inhibiting the expression of Grp78 during UPR 
activation, whereas Grp78s ATPase activity is required to suppress of ER stress process. 

Pro-inflammatory peptide affecting many 
critical pathways which are involved in 

the progression of intestinal 
inflammation 

Troger et al. (172) 
O’Connor et al. (198) 
Sánchez-Margalet et 

al. (201, 202) 
Gayen et al. (204) 

Bandyopadhyay  et al. 
(205) 

Eissa et al. (206) 
Biswas et al. (210) 
Eissa et al. (170) 

CST  
(CHGA352–372) 

§ Potent autocrine inhibitor of catecholamine secretion 
§ Regulating the immune cell migration and chemotaxis activities 
§ Promoting migration and proliferation of endothelial cells and stimulates chemotaxis 
of vascular smooth muscle cells 
§ Reducing pro-inflammatory cytokine production via signal transducer and activator of 
transcription (STAT)-3 dependent molecular mechanism 
§ Regulating the innate antimicrobial defense 
§ Modulating the composition of gut microbiota 
§ Anti-oxidant properties. 
 

Anti-inflammatory peptide and exerts its 
beneficial protective effects during the 

intestinal inflammation through 
regulation of various intracellular and 

extracellular pathways 

Egger et al. (215) 
Friese et al. (216) 
 Guo et al. (219) 

Rabbi et al. (189, 220) 
Briolat et al. (223) 

Jean-François et al. 
(224) 

Radek et al.(225) 
Rabbi et al. (189, 221) 

Mohseni (231) 
Prochromacin 
(CHGA79–431) 

§ Effective antimicrobial properties Protective features against colitis through 
regulation of the gut microbiota 

Strub et al. (233) 

WE-14 
(CHGA316–330) 

§ Improving MHCII binding and introducing a new site for T-cell recognition Regulating the intestinal inflammation Jin et al. (239) 

Parastatin  
(CHGA347–419) 

§ inhibition of secretion of both parathormone and CHGA from the parathyroid gland Implicating in IBD pathogenesis through 
modulation vitamin D metabolic pathway 

Fasciotto et al. (242) 

Serpinin 
(CHGA403–428) 

§ Providing the transcription signal for protease nexin-1 (PN-1) which is a potent 
inhibitor of plasmin production during the inflammation. 
§ Has anti-apoptotic effects and inhibiting cell death induced by oxidative stress. 

Protective effect through disruption of 
the plasmin-induced inflammatory circuit 
and reducing the cell death by oxidative 

stress 

Koshimizu et al.  (246, 
248) 
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CHAPTER 2 

GENERAL INTRODUCTION 

2.1.  Rationale 

IBD is a group of disorders that result in segments of the gastrointestinal tract to become inflamed 

and ulcerated. The estimated prevalence in Canada is around 5/1000 persons (282) and is an important 

public health issue due to its impact on patient quality of life and treatment costs ($1.2 billion) (283). 

IBD include CD and UC and their etiology are unknown; however, the current hypothesis is that a 

dysregulation of the host immune system occurs in response to either environmental stimuli or intestinal 

bacteria. Mucosal changes in IBD are characterized by inflammation and linked to an alteration in the 

CHGA producing EC cells (284). The link between the alteration in EC cells numbers and CHGA 

production in various gastrointestinal diseases accentuates the role played by CHGA in intestinal 

physiopathology. Although changes in EC cells or in CHGA amount in IBD are involved in gut 

physiology, it is not clear whether the modifications play a role in immune activation of gut 

inflammation (131). Due to the strategic location of EC cells in gut mucosa, CHGA may play an 

important role in immune activation in relation to gut pathophysiology. Despite the knowledge 

accumulated on the role of pro-hormone protein in gut biology, there is no data demonstrating that 

CHGA is involved in gut physiological and immune activities. CHGA results in the production of several 

different bioactive peptides with different biological functions, it is therefore possible that CHGA can 

activate pro-inflammatory and/or anti-inflammatory pathway (129), and that the peptides produced can 

work synergistically (1 + 1 = 3), antagonistically (1 + 1 = 0) or normally (1 + 1 = 2) during the 

development of intestinal inflammation. 
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The therapeutic/beneficial effects of biological therapy (285) (e.g. corticosteroids and thiopurines) 

underscore the involvement of a dysregulated immune response in IBD. However, some patients are 

resistant to these drugs, and all of the therapeutics have adverse side effects (104). Moreover, biological 

agents are expensive, require indefinite use for maximal effectiveness, and raise concerns about 

infections and other complications (104, 286), thus limiting enthusiasm for introducing them earlier in 

the treatment for IBD. Most importantly, they do not work in all patients and there is a notable loss of 

response over time. Therefore, there is an important and urgent unmet need to develop more effective 

new therapeutic strategies with fewer adverse events to treat patients with IBD.  

The intestinal immune system is continuously exposed to exogenous antigens from the microflora and 

from food digestion, thus, the immune responses in the intestine need to be tightly regulated to prevent 

any immune activation and inflammation in response to these generally innocuous antigens. A 

breakdown of these regulatory mechanisms is one of the components that can lead to development of 

IBD (287). In the intestine, several immune-regulatory factors including cytokines and immune cells 

shape the local microenvironment to resolve ongoing inflammation (288). Among these, one of the most 

important cells in the innate immune system is the macrophages. Macrophages have been demonstrated 

to be increased in inflamed areas in IBD (29) and, although, various immune cells can promote 

macrophages subtype differentiation (M1 & M2) or an up or down regulation, increasing evidence 

suggests they are one of the initial cells that coordinate the inflammatory process and mediate 

immunological homeostasis (119). Alteration in the enteric immune system is proposed to be of 

relevance for promoting gut inflammation (119). In the clinical context, CHGA is reported in low 

concentrations in healthy individuals and elevated in patients with IBD (131, 289), collagenous colitis 

(290), lymphocytic colitis (291) and irritable bowel syndrome (292) and TNF-α treatment influence the 

CHGA expression; this could reflect the endocrine system activation in response to inflammation (293). 
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In the context of experimental colitis, hCTS plays a major role in clinical and experimental 

pathophysiological conditions of inflammatory diseases (220). However, there is no study demonstrating 

the effect of the lack of CHGA in gut-associated diseases such as IBD. A detailed investigation of this 

protein implicated in the regulation of colitis will provide novel insight into the colonic inflammatory 

process, which is an essential step to design and develop novel therapeutic approaches to better 

counteract IBD. 

A complex network of events at molecular, cellular and tissue levels underlies inflammation and 

remodeling that eventually leads to the development of IBD symptoms. Recent studies identified basic 

biological principles that are shared by the immune and the nervous system. For example, the cellular 

migration process has guidance proteins that serve as a stop signal for axonal migration and that can also 

serve as a stop signal for immune-competent cell migration (294). From this perspective, a new class of 

secreted guidance molecules that were initially recognized as being essential for neuronal development 

has been associated with the gastrointestinal tract (295). One of these molecules are the CgDPs, which 

have emerged as an essential axis in immune cells migration and immune responses. Novel studies 

suggest an exciting additional role for CgDPs; CST attenuated the inflammatory responses in two 

experimental models of colitis through decreasing the macrophages functions (220) and VS-1 decreased 

the onset and severity of experimental colitis via inhibition of IECs IL-8 production (296); while PST 

induced a pro-inflammatory response and enhanced the activation of classically activated M1 

macrophages in diabetes animal model (205). CHR can affect the neutrophil and have several 

implications in inflammation and innate immunity (186, 187). The hypothesis is that under physiological 

conditions, CHGA in the colon is implicated in immune regulation, but this function is changed in 

pathophysiological conditions (e.g. colitis). Therefore, CHGA is, indeed, a key mediator in balancing the 

inflammatory response during intestinal inflammation.  
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2.2.  Hypothesis 

CHGA and its derived peptides plays a critical role in colonic inflammation by altering pro-

inflammatory, anti-inflammatory mediators and apoptotic pathways that plays an essential part in the 

regulation of intestinal homeostasis in the context of colitis.  

2.3. Objectives  

Objective 1: To investigate the stability of reference genes in normalizing messenger RNA in animal 

models of IBD using real time quantitative polymerase chain reaction (RT-qPCR). 

Objective 2: To evaluate the functional consequences of CHR administration on macrophages functions 

during the development of colitis.  

Objective 3: To determine the role of CHGA in the pathophysiology of colitis. 

Objective 4: To evaluate the functional consequences of PST administration on macrophages functions 
during the development of colitis.   
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CHAPTER 3 

MATERIALS & METHODS 

3.1. Active Ulcerative Colitis (UC) & Healthy Subjects 

This study was approved by the University of Manitoba Health Research Ethics Board (HS14878 

[E]). Persons undergoing colonoscopy with either known IBD or without IBD gave consent for the 

collection of biopsies. Four biopsies were taken from inflamed sites that were adjacent to tissues 

harvested for histopathology assessment in subjects with active UC (n=10) and inactive (mild) UC (n=9). 

Biopsies were taken from comparable, un-inflamed sites in healthy subjects (n=10). The information of 

patients with UC and healthy individuals described in Table 3.1. Biopsies were used immediately for 

further RNA extraction and gene expression analyses.  

Inclusion criteria included a confirmed active UC endoscopic diagnosis, age ≥ 18 years and 

without immune-suppressive therapy. 8 out 10 selected patients with active UC were not receiving any 

treatment. One patient with active UC was under methotrexate treatment and another patient was 

receiving 5-amino salicylates (8 weeks before inclusion). Patients under thiopurines and anti-TNF 

therapy were excluded. All concomitant IBD therapies, including 5-amino salicylates, corticosteroids, 

and methotrexate, were permitted in subjects with inactive UC. Healthy control individuals were age ≥ 

18 years and had no history of abdominal afflictions especially IBD. The individuals in the control group 

were not on any regular medication at the time of the study. 
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Table 3.1. Description of patients with ulcerative colitis (UC) and healthy individuals. 
 

Status Year of 
birth Endoscopic activity Histologic activity 

Healthy 1986 Normal Normal 
Healthy 1954 Normal Normal 
Healthy 1959 Normal Normal 
Healthy 1981 Normal Normal 
Healthy 1968 Normal Normal 
Healthy 1958 Normal Normal 
Healthy 1989 Normal Normal 
Healthy 1959 Normal Normal 
Healthy 1964 Normal Normal 
Healthy 1959 Normal Normal 

UC 1993 Severely Active colitis Severely Active colitis 
UC 1979 Active colitis Active Colitis 
UC 1962 Active colitis Active Colitis 
UC 1990 Severely Active colitis Severely Active colitis 
UC 1979 Active colitis with ulcers Severely Active colitis 
UC 1975 Severely Active colitis Severely Active colitis 
UC 1956 Severely Active colitis Active colitis 
UC 1996 Active colitis Active colitis 
UC 1970 Active colitis Active colitis 
UC 1981 Severely Active colitis Active colitis 
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3.2. Animals 

Mice were cared for and used in accordance with the Guide of Canadian Council on Animal Care 

in science (CCAC) for the Care and Use of Laboratory Animals for Scientific Purposes. All experiments 

were carried out in strict accordance with the recommendations approved by the University of Manitoba 

Animal Ethics Committee (Protocol # 15-010) and conducted under the Canadian guidelines for animal 

research. Male C57BL/6 (6-8 weeks old) mice were purchased from Charles Rivers (Sherbrook, Canada) 

and maintained in the animal care facility at the University of Manitoba under specific pathogen-free 

conditions. Furthermore, mice heterozygous for Chga expression (Chga+/-) (150) on a C57BL/6 

background were used to generate Chga+/+ and Chga-/-.  

3.3. Peptides 

CHR peptide corresponds to CHGA47-66 (RILSILRHQNLLKELQDLAL) (183, 194, 297-299). 

In control conditions, scrambled CHR peptide (sCHR: RARDHQQENKILLLSLILLL) was used. Human 

PST (CHGA273–301: PEGKGEQEHSQQKEEEEEMAVVPQGLFRG-amide) and PST scrambled peptide 

(sPST: PEKGEEQLGEQVSEEGRQMAGVPHKQEEF) also were used. The scrambled peptide was 

applied as a positive internal control to prove the sequence specificity. Peptides were purchased from 

Pepmic Co., Suzhou, China, and purified and characterized by reversed-phase high-performance liquid 

chromatography and mass spectrometry. As reflected by previously published data related to the use of 

peptides, a dose of 2.5 mg/kg/day was administered through intra-rectal administration (i.r.). (220, 300). 

Other control experimental groups received 1% phosphate buffered saline (PBS, i.r.). (Invitrogen®, NY, 

USA.). Intra-rectal injection of peptides or 1% PBS started 1-day before colitis induction and lasted for 

5-days. 
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3.4. Dextran sulfate Sodium (DSS)-Induced Colitis 
Male mice (22-25 g, 6-8 weeks old) were used. DSS (molecular weight [MW], 40 kDa; MP 

Biomedicals, Soho, OH) was added to the drinking water at a final concentration of 5% (wt/vol) for 5 

days (n=6-8) (301). Controls (n=6-8) were time-matched and consisted of mice that received normal 

drinking water only. Mean DSS consumption was noted per cage each day.  

3.5. Animals & DNBS-Induced Colitis 

Male C57BL/6 mice (6–8 weeks old) were used. Mice were anesthetized using Isoflurane 

(Abbott, Toronto, Canada). PE-90 tubing (10 cm long; ClayAdam, Parisppany, NJ) that was attached to a 

tuberculin syringe (BD, Mississauga, Canada) was inserted 3.5 cm into the colon and colitis was induced 

by intra-rectal administration of 100 µl of 4 mg of DNBS solution (ICN Biomedical Inc. Aurora, OH) in 

30% ethanol (Sigma, Mississauga, Canada) and left for 3 days (DNBS + Ethanol 30%, n = 6)(89, 302). 

Controls were time matched and consisted of mice that received intra-rectal administration of 100 µl of 

1% phosphate buffer saline (PBS 1%, n = 6) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 

PBS 1%, n=6) or 100 µl 30% Ethanol (Ethanol 30%, n = 6).  

3.6. Assessment of Colitis Severity  

To confirm the induction of colitis, we evaluated and quantified classical experimental 

inflammatory parameters. The disease activity index (DAI) was scored from days 0 to 5 during DSS 

treatment or from day 0 to 3 during DNBS treatment, and then mice were sacrificed for macroscopic 

scoring, as described previously (303). Formalin-fixed colon segments isolated from the splenic flexure 

were paraffin-embedded, and 3 mm sections were stained using hematoxylin eosin (H&E) (Sigma, 

Mississauga, Canada). Colonic damage was scored based on a published scoring system that considers 

architectural derangements, goblet cell depletion, edema/ulceration and degree of inflammatory cells 

infiltrate (303).  



 
 
 

	
	
 
 

53	

Collagen deposition and fibrosis scores were assessed as described previously (304). Samples were 

isolated from the splenic flexure, fixed in formalin, paraffin embedded, sectioned in 3-µm sections, and 

stained using Masson’s Trichrome (Sigma, Mississauga, Canada). Collagen deposition and fibrosis were 

scored based on a published scoring system that considers collagen deposition (Score 0 = no increase, 

score 1 = increase in the submucosa, 2 = increase in the mucosa, 3 = increase in the muscularis mucosa 

and its thickening, 4 = increase in the muscularis propria and 5 = gross disorganization in the muscularis 

propria) and the percent involvement (Score 1 = 1 - 25%, score 2 = 26–50%, score 3 = 51–75% and 

score 4 = 76–100%) (305). 

3.7. Macrophages Cell Culture 

Peritoneal macrophages were isolated from C57BL/6 male mice as described by Mosser and 

Zhang (306). Isolated macrophages were cultured in 2ml Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% deactivated fetal bovine 

serum (FBS). Cell cultures were incubated in a humidified 5% CO2 incubator at 37 °C. The overall cell 

viability of the adherent cell was greater than 95%. Ex-vivo macrophages isolation; five days after the 

beginning of DSS treatment resident peritoneal macrophages were isolated from all mice groups and 

subjected to further analysis. In-vitro macrophages activation, peritoneal macrophages were isolated 

from naïve mice then serum starved overnight in DMEM with low FBS (0.5%) and pretreated or not with 

CHR or PST (200 ng/ml) for two hours. To induce M1, macrophages were exposed for 6 h to 

lipopolysaccharide (LPS) (100 ng/mL) (Escherichia coli serotype 127: B8, Sigma-Aldrich, St Louis, 

MO, USA) (306). While to induce M2, macrophages were exposed for 6 h to IL-4/IL-13 (20 ng/mL) to 

induce M2 (370). Cell and supernatants were harvested for analysis.  
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3.8. In vitro Chemotaxis Assay 

In vitro, chemotaxis assays were performed on peritoneal macrophages that were isolated from 

naïve mice. Briefly, 105 per ml macrophages, which were treated or untreated with CHR or PST 

(200 ng/ml for two hours), were placed in each of the upper chambers of a 5 µm polycarbonate filter (24-

transwell format; Corning, Tewksbury, MA, USA), whereas monocyte chemoattractant protein (MCP)-1 

(30 ng/ml) (R&D Systems, Inc., MN, USA) in serum-free Roswell Park Memorial Institute medium 

(RPMI) (Invitrogen®, NY, USA) was placed in the lower chamber. After three hours of migration at 

37 °C, cells were fixed in 4% paraformaldehyde, stained with DAPI (4', 6-diamidino-2-phenylindole) 

(Invitrogen®, NY, USA), and counted under a microscope.  

3.9. Caco-2 Cell Line Culture  
Human intestinal epithelial cell line, Caco-2 (ATCC, Manassas, VA), was cultured in 7 ml of 

culture medium in a T-25 culture flask. Eagle’s Minimum Essential Medium (EMEM) (glutamine, high 

glucose) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 20% deactivated FBS was 

used. Cells were incubated in a humidified 5% CO2 incubator at 37 °C. Caco-2 cells were detached by 

using 3 ml of trypsin (0.05% trypsin, 0.53 mM EDTA) and seeded at 3 × 105 cells/well onto tissue 

culture 24-well plates. Cells were counted using a TC20™ Automated Cell Counter (Bio-Rad 

Laboratories, Inc. Mississauga, ON, Canada), and cell count was verified using a conventional 

hemocytometer cell counting method. The cell culture medium was changed every three days until the 

cells fully differentiated (80-90 % confluent). For each experimental setup, three separate experiments 

were performed, and at least six wells per condition were assigned. 

Lipopolysaccharides (LPS)- and DSS- Stimulated Epithelial Cells in the Presence or Absence of 

CHR-Treated M2 Conditioned Medium: IBD involves functional impairment of IECs, associated with 

the infiltration of the lamina propria by macrophages (29, 37, 307, 308). Macrophages can mediate 
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protective effects via a variety of mechanisms, including maintenance or rebuilding of the epithelial 

barrier through cell proliferation and migration, and by promoting resistance to epithelial apoptosis 

induced by oxidative stress (29, 309). Thus, we investigated the interaction between human epithelial cell 

line (Caco-2) and in vitro polarized peritoneal macrophages conditioned medium in a culture system. 

Caco-2 cells were seeded at 3 × 105 cells/well onto tissue culture plates. Naïve peritoneal macrophages 

were isolated from naïve C57BL6 mice and polarized toward M2 (IL-4/IL-13 20 ng/ml) in the presence 

or absence of the peptides (100 ng/ml) for 6 h. 2 ml of M2 supernatant or naïve PBS-treated macrophage 

supernatant were added to the Caco-2 cell line for 24 h. Then, Caco-2 cells were challenged  with LPS 

(1 µg/ml) (Escherichia coli serotype 127: B8, Sigma-Aldrich, St Louis, MO) or 5% DSS for an additional 

24 h (310). The potential effects of CHR-treated M2 conditioned medium on mRNA level of TJ proteins 

(Claudin-1 [CLDN1], zonula occludens-1 [ZO1], E-cadherin [CADH1] and occludin [OCLN]) and pro-

inflammatory cytokines IL-8 and IL-18 were investigated. Moreover, migration, proliferation, viability 

and oxidative stress survivability of Caco-2 cell line were assessed as described below.  

Direct CHR Treatment of LPS- and DSS- Stimulated Colonic Cell Line: Caco-2 cells were 

seeded at 3 × 105 cells/well onto tissue culture plates and treated with 2 ml of medium containing the 

studied peptide (100 ng/ml) or 1% PBS for 24 h. Then cells were challenged with LPS (1 µg/ml) or 5% 

DSS for an additional 24 h (310). Gene expression of TJ proteins and pro-inflammatory cytokines IL-8 

and IL-18, migration, proliferation, viability and oxidative stress survivability of Caco-2 cell line were 

evaluated. 

Colonic Cell Line Migration Assessed by Using Wound-Healing Assay: Caco-2 cells were 

wounded using a sterile 100-µl pipette tip dragged perpendicularly to a black line drawn on the underside 

of the plate for reference. Images were taken at wounding (0), 12, 24, and 48 h later using an Evos FL 

imaging system at 4× magnification. Wound widths were determined by averaging six measurements per 
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image. Only scratches with edges that could be captured in one frame at the time point 0 h were included 

for final analysis. Measurements were taken from edge to edge at the time point 0 h and compared with 

measurements from 12, 24, and 48 h using ImageJ (National Institutes of Health, Bethesda, MD) 

software (311). The reported values were the difference between time point 0 and the other time points, 

with higher values representing increased cellular migration.  

Colonic Cell Line Proliferation & Viability Assessed Using Cell Numbers and MTT Assay: 

Colonic cell line viability was studied in vitro by using the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-diphenyl 

tetrazolium (MTT) assay. Briefly, Caco-2 cells were seeded into 96-well plates at a density of 5 × 105 

cells per well and serum starved for 24 h. Cells were cultured for three days in 200 µl of medium 

containing the peptide. Negative controls received 200 µL of medium, containing vehicle only (1% 

PBS). After 72 h, the media was aspirated and cells quantified by MTT assay (Trevigen Inc, 

Gaithersburg, MD) according to the manufacturer’s instructions. The plates were quantified using a 

microplate spectrophotometer (Molecular Devices, Sunnyvale, CA) at a wavelength of 570 nm. 

Colonic Cell Line Survival Using an Oxidative Stress Assay: Epithelial cell survivability was 

quantified under the effect of peptides and polarized conditioned medium. Cells were treated with 

peptides or conditioned medium for 24. To produce oxidative stress in Caco-2 cells, 2 ml of 200 mmol/L 

of H2O2 in phosphate-buffered saline (PBS) were given to the Caco-2 cells for 30 min. Trypan blue 

staining was performed to count viable cells. 

3.10. Protein Assay   
Cytokines release and other inflammatory measurements were performed on clarified full-thickness 

colon homogenates from mice and or supernatants from cell culture using enzyme-linked immunosorbent 

assays (ELISAs). Colonic samples were homogenized mechanically in 700 µl of Tris HCl buffer 

containing protease inhibitors (Sigma, Mississauga, Canada) then centrifuged for 30 min, and 
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supernatants were frozen at 80 °C until assay (220). The total protein concentrations in colonic tissues 

homogenates were quantified by Bradford protein assay (BioRad, CA, USA). 

Commercial ELISA kits were used to quantify the levels of TNF-α, IL-6, IL-1β, MCP-1, IL-10, 

VEGF, Caspase-3, IL-8, IL-18, (R&D Systems, Inc., MN, USA), phosphor-STAT3 (STAT3 [pY705] 

ELISA, LifeScience, Burlington, Canada), arginase activity (Abnova, Walnut, CA, USA), 

Myeloperoxidase (MPO) (Hycult Biotech, PA, USA), and Serum C-Reactive protein (CRP) (Immuno-

consultants, Portland, OR, USA). Briefly, 100 µl in duplicate of standard, samples (Tested in dilution 

series), or controls were transferred in into appropriate wells without the side or bottom of the wells. The 

ELISA plate was covered and tapped to eliminate any air bubbles then incubated at room temperature. 

The plate was washed 4 times with wash buffer using an automatic plate washer. 100 µl of diluted tracer 

were added to each well and incubated at room temperature followed then washed 4 times. Followed by 

adding 100 µl of diluted streptavidin-peroxidase, incubating at room temperature then washing 4 times. 

100 µl of substrate were added and incubated at room temperature for 30 mins before adding 100 µl of 

stop solution. The plates were quantified using microplate reader (BioTek Instruments, Winooski, VT, 

USA). Standard curve, dilution factor, blanks, and samples concentration were calculated using BioTek 

Gen5 analysis software (BioTek Instruments, Winooski, VT, USA). The linearity of each assay was 

determined by serially diluting the samples. The line obtained a slope of 1.03 and a correlation 

coefficient of > 0.99.  

3.11. Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction  
3.11.1. Colon RNA Extraction and cDNA Synthesis  

Total RNA of colonic tissues or cells was extracted using TRIzol™ Plus RNA Purification Kit 

(Life Technologies, NY, USA), according to the manufacturer’s instructions. Quality and quantity of 

RNA were determined by measuring the absorbance at 260 and 280 nm using NanoDrop ND-1000 UV-
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Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). All samples had an absorption 

ratio A260/A280 greater than 1.8. RNA (1 µg) from each sample was treated with RQ1 RNase-Free 

DNase® (Promega Corporation, Madison, WI, USA), according to the manufacturer’s instructions, to 

remove genomic DNA contamination. Reverse transcription was performed using SuperScript VILO 

cDNA Synthesis Master Mix (Invitrogen, Grand Island, NY, USA), according to the manufacturer’s 

instructions, in an Eppendorf Thermo cycler at 25 °C for 10 min, followed by 42 °C for 60 min, and 

85°C for 5 min. Samples were then cooled to 4 °C. cDNA samples were stored at -20 °C for RT-qPCR 

analysis. 

3.11.2. Primer Design  

The candidate reference genes were selected based on their common usage as endogenous control 

genes in previous studies. The target genes were selected based on their implication in the molecular 

pathogenesis of IBD. The primers were designed from nucleotide sequences identified using NCBI 

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), according to the following properties: melting 

temperature (Tm) of 58–62°C, GC content of 45–55%, lengths 18–22 bp and amplicon size was 

specified to be between 75 and 175 bp. Primers were ordered from Life Technologies with their 

certificates of analysis. The primer characteristics of nominated reference and target genes are listed in 

Table 3.2. 
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Table 3.2. Description of selected candidate endogenous control and target genes. 
 

Gene 
Symbol Gene Name Gene Function  Sequence 5’ ->3’ Lengt

h TM Location Amplicon 
Size 

Gene Accession 
Number 

Gapdh 
Glyceraldehyde3-

phosphate 
dehydrogenase 

Glycolysis pathway 
enzyme 

Forward AGGTCGGTGTGAACGGATTTG 21 62.6 8-28. 
95 NM_008084 

Reverse GGGGTCGTTGATGGCAACA 19 62.6 102-84 

Actb Beta Actin Cytoskeletal 
structural protein 

Forward GGCTGTATTCCCCTCCATCG 20 61.8 84-103 
154 NM_007393 

Reverse CCAGTTGGTAACAATGCCATGT 22 61.1 237-216 

β2m Beta 2 Microglobulin 
Beta-chain of major 
histocompatibility 

complex 

Forward TTCTGGTGCTTGTCTCACTGA 21 61 26-46 
104 NM_009735 

Reverse CAGTATGTTCGGCTTCCCATTC 22 61 129-108 

Hmbs Hydroxymethylbilan
e synthase 

Heme biosynthetic 
pathway enzyme 

Forward AAGGGCTTTTCTGAGGCACC 20 62.4 699-718 
78 NM_001110251 

Reverse AGTTGCCCATCTTTCATCACTG 22 60.6 776-755 

Hprt 
Hypoxanthine 

phosphoribosyl 
transferase 

Metabolic salvage 
of purines 

Forward TCAGTCAACGGGGGACATAAA 21 60.8 324-344 
142 NM_013556 

Reverse GGGGCTGTACTGCTTAACCAG 21 62.4 465-445 

RpLp0 Ribosomal Protein 
Large P0 

Structural 
constituent of 

ribosome 

Forward AGATTCGGGATATGCTGTTGGC 22 62.5 290-311 
109 NM_007475 

Reverse TCGGGTCCTAGACCAGTGTTC 21 62.7 398-378 

Tbp TATA-box-binding 
protein 

General 
transcription factor 

Forward ACCGTGAATCTTGGCTGTAAAC 22 60.8 442-463 
86 NM_013684 

Reverse GCAGCAAATCGCTTGGGATTA 21 61.3 527-507 

Gusb Glucuronidase, Beta Lysosomal 
exoglycosidase 

Forward GGCTGGTGACCTACTGGATTT 21 61.5 722-742 
131 NM_010368 

Reverse GGCACTGGGAACCTGAAGT 19 61.5 852-834 

Ppia Peptidylprolyl 
Isomerase A 

Protein coding, a 
cyclosporin binding 

protein 

Forward GAGCTGTTTGCAGACAAAGTTC 22 60.2 67-88 
125 NM_008907 

Reverse CCCTGGCACATGAATCCTGG 20 62.6 191-172 

Oaz1 
Ornithine 

Decarboxylase 
Antizyme 1 

Cell growth & 
Proliferation 

Forward CGCACCATGCCGCTTCTTA 19 63 94-112 
169 NM_008753 

Reverse ATCCCGCTGACTGTTCCCT 19 62.6 262-244 

Nono 
Non-POU Domain 

Containing, Octamer-
Binding 

Transcriptional 
regulation and RNA 

splicing 

Forward AAAGCAGGCGAAGTTTTCATTC 22 60 301-322 
77 NM_023144 

Reverse ATTTCCGCTAGGGTTCGTGTT 21 61.7 377-357 

Tfrc Transferrin Receptor Endocytosis & HIF1 
signaling pathway 

Forward GTTTCTGCCAGCCCCTTATTAT 22 60.1 1495-1516 
152 NM_011638 

Reverse GCAAGGAAAGGATATGCAGCA 21 60.7 1646-1626 

Eef2 
Eukaryotic 
Translation 

Elongation Factor 2 
Protein Synthesis 

Forward TGTCAGTCATCGCCCATGTG 20 62.2 65-84 
123 NM_007907.2 

Reverse CATCCTTGCGAGTGTCAGTGA 21 62.1 187-167 

TNF-α Tumor Necrosis 
Factor Alpha 

Pro-inflammatory 
cell signaling 

protein (Cytokine) 

Forward CCCTCACACTCAGATCATCTTCT 23 60.9 230-252 
61 NM_013693 

Reverse GCTACGACGTGGGCTACAG 19 62.1 290-272 

IL-1β Interleukin (IL)-1 β 
Pro-inflammatory 

cell signaling 
protein  

Forward GCAACTGTTCCTGAACTCAACT 22 60.7 4-25 
89 NM_008361 

Reverse ATCTTTTGGGGTCCGTCAACT 21 61.4 92-72 
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3.11.3. Quantitative Real-Time Polymerase Chain Reaction  

RT-qPCR reactions were performed in a Roch lightCycler 96 Real-Time System using Power 

SYBR green master mix (Life Technologies), according to the manufacturer’s instructions, in a final 

volume of 20 µl reactions. The PCR conditions were as follows: 95 °C for 10 minutes, followed by 40 

cycles at 95 °C for 15 seconds and at 60 °C for 60 seconds. To verify the specificity of each primer, a 

melting-curve analysis was included (65–95°C with fluorescence measured every 0.5 °C). The absence 

of contamination from either genomic DNA amplification or primer dimer formation was ensured using 

two types of controls: the first without reverse transcriptase (no-RT control, one for each RNA) and the 

second with no DNA template (NTC control, one for each primer pair). All RT-qPCRs were run in 

duplicate, the average standard deviation within duplicates of all samples studied was 0.25 cycles.  

3.11.4. PCR Primer Efficiency  

RT-qPCR efficiencies in the exponential phase were calculated for each primer pair using 

standard curves (5-point 5-fold serial dilution of pooled cDNAs that included equal amounts from the 

samples set), the mean Ct values for each serial dilution were plotted against the logarithm of the cDNA 

dilution factor and calculated according to the equation E = 10[-1/slope] (312), where the slope is the 

gradient of the linear regression line. The linear dynamic range was determined by the standard curve 

and correlation coefficients (R2) for each gene as reported.  

3.11.5. Analysis of Gene Stability  

To rank the stability of the selected internal control genes, publicly available tools (geNorm, 

BestKeeper, Comprehensive Ranking) were used. geNorm ranked the reference genes based on their M 

value; a lower value of the M average expression stability represented stable expression whereas a high 

value represented less stable expression (313). BestKeeper calculated the gene expression stability for 

candidate genes based on each candidate gene’s Ct values (314). Finally, Comprehensive Ranking (315), 
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which is a web-based comprehensive integrated database, applied a methodology to compare candidates 

reference gene performance to compensate weaknesses of the individual tools such as geNorm and 

BestKeeper. Comprehensive Ranking, based on the ranking from each tool, gave an appropriate weight 

to each reference gene and calculated the geometric mean of their weights for the overall final ranking. 

Raw Ct values (untransformed data) were used directly for data importing of integrated database. These 

tools take into consideration several parameters, including Ct standard deviation (SD) for respective 

cDNA detection within different samples. 

3.11.6. Analysis of Appropriateness of Selected Reference Genes in DSS- and DNBS-Experimental 

Colitis Using Specific Targeted Genes  

Two genes were selected to test the suitability of the 13 reference genes, and to highlight the 

significance of choosing an optimal reference gene to quantify target gene mRNA expression levels. 

TNF-α and IL-1β were selected based on their contribution to the development of experimental colitis. 

Up-regulation of these cytokines in inflamed colon has been extensively reported and they are also 

considered to be classical pro-inflammatory mediators in UC. Therefore, using the 13 reference genes, 

the relative TNF-α and IL-1β transcript expression in control and DSS and DNBS groups was determined 

by calculating differences in the comparative threshold cycle (ΔΔCt) and the difference in threshold 

cycle (ΔCt) methods (316). 

3.11.7. Selected Reference Genes Stability in DSS-Experimental Colitis Using External RNA Controls 

Consortium (ERCC) 

External RNA Controls Consortium (ERCC) RNA Spike-In Mixes (Life Technologies, USA) and 

RNAs from control and DSS and DNBS groups were used according to the manufacture instructions. 

Reverse transcription was performed using SuperScript VILO cDNA Synthesis Master Mix (Invitrogen, 
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Grand Island, NY, USA), according to the manufacturer’s instructions. To control for template quality, 

the threshold cycle (Ct) values of 3 selected control ERCC RNAs (ERCC-0002, ERCC-00113, ERCC-

0074) were concurrently assessed, and only experimental samples that showed threshold cycles within 2 

cycles of the median values of ERCC RNA were engaged in the relative quantification of the expression 

level of the reference genes. The expression values for the reference genes were calculated by 

normalizing their expression to the Ct values for ERCC-00113, one of the choices of the control ERCC 

RNAs, using the ΔΔCt method (316). 

3.12. Target Gene Expression Analysis  

Gene expression was calculated based on the differences in the threshold cycle (ΔCt) number between 

the target genes and the optimal reference genes (270, 317) were used to normalize expression. Human 

and mouse primer sequences are provided in tables 3.3 and 3.4. 
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Table 3.3. Target human primer sequences. 
 

Gene name Forward Reverse 
CHGA TAAAGGGGATACCGAGGTGATG TCGGAGTGTCTCAAAACATTCC 
KLF-5 CCTGGTCCAGACAAGATGTGA GAACTGGTCTACGACTGAGGC 
IL-6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA 

IL-10 GACTTTAAGGGTTACCTGGGTTG TCACATGCGCCTTGATGTCTG 
IL-1B TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG 

TNF-A GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC 
CHGB CAGCCAACGCTGCTTCTCA GGTTCCTGTTATCCACTGGCA 
CHGC GAAGCCGAATGGATCAGTGGA TGGTCTAAGTCAGCCTCTGAG 
MCP-1 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 
HPRT1 GAAAAGGACCCCACGAAGTGT AGTCAAGGGCATATCCTACAACA 
C-MYC GTCAAGAGGCGAACACACAAC TTGGACGGACAGGATGTATGC 

MR GGAGTGATGGTTCTCCTGTTTC CCTTTCAGCTCACCACAGTATT 
CD1B ACTCAGGAAATCCAATCCTCCTA ATAGCAGGCTGTGAGCTACAT 
TLR4 TTTGGACAGTTTCCCACATTGA AAGCATTCCCACCTTTGTTGG 

SLAMF7 TCAGGGATCTACTATGTGGGGA GGTGCCATTCTTATTGCTCTGC 
CD120B TGAAACATCAGACGTGGTGTG TGCAAATATCCGTGGATGAAGTC 

BAD CCCAGAGTTTGAGCCGAGTG CCCATCCCTTCGTCGTCCT 
BAK1 CATCAACCGACGCTATGACTC GTCAGGCCATGCTGGTAGAC 
BAX CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT 

PUMA GAAGAGCAAATGAGCCAAACG GGAGCAACCGGCAAACG 
CASP8 CTCCCCAAACTTGCTTTATG AAGACCCCAGAGCATTGTTA 
TRAIL TGCGTGCTGATCGTGATCTTC GCTCGTTGGTAAAGTACACGTA 
VEGF TGAGCTTCCTACAGCACAAC ATTTACACGTCTGCGGATCTT 

NFKB P65 (RELA) TGAGCCCACAAAGCCTTATC ACAATGCCAGTGCCATACA 
CASP3 CATGGAAGCGAATCAATGGACT CTGTACCAGACCGAGATGTCA 

CHGA Exon-IV TCATTGCAGATGAACGGAT TTGGAGAGCGAGGTCTT 
OCLDN ACAAGCGGTTTTATCCAGAGTC GTCATCCACAGGCGAAGTTAAT 

TBP CCCGAAACGCCGAATATAATCC AATCAGTGCCGTGGTTCGTG 
CLDN1 AGGTGCTATCTGTTCAGTGATG TGGCTGACTTTCCTTGTGTAG 
CADH1 CTTCTGCTGATCCTGTCTGATG TGCTGTGAAGGGAGATGTATTG 

ZO1 CCAGCCTGCTAAACCTACTAAA ATCTCTTGCTGCCAAACTATCT 
COL1A2 GAGCGGTAACAAGGGTGAGC CTTCCCCATTAGGGCCTCTC 

IL8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC 
IL18 GCGTCACTACACTCAGCTAAT GCGTCACTACACTCAGCTAAT 

CHGA Exon-VII GTTCCATGAAGCTCTCCTTCC TCAAGGCTGTCCTCCCA 
STAT3 ACCAGCAGTATAGCCGCTTC GCCACAATCCGGGCAATCT 
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Table 3.4. Target mouse primers. 
 

