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Abstract 

Gastrokine 1 (GKN1) is an 18kDa protein made in the stomach antrum, where it is secreted 

lumenally. Its expression is downregulated in H. pylori infection, non-steroidal anti-inflammatory 

drug (NSAID) use and gastric cancer. The secreted protein contains a BRICHOS domain, and is 

highly stable and protease resistant. Although it is highly conserved, its biological function is 

unknown. A role for GKN1 in maintaining GI mucosal integrity has been suggested. We have 

generated a GKN1-/- mouse to elucidate the function(s) of this protein.  

GKN1-/- and GKN1+/+ littermates were challenged with the NSAID piroxicam 

incorporated into chow at 200ppm. By day 7, all GKN1-/- had succumbed while all GKN1+/+ 

controls survived. By day 3, GKN1-/- develop more severe GI ulcers and inflammation, marked 

by neutrophil infiltration of the mucosa. To asses colonic protection, GKN1-/- mice were 

administered 2% DSS in drinking water. After DSS, GKN1-/- lose more weight and exhibit higher 

mortality. By day 3, GKN1-/- have increased colonic epithelial cell death. After recovering to day 

13, GKN1-/- still show disrupted crypt formation. Administration of a 21 amino acid bioactive 

peptide of GKN1 acts therapeutically and prophylactically against mouse models of colitis.  

GKN1-/- are smaller and leaner than GKN1+/+ and resist weight gain on high fat diet. 

GKN1-/- have beige adipocytes in white adipose depots. Phyla-level microbiome sequencing 

shows that the microbiota remains stable when GKN1-/- are switched to HFD. GKN1 binds 

bacteria in the GI lumen. 
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Overall our studies identify two novel functions for the stomach: protecting GI epithelial 

cell health and promoting weight gain and adiposity. Both roles are mediated by GKN1, likely via 

direct interaction of GKN1 with intestinal epithelial cells and/or gut bacteria. 

 

 



CHAPTER I: INTRODUCTION 

Background on Gastrokine 1 (GKN1)  

GKN1 expression and biochemical characterization 

Gastrokine 1 (GKN1) was discovered and initially characterized at the University of 

Chicago. The mRNA transcript sequence for GKN1 was discovered in 1987, but the resulting 

protein was not identified until 2003 by Gary Toback’s laboratory at the University of Chicago. It 

was originally named antral mucosal protein (AMP)-18, reflecting its site of expression (stomach 

antrum) and size (18kDa) (T. E. Martin et al. 2003).  GKN1 is highly conserved among mammals, 

including human and mouse. It is specifically and abundantly expressed in foveolar cells of the 

stomach antrum (Karen A Oien et al. 2004; T. E. Martin et al. 2003), which are the mucus secreting 

epithelial cells of the stomach. These cells are distinct from the mucus-secreting goblet cells of the 

intestine, which do not express GKN1. GKN1 is abundantly expressed; it is estimated 1-5% of 

total stomach RNA is GKN1 (T. E. Martin et al. 2003; Karin A. Oien et al. 2003). GKN1 

expression is promoted by the transcription factor NKX 6.3 (Yoon et al. 2015). Although the 

mechanisms regulating GKN1 expression and function are unknown, GKN1 expression is 

downregulated by a number of gastric insults (FIG. 1.1). These include gastric cancer (Karin A. 

Oien et al. 2004), Helicobacter pylori infection (Rippa et al. 2007; Nardone et al. 2008), and non-

steroidal anti-inflammatory drug (NSAID) administration (G. Martin et al. 2008a). In the absence 

of insult, GKN1 is constitutively expressed.  

Gastrokine 1 is a secreted protein. Primary cultures of murine and canine antral epithelial 

cells and explants of mouse stomach antrum secrete GKN1 into the culture media. GKN1 is present 

in the stomach mucus of anesthetized dog (Toback et al. 2003). GKN1 contains a signal peptide 
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that is cleaved at the endoplasmic reticulum (T. E. Martin et al. 2003). Both confocal microscopy 

of cells immunohistochemically stained for GKN1 and Western blotting of subcellular fractions 

for GKN1 indicate that GKN1 is trafficked from the endoplasmic reticulum (ER) to the Golgi 

complex, where it is packaged into mucus secretory granules for secretion into the stomach lumen 

(T. E. Martin et al. 2003; Karen A Oien et al. 2004; G. Martin et al. 2008a; Xing et al. 2012; Mao 

et al. 2012b). Immunoblotting for GKN1 and actin shows that the two proteins colocalize in the 

cytoplasm (Chen, Lingen, et al. 2012); however, in vitro assays indicate that actin and GKN1 do 

not directly interact (Rippa et al. 2015). GKN1 is absent from the nucleus, indicating that the 

protein has no nuclear function (Karin A. Oien et al. 2004; Xing et al. 2012). Two membrane 

receptors, cholecystokinin-B/gastrin receptor (CCKBR) and solute carrier family 26 member 3 

(SLC26A3), have been identified as potential receptors for GKN1. Recombinant GKN1 binds 

CCKBR on the surface of human epidermal keratinocyte (HaCaT) cells and oral keratinocytes 

(Chen, Lingen, et al. 2012). A separate study published by Kim et al showed that GKN1 

downregulates expression of CCKBR and its ligand gastrin in the AGS and MKN gastric cancer 

cell lines. They found that GKN1 inhibits the effects of gastrin treatment. Gastrin treatment 

induces proliferation and cell-cycle progression in these cell lines by downregulating p53 and p21 

and upregulating cyclin D, CDK6, and beta-catenin expression; however, induction of GKN1 

expression in these lines prevents these effects of gastrin. GKN1 also inhibits gastrin-induced 

NFĸB signaling (O. Kim et al. 2016). Thus, if GKN1 does signal through the CCKBR receptor it 

potentially competes with gastrin for binding and participates in a negative feedback loop reducing 

expression of its own receptor. GKN1 also binds the endogenously expressed chlorine anion 

exchanger SLC26A3 on the AGS cell membrane (Di Stadio et al. 2016; Chen, Lingen, et al. 2012). 

Thus, GKN1 is a secreted protein with potential autocrine/paracrine function in the GI tract.   
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GKN1 has distinct properties that allow it to remain stable in the harsh environment of the 

stomach lumen. Although the crystal structure of the protein has not been elucidated, circular 

dichroism of recombinant GKN1 indicates the protein structure contains beta sheets (33.3%) and 

alpha helices (14.5%) (Pavone et al. 2013). Biochemical characterization of GKN1 reveals that the 

protein is very stable and resists protease digestion and denaturant-induced unfolding. GKN1 

resists unfolding in both urea and guanidine hydrochloride (Gdn HCl). Monitoring of GKN1 

denaturation by circular dichroism with increasing concentrations of GdnHCl and urea shows that 

half-completion of GKN1 unfolding is 1.9 M for GdnHCl and 7.8M for urea. Complete unfolding 

in urea occurs at 9M, and both GdnHCl- and urea–induced unfolding are reversible (Pavone et al. 

2013). Both recombinant GKN1 and GKN1 purified from chicken gizzard resist digestion by 

trypsin, suggesting that the protein has a tightly folded tertiary structure (Hnia et al. 2008; Pavone 

et al. 2013). GKN1 unfolds at 81°C, and is capable of refolding after being heated up to 85°C 

(Pavone et al. 2013). The protein’s stability and resistance to digestion suggests that it retains its 

structure and biological activity in the harsh environment of the stomach lumen. 

GKN1 contains an amyloid-binding BRICHOS domain, which is the protein’s only 

identified domain (Karin A. Oien et al. 2004; Yoon, Choi, Choi, Nam, et al. 2013). The BRICHOS 

domain is found in 12 protein families involved in a variety of diseases. One of the domain’s 

known functions is preventing amyloid fibrillation (Willander et al. 2011; Willander et al. 2012). 

Addition of recombinant GKN1 to amyloid monomers in vitro prevents amyloid fibrillation; 

specifically, GKN1 is capable of preventing polymerization of amyloid beta (Aβ) 1-40 monomers. 

GKN1 binds non-covalently to the amyloid monomer in a 1:1 ratio (Altieri et al. 2014). Thus, 

GKN1 prevents amyloid fibrillation via direct interaction of the BRICHOS domain with amyloid 

monomers. A major source of amyloids in the gut is the gut microbiota; amyloids are produced a 
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number of bacteria phyla commonly found in the gut (Blanco et al. 2012; Schwartz and Boles 

2013; Jordal et al. 2009). Therefore, we hypothesize that GKN1 binds to bacterial amyloids in the 

gut lumen. 

GKN1 and gastric cancer progression 

Gastrokine 1 expression is dysregulated in gastric cancer.  Its expression is downregulated 

in gastric cancer cells, but it remains expressed in neighboring healthy cells (Karen A Oien et al. 

2004; Yoshikawa et al. 2000; Moss et al. 2008; Nardone et al. 2008; Yoon, Song, et al. 2011; Mao 

et al. 2012c; Xing et al. 2012; Guo 2014). This is seen in vitro, where GKN1 mRNA transcripts 

and GKN1 protein are expressed in the immortalized normal human gastric epithelial cell lines 

GES-1 and HFE-145 but are not expressed in gastric cancer cell lines AGS, MKN1, MKN28, 

MKN45, NUGC-4, KATOIII, SGC-7901, MGC-803, BGC-823, N87, SNU16, and SNU1 

(Yoshikawa et al. 2000; Xing et al. 2012; Mao et al. 2012c). Downregulation of GKN1 expression 

has also been observed in gastric tumor biopsies. Most tumor biopsies have no expression of 

GKN1; however, no relationship has been found between GKN1 expression and tumor location, 

depth of invasion, lymph node metastasis, or type of differentiation (Yoon, Song, et al. 2011). 

Sequencing and DNA methylation analysis of the GKN1 gene in patient biopsies has not revealed 

any mutations or altered methylation status, showing that downregulation of GKN1 is not due to 

altered methylation of the GKN1 gene (Yoon, Song, et al. 2011) .Thus, GKN1 expression is 

downregulated specifically in gastric cancer cells, but its expression does not correlate with 

metastasis, location, or severity of tumors. These studies suggest that GKN1 expression suppresses 

gastric tumorigenesis and loss of GKN1 promotes development and progression of gastric cancer.  

GKN1 expression is ablated in gastric cancer cell lines (Yoshikawa et al. 2000; Xing et al. 

2012; Mao et al. 2012c), and restoration of its expression induces apoptosis and senescence (Rippa 
5



et al. 2011a; Mao et al. 2012c; Xing et al. 2012). Transient transfection of GKN1 into gastric 

adenocarcinoma-derived cell lines AGS and MKN28 induces expression of Fas receptor, leading 

to apoptosis (Rippa et al. 2011b).  Stable transfection of GKN1 vector in AGS cells decreases cell 

viability, inhibits cell proliferation, promotes apoptosis (Yoon, Song, et al. 2011; Mao et al. 

2012c), and increases susceptibility of the cancer cell line to apoptosis induced by the 

chemotherapy drug 5-fluorouracil (5-FU) (Mao et al. 2012c; Yoon, Choi, Choi, Nam, et al. 2013). 

Stable restoration of GKN1 expression in AGS and MKN1 cell lines suppresses growth and 

proliferation of the cell lines. Restoration of GKN1 expression also causes decreased telomere 

length and telomerase activity; telomere shortening induced by GKN1 led to senescence and 

apoptosis (Yoon, Seo, Choi, Kim, et al. 2014). Transient transfection of GKN1 into AGS, MKN1, 

and MKN28 cells inhibits cell growth and proliferation. GKN1 expression in AGS cells induced 

cell cycle arrest at G0-G1 and G2-M by altering expression of cell cycle regulating proteins, 

including downregulation of cyclin D and CDK6 along with upregulation of p53 and p21. When 

endogenous GKN1 expression was silenced in HFE-145 (immortalized non-neoplastic gastric 

mucosal) cells, the opposite effect was observed; these cells displayed an increase in cell growth 

and no increase in cell cycle arrest. GKN1 induces apoptosis in these gastric cancer lines in part 

by inducing downregulation of transcription factors DNMT-1 and EZH2, leading to increased 

expression of E-cadherin and CDKN2A, causing cell cycle arrest and inhibiting cell growth. 

GKN1 activates this pathway through two mechanisms: one is by induction of miR-185 and the 

other is by upregulation of Tip60 and downregulation of HDAC1 (Yoon, Choi, Choi, Ashktorab, 

et al. 2013; Yoon, Choi, Choi, Nam, et al. 2013). Thus, restoration of GKN1 expression in gastric 

cancer cell lines induces apoptosis and arrests the cell cycle via multiple mechanisms. Loss of 

6



apoptosis allows for tumor initiation and progression (Wong 2011). This suggests that loss of 

GKN1 expression leads to gastric cancer due to loss of pro-apoptosis signaling in oncogenic cells.  

GKN1 potentially interacts with gastric cancer cells by a paracrine mechanism to inhibit 

cell growth. Exogenous treatment of gastric cancer cell lines in vitro with GKN1 reduces cell 

viability. Treating human gastric adenocarcinoma BGC-823 cells with recombinant GKN1 

(rGKN1) induces senescence by activating the p16/Rb pathway. Application of rGKN1 to BGC-

823 cells, but not GES-1 or HeLa cells, induces protein expression of p16INK4, p21waf, and Rb and 

suppresses expression of pRb. GKN1 decreases growth of BGC-823 cells, mildly increases growth 

of immortalized human gastric epithelial GES-1 cells (a GKN1 producing cell line) and has no 

effect on HeLa cells (line does not express GKN1). Treatment of BGC-823 cells with GKN1 

induces senescence, while knockdown of GKN1 expression in GES-1 cells suppresses senescence 

(Xing et al. 2012). Thus, exogenous treatment of cancer cells with GKN1 reduces cell viability by 

inducing senescence. This raises the possibility that GKN1 secreted from healthy cells may act on 

cancerous cells in a paracrine fashion to suppress tumorigenesis. 

In order for epithelial cells to metastasize, they transition from polarized cells to 

mesenchymal type cells which are capable of migration. This process is known as epithelial to 

mesenchymal transition, or EMT (Kalluri and Weinberg 2009). GKN1 inhibits EMT and migration 

of gastric cancer cells (Yoon, Kang, et al. 2011). During EMT, gastric cancer cells lose their polar 

epithelial cell phenotype and develop a fibroblast-like spindle shape (L. Huang, Wu, and Xu 2015). 

AGS cells transfected to express GKN1 lose their spindle cell shape and develop a rounder 

morphology, indicating that GKN1 can revert mesenchymal-type cells back to their pre-EMT 

morphology. Additionally, GKN1-expressing AGS cell have decreased cell migration in scratch 

wound and transwell migration assays, and decreased invasion. GKN1 decreases expression of 
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proteins involved in epithelial to mesenchymal transition, including Beta-catenin, SNAIL, SLUG, 

fibronectin, and vimentin. GKN1 also prevents EMT by inhibiting production of reactive oxygen 

species and promoting anti-oxidant production (Yoon, Kang, et al. 2011). Thus, restoration of 

GKN1 expression in gastric cancer cells reverses EMT and prevents metastasis. Development of 

a drug restoring GKN1 expression in vivo could potentially prevent metastasis of gastric cancer.   

In summary, gastrokine 1 expression is dysregulated in gastric cancer. In vitro studies 

suggest that GKN1 expression suppresses gastric tumorigenesis and loss of GKN1 promotes 

development and progression of gastric cancer. GKN1 expression is ablated in gastric cancer cell 

lines, but restoration of its expression induces apoptosis and senescence and suppresses expression 

of proteins involved in metastasis. This is also observed in vivo, where GKN1 expression is lost in 

tumor cells but remains expressed in neighboring healthy cells. This raises the possibility that 

GKN1 secreted from healthy cells may act on cancerous cells in a paracrine fashion to suppress 

tumorigenesis and metastasis. These studies suggest that loss of GKN1 could lead to stomach 

cancer. H. pylori and NSAIDs downregulate GKN1 and are associated with gastric cancer 

development, raising the possibility that an underlying cause of H. pylori and NSAID-induced 

gastric cancer is suppression of GKN1. The role of GKN1 in gastric cancer development in vivo 

needs further investigation. A GKN1-/- mouse model could be used to determine how loss of GKN1 

contributes to development of gastric cancer.  

GKN1 and intestinal epithelial cell function 

In addition to its role in gastric cancer, GKN1 also acts in the gut to promote barrier 

function. Total protein extracts from human or pig stomach antrum induce cell growth when 

applied to epithelial cells in vitro. This growth is inhibited by treatment with anti-GKN1 antibody, 

showing that GKN1 is the factor in the stomach mucus that promotes epithelial cell growth. This 
8



also observed in vitro, where treatment of BSC-1 cells (monkey kidney epithelial cells) with 

recombinant GKN1 protein also induces proliferation (T. E. Martin et al. 2003). Treatment with 

rGKN1 also promotes cell growth during epithelial cell damage (Toback et al. 2003). Pretreatment 

of MDCK (Madin-Darby canine kidney epithelial cell line) and C2 (colorectal adenocarcinoma 

cell line) monolayers with rGKN1 protects against damage from DSS, which causes epithelial cell 

death. It also protects against oxidative damage caused by monochloramine (Walsh-reitz et al. 

2005). Thus, GKN1 is mitogenic on epithelial cells and protects epithelial cells from damage. 

To identify the mitogenic domain of GKN1, peptides of full length GKN1 were generated 

and applied to cells in vitro. A 21 amino acid peptide consisting of amino acids 77-97 was 

identified as a bioactive fragment that induced cell growth and this peptide was subsequently 

named AMP peptide. Unlike ectopic expression of the full length protein, AMP peptide induces 

growth of AGS cells as well as rat diploid small intestinal epithelial IEC-6 cells. AMP peptide 

does not induce growth in the non-GI cell lines WI-38 (human lung fibroblast) or HeLa (human 

cervical adenocarcinoma). Treatment of human antral epithelial (HAE) cells or IEC-18 (rat diploid 

small intestinal epithelial) cells with AMP peptide after scratch wound induces greater migration 

that control, indicating that AMP peptide is also motogenic (Toback et al. 2003). AMP peptide 

protects barrier function of epithelial cells in vitro. Assessment of barrier function in vitro can be 

assessed by measuring transepithelial resistance (TER) and expression of tight junction proteins. 

Pretreatment of epithelial cell monolayers with AMP peptide protects barrier function and 

treatment with AMP peptide after onset of barrier damage promotes faster healing from damage 

from DSS, monochloramine, or cytochalasin D. AMP peptide preserves barrier integrity (indicated 

by increased TER) and proper localization of tight junction proteins occludin, ZO-1 and 

perijunctional actin (Walsh-reitz et al. 2005; Chen, Kartha, et al. 2012). Thus, AMP peptide 
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protects barrier integrity and promotes healing after damage by acting directly on epithelial cells 

in vitro.  

AMP peptide also protects against damage to the epithelial barrier in vivo. Pretreatment of 

mice with AMP peptide by subcutaneous (s.c.) injection protects against colitis induced by DSS 

administration (Walsh-reitz et al. 2005). DSS is toxic to epithelial cells, causing barrier 

permeability (J. J. Kim et al. 2012; Chassaing et al. 2013). AMP peptide treated mice develop less 

severe colitis; they exhibit less blood in their stool, less weight loss, and less colon shortening than 

control mice and colon histology indicates less severe inflammation. Western blots of cell 

membrane fractions indicates AMP peptide protects against loss of tight junction proteins occludin 

and ZO-1 from the cell membrane (Walsh-reitz et al. 2005). Thus, AMP peptide protects against 

loss of barrier function in vivo as well as in vitro.  

To summarize, GKN1 promotes barrier function of intestinal epithelial cells. Recombinant 

GKN1 is mitogenic and motogenic on intestinal epithelial cells in vitro. AMP peptide, a 21aa 

bioactive peptide of GKN1, also promotes epithelial cell growth. AMP peptide promotes integrity 

of the epithelial barrier and protects intestinal epithelial cells from damage in vitro as well as in 

vivo. Thus, in addition to its function in the stomach, GKN1 potentially plays a protective role in 

the intestine by promoting epithelial cell healing mechanisms.  

GKN1 and H. pylori infection 

Gastrokine 1 expression is downregulated at both the mRNA and protein level by H. pylori 

infection (Mao et al. 2012a; Rippa et al. 2007; Nardone et al. 2008). H. pylori is a gram-negative 

pathogenic bacteria that invades the gastric mucosa causing stomach and duodenal ulcers, chronic 

gastritis, and gastric carcinoma. H. pylori secretes the oncogenic virulence factor cytotoxin-
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associated gene A (CagA), which translocates into host cells, inducing morphological changes and 

initiating a proinflammatory response (Kusters, Van Vliet, and Kuipers 2006). CagA also promotes 

carcinogenesis by activating NFĸB signaling, decreasing expression of anti-apoptotic genes, and 

increasing expression of EMT genes (Yu et al. 2014). Interestingly, GKN1 protects against these 

events (as described previously in this chapter) (Yoon, Kang, et al. 2011). Restoration of GKN1 

expression in AGS, MKN1, MKN28, and HFE-145 cells protects against CagA-induced cell 

proliferation, migration, and invasion in vitro. IHC staining of GKN1 and CagA in cell lines and 

patient biopsies indicates that GKN1 colocalizes with CagA in vitro and in vivo. 