Gene Forward Reverse 
Chga CACGGGAGACAGTGAGAGAG TCCGACTGACCATCATCTTTCT 
Chgc AGACGAGTGGATGCGGATAAT GGCATAGGGCTTGTTCTCTTT 
Chgb CAGACGAAGGTAGGCAATGAG GGTTGGAGGGACGGAGACT 
Inos GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC 

Mip1a TGTACCATGACACTCTGCAAC CAACGATGAATTGGCGTGGAA 
Mip1b TTCCTGCTGTTTCTCTTACACCT CTGTCTGCCTCTTTTGGTCAG 
Cradd AAGGCGAGAGAGGAAGTCACA GTTAATCTGCTGGTCTGATGGC 
Ripk1 AGAAGAAGGGAACTATTCGCTGG AGAAGAAGGGAACTATTCGCTGG 
Bad AAGTCCGATCCCGGAATCC GCTCACTCGGCTCAAACTCT 

Bak1 CAACCCCGAGATGGACAACTT CGTAGCGCCGGTTAATATCAT 
Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG 

Casp8 CAACTTCCTAGACTGCAACCG TCCAACTCGCTCACTTCTTCT 
Cxcr4 GACTGGCATAGTCGGCAATG AGAAGGGGAGTGTGATGACAAA 
Puma AGCAGCACTTAGAGTCGCC CCTGGGTAAGGGGAGGAGT 
Trail ATGATGGTGATTTGCATAGTGCT AGCTGCTTCATCTCGTTGGTG 
Fizz1 AAGCCTACACTGTGTTTCCTTTT GCTTCCTTGATCCTTTGATCCAC 
Ym1 CAGGTCTGGCAATTCTTCTGAA GTCTTGCTCATGTGTGTAAGTGA 

Arg-1 TTGGGTGGATGCTCACACTG GTACACGATGTCTTTGGCAGA 
Chga ATCCTCTCTATCCTGCGACAC GGGCTCTGGTTCTCAAACACT 
Mpo AGTTGTGCTGAGCTGTATGGA CGGCTGCTTGAAGTAAAACAGG 
Il1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 
Il-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

Tnfa CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 
Mcp-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 

Il10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 
Klf5 CCGGAGACGATCTGAAACACG GTTGATGCTGTAAGGTATGCCT 

Casp3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC 
Tlr4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA 
Vegf CGAAGCTCTCCACGAATTGA  CTCCCAGAGAAAGAGAAGAACAC 
Eef2 TGTCAGTCATCGCCCATGTG CATCCTTGCGAGTGTCAGTGA 

Nfkb p65 (Rela) GCTCAAGATCTGCCGAGTAAA CAGAGTCCAGTGTGTACCTTTC 
Tlr4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA 

Chga Exon-IV CCTCTCTATCCTGCGACACCA TGGAGAGCCAGGTCTTGAAGTT 
Col1a2 GGTGAGCCTGGTCAAACGG ACTGTGTCCTTTCACGCCTTT 
Ocldn TTGAAAGTCCACCTCCTTACAGA CCGGATAAAAAGAGTACGCTGG 
Cldn1 GGGGACAACATCGTGACCG AGGAGTCGAAGACTTTGCACT 
Zo1 GCCGCTAAGAGCACAGCAA TCCCCACTCTGAAAATGAGGA 

Cadh1 CATCCCAGAACCTCGAAACA TGGGTTAGCTCAGCAGTAAAG 
Stat3 CAATACCATTGACCTGCCGAT GAGCGACTCAAACTGCCCT 
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3.12.1. CHGA Expression in Human Biopsies & Experimental Colitis 

To determine whether CHR (CHGA Exon-IV), CHGA, PST (CHGA Exon-VII) are regulated in 

patients with active UC, their mRNA levels were quantified. To confirm the expression of CHR, Chga, 

and PST during the development of experimental colitis, mRNA levels were quantified in colitic mice. 

3.12.2. Macrophage Markers, Tight Junction Proteins, Angiogenesis, and inflammatory mediators in 
Human Biopsies, Experimental Colitis and in-Vitro Activated Macrophages 

Macrophages are dynamic cells integrating signals during progression of UC to develop specific 

functional responses (29). To investigate the link between CHR (CHGA Exon-IV), CHGA, PST (CHGA 

Exon-VII) and different macrophage subsets, we quantified mRNA levels for M1 (IL1β, IL6, TNFα, 

CD120B, SLAMF7, toll-like receptor-4 (TLR4), NFKB, M2 (IL10, CD1B, MR, c-MYC), epithelial 

associated cytokines (IL8, IL18), tight junction proteins TJ proteins (Claudin-1 [CLDN1], zonula 

occludens-1 [ZO1], E-cadherin [CADH1] and occludin [OCLN]), and VEGF in active UC and healthy 

individuals and determined their existence of a correlation between CHR (CHGA Exon-IV), CHGA, PST 

(CHGA Exon-VII). Additionally, M1 markers (Inducible nitric oxide synthase [iNOS], Macrophage 

Inflammatory Protein [Mip]-1α and Mip-1β) and M2 markers (Il10, Arg-1, Chitinase-like protein [Ym1] 

and Found in inflammatory zone protein [Fizz1]), tight junction protein, were quantified in the mice 

model, ex-vivo macrophages, and in vitro M1 and M2 polarized macrophages. mRNA levels of tight 

junction proteins and Vegf were also quantified in the colonic mucosa of colitic and non-colitic mice.  

3.12.3. Apoptosis Markers in Human biopsies, Experimental Colitis and in-Vitro Activated 
Macrophages 

In the context of inflammation, the intestinal epithelium maintains or returns to a homeostasis state 

through apoptosis and regulation of intrinsic and extrinsic apoptotic pathway (318-320). In inflammatory 

conditions, the activation of intrinsic pathways leads to activation of caspase-3, which favors the 
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cleavage of other proteins (321, 322). An irreversible point is achieved once the cell advances towards a 

critical state of destruction that will end in cell death(321). We determined the relationship between 

CHGA and apoptotic markers. In human biopsies, we measured mRNA levels of caspase-3, intrinsic 

apoptotic pathway markers (PUMA, BAD, BAX, BAK1) and of extrinsic apoptotic pathway markers 

(TRAIL, CASP8). Moreover, we quantified mRNA and or protein levels of apoptosis markers in colitic 

and non-colitic Chga+/+ and Chga-/- mice as well as in vitro M1 and M2.  

3.13. Western Blotting  

The experiments were performed as previously described (323). Briefly, colonic tissue or 2 x 105 

of macrophages cells were lysed in RIPA buffer (50 mmol/L Tris pH 8, 0.1% SDS, 0.5% deoxycholate, 

1% NP-40, 150 mmol/l NaCl, 1 tablet complete mini protease inhibitor/10 mL) (Roche®Diagnostics 

GmbH, Germany). Next, equal amounts of total lysates were electrophoresed and transferred to Trans W 

membrane. Membranes were incubated overnight at 4ᵒ C with NF-κB p65, phospho-p53 ser15, cleaved 

caspase 3 and caspase 8 antibodies (R&D Systems, Inc., MN, USA) at dilution rate 1:1000. GAPDH 

(R&D Systems, Inc., MN, USA) served as a loading control (1: 10,000 dilution). HRP-conjugated anti-

rabbit (Cell Signaling, Danvers, MA, USA) secondary antibodies (1:5000 dilution) were used for 

chemiluminescent detection (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada). Mini-PROTEAN 

TGX precast gels (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada) were used for Western blot 

analysis. 

3.14. Data Analysis 

Data are expressed as the mean ± standard error of the mean (SEM). Unpaired a Mann-Whitney 

U test was applied to compare between two groups. One-Way ANOVA followed by a post-hoc test was 
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used to compare between more than two groups. Repeated measure Two-Way ANOVA followed by a 

post-hoc test was used to compare DAI and wound healing closure. Spearman’s correlation test was also 

used to explore the association between the different studied markers. The statistical two-tailed 

significance level was concluded at p <0.05. Statistics were computed using GraphPad Prism software 

(version 6; GraphPad Software, Inc, La Jolla, CA, USA). 
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BRIDGE TO CHAPTER 4 

RT-qPCR is a powerful tool for studying gene expression, and it is characterized by high 

sensitivity and specificity. Inflammation affects the stability of gene expression including the reference 

genes, which used to normalize the expression of the target. Unstable reference genes can mislead the 

data interpretation and draw a controversial conclusion. DSS experimental colitis is the most widely used 

murine model of intestinal inflammation. Therefore, chapter 4 describes our efforts to define better 

reference genes in mouse DSS-induced colitis.    
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CHAPTER 4 

MANUSCRIPT 2 

Stability of Reference Genes for Messenger RNA Quantification by Real-Time PCR 

in Mouse Dextran Sodium Sulfate Experimental Colitis 
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4.1. Abstract 
Background: Many animal models have been developed to characterize the complexity of colonic 

inflammation. In DSS-Experimental colitis in mice the choice of reference genes is critical for accurate 

quantification of target genes using quantitative real time PCR (RT-qPCR). No studies have addressed 

the performance of reference genes in mice DSS-experimental colitis. This study aimed to determine the 

stability of reference genes expression in DSS-experimental murine colitis. Methods: Colitis was 

induced in male C57BL/6 mice using DSS5% for 5 days, control group received water. RNA was 

extracted from inflamed and non-inflamed colon. Using RT-qPCR, comparative analysis of 13 reference 

genes was performed according to predefined criteria and relative colonic TNF-α and IL-1β gene 

expression was determined by calculating the difference in the threshold cycle. Results:  Colitis 

significantly altered the stability of mucosal reference genes expression. Commonly used 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh), β-actin (Actb), or β2 microglobulin (β2m) showed 

the highest variability within the inflamed and control groups. Conversely, TATA-box-binding protein 

(Tbp) and eukaryotic translation elongation factor 2 (Eef2) were not affected by inflammation and were 

the most stable genes. Normalization of colonic TNF-α and IL-1β mRNA levels were dependent on the 

reference gene used. Depending on the genes used to normalize the data, statistical significance varied 

from significant when TBP/Eef2 were used to nonsignificant when Gapdh, Actb or β2m were used. 

Conclusions:  This study highlights the appropriate choice of reference genes to ensure adequate 

normalization of RT-qPCR data when using this model. Suboptimal reference genes may explain 

controversial results from published studies. We recommend using Tbp and Eef2 instead of Gapdh, Actb 

or β2m as reference genes.  
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4.2. Background 

IBD is a group of disorders where segments of the gastrointestinal tract become inflamed and 

ulcerated. UC is one form of IBD. UC is an idiopathic chronic relapsing–remitting inflammatory disorder 

that affects the colon and is characterized by diarrhea and rectal bleeding. The etiology and pathogenesis 

of UC are still unknown, and accumulating evidence has indicated that sustained intestinal infection, 

commensal microbiota, mucosal barrier defects, mucosal immune dysregulation, genetic, environmental 

factors and stress-related factors are involved in UC pathophysiology. UC is globally distributed, and the 

prevalence in Europe and North America is 24.3 and 19.2 per 100,000 individuals, respectively, and 6.3 

per 100,000 individuals in Asia and the Middle East (5). The growing prevalence of this disease impact 

on the economic and health care burdens that affect patients’ quality of life. Treatment for a UC patient 

in the United States costs approximately $15,020 annually (324).  

Over the last two decades, many animal models have been developed to characterize the 

complexity of UC pathophysiology. These models have helped to study molecular mechanisms and to 

determine potential human therapeutics (325). The most widely used mouse model of colonic 

injury/repair is DSS, a water-soluble negatively charged chemicals with anticoagulant properties. DSS 

causes chemical injury in the intestinal mucosa and results in exposure of the lamina propria (LP) and 

sub-mucosal compartment to luminal antigens; enteric bacteria then promote the development of 

inflammation. Although the DSS model is commonly used in UC research, controversy exists regarding 

the nature of the injury because some experts have classified this model as an injury/repair model and not 

as UC models. However, given its ease of administration (in drinking water), the simplicity of 

controlling the dosage (severity), interval (recovery process) and its cost effectiveness (326), the DSS 

model is one of the most widely used models of colonic inflammation (over 4000 entries in PubMed).  
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RT-qPCR is a powerful tool for gene expression studies and it is characterized by high 

sensitivity, specificity, wide quantification range for high throughput and accurate expression profiling of 

selected targets (327). The most common method for data normalization includes the use of endogenous 

normalizer genes, known as internal control, housekeeping or reference genes, which are required for 

RT-qPCR data analysis using the comparative cycle threshold (Ct) method (316). Therefore, the best 

endogenous normalizer gene should be characterized by a consistent mRNA expression in all samples 

under study, irrespective of tissue types, disease state or experimental conditions, and it should have 

expression levels comparable to that of the target gene (328).  

Although an ideal endogenous normalizer gene has not yet been discovered, many different genes 

have been selected and used depending on the insult, lesion or disease conditions in humans, 

experimental conditions, cell culture or experimental animal models (329, 330). Several mathematical 

methods have been established to analyze the variability of candidate endogenous normalizer genes such 

as geNorm (313), bestKeeper (314), normFinder (331) and the comparative delta Ct method (332). Most 

of these methods use a stability value, a measure of variation observed within the samples, to rank each 

gene, where a lower stability value refers to low variation and, therefore, correctness as a reference gene 

compared to other candidates. Thus, careful selection, evaluation and validation of the endogenous 

normalizer gene are crucial for data interpretation and is necessary to avoid possible data inaccuracies 

from the use of an inappropriate endogenous normalizer gene (333, 334).  

To our knowledge, no validated endogenous normalizer genes related to the DSS-experimental 

model have been reported for relative mRNA quantification. Here, we examine the problems associated 

with using non-validated or unsuitable endogenous normalizer genes and their impact on data accuracy. 

Therefore, the aim of this study was to confirm the validity of the following 13 potential endogenous 

normalizer genes: Gapdh, Actb, β2m, Hmbs, Hprt, RpLp0, Tbp, Gusb, Ppia, Oaz1, Nono, Tfrc and Eef2, 
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which were selected after reviewing the literature for studies that used a mouse DSS model. This 

approach provided a detailed analysis of common and novel reference genes for the future use of the 

DSS model in relation to RT-qPCR analyses. Moreover, using the 13 housekeeping genes related to the 

expression of two major colonic pro-inflammatory cytokines in inflamed and normal tissues, we aimed to 

find the most suitable endogenous normalizer genes for mRNA expression studies using DSS-induced 

colitis in mice. 

4.3. Results  

4.3.1. Colitis Induction 

We first confirmed the induction and development of experimental colitis in the DSS-treated 

group compared to control. When compared to the control group, the DSS-treated group showed more 

disease onset and greater severity, based on the DAI, and on macroscopic and histological scores 

(Figure 4.1ABC). This was confirmed by a 6- and 20-fold increase in serum CRP levels and colonic 

MPO activity (Figure 4.2AB), respectively. The protein levels of colonic pro-inflammatory cytokines 

(TNF-α, IL-6, IL-1β) were also increased by 13-, 15- and 8-fold, respectively (Figure 4.2CDE). 

4.3.2. Specificity and Primer Efficiency  

RT-qPCR was used to determine the performance for each primer set via primer specificity and 

efficiency. The dissociation curve following RT-qPCR confirmed the amplicon specificity. A single peak 

in the melting curve analyses for each of the 13 sets of primers referred to high specificity. The 

amplification efficiency for all primer sets ranged from 87% to 120% and the correlation coefficients 

(R2) were greater than 0.98. 



 
 
 

	
	
 
 

74	

4.3.3. Reference Gene Expression Profiles  

The expression levels of the 13 reference genes were determined using Ct and descriptive 

statistics (mean, SD, median, min, max) (Figure 4.3, Table 4.1) in all tested samples. The mean Ct values 

for reference genes ranged between 15 and 32, with most between 18 and 25. Oaz1 had the highest 

median Ct value (33.88), which indicated a relatively low expression at the colon level, while Actb had 

the lowest median Ct value (Ct = 15.85), which indicated a relatively high expression at the colon level. 

The variable transcript abundance of the 13 reference genes demonstrated different expression levels in 

the same experimental set. Taking into consideration all the samples, the lowest standard deviations were 

determined for Eef2 (SD = 1.05) and Tbp (SD = 1.084), defining those two reference genes as having the 

lowest variability, while Gapdh (SD = 2.05), Trfc (SD = 1.963), β2m (SD = 2.137) and Actb (SD = 

1.842) were defined as having the highest fluctuations in their mRNA expression.  
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Figure 4.1. Confirmation of colitis induction by dextran sulfate sodium (DSS).  
Mice were received 5% DSS for five days. (A) Disease activity index (DAI) during the 5 days, repeated measures 
ANOVA analysis followed by the multiple comparisons post hoc analysis; (B) macroscopic scores; (C) histologic 
score (100 x magnifications). Control represents data obtained in non-colitic non-treated mice (n=6/group). Repeated 
Measure Two-Way ANOVA followed by a post-hoc test was applied to compare between DSS-treated and control 
mice during the 5 days of colitis. Unpaired student t-test analyses were used to compare the macroscopic and 
histological scores in DSS-treated group and the control group. Data are presented as the mean ± SD. The significance 
level was adjusted at 0.05. 
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Figure 4.2. Systematic confirmation of colitis induction by dextran sulfate sodium (DSS).  
Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents 
data obtained in non-colitic non-treated mice that received regular drinking water (n=6/group). Serum and colonic 
tissues samples were collected for analysis. ELISA was used to quantify (A) C-reactive protein serum level; (B) 
myeloperoxidase (MPO) activity in the colon; and colonic pro-inflammatory mediators: (C) TNF-α, (D) IL-6 and (E) 
IL-1β. Unpaired Student t-test analyses were used to compare DSS-treated group to the control group. Data are 
presented as the mean ± SD. The significance level was adjusted at 0.05. 
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Table 4.1. Descriptive performance of candidate reference genes. Bold refers to suboptimal 
performance. 

Reference Gene Minimum Maximum Median Mean Standard 
Deviation 

Efficiency 
% R2 

Eef2 16.94 19.98 19.33 18.95 1.05 101 1.00 
Tbp 24.55 27.65 26.12 26.12 1.084 120 0.98 

Nono 21.34 25.61 23.23 23.24 1.515 99 1.00 
Trfc 22.21 27.76 24.08 24.86 1.963 99 0.99 
Gusb 27.65 30.99 29.46 29.36 1.343 94 0.99 
Hprt 21.34 26.06 23.37 23.44 1.571 105 0.99 
Ppia 17.34 21.93 19.22 19.37 1.593 99 1.00 
Oaz1 32.01 35.78 33.88 33.84 1.388 96 0.99 
Hmbs 24.01 27.08 25.31 25.52 1.228 104 1.00 
Rplp0 17.92 21.87 20.1 19.94 1.469 105 1.00 
Gapdh 16.01 21.92 17.69 18.44 2.05 93 0.99 
Actb 14.46 19.6 15.85 16.52 1.842 91 0.99 
β2m 16.58 22.9 18.05 18.95 2.137 87 1.00 

 
 
 

 
 
  

Figure 4.3. Range of quantification/threshold cycle (Ct) values of the candidate reference genes in the colonic 
tissues of DSS-treated group and control mice.  
Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents 
data obtained in non-colitic non-treated mice that received regular drinking water (n=6/group).  A scatter dot plot 
displays the mean value and standard deviation in all colon samples (n=12). Each dot represents the CT value for 
one sample. 
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4.3.4. Effect of Inflammation on Candidate Reference Gene mRNA Expression in Colonic 

Specimens  

To examine whether the development of inflammation had any effect on mRNA expression 

levels, the candidate gene mRNA from the DSS group compared to the non-colitic control group were 

determined. As described in Figure 4.4, mRNA expression levels of several reference genes, such as 

Nono (P = 0.0006), Trfc (P = 0.0007), Gusb (P = 0.0135), Hprt (P = 0.0053), Ppia (P = 0.0060), Hmbs 

(P = 0.0009), Rplp0 (P = 0.0035) and Gapdh (P = 0.0080), were significantly altered under 

inflammatory conditions. Non-significant differences with justified data distribution were reported for 

Tbp and Eef2. Although there is no significant alteration between colitic and non-colitic groups for β2m 

and Actb a high variability was shown by the high standard deviations (2.137 and 1.842, respectively). 

Oaz1 expression is also problematic, because it lacks the properties of an ideal reference gene 

expression, with a mean Ct value of 33.84, high standard deviation (1.338) and was significantly 

altered under inflammatory conditions (P = 0.0335). 

4.3.5. Stability of Reference Genes 

To assess and rank reference gene stability, three different tools were used: geNorm gene, 

BestKeeper gene stability and final comprehensive gene stability ranking. 

  



 
 
 

	
	
 
 

79	

  

Figure 4.4. Effect of inflammation on candidate reference gene expression in colonic specimens.  
DSS-induced colitic and non-inflamed control colon groups are defined in the Materials and Methods. Colitis was induced 
by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data obtained in non-colitic 
non-treated mice that received regular drinking water (n=6/group). Several genes were found to show altered expression 
between samples from control and DSS-induced colitis group (n = 6/group). Unpaired Student’s t-test was used to compare 
between the groups. Ct, threshold cycle. 
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4.3.5.1. geNorm Gene Stability  

The average gene expression stability (M value) of the 13 reference genes tested was calculated 

using geNorm via an integrated web database platform (315). All selected reference genes showed 

expression stability, with M <1.5 (the default cutoff M value was determined by geNorm). The most 

stable reference genes were Tbp/Eef2 followed by Rplp0 and Gusb, while Gapdh, β2m and Actb 

exhibited the lowest gene expression stability (Figure 4.5). The order of the 13 tested reference genes, 

from the most stable to the least stable was: Tbp (0.323), Eef2 (0.323), Rplp0 (0.371), Gusb (0.393), 

Ppia (0.399), Hmbs (0.403), Nono (0.419), Hprt (0.439), Oaz1 (0.474), Trfc (0.570), Gapdh (0.658), 

β2m (0.744) and Actb (0.847). 

4.3.5.2. BestKeeper Gene Stability  

The BestKeeper gene stability was also calculated. From most stable to least stable, the ranking 

is as follows: Eef2 (0.825), Tbp (0.958), Hmbs (1.114), Gusb (1.233), Oaz1 (1.258), Nono (1.328), 

Rplp0 (1.333), Hprt (1.378), Ppia (1.414), Actb (1.524), Trfc (1.693), Gapdh (1.716) and β2m (1.810) 

(Figure 4.6). BestKeeper gene stability expression showed the same pattern of results for the two most 

stable and the three least stable reference genes when compared with the geNorm analysis. 

4.3.5.3. Final Comprehensive Gene Stability Ranking 

Reference gene stability expression was also calculated using the comprehensive ranking. As 

shown in Figure 4.7, the stability rank from the most stable to the least stable was as follows: Tbp 

(2.11), Ppia (2.34), Eef2 (3.36), Nono (4.28), Hprt (4.28), Gusb (4.47), Hmbs (5.05), Rplp0 (6.03), 

Oaz1 (7.35), Trfc (10.47), Gapdh (11.00), Actb (12.17) and Β2M (12.24). Data from the three tools 

showed that Gapdh, Actb and β2m are suboptimal candidates for normalization of target gene 
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expression in the DSS model, because their stability was affected by the presence of inflammation and 

the experimental conditions. Conversely, Tbp, Ppia and Eef2 showed consistent expression stability.  
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Figure 4.5. The average expression stability values of the 13 reference genes analyzed by geNorm in inflamed and non-
inflamed colonic tissues.  
Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data 
obtained in non-colitic non-treated mice that received regular drinking water (n=6/group). A lower M value refers to higher 
gene expression stability. 
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Figure 4.6. Reference gene stability performance of the 13 reference genes in the colonic tissues of colitic and non-
colitic mice, which were analyzed using BestKeeper.  
Lower values refer to higher stability and higher values refer to a lower stability. Colitis was induced by 
administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data obtained in non-
colitic non-treated mice that received regular drinking water (n=6/group). 
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Figure 4.7. Comprehensive gene stability ranking for the 13 reference genes used in DSS-induced colitis and control groups.  
RT-qPCR was performed for each of the 13 reference genes using the same RNA samples from control and DSS-induced 
colitis groups (inflamed and non-inflamed areas). Colitis was induced by administrating mice with 5 % of DSS in drinking 
water for 5 days (n = 6). Control represents data obtained in non-colitic non-treated mice that received regular drinking 
water (n=6/group). 
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4.3.6. Effect of Reference Gene Selection on the Target mRNA Relative Expression 

The key effect of the 13 reference genes on quantifying relative mRNA expression of two target 

genes (TNF-α and IL-1β) in DSS-experimental colitis was investigated using comparative the ΔΔCt 

method (Figure 4.8). Our study indicates that reference gene selection significantly affects 

quantification of TNF-α and IL-1β mRNA expression levels, which can substantially change the results 

and their associated interpretation. When normalized against the sub-optimal or least stable genes, 

colonic TNF-α expression levels (Figure 3.8B) had a higher variability in DSS-experimental colitis, 

which shifted the results from a significant up-regulation to a non-significant up-regulation. The P 

value in the inflamed vs. control groups where: Gapdh (P = 0.2042), Actb (P = 0.3073), β2m (P = 

0.2981), Hprt (P = 0.0580), Trfc (P = 0.2378); while the reference genes associated with a high stability 

profile demonstrated significant TNF-α up-regulation in inflamed vs. control groups (Eef2 P <0.0022, 

Tbp P = 0.0013, Gusb P = 0.0083, Ppia P = 0.0013, Rplp0 P = 0.0179, Hmbs P = 0.0117, Nono P = 

0.0075, Oaz1 P = 0.0260) (Figure 4.8AB). The same pattern was demonstrated using IL-1β (Figure 

4.8CD). Using suboptimal-reference genes, there was no difference in IL-1β mRNA levels between the 

inflamed and control groups (Gapdh P = 0.1276, β2m P = 0.1147, Actb P = 0.8308, Trfc P = 0.1458, 

Hprt P = 0.1469). Conversely, IL-1β relative mRNA expression levels were significantly up regulated 

in the inflamed colon when reference genes associated with a high stability profile were used (Eef2 P 

<0.0001, Tbp P <0.0001, Gusb P = 0.0446, Ppia P = 0.0063, Rplp0 P= 0.0043, Hmbs P = 0.0288, Nono 

P = 0.0234, Oaz1 P = 0.0241). 
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Figure 4.8A. Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6).  
Control represents data obtained in non-colitic non-treated mice that received regular drinking water (n=6/group). Effect of 
most stable reference gene selection on the relative expression of TNF-α. Target gene expression was normalized against the 
13 reference genes using comparative the ΔΔCt method. Significant differences between control and inflamed colon were 
seen only with the stable reference genes. Unpaired Student’s t-test was used to compare the groups at significance level. 
Data is presented as the mean ± SD (n=6/group). 
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Figure 4.8B. Effect of least stable reference gene selection on the relative expression of TNF-α.  
Target gene expression was normalized against the 13 reference genes using comparative the ΔΔCt method. Significant 
differences between control and inflamed colon were seen only with the stable reference genes. Unpaired student’s t-test 
was used to compare the groups at significance level of 0.05. Data is presented as the mean ± SD. Colitis was induced by 
administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data obtained in non-colitic 
non-treated mice that received regular drinking water (n=6/group). 
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Figure 4.8C. Effect of most stable reference gene selection on the relative expression of IL-1β.  
Target gene expression was normalized against the 13 reference genes using comparative the ΔΔCt method. Significant 
differences between control and inflamed colon were seen only with the stable reference genes. Unpaired student’s t-test 
was used to compare the groups at significance level of 0.05. Data is presented as the mean ± SD. Colitis was induced by 
administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data obtained in non-colitic 
non-treated mice that received regular drinking water (n=6/group). 
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Figure 4.8D. Effect of least stable reference gene selection on the relative expression of IL-1β.  
Target gene expression was normalized against the 13 reference genes using comparative the ΔΔCt method. Significant 
differences between control and inflamed colon were seen only with the stable reference genes. Student’s t-test was used to 
compare the groups at significance levels. Data is presented as the mean ± SD (n=6/group). Colitis was induced by 
administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data obtained in non-colitic 
non-treated mice that received regular drinking water (n=6/group). 
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4.3.7. Reference Genes Stability in DSS-Experimental Colitis Using External RNA Controls 
Consortium (ERCC) 

Moreover, to confirm our findings, the expression values of the 13 selected reference genes in 

control and DSS groups were calculated based on the Ct values of control ERCC RNA (ERCC-00113). 

Although, the expression levels of each of these genes in DSS group down regulated compared to the 

control group, but the change in Eef2 & Tbp expressions did not show any significant change 

(Figure 4.9). DSS administration led to a more than 4-fold significant decline in the expression levels 

of 11 selected genes compared to control (Gusb P = 0.0040, Ppia P = 0.0007, Rplp0 P = 0.0005, Hmbs 

P = 0.0111, Nono P = 0.0024, Oaz P = 0.0116, Hprt P = 0.0001, Trfc P = 0.0039, Actb P = 0.0020, 

β2m P = 0.0024, Gapdh P = 0.0040), whereas the expression of Eef2 (P = 0.6855) & Tbp (P = 0.4949) 

did not change significantly (Figure 4.9AB). Taken together, these data indicated that the expression of 

Eef2 & Tbp in DSS experimental colitis is relatively stable compared with the 11 other reference genes. 

4.4. Discussion  

To the best of our knowledge, this is the first systematic report on the stability of candidate gene 

mRNA expression used for data normalization in RT-qPCR experiments, which are used widely in the 

mouse DSS model. Normalization aims to remove sampling differences to identify actual gene-specific 

variations. For optimal reference genes, this variation should be minimal or absent. Therefore, the 

validation of suitable reference (endogenous control, housekeeping) genes is a critical step in mRNA 

expression analysis, because usage of an unstable or suboptimal gene could generate biased and 

ambiguous interpretations and conclusions.  
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Figure 4.9A. Changes in the expression levels of the selected reference genes (Eef2, Tbp, Gusb, Hmbs, Nono, Oaz1) in 
colon of control and DSS treated groups.  
Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data 
obtained in non-colitic non-treated mice that received regular drinking water (n=6/group). The expression levels of these 
genes in colonic samples were normalized to the Ct values of ERCC-00113, an external control RNA. The graphs show 
relative expression values that calculated using the ΔΔCt method. Unpaired student’s t-test was used to compare the groups 
with significance level 0.05. Data are shown as mean ± S.D (n = 6/group).  
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Figure 4.9B. Changes in the expression levels of the selected reference genes (Ppia, Rplp0, Actb, Hprt, Trfc, B2M, Gapdh) 
in colon of control and DSS treated groups.  
Colitis was induced by administrating mice with 5 % of DSS in drinking water for 5 days (n = 6). Control represents data 
obtained in non-colitic non-treated mice that received regular drinking water (n=6/group). The expression levels of these 
genes in colonic samples were normalized to the Ct values of ERCC-00113, an external control RNA. The graphs show 
relative expression values that calculated using the ΔΔCt method. Unpaired student’s t-test was used to compare the groups 
with significance level 0.05. Data are shown as mean ± S.D (n = 6/group). 
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Here, we demonstrated the expression stability of the five most common reference genes, in 

addition to eight others that are used in DSS-experimental colitis, using different approaches including 

a final comprehensive ranking from the most stable to least stable reference gene expression. In this 

study, the expression of those widely used endogenous controls demonstrated a significant variability. 

In contrast, based on the predefined criteria as shown in results, we have identified two reference genes 

(Tbp and Eef2) that demonstrated optimal expression stability, which was not influenced by the 

experimental conditions (normal or inflammation). Tbp encodes a TATA-box-binding protein that is 

the common subunit essential for all three RNA polymerases to correctly initiate RNA transcription 

(335), while Eef2 is an crucial factor for protein synthesis via promotion of the GTP-dependent 

translocation of the nascent protein chain from the A-site to the P-site of the ribosome (336). Tbp and 

Eef2 have recently been reported to be preferable to other commonly used reference genes in various 

tissues. Kouadjo and colleagues (337) recognized Eef2 as a constantly expressed reference gene in 

various mouse tissues without significant variation in its expression, and it is not regulated by 

experimental conditions such as gonadectomy, steroid hormones and adrenalectomy. In the mouse 

intestine, Wang et al. (338) found that Tbp is an optimal reference gene for the normalization of gene 

expression and has stability suitable for a reference gene. Tatsumi et al. (339) reported that Tbp showed 

relative expression stability regardless of liver regeneration stages. Additionally, Svingen and 

colleagues (340) suggested that Tbp is an optimal reference gene for RT-qPCR experiments during 

early gonad differentiation in the mouse. This could be attributed to the fact that these two genes carry 

out their functions in the same way and capacity in different tissues and experimental conditions.  

There are more than 700 published research articles, according to the PubMed database, that 

quantify gene expression in the DSS model in mice, and all of them used Gapdh as reference gene in 

RT-qPCR expression analysis. Our results do not encourage the use of classical reference genes such as 
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Gapdh for mRNA expression studies of the colonic mucosa. In particular, Gapdh, Actb and β2m 

exhibited high variability and the least stability in the presence of inflammation. These data corroborate 

previous studies showing extreme instability of these genes in different tissues or conditions. In IBD 

patients, intestinal inflammation significantly affects the stability of mucosal Gapdh, Actb and β2m 

expression, which displays high variability in healthy individuals and/or between the non-inflamed and 

inflamed mucosa (341). Moreover, some studies reported fluctuations and variability in Gapdh 

expression in various tissues. Kouadjo and colleagues (337) reported that Gapdh and Actb are 

expressed in all mouse tissues, and there are significant differences in their expression levels between 

different tissues and between different experimental conditions. In the same context, Wang and 

colleagues (338) studied the stability of reference genes in the mouse small intestine and their results 

support our findings. They reported that expression of commonly used reference genes (Gapdh, β2m, 

Aactb) were relatively unstable. Moreover, Gapdh is regulated and showed high expression variability 

in mouse osteoblasts, osteoclasts and macrophages (342). Adachi and colleagues (343) found that Actb 

and Gapdh exhibited expression instability and suboptimal performance as reference genes during 

retinal mouse development. The least stability of classic reference genes could be attributed to their 

functions, which could be dysregulated under experimental or disease conditions and expression 

variations within different tissues. In the case of inflamed and non-inflamed mucosa, the suboptimal 

performance of these genes could result from the different cell populations in the mucosa. Therefore, 

depending on the relative proportion of different cell types that might have changed in the different 

samples included in the study (inflamed vs. control), this may explain the variability in expression. 

Findings from recent studies showed that in pure cell populations, Gapdh  and β2m did not perform 

optimally as endogenous control genes (344). Gapdh is a universal reference gene, but questions have 

begun to emerge regarding its validity as a reference gene. The previously mentioned publications, as 
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examples, used different experimental models and human samples and reported that Gapdh is not a 

suitable reference gene, because of its high instability compared with other reference genes. 

In general, our results show that the relative expression of a target gene may be miscalculated 

depending on the reference gene selected for correction, and this could shift the results from significant 

to nonsignificant, which will impact the final interpretation and conclusions, and cause potential errors 

in future research. This is especially true if fluctuations in reference gene expression stability have a 

significant effect on the relative targeted gene quantification. In our study, using the least stable 

reference genes for normalization resulted in no significant difference for TNF-α and IL-1β mRNA 

expression when the inflammatory state was compared to the control group. Conversely, the use of 

reference genes with high stability demonstrated a significant difference between the control and 

inflammatory groups. These findings are supported by previous studies inside and outside the 

gastrointestinal field, which report that normalization of a target gene using a suboptimal or unstable 

reference gene induced fluctuations in the relative mRNA levels of the target gene and caused the final 

output to be non-significant. For gastrointestinal inflammation, Bamias and colleagues (341) validated 

reference gene stability in IBD patients and healthy individuals, and they concluded that using 

suboptimal reference genes such Gapdh, Actb and β2m  to quantify mRNA expressions such as for 

TNF-α in inflamed and non-inflamed colon and ileum altered the results from significant to 

nonsignificant. For other tissues and models, Ren et al. (345) tested the stability and suitability Gapdh 

and Actb in murine corneal disease models using target genes and they reported that Gapdh and Actb 

are suboptimal reference genes. Normalization of the target gene against either Actb or Gapdh resulted 

in conflicting relative expression ratios compared to the other tested reference genes. Also, circadian 

studies performed by Kosir and colleagues (346) investigated reference gene stability in different 

tissues and mouse strains, and they reported that Gapdh and actb showed the least stability. Selection 
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of reference genes such as Actb, which is often used for analyses in individual mouse strains, may lead 

to an incorrect interpretation and could result in errors if used for normalization when different mouse 

strains are compared.  

Our findings are valid in, and refer to, colonic tissues isolated from C57BL/6 mice. This study 

reported the performance of 13 potential reference genes including the most common, widely used 

reference genes, but the potential that a more optimal reference gene combination may be found in the 

future cannot be excluded. Our findings only apply to the DSS model in mice, and, therefore, do not 

eliminate the use of common reference genes such as Gapdh, Actb or β2m from being optimal 

reference genes in other experimental conditions, tissues or species. 

4.5. Conclusion  

In this study, 13 common reference genes were investigated using predefined criteria. Our 

comparative analysis of candidate reference genes recommended the use of Tbp/Eef2 as the appropriate 

reference genes for target gene normalization in C57BL/6 mice associated with the DSS model. 

Suboptimal selection of reference genes may explain conflicting results for target gene expression in 

published studies using the mouse DSS model because this study showed the instability and high 

variability of Gapdh, Actb, Trfc and β2m as reference genes (Figure 4.10). Most RT-qPCR results 

reported in the context of DSS-experimental colitis is still using these two traditional reference genes 

without pre-selection. Consequently, our study should facilitate the gene expression analysis in 

experimental models of DSS colon injury in mice. Because optimal reference gene normalization can 

improve statistical significance, power and dramatically reduce sample size optimization reference 

genes, it is a crucial step in mRNA quantification using real-time PCR. In any study that uses relative 

mRNA expression quantification, it is necessary to define a valid reference gene that takes into 
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consideration the specific experimental conditions and the time course that is used, to avoid any 

misinterpretation of the results and to draw rigorous conclusions. 
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Figure 4.10. Illustration summary describes the effect of dextran sodium sulfate (DSS) on the reference genes expression. 
The stability of reference genes in the gastrointestinal mucosa and their impact when used to quantify mRNA level of target 
genes using RT-qPCR. Moreover, the immune cellular composition can greatly vary and can contribute to the variation of 
expression of a given gene. The least stable genes are the suboptimal genes that showed high variability (Gapdh, Actb, β2m, 
Trfc), while the most stable genes are the optimal genes that exhibited high stability (Tbp, Eef2). 
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BRIDGE TO CHAPTER 5 
 

The manuscript 2 in chapter 4 described the stability of reference genes in DSS-induced colitis, which 

is the most commonly used animal of IBD. The stability of reference genes can be changed according 

to the model of colitis used. Thus, we aimed to investigate whether the stability of the reference genes 

can be modified by using a second model mimicking IBD. Therefore, the following chapter describes 

the stability of reference genes at the colonic mucosa in the context of the use of the DNBS model of 

colitis, mimicking CD. 
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 CHAPTER 5 

MANUSCRIPT 3 

Appropriateness of Reference Genes for Normalizing Messenger RNA in 

Mouse 2,4-Dinitrobenzenesulfonic Acid (DNBS)-Induced Colitis Using Quantitative 

Real Time PCR 
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5.1. Abstract 

2,4-Dinitrobenzenesulfonic acid (DNBS)-induced colitis is an experimental model that mimics 

Crohn’s disease. Appropriateness of reference genes is crucial for quantitative real time PCR (RT-

qPCR). This is the first study to determine the stability of reference gene expression in mice treated 

with DNBS. DNBS experimental Colitis was induced in male C57BL/6 mice. RNA was extracted from 

colon tissue and comprehensive analysis of 13 reference genes was performed according to predefined 

criteria. Relative colonic TNF-α and IL-1β mRNA levels were calculated. Colitis significantly altered 

the stability of mucosal reference gene expressions. Commonly used glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh), β-actin (Actb), or β2 microglobulin (β2m) showed the highest fluctuation 

within the inflamed and control groups. Conversely, ribosomal protein large P0 (Rplp0), non-POU 

domain containing (Nono), TATA-box-binding protein (Tbp) and eukaryotic translation elongation 

factor 2 (Eef2) were not affected by inflammation and were the most stable genes. TNF-α and IL-1β 

mRNA levels was dependent on the reference gene used and varied from significant when the most 

stable genes were used to nonsignificant when the least stable genes were used. The appropriate choice 

of reference genes is critical to guarantee satisfactory normalization of RT-qPCR data when using 

DNBS-Model. We recommend using Rplp0, Nono, Tbp, Hprt and Eef2 instead of common reference 

genes. 
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5.2.  Introduction   

IBD is an idiopathic, chronic, and relapsing gastrointestinal inflammatory disorders that are 

characterized by abdominal pain, weight loss and diarrhea. UC and CD are the two main forms of IBD 

and they have both overlapping and distinct clinical and pathological features; however, they can be 

distinguished by the location of the inflammation within the gastrointestinal tract (347). The etiology of 

IBD is unknown, but there are several factors that may contribute to its pathophysiology such as 

genetic factors, immune system dysregulation, microbial dysbiosis, stress, and disruption of tight 

junctions. To investigate these different etiological factors, many experimental models are available 

and include chemically induced and transgenic animal models, spontaneous models and genetically 

engineered (348). Animal models of IBD are a main source of information about the pathophysiology 

and are clinically relevant to both human UC and CD. 