Coimmunoprecipitation of GKN1 confirms that GKN1 stably binds CagA (Yoon, Seo, Choi, Chae, 

et al. 2014). This suggests that GKN1 protects against mucosal damage and gastric cancer caused 

by H. pylori infection by directly binding to H. pylori virulence factor CagA. 

 In addition to downregulating GKN1 expression, H. pylori infection also induces 

production of autoantibodies against a number of gastric proteins, including GKN1 (J. S. Park et 

al. 2013). Because GKN1 promotes epithelial cell health and loss of GKN1 is seen in gastric 

cancer, the production of anti-GKN1 antibody in H. pylori infection likely contributes to the 

development of gastritis and progression to carcinoma. Restoration of GKN1 in the gastric mucosa 

could have therapeutic benefit against mucosal damage caused by H. pylori infection.  

Gastrokine protein family 

There are three proteins in the gastrokine family: GKN1, GKN2, and GKN3. Like GKN1, 

expression of GKN2 and GKN3 is highly conserved among mammals and all three proteins in the 

family have similar DNA and protein sequences. Gastrokine family proteins are specifically 

expressed in the stomach, and the secreted protein contains a BRICHOS domain. Although similar 

in expression and structure, the gastrokine proteins have distinct functions (Dai et al. 2014). 
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GKN2 is also known as TFIZ1, GDDR, and blottin. GKN2 protein was identified as a 

trefoil factor family protein 2 (TFF2)-binding protein. Like GKN1, GKN2 is an 18kDa, BRICHOS 

domain-contained protein that is secreted by foveolar epithelial cells of the stomach (Otto et al. 

2006). GKN2 expression is also abundant and highly conserved and is downregulated in gastric 

cancer. Immunoblotting gastric tumor biopsies for GKN2 indicates GKN2 expression is absent in 

tumor cells, but the protein is expressed in neighboring healthy tissue (Dai et al. 2014; Moss et al. 

2008). GKN2-/- mice do not spontaneously develop gastric cancer but do exhibit defective 

differentiation of gastric epithelial cells. Focal hypertrophic lesions of the corpus mucosa develop 

by 6 weeks of age but do not progress to malignancy (T. Menheniott, O’Connor, and Chionh 2016). 

Transfection of GKN2 expression vector into the gastric cancer cell line SGC-7901 inhibits cell 

growth in vitro, and xenograft of these GKN2 expressing cancer cells into nude mice resulted in 

smaller tumors than control xenograft. The decrease in tumor size caused by GKN2 is dependent 

on the protein’s interaction with TFF1 (Chu et al. 2012). The GKN2-TFF1 heterodimer has 

functional similarities to GKN1, and restoration of its expression in gastric cancer could potentially 

be therapeutic.  

Gastrokine 3 (GKN3) is a pseudogene in humans (Geahlen et al. 2013) and is less well 

studied than GKN1 or GKN2. GKN3 expression in humans was potentially lost during the course 

of evolution due to a genetic mutation inducing a premature STOP codon. Unlike GKN1 and 2, 

GKN3 is expressed in mucus neck cells of the stomach. Overexpression of mouse GKN3 in cancer 

cell lines MKN28 and AGS inhibits proliferation but does not induce apoptosis (T. R. Menheniott 

et al. 2010).  

To summarize, the gastrokine family proteins are stomach-specific, BRICHOS domain 

containing proteins with high evolutionary conservation. Despite differences in expression and 
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mechanism, all three genes play some role in preventing growth of gastric cancer cells. Future 

mechanistic study into these proteins and their receptors could potentially lead to development of 

drugs targeted at preventing or treating gastric cancer.  

GKN1 - In Summary 

GKN1 is highly conserved in mammals and abundantly expressed in the stomach (T. E. 

Martin et al. 2003). The protein is expressed in healthy foveolar cells but is absent from gastric 

cancer cells (T. E. Martin et al. 2003; Guo 2014). Restoration of its expression or application of 

GKN1 in the latter induces apoptosis (Yoon, Seo, Choi, Kim, et al. 2014; Rippa et al. 2011a). In 

addition to its function in the stomach, GKN1 is mitogenic and motogenic on intestinal epithelial 

cells and promotes barrier integrity (T. E. Martin et al. 2003). A 21aa peptide of GKN1 named 

AMP peptide also confers protection against intestinal inflammation in vitro and in vivo (Toback 

et al. 2003). GKN1 expression is downregulated by NSAID administration, H. pylori infection and 

gastric cancer, but restoration of its expression confers protection against tumorigenesis and H. 

pylori-induced inflammation (G. Martin et al. 2008b; Nardone et al. 2008; Guo 2014; Yoon, Kang, 

et al. 2011). Overall, these findings indicate the GKN1 may play a role in maintaining and 

protecting the gastrointestinal mucosa from a variety of damages, including carcinoma, 

inflammation, and infection. A more complete understand of the physiological function of GKN1 

will depend on studies in GKN1-/- mice. 

IBD, Obesity, and the Gut Microbiome 

The human gut microbiome is a complex ecosystem of bacteria that significantly influence 

host health and disease. Technological and analytical advancements now allow for large scale 

analyses of the identity and metabolic phenotypes of the gut microbiota, providing insight into the 
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role of gut bacteria in host health. Although the gut microbiome varies widely within the 

population, about 90% of gut bacteria are of the phyla Bacteroidetes or Firmicutes, with Archea 

and Proteobacteria comprising the majority of the remaining 10% (Eckburg et al. 2005). In humans 

the gut microbiome stabilizes around the age of three years old (Rodriguez et al. 2015), but it can 

be significantly altered by a number of factors including antibiotics, pro- and pre-biotics, lifestyle, 

surgery, and infection (Walsh et al. 2014). Alterations in the composition or biodiversity of the gut 

flora play a causative role in many diseases, including inflammatory bowel disease (IBD) and 

obesity. Drugs targeted at modulating the microbiome could potentially repair a pathogenic gut 

microbiome and promote development of a gut flora that supports host health (Evans, Morris, and 

Marchesi 2013).  

Germ-free mice are a useful tool for studying the causative relationship between the 

microbiome and disease. Mice derived germ-free have no contact with bacteria and are raised in a 

sterile environment; thus, they do not develop a gut microbiome. By challenging germ-free mice 

with pathogenic factors, such as diet changes, genetic mutations, or chemicals, scientists can 

determine whether presence of gut microbes is necessary for pathogenesis or if gut bacteria 

augment disease. Germ-free mice can also be colonized with bacteria taken from the gut of a 

diseased mouse or patient to observe whether the microbiome alone is sufficient to cause disease. 

The use of germ-free mice has implicated the gut microbiome (or dysregulation thereof) as a 

causative factor in many diseases. Determining what constitutes a ‘healthy’ versus ‘pathogenic’ 

gut microbiome is complicated. Variability in gut populations even among patients with similar 

phenotypes is quite high. However, analyzing how pathogenesis is mediated by the gut 

microbiome could lead to new treatments for diseases like IBD and obesity (Walsh et al. 2014). 

Gut microbiome and IBD 
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Inflammatory bowel disease is an idiopathic, chronic inflammatory disease of the 

gastrointestinal tract. Two primary types of IBD are Crohn’s disease (CD), which involves 

transmural inflammation of any section(s) of the GI tract, and ulcerative colitis, where 

inflammation is limited to the colon. The etiology of IBD is unknown, but it is thought to involve 

a dysregulated immune response to commensal gut bacteria (Crohn’s & Colitis Foundation of 

America 2014). During intestinal inflammation the epithelial barrier is breached, allowing bacteria 

to translocate into the lamina propria. An inappropriate immune response against both host and 

bacterial antigens perpetuates the inflammation, making treatment difficult. There is no long term 

cure for IBD. Development of treatments to induce healing of the mucosa, promote remission, and 

prevent relapse is a major goal in IBD research. Repairing dysbiosis of the gut microbiome could 

attenuate inflammation and prevent future relapse (Bull and Plummer 2015).  

The lumen of the gut contains a multitude of commensal bacteria. These bacteria can 

benefit the host by aiding in digestion (Greiner and Backhed 2011), producing beneficial 

metabolites (Vadder et al. 2013), and preventing colonization of pathogenic bacteria (Seekatz and 

Young 2014). During intestinal health, these commensal bacteria are tolerated by the host immune 

system; however, like pathogenic bacteria, commensals can still elicit an immune response. Host 

epithelial cells and immune cells have receptors recognizing conserved structural motifs expressed 

by bacteria. Activation of these receptors, called Toll-like receptors (TLRs), induces production 

of cytokines that initiate an adaptive immune response. Different TLRs recognize specific pattern 

associated microbial patterns (PAMPs), such as flagella, lipopolysaccharide, and proteoglycan 

(O’Neill, Golenbock, and Bowie 2013). TLR signaling in response to bacterial ligands is mediated 

by an MyD88-dependent pathway (Deguine and Barton 2014). This pathway is common to all 

TLRs except TLR3, which recognizes viral nucleic acids via an MyD88-independent pathway 
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(Adachi et al. 1998). In the MyD88-dependent pathway, ligand binding induces TLR dimerization, 

inducing recruitment of MyD88 and other adaptor proteins (O’Neill, Golenbock, and Bowie 2013). 

MyD88 recruits kinases and initiates a phosphorylation cascade which ultimately leads to the 

activation and nuclear localization of the transcription factor NF-ĸB (Keating et al. 2007; Sun et 

al. 2004). NF-kB then induces expression of proinflammatory cytokines (Sweet and Hume 1996) 

that recruit T cells and drive inflammation. Because TLR signaling can be activated by commensal 

bacteria as well as pathogens, tolerance of resident microbes and regulation of the immune 

response to commensals is key to preventing chronic inflammation. 

Tolerance to commensals is essential to host health; if a systemic immune response were 

launched in response to each bacteria detected by the mucosal immune system the inflammation 

would induce a constant disease state. A break in tolerance lumenal antigens, including those 

commensal bacteria and food, is thought to contribute to the pathogenesis of inflammatory bowel 

disease. A healthy gut mucosa responds to detection of non-pathogenic antigens by recruiting 

regulatory T cells (Tregs) that suppress the proinflammatory response mediated by activated 

effector T cells. Dysregulation of the immune system can induce break in tolerance against 

commensals and elicit a strong effector T cell response. Inflammation can induce or worsen 

disruption of the epithelial barrier, allowing translocation of lumen contents into the lamina 

propria. The mass infiltration of gut bacteria into the intestinal tissue can induce a strong immune 

response. The gut mucosal immune system is kept in delicate balance; the immune system is 

activated to defend against pathogenic factors, but if the response is not properly regulated the 

excessive inflammation can damage host tissue. The immune system is complex, and a break in 

tolerance to commensals may contribute to development or worsening of IBD (Murphy et al. 2008; 

Round and Mazmanian 2009). 
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The role of the gut microbiome and IBD is complex. Although detection of bacteria by the 

host immune system can induce an inflammatory response, the microbiome is not entirely 

pathogenic. Studies in germ-free mice have been widely used to elucidate the role of the 

microbiome in IBD. Germ-free mice are derived free of bacteria from birth and maintained in 

sterile conditions to prevent colonization. Numerous mouse models of colitis have been tested in 

germ-free mice to determine the role of the microbiome in disease. Monoassociation studies where 

germ-free mice are colonized with one microbial species are also used to elucidate the role that 

particular bacteria may play in disease. 