Because of their low cost and rapid onset of disease, chemical-induced colitis models are 

considered valuable tools to study various aspects of IBD. The DSS model, a model of injury-repair 

mimicking UC, is one of the most common chemical models used to induce colitis in rodents (349), but 

the model needs to be well controlled to avoid variation in DSS concentration, and inconsistent water 

uptake by mice resulting in uneven exposure to DSS, in which causes variation in the degree, extent, 

and distribution of mucosal damage in the colon (350). Several models can mimic CD (88), but the two 

main models are the hapten-induced TNBS and DNBS models of colitis, where the agents are given via 

rectal instillation, diluted in varying concentrations of ethanol(89). Ethanol administration is required to 

disrupt the colonic mucosal barrier to allow penetration of DNBS or TNBS into the lamina propria and 

to haptenize the localized colonic and gut microbial proteins to become immunogenic, and activate the 

host immune responses(90). DNBS can bind covalently to the E-amino group of lysine and alter cell 

surface proteins to be haptinized proteins, which induce IL-12 and Th1-mediated local immunological 
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responses and active the macrophages to overproduce pro-inflammatory cytokines such as INF-γ, IL-β, 

IL-12, TNF)-α and nitric oxide (NO) due to induction of inducible nitric oxide synthase (iNOS), which 

contributes to the inflammatory process that in turn result in transmural inflammation reflected by 

weight loss and diarrhea(89, 351, 352). Clinically, DNBS causes severe inflammation in the colon and 

rectum(91), and induces a strong inflammatory response that is associated with a significant increase in 

myeloperoxidase (MPO) activity and overproduction of IL-1β and TNF-α(92). Compared to DNBS, 

TNBS is considered to be a hazardous chemical because of its highly oxidative properties that can 

increase the risk of explosion upon contact with bases such as sodium and potassium hydroxide. 

Moreover, DNBS binds more selectively to proteins than TNBS, binding only to the ε-amino group of 

lysine (89). Furthermore, TNBS is no longer accessible in the United States of America(89).   

Consequently, DNBS is currently favored over TNBS to induce colitis. 

RT-qPCR is a powerful technique used to increase our understanding of the molecular 

pathophysiology of IBD, and it is characterized by a high sensitivity, a relatively low cost, and an high 

time efficiency (327). RT-qPCR accuracy is affected by the stability of the reference genes. RT-qPCR 

data analysis includes reference genes in the comparative cycle threshold (Ct) method (316). The 

optimal reference gene should be characterized by stable messenger RNA (mRNA) expression in all 

samples studied, regardless the tissue type, the disease state, or the experimental conditions, and it 

should have expression levels comparable to that of the target gene(328). Therefore, careful selection, 

evaluation and validation of the optimal reference gene are vital for achieving reliable results and to 

avoid possible data inaccuracies from the use of a suboptimal reference gene. 

Recently, we reported the stability of reference genes in mouse DSS-experimental colitis(317), 

which is the most common and widely used IBD animal model. Several studies used DSS and DNBS 
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animal models to address their research questions (353-359). Therefore, in the current study, we 

performed the first comprehensive study of reference gene stability in a DNBS model of colitis to 

differentiate between optimal and suboptimal reference genes and to investigate the problems 

associated with using non-validated or unsuitable reference genes and their impact on data accuracy. 

Evaluation of 13 potential reference genes (Gapdh, Actb, β2m, Hmbs, Hprt, RpLp0, Tbp, Gusb, Ppia, 

Oaz1, Nono, Tfrc, and Eef2) was assessed in colitic mice by analyzing reference gene stability using 

different algorithms such as geNorm (313), bestKeeper (314), normFinder (331), the comparative delta 

Ct method (332), and the comprehensive ranking (315). These approaches provided a detailed 

comprehensive analysis of common and novel reference genes for the use of mouse DNBS-induced 

colitis in relation to RT-qPCR experiments. Moreover, to validate the influence of reference gene 

stability on target gene normalization, the relative gene expression of two major colonic pro-

inflammatory cytokines TNF-α and IL-1β in inflamed and non-inflamed colonic tissues was evaluated 

using the 13 housekeeping genes to find the most suitable endogenous normalizer genes for mRNA 

expression. 

5.3. Results 
5.3.1. Confirmation of DNBS–Induced Colitis  

Induction and development of experimental colitis was confirmed in the DNBS-treated group 

compared to controls. Based on the DAI, the weight loss and the macroscopic scores (Figure 5.1ABC), 

the DNBS-treated group (DNBS + Ethanol 30%) showed a significant increase of inflammation 

compared to the control groups (PBS 1%, DNBS + PBS 1%, Ethanol 30%). This was confirmed by a 

15-fold increase in the protein level of colonic MPO activity (Figure 5.1D). The protein levels of 

colonic pro-inflammatory cytokines (IL-1β, TNF-α) were also significantly increased by 10 - fold and 

17 - fold change respectively (Figure 5.1EF). 
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5.3.2. Primer Specificity and Efficiency 

The performance for each primer set via primer specificity and efficiency was assessed. The 

dissociation curve following RT-qPCR confirmed the amplicon specificity. A single peak in the 

melting curve analyses for each of the 15 sets of primers indicated high specificity. The amplification 

efficiency for all selected primers ranged from 91% to 125% (Table 5.1) and the correlation 

coefficients (R2) were equal or greater than 0.99. 
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Figure 5.1. Confirmation of colitis induction by dinitrobenzenesulfonic acid (DNBS).  
(A) Disease activity index and (B) weight loss percentage were analyzed by repeated measures ANOVA analysis followed 
by the multiple comparisons post hoc analysis; (C) macroscopic scores. (D) Myeloperoxidase (MPO) activity in the colon; 
and colonic pro-inflammatory mediators: (E) IL-1β, (F) TNF-α. The control groups (PBS 1%, DNBS + PBS 1%, 
Ethanol 30%), while DNBS-induced colitis group (DNBS + Ethanol 30%), n=6 /group. One-Way ANOVA analysis 
followed by the multiple comparisons post hoc analysis were used to compare the experimental groups at significance level 
of 0.05. Data are presented as the mean ± SD.  
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Table 5.1. Amplification efficiency for selected reference and target genes.  
 

Gene Slope R2 Efficiency % Amplification 
Eef2 - 3.55 1.00 99 1.99 

Gapdh - 3.29 1.00 101 2.01 
Actb - 3.56 1.00 91 1.91 
B2m - 3.32 1.00 100 2.00 
TBP - 3.22 1 104 2.04 

Oaz1 - 3.41 0.99 96 1.69 

Hprt - 3.47 1 94 1.94 
Nono -3.28 0.99 99 1.99 
Ppia - 3.44 1 95 1.95 

Rplp0 - 3.36 1 98 1.98 
Trfc - 3.47 1 94 1.94 
Gusb - 3.53 0.99 92 1.92 
Hmbs - 3.12 0.99 109 2.09 
TNF-α -2.83 0.99 125 2.25 
IL-1β - 3.30 0.99 101 2.01 
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5.3.3. Reference Gene Expression Profiles  

The expression levels of the 13 reference genes were evaluated using Ct and descriptive 

statistics (mean, SD, median, min, max) (Table 5.2) in all tested samples. The mean Ct values for 

reference genes ranged between 14 and 38, with most between 18 and 25. Oaz1 had the highest median 

Ct value (38.14), which indicated a relatively low expression at the colon level, while Actb had the 

lowest median Ct value (Ct = 14.74), which indicated a relatively high expression at the colonic tissue. 

The lowest standard deviation was determined for Tbp (SD = 0.7309) Rplp0 (SD = 0.7325), Hprt (SD = 

0.9832), Eef2 (SD = 1.405) and Nono (SD = 1.431), defining these two reference genes as having the 

lowest variability, while Gapdh (SD = 1.511), Actb (SD = 1.634), Hmbs (SD = 1.637), Ppia 

(SD= 1.761), Gusb (SD = 1.808), Oaz1 (SD = 1.808), β2m (SD = 1.897) and Trfc (SD = 2.095) were 

defined as having the highest instabilities in their mRNA expression. 

5.3.4. Effect of Inflammation on Selected Reference Gene mRNA Expression in Colonic Mucosa 

To evaluate whether inflammation had any effect on mRNA expression levels, the candidate 

gene mRNA from the DNBS group compared to the non-colitic control group were determined. As 

described in Figure 5.2, threshold cycle (Ct) values of all reference genes were not significantly altered 

under inflammatory conditions. Although there is no significant alteration between colitic (DNBS + 

Ethanol 30%) and non-colitic groups (PBS 1%, DNBS + PBS 1%, Ethanol 30%) for most of reference 

genes, a high variability was shown by the high standard deviations for Actb, β2m, Trfc, Gapdh and 

Hmbs. 

Table 5.2. Descriptive performance of candidate reference genes. 
Reference 

Gene Minimum Maximum Median Mean Standard 
Deviation 

Eef2 17.60 22.73 18.19 18.73 1.405 
Gapdh 16.38 22.92 18.20 18.48 1.511 
Actb 14.74 22.63 16.71 16.92 1.634 
B2m 16.61 23.91 18.81 19.57 1.897 
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TBP 24.72 28.59 25.09 25.22 0.7309 
Oaz1 31.54 38.14 33.32 33.73 1.808 
Hprt 20.86 25.78 21.61 21.79 0.9832 
Nono 21.83 26.27 21.89 22.19 1.431 
Ppia 16.84 22.87 18.14 18.63 1.761 

Rplp0 17.58 21.44 18.53 18.56 0.7325 
Trfc 21.84 29.44 22.99 23.67 2.095 
Gusb 25.51 32.34 27.46 27.91 1.882 
Hmbs 23.98 29.88 25.18 25.82 1.637 

 

 
Figure 5.2. Effect of inflammation on candidates’ reference gene expression in colonic mucosa.  
Mice were anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 
cm into the colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol 
and left for 3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal 
administration of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 
PBS 1%) or 100 µl 30% Ethanol (Ethanol 30%). One-Way ANOVA analysis followed by the multiple comparisons post 
hoc analysis were used for comparison between the groups (n = 6/group) at significance level of 0.05. Ct refers to threshold 
cycle.   
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5.3.5. Appropriateness of Reference Genes 

To examine and rank reference gene appropriateness, five different tools were used to calculate 

the expression stability of selected reference genes: NormFinder, Comparative Delta CT, geNorm gene, 

BestKeeper gene stability, and final comprehensive gene stability ranking. 

Normfinder gene stability:  Figure 5.3A shows the ranking order of the 13 candidate reference genes 

mentioned above, using the NormFinder program to calculate their expression stability. Genes that are 

more stably and optimally expressed are indicated by lower average expression stability values. The 

analysis ranks the selected candidate from most stable gene to least stable; Nono, Eef2, Rplp0, Hprt and 

TbP were most stable genes while, Trfc, Hmbs, β2m, Gapdh and Actb were least stable genes. 

Comparative Delta CT: In the present study, the average expression stability of all selected reference 

genes was calculated by comparative delta CT (Figure 5.3B). Classical reference genes such as Trfc 

(2.11), Hmbs (1.770), β2m (1.770), Gapdh (1.560) and Actb (1.550) had the highest expression 

instability while Nono (1.25), Eef2 (1.28), Rplp0 (1.32), Hprt (1.36), and Tbp (1.36) were most stable 

genes in the colonic tissue.  

geNorm analysis: Average expression stability (M value) of all genes was calculated by geNorm 

software. The M values of the candidate reference genes across all samples are shown in Figure 5.3C. 

Lower values refer to high stability, geNorm ranked the selected genes from most to least stable gene, 

as follows Tbp/Rplp0 (0.379), Hprt (0.516), Eef2 (0.867), Nono (0.944), Ppia (1.091), Gusb (1.154), 

Gapdh (1.187), Actb (1.225), Oaz1 (1,266), β2m (1.351), Hmbs (1.416) and Trfc (1.523). The two 

members set TbP/Rplp0 are excellent optimal reference genes that were selected by geNorm. 

BestKeeper Analysis: The reference gene evaluation by BestKeeper tool is shown in Figure 5.3D. The 

best keeper revealed that in DNBS induced colitis the highest stable genes were Tbp (0.305), Rplp0 

(0.440), Hprt (0.574), Eef2 (0.905) and Nono (0.920), and while the least stable genes were Actb 
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(0.934), Gapdh (0.967), Ppia (1.242), Oaz1 (1.246), Gusb (1.296), Hmbs (1.368), Trfc (1.439) and β2m 

(1.567). 

Comprehensive gene ranking: Taking in consideration all the previous gene-ranking tools 

NormFinder, Comparative delta CT, geNorm and BestKeeper analyses, reference gene stability was 

calculated using the overall comprehensive ranking system. As shown in Figure 5.4, comprehensive 

gene ranking from the most stable to the least stable gene is as follows: Rplp0 (2.060), TbP (2.235), 

Nono (2.236), Eef2 (2.828), Hprt (3.464), Ppia (6.964), Oaz1 (7.545), Actb (8.132), Gusb (8.181), 

Gapdh (8.651), Hmbs (11.489), β2m (11.721) and Trfc (12.742). Data from the tools used showed that 

Gapdh, Actb, and β2m are suboptimal candidates for normalization of target gene expression in the 

DNBS-model because their stability was affected by the presence of inflammation and the 

experimental conditions. However, Nono, Rplp0, TbP, and Eef2 showed consistent expression stability. 
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Figure 5.3. Gene expression stability values of the 13 reference genes analyzed by defined criteria (A) NormFinder (B) 
Delta CT Method (C) geNorm Analysis (D) BestKeeper analysis for 24 colon samples.  
Mice were anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 
cm into the colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol 
and left for 3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal 
administration of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 
PBS 1%) or 100 µl 30% Ethanol (Ethanol 30%). Lower values refer to higher stability and higher values refer to a lower 
stability. 
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Figure 5.4. Comprehensive gene stability ranking for the 13 reference genes used in DNBS-induced colitis and control 
groups.  
Mice were anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 
cm into the colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol 
and left for 3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal 
administration of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 
PBS 1%) or 100 µl 30% Ethanol (Ethanol 30%). RT-qPCR was carried out for each of the 13 reference genes using the 
same RNA samples. CT values were used to calculate the comprehensive gene stability ranking. 
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5.3.6. Influence of Reference Gene Choice on the Target mRNA Relative Expression 

To determine if the choice of reference gene used to normalize the gene of interest expression 

significantly alters the statistical outcome reported, normalization of TNF-α and IL-1β gene expression 

in DNBS model was investigated using comparative the ΔΔCt method (Figure 5.5). The present study 

shows that reference gene selection significantly affects mRNA expression levels of TNF-α and IL-1β, 

which can substantially alter the results and their associated interpretation. The magnitude of the 

relative fold change and the standard error of the mean were amplified when the genes of interest were 

normalized against the least stable gene candidate, as we expected. When normalized against the sub-

optimal or least stable genes, colonic and IL-1β expression levels (Figure 5.5AB) had a higher 

variability in DNBS-experimental colitis (DNBS + Ethanol 30%), which shifted the results from a 

significant up-regulation to a non-significant up-regulation. The P value changed with different 

reference genes when inflamed (DNBS + Ethanol 30%) and control groups were compared (PBS 1%, 

DNBS + PBS 1%, Ethanol 30%). Using the least stable genes, no significant difference in TNF-α and 

IL-1β mRNA levels was reported (Hmbs, Actb, Gapdh, Trfc, Ppia, Oaz1, β2m). However, the relative 

mRNA expression levels were significantly up regulated in the inflamed colon when reference genes 

associated with a high stability were used (Rplp0, Hprt, Eef2, Tbp, Nono, Gusb) (Figure 5.5). 
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Figure 5.5A. Effect of the most stable reference gene selection on the relative expression of colonic IL-1β.  
Target gene expression was calculated against the reference genes using comparative the ΔΔCt method. Mice were 
anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 cm into the 
colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol and left for 
3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal administration 
of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + PBS 1%) or 100 
µl 30% Ethanol (Ethanol 30%). One Way ANOVA analysis followed by the multiple comparisons post hoc analysis were 
used for comparison between the groups. Data is presented as the mean ± SD, (n=6/group), NS = No statistical significance 
between the groups (n = 6/group).  
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Figure 5.5B. Effect of the least stable reference gene selection on the relative expression of colonic IL-1β.  
Target gene expression was calculated against the reference genes using comparative the ΔΔCt method. Mice were 
anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 cm into the 
colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol and left for 
3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal administration 
of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + PBS 1%) or 100 
µl 30% Ethanol (Ethanol 30%). One Way ANOVA analysis followed by the multiple comparisons post hoc analysis were 
used for comparison between the groups. Data is presented as the mean ± SD, (n=6/group), NS = No statistical significance 
between the groups.  
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Figure 5.5C. Effect of the most stable reference gene selection on the relative expression of colonic TNF-α.  
Target gene (TNF-α) expression was calculated against the reference genes using comparative the ΔΔCt method. Mice were 
anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 cm into the 
colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol and left for 
3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal administration 
of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + PBS 1%) or 100 
µl 30% Ethanol (Ethanol 30%). One Way ANOVA analysis followed by the multiple comparisons post hoc analysis were 
used for comparison between the groups at significance level of 0.05. Data is presented as the mean ± SD, (n=6/group), NS 
= No statistical significance between the groups.  
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Figure 5.5D. Effect of the least stable reference gene selection on the relative expression of colonic TNF-α.  
Target gene (TNF-α) expression was calculated against thereference genes using comparative the ΔΔCt method. Mice were 
anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 cm into the 
colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol and left for 
3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal administration 
of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + PBS 1%) or 100 
µl 30% Ethanol (Ethanol 30%). One Way ANOVA analysis followed by the multiple comparisons post hoc analysis were 
used for comparison between the groups at significance level of 0.05. Data is presented as the mean ± SD, (n=6/group), NS 
= No statistical significance between the groups  
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5.3.7. Reference Gene Stability in DNBS-Induced Experimental Colitis Using the External RNA 
Controls Consortium (ERCC) 

To gain more confirmatory insights, the mRNA levels of the 13 selected reference genes in 

control and DNBS groups were calculated based on the Ct values of control ERCC RNA (ERCC-

00113). The expression levels of the least stable genes (Actb, Gapdh, Hmbs, Oaz1, β2m, Trfc) in the 

DNBS experimental colitis group (DNBS + Ethanol 30%) were significantly down regulated or 

unregulated compared to the control groups (PBS 1%, DNBS + PBS 1%, Ethanol 30%) while the most 

stable genes (Rplp0, Nono, Eef2, Tbp, Hprt, Ppia, Gusb) did not demonstrate any significant change 

(Figure 5.6AB). Taken together, these data indicated that the expression of the most stable genes in 

colonic inflammation induced through DNBS dissolved in 30% ethanol administration is relatively 

stable compared to the least stable reference genes. 

5.4. Discussion 

Appropriate reference genes are essential for optimal data normalization and thus generating 

reliable results in studies of gene expression. Our study is the first systematic report on the 

appropriateness of reference genes that could be used for RT-qPCR data normalization in the DNBS 

mouse model. RT-qPCR, with its ability to quantify small amounts of nucleic acids in a wide range of 

samples from numerous sources, has been used extensively in molecular biology. Normalization is a 

prerequisite to reduce the tube-to-tube variations caused by variable RNA quality or reverse 

transcription efficiency. Since endogenous reference genes are universally used to normalize the 

expression levels of the target genes, determining optimal and stable reference gene is a crucial step in 

gene expression experiments. 
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Figure 5.6A. The expression levels of the most stable reference genes in colon of different groups.  
Mice were anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 
cm into the colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol 
and left for 3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal 
administration of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 
PBS 1%) or 100 µl 30% Ethanol (Ethanol 30%). The expression levels of these genes in colonic samples were normalized 
to the Ct values of ERCC-00113, an external control RNA. The graphs show relative mRNA expression values that 
calculated using the ΔΔCt method. One Way ANOVA analysis followed by the multiple comparisons post hoc analysis 
were used to compare the groups with significance level 0.05. Data are shown as mean ± S.D (n = 6/group). NS = No 
statistical significance between the groups.  
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Figure 5.6B. Alterations in the expression levels of the least stable reference genes in the colon.  
Mice were anesthetized using Isoflurane. PE-90 tubing (10 cm) that was attached to a tuberculin syringe was inserted 3.5 
cm into the colon and colitis was induced by intra-rectal administration of 100 µl of 4 mg of DNBS solution in 30% ethanol 
and left for 3 days (DNBS + Ethanol 30%). Controls were time matched and consisted of mice that received intra-rectal 
administration of 100 µl of 1% phosphate buffer saline (PBS) or 100 µl of 4 mg of DNBS solution in 1% PBS (DNBS + 
PBS 1%) or 100 µl 30% Ethanol (Ethanol 30%). The expression levels of these genes in colonic samples were normalized 
to the Ct values of ERCC-00113, an external control RNA. The graphs show relative mRNA expression values that 
calculated using the ΔΔCt method. One Way ANOVA analysis followed by the multiple comparisons post hoc analysis 
were used to compare the groups with significance level 0.05. Data are shown as mean ± S.D (n = 6/group). NS = No 
statistical significance between the groups.  
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Commonly used reference genes such as Gapdh, Actb, and β2m are expressed constitutively, are 

involved in basic housekeeping functions required for cell maintenance, and are commonly selected as 

reference genes to normalize gene expression studies (317, 360, 361). Recently, several reports have 

demonstrated that expression of these genes could be altered in different tissues during growth and 

differentiation, in response to different stimuli, and under pathological conditions (317, 362). 

Therefore, research on alternative genes is required. NormFinder, geNorm, BestKeeper, the 

comparative ΔCt method, and the comprehensive ranking are popular algorithms to determine the 

stability of reference genes from a set of selected candidate reference genes under certain experimental 

conditions. 

DNBS-induced colitis is an experimental mouse model that is used to study the pathogenesis of 

CD, the effects of potential therapies, and the mechanisms underlying intestinal inflammation and 

mucosal injury in the preclinical state (89, 302, 363). Currently, DNBS is favored over TNBS to induce 

colitis. Using TNBS has many safety issues and concerns around using it raised in the last few years. 

DNBS is less hazardous than TNBS and can be used safely in a well-ventilated room with personnel 

wearing protective clothing, gloves and goggles(89). Moreover, TNBS is no longer available and 

allowed in the United States, thereby, DNBS can be an alternative(89). In our study, we evaluated the 

suitability of 13 genes, including the most commonly used reference genes Gapdh, Actb, Rplp0, β2m, 

and Hprt, which have been used in normalizing mRNA expression in normal and pathological 

intestinal mucosa (364-366). 

The thirteen reference genes were selected from Gene bank to analyze their stability by 

applying different approaches. The commonly used reference genes such as Gapdh, Actb, and β2m 

demonstrated significantly high variability, conversely, the most stable genes with the least variability 
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such as TbP, Rplp0, Nono, Eef2, and Hprt were not affected by the experimental conditions. TbP and 

Eef2 were shown to be the reference genes of choice for RT-qPCR data normalization when assessing 

colonic inflammation using the DSS-experimental colitis model (317). Moreover, Eef2 is recognized as 

a constantly expressed reference gene in various mouse tissues and its expression does not significantly 

vary, nor does it affect by experimental conditions (367). In the mouse intestine, Tbp has been 

demonstrated to be an optimal reference gene to normalize gene expression (338). Also, Rplp0 is the 

most stable gene in gene expression studies involving human blood CD4+ T cells (368).  

Our results do not recommend the use of the commonly used reference genes such as Gapdh, 

β2m, and Actb. The defect in stability of the classic reference genes can be attributed to their biological 

functions, which could be altered under experimental or disease conditions and expression variations 

within different tissues. Recent studies demonstrated that Gapdh, Actb, and β2m did not perform 

optimally as endogenous control genes in physiological and pathological conditions (317, 341). Given 

the popularity of the DNBS model to study CD, our study demonstrates an important finding and 

proposes that any new studies researching alternative involvements should include similar validation of 

a candidate reference gene profile.  

To investigate the importance and the impact of normalization using different reference genes 

on the expression level of target genes, the relative expression of TNF-α and IL-1β was normalized 

against 13 reference genes. Overall, our study shows that target gene mRNA levels may be calculated 

depending on the reference gene selected for normalization, and this could shift the results from 

significant to nonsignificant and vice-versa, which ultimately will influence the final interpretation and 

conclusions, and cause potential inaccuracies in future research. The relative gene expression of TNF-α 

and IL-1β followed a similar pattern when either the most stable or the least stable genes were used to 

normalize gene expression. Comparing inflamed and non-inflamed groups, no statistically significant 
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increase in TNF-α and IL-1β expression was observed when normalized to the least stable genes. In 

contrast, TNF-α and IL-1β gene expression demonstrated a significant increase when normalized to 

most stable genes. In the current study, we used the ΔΔCt method and Ct values were normalized to 

both the reference gene and a control group (in this case the no intervention control group). The use of 

the least stable reference gene resulted in large gene expression variation and consequently less 

statistically significant results, highlighting the effectiveness of using a robust analysis of gene stability 

before beginning any qRT-PCR studies. These findings are supported by previous published studies, 

which indicate that normalization of a target gene using a suboptimal or unstable reference gene 

induced fluctuations in the relative transcript levels of the target gene and caused the final output to be 

nonsignificant with high variability in IBD patients (341), murine corneal model (345) and circadian 

studies (346).  

External RNA standards can be used as quality controls for inter-run and cross-platform 

standardization to strength the correctness of our study forecast based on the panel of biomarkers (369). 

In the current study, using the ERCC as an external normalizer to investigate the expression levels of 

potential reference genes, we demonstrated that inflammatory conditions did not change the expression 

levels of the most stable reference genes (Rplp0, Nono, Tbp, Eef2, Hprt), but they significantly altered 

that of the suboptimal reference genes such Gapdh, Actb, Hmbs, Trfc, Oaz1 and β2m. This may be 

because mRNA levels of suboptimal reference genes can be changed by metabolic functions under both 

physiological and pathological conditions. Therefore, in addition to different approaches that can be 

used to evaluate the appropriateness of reference genes in gene expression experiments, normalization 

to ERCC RNA standard may be useful as an additional assenting step for clarifying the stability of 

reference genes. 
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Many animal models have been developed to characterize the complexity of IBD 

pathophysiology, to study molecular underlying mechanisms and to determine the potential human 

therapeutics(325). Although, DSS is the most popular and widely used mouse model of colonic 

inflammation(89). A debate exists regarding the nature of the injury because some experts have 

classified this model as an injury/repair model and not as UC models. However, given its ease of 

administration, the simplicity of controlling the dosage, interval and its cost effectiveness (326), this 

model has some limitations such as variation in DSS concentration, and inconsistent water uptake by 

mice resulting in uneven exposure to DSS, in which results in variation in the degree of 

inflammation(350). Therefore, DNBS experimental colitis is established especially after prohibition of 

TNBS use in USA. Currently, researchers would like to test their hypothesis using two different cost-

effective animal models, several published articles showed this concept. Validation of reference genes 

is critical in RT-qPCR experiments, previously we validated the stability of reference genes in DSS-

experimental model(317). Our previous findings by using DSS model(317) are supporting the current 

results in DNBS experimental colitis. Both models showed least stability of common widely used 

reference genes (Gapdh, Actb, β2m) and most stability with Tbp, Eef2, Rplp0 and Nono.  

We acknowledge the limitations of the present study. Our findings are valid in, and refer to, 

colonic tissues isolated from C57BL/6 mice. This study tested the performance of 13 potential 

reference genes including the most commonly used reference genes, but more optimal reference gene 

combinations may be defined in the future cannot be omitted. Our findings only apply to the DNBS-

model in mice, and, therefore, do not eliminate the use of common reference genes from being optimal 

reference genes in other experimental conditions, tissues, or species. Consequently, with the 

development of new models, and application of interventions, validation studies will need to be 

repeated.  
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5.5. Conclusion 

In conclusion, this study is the first comprehensive analysis referring to the stability of 13 

reference genes used in the DNBS mouse model of experimental colitis, and how it could affect the 

final interpretation and conclusions (Figure 5.7). While Gapdh, B2m, and Actb are the most commonly 

used reference gene in RT-qPCR experiments, their stability varied widely between the control and 

DNBS groups that may influence downstream ΔΔCt calculations. In contrast, our comparative study of 

candidate reference genes suggested the use of TBP/Rplp0 as the appropriate reference genes for target 

gene normalization in C57BL/6 mice associated with DNBS-experimental colitis model. For all RT-

qPCR experiments, we strongly recommend defining a valid reference gene that takes into 

consideration the specific experimental conditions and the time course that is used, to avoid any 

misleading results and to support rigorous conclusions.  
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Figure 5.7. Diagram summary describes the effect of dinitrobenzenesulfonic acid (DNBS) on the reference genes 
expression (RGE) stability in the gastrointestinal mucosa. 
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BRIDGE TO CHAPTER 6 
 

 

Chapters 4 and 5 investigated the stability of reference genes in animal models of IBD, particularly in 

DNBS and DSS-induced colitis. In the following experiments Eef2 was used as an endogenous 

normalization marker when studying the target gene expression. With this validated marker, next we 

investigated the role of CHGA and its derived peptides during the development of colitis. CHR is a 

short CHGA bioactive peptide and in this chapter, we defined the expression of CHR in patients with 

active UC and using the DSS model of colitis, and, described the functional consequences of 

exogenous CHR administration on the disease progression and the regulation of M1.   
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CHAPTER 6 

MANUSCRIPT 4 

Chromofungin (CHR: CHGA47-66) is Downregulated in Persons with Active 

Ulcerative Colitis and Suppresses Pro-Inflammatory Macrophage Function 

Through the Inhibition of NF-κB Signaling.  
 
 
 
 
 
This chapter has been published in Biochemical Pharmacology (PMID: 28827109). The authors are: 
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6.1. Abstract  

CHGA is a pro-hormone secreted by neuroendocrine cells and is a precursor of several 

bioactive peptides, which are implicated in different and distinctive biological and immune functions. 

CHR (CHGA47-66) is a short peptide with antimicrobial effects and encodes from CHGA exon-IV. IBD 

is characterized by alterations in the activation of pro-inflammatory pathways, pro-inflammatory 

macrophages (M1), and NF-κB signaling leading to the perpetuation of the inflammatory process. 

Here, we investigated the activity of CHR (CHGA Exon-IV) in persons with active UC and the 

underlying mechanisms in DSS-colitis regarding macrophages activation and migration. Tissue mRNA 

expression of CHR (CHGA Exon-IV) was down regulated in active UC compared to healthy 

individuals and negatively correlated with pro-inflammatory macrophages (M1) cytokines, TLR-4, and 

phosphorylated NF-κB. In DSS colitis, CHR (CHGA Exon-IV) expression was reduced, and 

exogenous CHR treatment decreased the severity of colitis associated with a reduction of M1 

macrophages markers and phosphorylated NF-κB. In vitro, CHR treatment reduced macrophages 

migration, decreased pro-inflammatory cytokines production and NF-κB. Targeting CHR may 

represent a promising new direction in research to define new therapeutic targets and biomarkers 

associated with IBD. 
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6.2. Introduction 

Human CHGA gene is well characterized and consists of eight exons and seven introns. The 

transcript of 2 Kb is translated into the 457-residue CHGA acidic protein (129) distributed ubiquitously 

in vesicles of secretory cells of the enteric, endocrine, and immune systems (129). CHGA regulates 

cellular functions and is the precursor of several bioactive peptides, which are implicated in different 

and distinctive biological functions (370) by regulating the endocrine, the cardiovascular, and the 

immune systems (129, 256). CHR is a short active fragment of CHGA (CHGA47-66) encoded by the 

exon-IV (129), and, has potent antifungal activity via penetration of the fungal membranes within the 

lecithin monolayers and interaction with calmodulin in the presence of calcium (182, 183, 371). In 

addition to its antimicrobial activities, CHR activates neutrophils (186, 187) and facilitates the 

communication between the endocrine and immune systems (372). Also, CHR acts as a post-

conditioning agent against ischemia/reperfusion damages, decreasing infarct size and lactate 

dehydrogenase activity and directly affects heart performance, and protects against I/R myocardial 

injuries through the activation of pro-survival kinases (194). Moreover, CHR showed activity in 

modulating nociception by exhibiting potent antinociceptive effects at low doses through action on 

sensory neurotransmitter action and direct or indirect activation of inflammatory cells (158). Although 

CHGA and its derived peptides are implicated in various inflammatory diseases including gut 

inflammation (131, 132, 189, 190, 206, 220, 221, 253), no studies demonstrated the activity of CHR 

and its potential immune-regulatory properties during IBD. 

IBD arises from the interplay between luminal antigens and the colonic mucosa and comprises 

two major forms: UC and CD. The incidence of IBD has increased worldwide (282). Although the 

pathogenesis of IBD remains unclear, a dysregulation of immune responses seems to play a major role 

in its development (36, 263). The precise mechanisms of relevant inflammatory processes and immune 
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responses are still under investigation and target various inflammatory mediators, including 

chemotactic mediators and pro-inflammatory cytokines (119, 373). Macrophages play a central role in 

the context of immune dysregulation and, therefore, hold promise as targets for potential novel 

therapies (72). The mucosa of patients with UC and CD is characterized by an accumulation of pro-

inflammatory macrophages (M1) which can produce large amounts of inflammatory mediators (72) 

through the activation of NF-κB (374), which is a key transcription factor that regulates critical steps in 

the inflammatory cascade. Activated NF-κB is a heterodimer (predominantly of p65 and p50 units) 

(375) that can translocate from the cytosol to the nucleus to facilitate the transcription of specific target 

genes(270) and induces expression of pro-inflammatory genes (374). Excessive production of pro-

inflammatory mediators, such as TNF-α, IL-1β, IL-6 and monocyte chemoattractant protein-1 (MCP-1) 

is detected in IBD (119). These mechanisms underline the idea of targeting the macrophage lineage and 

NF-κB activity for therapeutic purposes, as demonstrated in IBD-related preclinical studies (220, 265, 

376-382). 

DSS is a heparin-like polysaccharide that is extensively used to induce both acute and chronic 

colitis in mice (326). The model of DSS-induced colitis exhibits several characteristics mimicking 

human UC, including weight loss, severe diarrhea, rectal bleeding, ulceration, and loss of epithelium, 

and cellular infiltration. DSS causes chemical injury in the intestinal mucosa and results in exposure of 

the lamina propria and sub-mucosal compartment to luminal antigens; enteric bacteria then promote the 

development of inflammation. Given its ease of administration (in drinking water), the simplicity of 

controlling the dosage (severity), interval (recovery process) and its cost effectiveness (326), this model 

is one of the most widely used preclinical animal models mimicking UC (317).  

Here, we hypothesized that CHR regulates colonic inflammation by suppressing the M1 activity 

through the inhibition of the NF-κB activity. In this study, we evaluated the activity of CHR in human 
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colonic biopsies collected from persons with endoscopically active UC and in the DSS experimental 

model of injury and assessed its effect on macrophages and NF-κB activity. Investigating the activity of 

CHR and how it regulates the macrophage activity to maintain intestinal homeostasis has an important 

outcome that could influence the development of novel and more efficient IBD therapeutics. 

6.3. Results 
6.3.1. CHR (CHGA Exon-IV) Expression is Reduced in Patients With Active UC and Correlates 

With Pro-inflammatory Macrophages and NF-κB activity  

Exon-IV mRNA expression levels were significantly reduced (P <0.0001), showing an 8-fold 

decrease in biopsies from subjects with active UC compared with healthy control (Figure 6.1A). Exon-

IV expression demonstrated a significantly strong negative correlation with pro-inflammatory 

macrophages (M1) associated cytokines such as IL1B (r= - 0.5925, P = 0.0059), TNFA (r= - 0.6015, P 

= 0.0005) and IL6 (r= - 0.6346, P = 0.0027) (Figure 6.1B), macrophage chemoattractant mediators 

(MCP-1) (r= -0.7233, P = 0.0003) (Figure 6.1C) and with TLR4 (r= -0.5789, P = 0.00078) and NFKB 

(r= - 0.7203, P = 0.003) (Figure 6.1D). NFKB activity was up regulated in patients with UC compared 

to healthy individuals and demonstrated strong significant positive correlations with pro-inflammatory 

cytokines (IL1B, TNFA, IL6), macrophage chemoattractant protein (MCP1, CCL2) and TLR4 activity 

(Figure 6.2A-D). 
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Figure 6.1. Chromofungin (CHGA Exon-IV) expression is reduced in patients with active ulcerative colitis (UC) and 
correlated negatively with the inflammatory mediators.  
mRNA levels of (A) CHGA Exon-IV in human active ulcerative colitis (UC) (n = 10), and healthy individual as control (n = 
10) and its correlation with (B) pro-inflammatory macrophages mediators (tumor necrosis factor alpha [TNFα], interleukin 
[IL]1β, IL6), (C) macrophages chemoattractant, monocyte chemoattractant protein (MCP1, CCL2), (D) toll-like receptor 4 
(TLR4) and nuclear factor kappa beta (NFKB) P65 mRNA levels. Unpaired Two-tailed Mann—Whitney U and Spearman’s 
correlation tests were used, and the data represent the mean ± SEM. The significance level was adjusted at 0.05. 
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Figure 6.2. Nuclear factor kappa beta (NFKB) expression is increased in patients with active ulcerative colitis (UC) and 
correlated negatively with the inflammatory mediators.  
mRNA levels of (A) Nuclear factor kappa beta (NFKB) P65 in human active ulcerative colitis (UC) (n = 10), and healthy 
individual as control (n = 10) and its correlation with (B) tumor necrosis factor alpha (TNFα), interleukin (IL)1β, IL6, (C) 
macrophages chemoattractant, monocyte chemoattractant protein (MCP1, CCL2), (D) toll-Like Receptor 4 (TLR4) mRNA 
levels. Unpaired Two-tailed Mann—Whitney U and Spearman’s correlation tests were used, and the data represent the 
mean ± SEM. The significance level was adjusted at 0.05. 
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6.3.2. CHR (Chga Exon-IV) Expression is Decreased in DSS-Induced Colitis 

Next, we investigated the endogenous expression of Exon-IV in DSS-induced colitis. Exon-IV 

gene expression was significantly reduced, showing a 6-fold decrease in colitic mice when compared 

with control mice (Figure 6.3A). 

6.3.3. CHR Peptide Treatment Ameliorates DSS-Induced Colitis 

Next, we determined the potential regulatory effect of CHR on colonic inflammation. CHR-

treated (2.5 mg/kg/day, six days, i.r.) colitic mice demonstrated a delayed disease onset and a decreased 

severity of the injury as reflected by the DAI (Figure 6.3C). At sacrifice day, feces consistency, colonic 

hyperemia, and the presence of blood in the colon were assessed. Under colitic conditions, CHR 

treatment significantly increased the length of the colon 1-fold (Figure 6.3D) and decreased the 

macroscopic scores by 3-fold when compared with colitic PBS-treated mice (Figure 6.3E). Moreover, 

CHR treatment significantly decreased the histologic score, which was associated with a reduction in 

the loss of tissue architecture, edema, and immune cells infiltrate (Figure 6.3F-G). CHR scrambled 

peptide (sCHR) did not show any significant effects on disease severity and onset, demonstrating the 

specificity of the CHR activity (Figure 6.3C-G). 
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Figure 6.3. Chromogranin-A (Chga Exon-IV) is reduced in dextran sulfate sodium (DSS)-induced colitis and chromofungin 
(CHR: CHGA47-66) peptide treatment ameliorates DSS-induced colitis.  
C57BL6 mice were given 5% DSS solution in their drinking water to induce colitis. Control mice received water without 
dextran sulfate sodium (DSS). Preventive chromofungin (CHR) or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides 
treatment or phosphate buffer saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (A) The colonic 
mRNA expression level of CHR (Chga Exon-IV) in DSS-induced colitis compared with control group, (B) experimental 
design, (C) disease activity index (composite score), (D) colon length, (E) macroscopic score, (F) histologic scores and (G) 
hematoxylin and eosin (H&E)-stained colonic sections (100 x magnifications) on day five after administration of DSS and 
control groups. Unpaired Two-tailed Mann—Whitney U and Two-way repeated measures or One-way ANOVA followed 
by multiple comparison tests were used to analyze the data. Each value represents the mean ± SEM, n = 8-10 mice/group. # 
P <0.0001 compared to control groups. Each experiment was repeated at least three times. 
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6.3.4. In Colitic Mice, CHR Treatment Decreased Colonic Monocytes and Neutrophils Infiltration, 
Serum C-Reactive Protein (CRP), Colonic Pro-Inflammatory Cytokines and Chemoattractant 
Mediators. 

In colitic conditions, CHR induced a significant decrease of colonic MPO activity (Figure 6.4A) 

and serum CRP levels (Figure 6.4B). sCHR did not show any significant effects on MPO and CRP 

expression levels (Figure 6.4A-B). Moreover, a significant decrease in colonic TNF-α, IL-1β, and IL-6 

protein (Figure 6.5A) and mRNA (Figure 6.5B) expression levels were determined in colitic CHR-

treated mice when compared with colitic PBS-treated mice. In parallel, CHR treatment significantly 

reduced the protein and the mRNA expression levels of MCP-1 (CCL2), macrophage inflammatory 

protein (Mip)1a and Mip1b in colitic mice when compared with colitic mice treated with PBS (Figure 

6.5C-D). sCHR did not show any significant effects on inflammatory mediator expression levels 

(Figure 6.5A-D). 

6.3.5. CHR Reduced Pro-Inflammatory Macrophage (M1) Activity and Decreased The Associated 
Inflammatory Mediators in Vivo.  

To elucidate the mechanism by how CHR regulates the development of colitis, we next 

investigated its role on macrophage function. Quantification of ex-vivo macrophages inflammatory 

mediators revealed that, the protein and mRNA levels of the pro-inflammatory cytokines (IL-1β, IL-6, 

TNF-α) (Figure 6.6A-B) and macrophages chemoattractant (MCP-1 [CCL2], Mip1α, Mip1β) (Figure 

6.6C-D) were significantly decreased in the peritoneal macrophages of CHR treated-DSS mice when 

compared with those isolated from the PBS-treated DSS group.  
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Figure 6.4. Chromofungin (CHR: CHGA47-66) decreased colonic monocytes and neutrophils infiltration as demonstrated 
by myeloperoxidase (MPO) and reduced serum C-reactive protein (CRP).  
C57BL6 mice were given 5% dextran sulfate sodium (DSS) solution in their drinking water to induce colitis. Control mice 
received water without DSS. Preventive chromofungin (CHR) or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides 
treatment or phosphate buffer saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (A) Serum level 
of C-reactive protein (CRP), (B) colonic protein expression levels of myeloperoxidase activity (MPO). One-way ANOVA 
followed by multiple comparison tests was applied. Each value represents the mean ± SEM, n = 8-10 mice/group. # P 
<0.0001 compared to control groups. Each experiment was repeated at least three times. 
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Figure 6.5A-B. Chromofungin (CHR: CHGA47-66) decreased colonic pro-inflammatory cytokines and chemoattractant 
mediators.  
C57BL6 mice were given 5% dextran sulfate sodium (DSS) solution in their drinking water to induce colitis. Control mice 
received water without DSS. Preventive chromofungin (CHR) or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides 
treatment or phosphate buffer saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (A) Protein and 
(B) mRNA levels of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 (C) protein and mRNA levels of monocyte 
chemoattractant protein-1 (MCP1, CCL2) and (D) mRNA levels of macrophage inflammatory protein (Mip1a, b) in the 
colonic mucosa. One-way ANOVA followed by multiple comparison tests was applied. Each value represents the mean ± 
SEM, n = 8-10 mice/group. # P <0.0001 compared to control groups. Each experiment was repeated at least three times.  
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Figure 6.5C-D. Chromofungin (CHR: CHGA47-66) decreased colonic pro-inflammatory cytokines and chemoattractant 
mediators.  
C57BL6 mice were given 5% dextran sulfate sodium (DSS) solution in their drinking water to induce colitis. Control mice 
received water without DSS. Preventive chromofungin (CHR) or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides 
treatment or phosphate buffer saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (C) protein and 
mRNA levels of monocyte chemoattractant protein-1 (MCP1, CCL2) and (D) mRNA levels of macrophage inflammatory 
protein (Mip1a, b) in the colonic mucosa. One-way ANOVA followed by multiple comparison tests was applied. Each 
value represents the mean ± SEM, n = 8-10 mice/group. # P <0.0001 compared to control groups. Each experiment was 
repeated at least three times.  
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Figure 6.6A-B. Chromofungin (CHR: CHGA47-66) reduced pro-inflammatory macrophage (M1) activity and decreased 
nuclear factor kappa beta (NF-κB) related inflammatory mediators during the development of colitis.  
Peritoneal macrophages were isolated from in vivo colitic chromofungin (CHR)-treated mice with dextran sulfate sodium 
(DSS)-induced colitis. Preventive CHR or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides treatment or phosphate buffer 
saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (A) Protein and (B) mRNA levels of tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 (C) protein and mRNA levels of monocyte chemoattractant protein-1 
(MCP-1) and (D) mRNA levels of macrophage inflammatory protein (Mip1) production by macrophages. One-way 
ANOVA followed by multiple comparison tests was applied. Each value represents the mean ± SEM, n = 8-10 mice/group. 
# P <0.0001 compared to control groups. Each experiment was repeated at least three times.  
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Figure 6.6C-D. Chromofungin (CHR: CHGA47-66) reduced pro-inflammatory macrophage (M1) activity and decreased 
nuclear factor kappa beta (NF-κB) related inflammatory mediators during the development of colitis.  
Peritoneal macrophages were isolated from in vivo colitic chromofungin (CHR)-treated mice with dextran sulfate sodium 
(DSS)-induced colitis. Preventive CHR or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides treatment or phosphate buffer 
saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (C) protein and mRNA levels of monocyte 
chemoattractant protein-1 (MCP-1) and (D) mRNA levels of macrophage inflammatory protein (Mip1) production by 
macrophages. One-way ANOVA followed by multiple comparison tests was applied. Each value represents the mean ± 
SEM, n = 8-10 mice/group. # P <0.0001 compared to control groups. Each experiment was repeated at least three times  
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6.3.6. CHR Reduced LPS-Stimulated Macrophages Activity and Decreased NF-κB Related 
Inflammatory Mediators in Vitro 

We next examined whether direct culture treatment with CHR regulates macrophages activity 

isolated from naïve mice. LPS-stimulated macrophages induced mRNA expression of Il1β, Il6, Tnfα, 

Mcp1 (CCL2), Mip1α and Mip1β (Figure 6.7A) and CHR treatment significantly decreased all the 

markers (Figure 6.7A). Results were confirmed by quantifying protein levels of IL-1β, IL-6, TNF-α, 

and MCP-1 (Figure 6.7B). Moreover, in the presence of CHR, chemotaxis activity was significantly 

decreased (Figure 6.7C) but not associated with any cytotoxic effect (Figure 6.7D). 

6.3.7. CHR Inhibited the Activation of NF-κB in DSS-Experimental Colitis and in Vitro, LPS-
Stimulated Macrophages 

To determine whether the inhibitory effect of CHR on the expression of pro-inflammatory 

mediators was due to an NF-κB inhibition, first, we evaluated the effects of CHR on NF-κB activation 

in colonic tissue. In colitic conditions, CHR treatment significantly decreased the phosphorylation of 

NF-κB p65 in the colonic tissue when compared with PBS-treated mice (Figure 6.8A). Moreover, 

colonic mRNA levels of NF-κB p65 and Tlr4 were significantly decreased in CHR-treated mice (Figure 

6.8B-C). Data were confirmed in vitro, where the nuclear translocation of NF-κB p65 in LPS-

stimulated macrophages was inhibited by CHR treatment (Figure 6.9A). In parallel, CHR treatment 

decreased mRNA levels of NF-κB p65 and Tlr4 in LPS-stimulated macrophages (Figure 6.9B-C).  

6.3.8. CHR Does Not Exert Significant Effects in Naïve Conditions 

To determine if CHR has some direct effect in the absence of colitis, we administered CHR for 

six days (daily i.r. injection). CHR caused no changes in weight gain, colonic appearance or histology, 

CRP, MPO, cytokine levels, macrophages chemoattractants or NF-κB in C57BL/6 mice without colitis 
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(Figure 6.3-5, 6.8). In vitro, CHR did not show any significant effects on inflammatory mediators 

released by macrophages (Figure 6.6-7, 6.9). 

6.4. Discussion 

Currently, therapeutic strategies for IBD continue to evolve, however, due to either lack of 

efficacy or side effects, these strategies are not sufficient, and UC remains an area with unmet medical 

needs (383). For the first time, this study investigated the role of CHR in persons with active UC and 

an experimental animal model mimicking UC. Our findings demonstrated a significant decrease of 

CHR (CHGA Exon-IV) mRNA expression levels in patients with active UC. This decrease was 

associated with a negative linear correlation with markers that have been used to characterize M1, 

TLR4 and NFKB activity. Experimentally, our findings confirmed the human data, revealing that 

Exon-IV gene expression exhibited a significant reduction in mice model of DSS-induced colitis. 

Exogenous CHR administration decreased the disease activity, histologic damage, pro-inflammatory 

macrophage function through withholding TLR4 activity and blocking the phosphorylation of NF-κB 

in the colonic mucosa and LPS-activated macrophages. Conversely, administration of the scrambled 

peptide did not modify the course of colonic inflammation or impact the stimulation of macrophages, 

demonstrating the CHR specificity. Noteworthy, in control conditions, none of the mice that received 

CHR exhibited visible clinical lesions or mucosal damage, indicating the relative safety of CHR at the 

dose studied.  
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Figure 6.7A. Chromofungin (CHR: CHGA47-66) reduced lipopolysaccharide (LPS)-stimulated macrophages activity and 
decreased nuclear factor kappa beta (NF-κB) related inflammatory mediators in vitro.  
Peritoneal macrophages were collected from naïve C57BL6 mice then seeded in well plates at rate 106 cells/well. 
Macrophages were pretreated with chromofungin (CHR) or scrambled peptide (sCHR: 200 ng/2h) then stimulated by LPS 
(100 ng/ml) to promote M1 for 6 hours. Cells were harvested for mRNA extraction, and the medium was used for ELISA. 
(A) mRNA levels of nuclear factor kappa beta (NF-κB)-associated genes (tumor necrosis factor [Tnf]α, interleukin [Il]1β, 
Il6, monocyte chemoattractant protein [Mcp]1, macrophage inflammatory protein [Mip1a, Mip1b]). One-way ANOVA 
followed by multiple comparison tests was applied. Each value represents the mean ± SEM, n = 3-5/group. # P <0.0001 
compared to control groups. Each experiment was repeated at least three times.  
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Figure 6.7B-D. Chromofungin (CHR: CHGA47-66) reduced lipopolysaccharide (LPS)-stimulated macrophages activity 
and decreased nuclear factor kappa beta (NF-κB) related inflammatory mediators in vitro.  
Peritoneal macrophages were collected from naïve C57BL6 mice then seeded in well plates at rate 106 cells/well. 
Macrophages were pretreated with chromofungin (CHR) or scrambled peptide (sCHR: 200 ng/2h) then stimulated by LPS 
(100 ng/ml) to promote M1 for 6 hours. Cells were harvested for mRNA extraction, and the medium was used for ELISA. 
(B) protein levels of TNF-α IL-1β, IL-6, and MCP-1. (C) chemotaxis activity of CHR (200 ng/2 h) pretreated macrophages 
using MCP-1 30 ng/ml that was assessed using trans-well migration Assay. (D) Cytotoxicity effect of CHR on 
macrophages. One-way ANOVA followed by multiple comparison tests was applied. Each value represents the mean ± 
SEM, n = 3-5/group. # P <0.0001 compared to control groups. Each experiment was repeated at least three times. 
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Figure 6.8. Chromofungin (CHR: CHGA47-66) inhibited the activation of NF-κB in DSS-experimental colitis.  
C57BL6 mice were given 5% dextran sulfate sodium (DSS) solution in their drinking water to induce colitis. Control mice 
received water without DSS. Preventive chromofungin (CHR) or scrambled CHR (sCHR: 2.5 mg/kg/day) peptides 
treatment or phosphate buffer saline (PBS 1%) started 1-day before colitis induction and lasted for 5-days. (A) The 
phosphorylation level of nuclear factor kappa beta (NF-κB) P65, mRNA levels of (B) Nfkb p65 and (C) toll-like receptor 4 
(Tlr4) in the colonic tissues lysate. Immunoblotting was performed with antibodies against mouse NF-κB (1:1000) and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10000). One representative experiment was shown. Quantification 
of the protein expression was performed by densitometry analysis of the blots. The mRNA expression of Tlr4 and NF-κB 
P65 (Rela) was determined by real time quantitative polymerase chain reaction (RT-qPCR). One-way ANOVA followed by 
multiple comparison tests was applied. Each value represents the mean ± SEM, n = 8-10/group. # P <0.0001 compared to 
control groups. Each experiment was repeated at least three times.  
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Figure 6.9. Chromofungin (CHR) (CHGA47-66) inhibited the activation of nuclear factor kappa beta (NF-κB) in 
lipopolysaccharide (LPS)-stimulated macrophages.  
Peritoneal macrophages were collected from naïve C57BL6 mice then seeded in well plates at rate 106 cells/well. 
Macrophages were pretreated with chromofungin (CHR) or the scrambled peptide sCHR (200 ng/2h) then stimulated with 
lipopolysaccharide LPS (100 ng/ml) to promote M1 for 6 hours. (A) The phosphorylation level of nuclear factor kappa beta 
(NF-κB) P65, mRNA levels of (B) Nfkb p65 and (C) toll-like receptor 4 (Tlr4) in the cells lysate. Immunoblotting was 
performed with antibodies against mouse NF-κB (1:1000) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(1:10000). One representative experiment was shown. Quantification of the protein expression was performed by 
densitometry analysis of the blots. The mRNA expression of Tlr4 and NF-κB P65 (Rela) was determined by real time 
quantitative polymerase chain reaction (RT-qPCR). One-way ANOVA followed by multiple comparison tests was applied. 
Each value represents the mean ± SEM, n = 3-5/group. # P <0.0001 compared to control groups. Each experiment was 
repeated at least three times. 
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CHGA and its derived peptides are mainly produced by ECs and are well distributed in the gut 

(130). To our knowledge, there is no specific antibody to quantify CHR on the protein level. Moreover, 

the commercially available CHGA antibodies are only specific for targeting a CHGA-derived peptide 

called PST (384). Therefore, we quantified CHGA (Exon-IV), which encodes for CHR mRNA. Our 

data demonstrated a down regulation of colonic mRNA CHR expression in UC patients and DSS-

induced colitis. This modification can be explained by the alterations previously seen in the ECs during 

the progression of inflammation (131, 132, 220, 253). Also, the reduced levels of CHR could be the 

consequence of a high dysregulation in the intestinal epithelial cell functions that can influence the 

intestinal inflammation by producing epithelial-associated cytokines regulating the secretory capacity 

of ECs (385). Furthermore, we cannot rule out the vagal-macrophage regulation and the intestinal 

microbiome and their role in governing the production of enteroendocrine peptides (263, 386-388). We 

demonstrated that CHR expression levels were negatively correlated with M1 pro-inflammatory 

mediators and NF-κB activity, highlighting the critical role of CHR in regulating of pro-inflammatory 

macrophage functions. These data are in line with previous data demonstrating that colonic mucosa of 

IBD patients features infiltrating pro-inflammatory macrophages producing significant amounts of 

inflammatory mediators (TNF-α, IL-1β, IL-6) (72, 119) through activation of NF-κB (374) and TLR4 

signaling (72, 119, 389).  

In intestinal inflammation, MPO and CRP are used as markers of inflammation and correlate well 

with disease severity (390). MPO is a marker of granulocyte, monocytes and neutrophils infiltration 

(391), while CRP is a protein, of which levels rise in response to inflammation following IL-6 secretion 

by macrophages (392). In this study, we showed significantly lower levels of serum CRP and colonic 

MPO activity in colitic mice treated with CHR. These findings were associated with a decrease in 

colonic IL-1β, IL-6, and TNF-α suggesting that CHR plays a key role during the progression of colitis 
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by regulating the infiltration of inflammatory cells. To gain mechanistic insights, we targeted one of the 

types of immune cell types involved in the regulation of gut inflammation by CHR. Macrophages are 

key players during the progression of IBD (72), and the mucosa of patients with UC and CD is 

characterized by an accumulation of pro-inflammatory macrophages (M1) that can yield the production 

of large amounts of inflammatory cytokines like IL-1β, IL-6, and chemokines (72). As technical 

difficulties rely on large numbers of macrophages mucosal isolation, over the last decade a lot of 

studies started to target peritoneal macrophages (393, 394) or bone-marrow derived macrophages 

(395). It has been demonstrated that not only mucosal macrophages play a significant role in the 

development of colonic inflammation but peritoneal macrophages, present at a distance from the 

mucosal inflammatory site, have been associated with the progression of colitis (396-398). Moreover, 

intra-rectal administration of CHGA-derived peptides reduced colitis through suppression of pro-

inflammatory cytokines by peritoneal macrophages (220, 221). Hence, this study targeted pro-

inflammatory peritoneal macrophages subsets and demonstrated a lower amount of TNF-α, IL-1β, and 

IL-6 released by in vivo and in vitro stimulated CHR-treated macrophages.  

NF-κB plays a pivotal role in the pathogenesis of IBD, whereas it is inappropriately activated in 

human IBD(399) and murine colitis models (381, 382). NF-κB signaling is considered a crucial 

pathway for immune regulation and inflammatory responses by regulating the transcription of 

inflammatory cytokine genes (374). TLR4 regulates signals to NF-κB that led to phosphorylation of 

NF-κB p65 that encodes pro-inflammatory genes (400). Inhibition of NF-κB (379-382) and pro-

inflammatory macrophages (220, 265, 376-378) activities is an effective strategy in preventing 

intestinal inflammation. In this study, CHR significantly abrogated colitis, and the beneficial effect of 

CHR treatment was seemingly due at least to some extent to the suppression of pro-inflammatory 

macrophages (M1) activity via the inhibition of NF-κB activity. Consistent with our in vivo data, the 
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in-vitro evaluation of NF-κB activity suggested a direct role of CHR on the blockade of LPS-stimulated 

macrophages NF-κB p65 nuclear translocation, which was associated with a decrease in the production 

of pro-inflammatory mediators (TNF-α, IL-1β, IL-6) and macrophage chemoattractant (MCP-1, MIP1). 

As discussed above, among many upstream signaling molecules are involved in NF-κB activation, and 

the TLR4 plays a critical role (389). In the present study, TLR4 was up regulated in the colonic mucosa 

of mice with DSS-induced colitis, in LPS-Stimulated macrophages and, it demonstrated a negative 

correlation with CHR in our clinical cohort. Up-regulation of TLR4 was significantly inhibited by CHR 

administration. Indeed, preclinical strategies targeting TLR4 activity directly resulted in a significant 

reduction of intestinal inflammation (400-402). Thus, considering the available literature on TLR4 and 

IBD, the present results propose that CHR might ameliorate intestinal inflammation by suppressing 

pro-inflammatory macrophages activity, TLR4 expression and the NF-κB signaling pathway. At that 

time, receptors for CHGA-derived peptides seem not to exist. Therefore we can only speculate on a 

direct membrane effect, or, due to the sequence similarity of these peptides with cell penetrating 

peptides (188), on an indirect intracellular effect. Further studies are needed to define the exact role. 

Furthermore, we demonstrated that peritoneal macrophages treated with CHR exhibited a 

reduced chemotaxis activity, correlated with a reduction in the macrophages chemoattractant molecules 

and TLR4/NF-κB activation. A bidirectional link between TLR and MCP-1 receptors exists and it has 

been demonstrated that TLR4 and MCP-1 receptors can trigger endoplasmic reticulum (ER) stress that 

can lead to an alteration in NF-κB signaling (403). Moreover, in macrophages and epithelial cells, 

activation of TLR signal can stimulate X-box binding protein 1 (XBP) that is a prerequisite to produce 

pro-inflammatory cytokines including MCP-1 and IL-8 (404-406). Furthermore, CRP (392) and can 

increase the expression of the MCP-1 receptor (407). In conclusion, we can speculate that CHR exerts 

its protective effects through different interconnected mechanisms, but it can also target other 
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intracellular mechanisms such as the phosphoinositide-3-kinase—protein kinase B/Akt (PI3K-

PKB/Akt) pathway that regulates NF-κB pathway (408). 

It is possible that other factors contribute to the protective effect of the treatment in our study. For 

instance, it is known that CHR has an antimicrobial role (183, 297), and recent evidence suggests that 

gut microbiota plays a major role in the context of IBD and the development of experimental colitis 

(234, 409). Therefore, intra-rectal administration of CHR might induce beneficial gut microbiota 

changes, which could subsequently affect the progression of colitis. Current experiments are under 

investigations to define the exact effect. 

In conclusion, these findings highlight the interaction between CHR, pro-inflammatory 

macrophages and the NF-κB pathway as the underlying anti-inflammatory effect of CHR (Figure 6.10). 

To our knowledge, for the first time, the present study demonstrates the modulation of the expression 

levels of CHR and its shielding properties against intestinal inflammation by regulating pro-

inflammatory macrophage functions through TLR4/NF-κB signaling inhibition. In addition to 

enhancing our understanding of the pathogenesis of colitis, this study provides novel data on CHR in 

the context of immune-endocrine interactions in the gut and paves the road toward a novel therapeutic 

approach for human IBD. 
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Figure 6.10. The illustration shows the protective effects of chromofungin (CHR) in the pathogenesis of intestinal 
inflammation through reduction of macrophages recruitment via mediating nuclear factor kappa beta (NF-κB) signaling. 
Chromofungin (CHR) decreases intestinal tissue damage through suppression of M1 macrophages that release pro-
inflammatory cytokines and chemokines through the regulation of the toll-like receptor 4 (TLR4)/nuclear factor kappa beta 
(NF-κB) pathways. 
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BRIDGE TO CHAPTER 7 
 
 

In chapter 6, we showed that administration of CHR reduced the onset and activity of colitis 

through the down regulation of M1 macrophages via the TLR4/NF-κB pathways. In IBD, macrophages 

can be polarized into two distinct sub-populations, depending on the specific immune mechanisms. In 

chapter 7, we sought to dissect the role of CHR in enhancing the polarization of M2 macrophages 

during the development of colitis. 
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CHAPTER 7 

MANUSCRIPT 5 

Chromofungin Ameliorates the Progression of Colitis by Regulating Alternatively 

Activated Macrophages 
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7.1. Abstract  

UC is characterized by a functional dysregulation of M2 and IECs homeostasis. CHGA secreted 

by neuroendocrine cells is implicated in intestinal inflammation and immune dysregulation. CHGA 

undergoes proteolytic processing to generate CHGA-derived peptides. CHR (CHGA47-66) is a short 

CHGA-derived peptide encoded by CHGA Exon-IV and is involved in innate immune regulation, but 

the basis is poorly investigated. We investigated the expression of CHR in colonic tissue of patients 

with active UC and assessed the effects of the CHR in DSS-induced colitis in mice and on 

macrophages and human colonic epithelial cells. We found that mRNA expression of CHR correlated 

positively with mRNA levels of markers that have been used to characterize M2 and gene expression of 

tight junction (TJ) proteins, and negatively with mRNA levels of IL-8, IL18, and collagen in patients 

with active UC. Moreover, M2 markers correlated positively with gene expression of TJ proteins and 

negatively with IL8, IL18, and collagen gene expression. Experimentally, intracolonic administration of 

CHR protected against DSS-induced colitis by priming macrophages into M2, reducing colonic 

collagen deposition and maintaining IECs homeostasis. This effect was associated with a significant 

increase of M2 markers, reduction of colonic IL-18 release and conservation of gene expression of TJ 

proteins. In vitro, CHR enhanced M2 polarization and increased the production of anti-inflammatory 

mediators. CHR-treated M2 conditioned medium increased Caco-2 cell migration, viability, 

proliferation, and mRNA levels of TJ proteins, and decreased oxidative stress-induced apoptosis and 

pro-inflammatory cytokines release. Direct CHR treatments had the same effect. In conclusion, CHR 

treatment reduces the severity of colitis and the inflammatory process via enhancing M2 functions and 

maintaining IECs homeostasis. CHR is involved in the pathogenesis of inflammation in experimental 

colitis. These findings provide insight into the mechanisms of colonic inflammation and could lead to 

new therapeutic strategies for UC. 
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7.2. Introduction  

CD and UC are the two main forms of IBD in humans (39). The etiology of IBD is unknown, but 

evidence suggests that the abnormal immune response within the intestinal wall is directed against 

luminal bacterial antigens inducing intestinal tissue damage (410). Analysis of pro-inflammatory and 

anti-inflammatory pathways in IBD patients have demonstrated dysregulation in the immune responses 

associated with an altered balance between inflammatory, regulatory and anti-inflammatory cytokines 

(411). Macrophages implicated in presenting antigens to T and B cells are important cells regulating 

the host innate and adaptive immune responses (412). In IBD, macrophages play a crucial role in the 

resolution of tissue injury and promotion of tissue repair (29, 30). Two main categories of macrophages 

are described, the M1 which generate Th1-related cytokines (IFN-γ, tumor necrosis factor [TNF]-α) 

response, and the M2 linked to a Th2-related cytokines (IL-4 and IL-13) response (413). M2 produce 

anti-inflammatory molecules (IL-10, Arginase) and play a major role in the suppression of 

inflammation and tissue remodeling/repair (414). M2 have been reported to attenuate experimental 

inflammation in the gut (78, 397, 415). 

IECs form a crucial first line of physical defense between the mucosa and the luminal milieu. 

Tight junctions (TJ) proteins are mainly responsible for the epithelial barrier function that includes 

selective transport of water, ions, and nutrients by forming an uninterrupted intercellular barrier 

between the epithelial cells (416). Thus, defects in intestinal epithelial TJ barrier are important 

contributing factors for the development of intestinal inflammation and lead to an amplified 

inflammatory response due to an increased passage of antigens into the colonic mucosa (417, 418). 

Furthermore, in persons with IBD, IECs secrete a significant quantity of chemokines (i.e. IL-8) which 

cause excessive recruitment and transmigration of innate immune cells and pro-inflammatory 

cytokines, including IL-18 (419, 420). Additionally, high collagen production by IECs, colonocytes, 
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and fibroblasts favor intestinal fibrosis associated with stricture formation, which is a significant 

complication seen in persons with IBD (420). Furthermore, oxidative stress, and subsequent epithelial 

apoptosis, is a fundamental feature of colitis (92).  

CHGA, a member of the granin family of proteins (129), is an acidic protein distributed 

ubiquitously in vesicles of secretory cells of the enteric, endocrine, and immune systems (129). CHGA 

is the precursor of biologically active peptides implicated in several biological functions (370) by 

regulating the endocrine, the cardiovascular, and the immune systems (129, 256). The protein is 

cleaved at multiple dibasic sites and exposed to an extensive degree of intracellular and extracellular 

proteolytic processing, particularly at the N- and C-terminal regions (421) to generate CHGA-derived 

peptides including CHR (CHGA47-66). CHR is an active short peptide encoded by the CHGA exon-IV 

(129) that possesses antimicrobial activity (182, 183, 371) and immune regulatory functions (186). 

Although CHR has antimicrobial activity, it is a non-hemolytic peptide, suggesting its nontoxicity 

(297). Moreover, CHGA47–57 peptide, which is a part of CHR, contains a cell adhesion site for 

fibroblasts and smooth muscle cells (297). Furthermore, CHR displays pro-nociceptive and anti-

nociceptive effects in a model of somato-visceral pain through various mechanisms involving the 

corticotropin-releasing factor (CRF) pathway, action on sensory neurotransmitters and direct or indirect 

regulation of inflammatory cells (158). Recently, CHR has been described as a post-conditioning agent 

against ischemia/reperfusion (I/R) damages through the activation of pro-survival kinases and an 

increased miRNA-21 expression (194). 

Although CHGA and its derived peptides are implicated in various inflammatory diseases 

including gut inflammation (131, 132, 206, 220, 253), there are no available data demonstrating the 

effects of CHR on M2 and IECs homeostasis during the progression of intestinal inflammation. Herein, 

we report on the CHR expression in human colon tissue from persons with UC compared with 
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unaffected controls. Further, we evaluated effects of CHR in DSS model of colitis and assessed its 

effects on M2 activities and human colonic cell line functions. We report that treatment with CHR 

significantly ameliorates disease severity and inhibits intestinal inflammation. 

7.3. Results  

7.3.1. CHR Correlates Positively with M2 and Gene Expression of TJ Proteins, and Negatively with 
IL8, IL18 and Collagen Gene Expression in Patients with Active UC 

First, we assessed the relationship between CHR and human pathophysiological markers 

implicated in IBD. mRNA level of CHR was significantly reduced (P <0.0001) in biopsies from 

subjects with active UC when compared with healthy controls (Figures 7.1A). CHR mRNA expression 

demonstrated a strong positive correlation with IL10, mannose receptor (CD206, MR), CD1B (Figure 

7.1B), and CLDN1, CADH1, OCLN, ZO1 (Figure 7.1C). Conversely, CHR mRNA expression revealed 

a significant negative correlation with IL8, IL18 and COL12A (Figure 7.1D).  

7.3.2. M2 Markers Correlates Positively with gene expression of TJ proteins and Negatively with IL8, 
IL18 and Collagen Gene Expression in Patients with Active UC 

Next, we investigated the link between the genes expression of markers that have been used to 

characterize M2 and TJ proteins. IL10 mRNA expression correlated positively with CLDN1, CADH1, 

ZO1, and OCLN and negatively with IL8, IL18, and COL12A (Figure 7.2A). Also, MR correlated 

positively with CLDN1, CADH1, ZO1, and OCLN and negatively with IL8, IL18, and COL12A (Figure 

7.2B). Moreover, CD1B correlated positively with CLDN1, CADH1, ZO1, and OCLN and negatively 

with IL8, IL18, and COL12A (Figure 7.2C).  
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Figure 7.1A-B. Chromofungin (CHR) Correlates Positively with Alternatively Activated Macrophages (M2) in Patients 
with Active Ulcerative colitis (UC).  
mRNA levels of (A) Chromofungin (CHGA Exon-IV) in human active UC (n = 10), and healthy individual as control (n = 
10) and its correlation with mRNA levels of (B) M2 markers (IL10, Mannose receptor [MR], Cluster of differentiation 1B 
[CD1B]). Mann-Whitney test and Spearman’s correlation were used to analyze the data. Two tails significance level 
adjusted at 0.05. 
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Figure 7.1C-D. Chromofungin (CHR) Correlates Positively with Gene Expression of Tight Junction (TJ) Proteins and 
Negatively with interleukin (IL)8, IL18 and Collagen Gene Expression in Patients with Active Ulcerative colitis (UC).  
The correlation of Chromofungin (CHGA Exon-IV) with mRNA levels of (B) M2 markers (IL10, Mannose receptor [MR], 
Cluster of differentiation 1B [CD1B]), (C) gene expression of tight junction (TJ) proteins, Claudin (CLDN1), zonula 
occludens-1 (ZO1), E-cadherin (CDH1) and occludin (OCLN), (D) and IL8, IL18, and collagen (COL1A2). Mann-Whitney 
test and Spearman’s correlation were used to analyze the data. Two tails significance level adjusted at 0.05. 
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Figure 7.2A. Alternatively Activated Macrophages (M2) Correlate Positively with Gene Expression of Tight Junction (TJ) 
Proteins and Negatively with Interleukin (IL)-8, IL18 and Collagen Gene Expression in Patients with Active Ulcerative 
Colitis (UC).  
Correlation analysis of mRNA levels of (A) IL10, (B) Mannose receptor (MR) and (C) Cluster of Differentiation 1B 
(CD1B) with mRNA levels of Claudin (CLDN1), zonula occludens-1 (ZO1), E-cadherin (CDH1), occludin (OCLN), IL-8, 
IL18 and collagen (COL1A2). Correlation analysis: Spearman’s correlation and significance level adjusted at 0.05. 
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Figure 7.2B. Alternatively Activated Macrophages (M2) Correlate Positively with Gene Expression of Tight Junction (TJ) 
Proteins and Negatively with Interleukin (IL)-8, IL18 and Collagen Gene Expression in Patients with Active Ulcerative 
Colitis (UC).  
Correlation analysis of mRNA levels of (B) Mannose receptor (MR) with mRNA levels of Claudin (CLDN1), zonula 
occludens-1 (ZO1), E-cadherin (CDH1), occludin (OCLN), IL-8, IL18 and collagen (COL1A2). Correlation analysis: 
Spearman’s correlation and significance level adjusted at 0.05. 
  



 
 
 

	
	
 
 

165	

 
Figure 7.2C. Alternatively Activated Macrophages (M2) Correlate Positively with Gene Expression of Tight Junction (TJ) 
Proteins and Negatively with Interleukin (IL)-8, IL18 and Collagen Gene Expression in Patients with Active Ulcerative 
Colitis (UC).  
Correlation analysis of mRNA levels of (C) Cluster of Differentiation 1B (CD1B) with mRNA levels of Claudin (CLDN1), 
zonula occludens-1 (ZO1), E-cadherin (CDH1), occludin (OCLN), IL-8, IL18 and collagen (COL1A2). Correlation analysis: 
Spearman’s correlation and significance level adjusted at 0.05. 
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7.3.3. CHR Attenuates the Onset and Severity of DSS-Induced Colitis 

To decipher the functional consequences of exogenous CHR administration, a mouse model of 

colitis was used. Preventive intracolonic administration of CHR to DSS-treated mice decreased 

significantly (P ≤ 0.0001) the clinical signs of colitis, represented by the weight-loss percentage, stool 

consistency and stool bleeding (Figure 7.3B-D). In colitic mice, intracolonic administration of CHR 

significantly reduced the collagen deposition and fibrosis scores (Figures 7.3E-F). Moreover, DSS 

administration increased Col1a2 mRNA colonic expression (Figure 7.3G) and treatment with CHR 

decreased it significantly (Figure 7.3G). Administration of the sCHR peptide did not modify the 

markers studied. 

7.3.4. CHR Decreases IL-18 Release and Regulates Colonic Gene Expression of TJ Proteins in DSS-
Induced Colitis 

TJ proteins and IL-18 play critical roles during the progression of IBD (416, 422). Compared 

with non-colitic mice, a significant decrease in Cldn1, Zo1, Cdh1 and Ocln colonic mRNA levels was 

detected in DSS-treated mice (Figure 7.4B), however, CHR treatment abolished this effect (Figure 

6.4A-B). We also observed that DSS treatment elevated colonic protein and mRNA expression levels 

of IL-18 (Figure 7.4A) which was significantly decreased when mice were treated with CHR (Figure 

7.4A). Administration of the sCHR peptide neither modified the control conditions nor the deleterious 

effect of the DSS treatment. 
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Figure 7.3A-D. Chromofungin (CHR) Attenuates Colonic Inflammation and Reduces Colonic Collagen Deposition in 
Dextran Sulfate Sodium (DSS)-Induced Colitis in Mice.  
(A) Experimental design of peptides treatment and DSS-induced colitis. Mice were received 5% DSS for five days. Mice 
received an intracolonic injection of CHR peptide (2.5 mg/kg/day) or scrambled CHR peptide (2.5 mg/kg/day) or vehicle 
phosphate buffer saline 1% (control) starting one day before DSS treatment. Disease onset and severity (from day 0 to day 
5) represented by (B) Percentage of body weight change of different groups (C) Stool consistency and (D) Blood in stool. 
Colonic Collagen deposition scores were quantified by (E-F) Masson Trichrome staining for collagen in colonic tissues, 
whereas collagen stained in blue with a red background. (G) Quantitative real-time RT-PCR of collagen col1a2 mRNA 
expression in colonic tissues of mice. Two-way repeated measures or One-way ANOVA followed by multiple comparison 
tests. Each value represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. 
Each experiment was repeated at least three times. 
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Figure 7.3E-G. Chromofungin (CHR) Attenuates Colonic Inflammation and Reduces Colonic Collagen Deposition in 
Dextran Sulfate Sodium (DSS)-Induced Colitis in Mice. 
Mice received an intracolonic injection of CHR peptide (2.5 mg/kg/day) or scrambled CHR peptide (2.5 mg/kg/day) or 
vehicle phosphate buffer saline 1% (control) starting one day before DSS treatment. Colonic Collagen deposition scores 
were quantified by (E-F) Masson Trichrome staining for collagen in colonic tissues (100 x magnifications), whereas 
collagen stained in blue with a red background. (G) Quantitative real-time RT-PCR of collagen col1a2 mRNA expression in 
colonic tissues of mice. Two-way repeated measures or One-way ANOVA followed by multiple comparison tests. Each 
value represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. Each 
experiment was repeated at least three times.   
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Figure 7.4. Chromofungin (CHR) Decreases Interleukin (IL)-18 Release and Maintains Colonic Gene Expression of Tight 
Junction (TJ) Proteins in Dextran Sulfate Sodium (DSS)-Induced Colitis.  
Treatments (CHR or sCHR [2.5 mg/kg/day] or 1% phosphate buffer saline [PBS]) started one day prior to colitis induction. 
(A) Colonic protein and mRNA expression levels of Il-18. (B) Colonic mRNA levels of TJ proteins (Claudin (Cldn1), 
zonula occludens-1 (Zo1), E-cadherin (Cdh1) and occludin (Ocln). One-way ANOVA followed by multiple comparison 
tests. Each value represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. 
Each experiment was repeated at least three times. 
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7.3.5. CHR Increases M2 Polarization and Increases Anti-Inflammatory Mediators in DSS-Induced 
Colitis 

M2 play a significant role in colonic tissue repair through the high production of IL-10, arginase 

and other extracellular molecules (423, 424). Therefore, to further determine the role of CHR in 

modulating immune cells during the development of colitis, colonic M2 mediators and markers were 

investigated. Colitic CHR-treated mice displayed an increase in IL-10 and Arginase activity (Figure 

7.5A), moreover, mRNA expression of Il10, arginase (Arg1), Ym1 Chitinase-like protein (Ym1) and 

Found in inflammatory zone protein (Fizz1) were significantly up regulated (Figure 7.5B). To confirm 

this effect, we next investigated the role of CHR in peritoneal macrophage isolated from colitic mice. 

Measurement of M2 mediators and markers revealed an increase in IL-10 and arginase activity in 

response to CHR (Figure 7.5C), along with increased mRNA expression of Il10, Arg1, Ym1, and Fizz1, 

(Figure 7.5D) when compared to macrophages isolated from the colitic PBS-treated group. 