The role of the microbiome in IBD is complex; germ free mice are more susceptible to 

inflammation in some models of colitis but are protecting from inflammation in others. Dextran-

sodium sulfate (DSS) administration is a common mouse model of colitis that induces a colonic 

inflammation similar to human ulcerative colitis (Chassaing et al. 2013; J. J. Kim et al. 2012). 

(Mouse models of colitis are described in Chapter III). Germ-free mice administered DSS develop 

much more severe colitis than their colonized counterparts with a high mortality rate (Kitajima et 

al. 2001; Landstromi, Axelssontf, and Midtvedtg 1994). Thus, the microbiome protects against 

this model of colitis. Conversely, the microbiome plays a detrimental role in the IL-10-/- mouse 

model and HLA-B27 transgenic (TG) rat model of colitis. Conventionally raised IL-10-/- mice and 

HLA-B27 transgenic (TG) rats spontaneously develop colitis while germ-free animals do not 

(Sellon et al. 1998; Taurog et al. 1994), indicating that the gut microbiome mediates pathogenesis 

in the models. The microbiome also plays a detrimental role in the adoptive transfer model of 

colitis. Transfer of naïve CD4+CD62L+ T cells isolated from conventional WT mice into 

immunodeficient mice induces colitis. Cotransfer of Tregs from conventional mice prevents this 

inflammation, while cotransfer of Tregs from germ-free mice does not (Strauch et al. 2005). Long 
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term antibiotics treatment diminishes the presence of regulatory T cells specifically in the gut 

(Cording et al. 2013). These experiments indicate that the microbiome can prevent or lessen 

inflammation, by promoting Treg development and recruiting functional Tregs to the colon. Each 

of these models of colitis represents a different aspect of IBD. The varying effect of the 

microbiome in each of the models illustrates the complexity of the role of the microbiome in IBD. 

 The gut microbiome can be both beneficial and detrimental to the development of colitis. 

Although we do not know what constitutes what constitutes a “healthy” versus “pathogenic” 

microbiome, the microbiome can be colitogenic. T-bet-/- x Rag-1-/- mice that spontaneously 

develop ulcerative colitis, referred to as TRUC mice, develop a colitogenic microbiome that 

induces disease. The colitis can also be passively transmitted to WT cage mates, showing that 

although the colitic microbiome develops in an immunocompromised animal it can also effect 

mice with healthy immune systems. It is also plausible that a so far unidentified pathogenic human 

microbiome could play causative role in pathogenesis (Garrett et al. 2007).  

 Monoassociation studies have identified several bacteria that induce colitis. In these 

studies, germ free mice of various genetic backgrounds are colonized with one bacterial species 

and susceptibility to colitis is assessed. For example, although spontaneous development of colitis 

is prevented in HLA-B27 TG rats raised in a germ-free environment (Taurog et al. 1994), 

monoassociation with specific microbes can induce colitis (Hansen et al. 2012; Rath, Wilson, and 

Sartor 1999). Monoassociation with Bacteroides thetaiotaomicron in HLA-B27 TG germ-free 

mice induces chronic, T cell mediated colitis (Hansen et al. 2012). Monoassociation with 

Bacteroides vulgatus also causes intestinal inflammation while monoassociation with Escherichi 

coli does not. (Rath, Wilson, and Sartor 1999). Not all Bacteroides are pathogenic; 

monoassociation of germ-free mice with Bacteroides fragilis suppresses inflammation by 
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recruiting Tregs to the lamina propria (Round and Mazmanian 2010). These studies indicate that 

inflammation is caused by specific bacterial species. Thus, different microbes have differing 

effects on gut physiology and susceptibility to inflammation.  

Secreted factors and metabolites produced by bacteria can alter gut physiology and 

influence the inflammatory response. The anti-inflammatory effect of Bacteroides fragilis is due 

to polysaccharide A (PSA) secretion. Lumenal PSA is taken up by dendritic cells, which then 

promote Treg differentiation and anti-inflammatory cytokine production. B. fragilis lacking PSA 

does not induce this anti-inflammatory effect, but PSA administration alone does recruit Tregs to 

the intestine (Round and Mazmanian 2010). Similarly, administration of the supernatant of 

Faecalibacterium prausnitzii culture is as effective as the bacteria itself in attenuating colitis 

induced by TNBS or DSS (Sokol et al. 2008; Rossi et al. 2015). Although a specific molecule or 

metabolite has not been identified, the bacterial supernatant is thought to ameliorate inflammation 

by suppressing Th17 differentiation (X.-L. Huang et al. 2016). Thus, molecules secreted by 

bacteria can largely influence the gut inflammatory response.  

Gut microbes secrete factors that influence gut physiology, and likewise the gut epithelium 

secretes small molecules that regulate gut bacteria. Production of antimicrobial peptides (AMPs) 

in the intestine promotes homeostasis between resident microbes and the host immune system by 

preventing contact of commensals with intestinal cells. As described, both commensals and 

pathogens alike express cell surface markers that can stimulate TLR signaling and illicit an 

immune response. By preventing bacteria from colonizing at the epithelial surface, AMPs prevent 

chronic immune stimulation by lumenal microbes (Ageitos et al. 2016).  

Three key AMPs produced by the gut mucosa are regenerating islet-derived protein III-

gamma (RegIIIγ), α-defensins, and immunoglobulin A (IgA). The lectin RegIIIγ, which prevents 
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inflammation by reducing bacterial invasion of the mucus layer. RegIIIγ is secreted lumenally by 

small intestinal epithelial cells and Paneth cells in response to TLR signaling (Vaishnava et al. 

2008; Vaishnava et al. 2011). Another key antimicrobial peptide family is α-defensins, which have 

microbicidal activity against a variety of lumenal microbes, including both Gram positive and 

gram negative bacteria (Selsted and Ouellette 2005; Lehrer and Ganz 2002). α-Defensins are 

secreted lumenally by Paneth cells. Proteins in the α-defensin family vary in their microbicidal 

mechanism of action, but they are known to disrupt the bacterial cell membrane or wall (Ouellette 

2011). When bacteria do penetrate the intestinal mucus and contact the host epithelium, dendritic 

cells promotes tolerance by promoting IgA production. IgA does not have bacteriocidal activity, 

but prevents immune response to bacteria and prevents their translocation across the epithelium 

(Macpherson and Uhr 2004). Thus, the gut plays an active role in maintaining homeostasis with 

microbes by maintaining a spatial barrier between microbes and host tissue.  

The gut microbiome, obesity, and host metabolism 

Obesity, a medical disorder of excessive body fat, is a global epidemic affecting millions 

of people worldwide. Genetics, environmental factors, lifestyle contribute to development of 

obesity. A minority of obese patients remain metabolically healthy (Muñoz-Garach, Cornejo-

Pareja, and Tinahones 2016), but overall obesity is correlated with increased risk for development 

of comorbidities including insulin resistance, cardiovascular disease, sleep apnea, and cancer 

(Goodwin and Stambolic 2015; Verma and Hussain 2016). It is the metabolic risk associated with 

obesity rather than fat accumulation itself that is the primary health concern. Increased visceral fat 

in particular is strongly correlated with development of metabolic syndrome (Mazidi et al. 2016).  

 Metabolic syndrome is a complex disease of a cluster of metabolic risk factors involved 

with obesity and insulin resistance. Insulin resistance is a condition where peripheral tissues do 
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not respond to normal levels of insulin, requiring the pancreas to compensate by secreting more 

insulin to keep blood sugar levels normal. Over time, the insulin-producing beta cells fail to 

produce enough insulin, leading to chronic high blood sugar. If untreated, insulin resistance and 

obesity commonly leads to diabetes. Patients with metabolic syndrome have increased risk for 

cardiovascular disease and type II diabetes. An estimated 20% of adults in the US have metabolic 

syndrome, making treatment a priority (Mazidi et al. 2016). The goal of treating patients with 

metabolic syndrome is to prevent onset of heart disease and diabetes by reducing obesity and 

restoring insulin sensitivity (K. A. Martin, Mani, and Mani 2015). Changes in lifestyle to reduce 

obesity, including a low fat diet and exercise, can be effective but patient compliance is low and 

this approach does not account for genetic predisposition (L. R. Martin et al. 2005). More than 30 

genes thus far have been implicated in development of obesity (Choquet and Meyre 2011). 

Bariatric surgery and drugs designed to restore glucose homeostasis or promote weight loss are 

commonly used to treat obesity and metabolic disease, but surgery is risky even for optimal 

candidates and pharmaceuticals often have detrimental side effects precluding long-term use. 

Identification of new drug targets is critical for successful treatment of obesity and metabolic 

syndrome (K. A. Martin, Mani, and Mani 2015). One promising drug target to combat obesity and 

metabolic disease is the gut microbiome (Devaraj, Hemarajata, and Versalovic 2014). 

Composition of the gut microbiota affects obesity and insulin resistance, making it an 

attractive target for potential treatments (Mazidi et al. 2016).  Gut microbes affect host metabolism 

in part by increasing caloric extraction from the diet and producing beneficial metabolites. It is 

estimated that 10-30% of calories in the diet are in form of indigestible carbohydrates and protein 

(Krajmalnik-Brown et al. 2012). Bacteria are able to break down these indigestible fiber into small 

molecules the host can readily absorb. Obesity has also been correlated with altered phyla-level 
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composition of the microbiome. A higher ratio of Firmicutes:Bacteroidetes is associated with 

obesity while the inverse is associated with a lean phenotype (Turnbaugh et al. 2006). 

Transfaunation experiments have implicated the microbiome as a causative factor in 

obesity. When the microbes of an obese patient or mouse are transferred to a germ free recipient 

mouse, the recipient mouse gains weight and fat mass not caused by increased appetite. 

Microbiome transfer from a lean donor into a germ-free mouse does not induce weight gain 

(Turnbaugh et al. 2006). Conventionally raised mice placed on a high fat diet develop an “obese” 

microbiome composed of increased Actinobacteria and Firmicutes and decreased Bacteroidetes. 

Germ-free mice resist weight gain when placed on a high fat diet, suggesting that these alterations 

in the microbiome are largely responsible for the resulting weight gain and fat accumulation 

induced by a high fat diet (Backhed et al. 2004; Backhed et al. 2007). The resistance to weight 

gain is also mediated in part by decreased appetite and impaired nutrient absorption in germ-free 

mice (Rabot et al. 2016). Thus, the gut microbiome mediates the development of obesity caused 

by a high fat diet. 

Studies on the metabolic benefit of bariatric surgery also implicated the gut microbiome as 

a major regulator of host metabolism. When obese patients with metabolic syndrome undergo 

gastric bypass surgery, they exhibit improved insulin resistance. Interestingly, this improvement 

in metabolic health is observed before the onset of weight loss and is not a direct cause of surgery. 

However, it has been established that bariatric surgery induces short and long-term changes in the 

gut microbiota (Liou et al. 2013; Tremaroli et al. 2015). The gut microbiome influences insulin 

and glucose sensitivity (Rabot et al. 2016; Membrez et al. 2016), suggesting that metabolic benefit 

of bariatric surgery is potentially mediated in part by alterations in the gut microbiota (Peat et al. 

2015; Tremaroli et al. 2015). To determine whether the gut microbiome mediated weight loss in 
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patients undergoing bariatric surgery Tremaroli et al transplanted the fecal microbiota of obese 

patients and patients after bariatric surgery into germ-free mice. Mice receiving microbiota 

donated from obese patients gained fat mass while mice receiving microbiota donated from 

patients post bariatric surgery accumulated significantly less body fat. They found that gastric 

bypass induces stables changes in the gut microbiome that affect host metabolism and adiposity 

post-surgery (Tremaroli et al. 2015). Thus, some of the metabolic benefits of bariatric surgery are 

due in part to alterations of the gut microbiome. Development of drugs that mimic the microbial 

effect of bariatric surgery could potentially promote metabolic health in obese patients.  

A large mechanism of how bacteria affect obesity is by producing metabolites. Bacteria 

ferment complex carbohydrates to produce short chain fatty acids (SCFA), which have multiple 

effects on host physiology. The SCFA butyrate, propionate, and acetate improve energy balance 

in the host by activating intestinal gluconeogenesis (Vadder et al. 2013), and butyrate serves as an 

energy source in epithelial cells. These SCFA are also absorbed into the circulation and affect 

energy homeostasis in distal organs (Velagapudi et al. 2010). SCFAs have been found to protect 

against diet-induced obesity (Lin et al. 2012) and reduce appetite by increasing leptin secretion in 

adipocytes (Zaibi et al. 2010) and peptide tyrosine tyrosine (PYY) and glucagon like peptide 1 

(GLP1) in the intestine (Tolhurst et al. 2012).Further research into the roles of SCFAs in energy 

homeostasis could lead to therapeutic interventions for obesity. 

Bacterial production of secondary bile acids also affects host metabolism. Gut bacteria 

metabolize primary bile acids into secondary bile salts; this modification of the bile acid pool 

affects obesity by regulating insulin resistance and glucose and lipid metabolism (Nie, Hu, and 

Yan 2015). Secondary bile acids bind farsenoid X receptor (FXR) in the intestine (Lorenzo-Zuniga 

et al. 2003). Oral administration of FXR agonist in mice mitigates weight gain caused and insulin 
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resistance caused by high fat diet-induced obesity. The gut microbiome alters bile acid pool in the 

lumen, which regulates host metabolic health (Fang et al. 2015). 

A number of other bacterial metabolites are absorbed by the host and enter peripheral 

circulations. Researchers are frequently identifying novel functions and targets organs of these 

metabolites. Secretion of the phosphatidylcholine metabolite trimethylamine-N- oxide (TMAO) 

promotes atherosclerosis and cardiovascular disease, which are common comorbidities of obesity 

(Z. Wang et al. 2011). A number of bacteria derived metabolites been implicated in obesity and 

other diseases, including IBD and non-alcoholic fatty liver disease (Sharon et al. 2014); further 

research will likely identify many more roles for these circulating metabolites in obesity and other 

host diseases.  

The gut flora is affected by drugs used to treat metabolic disease. Metformin, a drug 

treatment for type II diabetes, rescues the loss of butyrate producing bacteria exhibited in type II 

diabetes patients. Propionate secretion is also augmented by metformin. Butyrate and propionate 

induce beneficial intestinal gluconeogenesis, suggesting that the metabolic benefit of metformin is 

partially due to the effect of the drug on the gut microbiota (Forslund et al. 2015). Orally 

administered drugs are capable of direct interaction with the gut flora, but drug-microbiome 

interactions have not been studied for many pharmaceuticals. This interaction potentially has 

unforeseen effects in metabolism or may be responsible for drug side effects. Further study into 

how the microbiome/drug interactions could identify drug/pro-biotic combinations that improve 

patient health. 

Overall, the gut microbiome is susceptible to changes due to changes in diet (among other 

factors) and plays a causative role in development of obesity. Insulin resistance, a co-morbidity 

attributed to obesity, is also influenced by the gut microbiome. Development of drugs or prebiotics 
24



that could induce ‘healthy’ changes in the gut microbiome could benefit patients with obesity and 

metabolic dysregulation.  

Summary 

Since its discovery in 2003, two putative functions of GKN1 have been identified. The first 

is that GKN1 could play a role in gastric cancer suppression by promoting apoptosis of cancerous 

cells and potentially suppressing metastasis. The second is that GKN1 may play a role in intestinal 

inflammation by promoting intestinal epithelial cell growth and supporting barrier function. The 

ability of exogenous GKN1 to protect IECs from damage caused by chemical injury and promote 

growth suggests that GKN1 could induce mucosal healing and maintain remission, both major 

goals in IBD treatment. In vivo studies using GKN1-/- mice are critical to advancing our 

understanding of GKN1. Such studies would address the interaction of GKN1 with the complex 

gut environment, where a physiologically functional and influential bacterial flora resides. The gut 

microbiome has profound and widespread effects on host health. GKN1 is known to bind 

amyloids, which are expressed on the cell surface of gut microbes, suggesting that GKN1 could 

mediate colonic health indirectly by interacting with the microbiome. The microbiome is not only 

influential in inflammation and IBD, but also in other pathologies, including obesity. This raises 

the possibility that by interacting with the microbiome GKN1 could also have effects on obesity. 

Determination of the role of GKN1 in microbiome-related diseases depends on the study and 

characterization of GKN1-/- mice. To this end, we have developed GKN1-/- mice to determine the 

effect of GKN1 on IBD and obesity.  
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CHAPTER II: MATERIALS AND METHODS 

Animal Protocols 

All animal protocols were approved by institutional IACUC at University of Chicago, 

Indiana University School of Medicine, or University of Cincinnati. IBD and NSAID studies were 

performed and the University of Chicago. Metabolic and microbiome studies were performed at 

Indiana University School of Medicine and University of Cincinnati.  

Colitis Model in Interleukin 10–deficient Mice Exposed to Piroxicam and Treated with AMP 

Peptide  

Five-six week old C57/BL6 Interleukin (IL)-10-/- mice were given chow admixed with 

piroxicam at 200 parts per million for 11 days. Mice were then switched to normal diet and 

randomly divided into two groups; one group was given daily subcutaneous injections with AMP 

peptide (25 mg/kg) in phosphate-buffered saline (PBS), and the other group was injected with PBS 

alone (vehicle control). Mice were injected daily with AMP peptide or vehicle for 9 or 18 days. 

After treatment, animals were anesthetized, killed, and the colons were harvested. The length of 

the entire colon and length of dilated colonic segments were measured. Sections with a diameter 

>3.5 mm were considered dilated. The colons were then fixed in 10% phosphate-buffered formalin 

and embedded in paraffin. Formalin fixed paraffin embedded sections were cut at 4μm and stained 

with hematoxylin and eosin for examination by light microscopy. The slides were reviewed in a 

blinded fashion using a colitis activity scoring scheme outlined by Berg et al (Berg et al. 1996). 

T cell–dependent Murine Model of Colitis  

An adoptive transfer model of colitis was created in immunodeficient recombinase 

activating gene-1 knock-out (Rag-1-/-) mice which lack mature, functional T and B cells. Rag-1-/- 
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mice were reconstituted with splenic CD45RBhigh CD4+ T cells. CD4+ T cells were isolated from 

the spleens of 5- to 8-week-old female pathogen-free C57BL/6 mice (MACS CD4+ T cell isolation 

kit; Miltenyi Biotec, San Diego, CA) and sorted by flow cytometry into fractions containing the 

35% of CD4+ cells with the brightest CD45RB staining (CD4+CD45RBhigh) and the 35% with the 

lowest CD45RB staining (CD4+CD45RBlow) cells. Sorted CD4+CD45RBhigh cells (4 x 105) (95% 

pure) were transferred into recipient 5- to 8-week-old female Rag-1-/- mice by intraperitoneal (i.p.) 

injection. Rag-1-/- mice that did not receive cells served as controls. Development of colitis in the 

mice was followed by documenting progressive weight loss and disease activity by monitoring 

hunching and wasting of the mouse, stool consistency, and the appearance of gross blood in the 

stool. In addition, colonoscopy was used on mice to determine the extent and severity of IBD 

without killing the animal. When the animals given CD45RBhigh CD4+ T cells lost 5% body weight 

or exhibited diarrhea or hematochezia, treatment with AMP peptide or vehicle was initiated. 

Ex Vivo Permeability Assay of Colon and Jejunum  

Increased permeability of the GI tract was induced in C57BL/10 mice with a single 

injection of E. coli LPS (data not shown). To determine if AMP peptide could protect against the 

effects of LPS, AMP peptide in PBS (25 mg/kg, subcutaneous) was administered for 5 days, 1 day, 

or 6 hours before an injection of LPS (100 mg, intraperitoneal). Thirty minutes later, the intestines 

or colons were quickly removed, 2 cm long segments of colon or jejunum were cut, and the bowel 

lumen was washed out. A sac filled with a solution of fluorescein–isothiocyanate (FITC)– dextran 

(Mr 4 kD) was created and incubated in buffered saline at 37°C. Mucosal to serosal permeability 

was assessed by measuring the appearance of fluorescence in the buffer during the next 75 minutes. 

To determine the effects of AMP peptide on established gut hyperpermeability, mice were given 

LPS, and 15 hours later, when permeability was markedly increased compared with control 
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animals a single subcutaneous injection of AMP peptide (25 mg/kg, in PBS) was given. Six hours 

later, the mice were killed, the gut was harvested, and FITC-dextran flux in colon or jejunum sacs 

was assayed as described above. In addition, the intestinal tissues were processed, embedded in 

paraffin wax, cut into 4μm sections, and subjected to immunohistochemical staining to examine 

distribution of the TJ junction proteins, occludin, and ZO-1, as well as perijunctional actin, which 

were subsequently visualized by immunofluorescence-conjugated secondary antibodies. The 

slides were then observed and imaged with laser scanning confocal microscopy. 