7.3.6. CHR Enhances the Polarization of Naïve Peritoneal M2. 

Considering the effect of other CHGA derived peptides on macrophages and their contribution to 

macrophages polarization (170, 189, 190, 206, 220, 263), we reasoned that CHR might be involved in 

M2 polarization. To determine whether CHR can directly affect the polarization of M2, peritoneal 

macrophages of naïve C57BL6 mice were isolated and pretreated with CHR and polarized toward M2 

using IL-4/IL-13. CHR pretreatment increased mRNA expression levels of markers	that have been used 

to characterize M2, Il10, Arg1, Fizz1 and Ym1, and the release of IL-10 and Arginase activity (Figure 

7.6A-B). Administration of the sCHR peptide neither modified the control conditions nor the 

deleterious effect of the IL-4/IL-13 treatment.  
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Figure 7.5A-B. Chromofungin (CHR) Upregulates the Activity of Alternatively Activated Macrophages (M2) in Dextran 
Sulfate Sodium (DSS)-Induced Colitis.  
Preventive treatments of CHR or sCHR or 1% 1% phosphate buffer saline (PBS) were started one day prior to colitis 
induction. (A) Colonic protein levels of interleukin (IL)-10 and arginase activity and (B) colonic mRNA levels of M2 
markers (Il10, arginase [Arg1], Ym1 Chitinase-like protein [Ym1] and Found in inflammatory zone protein [Fizz1]). 
Peritoneal macrophages isolated from all mice groups. One-way ANOVA followed by multiple comparison tests. Each 
value represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. Each 
experiment was repeated at least three times.  
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Figure 7.5C-D. Chromofungin (CHR) Upregulates the Activity of Alternatively Activated Macrophages (M2) in Dextran 
Sulfate Sodium (DSS)-Induced Colitis.  
Preventive treatments of CHR or sCHR or 1% 1% phosphate buffer saline (PBS) were started one day prior to colitis 
induction. (C) protein levels of IL-10 and arginase activity, and (D) mRNA levels of M2 markers (Il10, arg1, Fizz1, and 
Ym1) in the peritoneal macrophages. One-way ANOVA followed by multiple comparison tests. Each value represents the 
mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. Each experiment was repeated at 
least three times.  
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Figure 7.6. Chromofungin (CHR) Enhances the Polarization of Alternatively Activated Macrophages (M2) In Vitro. 
Peritoneal macrophages collected from naïve C57BL6 mice and pretreated with CHR (200 ng/ml) for 2 h then stimulated by 
interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. (A) Protein levels of IL-10 and arginase activity and (B) mRNA levels of M2 
markers (Il10, arginase [Arg1], Chitinase-like protein [Ym1] and Found in inflammatory zone protein [Fizz1]). One-way 
ANOVA followed by multiple comparison tests. Each value represents the mean ± SEM, n = 3-5/group. # refers to 
significance compared to control groups. Each experiment repeated at least three times.  
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7.3.7. CHR-Treated M2 Conditioned Medium Maintains Gene Expression of TJ Proteins and 
Decreases IL-8 and IL-18 Release in LPS- and DSS-Stimulated Colonic Epithelial Cells. 

The human Caco-2 intestinal epithelial cell system has been commonly used as an in vitro model 

of the intestinal epithelium (425-427). Also, caco-2 cells have been used as in vitro model of IBD for 

potential drug testing and screening (428-432). Therefore, culture studies were performed using Caco-2 

epithelial cells and M2 conditioned medium to assess whether CHR-treated M2 conditioned medium 

could regulate the expression and the release of IL-8 and IL-18 and the gene expression of TJ proteins 

in a human colonic cell line following LPS or DSS-induced injury. Exposing Caco-2 cells to LPS 

(1 µg/ml) or 5% DSS for 24 h induced a significant increase of IL-8 and IL-18 release (Figure 7A) and 

a substantial down regulation of mRNA expression levels of Cldn1, Zo1, Cdh1, Ocln (Figure 6.7B). 

Conversely, the presence of CHR-treated M2 conditioned medium maintained barrier restitution by 

suppressing IL-8 and IL-18 release (Figure 7.7A) and by maintaining the mRNA expression of CLDN1, 

ZO1, CADH1, OCLN (Figure 7.7B). Administration of the sCHR peptide neither modified the control 

conditions or the deleterious effect induced by LPS or DSS treatments. 
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Figure 7.7A. Chromofungin (CHR) Indirectly Decreases Interleukin (IL)-8 and IL-18 Release from Lipopolysaccharide 
(LPS)- and Dextran Sulfate Sodium (DSS)-Stimulated Colonic Cell Line Through Alternatively Activated Macrophages 
(M2) Conditioned Medium.  
Peritoneal macrophages collected from naïve C57BL6 mice and pretreated with CHR (200 ng/ml) for 2 h then stimulated by 
IL-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or CHR 
(100 nmol/ml) or sCHR (100 nmol/ml) treated M2 conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% 
dextran sulfate sodium (DSS) for 24 h. Cells and supernatants harvested for analysis. (A) IL-8 & IL-18. One-way ANOVA 
followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control 
groups. Each experiment repeated at least three times.  
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Figure 7.7B. Chromofungin (CHR) Indirectly Maintains Gene Expression of Tight Junction (TJ) Proteins in 
Lipopolysaccharide (LPS)- and Dextran Sulfate Sodium (DSS)-Stimulated Colonic Cell Line Through Alternatively 
Activated Macrophages (M2) Conditioned Medium.  
Peritoneal macrophages collected from naïve C57BL6 mice and pretreated with CHR (200 ng/ml) for 2 h then stimulated by 
IL-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or CHR 
(100 nmol/ml) or sCHR (100 nmol/ml) treated M2 conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% 
dextran sulfate sodium (DSS) for 24 h. Cells and supernatants harvested for analysis. (B) mRNA levels of TJ proteins 
(Claudin [CLDN1], zonula occludens-1 [ZO1], E-cadherin [CDH1], occludin [OCLN]). One-way ANOVA followed by 
multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each 
experiment repeated at least three times.  
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7.3.8.  CHR Maintains Gene Expression of TJ Proteins and Decreases IL-8 and IL-18 Release in 
LPS- and DSS-Stimulated Colonic Epithelial Cell Line. 

Furthermore, we investigated whether CHR could have a direct effect on the expression/release 

of IL-8 and IL-18 and the gene expression of TJ proteins following LPS or DSS-induced injury. CHR 

treatment maintained the epithelial homeostasis by suppressing IL-8 and IL-18 release (Figure 7.8A) 

and by maintaining the gene expression of CLDN1, ZO1, CADH1, OCLN (Figure 7.8B). Moreover, in 

the absence of stimuli, CHR treatment did not show any significant effects on IL-8 and IL-18 release or 

mRNA levels of TJ proteins (Figure 7.8A-B). Administration of the sCHR peptide neither modified the 

control conditions nor the deleterious effect of induced by LPS or DSS treatments.  

7.3.9. CHR-Treated M2 Conditioned Medium Promotes Epithelial Migration, Proliferation, Viability 
& Oxidative Stress Viability. 

The appropriate activation of M2 is crucial for tissue repair (424), and IBD involves functional 

impairment of IECs, associated with infiltration of macrophages in the lamina propria (30, 72, 82). 

Macrophages can mediate protective effects via a variety of mechanisms, including maintenance or 

reshaping of the epithelial homeostasis through cell proliferation and migration, and by promoting 

resistance to epithelial apoptosis induced by oxidative stress (29, 309). Therefore, we investigated the 

potential consequences of CHR-treated M2 conditioned medium on the functions of colonic epithelial 

cells using Caco-2 cells. In the presence of CHR-treated M2 conditioned medium, migration, viability, 

and proliferation of the epithelial cells increased (Figure 7.9A-D). Administration of the sCHR peptide 

did not have any effect on cell proliferation or migration. Furthermore, oxidative stress is a feature of 

intestinal inflammation and initiates epithelial apoptosis (92, 433). Therefore, Caco-2 cells were 

exposed to the free radical donor, H2O2, and cell survival was assessed. H2O2 caused a significant 

reduction in cell survival compared with untreated cells, and cell survival in H2O2-treated cultures 
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significantly improved in the presence of CHR-treated M2 conditioned medium (Figure 7.9E). 

Administration of the sCHR peptide neither modified the control conditions nor the deleterious effect 

of induced by H2O2.  

7.3.10. CHR Enhances Epithelial Migration, Proliferation, Viability & Oxidative Stress viability. 

Finally, we investigated the direct interaction between human cell line and CHR in LPS- and DSS-

stimulated cells. Exposing Caco-2 cells to LPS (1 µg/ml) or 5% DSS for 24 h led to a significant 

decrease in the cell migration, cell proliferation and viability (Figure 7.10A-D) and exogenous CHR 

treatment restored these properties (Figure 7.10A-D). Surprisingly, in the absence of stimuli, CHR 

alone induced a significant increase in migration, viability, and proliferation of the cells (Figure 7.10A-

D). H2O2 caused a significant reduction in cell survival compared with untreated cells, and treatment 

with CHR significantly improved it (Figure 7.10E). Administration of the sCHR peptide neither 

modified the control conditions nor the effect on cell proliferation or migration and the deleterious 

effect of induced by H2O2.  
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Figure 7.8A. Chromofungin (CHR) Directly Decreases Interleukin (IL)-8 and IL-18 Release from Lipopolysaccharide 
(LPS)- and Dextran Sulfate Sodium (DSS)-Stimulated Colonic Cell Line.  
Caco-2 cells were treated with 1% phosphate buffer saline (PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) in medium 
for 24 h then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (A) IL-8 & IL-18. 
One-way ANOVA was used to analyze the data followed by multiple comparison tests. Data represent mean ± SEM (n = 6). 
# refers to significance compared to control groups. Each experiment repeated at least three times. 
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Figure 7.8B. Chromofungin (CHR) Directly Maintains Gene Expression of Tight Junction (TJ) Proteins in 
Lipopolysaccharide (LPS)- and Dextran Sulfate Sodium (DSS)-Stimulated Colonic Cell Line.  
Caco-2 cells were treated with 1% phosphate buffer saline (PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) in medium 
for 24 h then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (A) IL-8 & IL-18. (B) 
mRNA levels of TJ proteins (Claudin [CLDN1], zonula occludens-1 [ZO1], E-cadherin [CDH1], occludin [OCLN]). One-
way ANOVA was used to analyze the data followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # 
refers to significance compared to control groups. Each experiment repeated at least three times.  
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Figure 7.9A-B. Chromofungin (CHR) Indirectly Induces Migration, Proliferation, Viability & Oxidative Stress 
Survivability of Colonic Cell Line Through Alternatively Activated Macrophages (M2)-Conditioned Medium.  
Macrophages were treated with CHR (200 ng/2h) then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) to promote M2 for 
6 hours and supernatants were collected. Caco-2 cells were cultured in 2 ml of supernatants of 1% phosphate buffer saline 
(PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) treated M2 conditioned medium. (A-B) Epithelial cell migration 
assessed by the wound healing assay. Two-Way ANOVA was used to analyze the data followed by multiple comparison 
tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment was 
repeated at least three times.  
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Figure 7.9C-E. Chromofungin (CHR) Indirectly Induces Proliferation, Viability & Oxidative Stress Survivability of 
Colonic Cell Line Through Alternatively Activated Macrophages (M2)-Conditioned Medium.  
Macrophages were treated with CHR (200 ng/2h) then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) to promote M2 for 
6 hours and supernatants were collected. Caco-2 cells were cultured in 2 ml of supernatants of 1% phosphate buffer saline 
(PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) treated M2 conditioned medium. (C) intestinal epithelial cell 
proliferation (D) epithelial cell viability assessed by the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-diphenyl tetrazolium (MTT) 
assay, and (E) epithelial cells oxidative stress assay show survival data from cultures treated with normal medium (control) 
or 200 mmol/L H2O2. One-way ANOVA was used to analyze the data followed by multiple comparison tests. Data 
represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment was repeated at least 
three times.  
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Figure 7.10A-B. Chromofungin (CHR) Directly Enhances Migration and wound healing of Colonic Cell Line.  
Caco-2 cells were pretreated with 1% phosphate buffer saline (PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) for 24 
h, then challenged with lipopolysaccharide (LPS) (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (A-B) 
Epithelial cell migration assessed by the wound healing assay. Two-Way or One-way ANOVA was used to analyze the data 
followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control 
groups. Each experiment was repeated at least three times. 
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Figure 7.10C-E. Chromofungin (CHR) Directly Enhances Proliferation, Viability, and Oxidative Stress Resistance of 
Colonic Cell Line.  
Caco-2 cells were pretreated with 1% phosphate buffer saline (PBS) or CHR (100 nmol/ml) or sCHR (100 nmol/ml) for 24 
h, then challenged with lipopolysaccharide (LPS) (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (C) 
intestinal epithelial cell proliferation, (D) epithelial cell viability assessed by the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-
diphenyl tetrazolium (MTT) assay, and (E) epithelial cells oxidative stress assay shows survival data from cultures treated 
with normal medium (control) or 200 mmol/L H2O2. Two-Way or One-way ANOVA was used to analyze the data 
followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control 
groups. Each experiment was repeated at least three times. 
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7.4. Discussion 

This study, for the first time, shows possible novel mechanisms by which CHR ameliorated 

intestinal inflammation by regulating IECs homeostasis and enhancing the activity of M2 in preclinical 

models. In patients with active UC, CHR showed a positive correlation with markers that have been 

used to characterize M2 and gene expression of TJ proteins and a negative correlation with IL8, IL18 

and collagen gene expression. Experimentally, CHR treatment reduced the onset and severity of colitis, 

decreased colonic collagen deposition, promoted M2 mediators, and ultimately maintained the 

homeostasis of IECs during the development of DSS-induced colitis. Although CHR alone had no 

apparent effect on the M2, CHR significantly expanded the polarization of M2 in the presence of IL-

4/IL-13. Moreover, CHR indirectly and directly regulated colonic gene expression of TJ proteins, 

decreased IL-8 and IL-18 release in LPS- and DSS-stimulated human colonic epithelial cell line and 

exhibited a protective effect in regulating epithelial cell migration, proliferation, viability & oxidative 

stress survivability. Taken together, these findings extend the influence of CHGA-derived peptides to 

intestinal inflammation. 

A complex network of events at molecular, cellular and tissue levels underlies inflammation and 

remodeling that are tightly regulated by various mediators and mechanisms and that eventually 

contribute to the development of IBD. One of these molecules is the CHGA and its derived peptides, 

which, have emerged as an essential axis in immune cells migration and immune responses in IBD 

(206, 220). Recently it has been described that CHR can affect neutrophils (186, 187). In our study, we 

demonstrated a positive correlation between the expression of CHR and markers that have been used to 

characterize M2 in patients with active UC. Experimentally, intracolonic administration of CHR 

reduced colitis severity through the production of IL-10 and arginase activities and the promotion of 

M2-associated gene expression (Ym1, Fizz1) in the colonic mucosa and peritoneal macrophages. 
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Although peritoneal macrophages are present at a distance from the mucosal inflammatory site, several 

studies have implicated these cells in the progression of colitis and in the unbalanced pro-inflammatory 

and anti-inflammatory axis (76, 393, 434). Previously, we reported that intracolonic administration of 

CHGA-derived peptides reduced the clinical sequelae of colitis and modulated the functional activity 

of peritoneal macrophages (220, 435). In addition to that, CHR can penetrate the cells and interfere 

with some intracellular pathways (133, 372, 436). It is therefore possible, that intra-rectal 

administration not only has local effects on the colonic mucosa but it may also exert effects in the 

surroundings and adjacent tissues and cavities. Activation of anti-inflammatory M2 by stimulatory 

signals (IL-4, IL-13 or TGFβ1) (306) can restrain the pro-inflammatory immune responses through the 

release of anti-inflammatory molecules and various components affecting the extracellular matrix and 

tissue repair (414). Over the last decade, several studies have demonstrated an excessive production of 

pro-inflammatory Th1- and Th17-related cytokines (119) and a reduced M2 number in the gut of 

patients with IBD (78) and experimental studies confirmed these observations. DSS-induced colitis is 

mainly driven by an activation of M1 and treatments with drugs interfering with their pro-inflammatory 

function result in amelioration of the intestinal inflammation (220). Conversely, it has been 

demonstrated that M2 can decrease the onset and severity of murine colitis (78). M2 not only protect 

against colitis directly, but also they can support the directionally concordant expansion of the 

Treg/Th17 cell axis associated to a restoration of the gastrointestinal immune tolerance and the repair 

of mucosal injuries (82). For example, Lupeol™ can mitigate intestinal inflammation by inducing and 

increasing survival from lethal DSS-induced colitis by up regulating M2-related genes and 

downregulating M1 macrophages-related genes (437). Furthermore, worm infections have been 

associated with a reduced progression of colitis through the increase of IL-4/IL-13 and the up 

regulation of M2 (78). 



 
 
 

	
	
 
 

187	

Intestinal injury and inflammation can induce excessive transmural extracellular matrix collagen 

deposition accompanied by an alteration of normal tissue architecture leading ultimately to fibrosis 

(305). Here, we reported that CHR negatively correlated with collagen expression in patients with 

active UC, and that exogenous CHR treatment decreased significantly colonic collagen expression and 

depositions and protected against DSS-induced colitis. In that context it has been described that the 

arginase activity by murine M2 can facilitate the assembly of proline, which is critical for collagen 

production (438). M2-fibroblast interaction is imperative for wound healing, but a dysregulated 

interaction can result in fibrosis and possibly stricture formation in the gastrointestinal tract. Although 

the role of M2 in the pathophysiology of fibrosis is not clear, some studies suggest that M2 display a 

pro-fibrotic profile and stimulate collagen deposition (438-442), conversely other reports demonstrate 

that M2 can protect against fibrosis (443, 444). Here, CHR displayed a unique feature by reducing 

colitis severity and maintaining the IECs homeostasis without promoting collagen depositions and 

fibrosis. Therefore, it can be postulated that the role of M2 in collagen synthesis and deposition can be 

influenced by the surrounding microenvironment and the type of tissue. Our data confirm the non-

deleterious effect of M2 activation in the context of colonic inflammation as demonstrated previously 

by other groups (78, 394). 

TJ-deficient mouse models revealed pathophysiology features of mucosal inflammation 

compatible with human UC (445). As intestinal epithelial barrier is regulated by TJ proteins (416) and 

as regulation of TJ proteins is correlated with intestinal inflammation (417, 418), we quantified the 

gene expression of TJ proteins in colonic tissue. In patients with active UC, we demonstrated a strong 

positive correlation between CHR and gene expression of TJ proteins and M2. In our animal model, we 

showed that CHR treatment ameliorated the disease severity by maintaining colonic gene expression of 

TJ proteins and enhancing polarization of M2. Several studies have reported that the activity of M2 can 
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promote tissue-repair functions such as cell proliferation or matrix remodeling through the expression 

of different molecules such as arginase, IL-10, TGFβ1, Ym1 and Fizz1 (423, 424, 446). In our study, 

using an in vitro culture system, we demonstrated that CHR-treated M2 conditioned medium preserved 

gene expression of TJ proteins in LPS- and DSS-stimulated epithelial cells and improved the functional 

capacities of epithelial cells by regulating migration, proliferation, and viability. This is supported by 

previous data demonstrating that a reduction of intestinal inflammation is associated with an 

enhancement of M2 activity, limitations of the pro-inflammatory signals and the maintain of intestinal 

epithelial cells functions (87, 447). Furthermore, we demonstrated that CHR can directly restore the 

epithelial homeostasis by maintaining gene expression of TJ proteins and by improving the epithelial 

cells functional abilities to migrate, proliferate and survive in response to LPS, DSS or oxidative stress 

stimuli. Similar study demonstrated a protective effect of 5-hydroxytryptamine receptor 4 (5-HT4) 

agonist against DSS-induced colitis, involving resistance of caco-2 epithelial cells to the detrimental 

effects of oxidative stress by the free radical donor (H2O2) (433).  

Our study also described the ability of CHR to improve proliferation and viability of Caco-2 

epithelial cells. Receptors for CHGA-derived peptides seem not to exist, but the sequence similarity of 

these peptides with cell penetrating abilities (133, 372, 436) may explain the ability of CHR to enter the 

cell and interact with the intracellular pathways. We speculate that CHR might affect some specific 

intracellular pathways including the p38 MAP kinase or the activator of transcription 1 (STAT1), 

which are well-known to enhance the functional abilities of epithelial cells to proliferate and migrate 

(448, 449). Supporting this idea, recent studies have demonstrated the importance of these two 

pathways. Treatment of Caco-2 with pregnane X receptor (PXR) agonists or IL-28 significantly 

increased wound healing activity and proliferation, and in both contexts, when give to mice, a 

significant decrease of colitis was determined (449, 450). Other pathways are also for consideration as 
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CHR induces calcium entry in human neutrophils through a calmodulin-regulated calcium independent 

phospholipase A2 (133, 372), as this enzyme seems to play a role in the regulation of the integrity of 

epithelial TJ proteins and the pathogenesis of colitis (451). 

 Our findings also revealed that CHR is negatively correlated with IL-8 and IL-18 in colonic 

biopsies from patients with active UC. In parallel using our mouse model of colitis, we demonstrated 

that exogenous CHR treatment reduced the weight loss and colonic IL-18 release. Moreover, CHR 

peptide directly and indirectly through CHR-treated M2 conditioned medium decreased IL-8 and IL-18 

release in LPS-and DSS-stimulated epithelial cell line. Studies have reported that a deletion of IL-18 

protected against experimental colitis and minimized the mucosal damage through the maintain of the 

epithelium equilibrium (422, 452), demonstrating the importance of IL-18. The overall effect of CHR 

on IL-18 can also explain indirectly the impact of fibrosis described above, as transmural intestinal 

inflammation favors colitis-associated fibrosis through the promotion and the expression of collagen 

and IL-18 (453). Down regulation of IL-18 expression results in a decreased inflammatory process 

(453). IL-8 known as CXCL-8 is a potent chemoattractant secreted by IECs, and mediates 

polymorphonuclear leukocyte recruitment from the lamina propria to the epithelium and is increased 

during IBD (454, 455). The close relation between IL-8 and CHGA-derived peptides is supported by 

previous data demonstrating that VS-1, another CHGA-derived peptide, can decrease the onset and 

severity of experimental colitis via an inhibition of  human IECs IL-8 production (296). As in mice, the 

homolog of human IL8 is completely absent from their genome IL8 was not quantified (454).  

In this study, we assessed only the mRNA level considering the main concept of molecular 

biology, which states that “DNA makes RNA makes proteins,” suggesting a direct association between 

mRNA and protein levels (456). Although, several studies have found significant correlations between 

mRNA levels and protein levels (456-458), in some conditions the mRNA levels do not correlate with 
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protein expression levels or even with the protein function. Therefore, the gene expression presented in 

our study can only provide an idea of understanding the potential action of CHR involved in the 

protection against colitis, and further studies are warranted to investigate the precise effects of CHR on 

the protein expression and localization of the proteins studied. 

We cannot rule out the possibility that other mechanisms, including gut microbiota dysbiosis, 

apoptosis and permeability can also contribute to the changes seen post-treatment. Several studies have 

highlighted the importance of gut microbiota in IBD pathophysiology, innate immunity, and epithelial 

homeostasis (234, 409, 459). Previous studies have demonstrated that CHR features antimicrobial 

activity (186, 297) that maybe affect the gut microbiota and their associated metabolites. Consequently, 

future studies are required to investigate the potential effect of CHR on gut microbiota, but also to 

confirm its role on intestinal permeability and apoptosis.  

7.5. Conclusion 

Here, we report a protective effect of CHR during the development of colonic inflammation 

(Figure 7.11). The results of this study have clinical relevance. First, they prompt close consideration of 

the relationship between CHR and disease activity in patients with IBD. Second, if this correlation is 

confirmed, then patients with IBD might be an appropriate group to target with novel treatment 

strategies involving CHR. 
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Figure 7.11. Graphical Summary. Chromofungin (CHR) decreases tissue damage by the promotion of Alternatively 
Activated Macrophages (M2) macrophages that anti-inflammatory and regulatory molecules to decrease the onset of 
inflammation, reduces interleukin (IL)-8 and IL-18 release, maintains the tight junction (TJ) protein and promotes the 
mucosal healing. 
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BRIDGE TO CHAPTER 8 

 

Chapters 6 and 7 demonstrated that the expression of CHR was reduced during the progression of 

colitis and that CHR treatment protected against colitis. As CHGA gives rise to several bioactive 

peptides, we assumed that each peptide will affect in a different way different biological functions. 

Therefore, the use of Chga knockout (Chga-/-) mice can provide a better understanding of the overall 

mechanisms. In chapter 8 we described the immunomodulatory role of CHGA in the pathophysiology 

of colitis using clinical biopsies from patients with active UC and underlying the mechanisms in Chga 

knockout mice. 
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CHAPTER 8 

MANUSCRIPT 6 

Chromogranin-A Regulates Macrophage Function and the Apoptotic Pathway in 

Murine DSS Colitis 
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8.1. Abstract 

CHGA is elevated in IBD, but little is known about its role in colonic inflammation. IBD is 

associated with impaired functions of macrophages and IECs and increased apoptosis of IECs. We 

investigated CHGA expression in human subjects with active UC and underlying mechanisms in colitic 

Chga-/- mice. We found in UC, CHGA, M1 markers, caspase 3, p53 and its associated genes increased, 

while M2 markers decreased with no changes in the extrinsic apoptotic pathway. CHGA correlated 

positively with M1 and apoptotic pathway, and negatively with M2. In colitic mice, Chga deletion 

reduced disease severity, pro-inflammatory mediators, M1, p53 and caspase 3 apoptosis, while up-

regulated anti-inflammatory cytokines and M2 markers with no changes in extrinsic apoptotic markers. 

Compared to Chga+/+, M1, caspase 3 and p53 apoptosis in Chga-/- macrophages in vitro were 

decreased, while M2 markers were increased. Chga-/- macrophages conditioned medium increased 

proliferation, migration and reduced oxidative stress-induced apoptosis in colonic epithelial cells. 

CHGA is critical during colitis through modulations of macrophage and epithelial cell functions via 

caspase 3/p53 pathway. Strategies to reduce macrophages activation and epithelial apoptosis might be 

developed to treat patients with UC. 
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8.2. Introduction 

CHGA of the granin family is a protein that is co-stored in chromaffin granules of the central 

nervous system (CNS), enteric neurons, and in specific cell types in the immune, endocrine and 

neuroendocrine systems (129). CHGA regulates many cellular functions and is the precursor of several 

bioactive peptides, which all have different and distinctive biological functions (129, 256). The EC 

cells in the gastrointestinal tract are the largest endocrine cell population (155) and are the main source 

of CHGA (156), which influences gut physiology (157). Moreover, CHGA is elevated in IBD and 

correlated with the disease severity that associated with EC cell hyperplasia (131, 132, 253, 460).  

IBD includes CD and UC characterized by a dysregulation of the host immune system and an 

alteration in CHGA-producing EC cells (130). Macrophages are significant players during IBD 

pathophysiology (309) and subsist on a continuum between M1 that have pro-inflammatory activity, 

and M2 that have anti-inflammatory function (306). Furthermore, caspase activation is an essential 

contributor in IBD pathogenesis, which involves increased apoptosis of IECs (319) and induces the 

secretion of IL-1β to initiate inflammation (461). In acute colitis, Ser15 phosphorylation of p53 in acute 

colitis induces caspase 3 activation (462) that associated with an up regulation intrinsic target genes of 

p53, including p53-upregulated modulator of apoptosis (PUMA), Bcl-2 associated X protein (BAX), 

Bcl-2 associated death promoter (BAD) and Bcl-2 antagonist/killer 1 (BAK1) (463, 464). The extrinsic 

apoptosis pathway is induced by extracellular signals that result in the activation of the tumor necrosis 

factor (TNF)-α-related apoptosis-inducing ligand (TRAIL)/caspase-8 apoptosis-related cysteine 

peptidase (CASP8) pathway (463). The vascular endothelial growth factor (VEGF) is implicated in 

IBD by activating the neovascularization and worsening tissue damage (465). 

Understanding how CHGA regulates macrophages’ functions and programed cell death to 

maintain intestinal homeostasis has an important outcome of developing novel effective IBD 
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therapeutics (466). We hypothesized that CHGA plays a critical role in colonic inflammation by 

regulating the functions of macrophages, angiogenesis, IECs, and the apoptotic pathways. Thereby, we 

evaluated the role of CHGA in human colonic biopsies of persons with active UC and DSS-induced 

colitis and evaluated its effect on macrophage function, VEGF, apoptosis, and IECs. Our findings 

indicate that CHGA plays a critical role in the pathogenesis of intestinal inflammation. 

8.3. Results 
8.3.1. CHGA Expression is Altered in Patients with Active UC 

Other studies used a non-specific ELISA to demonstrate regulation of CHGA levels (131, 253). 

Up to our knowledge, there is no specific antibody to quantify the full length of CHGA before its 

cleavage by pro-hormone convertase enzymes into CHGA derived peptides (129). Therefore, we 

quantified CHGA gene and found that CHGA gene is significantly up regulated, showing a 17-fold 

increase, in subjects with active UC compared with the healthy (Figures 8.1A). Figure 8.2A 

demonstrated non-significant changes in CHGA expression levels in mild (Inactive) UC compared with 

healthy individuals. Moreover, inflammation did not have any significant effect on other Chgs (CHGB, 

CHGC) (Figures 8.2BC), which suggests an absence of compensatory mechanisms and solely 

implicates CHGA in UC biopsies.  

8.3.2. CHGA Inter-Correlates with the Angiogenesis and Macrophage Function in Patients with 
Active UC 

Persons with active UC showed up regulation in markers that have been used to characterize 

M1 and VEGF (Figure 8.3AD) and a significant down regulation in markers that have been used to 

characterize M2 when compared with healthy individuals (Figure 8.3B). However, CHGA expression 

showed a significant and strong positive correlation with markers that have been used to characterize 
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M1 and VEGF (Figure 8.1BC) and it was negatively correlated with markers that have been used to 

characterize M2 (Figure 8.1C), demonstrating the close relationship between CHGA and M1 and M2.  

8.3.3. CHGA Inter-Correlates with Programed Cell Death Markers in Patients with Active UC 

In active UC biopsies, Ser15-phosphorylated activated p53 (p-p53 [Ser15]) and cleaved active 

form of caspase 3 showed a significant increase compared with healthy colonic biopsies (Figure 8.1E) 

that associated with an up regulation of caspase 3 and intrinsic apoptotic pathway genes (Figure 8.3C). 

The phosphorylation of caspase 8 (Figure 8.1E) and extrinsic apoptotic pathway genes did not show 

any significant difference (Figure 8.3E). However, CHGA expression showed a strong positive 

correlation with intrinsic apoptotic pathway (p53-responsive genes) and caspase 3 (Figure 8.1FG), 

while a weak correlation with extrinsic apoptotic markers (Figure 8.1h) was determined, demonstrating 

the close relationship between CHGA and the intrinsic apoptotic pathway. 

8.3.4. Chga Expression in an Experimental Injury Model of Colitis is Upregulated 

Using the DSS experimental model of inflammatory injury, we confirmed our human data and 

demonstrated a significant up regulation of Chga expression (Figure 8.4A). To avoid any compensatory 

mechanisms related to other types of Chgs in the absence of Chga, we quantified mRNA levels of 

Chgb and Chgc. The lack of Chga did not have any significant effect on other Chgs, confirming the up 

regulation of Chga and the absence of compensatory effects from Chgb and Chgc (Figures 8.5AB) as 

determined in our human biopsies.  

8.3.5. The Lack of Chga Attenuates Acute Colitis 

We then assessed the effect of the lack of Chga during acute inflammation. In colitic Chga-/- 

mice, DAI (Figure 8.4B), weight loss, stool consistency, and blood in stool (Figures 8.5CDE) were 
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significantly decreased when compared with colitic Chga+/+ mice. At sacrifice day, stool consistency, 

colonic hyperemia, and the presence of blood in the colon were assessed. Under colitic conditions, the 

lack of Chga significantly increased the length of the colon 1-fold and decreased the macroscopic 

scores 2-fold when compared to colitic Chga+/+ mice (Figures 8.4CD). Moreover, the lack of Chga 

significantly reduced the histologic score, which was associated with a decrease in the loss of tissue 

architecture, edema, and in the mixed immune cell infiltrate (mononuclear cells, neutrophils, and 

eosinophils) (Figures 8.4EF). In colitic Chga-/- mice, MPO activity and MCP-1 protein expression 

levels (Figure 8.6A) were significantly decreased when compared with colitic Chga+/+ mice. 

Additionally, mRNA expression levels of Mpo and Mcp1 (CCL2) were quantified in splenic tissues, 

and they showed a significant decrease in Chga-/- mice (Figure 8.7A).  

The angiogenesis, which is a process of neovascularization, correlates with the severity and 

progression of colitis, in which VEGF is elevated (465). In colitic Chga-/- mice, colonic protein and 

gene expression of VEGF was significantly reduced when compared with colitic Chga+/+ mice (Figure 

8.6B).  
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Figure 8.1AB. Chromogranin-A (CHGA) level and its correlation with inflammatory mediators in UC patients.  
mRNA levels of (A) chromogranin-A (CHGA) in human active ulcerative colitis (UC) (n = 10), and healthy individual as 
control (n = 10) and its correlation with (B) M1 mediators (interleukin [IL]-1β, IL-6, tumor necrosis factor [TNF]-α, tumor 
necrosis factor receptor II [CD120B], SLAM Family Member 7 [SLAMF7], Toll-like receptor [TLR4]). Two-tailed Mann–
Whitney U and Spearman’s correlation tests were used, and the data represent the mean ± SEM. 
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Figure 8.1CD. Chromogranin-A (CHGA) correlates with angiogenesis mediator and M2 markers in UC patients.  
(C) vascular endothelial growth factor (VEGF) and (D) M2 markers (IL-10, cluster of differentiation [CD1B], Mannose 
receptor [MR], c-Myc). Spearman’s correlation tests were used, and the data represent the mean ± SEM. 
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Figure 8.1E-G. Chromogranin-A (CHGA) correlates with caspase-3/p53 apoptotic pathway in UC patients.  
(E) Western blot protein expression of phosphorylated p53 (Ser15), cleaved caspase 3 and caspase 8. (F) CHGA correlation 
with the intrinsic apoptotic genes, p53-upregulated modulator of apoptosis (PUMA), Bcl-2 associated death promoter 
(BAD), Bcl-2 antagonist/killer 1 (BAK1) and Bcl-2 associated X protein (BAX), and caspase-3 activity and (G) the extrinsic 
apoptotic pathway (tumor necrosis factor [TNF]-α-related apoptosis-inducing ligand [TRAIL]/caspase-8 apoptosis-related 
cysteine peptidase [CASP8]) mRNA levels. Two-tailed Mann–Whitney U and Spearman’s correlation tests were used, and 
the data represent the mean ± SEM. 
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Figure 8.2. The expression of chromogranins in patients with ulcerative colitis (UC).  
(A) mRNA Levels of Chromogranin-A in human, Mild UC (n=9) and healthy individual as control (n=10). mRNA Levels 
of (B) Chromogranin-B (CHGB) and (C) Chromogranin-C (CHGC) in human active ulcerative colitis (UC) (n=10), and 
healthy individual as control (n=10), and Rectal biopsies samples were collected by colonscopy. Using real time 
quantitative PCR (RT-qPCR) technique mRNA levels of CHGA were quantified. Mann-Whitney test was applied. Two tails 
significance level was adjusted at 0.05.  
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Figure 8.3AB. The expression of inflammatory mediators in patients with ulcerative colitis (UC).  
mRNA Levels of (A) classically activated macrophages (M1) pro-inflammatory mediators (IL-1β, IL-6, TNF-α, CD120B, 
SLAMF7, TLR4) and (B) alternative activated macrophages (M2s) anti-inflammatory markers (IL-10, CD1B, MR, c-MYC) 
mRNA levels in human active ulcerative colitis (UC) (n=10), and healthy individual as control (n=10). Rectal biopsies 
samples were collected by colonscopy. Using real time quantitative PCR (RT-qPCR) technique mRNA levels were 
quantified. Mann-Whitney test was applied. Two tails significance level was adjusted at 0.05.  



 
 
 

	
	
 
 

204	

 
Figure 8.3C-E. The expression of apoptosis markers in patients with ulcerative colitis (UC).  
mRNA Levels of (C) intrinsic apoptotic pathway (PUMA, BAD, BAX, BAK1) and caspase-3. (D) Vascular Endothelial 
Growth factor (VEGF). (E) Extrinsic apoptotic pathway (CASP8, TRIAL) mRNA levels in human active ulcerative colitis 
(UC) (n=10), and healthy individual as control (n=10). Rectal biopsies samples were collected by colonscopy. Using real 
time quantitative PCR (RT-qPCR) technique mRNA levels were quantified. Mann-Whitney test was applied. Two tails 
significance level was adjusted at 0.05. 
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8.3.6. The Lack of Chga Down-Regulates Colonic Proinflammatory Cytokines & Upregulates Anti-
inflammatory Mediators Release in Acute Colitis Conditions 

A significant decrease in colonic IL-1β, IL-6 and TNF-α protein (Figure 8.6C) and mRNA 

(Figure 8.8A) expression levels were determined in colitic Chga-/- mice when compared with colitic 

Chga+/+ mice. Moreover, splenic mRNA expression levels of Il1β, Il6, and Tnfα were significantly 

decreased (Figure 8.8B). Our data showed a significant increase in colonic protein level of anti-

inflammatory IL-10 (Figure 8.6C), and colonic mRNA levels of Il10 and Krüppel-like factor 5 (Klf5) 

(Figure 8.8B) in colitic Chga-/- mice when compared with colitic Chga+/+ mice. Moreover, splenic 

mRNA expression levels of Il10 and Klf5 were significantly increased in colitic Chga-/- mice when 

compared with colitic Chga+/+ mice (Figure 8.7C). 

8.3.7. The Lack of Chga Decreases Colonic M1 Markers & Increases M2 Markers Expression in 
Acute Colitic Conditions 

To confirm our human data and to understand how macrophage subsets contribute to the 

development of colitis in the absence of Chga, we quantified colonic expression levels of M1 and M2 

markers. In acute colitic conditions, colonic markers that have been used to characterize M1 (Tlr4, 

Inducible nitric oxide synthase [iNos], Macrophage Inflammatory Protein [Mip]1a and Mip1b) were 

down regulated in Chga-/- mice (Figure 8.6E). While, colonic markers that have been used to 

characterize M2 (Il10, Arg1, Chitinase-like protein [Ym1] and Found in inflammatory zone protein 

[Fizz1]) were upregulated (Figure 8.6D), demonstrating the modulation of M1 and M2 in the absence 

of Chga.  
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Figure 8.4. Effects of lack of Chga in the development of dextran sulfate sodium (DSS)-induced colitis.  
Wild-type (Chga+/+) and Chga-knockout (Chga-/-) mice were given 5% DSS solution in the drinking water to induce colitis. 
Control mice received water without DSS. (A) Chga expression level, (B) disease activity index (composite score, AU = 
arbitrary unit), (C) colon length, (D) macroscopic score, (E-F) histologic scores and H&E-stained colonic sections (100 x 
magnifications) from Chga+/+ and Chga-/- mice on day five after administration of DSS and control groups. One-way 
ANOVA followed by multiple comparison test was applied. Each value represents the mean ± SEM, n = 6–8 each group. 
DSS-treated Chga-/- mice compared with DSS-treated Chga+/+ mice. 
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Figure 8.5. The expression of chromogranins in DS-induced colitis.  
(A) Chromogranin-B (Chgb) and (B) Chromogranin-C (Chgc) colonic mRNA expression, (C) Weight loss (D) Stool 
consistency and (E) Rectal bleeding in the gut in the development of dextran sodium sulfate (DSS)-induced colitis. Wild 
type (Chga+/+) and Chga-knockout mice (Chga-/-) mice were given 5% DSS solution in the drinking water to induce colitis. 
Control mice received water without DSS. One-Way ANOVA followed by Tukey’s Multiple Comparison. Each value 
represents the mean ± SEM, n=6-8 each group.  
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Figure 8.6A-C. Effects of lack of Chga on the inflammatory mediators in dextran sulfate sodium (DSS)-induced colitis. 
Colonic expression levels of (A) myeloperoxidase activity (MPO) and monocyte chemoattractant protein (MCP)-1, (B) 
vascular endothelial growth factor (VEGF), (C) interleukin (IL)-1β, interleukin (IL)-6 and tumor necrosis factor (TNF)-α. 
One-way ANOVA followed by multiple comparison test was applied. Data represent mean ± SEM, n = 6–8 each group. 
DSS-treated Chga-/- mice compared with DSS-treated Chga+/+ mice. 
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Figure 8.6DE. Effects of lack of Chga on the inflammatory mediators in dextran sulfate sodium (DSS)-induced colitis.  
Colonic expression levels of (D) M2 markers (IL-10, arginase activity, chitinase-like protein [Ym1] and found in 
inflammatory zone protein [Fizz1]) and (E) M1 markers (Toll-like receptor [Tlr4], inducible nitric oxide synthase [iNOS], 
macrophage inflammatory protein [Mip1α], Mip1β). One-way ANOVA followed by multiple comparison test was applied. 
Data represent mean ± SEM, n = 6–8 each group. DSS-treated Chga-/- mice compared with DSS-treated Chga+/+ mice. 
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Figure 8.7. Effects of lack of Chga on splenic inflammatory mediators during development of dextran sodium sulfate 
(DSS)-induced colitis.  
Splenic mRNA expression levels of (A) Mpo and Mcp1 (CCL2), (B) pro-inflammatory mediators (Il1β, Il6, Tnfα) and (C) 
anti-inflammatory mediators (Il10, Klf5). Wild type (Chga+/+) and Chga-knockout mice (Chga-/-) mice were given 5% DSS 
solution in the drinking water to induce colitis. Control mice received water without DSS. One-Way ANOVA followed by 
Tukey’s Multiple Comparison. Each value represents the mean ± SEM, n=6-8 each group.  
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Figure 8.8. Effects of lack of Chga on colonic inflammatory mediators during development of dextran sodium sulfate 
(DSS)-induced colitis.  
Colonic mRNA expression levels of (a) pro-inflammatory mediators (Mcp1 [CCL2], Il1β, Il6, Tnfα) and (b) anti-
inflammatory mediators (Il10, Arg1, Klf5). Chga-/- and Chga+/+ mice were given 5% DSS solution in the drinking water to 
induce colitis. Control mice received water without DSS. One-Way ANOVA followed by Tukey’s Multiple Comparison. 
Each value represents the mean ± SEM, n=6-8 each group. 
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8.3.8. The Lack of Chga Decreases Colonic M1 Markers & Increases M2 Markers Expression in 
Acute Colitic Conditions 

To confirm our human data and to understand how macrophage subsets contribute to the 

development of colitis in the absence of Chga, we quantified colonic expression levels of markers that 

have been used to characterize M1 and M2. In acute colitic conditions, colonic M1 markers (Tlr4, 

Inducible nitric oxide synthase [iNos], Macrophage Inflammatory Protein [Mip]1a and Mip1b) were 

down regulated in Chga-/- mice (Figure 8.6E). While, colonic M2 markers (Il10, Arg1, Chitinase-like 

protein [Ym1] and Found in inflammatory zone protein [Fizz1]) were upregulated (Figure 8.6D), 

demonstrating the modulation of M1 and M2 in the absence of Chga.  