Generation of GKN1-/- mice 

Gastrokine 1 knockout (GKN1-/-) mice were generated by replacing the GKN1 gene with 

a bacterial artificial chromosome- based vector expressing β-galactosidase from the E. coli lacZ 

gene and neomycin phosphotransferase coding sequences. Heterozygous (GKN1+/-) embryonic 

stem cells from C57BL/6 mice were implanted into C57BL/6 embryos to create GKN1+/-mice. The 

growth and development of the first generation of GKN1-/- mice was observed over 24 weeks.  

ZO-1 Expression in GKN1-/- Mice Treated with DSS 

To assess the effects of deletion of the AMP-18 gene on colonic barrier function and 

structure, wild-type, GKN1+/-, and GKN1-/- mice (6 week old) were given drinking water 

containing 2% DSS for 5 days, then switched back to tap water, and followed until day 13. Animals 

were killed by cervical dislocation after euthanasia with CO2, and colons were collected and 

immediately fixed overnight with 4% formaldehyde in PBS (pH 7.2). The tissues were then 

processed, embedded in paraffin wax, cut into 4μm sections, and subjected to hematoxylin and 

eosin staining. To ascertain ZO-1 levels in colonic tissues, immunohistochemistry staining was 

carried out with an anti-ZO-1 antibody (Life Technologies, Inc.) and horseradish peroxidase–
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conjugated second antibody. Antigens were then visualized with 3, 30-diaminobenzidine substrate 

(Sigma-Aldrich) and imaged under a light microscope at 63x magnification. ZO-1 intensity was 

scored semiquantitatively from 0 to 3, and Student’s t test was used to determine differences in 

expression between tissue groups. Statistical significance was taken as P < 0.05. 

NSAID administration 

Piroxicam (Sigma) was sent to Harlan-Teklad and admixed into chow at 200ppm. 

Piroxicam chow pellets were administered to 6-7 week old GKN1-/- or wildtype C57/BL6 mice for 

up to one week. Mice were sacrificed by CO2 asphyxiation followed by cervical dislocation. 

Stomachs, small intestines, and colon were fixed in formalin or methyl-Carnoy’s fixative or frozen 

fixed. For formalin fixation, sections were cut and compressed between microscope slides and 

fixed in 10% neutral buffered formalin up to 48hrs. Tissue was then transferred to histosettes and 

maintained in 70% ethanol until paraffin embedding. For fixation in methyl-Carnoy’s (60% 

methanol, 30% chloroform, 10% glacial acetic acid), the stomach, small intestine, and colon were 

removed and placed directly into conical tubes containing methyl-Carnoy’s for at least 24hrs. 

Stomachs and stool-containing segments of intestine were cut out, placed in histosettes, and 

maintained in 70% ethanol until paraffin embedding. For frozen sections, stomachs were removed 

and filled with TissueTek O.C.T. compound. Small intestine was cut into distal and proximal 

sections. Sections of small intestine and colon were opened lengthwise, coated with O.C.T. 

compound, and Swiss rolled. OCT filled stomachs and Swiss rolls of intestine were submerged in 

O.C.T. compound in cryomolds, and frozen on dry ice. Molds were stored at -80°C until cryostat 

sectioning. Cryostat was equilibrated to -20°C for sectioning. 5μm sections were cut and placed 

on slides for staining with hematoxylin and eosin and visualized with light microscopy.  

Adipose and liver histology 
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Mice were with asphyxiated with CO2, and then sacrificed by exsanguination via heart 

bleed, and cervical dislocation. The interscapular, inguinal, perigonadal, mesenteric, perirenal, and 

retroperitoneal fat pads were removed. The interscapular brown fat was separated from the 

interscapular white fat. For all adipose depots except for the mesenteric, the tissue from anatomical 

right side of the mouse was placed in a microcentrifuge tube and immediately snap frozen in liquid 

nitrogen. Tubes were stored at -80°C until RNA isolation. The tissue from the anatomical left side 

of the mouse was placed in histosettes and fixed in 4% paraformaldehyde (pH ~7.2) and fixed at 

room temperature for 48hrs. Histosettes were transferred to 70% ethanol until paraffin embedding. 

The mesenteric depot was removed and one half was frozen in liquid nitrogen and the other fixed 

in 4% paraformaldehyde as described. The lower left lobe of the liver was removed, placed in 

histosettes, and fixed for 48hrs in either 4% paraformaldehyde or 10% formalin. After fixation 

tissue was kept in 70% ethanol until paraffin embedding. 5μm sections were cut, placed on slides, 

and stained with H&E. Sections were visualized by light microscopy and pictures were taken with 

CellSens software or sections were scanned with Aperio Scanscope CS technology and pictures 

were taken with Image Scope software.  

Histochemical detection of beta-galactosidase activity 

Protocol was performed as described by Pereira et al (Pereira 2000). GKN1+/- mice and 

WT mice were sacrificed and the stomach through distal colon segment of the GI tact was 

removed, opened length wise along the intestine and along the greater curvature of the stomach, 

and rinsed in PBS to remove food and stool. Segments were kept in ice cold PBS until necropsy 

was finished for all mice. Segments were then transferred to beta-galactosidase fixative (0.2% 

(v/v) glutaraldehyde, 1.5% (v/v) formaldehyde, 5mM EGTA, 2mM MgCl2, 100mM sodium 

phosphate, pH 8.0, Prepared fresh day of use) for 2hr at room temp with gentle end-to-end rocking. 
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Segments were then washed three time in beta-galactosidase wash buffer (2mM MgCl2,  0.01% 

(w/v) sodium deoxycholate, 0.02% (v/v) Nonidet P-40, 100mM phosphate buffer, pH 8.0) for 

30min/wash at room temp with gentle end-to-end rocking. Segments were then incubated in beta-

galactosidase staining solution (1mg/mL Xgal, 5mM K4Fe(CN)6, 5mM K3Fe(CN)6 in beta 

galactosidase wash buffer) at room temperature until desired signal was achieved (1-3hrs 

depending on tissue). Segments were then washed 3 times in PBS for 30min/wash. Segments were 

photographed after washing. Segments were then fixed in formaldehyde and stored at 4° C for 

future use.  

Western blotting 

GKN1-/- mice and WT mice were sacrificed and stomach, small intestine and colons were 

removed into ice cold PBS. Tissues were opened lengthwise and gently rinsed in PBS to remove 

large stool and food particles. Tissues were opened and laid out mucus side up and the mucosal 

layer was scraped with a microscope slide into an Eppendorf tube. Samples were homogenized, 

boiled in loading buffer containing DTT (RECIPE) for 10min before freezing for future use or 

immediately Western blotting. For the blot, samples were loaded into 4-12% gradient 

polyacrylamide gels and run at 4°C for 50min. Gels were then rinsed and placed in a transfer 

apparatus to transfer proteins onto polyvinylidene difluoride (PVDF) membrane. Transfer was 

performed at 4°C or on ice for 60min. Membrane was rinsed briefly in water and then blocked 

with 5% non-fat dry milk (NFDM) for 60min and subsequently blotted for GKN1 or actin loading 

control by incubating membrane in 1:500 antibody diluted in 5% NFDM overnight with rocking 

at 4°C. The following day membrane was washed three times in PBS for 10min/wash while 

rocking before addition of secondary antibody. Membrane was then incubated in 5% NFDM 

containing 1:1000 dilution of horse radish peroxidase-tagged secondary antibody for 60min. 
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Membrane was washed again three times PBS before addition of peroxidase substrate. Membrane 

was then incubated in WesternSure Chemiluminescent reagent and visualized with a c-digit blot 

scanner.  

RNA isolation and cDNA synthesis 

Frozen adipose tissue was homogenized in TRIzol with a tissue homogenizer. RNA was 

isolated following TRIzol manufacturer’s instructions, and the following optional steps were 

included. The optional centrifugation after homogenization was used to remove excess fat from 

the samples. 5ug glycogen was added to increase RNA recovery. Applied Biosystems High 

Capacity Reverse Transcriptase kit was used to prepare cDNA from 1ug of isolated RNA as per 

manufacturer’s instructions. Quantitative PCR was performed using Sybr Green polymerase on 

Biosystems StepOne Plus PCR machine.  

High fat diet and GKN1 antibody administration 

GKN1 IgY was produced by inoculating chickens with GKN1 peptide. To generate GKN1 

peptides for inoculation, antigenic sequences were identified using antigen prediction software and 

then sequences were matched with a solved sequence to make sure the antigenic parts of the protein 

are exposed on the outside of the molecule. The following antigenic sequences were used: 

INGNDGNV (ND25), NIDNNNGW (ND50), KEQKGKGP (ND102), GKGPGGAP (ND106), 

YVAEEIPG (ND146). Peptides were made at Genscript, conjugated to a carrier protein (BGG), 

and emulsified in Freunds complete adjuvant for injection using 100ug peptide/hen. Three hens 

were injected per peptide. After one week hens received a booster with Freunds incomplete 

adjuvant. After one more week eggs were collected (a total of two weeks after initial peptide 
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injection). Each egg yolk contains about 15mg specific antibody. Egg yolk was desiccated and 

admixed 10% into high fat diet containing 60% kcal fat from lard (custom Teklad diet TD.06414).  

At 5-6 weeks of age mice switched to high fat diet containing 60% kcal fat from lard 

(custom Teklad diet TD.06414) or high fat diet admixed with egg yolk containing GKN1 IgY. 

Mice were weighed biweekly to monitor weight gain. At 6 months of age mice were sacrificed and 

adipose, liver, and GI contents were removed as described.  

Microbiome analysis 

At sacrifice contents of stomach, small intestine, cecum, and colon and stool samples were 

collected in Eppendorf tubes, immediately frozen in liquid nitrogen, and stored at -80°C. For 

sequencing, contents were placed shipment tubes from UBiome and shipped to UBiome for 

analysis.  

Assessing T cell activation by flow cytometry  

Spleen and peripheral lymph nodes from GKN1+/+ and GKN1-/- mice were resected and 

dissociated into single-cell suspensions. Briefly, spleen and nodes were homogenized using 0.3 

μm gauze followed by washing with fluorescence-activated cell sorting (FACS) buffer (2% FBS 

in PBS). Red blood cells were lysed as required by incubating in lysis buffer (155 mM NH4Cl, 12 

mM NaHCO3, 0.1 mM EDTA). Cells were washed, filtered using a 70 um strainer, resuspended 

in FACS buffer, and counted using a hemacytometer. Single-cell suspensions were incubated with 

Fc receptor blocking antibody (eBioscience, San Diego, CA) to reduce non-specific binding. Cells 

were incubated with a combination of fluorescent antibodies (eBioscience) consisting of CD3-

eFluor450, CD4-FITC, CD8-PE, and CD44-APC on ice for 30 mins in the dark, then washed and 

fixed with 2% paraformaldehyde. Samples were acquired using a BD FACSAria III Cell Sorter 
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(BD Bioscience, San Jose, CA) and analyzed on FlowJo v10 software (Tree Star Inc., Ashland, 

OR). 