8.3.9. The Lack of Chga Represses Colonic Activated p53 and Caspase 3 but not Extrinsic 
Apoptotic Pathway in Acute Colitic Conditions 

We next confirmed the association between CHGA and the apoptotic/cell death markers seen in 

UC patients. In experimental colitic conditions, colonic p-p53 (Ser15) and cleaved caspase 3 were 

significantly decreased in colitic Chga-/- mice compared with Chga+/+ mice (Figure 8.9ABC). 

Decreased p53 activity was functionally relevant because of the reduction in several p53 target genes 

including Puma, Bax, Bak1, Bad, and Bak1 (Figure 8.9D). Conversely, the presence or absence of 

Chga did not affect the activity of caspase 8 (Figure 8.9AB) and extrinsic apoptosis associated genes 

(Figure 8.9E). These results indicate that deletion of Chga protects against apoptotic cell death of 

epithelial cells during acute colitis, which may be partly responsible for protection against colitis-

associated tissue damage. 
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Figure 8.9A-C. Effects of lack of Chga on p53 and caspase activation in dextran sulfate sodium (DSS)-induced colitis.  
(A-B) Immunoblots of phospho-p53 (Ser15), cleaved caspase 3 and caspase 8 in colon lysate from mice treated with DSS. 
Colonic expression levels of (C) caspase-3 activity. One-way ANOVA followed by multiple comparison test was used. 
Each value represents the mean ± SEM, n = 6–8 each group. DSS-treated Chga-/- mice compared with DSS-treated Chga+/+ 
mice. 
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Figure 8.9D-E. Effects of lack of Chga on intrinsic and extrinisic apoptotic pathways activation in dextran sulfate sodium 
(DSS)-induced colitis.  
(D) intrinsic pathway, p53 responsive genes (p53-upregulated modulator of apoptosis [Puma], Bcl-2 associated death 
promoter [Bad], Bcl-2 antagonist/killer 1 [Bak1], Bcl-2 associated X protein [Bax]), and (E) the extrinsic apoptotic pathway 
(tumor necrosis factor [TNF]-α-related apoptosis-inducing ligand [Trail]/caspase-8 apoptosis-related cysteine peptidase 
[Casp8], receptor-interacting serine/threonine-protein kinase 1 [Ripk1], Death domain-containing protein [Cradd]). One-
way ANOVA followed by multiple comparison test was used. Each value represents the mean ± SEM, n = 6–8 each group. 
DSS-treated Chga-/- mice compared with DSS-treated Chga+/+ mice.  
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8.3.10. The Lack of Chga Regulates Macrophage Function & Chemotaxis 

We demonstrated that the lack of Chga regulated colonic macrophages markers, and to gain 

more mechanistic insights, we evaluated in vitro markers that have been used to characterize M1 and 

M2. As expected, Chga mRNA expression was absent in peritoneal macrophages isolated from naïve 

Chga-/- mice, but surprisingly in naïve isolated Chga+/+ macrophages, the level of Chga was 

significantly increased after LPS treatment, but no effect was detected when treated with IL-4/IL-13 

(Figure 8.10A). When compared with Chga+/+ macrophages, Il1b, iNos, Mcp1 (CCL2), Mipa, Mipb 

and Tlr4 mRNA levels were significantly decreased in Chga-/- M1 (Figures 8.10BC), while Il10, Arg1, 

and Ym1 mRNA levels (Figure 8.10D) and IL-10 and Arginase protein level were significantly 

increased in Chga-/- M2 (Figure 8.10E). We found significantly reduced chemotaxis activity in Chga-/- 

macrophages compared with Chga+/+ macrophages (Figure 8.10F). 

8.3.11. The Lack of Chga Reduces p53 and Caspase 3 Activation in Differentiated Macrophages  

Similarly, activation of caspase-3, a key caspase in the initiation of apoptosis (467), was 

significantly reduced in the mucosa of colonic colitic Chga-/- mice (Figure 8.9ABC). Compared with 

naïve Chga+/+ M1 & M2 macrophages, p-p53 (Ser15) and cleaved caspase-3 activity (Figure 8.11AB) 

were significantly down regulated in Chga-/- macrophages in vitro. Furthermore, Puma, Bax, Bak1, and 

Bad were reduced in Chga-/- M1 (Figure 8.11C). While only Casp3 and Puma were decreased in Chga-

/- M2 (Figure 8.11DE) without significant changes in Bax, Bak1, and Bad (Figure 8.11F). 
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Figure 8.10A-C. Effects of the lack of Chga on macrophage function in vitro.  
Peritoneal macrophages were collected from Wild-type (Chga+/+) and Chga-knockout (Chga-/-) mice then seeded in well 
plates at rate 106 cells/well. Cells were harvested for mRNA extraction, and the medium was used for ELISA. Macrophages 
were stimulated by LPS (100 ng/ml) to promote classically activated macrophages (M1) or IL-4/IL-13 (20 ng/ml) to induce 
alternatively activated (M2) for 6 hours. (A) Chga expression level in M1 and M2, (B-C) expression levels of M1 markers 
(interleukin [IL]-1β, interleukin [IL]-6 and tumor necrosis factor [TNF]-α, Toll-like receptor [Tlr4], inducible nitric oxide 
synthase [iNOS], macrophage inflammatory protein [Mip1α], Mip1β). One-way ANOVA followed by Tukey’s multiple 
comparison test was applied. Data represent mean ± SEM (n = 6). Each experiment was repeated at least three times.  
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Figure 8.10D-F. Effects of the lack of Chga on M2 macrophage functions and chemotaxis activity in vitro.  
Peritoneal macrophages were collected from Wild-type (Chga+/+) and Chga-knockout (Chga-/-) mice then seeded in well 
plates at rate 106 cells/well. Cells were harvested for mRNA extraction, and the medium was used for ELISA. Macrophages 
were stimulated by IL-4/IL-13 (20 ng/ml) to induce alternatively activated (M2) for 6 hours. (D-E) expression levels of M2 
(IL-10, arginase activity [Arg-1], Chitinase-like protein [Ym1]), and (F) chemotaxis activity of Chga+/+ and Chga-/- 
macrophages using MCP-1 30 ng/ml. One-way ANOVA followed by Tukey’s multiple comparison test was applied. Data 
represent mean ± SEM (n = 6). Each experiment was repeated at least three times.  
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Figure 8.11A-C. Effects of the lack of Chga on p53 and caspase 3 during M1 macrophage activation in vitro.  
(A) Immunoblots of phospho-p53 (Ser15), cleaved caspase 3 and caspase 8 in cells lysate. (B-C) Caspase-3 activity, and 
intrinsic apoptotic pathway, p53 responsive genes (p53-upregulated modulator of apoptosis [Puma], Bcl-2 associated death 
promoter [BAD], Bcl-2 antagonist/killer 1 [Bak1], Bcl-2 associated X protein [Bax]). One-way ANOVA followed by 
Tukey’s multiple comparison test was used. Data represent mean ± SEM (n = 6). Each experiment was repeated at least 
three times.  
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Figure 8.11D-F. Effects of the lack of Chga on p53 and caspase 3 during M2 macrophage activation in vitro.  
(D) Immunoblots of phospho-p53 (Ser15), cleaved caspase 3 and caspase 8 in cells lysate. (E-F) Caspase-3 activity, and 
intrinsic apoptotic pathway, p53 responsive genes (p53-upregulated modulator of apoptosis [Puma], Bcl-2 associated death 
promoter [BAD], Bcl-2 antagonist/killer 1 [Bak1], Bcl-2 associated X protein [Bax]). One-way ANOVA followed by 
Tukey’s multiple comparison test was used. Data represent mean ± SEM (n = 6). Each experiment was repeated at least 
three times.  
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8.3.12. The Lack of Chga Promotes Protective Features Regulating Epithelial Proliferation, 
Viability & Migration through M1- and M2-Macrophage-Conditioned Medium 

IBD involves functional impairment of IECs and macrophages (29). We investigated the 

interaction between human epithelial cell line (Caco-2) and in vitro polarized Chga+/+ and Chga-/-  

macrophage-conditioned medium. We reported a significant increase in the rate of epithelial cell 

migration, viability, and proliferation in cultures with M1 and M2 of Chga-/--conditioned medium when 

compared with Chga+/+ (Figures 8.12ABCD). Furthermore, oxidative stress is a feature of colitis and 

triggers epithelial apoptosis. Therefore, Caco-2 cells were exposed to the free radical donor, H2O2 

(200 mmol/L), and cell survival in response to M1 and M2 was determined using trypan blue assay. 

H2O2 caused a significant reduction in cell survival compared with untreated cells, and cell survival in 

H2O2-treated cultures was significantly improved by M1 and M2 of Chga-/- compared with Chga+/+ 

(Figure 8.12E). 

Together, these data demonstrated that lack of Chga significantly enhanced the functional 

ability of M2 to promote epithelial cell migration and wound-healing. Consistent with this, the 

expression of relevant anti-inflammatory mediators was higher in M2 Chga-/- (Figure 8.10DE). 
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Figure 8.12AB. The mutual interaction between human IECs and classically activated macrophages (M1) and alternatively 
activated macrophages (M2) that were obtained from Chga+/+ and Chga-/- mice in a culture system. 
(A-B) Epithelial cell migration that was assessed by the wound healing assay. One-way ANOVA followed by Tukey’s 
multiple comparison test was used. Data represent mean ± SEM (n = 6). Each experiment was repeated at least three times. 
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Figure 8.12CD. The mutual interaction between human IECs and classically activated macrophages (M1) and alternatively 
activated macrophages (M2) that were obtained from Chga+/+ and Chga-/- mice in a culture system.  
(C) epithelial cell viability assessed using the MTT assay, (D) intestinal epithelial cell proliferation and (E) epithelial cells 
oxidative stress assay show survival data from cultures that were treated with normal medium (control) or 200 mmol/L 
H2O2. One-way ANOVA followed by Tukey’s multiple comparison test was used. Data represent mean ± SEM (n = 6). 
Each experiment was repeated at least three times. 
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8.4. Discussion  

This study investigated for the first time the role of CHGA in the development of colitis. Our 

findings demonstrated a significant up regulation of CHGA gene expression, p53 and caspase 3 

activation in persons with active UC, which was associated with a positive correlation with pro-

inflammatory mediators, M1, VEGF, caspase-3 and p53-apoptotic pathway, and had a negative linear 

relationship with anti-inflammatory mediators, mucosal healing factors, and alternative activated 

macrophages. Experimentally, our findings confirmed the human data, revealing that the lack of Chga 

reduced disease activity and histologic damage, supporting an anti-inflammatory effect via down 

regulation of pro-inflammatory mediators and regulation of macrophage function. Additionally, the 

lack of Chga attenuated inflammation-induced changes through down regulation of p53 apoptotic 

pathway and caspase-3 activations. We demonstrated that CHGA mediates the functions of epithelial 

cells through the crosstalk with macrophages.  

In humans, CHGA is elevated in IBD patients compared with healthy subjects and is correlated with 

the disease progression. Therefore, the CHGA level is used as a marker of clinical disease activity and 

responsiveness to biological therapy in IBD patients (131, 132, 253), and it may reflect EC cell 

alteration (130). Our data showed that, in active UC, CHGA is up regulated and correlated with 

activation of pro-inflammatory macrophages and apoptosis and suppression of anti-inflammatory 

macrophages and mucosal healing mediators. This can be explained by the imbalance between pro-

inflammatory and anti-inflammatory cytokines that exist in IBD, preventing the resolution of 

inflammation and leading to disease perpetuation and tissue destruction (119) and that macrophages are 

dynamic cells integrating signals during the progression of UC to develop specific functional responses 

(29). Also, CHGA correlates positively with TNF-α levels and TNF-a receptors particularly in patients 
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with inflammatory disorders (468, 469). Moreover, treatment with anti-TNF-a monoclonal antibodies 

abolished this correlation, suggesting a complex link between CHGA and the immune system (261). 

Recent reports also showed that pro-inflammatory activation of human macrophages is associated with 

an up-regulation of CHGA (470) and that CHGA is now considered to be an important immune cell 

antigen in human diabetes (471).   

DSS-induced colitis model is suitable to investigate the contribution of innate immune cells to colitis, 

specifically to epithelial healing mechanisms (309, 317). Following DSS-induced gut injury, 

macrophages are recruited to the colon and play a key role in disease pathogenesis (29, 309). This 

study showed an up-regulation of Chga in the context of colitis and the absence of compensatory 

effects from Chgc and Chgc, as determined in our human biopsies. Chga deficiency decreased the onset 

and severity of DSS-induced colitis, reduced pro-inflammatory macrophage activation and activated 

anti-inflammatory macrophages. A recent study investigated the profile of pro- and anti-inflammatory 

markers and cytokines in Chga-/- obese mice suggested that the adipose tissue of Chga-/- mice were less 

inflamed compared with Chga+/+ mice (472). Chga-/- mice demonstrated a decreased expression of the 

pro-inflammatory genes (Il1b, Tnfa, Il6, Mip, iNos) and an increased expression levels of anti-

inflammatory genes (Arg-1, Il10) compared to wild-type (472), confirming our results. Furthermore, 

our findings revealed that the effects induced by the lack of Chga might be more systemic, as 

demonstrated by the impact on the splenic tissue. Thus, using conditional knockout mice model of 

Chga especially at intestinal mucosa would help toward understanding the exact role of CHGA during 

the progression of colitis. Because the inter-variability expression of our markers was reduced, we were 

not able to conduct a correlation analysis. Moreover, we showed that Chga-/- peritoneal macrophages 

exhibited an attenuated response to LPS in the expression of pro-inflammatory cytokines, and reduced 

chemotaxis activity in response to cytokines. TLR4 activation leads to intestinal injury and contributes 
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to IBD (473) and deletion of TLR4 attenuated DSS-induced colitis (474). In our study, the lack of 

Chga resulted in downregulation of TLR4 in the inflamed colons as well as in LPS-stimulated 

macrophages. Therefore, the lack of Chga may decrease the pro-inflammatory mediator through a 

TLR4-dependent manner. Addition to that, we showed that lack of Chga increased M2 function, which 

could have a regulatory activity to regulate pro-inflammatory cytokines release from M1. 

Angiogenesis is a key event in IBD, and its inhibition appears as a synergistic and promising 

therapeutic strategy (465). VEGF regulates the angiogenesis and contributes to the vascular 

permeability and macrophages infiltration of the inflamed mucosa (465). We showed that VEGF is 

upregulated in active UC patients and correlated positively with CHGA. Moreover, the deletion of 

Chga reduced VEGF expression during colitis. Thus, CHGA regulates inflammation-driven 

angiogenesis during the colitis progression. 

Active UC is characterized by increased IEC apoptosis, which is associated with elevated pro-

inflammatory (TNF-a, iNOS) and apoptotic mediators (CASP3, P53, and PUMA) (318). Immune 

activation is associated with TNF and iNOS-mediated stabilization of p53, followed by p53-mediated 

crypt cell apoptosis in IBD (318). Barrier disruption is linked to epithelial apoptosis that is caused by 

aberrant activation of innate and adaptive immune responses (37). Further, we thought that CHGA 

might be involved in the pathogenesis of colitis through regulation of macrophage recruitment and pro-

apoptotic pathway. PUMA enhanced apoptosis by activating caspases that mediate the activation of 

downstream apoptotic factors through a mitochondrial pathway (320, 322). PUMA activation could 

induce CASP3-independent cell death (462), and CASP3 could mediate PUMA-induced apoptosis 

(467) and BAK activation (475) by a feedback amplification loop. Additionally, the absence of PUMA, 

p53 and CASP3 reduced experimental colitis and IECs apoptosis (476). In our study, UC patients 

showed an up regulation of CHGA is associated with an increase in the activity of caspase-3, p-p53 
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(Ser15) and the expression of p53-responsive genes. Moreover, Chga deficiency reduced the p53 

apoptotic pathway during colitis development, which was associated with suppression of pro-

inflammatory macrophages and promotion of anti-inflammatory macrophages. Excessive production of 

TNF-a in intestinal inflammation (37, 308) can contribute to macrophage activation (477),  which 

over-produces reactive oxygen species that stabilize p53 cell death promoter and activate the p53-

responsive genes (478) and end with caspase activation. Our data also showed a reduction in colonic 

and macrophage iNos production in Chga-/- mice that was associated with suppression of the caspase 

activation and p53 apoptotic pathway. The pro-inflammatory (TNF) signals stimulates iNOS-mediated 

apoptosis of crypt IECs (318). Therefore, targeting CHGA and apoptosis pathway inhibition may offer 

an effective way to protect against IECs apoptosis and thereby it may serve as a novel therapeutic anti-

IBD strategy.  

Finally, several mechanisms appear to contribute to the protective effects that result from the lack of 

Chga, and these mechanisms mainly target immune inflammatory responses. Active colitis is 

characterized by dysregulated epithelial barrier integrity (309), which likely would be mitigated by 

enhanced epithelial proliferation and migration. In our study, we demonstrated that CHGA can also 

regulate the wound healing after injury processes through crosstalk between macrophages and IECs. 

Chga-deficient macrophages released mediators that increased cell proliferation, viability, survival, and 

facilitated epithelial cell migration to damaged areas in a time-sensitive manner. Oxidative stress, and 

subsequent epithelial apoptosis, are a key feature of inflammation and has been shown in colitis (479). 

Additionally, our findings revealed that the beneficial effects of the lack of Chga might contribute to 

the resistance of the epithelium to the harmful effects of oxidative stress. Chga-/- macrophage-

conditioned medium epithelial cells culture protected Caco-2 cells from apoptosis that was elicited by 

the free radical donor, H2O2. Moreover, Chga-deficient mice showed an up regulation of KLF-5 
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during colitis. KLF5 is a key factor in the regulation of IECs, protects against murine colitis and 

regulates mucosal healing through its effects on epithelial proliferation and migration (480), 

emphasizing the importance of the CHGA pro-protein in a regulation of physiological functions as well 

as pathological conditions. 

CHGA gives rise to several bioactive peptides, which have a broad spectrum of regulatory activities 

(129). Interestingly, administration of CHGA bioactive peptides such as vasostatin-1, catestatin and 

chromofungin protected against colitis by and reducing colonic pro-inflammatory cytokines (177, 220, 

270). Furthermore, PST (CHGA273-301) promotes adipose tissue inflammation by enhancing M1 

cytokines and reducing M2 mediators (170, 472). Thus, some of CHGA derived peptides have similar 

effects, but others provoke opposite responses. For this reason, we speculate that CHGA has a peptide-

dependent pro-inflammatory role, which is crucial for aggravating the intestinal inflammation and 

disrupting homeostasis. Further studies are warranted. 

It is conceivable that other factors contributed to the beneficial effect on colitis in our study, especially 

the potential autocrine effect that results from the increase of CHGA expression in M1. Moreover, 

CHGA can affect gut microbiota and other innate and adaptive immune cells. All these factors could 

contribute to changes in severity of colitis seen in our study. 

Thus, CHGA has a novel inflammation-regulatory function in the intestinal tract by regulating the 

plasticity of macrophages, apoptotic pathways and the function of IECs (Figure 8.13). Thus, these 

findings provide a novel insight into the colonic inflammatory process, which is an essential step 

toward designing and developing novel therapeutic approaches to better counteract IBD.
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Figure 8.13. The illustration shows the role of chromogranin-A (CHGA) in the pathogenesis of intestinal inflammation 
through macrophages recruitment via mediating pro-apoptotic signaling.  
CHGA increase tissue damage and cell death via activation of classically activated macrophages (M1) that release pro-
inflammatory storms to increase the onset of inflammation and more cell death by activation of pro-apoptotic pathway 
which in the same time promote M1 activation via apoptotic cell signaling and these pathways favor the inflammation. 
Moreover, CHGA is deactivating alternatively activated macrophages (M2), which are critical to provide anti-inflammatory 
mediators and promote the healing process as well as their inhibitory effect on Pro-apoptotic pathway. 



 
 
 

	
	
 
 

229	

BRIDGE TO CHAPTER 9 

 

Chapters 6 and 7 showed that exogenous administration of CHR reduces the progression of 

colitis through suppression of M1 and enhancement of M2. While chapter 8 showed that deletion of 

Chga decreased the onset and severity of colitis associated with a reduction in the pro-inflammatory 

cascades and an up regulation of anti-inflammatory mediators. Thus, we speculated that CHGA has a 

peptide-dependent inflammatory signaling that mediates the inflammatory process in the intestinal 

mucosa. PST is a CHGA bioactive peptide that regulates the glucose homeostasis and has diabetogenic 

effects. Chapter 9 showed the functional consequences of PST administration in colitic Chga+/+ and 

Chga-/- mice and its effect on the functions of pro-inflammatory mediators and M1.     
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CHAPTER 9 

MANUSCRIPT 7 

Pancreastatin Exacerbates Intestinal inflammation by Inducing Classically 

Activated Macrophages (M1) via Suppressing STAT3 
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9.1. Abstract  

CHGA levels are increased in IBD and murine models of colitis. CHGA is cleaved in several 

peptides including the immunoregulatory PST (CHGA273-301). M1 macrophages and signal transducer 

and activator of transcription (STAT) 3 play significant roles in the pathophysiology of IBD. 

Previously we showed that Chga-knockout mice (Chga-/-) exhibited a significant decrease of the onset 

and severity of colitis correlated with a reduction of M1 macrophages activity. Here, we investigated 

the activity of PST in patients with active UC and the underlying mechanisms in DSS-induced colitis 

using Chga-/- mice to define the effect on macrophages activation and migration. Patients with UC 

exhibited an increase in colonic and serum levels of PST compared with healthy individuals. PTS 

positively correlated with pro-inflammatory macrophages (M1) mediators and STAT3. Also, colonic 

levels of PST elevated in Chga+/+ mice with DSS-induced colitis. Administration of PST worsened the 

severity of colitis associated with an increase of M1 macrophages cytokines and chemokines, and a 

decrease of STAT3 levels in Chga+/+ and Chga-/- mice. In vitro, peritoneal M1 associated cytokines 

significantly increased in PST-conditioned Chga-/- M1 that linked to a reduction in STAT3 level. In 

undifferentiated macrophages, PST dramatically enhanced macrophages migration. Therefore, the 

reduced M1 activity due to PST deficiency prevented the development of intestinal inflammation in 

Chga-/- mice. Thus, aggravation of intestinal inflammation exists only in the presence of PST, and its 

absence leads to a reduction of disease severity, a decrease of M1 activation and an increase in STAT3. 

These findings suggest that PST contributes to the pathogenesis of colitis by enhancing M1 activity via 

suppressing STAT3. Targeting PST may lead to a novel therapeutic avenue in IBD.  
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9.2. Introduction  

IBD including CD and UC are believed to result from an aberrant mucosal immune response to 

various antigens (288). Innate immune responses, involving M1, have a significant role in the 

pathophysiology of IBD (29, 481). In response to an antigen, macrophages are recruited from the 

bloodstream to acute inflammation and fight infection (481, 482). Though, after the antigen clearance, 

failure to appropriately terminate this acute response or shift macrophage activity from inflammatory to 

repair subsets may aggravate the inflammation (79). Currently, regulation of pro-inflammatory 

macrophages (M1) during the re-establishment of intestinal homeostasis is a focus of drug discovery to 

control the progression of colitis (29, 481). Consequently, recognizing the molecules and the associated 

mechanisms that constrain the pro-inflammatory capacity or the populations of M1 macrophages after 

they are no longer needed, could provide new therapeutic ideas of intervention to restrain the 

development of IBD. 

The chromogranin A (human CHGA/mouse Chga) pro-hormone undergoes proteolysis to 

produce bioactive peptides including the diabetogenic PST (CHGA273–301) (201, 472). The CHGA 

gene arranged in eight exons and seven introns. Exon VII encodes most of the bioactive peptides 

including PST (195). Patients with IBD characterized by high levels of CHGA (131, 132, 253) 

suggesting its immunoregulatory role in the intestinal mucosa. IBD and diabetes mellitus are 

interrelated clinical problems, share a common basis of an inflammatory process and signaling 

pathways (203). A study reported that increased PST level in diabetic populations correlates with 

insulin resistance (198). Also, PST enhanced the inflammatory process in the adipose tissue by 

inducing the pro-inflammatory capacity of macrophages (472). Previously, we showed that Chga-

knockout mice (Chga-/-) exhibited a significant decrease the onset and the severity of colitis that 

associated with a reduction of M1 macrophages (206). Furthermore, administration of some CHGA 
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bioactive peptides such as vasostatin-1 and catestatin protected against DSS-induced colitis by 

decreasing the severity of disease and reducing colonic pro-inflammatory cytokines (177, 220). 

Subsequently, from we speculated that PST might be responsible for the pro-inflammatory power of 

the macrophages during the progression of intestinal inflammation.  

Signal transducer and activator of transcription (STAT) 3 is a pleiotropic transcription factor with 

essential functions in cytokine signaling in the intestinal immune system (483). STAT3 plays a critical 

role in IBD, where it is activated in various cell types to regulate essential functions (483). 

Interestingly, mice with a deletion of STAT3 in macrophages develop spontaneous colitis, highlighting 

a protective role of STAT3 in macrophages (484). Furthermore, catestatin, which is CHGA bioactive 

peptide, increased the activation of STAT3 that associated with protection against DSS colitis and a 

reduction of the pro-inflammatory cytokines (220). 

Deletion of Chga reduced the progression of colitis (206), and some CHGA bioactive peptides 

offered protection against colitis (177, 220). Therefore, tempting to speculate that during the 

inflammatory process, PST enhances the activity of M1 macrophages cytokines that may contribute to 

the progression of colitis via STAT3. Here, we address the following questions: 1) What is the 

expression level of PST in patients with active UC and DSS-induced colitis? 2) Does exogenous PST 

administration in Chga-knockout mice aggravate the progression of colitis? 3) Is PST a pro-

inflammatory factor that is responsible for the pro-inflammatory function of macrophages? 
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9.3. Results  

9.3.1. PST is Elevated in Patients with UC and Correlates with M1 Associated Cytokines and STAT3 

Expression 

Serum and colonic protein levels of PST and colonic mRNA level of PST (CHGA, Exon-VII) 

were significantly increased (P <0.0001), showing a 10-fold increase in patients with active UC 

compared with healthy control (Figures 9.1A-C).  

Moreover, PST demonstrated a significantly strong positive correlation with M1 associated 

cytokines such as IL1B (r = 0.5207, P = 0.0186), IL6 (r = 0.6328, P = 0.0027) and TNFA (r = 0.7276, P 

= 0.0003) (Figure 9.2A), macrophage chemoattractant mediators (MCP1, CCL2) (r = 0.7768, P 

<0.0001) (Figure 9.2B), and a significantly strong negative relationship with STAT3 (r = 0.7549, P = 

0.0001) (Figure 9.2C). 

9.3.2. PST is Increased in an Experimental Injury Model of Colitis 

Using the DSS experimental model of inflammatory damage, we confirmed our human data and 

demonstrated a significant increase in serum and colonic protein levels of PST (P <0.0001) showing a 

6-fold increase in colitic Chga+/+ mice compared with control group (Figure 9.3A).  
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Figure 9.1. PST is elevated in patients with active ulcerative colitis (UC).  
The Protein levels of PST in (A) Serum, and (B) colonic mucosa, and (C) mRNA expression of PST (CHGA Exon-VII) in 
the colonic tissue of UC patients (n=10) and healthy individuals (n=10). PST measured using commercially available 
ELISA kits and RT-qPCR. Values are shown as the mean ± SEM. Mann-Whitney U test was used to analyze the data at 
significance level 0.05. 
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Figure 9.2. PST correlates positively with classically activated macrophages (M1) associated pro-inflammatory mediators 
and negatively with STAT3 in patients with active ulcerative colitis.  
The colonic mRNA expression levels of PST correlation with mRNA levels of (A) M1 cytokines (IL1B, IL6, TNFA), (B) 
M1 chemokines (MCP1, CCL2) and (C) STAT3 in the colonic tissue of UC patients (n=10) and healthy individuals (n=10). 
The gene expression was quantified using RT-qPCR. Spearman’s Correlation analysis was applied, and P value adjusted at 
0.05.   
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9.3.3. PST Aggravates DSS-Induced Colitis 

Next, we determined the potential modulatory effect of PST on colonic inflammation. Using 

Chga+/+ mice, PST-treated (2.5 mg/kg/day, six days, i.r.) colitic mice demonstrated an increase in 

disease onset and severity of the injury as reflected by the DAI compared with PBS-treated inflamed 

Chga+/+ mice (Figure 9.3C). At sacrifice day, macroscopic scores including feces consistency, colonic 

hyperemia, and the presence of blood in the colon were assessed. Under colitic conditions, PST-treated 

inflamed Chga+/+ mice exhibited a significant shortening in the length of the colon 1.5-fold (Figure 

9.4A) and increase the macroscopic scores by 1-fold when compared with PBS-treated inflamed 

Chga+/+ mice (Figure 9.4B). Moreover, administration of PST significantly increased the histologic 

score, which associated with an increase in the loss of tissue architecture, edema, and immune cell 

infiltrates (Figure 9.4C-D).  

To further confirm that PST has a pro-inflammatory role during the progression of colitis, 

additional experiments were conducted with Chga-/- mice with DSS-induced colitis. PST-deficient mice 

(Chga-/-) showed a reduction in the disease severity as reflected by the DAI, colon length, macroscopic 

scores, and histological damage compared with wild type (Chga+/+) animals (Figure 9.3D). 

Interestingly, exogenous administration of PST reversed these effects and worsened the onset and 

severity of colitis in Chga-/- mice (Figure 9.3E, Figure 9.4) to close to PST-treated colitic Chga+/+ mice. 

PST scrambled peptide (sPST) did not show any significant effects on disease severity and onset, 

demonstrating the specificity of the PST activity in both Chga+/+ and Chga-/- mice (Figure 9.3C-E, 

Figure 9.4A-D). 
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Figure 9.3. PST aggravates dextran sulfate sodium (DSS)-induced colitis. Wild-type (Chga+/+) and Chga-knockout mice 
(Chga-/-) were given 5% DSS solution in their drinking water to induce colitis.  
Control mice received water without DSS (All mice with C57BL/6 background). Pancreastatin (PST) or scrambled peptide 
(sPST) (2.5 mg/kg/day) or 1% phosphate buffer saline (1% PBS) started one-day before induction of colitis. (A) The 
colonic protein expression of PST in wild type mice (Chga+/+) subjected to DSS-induced colitis. (B) an illustration shows 
the experimental design. (C) The disease activity index (DAI) of colitic wild type mice (Chga+/+) that were treated with PST 
or vehicles. (D) DAI of in colitic wild type mice (Chga+/+) and Chga-knockout mice (Chga-/-) that were treated with 1% 
PBS. (E) DAI of colitic Chga-knockout mice (Chga-/-) treated with PST or vehicles. AU = Arbitrary Unit. Values are shown 
as the mean ± SEM, n = 8/group and the p value was adjusted at 0.05. Mann-Whitney U test was used to compare PST level 
in colitic and non-colitic Chga+/+ mice. Two-way ANOVA followed by multiple comparison tests was applied to compare 
the DAI in the different groups.   
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Figure 9.4. PST increases the macroscopic and histological score damage.  
DSS-experimental colitis was induced in wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that pretreated with PST or 
sPST (2.5 mg/kg/day) or 1% PBS. (A) Colon length at the end of DSS-induced colitis. (B) Macroscopic score damage. (C) 
Histological score. (D) Paraffin-embedded colon sections were stained with hematoxylin and eosin for light microscopic 
assessment of epithelial damage (100 x magnification power). Data are shown as the mean ± SEM, n = 8/group. # refers to 
significance (P <0.0001) compared with the non-colitic control group. One way ANOVA followed by multiple comparison 
tests was applied to compare between the different groups at a significance level of p <0.05. 
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9.3.4. PST Increases Colonic Monocytes and Neutrophils Infiltration, Serum C-Reactive Protein 
(CRP), Colonic M1 Associated Cytokines and Chemoattractant Mediators. 

Using Chga+/+ mice, PST-treated colitic mice demonstrated an increase in serum CRP levels 

(Figure 9.5A) and colonic MPO activity (Figure 9.5B) compared with PBS-treated inflamed Chga+/+ 

mice. Moreover, a significant increase in colonic IL-1β, IL-6, and TNF-α protein (Figure 9.6A) and 

mRNA (Figure 9.6B) expression levels were determined in colitic PST-treated Chga+/+ mice when 

compared with colitic PBS-treated Chga+/+ mice. In parallel, administration of PST significantly 

enhanced the protein and the mRNA expression levels of MCP-1, macrophage inflammatory protein 

(Mip)1a and Mip1b in colitic Chga+/+ mice when compared with colitic Chga+/+ mice treated with PBS 

(Figure 9.7AB). Moreover, PST-deficient mice (Chga-/-) showed a significant decrease in the 

expression levels of MPO, CRP, IL-1β, IL-6, TNF-α, MCP-1, Mip1a and Mip1b compared with wild 

type (Chga+/+) animals (Figure 9.5-7). Interestingly, administration of PST reversed these effects and 

amplified all these inflammatory markers in Chga-/- mice to be like those of PST-treated Chga+/+ mice 

(Figures 9.5-7). sPST did not exhibit any significant changes in the serum CRP level and colonic pro-

inflammatory markers, demonstrating the specificity of the PST activity in both Chga+/+ and Chga-/- 

mice (Figure 9.5-7). 

9.3.5. PST Enhances M1 Associated Inflammatory Cytokines and Chemokines in Vivo.  

To elucidate the mechanism by how PST regulates the progression of colitis, we next considered 

its role on macrophage activity. Thus, we quantified the inflammatory mediators of ex-vivo peritoneal 

macrophages from colitic and non-colitic Chga+/+ and Chga-/- mice. 
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Figure 9.5. PST increases colonic monocytes and neutrophils infiltration and serum C-reactive.  
Colitis was induced in wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were injected PST or sPST 
(2.5 mg/kg/day) or 1% PBS intrarectally one day before induction of colitis and lasted for additional five days. Colitis was 
induced using 5% DSS in the drinking water. All groups were. (A) C-reactive protein (CRP) level in the serum was 
quantified by ELISA. (B) Colonic myeloperoxidase (MPO) activity was detected by ELISA. n = 8/group. Data are shown as 
the mean ± SEM, n = 8/group and p value were adjusted at 0.05. One way ANOVA followed by multiple comparison tests 
was applied to compare between the different groups. # refers to significance (P <0.0001) compared with the non-colitic 
control group. 
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Figure 9.6. PST increases colonic classically activated macrophages (M1) associated cytokines in DSS-induced colitis. 
Colonic tissues were subjected to protein extraction, RNA isolation, cDNA synthesis and RT-qPCR analysis for cytokines 
and chemokines. Wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were pre-treated with PST or sPST 
(2.5 mg/kg/day) or 1% PBS intrarectally one day before induction of DSS-experimental colitis. (A-B) The protein and 
mRNA expression of M1 associated cytokines (IL-1β, IL-6, TNF-α). n = 8/group. Data are shown as the mean ± SEM, n = 
8/group and p value were adjusted at 0.05. # refers to a significance (P <0.0001) compared with the non-colitic control 
group. One way ANOVA followed by multiple comparison tests was applied to compare between the different groups. 
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Figure 9.7. PST increases colonic classically activated macrophages (M1) associated chemoattractant mediators in DSS-
induced colitis. 
Colonic tissues were subjected to protein extraction, RNA isolation, cDNA synthesis and RT-qPCR analysis for cytokines 
and chemokines. Wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were pre-treated with PST or sPST 
(2.5 mg/kg/day) or 1% PBS intrarectally one day before induction of DSS-experimental colitis. (A-B) M1 associated 
chemokines (MCP-1, Mip1a, Mip1b). n = 8/group. Data are shown as the mean ± SEM, n = 8/group and p value were 
adjusted at 0.05. # refers to a significance (P <0.0001) compared with the non-colitic control group. One way ANOVA 
followed by multiple comparison tests was applied to compare between the different groups. 
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A significant up regulation of the protein and mRNA levels of M1 associated pro-inflammatory 

cytokines (IL-1β, IL-6, TNF-α) (Figure 9.8AB) and chemokines (MCP-1, Mip1a and Mip1b) 

expression (Figure 9.9AB) were reported in peritoneal macrophages of PST-treated Chga+/+ mice when 

compared with those of PBS-treated Chga+/+ mice. Furthermore, PST-deficient mice (Chga-/-) showed 

a significant reduction in the expression levels of IL-1β, IL-6, TNF-α, MCP-1, Mip1a, and Mip1b 

Compared with wild type (Chga+/+) animals (Figure 9.8-9). Remarkably, administration of PST 

inverted these effects and exaggerated all these inflammatory markers in peritoneal macrophages of 

Chga-/- mice to be like those of PST-treated Chga+/+ mice (Figures 9.8-9). sPST did not show any 

significant effects on Chga+/+ and Chga-/-  macrophages associated cytokines and chemokines (Figure 

9.8-9). 

9.3.6. PST Promotes M1 Polarization, Increases M1 Associated Cytokines and Chemokines, and 
Induces the Chemotaxis in Vitro.  

 We next examined whether direct macrophages culture with PST regulates macrophages activity 

isolated from naïve Chga+/+ and Chga-/- mice. LPS-stimulated Chga+/+ macrophages boosted the 

protein and mRNA levels of M1 associated pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) 

(Figure 9.10AB) and chemokines (MCP-1, Mip1α, Mip1β) (Figure 9.11AB). PST-treated M1 showed a 

significant increase in these cytokines and chemokines (Figure 9.10-11). Additionally, LPS-stimulated 

Chga-/- macrophages showed a significant reduction in these markers compared with LPS-stimulated 

Chga+/+ macrophages. Significantly, PST overturned these effects and amplified all these inflammatory 

markers in LPS-stimulated Chga-/- macrophages to be like those of LPS-stimulated Chga+/+ 

macrophages (Figures 9.10-11).  

 Consistent with induction of M1 cytokines and chemokines expression, PST induced 

chemotaxis of macrophages in vitro. Using peritoneal macrophage cultures, we investigated the 
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chemotactic ability of PST. PST led to significantly higher levels of chemotaxis compared with saline-

treated controls in Chga+/+ macrophages (Figure 9.11C). PST-deficient macrophages (Chga-/-) showed 

lowered migratory activity compared Chga+/+ macrophages (Figure 9.11C). Drastically, PST enhanced 

the chemotaxis activity of Chga-/- macrophages to be close to this of Chga+/+ macrophages (Figure 

9.11C). Moreover, sPST did not show any significant effects on the polarization or chemotaxis 

activities of Chga+/+ and Chga-/- macrophages (Figure 9.11C). 

9.3.7. PST Inhibits Phosphorylated STAT3 in DSS-Experimental Colitis and in Vitro, LPS-
Stimulated Macrophages 

To determine the possible intracellular mechanism by which PST regulates the intestinal 

inflammation, we investigated the protein level of p-STAT3 and its mRNA expression in the colonic 

mucosa and peritoneal macrophages. PST-treated colitic Chga+/+ mice demonstrated a decrease in p-

STAT3 activity in the colonic (Figure 9.12A) and peritoneal macrophages (Figure 9.12B) compared 

with PBS-treated colitic Chga+/+ mice. Moreover, colitic PST-deficient mice (Chga-/-) showed a 

significant increase in the colonic and peritoneal macrophages p-STAT3 levels compared with colitic 

wild type (Chga+/+) mice (Figure 9.12AB). Excitingly, PST reversed these effects and reduced p-

STAT3 in the colonic mucosa and peritoneal macrophages of Chga-/- mice to be like those of PST-

treated Chga+/+ mice (Figures 9.12AB). Additionally, we found the same expression pattern when 

naïve Chga+/+ and Chga-/- peritoneal macrophages were isolated and stimulated with LPS in the 

presence or absence of PST (Figure 9.12C).  
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Figure 9.8. PST enhances M1 associated inflammatory cytokines in vivo.  
Peritoneal macrophages were isolated from colitic and non-colitic mice that subjected to PST or sPST or PBS intrarectal 
injection. Supernatants were collected for protein quantification by ELISA. Cells were harvested for gene expression 
analysis. (A-B) The protein and mRNA expression of M1 associated cytokines (IL-1β, IL-6, TNF-α). Data are shown as the 
mean ± SEM, n = 8/group and p value were adjusted at 0.05. # refers to a significance (P <0.0001) compared with the non-
colitic control group. One way ANOVA followed by multiple comparison tests was applied to compare between the 
different groups. 
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Figure 9.9. PST enhances M1 associated chemokines in vivo.  
Peritoneal macrophages were isolated from colitic and non-colitic mice that subjected to PST or sPST or PBS intrarectal 
injection. Supernatants were collected for protein quantification by ELISA. Cells were harvested for gene expression 
analysis. (A-B) M1 associated chemokines (MCP-1, Mip1a, Mip1b). Data are shown as the mean ± SEM, n = 8/group and p 
value were adjusted at 0.05. # refers to a significance (P <0.0001) compared with the non-colitic control group. One way 
ANOVA followed by multiple comparison tests was applied to compare between the different groups. 
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Figure 9.10. PST promotes classically associated macrophages (M1) polarization and increases M1 associated cytokines in 
vitro.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours. Then macrophages were challenged with LPS (100 ng/ml) to induce M1 
polarization. Macrophages were harvested for mRNA extraction, and the medium was used for ELISA. (A-B) The protein 
and mRNA expression of M1 associated cytokines (IL-1β, IL-6, TNF-α). Data are shown as the mean ± SEM, n = 9/group 
and p value were adjusted at 0.05. # refers to a significance (P <0.0001) compared with the non-colitic control group. One 
way ANOVA followed by multiple comparison tests was applied to compare between the different groups. 
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Figure 9.11. PST increases M1 associated chemokines and induces the chemotaxis in vitro.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours. Then macrophages were challenged with LPS (100 ng/ml) to induce M1 
polarization. Macrophages were harvested for mRNA extraction, and the medium was used for ELISA. (A-B) M1 
associated chemokines (MCP-1, Mip1a, Mip1b). (C) The effects of PST on the chemotaxis activity of Chga+/+ and Chga-/- 
macrophages using MCP-1 30 ng/ml. Data are shown as the mean ± SEM, n = 9/group and p value were adjusted at 0.05. # 
refers to a significance (P <0.0001) compared with the non-colitic control group. One way ANOVA followed by multiple 
comparison tests was applied to compare between the different groups. 
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Figure 9.12. PST restrains the phosphorylated STAT3 levels in DSS-experimental colitis and in vitro LPS-stimulated 
macrophages.  
(A) the protein level of pSTAT3 and mRNA of STAT3 at the colonic mucosa of colitic and non-colitic Chga+/+ and Chga-/- 
mice (n = 8/group) that received an intrarectal injection of with PST or sPST (2.5 mg/kg/day) or 1% PBS for six days. (B) 
The protein level of pSTAT3 and mRNA of STAT3 at the peritoneal macrophages of colitic and non-colitic Chga+/+ and 
Chga-/- mice (n = 8/group) that received an intrarectal injection of with PST or sPST (2.5 mg/kg/day) or 1% PBS for six 
days. (C) The protein level of pSTAT3 and mRNA of STAT3 in naïve Chga+/+ and Chga-/- peritoneal macrophages (n = 
9/group) that treated with PST or sPST (200 ng/ml) or 1% PBS for four hours then challenged with LPS (100 ng/ml) for 
additional six hours. One way ANOVA followed by multiple comparison tests (p<0.05) was applied to compare between 
the different groups. Data are shown as the mean ± SEM. # refers to a significance (P <0.0001) compared with the non-
colitic control group. 
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9.4. Discussion 

 A significant increase in CHGA that associated with the clinical severity in IBD has been 

reported (131, 132, 206, 220, 253). Furthermore, some GHGA bioactive peptides protected against 

colitis (190, 220, 296). Previously, we showed that CHGA levels significantly upregulated in active UC 

patients and DSS-induced colitis, and Chga-/- mice exhibited a reduction in the onset and severity of 

colitis that associated with a decrease in M1 cytokines and chemokines and a decline in the 

macrophage chemotaxis activity (206). Thus, we believed in that PST, which is a CHGA bioactive 

peptide, is responsible for the pro-inflammatory action of CHGA by modulating the inflammatory 

capacity of macrophages subtypes.  

This study provided answers to the inquiries and questions we raised in the introduction: 1) PST 

level radically increased in patients with active UC and mice with DSS-induced colitis that associated 

with M1 hyperactivation. 2) PST deficiency in Chga-/- mice protected against experimental colitis and 

exogenous administration of PST exacerbated the progression of colitis in both Chga+/+ and Chga-/- 

mice. Moreover, 3) PST is an endogenous pro-inflammatory factor that enhanced M1 activation and 

chemotaxis to release more cytokines and chemokines and that suppressed p-STAT3 activity. Thus, 

this study extends the influence of PST and CHGA to intestinal inflammation and immune regulation. 

 The most significant aspect of this novel study is that intestinal inflammation can be dissociated 

from pro-inflammatory macrophages (M1) activation if PST is suppressed. The presence of high 

physiological levels of PST can reconnect inflammation with M1 activation and worsen the colitis. In 

the absence of PST, mice are less susceptible to DSS-induced colitis despite deletion of other CHGA 

bioactive peptides. This study is significant of other CHGA bioactive peptides such as CHR, VS-1, and 

CST that protected against colitis (189, 190, 220). 
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 EC cells, after chromaffin cells, are the primary source of CHGA and its bioactive peptides in 

the gut (156), which are essential molecules regulating the intestinal inflammation (189, 190, 206, 

220). Alterations in EC cell numbers and CHGA levels are reported in patients with IBD (131, 132, 

206, 253). In this study, we showed for the first time that the serum and colonic levels of PST 

significantly increased in active UC patients and DSS-induced colitis model of mice. These findings 

suggested that PST plays a significant role during the progression of colitis. The increased expression 

of PST could be explained by that the alterations in the number and functional activity of EC in 

response to inflammation resulted in a high production of CHGA levels (131, 132, 206, 253, 460). 

Furthermore, PST expression correlated positively with M1 associated cytokines and chemokines in the 

colonic mucosa of patients with UC, suggesting its pro-inflammatory role. CHGA and its derived 

peptides modulated the functional capacity of inflammatory macrophages (189, 190, 220) that 

correlated with clinical severity of intestinal inflammation. Moreover, the inflammatory signals 

increased the number of CHGA positive neuroendocrine cells in the colonic epithelium suggesting the 

crucial role of CHGA in the establishment or development of colitis (485). 

 DSS-induced colitis is the most widely used and characterized an experimental model of UC 

(317). DSS induces an acute colitis described by mucosal inflammation with ulcerations, body weight 

loss, bloody diarrhea, massive macrophages cellular infiltrations (317) and alternations in the number 

EC cells (486). Thus, we found that PST deficiency, in Chga-/- mice, reduced the progression and onset 

of colitis, while the administration of PST aggravates the severity of inflammation in Chga+/+ and 

Chga-/- mice with DSS-induced colitis that associated an elevation in the production of pro-

inflammatory mediators in the colonic mucosa and peritoneal macrophages. The exacerbation of DSS-

induced inflammation in PST-treated mice was observed in all the criteria examined, including DAI, 

macroscopic and histologic scores, MPO, and CRP activity. MPO and CRP are commonly used as 
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indexes of inflammation in DSS-induced colitis (317). In this study, we observed drastically higher 

levels of serum CRP and colonic MPO activity in mice treated with PST after induction of colitis along 

with an increase in colonic cytokines (IL-1β, IL-6, TNF-α) and chemokines (MCP-1, Mip1α, Mip1β). 

Thereby, PST plays a pro-inflammatory role in the pathophysiology of colitis by enhancing the 

infiltration of immune cells and producing pro-inflammatory mediators in the colonic mucosa. This 

study is consistent with that the deletion of Chga decreased the onset and severity of DSS-induced 

colitis that associated with a reduction in all those inflammatory markers (206). Also, Chga deficiency 

is associated with a decline in the inflammatory responses in the adipose tissue of the obese mice (472). 

 This study provides a notion that CHGA bioactive peptides have different regulatory actions 

during the progression of colitis, whereas CHR, CST, and VS reduced the colonic inflammation in 

murine models of colitis (189, 190, 220). Thus, we can speculate that CHGA and its bioactive peptides 

have different immune-regulatory roles and more likely PST is the pro-inflammatory peptide that 

responsible for the inflammatory responses. Also, we speculate that CHGA bioactive peptides may 

have synergistic or antagonistic effects when two or more peptides exist in the same microenvironment.     

 It is essential to recognize the immune cell types that implicated in the exacerbation of gut 

inflammation by PST. M1 macrophages play a significant role in the pathogenesis of IBD, and their 

activation by various antigens leads to the production of pro-inflammatory cytokines and the promotion 

of a Th-1 cytokine response (29, 481, 482). Aberrant M1 activation aggravates the inflammation and 

tissue damage in the colon epithelium (79). In the present study, PST deficiency resulted in a lower 

amount of M1 associated cytokines (IL-1β, IL-6, TNF-α) and chemokines (MCP-1, Mip1α, Mip1β) in 

the peritoneal macrophages of colitic Chga-/- mice in ex-vivo and LPS-stimulated naïve peritoneal 

Chga-/- macrophages in-vitro. Moreover, PST enhanced the production of these cytokines and 

chemokines in peritoneal macrophages of Chga+/+ and Chga-/- mice. Previously, a significant reduction 
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in mRNA levels of the pro-inflammatory cytokines (IL1β, Il6, Tnfα, and Mcp1 [CCL2]) was reported 

in adipose tissue in the absence of PST (Chga-/- mice) (472). Accordingly, exogenous PST caused 

amplified expression of these pro-inflammatory genes (472). Furthermore, deletion of Chga resulted in 

restraining the colonic inflammation that associated with a decrease in protein and mRNA levels of IL-

1β, IL-6, TNF-α, MCP-1, Mip1α, Mip1β in the inflamed colonic mucosa and LPS-challenged 

macrophages (206). At the same time, administration of other CHGA bioactive peptides such as CHR 

and CST reduced these pro-inflammatory cytokines and chemokines in the macrophages and inflamed 

colon (189, 190, 220). Also, we showed treatment of Chga+/+ and Chga-/- peritoneal macrophages with 

PST provoked their chemotaxis activity that correlated with an enhancement of macrophages 

chemoattractant molecules. This proposes a direct effect of PST on the behavior of peritoneal 

macrophages. Thus, CHGA bioactive peptides exert different functional abilities and could interact 

with each other to have a particular action that depends on the dominant bioactive peptides. A study 

concluded that some of CHGA bioactive peptides have similar effects, but others provoke opposite 

responses by showing PST increased M1 activation associated with an up regulation of IL-6, IL-1β, 

TNF-α, iNOS, MCP-1, Mip1α, and Mip1β while CHR reduced M1 activation (487). Therefore, our 

findings substantiate this concept and suggest that high levels of PST can amplify an inflammatory 

burden and thereby disrupt the intestinal homeostasis. 

 Recent studies indicate that STAT3, a nuclear transcription factor expressed in the intestinal 

epithelium and immune cells, plays a significant role in the intestinal homeostasis and its activation is 

required to promote the mucosal healing (488, 489). In our study, PST level correlated negatively with 

STAT3 in patients with active UC. Moreover, PST reduced the level of p-STAT3 in colonic mucosa 

and peritoneal macrophages that associated with enhanced inflammatory burden. Previous studies 

showed that mice lacking STAT3-deficient macrophages characterized by excessive pro-inflammatory 
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cytokines release and develop spontaneous colitis (484, 490). Also, STAT3 activation in Socs3-

deficient macrophages generates a robust in the anti-inflammatory response (491). In the context of 

colitis, catestatin increased the phosphorylated levels of STAT3 and protected against DSS colitis 

(220). Notably, the activation of STAT3 in the colon epithelium and macrophages has a protective role 

in IBD (220, 488, 489). Moreover, we should be aware that the activation of STAT3 in IBD may be 

protective in certain cell types such as macrophages (492). Taken together, PST is a major contributor 

in the intestinal inflammation by enhancing M1 polarization to produce more cytokines and 

chemokines via regulation of STAT3 activity. 

 The up regulation of AMP-activated protein kinase (AMPK) and Protein kinase B (AKT) 

activities associated with reduced inflammatory burden through the suppression of pro-inflammatory 

macrophages associated cytokines (472, 493). Moreover, PST decreased the adaptive unfolded protein 

response through binding to the endoplasmic reticulum (ER) chaperone and induced ER stress. It is 

possible that AMPK, AKT and ER stress contribute to the pro-inflammatory effect of PST in the 

intestinal mucosa. Further studies are required targeting the activation status of AMPK, AKT and ER 

stress during the progression of colitis as well as studying different immune cells other than 

macrophages will strengthen our understanding. 

9.5. Conclusion  

PST levels dramatically increased in patients with UC and mice model of colitis highlighting its 

regulatory role in IBD. The deficiency of PST in Chga-/- mice provides an anti-inflammatory 

environment leading to prevention of the progression of intestinal inflammation. Thus, aggravation of 

intestinal inflammation exists only in the presence of PST, and its absence leads to a reduction in the 

onset and severity of colitis, a decrease in M1 activation, an increase in macrophage chemotaxis, and 

an increase in p-STAT3 (Figure 9.13). We speculate that CHGA bioactive peptides have different 
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actions in the intestinal mucosa during the development of intestinal inflammation. Future studies will 

be directed to determine whether administration of different CHGA bioactive peptides to colitic 

animals will attenuate the severity of colitis by reducing PST-induced inflammation and increasing p-

STAT3. 

 

Figure 9.13. Summary diagram of the mechanisms by which pancreastatin (PST) affects intestinal inflammation.  
PST increases in the colonic epithelial cells and triggers the inflammatory process by increasing the functional capacity of 
classically activated macrophages (M1) to produce IL-1B, IL-6, and TNF-α. The up regulation of M1 chemokines (MCP-1, 
MIP1a, MIP1B) enhances the infiltration of M1 macrophages in the colonic mucosa. PST derives M1 activation and the 
colonic inflammatory process by restraining the phosphorylation of STAT3. Thus, PST plays a pro-inflammatory role 
during the progression of colitis. 
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BRIDGE TO CHAPTER 10 

 

Chapter 9 showed that PST is a pro-inflammatory CHGA bioactive peptide and worsens the 

progression of intestinal inflammation by enhancing the M1 activity via suppression of STAT3 

signaling. Thus, we hypothesized that PST regulates the anti-inflammatory functions of macrophages 

that contribute to the development of the inflammatory process during the progression of colitis. 

Therefore, chapter 10 describes the effects of PST administration on the functional capacity of M2 in 

clinical and preclinical settings of active colitis.         
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CHAPTER 10 

MANUSCRIPT 8 

Pancreastatin Reduces the Paradigm of Alternatively Activated Macrophages, 

Disrupts the Epithelial Homeostasis and Aggravates Intestinal Inflammation 

 

 

 

 
This chapter will be submitted in Journal of Gastroenterology. The authors are: Nour Eissa, Hayam 

Hussein, Geoffrey N. Hendy, Charles N. Bernstein, Jean-Eric Ghia.  Journal of Gastroenterology. 

 
Conceived and designed the experiments: NE, JEG. Collected the human tissue and collated the human 

data: CNB. Performed the experiments: NE. Analyzed and interpreted the data: NE. Revised the data 

analysis and interpretation: NE, CNB, JEG. Performed research: NE, HH, GH. Contributed 

reagents/materials/analysis tools: JEG. Wrote the paper: NE, JEG. 85% of this work has been carried 

out by NE. 

 
  



 
 
 

	
	
 
 

259	

10.1. Abstract  

IBD is characterized by an alteration of M2 and epithelial homeostasis. CHGA is elevated in IBD 

and is implicated in the progression of inflammation. CHGA cleaved into several derived peptides 

including PST, which is involved in glucose homeostasis. Previously we showed that deletion of Chga 

decreased the onset and severity of colitis that correlated with an increase of the functions of M2 and 

epithelial cells. Here, we investigated the activity of PST in colonic tissues of patients with active UC 

and investigated the effects of PST in DSS-induced colitis using Chga-/- mice, macrophages, and 

human colonic epithelial cells. We found that mRNA expression of PST correlated positively with 

mRNA levels of markers that have been used to characterize M2 and gene expression of tight junction 

(TJ) proteins, and negatively with mRNA levels of interleukin (IL)-8, IL18, and collagen in patients 

with active UC. Experimentally, intra-rectal administration of PST aggravated DSS-induced colitis by 

decreasing the functions of M2, enhancing colonic collagen depositions and disrupting epithelial 

homeostasis in Chga+/+ and Chga-/- mice. This effect was associated with a significant reduction in 

markers that have been used to characterize M2, increase in colonic IL-18 release and decrease of gene 

expression of TJ proteins. In vitro, PST reduced Chga+/+ and Chga-/- M2 polarization and decreased the 

production of anti-inflammatory mediators. PST-treated Chga+/+ and Chga-/- M2 conditioned medium 

reduced Caco-2 cell migration, viability, proliferation, and mRNA levels of TJ proteins, and increased 

oxidative stress-induced apoptosis and pro-inflammatory cytokines release. Direct PST treatments had 

the same effect. In conclusion, PST is CHGA derived peptide that has pro-inflammatory properties and 

enhances the severity of colitis and the inflammatory process via decreasing M2 functions and 

disrupting epithelial homeostasis.  
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10.2. Introduction 

Alteration of the homeostatic balance in the gastrointestinal tract can result in IBD that includes 

CD or UC (494). Inappropriate responses to luminal contents such as microbiota and dietary antigens 

that break the intestinal barrier drive inflammation (494). The gut macrophages represent the largest 

population of mononuclear phagocytes in the body and have a significant role in maintaining the 

gastrointestinal homeostasis (73). M2 produce large amounts of IL-10, scavenger- and mannose-

receptors that are involved in shutting down the inflammatory immune response and regulate 

extracellular matrix molecule synthesis and wound repair (495). Thus, mice with a deficient 

polarization of macrophages towards M2 phenotype exhibit a higher susceptibility to colitis (496). 

Therefore, identification of the molecules that alter the polarization M2 and have potential specific 

effects on the IECs and the intestinal barrier function will provide a better understanding to control and 

manage IBD. 

 Alteration in the enteric immune system is implicated in the pathophysiology of IBD and linked 

to a change in CHGA level and EC cells number (130, 131), which is a protein that gives rise to several 

CgDPs including PST (129). PST exerts dysglycemic effects and promotes the adipose tissue 

inflammation (205). Previously, we showed that deletion of Chga reduced the onset and severity of 

intestinal inflammation that associated with an increase in the activity of M2 (206). Moreover, the 

administration of CgDPs such as CST and CHR decreased the clinical severity of colitis and restrained 

the pro-inflammatory cytokines production by macrophages (189, 190, 220). Furthermore, PST has 

direct consequences on the gastrointestinal mucosa by blocking the pancreatic and gastric exocrine 

secretion, the parathormone release and vagus nerve stimulation (172, 202). Thus, PST could play a 

significant role during the development of intestinal inflammation. 
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IECs form a physical and biochemical barrier to commensal and pathogenic microorganisms and 

can sense and respond to stimuli to support their barrier function and to contribute in the 

synchronization of appropriate immune responses (497). Thus, IECs maintain an essential 

immunoregulatory function to maintain the intestinal barrier. IBD is characterized by a loss of 

intestinal barriers function that contributes to systemic immune activation (497). During the intestinal 

inflammation, the infiltration of macrophages to the submucosa in close to the epithelial layer 

suggesting that crosstalk between these two cell types exists (498). Thereby, macrophages can play a 

major role in the regulation of the epithelial functions. Hence, a comprehensive understanding of the 

crosstalk between IECs and macrophages could aid in the development of new strategies to prevent and 

treat IBD. 

Since Chga-knockout mice showed a reduction in the preclinical setting of colitis (300), and 

some CgDPs protected against colitis (177, 220), we hypothesized that PST is the pro-inflammatory 

CgDP that enhances the colonic inflammatory process through alteration of the functional capacities of 

M2 and IECs. In this study, we assessed the role of PST in human colonic biopsies collected from 

persons with endoscopically active UC and in the DSS experimental model of injury and evaluated its 

effect on the functions of M2 and IECs. This study indicates that PST has a crucial role in the 

generation of inflammation in patients with UC and DSS-induced colitis. 

10.3. Results  
10.3.1. PST Is Reduced in Patients with Active UC and Correlates with M2, Gene Expression of TJ 

Proteins, Epithelial Cells Associated Cytokines and Collagen Expression. 

The protein level of PST and mRNA expression of PST (CHGA Exon-VII) significantly 

increased, showing a 10-fold increase, in the colonic biopsies from subjects with active UC compared 

with healthy control (Figures 10.1AB). Furthermore, PST correlated negatively with markers that have 
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been used to characterize M2 (IL10, mannose receptor [MR], CD1B) (Figure 10.1C) and TJ protein 

genes (CLDN1, ZO1, CADH1, OCLN) (Figure 10.1D). However, PST showed a strong positive 

relationship with epithelial-associated cytokines (IL8, IL18) and collagen (COL12A) expression levels 

(Figure 10.1E).  

10.3.2. PST Aggravates the Onset and Severity of DSS-Induced Colitis 

First, we found that the colonic expression of PST significantly up-regulated during the 

progression of colitis in wild type mice (Chga+/+) compared with control (Figure 10.2A). Next, we 

investigated the consequences of exogenous administration of PST during DSS-induced colitis (Figure 

10.2B). We found that PST treatment increased the onset the severity of DSS-induced colitis in 

Chga+/+ mice that represented in an increase in weight loss compared with colitic PBS-treated Chga+/+ 

mice (Figure 10.2C). Deletion of PST reduced the onset and progression of intestinal inflammation in 

DSS-treated Chga-/- mice compared to DSS-treated Chga+/+ mice (Figure 10.2D). Interestingly, PST 

treatment aggravated the development of DSS-induced colitis in Chga-/- mice compared with PBS-

treated colitic Chga-/- mice (Figure 10.2E). 
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Figure 10.1A-C. PST is reduced in patients with active UC and correlates with M2.  
(A) The Protein levels of PST and (B) mRNA expression of PST (CHGA Exon-VII) in the colonic tissue of UC patients 
(n=10) and healthy individuals (n=10). The correlation between mRNA expression of PST (CHGA Exon-VII) with mRNA 
levels of (C) M2 markers (IL10, Mannose receptor [MR], Cluster of differentiation 1B [CD1B]). Mann-Whitney test and 
Spearman’s correlation were used to analyze the data. Two tails significance level adjusted at 0.05. 
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Figure 10.1C-D. The correlation between mRNA expression of PST (CHGA Exon-VII) with mRNA levels of (D) gene 
expression of tight junction (TJ) proteins, Claudin (CLDN1), zonula occludens-1 (ZO1), E-cadherin (CDH1) and occludin 
(OCLN), (E) and IL8, IL18, and collagen (COL1A2).  
Mann-Whitney test and Spearman’s correlation were used to analyze the data. Two tails significance level adjusted at 0.05. 
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Figure 10.2. PST aggravates the onset and severity of DSS-induced colitis.  
C57BL/6 background wild-type (Chga+/+) and Chga-knockout mice (Chga-/-) were given 5% DSS solution in their drinking 
water to induce colitis. Control mice received water without DSS. Pancreastatin (PST) or scrambled peptide (sPST) 
(2.5 mg/kg/day) or 1% phosphate buffer saline (1% PBS) started one-day before induction of colitis. (A) The colonic 
protein expression of PST in wild type mice (Chga+/+) with DSS-induced colitis. (B) an illustration shows the experimental 
design. (C) weight loss percentage in colitic wild type mice (Chga+/+) that were treated with PST or vehicles, in colitic wild 
type mice (Chga+/+) and Chga-knockout mice (Chga-/-) that were treated with 1% PBS and in colitic Chga-knockout mice 
(Chga-/-) treated with PST or vehicles. AU = Arbitrary Unit. Values are shown as the mean ± SEM, n = 8-10/group and the 
p value was adjusted at 0.05. Mann-Whitney U test was used to compare PST level in colitic and non-colitic Chga+/+ mice. 
Two-way ANOVA followed by multiple comparison tests was applied to compare the DAI in the different groups.   
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10.3.3. PST Promotes Colonic Expression and Deposition of Collagen in DSS-Induced Colitis   

Moreover, PST-treated colitic Chga+/+ mice showed a significant up-regulation in the colonic 

mRNA levels of collagen (Col1a2) (Figure 10.3A) and collagen deposition score, which associated 

with an increase in the loss of tissue architecture, edema, and in the mixed immune cell infiltrate 

(mononuclear cells, neutrophils, and eosinophils) compared with colitic PBS-treated Chga+/+ mice 

(Figures 10.3BC). While, PST-deficient mice (Chga-/-) exhibited a reduction colonic Col1a2, collagen 

deposition score and colonic damage (Figure 10.3A-C). Remarkably, PST administration overturned 

these effects in Chga-/- mice (Figure 10.3A-C) to be like PST-treated colitic Chga+/+ mice (Figure 

10.3A-C). Furthermore, PST scrambled peptide (sPST) did not exert any significant changes in the 

onset and severity of DSS-induced colitis in both Chga+/+ and Chga-/- mice (Figure 10.2C-E, 

Figure 10.3). 

10.3.4. PST Increases IL-18 Release and Alters Colonic Gene Expression of TJ Proteins In DSS-
Induced Colitis 

Using DSS-induced colitis, PST-treated Chga+/+ mice revealed an increase in colonic protein and 

mRNA expression levels of IL-18 (Figure 10.4A) and a decrease in the colonic mRNA levels of TJ 

genes (Cldn1, Zo1, Cdh1, Ocln) (Figure 10.4B) compared with PBS-treated inflamed Chga+/+ mice. 

Colitic PST-deficient (Chga-/-) mice exhibited a reduced level of IL-18 and maintained the mRNA 

expression of TJ proteins compared with colitic PBS-treated Chga+/+ mice (Figure 10.4AB). 

Significantly, PST administration reversed the colonic expression of IL-18 and gene expression of TJ 

proteins in colitic Chga-/- mice to be like those of colitic PST-treated Chga+/+ mice (Figures 10.4AB). 

Administration of the sPST peptide did not modify the markers studied.   
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Figure 10.3. PST promotes the expression and deposition of collagen in the colonic mucosa.  
DSS-experimental colitis was induced in wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that pretreated with PST or 
sPST (2.5 mg/kg/day) or 1% PBS. Colonic Collagen deposition scores were quantified by (A) Quantitative real-time RT-
PCR of collagen col1a2 mRNA expression in colonic tissues of mice. (B-C) Masson Trichrome staining for collagen in 
colonic tissues (100 x magnifications), whereas collagen stained in blue with a red background. One-way ANOVA followed 
by multiple comparison tests. Each value represents the mean ± SEM, n = 8-10 mice/group. # refers to significance 
compared to control groups. Each experiment was repeated at least three times. 
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Figure 10.4. PST increases IL-18 release and alters colonic gene expression of TJ proteins in DSS-induced colitis.  
Colitis was induced in wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were injected PST or sPST 
(2.5 mg/kg/day) or 1% PBS intrarectally one day before induction of colitis and lasted for additional five days. (A) Colonic 
protein and mRNA expression levels of Il-18. (B) Colonic mRNA levels of TJ proteins (Claudin (Cldn1), zonula occludens-
1 (Zo1), E-cadherin (Cdh1) and occludin (Ocln). One-way ANOVA followed by multiple comparison tests. Each value 
represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. Each experiment was 
repeated at least three times. 
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10.3.5. PST Decreases M2 Activation and Reduces M2-Associated Anti-inflammatory Mediators in 
DSS-Induced Colitis 

M2 produce  IL-10, arginase and many extracellular molecules that play a crucial role in 

intestinal homeostasis and tissue repair (423, 424). Therefore, to further determine the role of PST in 

modifying immune cells during the progression of colitis, M2 mediators were explored. Colitic PST-

treated Chga+/+ mice displayed a decrease in colonic IL-10 and Arginase activity (Figure 10.5A) and 

downregulation in colonic mRNA expression of Il10, Arg1, Ym1, and Fizz1 compared with colitic 

PBS-treated Chga+/+ mice (Figure 10.5B). However, colitic PST-deficient (Chga-/-) mice exhibited high 

levels of colonic IL-10 and arginase activity that associated with an up regulation of M2 genes (Il10, 

Arg1, Ym1, Fizz1) compared with colitic PBS-treated Chga+/+ mice (Figure 10.5AB). Notably, PST 

treatment decreased these M2 markers expression in colitic Chga-/- mice to be like those of PST-treated 

Chga+/+ mice (Figures 10.5AB).  

To confirm this effect, we next probed the role of PST in macrophage function. Peritoneal 

macrophages of PST-treated Chga+/+ mice had a significant reduction in M2 makers, while those of 

colitic PST-deficient (Chga-/-) mice exhibited a marked elevation in M2 markers (Figure 10.5CD). 

Fascinatingly, M2 markers were reduced in macrophages that isolated from PST-treated Chga-/- mice 

be like macrophages of PST-treated Chga+/+ mice (Figure 10.5CD). Administration of the sPST peptide 

did not modify the M2 markers in the colonic mucosa or isolated peritoneal macrophages. 
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Figure 10.5. PST decreases M2 activation and reduces M2-associated anti-inflammatory mediators in DSS-induced colitis. 
Wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were pre-treated with PST or sPST (2.5 mg/kg/day) or 1% PBS 
intrarectally one day before induction of DSS-experimental colitis. (A) Colonic protein levels of interleukin (IL)-10 and 
arginase activity and (B) colonic mRNA levels of M2 markers (Il10, arginase [Arg1], Chitinase-like protein [Ym1] and 
Found in inflammatory zone protein [Fizz1]). One-way ANOVA followed by multiple comparison tests. Each value 
represents the mean ± SEM, n = 8-10 mice/group. # refers to significance compared to control groups. Each experiment was 
repeated at least three times.  
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Figure 10.5. PST decreases M2 activation and reduces M2-associated anti-inflammatory mediators in DSS-induced colitis. 
Wild type (Chga+/+) and Chga-knockout mice (Chga-/-) that were pre-treated with PST or sPST (2.5 mg/kg/day) or 1% PBS 
intrarectally one day before induction of DSS-experimental colitis. Peritoneal macrophages isolated from all mice groups; 
(C) protein levels of IL-10 and arginase activity, and (D) mRNA levels of M2 markers (Il10, arg1, Fizz1, and Ym1) in the 
peritoneal macrophages. One-way ANOVA followed by multiple comparison tests. Each value represents the mean ± SEM, 
n = 8-10 mice/group. # refers to significance compared to control groups. Each experiment was repeated at least three times.  
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10.3.6.  PST Decreases the Functional Capacity of M2 in Vitro. 

CHGA and its derived peptides modulate the functional activity of macrophages during the 

progression of colitis (170, 189, 190, 206, 220, 263), we rational that PST  be implicated in M2 

polarization. To determine whether PST can directly modulate the polarization of M2, peritoneal 

macrophages of naïve Chga-/- and Chga+/+ mice were isolated and pretreated with PST then polarized 

toward M2 using IL-4/IL-13. Polarized PST-treated Chga+/+ macrophages displayed a decrease in IL-

10 and Arginase activity (Figure 10.6A) and downregulation in mRNA expression of Il10, Arg1, Ym1, 

and Fizz1 compared with polarized PBS-treated Chga+/+ macrophages (Figure 10.6B). However, 

polarized PST-deficient (Chga-/-) macrophages exhibited high levels of colonic IL-10 and arginase 

activity that associated with an up regulation of M2 genes (Il10, Arg1, Ym1, Fizz1) compared with 

polarized PBS-treated Chga+/+ macrophages (Figure 10.6AB). Particularly, PST treatment decreased 

these M2 marker expression in polarized Chga-/-  macrophages to be like those of PST-treated Chga+/+ 

macrophages (Figures 10.6AB). Administration of the sPST peptide did not modify these markers. 

10.3.7. PST-Treated M2 Conditioned Medium Increases IL-8 and IL-18 Release and Disrupts Gene 
Expression of TJ Proteins in LPS- And DSS-Stimulated Colonic Epithelial Cells. 

Next, we determined whether PST-treated M2 conditioned medium could regulate the release of 

IL-8 and IL-18 and gene expression of TJ proteins in human IECs following LPS or DSS-induced 

injury. Exposing Caco-2 cells to LPS (1 µg/ml) or 5% DSS for 24 h induced a significant increase of 

IL-8 and IL-18 release (Figure 10.7) and a substantial down regulation of mRNA expression levels of 

TJ proteins (CLDN1, ZO1, CDH1, OCLN) (Figure 10.8). PST-treated Chga+/+ M2 conditioned medium 

significantly exaggerated the release of IL-8 and IL-18 and drastically decreased the gene expression of 

TJ proteins compared with PBS-treated Chga+/+ M2 conditioned medium group (Figure 10.7-8). 

However, PBS-treated Chga-/- M2 conditioned medium significantly reduced the levels of IL-8 and IL-
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18 and maintained gene expression of TJ proteins compared with PBS-treated Chga+/+ M2 conditioned 

medium group (Figure 10.7-8). Captivatingly, PST-treated Chga-/- M2 conditioned medium inverted 

these effects to like those of PST-treated Chga+/+ M2 conditioned medium (Figure 10.7-8). Moreover, 

sPST peptide did not show any significant effects on the function of IECs.  

10.3.8. PST Boosts IL-8 And IL-18 Release and Reduces Gene Expression of TJ Proteins in LPS- 
and DSS-Stimulated Colonic Epithelial Cells.  

Furthermore, we investigated whether PST could have a direct effect on the release of IL-8 and 

IL-18 and the gene expression of TJ proteins following LPS or DSS-induced injury. PST treatment 

disrupted the epithelial homeostasis by boosting IL-8 and IL-18 release (Figure 10.9A) and reducing 

mRNA level of TJ proteins (CLDN1, ZO1, CADH1, OCLN) (Figure 10.9). Moreover, in the absence of 

stimuli, PST treatment did not show any significant effects on IL-8 and IL-18 release or gene 

expression of TJ proteins (Figure 10.9AB). Administration of the sPST peptide did not modify the 

markers studied. 

10.3.9. PST-Treated M2 Conditioned Medium Delays the Intestinal Epithelial Homeostasis. 

The intestinal homeostasis and epithelial repair depend on the appropriate activation of M2 (424), 

and IBD involves functional impairment of IECs and infiltration of macrophages in the colonic mucosa 

(82, 498). Exposing Caco-2 cells to LPS (1 µg/ml) or 5% DSS for 24 h induced a significant delay in 

the wound healing, proliferation, and viability of IECS (Figure 10.10-11). Moreover, H2O2 caused a 

significant reduction in cell survival compared with untreated cells (Figure 10.11C).  
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Figure 10.6. PST decreases the functional capacity of M2 in vitro.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. (A) Protein 
levels of IL-10 and arginase activity and (B) mRNA levels of M2 markers (Il10, arginase [Arg1], chitinase-like protein 
[Ym1] and found in inflammatory zone protein [Fizz1]). One-way ANOVA followed by multiple comparison tests. Each 
value represents the mean ± SEM, n = 9/group. # refers to significance compared to control groups. Each experiment 
repeated at least three times.  
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Figure 10.7. PST-treated alternatively activated macrophages (M2)-conditioned medium increases IL-8 and IL-18 release in 
LPS- and DSS-stimulated colonic epithelial cells.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells 
were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) treated M2 
conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for 24 h. Cells and 
supernatants harvested for analysis. IL-8 & IL-18. One-way ANOVA followed by multiple comparison tests. Data represent 
mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment repeated at least three times.  
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Figure 10.8. PST-treated alternatively activated macrophages (M2)-conditioned medium disrupts gene expression of TJ 
proteins in LPS- and DSS-stimulated colonic epithelial cells.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells 
were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) treated M2 
conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for 24 h. Cells and 
supernatants harvested for analysis. Colonic mRNA levels of TJ proteins (Claudin [CLDN1], zonula occludens-1 [ZO1], E-
cadherin [CDH1], occludin [OCLN]). One-way ANOVA followed by multiple comparison tests. Data represent mean ± 
SEM (n = 6). # refers to significance compared to control groups. Each experiment repeated at least three times.  
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PST-treated Chga+/+ M2 conditioned medium significantly delayed the wound healing and 

reduced the proliferation and viability, and decreased the oxidative stress survivability of IECs 

compared with PBS-treated Chga+/+ M2 conditioned medium group (Figure 10.10-11). However, PBS-

treated Chga-/- M2 conditioned medium significantly improved the wound healing, proliferation and 

viability, and the oxidative stress survivability of IECs compared with PBS-treated Chga+/+ M2 

conditioned medium group (Figure 9.10-11). Attractively, PST-treated Chga-/- M2 conditioned medium 

overturned these effects to like those of PST-treated Chga+/+ M2 conditioned medium (Figure 10.10-

11). Moreover, sPST peptide did not show any significant effects on the functional capacity of IECs. 

10.3.10. PST Delays the Migration and Proliferation and Reduces the Viability & Oxidative Stress 
Survivability of IECs. 

Lastly, we considered the direct interaction between human IECs and PST in LPS- and DSS-

stimulated cells. Exposing Caco-2 cells to LPS (1 µg/ml) or 5% DSS for 24 h led to a significant 

decrease in the epithelial wound healing, cell proliferation and viability (Figure 10.12A-D) and 

exogenous PST treatment markedly exaggerated the reduction of these properties (Figure 10.12A-D). 

Surprisingly, in the absence of stimuli, PST alone induced a significant decrease in wound healing, 

proliferation and viability, and proliferation of IECs (Figure 10.12A-D). H2O2 caused a significant 

reduction in cell survival compared with untreated cells, and treatment with PST significantly worsened 

it (Figure 10.12E). Administration of the sPST peptide did not modify the markers studied. 