Bomb calorimetry 

On day 0 mice were placed in a clean cage. Mice and chow were weighed on day 0 and 

day 3. On day 3, total stool was removed from the cage, frozen at -80°C, and sent to University of 

Alabama for bomb calorimetry.  

TNBS Administration 

Mice were pre-sensitized to TNBS at 8 weeks of age. Mice were anesthetized and a patch 

of hair between their shoulder blades was shaved. 150ul TNBS solution or vehicle control was 

administered to the shaved area. A 4:1 ratio of acetone and olive oil served as control. TNBS 

solution contained 4 volumes of the acetone/olive oil mixture and 1 volume of 5% TNBS in water. 

Mice were housed individually to avoid induction of oral tolerance. 9 days later mice were weighed 

and TNBS was administered. To administer, 3.5 F catheter was fit to a 1 mL syringe filled with 

control solution (1:1 ratio of absolute ethanol and water) or TNBS solution (1:1 volume ratio of 

5% TNBS/water solution and absolute ethanol). Catheter was lubed and inserted into the colon 

4cm proximal to the anus. 100uL was slowly administered into the colon lumen. The catheter was 

then removed and mice were held upside down for 60sec to ensure solution stayed in lumen. Mice 

were weighed daily after TNBS administration.  Two days after TNBS administration mice were 

necropsied and colons and cecum were removed and fixed in 10% neutral buffered formalin for 

histology. Colon lengths were measured before fixation.  

TUNEL stain 
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Colon sections were heated in oven for 10min. Slides were rehydrated in a series of ethanol 

solutions and permeabilized for 8min in 0.1% Triton X 100 and 0.1% sodium citrate. Samples 

were incubated in TdT enzyme in a humidified chamber at 37°C for 60min. Slides were 

counterstained with Hoechst. Hoechst was diluted 1:5000 in PBS and applied to slides for 10min. 

Slides were then rinsed three times in PBS, and cover-slipped with prolong gold. Staining was 

visualized by florescent microscopy.  

Immunohistochemistry 

5um frozen sections were cut and allowed to dry at room temperature for at least 30min. 

Slides were rehydrated in PBS for 10min to remove remaining OCT compound. Tissue sections 

were fixed in 4% PFA for 15min, then washed with PBS. Sections were blocked 60min with 5% 

BSA at room temperature. 1:2000 primary antibody was added and sections were incubated 

overnight at 4°C. Slides were washed three times in PBS. Sections were incubated in 1:1000 

dilution secondary antibody and 1:5000 dilution Hoechst for 60min, then washed in PBS and 

mounted in anti-fade media and cured overnight at room temperature. Sections were coverslipped 

and visualized with florescent microscopy.  

Bacterial cell sorting 

Bacteria were isolated from stool sample from GKN1-/- or WT mice. Samples were 

collected in Eppendorf tubes and vortexed in 1mL PBS with 0.1% DTT for 3min. Tubes were 

centrifuged 700rcf for 1min and supernatant was transferred to a fresh tube. Bacteria were pelleted 

by centrifugation at 6000rcf for 3min. Bacteria were washed twice with PBS and separated into 

stained and unstained control groups. Stained samples from GKN1-/- mice and  WT mice and were 

incubated in primary GKN1 antibody (donkey anti-mouse) diluted 1:100 in PBS + 2.5% donkey 
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serum for 30min on ice. After three PBS washes samples were incubated in 1:2000 secondary 

antibody (anti-donkey AlexaFlour 546) with 2.5% donkey serum for 1hour. Samples were washed 

in PBS before FACS sorting. WT stool stained with secondary only or no staining were used as 

controls.   

Metabolic studies 

Magnetic resonance imaging was performed to determine fat and lean body composition. 

For glucose tolerance test (GTT) after a baseline blood sample was taken (0 min), 50% D-glucose 

(Phoenix Pharmaceutical, St. Joseph, MO) was injected i.p. or gavaged. Blood glucose was 

measured at baseline (0), 15, 30, 45, 60 and 120 min after glucose administration on duplicate 

samples using Accu-chek glucometers and test strips (Roche, Indianapolis, IN). Each mouse 

received a dose of glucose equal to 1.25 g/kg body weight for the ip GTT. Plasma insulin was 

measured at 0 and 15 min. Fasted mice were injected ip with insulin (0.5 U/kg). Blood glucose 

was measured at baseline (0), 15, 30, 45 and 60 min after injections with Accu-chek glucometers 

and test strips. Locomotor activity was analyzed using video tracking software with the Topscan 

program CleverSys (Reston, VA). Cholesterol and triglycerides were measured from plasma taken 

after an 8hr fast. Blood was cold centrifuged, and plasma was stored at −80 °C until they were 

assessed. Cholesterol and triglycerides were measured via colorimetric assays using Infinity 

Reagents (Thermo Fisher Scientific, Inc., Waltham, MA). Body composition was determined with 

magnetic resonance imaging (MRI).  
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CHAPTER III: ROLE OF GKN1 IN PROTECTION AGAINST GI INFLAMMATION 

Sections of this chapter have been adapted from (Chen et al. 2015) 

Introduction to GI insults 

The gastrointestinal (GI) tract forms a critical barrier between the internal and external 

environments. Maintaining the integrity of this barrier depends on the ability of the GI tract to 

protect against damage from acids, pathogens, alcohol and other toxins. To this end, a number of 

protective measures are employed: mucus and bicarbonate secretion protect against gastric acid, 

cytokines regulate the immune system and anti-microbial peptides protect against pathogens. 

Despite these measures, the GI tract is susceptible to a number of damages, including H. pylori 

infection, side effects of non-steroidal anti-inflammatory drugs (such as aspirin or ibuprofen), and 

gastric cancer. GKN1 expression is downregulated in all these pathologies (G. Martin et al. 2008b; 

Yoon, Song, et al. 2011; Nardone et al. 2008). However, the biological function of GKN1 is 

unknown. Our data suggests that one role of GKN1 is to protect the gastrointestinal tract from 

damage and maintain barrier function. Here, we examine the role of GKN1 in protecting against 

inflammatory bowel disease and the gastrointestinal side effects of non-steroidal anti-

inflammatory drugs (NSAIDs). 

Inflammatory Bowel Disease 

Inflammatory bowel disease (IBD) involves chronic inflammation of the GI tract and 

affects millions of patients worldwide. There are over 1 million patients with IBD in the US alone, 

and around 70,000 new cases are diagnosed each year. The two primary types of IBD are ulcerative 

colitis, which specifically induces inflammation of the colon, and Crohn’s disease, which can 

involve inflammation of any part of the GI tract. Symptoms of both diseases include diarrhea, 
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abdominal pain, rectal bleeding, weight loss, and fatigue, and many patients also develop 

complications outside of the GI tract. These diseases are chronic and patients experiencing acute 

inflammation are likely to have a recurrence within a year. The longer a patient remains in 

remission from UC the lower the likelihood they will have a recurrence of symptoms. With 

Crohn’s disease, however, the recurrence rate for patients within 10 years of remission is greater 

than 70%. Thus both induction of mucosal healing and maintenance of remission are the central 

clinical goals for treating IBD (Crohn’s & Colitis Foundation of America 2014). 

The etiology of both UC and Crohn’s disease is largely unknown, but an interplay of 

genetics, environment, the gut microbiota, and the immune system is involved. A trending area of 

study is how the immune system interacts with both self-antigens and commensal microbes 

(Mizoguchi 2012; Peterson and Artis 2014). The gut lumen contains a magnitude of antigens, most 

of which are derived from commensal bacteria and food. A healthy mucosa responds to detection 

of non-pathogenic antigens by inducing regulatory T cells (Tregs) that suppress the 

proinflammatory response, which is mediated by activated effector T cells. Dysregulation of the 

immune system can induce break in tolerance against commensals and elicit a strong effector T 

cell response. Disruption of the epithelial barrier allowing mass infiltration of gut bacteria into the 

intestinal tissue can induce a strong immune response. The gut mucosal immune system is kept in 

delicate balance; the immune system is activated to defend against pathogenic factors, but if the 

response is not properly regulated excessive inflammation can damage host tissue. The immune 

system is complex, and a break in tolerance to commensals may contribute to development or 

worsening of IBD (Murphy et al. 2008).  

Many gut microbes, including C. difficile and B. vulgaris, are thought to contribute to IBD, 

but no one bacteria is causative in all cases (Strober, Fuss, and Blumberg 2002; Binion 2012). 
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Higher levels of Proteobacteria have been observed CD patients compared to healthy controls 

(Kaakoush et al. 2012). The complex interplay between genetics, the environment, immune 

system, and gut microbiota and the large variability of each of these factors among patients makes 

it difficult to predict who will develop IBD or to develop universal treatments.  

Although a number of treatments are available, there is not cure for either CD or UC. 

Surgery to remove affected areas of bowel can be effective but does not prevent relapse in CD and 

can cause other complications. There are multiple drugs designed to reduce symptoms or maintain 

remission, but their efficacy is variably between patients. Development of new treatments that can 

promote healing of the inflammation and prevent patients from relapsing is crucial, yet difficult 

(Crohn’s & Colitis Foundation of America 2014).  

 One hallmark feature of IBD is increased intestinal permeability due to impaired barrier 

function (Cataliota, Maggi, and Giuliani 2011). The intestinal epithelial barrier is critical for 

preventing translocation of bacteria and toxins from the lumen into the underlying lamina propria. 

Increased barrier permeability allows for luminal toxins and bacteria to translocate into host tissue 

and stimulate host immune response. This inflammation further contributes to barrier dysfunction, 

leading to a chronic disease state (Groschwitz and Hogan 2009). It is unknown whether increased 

intestinal permeability is a consequence of IBD or if barrier dysfunction is the initial cause of 

disease. However, unaffected siblings of IBD patients display increased barrier permeability, 

suggesting that a “leaky gut” may occur without inflammation and could predispose patients to 

IBD (Buhner et al. 2006; Hollander et al. 1986). Anti-TNF therapy, a common treatment for IBD, 

improves barrier function in IBD patients (Noth et al. 2012); this suggests that a disrupted barrier 

is pathogenic in IBD (Vindigni et al. 2016).  Studying the connection between barrier dysfunction 

and disease is critical for understanding disease progression and developing treatments.  
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The intestinal barrier is formed by tight connections between intestinal epithelial cells 

(IECs). IECs are polar columnar epithelial cells; their apical surface is in contact with the lumen, 

while the basal end connects with basement membrane that overlies the lamina propria. Adjacent 

IECs are connected by apical junction complexes (AJC), creating a barrier impenetrable by 

bacteria and toxins (Cataliota, Maggi, and Giuliani 2011). The AJC consists of two protein 

complexes, tight junctions (TJ) and adherens junctions (AJ). The TJ consists of multiple proteins 

that interact intracellularly with the cytoskeleton or extracellularly with neighboring cells. Zona 

occludens (ZO) proteins form an intracellular scaffold connecting transmembrane proteins such as 

occludin, claudins, and junctional adhesion molecules (JAMs) to intracellular actin filaments. 