  



 
 
 

	
	
 
 

278	

 
Figure 10.9A. PST boosts IL-8 and IL-18 release from LPS- and DSS-stimulated colonic epithelial cells.  
Caco-2 cells were treated with 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) in medium for 24 
h then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (A) IL-8 & IL-18. One-way 
ANOVA was used to analyze the data followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers 
to significance compared to control groups. Each experiment repeated at least three times.  
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Figure 10.9B. PST reduces gene expression of TJ proteins in LPS- and DSS-stimulated colonic epithelial cells.  
Caco-2 cells were treated with 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) in medium for 24 
h then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. (B) Colonic mRNA levels of 
TJ proteins (Claudin [CLDN1], zonula occludens-1 [ZO1], E-cadherin [CDH1], occludin [OCLN]). One-way ANOVA was 
used to analyze the data followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance 
compared to control groups. Each experiment repeated at least three times.  
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Figure 10.10A. PST-treated alternatively activated macrophages (M2)-conditioned medium delays the intestinal epithelial 
homeostasis.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells 
were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) treated M2 
conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for 24 h. (A) 
Epithelial cell migration assessed by the wound healing assay. 
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Figure 10.10B. PST-treated alternatively activated macrophages (M2)-conditioned medium delays the intestinal epithelial 
homeostasis.  
Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated with PST or 
sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. Caco-2 cells 
were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST (100 ng/ml) treated M2 
conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium (DSS) for 24 h. (B) 
Epithelial cell migration assessed by the wound healing assay. One-way ANOVA was used to analyze the data followed by 
multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each 
experiment was repeated at least three times.  
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Figure 10.11A. Caco-2, Intestinal epithelial cell proliferation.  
PST-treated alternatively activated macrophages (AAM, M2)-conditioned medium delays the intestinal epithelial 
homeostasis. Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated 
with PST or sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. 
Caco-2 cells were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST 
(100 ng/ml) treated M2 conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium 
(DSS) for 24 h. (B) epithelial cell viability assessed by the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-diphenyl tetrazolium (MTT) 
assay, and (C) epithelial cells oxidative stress assay show survival data from cultures treated with normal medium (control) 
or 200 mmol/L H2O2. One-way ANOVA was used to analyze the data followed by multiple comparison tests. Data 
represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment was repeated at least 
three times.  
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Figure 10.11B. Caco-2, epithelial cell viability assessed by the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-diphenyl tetrazolium 
(MTT) assay.  
PST-treated alternatively activated macrophages (AAM, M2)-conditioned medium delays the intestinal epithelial 
homeostasis. Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated 
with PST or sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. 
Caco-2 cells were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST 
(100 ng/ml) treated M2 conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium 
(DSS) for 24 h. (C) epithelial cells oxidative stress assay show survival data from cultures treated with normal medium 
(control) or 200 mmol/L H2O2. One-way ANOVA was used to analyze the data followed by multiple comparison tests. 
Data represent mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment was repeated at 
least three times.  
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Figure 10.11C. Caco-2, epithelial cells oxidative stress assay show survival data from cultures treated with normal medium 
(control) or 200 mmol/L H2O2.  
PST-treated alternatively activated macrophages (AAM, M2)-conditioned medium delays the intestinal epithelial 
homeostasis. Peritoneal macrophages were collected from naïve Chga+/+ and Chga-/- mice. Macrophages were pretreated 
with PST or sPST (200 ng/ml) or 1% PBS for four hours then stimulated by interleukin (IL)-4/IL-13 (20 ng/ml) for 6 h. 
Caco-2 cells were cultured in 2 ml supernatants of 1% phosphate buffer saline (PBS) or PST (100 ng/ml) or sPST 
(100 ng/ml) treated M2 conditioned medium for 24 h, then challenged with LPS (1 µg/ml) or 5% dextran sulfate sodium 
(DSS) for 24 h. One-way ANOVA was used to analyze the data followed by multiple comparison tests. Data represent mean 
± SEM (n = 6). # refers to significance compared to control groups. Each experiment was repeated at least three times.  
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Figure 10.12A-B. Epithelial cell migration assessed by the wound healing assay. PST delays the migration and proliferation 
and reduces the viability & oxidative stress survivability of IECs.  
Caco-2 cells were pretreated with 1% phosphate buffer saline (PBS) or PST or sPST (200 ng/ml) for 24 h, then challenged 
with lipopolysaccharide (LPS) (1 µg/ml) or 5% dextran sulfate sodium (DSS) for additional 24 h. One-way ANOVA was 
used to analyze the data followed by multiple comparison tests. Data represent mean ± SEM (n = 6). # refers to significance 
compared to control groups. Each experiment was repeated at least three times. 
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Figure 10.12C-E. PST disrupts the functions of intestinal epithelial cells.   
(C) intestinal epithelial cell proliferation, (D) epithelial cell viability assessed by the 3-(4, 5-dimethyl thiazolyl-2yl)-2, 5-
diphenyl tetrazolium (MTT) assay, and (E) epithelial cells oxidative stress assay shows survival data from cultures treated 
with normal medium (control) or 200 mmol/L H2O2. PST delays the migration and proliferation and reduces the viability & 
oxidative stress survivability of IECs. Caco-2 cells were pretreated with 1% phosphate buffer saline (PBS) or PST or sPST 
(200 ng/ml) for 24 h, then challenged with lipopolysaccharide (LPS) (1 µg/ml) or 5% dextran sulfate sodium (DSS) for 
additional 24 h. One-way ANOVA was used to analyze the data followed by multiple comparison tests. Data represent 
mean ± SEM (n = 6). # refers to significance compared to control groups. Each experiment was repeated at least three times. 
  



 
 
 

	
	
 
 

287	

10.4. Discussion  

This study tested a novel hypothesis that PST aggravates the development of colitis, and worsens 

the epithelial homeostasis. Our findings support this hypothesis by showing that PST exacerbated the 

disease onset and illness in DSS-induced colitis, supporting a pro-inflammatory effect. Here, we 

demonstrated that PST increased in colonic mucosa of patients with active UC and mice with DSS-

induced colitis that allied with altered functions of M2 and disrupted the epithelial homeostasis. 

Furthermore, treatment with PST exacerbated the inflammation in DSS colitis by reducing M2 activity 

and gene expression of TJ proteins and enhancing the release of epithelial associated cytokines. We 

found that PST can exert its detrimental effects through additional mechanisms including decreased 

epithelial proliferation, reduced epithelial wound healing, and deteriorated resistance to oxidative 

stress-induced apoptosis. Importantly, colitis was prevented by deletion of PST that is associated with 

an up regulation of M2 activity and maintaining of epithelial homeostasis. Collectively, this study 

contributes new knowledge regarding the detrimental actions of PST and provides evidence for a pro-

inflammatory role of PST. 

PST activity correlated with the functions of M2 and epithelial homeostasis in five model 

systems: in colonic biopsies from human subjects, in colonic tissues from mice, ex vivo isolated 

macrophages from mice, in vitro polarized macrophages from mice, and in vitro human colonic 

epithelial cells. 

CHGA and its derived peptides play a significant role in macrophages activation during the 

progression of colitis (170, 189, 190, 206, 220). Also, CHGA levels increased and correlated with the 

clinical severity in IBD patients (131, 206) and murine models of colitis (206, 220). However, some 

CgDPs exert protective effects against experimental colitis that associated with a reduction in pro-



 
 
 

	
	
 
 

288	

inflammatory macrophages and boosting of M2 functions (189, 190, 220). Chga-deficient mice showed 

a decrease in the colitis severity, which associated with an increase in the polarization of M2 (206). 

Thus, this study revealed a novel concept about CHGA and its derived peptide during the progression 

of colitis. We showed that PST protein levels and mRNA activity were increased within colonic 

biopsies from human subjects with active UC compared with control subjects. This is particularly 

convincing given that CHGA and its derived peptides mainly produced by EC inside the gut, and there 

is a dramatically increased number of EC into intestinal tissue in patients with IBD (130, 131). Also, 

we found that PST level correlated negatively with markers that have been used to characterize M2, 

which are altered in IBD (495). Moreover, we demonstrated a pro-inflammatory role for PST in 

intestinal inflammation where PST worsened the disease activity and enhanced colonic damage that 

associated with a reduction in M2 polarization. M2 play a significant role in restraining the excessive 

inflammatory immune response and promoting tissue repair (495); mice with a deficient M2 

polarization showed higher susceptibility to colitis (496) might support our findings. Moreover, 

polarized M2 drives a directionally concordant expansion of regulatory T cells to establish mucosal 

tolerance and protect against colitis (82). Furthermore, PST exerts a diabetogenic effect through the 

increase of the insulin resistance and promotes the tissue inflammation by reducing M2 genes (Ym1, 

Fizz1, Arg1) (205). Taken together with the results reported here, it is becoming increasingly clear that 

PST exerts pro-inflammatory actions in the intestinal mucosa. 

Colitis promotes collagen deposition, which alters the normal tissue architecture and results in 

fibrosis (305). This study showed that PST positively correlated with collagen expression in patients 

with active UC and that exogenous PST treatment enhanced significantly colonic collagen expression 

and depositions and aggravated DSS-induced colitis. We speculate that PST altered the M2-fibroblast 

interaction and resulted in an increase of collagen depositions and expression (438). Moreover, some 
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studies showed that M2 activation could decrease collagen depositions and protect against 

inflammation associated fibrosis (443, 444). Further studies are required to investigate the effect of 

PST on fibroblasts and M2-Fibroblast interaction in the context of intestinal inflammation. Therefore, 

PST can exert its pro-inflammatory role through the enhancement of collagen deposition to favor 

colitis-associated fibrosis process, which is a common problem in IBD patients (499). 

Several mechanisms emerge to contribute to the detrimental effects of PST. One mechanism by 

which PST is acting is through disrupted epithelial homeostasis by increasing IL-8 and IL-18 release, 

reducing gene expression of TJ proteins, delaying wound healing processes and decreasing the 

resistance of the epithelium to the destructive effects of oxidative stress. PST indirectly exerts these 

harmful effects through restraining the polarization of M2 and in direct sensitive manner. Alteration in 

epithelial homeostasis and TJ functions could result in intestinal inflammation (445). Also, IL-18 

deficient mice showed protection against experimental colitis and minimized the mucosal damage 

through the maintaining of the epithelium equilibrium (422, 452). Moreover, improving the functions 

of the epithelial cell such as wound healing and resistance to oxidative resulted in amelioration of 

colitis (433).   

Another unexplored mechanism likely contributes to the pro-inflammatory effect of PST is the 

phosphorylation of phospholipase C activity and the activation of mitogen-activated protein kinases 

(MAPKs) pathway (195). MAPKs are inflammatory signaling cascades to initiate inflammation and 

implicated in the pathophysiology of IBD (500). Preclinical studies with MAPK inhibitors have shown 

significant effectiveness constantly in experimental colitis models (500). Furthermore, gut microbiota 

plays a critical role in IBD pathophysiology, innate immunity, and epithelial homeostasis (234, 409, 
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459). Therefore, further studies are necessary to explore the potential effects of PST on the activation 

of MAPK and gut microbiota during the progression of colitis.    

10.5. Conclusion  

Here, we report the discovery of a pro-inflammatory peptide of CHGA, which is PST in the 

colon. These findings parallel our recent report demonstrating a beneficial impact of deletion of Chga 

on colitis in Chga-/- mice (206). This study showed that PST is elevated in human subjects with active 

UC and DSS-experimental model of colitis. Exogenous PST treatment aggravated the intestinal 

inflammation that associated with a reduction in M2 polarization and disruption in the homeostasis of 

IECs (Figure 10.13). This study provides a novel concept about PST as a potential biomarker could be 

used to assess the clinical severity of colitis. Moreover, blocking or restraining PST activity in the 

intestinal mucosa could provide new therapeutic window toward IBD.       
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Figure 10.13. Pancreastatin (PST) aggravates the intestinal inflammation through suppression of Alternatively Activated 

Macrophages (M2) that produce anti-inflammatory and regulatory molecules to enhance the inflammatory cascades, 

increases interleukin (IL)-8 and IL-18 release, disrupts the tight junction (TJ) protein and delays the mucosal healing. 

  



 
 
 

	
	
 
 

292	

CHAPTER 11  

GENERAL DISCUSSION 

 

11.1.  Discussion 

The etiology of IBD is not completely understood and the current therapeutics are not ideal (284, 

501). CHGA is a neuroendocrine pro-hormone that is secreted by the neuroendocrine cells in the gut, 

and that is cleaved into several bioactive peptides (129). However, the role of CHGA in IBD remains 

understudied. Therefore, we investigated the expression and activity of CHGA and two of its derived 

peptides (CHR and PST) in subjects with active UC. The underlying mechanisms were studied using a 

mouse model of colitis, Chga-knockout mice, macrophages and intestinal epithelial cells (IECs). We 

reported that the levels of CHGA and PST are increased in the inflamed colonic mucosa, while CHR 

was significantly decreased. For the first time, we demonstrated the effects of CHGA, PST and CHR 

during the development of intestinal inflammation through the modulation of the macrophages and 

IECs via p53-caspase-3, STAT3, and NF-kB dependent mechanisms. We found that CHR has 

protective features against colitis, while PST aggravates the inflammatory responses. Moreover, our 

findings revealed that common reference genes are not recommended in DSS- and DNBS models of 

colitis and reported the optimal stable reference genes are Tbp & Eef2 for RT-qPCR data 

normalization. Therefore, targeting CHGA, PST, and CHR could provide novel therapeutic approaches 

toward IBD and might be used as potential biomarkers of disease activity. 

Gene expression profiling is extensively used to define the molecular pathogenesis of IBD. RT-

qPCR is a powerful tool for studying gene expression and for authenticating the results of microarray 

or RNA sequencing (312). However, an appropriate normalization using stable reference genes is 
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necessary to quantify the variations in the expression levels of target genes (502), thereby, the selection 

of appropriate reference gene is critical for RT-qPCR data analysis. In this thesis, we studied a wide 

range of the target genes that are associated with the inflammatory responses and that are used as 

potent biomarkers for the immune cells activation in addition to the genes that are involved in the 

functional aspects of apoptosis, TJ barriers, and epithelial homeostasis. Therefore, it was highly 

required to select the appropriate reference genes that have high stability in the inflamed intestinal 

mucosa to get a reliable result and draw accurate conclusions. The mRNA expression of ultimate 

reference genes should be constant in different experimental conditions and tissues. However, recent 

research has demonstrated that commonly used reference genes are differentially expressed showing 

high variability during various experimental environments and only low variability during specific 

limited conditions (503). Therefore, several traditional reference genes are no longer valid reference 

genes for normalizing mRNA of the target genes in RT-qPCR experiments (337, 338, 342-344, 504). In 

manuscripts 2 and 3, we performed two comprehensive studies to investigate the stability of 13 

reference genes in DSS-and DNBS-induced colitis. Our findings revealed that common reference genes 

such as Gapdh and Actb are not suitable to normalize the expression of target genes in the inflamed 

intestinal mucosa. We recommended novel reference genes such as Eef2, Tbp, and Rplp0 as optimal 

and stable genes to be used for gene expression studies in an animal model of colitis. Several studies 

reported extreme variations in the expression of well-recognized reference genes (Gapdh, Actb) among 

different experimental models and different tissues (337, 338, 342-344, 504). Furthermore, mucosal 

GAPDH and ACTB showed higher variability and instability in the inflamed colonic mucosa of IBD 

patients (341). Today gene chips, genomic sequencing, and various databases provide novel approaches 

to test and select the optimal reference genes (505). Classical reference genes with unstable expression 

will be gradually replaced by new reference genes that have shown higher stability and appropriateness 
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under different experimental conditions and various tissues. Retrospectively, it is easy to understand 

why using the same model of study, groups have demonstrated different types of results using the same 

molecule of interest. Therefore, we strongly recommend using a strong reference gene to avoid any 

ambiguous results and to support reliable conclusions. 

The human gastrointestinal endocrine system is the largest endocrine organ producing more than 

one hundred diverse hormonally active peptides named gut hormones (127). These hormones and 

peptides regulate different physiological functions in the gut including gastrointestinal motility, 

epithelial integrity and epithelial permeability, and mediate the mucosal innate immune system (267-

269, 284, 506). CHGA is one of these gut hormones that is co-stored and co-released with regulatory 

peptides and regulates several biological functions including the mucosal immune responses (284). 

Several studies reported that the level of CHGA is increased in IBD patients and is reduced following 

treatment with some biological agents (131, 132, 253, 504). The CHGA cell density is increased in 

patients with IBD, in animal models of colitis and following the administration of pro-inflammatory 

cytokines (INFγ, TNF-α) (272, 485, 507, 508). Manuscripts 4-8 showed that CHGA and its derived 

peptides (CHR, PST) are altered in subjects with active UC and DSS-experimental colitis. Changes in 

the density and proportions of CHGA producing cells and endocrine cells in IBD patients and animal 

models of IBD have been reported (272, 507-510). We demonstrated alterations in the expression of 

CHGA, CHR and PST and a correlation with disease activity in clinical and preclinical settings 

suggesting their potential as useful tools for the diagnosis and follow-up of disease activity in IBD 

patients. Furthermore, our studies introduced new concepts about the role of CHGA in the intestinal 

inflammation highlighting that CHGA-derived peptides have different functions and mediate the 

inflammatory process in a peptide-dependent manner. Conversely, the intestinal inflammatory 

cytokines alter the neuroendocrine cells and the expression of CHGA and its derived peptides (284). 
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This interplay between CHGA and the mucosal immune system is probably involved in the 

pathophysiology of the inflammatory cascade in the intestinal mucosa during the progression of colitis 

(511). 

Macrophages are innate immune cells that are characterized by an alteration in their number and 

the subset diversity in IBD (74). The abnormal activation of macrophages contributes to the 

development of chronic intestinal inflammation by enhancing the pro-inflammatory cytokines and 

decreasing the anti-inflammatory mediators (29, 74). We aimed to determine potential targets for 

manipulating the macrophage “Killers” that initiate the immune responses and the macrophages 

“Healers” that promote wound healing and scar formation and shutdown the immune responses. 

Therefore, we investigated how CHGA, CHR, and PST can regulate the subsets of macrophages during 

intestinal inflammation. First, we reported that the expression of CHGA, CHR, and PST were 

correlated with M1, NF-κB, STAT3 and apoptotic pathways in patients with active UC. Moreover, 

exogenous CHR treatment reduced the onset and severity of DSS-induced colitis through suppression 

of the pro-inflammatory macrophages activity via NF-κB dependent mechanism. The NF-κB signaling 

pathway mediates gene expression associated with inflammation, immune functions and cell 

proliferation and is implicated in the pathogenesis of IBD (381, 382). NF-κB activation is correlated 

with disease activity in IBD, and is enhanced in the colonic mucosa and in macrophages isolated from 

IBD patients (512). Furthermore, patients with IBD show an upregulation of p65/RelA, and a single 

nucleotide polymorphism in the promoter region of the Nfkb1 gene (513). Several studies reported that 

suppression of pro-inflammatory macrophages and NF-κB activation are associated with a reduction in 

the intestinal inflammation (87, 220, 221, 514-519). In immune cells, the increased NF-κB activity 

more likely enhances the expression of pro-inflammatory mediators resulting in worsening of the 

inflammation. Likewise, regulated NF-κB activation on IECs might be essential to shield these cells 
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from the harmfulness of these inflammatory mediators. Regarding the beneficial consequences of NF-

κB activation, limited studies suggested that NF-κB activation can drive an anti-inflammatory role in 

the context of colitis through unexpected roles in the inhibition of microflora-induced colitis (520).  In 

this line, mice deficient in NF-κB subunits (p50−/− p65+/−) in a C57BL/129 background are particularly 

susceptible to Helicobacter hepaticus induced colitis suggesting an anti-inflammatory role of NF-κB 

(520). Thus, within cells of the innate immune system NF-κB activation can have an anti-inflammatory 

function, which may be essential for maintaining intestinal homeostasis after exposure to inflammatory 

microbiota. Therefore, herein we showed that CHR is a promising target to control the intestinal 

inflammation through suppression the activity of pro-inflammatory M1 macrophages via inhibition of 

NF-κB activation, which leads to a reduction in the pro-inflammatory cytokines and chemokines. 

As previously mentioned above, not only CHR and CST decrease the experimental inflammatory 

response, therefore, we assumed that overall effect of CHGA was an anti-inflammatory effect. 

Surprisingly, we found that deletion of Chga protected against DSS-induced colitis and diminished the 

pro-inflammatory macrophages activity that associated with a suppression of caspase-3/p53-apoptotic 

pathway. These findings suggest that the inflammatory cascade is dependent on a particular CHGA 

derived peptides that amplifies the activity of M1 in the intestinal mucosa underlying the gut 

epithelium. The gut epithelium displays a strict balance between the programed cell death and cellular 

proliferation to maintain the integrity of the intestinal barrier (521). Dysregulation of epithelium cell 

death can result in a malfunctioning in the epithelial barrier followed by microbial invasion and 

inflammation leading to the development of an inflammatory immune response and IBD (521). Patients 

with UC and CD are characterized by increased levels of epithelial apoptosis that correlates with the 

clinical severity (318). The epithelium apoptosis is mediated by several intracellular pathways 

including the effector activated caspase and p53 apoptotic pathways (522) that activate numerous pro-
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apoptotic proteins involved in IBD (523). Deletion of p53 or Puma protects against colitis and reduces 

the production of pro-inflammatory cytokines (476, 524). Additionally, p53 has been recommended as 

a valuable tissue biomarker in surveillance of UC patients (525). Furthermore, caspase-3 is a key 

caspase in the development of apoptosis and regulates various immune responses through its impact on 

the pro-inflammatory cytokines (526). We found that deletion of CHGA reduced the active cleaved 

form of caspase-3, which is associated with a reduction in the inflammatory cascades and a restrained 

M1 activity. Our results are supported by previous studies demonstrating that the deletion or reduction 

of the activation of caspase-3 protects against intestinal inflammation and reduces the apoptotic events 

in the intestinal epithelium (526-528). Moreover, we found that the reduction of p53 is associated with 

a decrease in caspase-3 activation in Chga-knockout mice, confirming that p53 and its associated genes 

prompt the epithelial apoptosis by activating the caspase pathway (526, 529). Therefore, our findings 

provide a novel notion regarding the apoptotic pathway through the CHGA/p53-capase-3 axis, which 

may play a broad purposeful role in the intestinal inflammation. 

Interestingly, our studies revealed that administration of PST exacerbated the severity of colitis 

by enhancing the polarization of M1 through suppression of the phosphorylation of STAT3 in both 

Chga+/+ and Chga-/- mice. Thus, the protection against colitis in Chga-/- mice might be explained by the 

absence of one of the leading peptides, potentially PST. PST is implicated in the insulin resistance and 

adipose tissue inflammation through enhancement of M1-associated pro-inflammatory cytokines (205). 

So, it is logic that PST can exert its pro-inflammatory action at the intestinal mucosa by altering the 

metabolic intracellular pathway to trigger the activation of pro-inflammatory macrophages. Moreover, 

we showed that PST is implicated in suppression of STAT3. Several target genes and proteins of 

STAT3 are involved in cell survival and proliferation including anti-apoptotic and growth factors 

(530). However, the appropriate activation and regulation of STAT3 is highly required, because 
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persistent STAT3 activation can stimulate the tumorigenesis (531). In the context of colitis, increased 

activation of STAT3 in the intestinal mucosa and macrophages protects against murine DSS- and 

DNBS-experimental colitis (220). These targets can explain our findings in Chga-knockout mice 

whereas apoptosis is reduced in absence of PST. But further studies need to be conducted to confirm its 

role.  

The intestinal epithelium forms a physical protective barrier against luminal antigens with 

selective permeability and absorption of nutrients (532). The epithelial barrier is maintained by the TJ 

that regulates the permeability and barrier integrity to ensure epithelial homeostasis (533). Aberrant 

macrophages activation in IBD can result in a disruption of epithelial barrier function and epithelial 

homeostasis (532). Thus, M1-associated pro-inflammatory cytokines increase the TJ permeability and 

enhance apoptosis of IECs resulting in the loss of epithelial barrier function, epithelial damage, and 

ulcers that are present in IBD (534, 535). Furthermore, epithelial cells are actively involved in the 

innate immune response and have pattern recognition receptors to initiate the immune response through 

NF-κB to produce the epithelial-associated cytokines (IL-8, IL-18) that are implicated in IBD (536-

540). In colonic biopsies from patients with active UC, we found that the expression levels of CHGA, 

CHR, and PST are associated with the markers that have been used to characterize M2, epithelial-

associated cytokines (IL-8, IL-18), and the expression of tight junction gene proteins. Additionally, our 

results exhibited that CHR and deletion of Chga maintained the epithelial homeostasis through various 

protective mechanisms including enhancement of the migration, proliferation, and resistance to 

oxidative stress in colonic epithelial cells and preserving the expression of TJ proteins. Also, CHR 

treatment and the lack of Chga increased the functional capacity of M2, while PST treatment reduced 

the ability of M2 and disrupted the epithelial homeostasis, suggesting its detrimental role during the 

progression of colitis.  
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Within hours or days after the injury, epithelial restitution and remodeling are followed by extra 

phases of wound healing such as an increase of intestinal epithelial cell proliferation, viability and 

differentiation (541, 542). Intestinal epithelial cell proliferation is an essential process to regenerate the 

damaged epithelial cells (542), however, tight control mechanisms are necessary to inhibit uncontrolled 

proliferation. For instance, activation of STAT3 increase the proliferation of IECs (488) supporting our 

findings in which PST inactivates STAT3 and suppresses experimental wound healing. In parallel, we 

showed that PST increased the pro-inflammatory cytokines that prevents IEC proliferation and impairs 

wound healing by inducing IEC apoptosis (318). Notably, we found that the regulatory effects of 

CHGA, CHR and PST on epithelial cell functions are not only derived from IECs themselves but also 

from immune such as macrophages as previously thought (543). Consequently, several studies aimed to 

lessen the severity of colitis through increase the functional ability of M2 and maintaining the epithelial 

homeostasis (309, 542, 544-548). In the last few decades, significant advancements in IBD therapy 

have been made. The use of anti-TNF agent has demonstrated that mucosal healing is a crucial goal for 

successive therapy that foresees clinical remission and surgery-free survival in patients with IBD. 

However, many patients do not respond to anti-TNF therapy, and several new targets have been tested 

to induce and enhance the mucosal healing in IBD (104). Therefore, here we provide novel concepts 

about CHGA and its derived peptides as innovative mediators that maintain the epithelial homeostasis 

by inducing the mucosal healing and maintaining the functions of IECs. 

Although we showed that CHGA, CHR, and PST modulate the intestinal inflammation through 

several mechanisms, we cannot exclude other potential mechanisms. As mentioned in the introduction, 

gut microbiota is a significant contributor to the development of IBD by shaping various immune 

responses (19, 549). Therefore, further investigations are necessary to decipher the exact role of 

CHGA, CHR, and PST on the microbial composition in the physiological and pathological conditions. 
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Furthermore, their effects on other innate and adaptive immune cells as well as intestinal permeability 

are warranted. 

Taken together, our results suggest that CHGA and its derived peptides could be considered as 

novel therapeutic approaches to treat intestinal inflammation via regulating various aspects of the 

disease pathology including macrophages’ switch and epithelial homeostasis as well as regulating the 

epithelial apoptosis. Remarkable alteration of CHGA, CHR and PST levels in colitis, both in humans 

and a mouse model, supports the concept of targeting these new regulators to reduce the intestinal 

inflammation. However, further studies are necessary to determine the pharmacokinetic issues such as 

the optimal dose, time of delivery and the efficient route of delivery. 

11.2. Conclusions 

The studies that have been described in this thesis (Figure 11.1) can provide the following conclusions: 

1) The appropriate choice of reference genes is critical to ensure the adequate normalization of RT-

qPCR data, improve statistical significance, power and dramatically reduce sample size optimization in 

animal models of IBD. Different tools were used to test and validate the optimal reference genes during 

the progression of acute colitis in DSS-and DNBS-experimental colitis. The widely used reference 

genes such as Gapdh and Actb showed higher variability and suboptimal stability, and shifted the 

significance level of target genes from significance to non-significance in both animal models of IBD. 

These findings recommend using optimal reference genes such as Tbp and Eef2 to normalize the target 

gene expression in DSS- and DNBS-induced colitis.  

2) CHR is a short CHGA bioactive peptide that is reduced in patients with active UC and exhibits a 

strong negative linear relationship with M1-associated mediators, epithelial associated cytokines, TLR4 
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and NF-κB, and a positive correlation with M2 and TJ proteins. Moreover, CHR treatment attenuates 

the severity of colitis and the inflammatory process by suppressing M1, inducing M2, reducing IL-

8/IL-18 release, maintaining the function of IECs and diminishing TLR4/NF-κB activation. Targeting 

CHR may represent a promising new direction in the search for therapeutic targets and biomarkers 

associated with IBD. 

3) CHGA is elevated active UC patients, correlated positively with pro-inflammatory mediators, 

caspase activation and p53-apoptotic pathway, and correlated negatively with anti-inflammatory 

mediators. Moreover, deletion of Chga protected against colitis not only by suppressing M1 (reducing 

the phosphorylation of p53, decreasing p53-responsive genes, and diminishing the activation of 

caspase-3), but also by enhancing the polarization of M2 to produce more anti-inflammatory mediators 

to counterbalance the inflammatory cascades. CHGA regulates the epithelial homeostasis by increasing 

the proliferation, viability and migration of the epithelial cells in mutual relationship with M2. 

Therefore, CHGA signaling is critical in the pathogenesis of inflammation in both the clinical and 

experimental setting through the modulation of the macrophage intrinsic apoptotic pathway. These 

findings may lead to novel therapeutic strategies in IBD modulating CHGA.  

4) PST is CHGA bioactive peptide that has pro-inflammatory properties in the intestinal mucosa. 

Colonic expression of PST is increased in patients with active UC and in a mouse model of colitis. 

Clinically, PST is correlated positively with pro-inflammatory macrophages and negatively with anti-

inflammatory macrophages. Interestingly, exogenous PST administration exacerbates the onset and 

severity in both Chga+/+ and Chga-/- mice, which is associated with an increase in the activity of M1, an 

up-regulation in the detrimental cytokines, a suppression of STAT3, a decrease in the polarization of 

M2, and a reduction in anti-inflammatory mediators. PST disrupts the epithelial homeostasis and delays 

the mucosal healing by reducing the functional capacity of the epithelial cells including proliferation, 
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migration and resistance to the oxidative stress. Targeting PST can provide a novel biomarker and 

potential therapeutic strategies in the context of IBD. 

11.3.  Significance  

Gene expression profiling using RT-qPCR is a widely used tool to study the molecular 

mechanistic insights during the development of intestinal inflammation; therefore, appropriate 

reference genes are critical in normalizing target gene expression. Colitis is inflammatory process that 

is characterized by tissue damage, ulceration, and changes that impact a wide array of genes including 

the reference genes. Here, we studied and validated the optimal reference genes in DSS- and DNBS-

induced colitis that are two common chemical animal models of IBD. These findings show critical 

validation for the reference genes, also so-called housekeeping genes, in the inflamed mucosa, 

highlighting the suboptimal performance of the common and traditional reference genes. Therefore, 

these studies will contribute significantly to investigate the molecular mechanisms and pave the road to 

other researchers to quantify the target mRNA expression using optimal and stable reference genes, 

which are not altered during the inflammatory cascades in the intestinal mucosa. 

IBD-affected individuals have a substantial burden of disease. The high cost and potential 

toxicity of current biological therapy emphasize the need for the development of more effective new 

therapeutics. Thus, determining novel biomarkers and effective therapeutics in the context of IBD is 

warranted. Here, for the first time, we provide strong evidence that CHGA and its derived peptides play 

important roles in regulating gut inflammation and the underlying immune signaling through their 

impact on pro-inflammatory and anti-inflammatory mediators, and intestinal homeostasis. CHGA is 

processed intracellularly and extracellularly providing several CHGA-derived peptides that regulate a 

wide range of biological functions. We found that CHR, which is a short bioactive peptide, is 
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correlated with the clinical severity of IBD and its exogenous administration affords protection against 

experimental colitis, suggesting its potential role as diagnostic biomarkers and a therapeutic target in 

UC patients. Moreover, we showed that CHGA is not only elevated in active UC patients but also is 

correlated with the plasticity of macrophages and the apoptotic pathway. Furthermore, deletion of 

CHGA protects against colitis through the decrease of pro-inflammatory and cell death signaling that is 

associated with the enhancement of anti-inflammatory molecules and epithelial homeostasis. 

Subsequently, we hypothesized that CHGA should generate specific peptides that regulate the pro-

inflammatory cascades during the progression of colitis. We reported that the inflammatory signaling in 

the intestinal mucosa is dependent on PST. Currently, macrophages are the focus for development of 

therapeutic strategies in inflammatory disorders. Here, we showed that CHGA and its two derived 

peptides are involved actively in regulating the plasticity of macrophages. CHR has the ability to 

activate the switching of macrophages from a pro-inflammatory status to an anti-inflammatory status in 

the context of colitis. Conversely, PST exerts an opposite effect on the activity of macrophages and 

favors the switch toward a pro-inflammatory phenotype, which provides deleterious effects in the 

intestinal mucosa. Therefore, our data introduces novel class of biomarkers, which might be useful as 

clinical markers of IBD. Moreover, CHR treatment and blocking of PST in IBD patients could provide 

a safe and effective therapeutic strategies. 
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Figure 11.1. Graphical summary describes the findings of the present thesis.  
Common reference genes (Gapdh, Actb, B2m) showed least stability compared to the most stable genes (Eef2, Tbp, Rplp0) 
during the development of colonic inflammation. Chromofungin (CHR) protects against intestinal inflammation by 
decreasing the activity of classically activated macrophages (M1) that produce pro-inflammatory mediators through NF-kB 
dependent pathway and by enhancing the activity of alternatively activated macrophages (M2) that produce anti-
inflammatory and mucosal healing mediators to maintain the tight junction (TJ) proteins and reduce epithelial associated 
cytokines (IL-8, IL-18). Chromogranin-A (CHGA) promotes inflammatory cascades in the intestinal mucosa and induces 
epithelial apoptosis by enhancing M1 and decreasing M2 functions through p53-caspase-3 dependent pathway. 
Pancreastatin (PST) is a pro-inflammatory CHGA derived peptide and aggravates intestinal inflammation by inducing M1 
and decreasing M2 functions through STAT3 dependent pathway.  
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11.4. Limitations 

The studies presented in this thesis demonstrated i) the stability of reference genes in animal 

models of IBD and ii) a previously unknown critical role of CHGA and its derived peptides in active 

UC. However, there are some limitations that should be well thought out for future studies. Although 

the stability of reference genes profile is closely related in the two chemical models of IBD studied, 

further studies are required to expand and confirm these results in the quiescent and chronic forms of 

these two models and in other models such as genetically engineered, natural, and adoptive transfer 

animal models. Moreover, we validated the reference genes only in the colonic mucosa; therefore, it is 

necessary to study the stability of these reference genes in other parts of the gut particularly in animal 

models that mimic the clinical aspect of CD.  

Due to lack of specific and precise antibodies on the current market and the fast breakdown of 

CHGA, the expression of CHR and CHGA was quantified on mRNA level, not at the protein levels. 

Therefore, the use of proteomics can be a useful approach to quantify their protein levels in the colonic 

mucosa. Another limitation is related to the type of cell studied. Although EC cells are the primary 

source of CHGA expression, our data indicate that CHGA can be expressed by other sources such as 

macrophages. Thus, other immune and inflammatory cells should be further investigated. 

In human clinical studies, the sample size of enrolled patients with active UC was relatively 

small, because we limited the inclusion and exclusion criteria for patient selection with active UC. 

However, the expression levels of CHGA, CHR, and PST need to be further verified in large sample 

size of active UC patients.   

In human IECs in vitro studies, we used caco-2 cell lines, which have been widely used and 

clinically characterized in IBD for potential drug testing and screening. Although these findings 

provide some mechanistic insights, they do not necessarily reflect the similar in vivo outcomes in terms 
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of IECs permeability, proliferation and migration or the similar underlying intracellular signaling 

events in response to CHGA and its derived peptides treatment that can be seen in IBD patients. The 

use of organoid derived from stem cell IBD patient is a potential alternative. Moreover, focusing on the 

potential effects of CHGA, CHR, and PST on intestinal motility and permeability by using a mouse 

model of colitis would be another suitable alternative approach. We also investigated the expression 

levels of TJ proteins on the mRNA levels, which cannot confirm the effector functions; therefore, 

effects of CHGA, CHR and PST on protein expression and localization of TJ proteins during the 

progression of colitis are warranted. 

In our acute mouse studies, we used preventive and prophylactic treatments of CHR and PST, 

which do not reflect the reality. Focusing on the role of CHR and PST on the functions of IECS and 

mucosal healing by using therapeutic and chronic mouse models of colitis and colitis-associated 

fibrosis would provide a better understanding. Furthermore, we cannot rule out the contribution of 

other factors in our studies particularly the gut microbiota. Therefore, future studies are necessary to 

investigate the potential direct effects of CHR and PST and the lack of CHGA on the gut microbial 

composition in healthy and diseased states (mouse models), or indirectly through the regulation of 

Goblet and Paneth cells. 

As it was mentioned in the review of literature, CHGA and PST are implicated with 

neuroendocrine tumors and IBD is associated with high risk of colorectal cancer that is characterized 

by the alteration of the immune responses. We did not study the temporal expression of CHGA and its 

two derived peptides (CHR, PST) in colitis-associated cancer animal models. Thereby, future 

investigations are required to study the role of CHGA and its derived peptides in IBD-colorectal cancer 

models.    
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11.5. Future Directions  

Based on the current findings presented in this thesis, our future directions should be directed 

toward the investigation of many aspects implicated in the understanding of many cellular and 

molecular mechanisms underlying the effect of CHGA and its derived peptides in the context of 

intestinal inflammation. Considering the limitation that we met during these studies, first of all, the 

identification and validation of the optimal reference genes in the intestinal mucosa of chronic animal 

model of DSS-experimental colitis, which involves activation and reactivation cycles of inflammation 

will be highly appreciated and required to have consistent outcomes. In addition to that, we will study 

the stability of reference genes in therapeutic models of DSS-and DNBS-induced colitis.  

As we discussed in the review of literature, the quantification of CHGA and its derived peptides 

has several difficulties, future studies will aim to identify and validate a robust methodology to quantify 

these molecules in the intestinal mucosa. Proteomics technologies are promising at this point but rapid 

and effective accurate methods are highly necessary. The proteomics technologies include 

multidimensional protein identification technology, large-scale western blotting proteome analysis, 

isobaric tag for relative and absolute quantitation, isotope-coded affinity tag, and fluorescence 2D 

difference gel electrophoresis. The advantages of proteomics approaches are the sensitivity, throughput, 

and wide range of proteome coverage. Also, studying the potential therapeutic features of CHR after 

the establishment of colitis will be one of the future considerations to investigate the potential effects of 

CHR on mucosal healing process, intestinal permeability, the functions of the epithelial barrier and the 

expression and localization of tight junction proteins.  

The intracellular events that are associated with epithelial homeostasis will be further 

investigated using human clinical samples, mice model of colitis and human epithelial cell lines. 
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Moreover, establishing intestinal organoids model will be helpful for identifying the potential 

intracellular mechanisms that can be regulated by CHGA and its derived peptides. 

The functional consequences of CHGA, CHR, and PST on the effector functions of T cells 

including Th1, Th17 and Treg cells should also be investigated in acute, chronic and therapeutic 

models of colitis. Considering the contribution of CHGA in regulation of caspase activation, further 

studies should investigate the effect on inflammasome activation and the associated receptors in 

different immune cells.  

Lastly, the potential effect of CHGA in regulation of gut microbiota will be investigated in Chga-

knockout mice under physiological and pathological intestinal inflammation conditions. Furthermore, 

fecal microbiota transplantation experiments should be considered. Finally, the association between 

CHGA and gut microbiota species will be investigated in patients with active UC and mice model of 

colitis.  
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CHAPTER 12 
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