Occludins and claudins have multiple extracellular loops protruding into the paracellular space 

that connect with the same proteins on neighboring epithelial cells to form the junction. AJ are 

located basal to TJ. E-cadherin is the primary protein in the AJ complex; it has extracellular loops 

binding E-cadherin on neighboring cells and intracellularly binds catenin proteins connecting E-

cadherin to F-actin. Proper function of the epithelial barrier depends on the expression of and 

connection between proteins in these complexes. TJ proteins can be internalized and subsequently 

degraded in response to factors such as proinflammatory cytokines, toxins, pathogens, calcium 

depletion, and oxidative stress, leading to a breach in the barrier. Proper assembly and localization 

of TJ and AJ proteins is critical to barrier function, and the regulation of intracellular trafficking 

and expression of these proteins is complexly regulated. These molecular complexes are critical 

for maintaining a tight barrier protecting host tissue from pathogens, drugs, and other potentially 

damaging factors present in the gut lumen (Cataliota, Maggi, and Giuliani 2011; Groschwitz and 

Hogan 2009).  
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Because CD and UC are multifaceted diseases, a large number of mouse models have been 

developed to further our understanding of the pathology of these diseases. Mouse models of IBD 

are characterized as chemically induced, genetically engineered, immune cell transfer, or 

spontaneous models. No single mouse model is completely equivalent to human disease, but each 

model reflects a part of the pathology. Therefore, the efficacy of potential treatments must be tested 

against multiple mouse models to provide substantial evidence that it could be useful against 

human disease (Mizoguchi 2012). In this chapter we use five mouse models to examine the role 

of GKN1 and AMP peptide in colitis and barrier function: dextran sulfate sodium, 2,4,6-

trinitrobenzene sulfonic acid, piroxicam IL-10-/-, T cell transfer, and lipopolysaccharide. 

Dextran Sulfate Sodium (DSS)-induced colitis 

Oral administration of a 1-5% solution of dextran sulfate sodium (DSS) in drinking water 

induces colitis in mice. It is thought that inflammation in this model is by caused epithelial cell 

death. Normal epithelial cell turnover is carefully regulated to maintain integrity of the barrier 

(Peterson and Artis 2014). However, during DSS-induced colitis mass epithelial death causes loss 

of barrier integrity leading to inflammation (J. J. Kim et al. 2012; Chassaing et al. 2013). The 

inflamed colon heals spontaneously when DSS is replaced with normal drinking water, allowing 

disease recovery to be examined as well as pathogenesis. Inflammation is restricted to the colon, 

similar to UC. Gut microbes play a protective role against the colitis in this model; germ-free mice 

and mice on broad spectrum antibiotics develop severe, deadly colitis when given DSS. Because 

DSS is easy to administer and is cost- and time-effective, it is one of the most widely used models 

of colitis. It has been used to assess the susceptibility to inflammation of many genetic mouse 

models and is often used to test the efficacy of potential treatments for IBD (Mizoguchi 2012; 

Chassaing et al. 2013; J. J. Kim et al. 2012).  
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2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis 

TNBS administration induces a transmural colitis similar to Crohn’s disease. It causes 

discrete areas of necrosis, triggering inflammation. Like DSS, TNBS administration is a chemical-

induced model of acute colitis. TNBS is administered by enema and induces inflammation of the 

colon and cecum. TNBS is a T cell mediated model of colitis. TNBS is diluted in ethanol, which 

damages epithelial cells and induces barrier permeability. TNBS can then penetrate into the lamina 

propria and initiate an IL-12 driven Th1 immune response against self-antigens. TNBS 

administration has been widely used to test exogenous treatments for Crohn’s disease (Mizoguchi 

2012; Strober, Fuss, and Blumberg 2002; Morampudi et al. 2014).  

Piroxicam-induced IL-10-/- model 

Interleukin (IL)-10 is a key regulator gene in both UC and CD (Mizoguchi 2012). IL-10 is 

an anti-inflammatory cytokine secreted by regulatory T cells (Tregs) (Berg et al. 2002). Secretion 

of IL-10 is critical for Tregs to regulate the mucosal inflammatory response. Thus, IL-10-/- mice 

lack functional Tregs, leading to spontaneous development of colitis. However, the age of onset 

and severity of inflammation in IL-10-/- mice is inconstant. Administration of the non-steroidal 

anti-inflammatory drug (NSAID) piroxicam to IL-10-/- mice reliably induces rapid onset of a 

chronic, patchy colitis with deep penetration (Berg et al. 2002). The colitic phenotype is similar to 

the inflammation seen in Crohn’s disease patients.  The colitis involves a Th1 and Th17 response, 

which is also consistent with CD (Mizoguchi 2012). 

Adoptive transfer of naïve T cells 

In the T cell transfer model of colitis, Rag-1-/- mice are reconstituted with splenic 

CD45RBhigh CD4+ T cells. Rag-1-/- mice lack functional T and B cells, so reconstitution with naïve 
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CD4+ T cells in the absence of regulatory T cells (Tregs) induces a chronic, Th1-mediated colitis. 

This model reflects the importance of Tregs in mediating the immune response (Mizoguchi 2012; 

Powrie et al. 1993).  

Lipopolysaccharide administration 

Lipopolysaccharide (LPS) is a bacterial membrane component that initiates an innate 

immune response to pathogens by activating toll like receptor 4 (TLR4) on epithelial cells, 

macrophages, mast cells, dendritic cells, and monocytes. Intraperitoneal injection of LPS initiates 

host immune response which damages the epithelial barrier of the gut. Activation of TLR4 

activates MyD88 signaling in epithelial cells, resulting in increased tight junction permeability. 

Impaired barrier function is a hallmark feature of inflammatory disease. LPS also induces 

expression of the pro-inflammatory cytokine TNFα, which mediates pathogenesis of IBD. LPS 

administration is widely used to test potential treatments for barrier disruption (Cataliota, Maggi, 

and Giuliani 2011). 

Gastrointestinal side effects of NSAIDs 

Non-steroidal anti-inflammatory drugs (NSAIDs) are among most commonly prescribed 

drugs, but commonly cause GI side effects, including inflammation and ulceration of the stomach 

and small intestine. NSAIDs are effective analgesics; they act by inhibiting the Cox1 and Cox2 

enzymes that produce prostaglandins, which are responsible for inducing pain, fever, and 

inflammation (Vane 1971; Warner et al. 1999). However, prostaglandins produced in the stomach 

are also responsible for inducing gastric mucus production and decreasing acid production (Cohen 

1987). Decreased prostaglandin production in the stomach results in gastric inflammation (Warner 

et al. 1999). It is estimated that 70-100% of patients taking NSAIDs are thought to develop enteritis 
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(Iwamoto et al. 2014; Handa et al. 2014). Because of the GI side effects NDSAIDs are 

contraindicated in patients with IBD and ulcers; this is to the detriment of these patients, as 

NSAIDs effectively treat pain caused by a number of ailments including arthritis, headache, and 

back and muscles aches. NSAIDs are also known to induce gastritis and small bowel enteritis by 

damaging epithelial cells (Handa et al. 2014). Because GKN1 protects gastric and intestinal 

epithelial cells in vitro, we tested whether GKN1 could also protect against GI inflammation in 

vivo. To this end, we challenged our GKN1-/- mouse with NSAIDs by admixing the NSAID 

piroxicam into their chow. 

Results 

AMP peptide has prophylactic and therapeutic benefit against multiple models of colitis 

Inflammatory bowel disease (IBD) involves chronic inflammation of the gastrointestinal 

(GI) tract and affects millions of patients worldwide. The two primary phenotypes of IBD are 

ulcerative colitis, which specifically induces inflammation of the colon, and Crohn’s disease, 

which can involve inflammation of any part of the GI tract. The etiology of these pathologies are 

unknown, but genetics and environment are thought to play a role. Although various treatments 

are available to mitigate symptoms there is no cure. Current treatments for IBD vary in 

effectiveness between patients and can induce a number of unpleasant side effects. Because IBD 

is a chronic disease, development of new treatment options that can promote mucosal healing, 

induce remission and prevent relapse is of utmost importance (Crohn’s & Colitis Foundation of 

America 2014). To this end, we investigated AMP peptide injection as a potential treatment option 

for IBD as well as a preventative measure against development of colitis.   
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In the initial characterization of GKN1, the protein was found to be mitogenic on intestinal 

epithelial cells (T. E. Martin et al. 2003). To identify the functional domain of the protein, our 

collaborators analyzed the activity of peptide fragments of GKN1. One biologically active 21 

amino acid peptide was identified, consisting of amino acid 77-91 of human GKN1. This ‘AMP 

peptide’ was found to be both mitogenic and motogenic on intestinal epithelial cells and promote 

wound healing in gastric epithelial cells in vitro (Toback et al. 2003). Because GKN1 protein 

promotes growth and healing of cells of the gastrointestinal tract, we hypothesized that AMP 

peptide could be used treat gastrointestinal distress. Specifically, we tested whether AMP peptide 

administration could be used clinically to improve colitis.  

To determine whether treatment with GKN1 could be used clinically to treat or prevent 

colitis, we administered the previously described AMP peptide via intraperitoneal (i.p.) or 

subcutaneous (s.c.) injection before and after onset of colitis. IBD is a multifaceted disease, and 

there many mouse models of colitis to reflect the varying pathologies of IBD. To test the versatility 

and effectiveness of AMP peptide, we used three established mouse models of colitis: piroxicam-

induced colitis in IL-10-/- mice, T cell transfer into Rag-1-/-, and TNBS-induced colitis.  

We administered piroxicam to IL-10-/- mice by admixing the drug into mouse chow at 

200ppm. Mice were given piroxicam chow for 11 days and then were switched back to normal 

mouse chow and divided into two treatment groups. Half the mice were administered daily s.c. 

injections of AMP peptide and half were given vehicle control. By day 11, mice had lost 26.5% of 

their initial body weight. By day 18, mice treated with AMP peptide had recovered to their starting 

body weight while mice treated with vehicle control did not (FIG 3.1a). Cohorts of mice were 

sacrificed at day 9 and day 18 of treatment. At both time points, mice administered AMP peptide 

had significantly less shortening and less dilation of the colon and lower colitic activity scores 
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FIGURE 3.1) AMP peptide lessens piroxicam-induced colitis in IL-10 -/- mice After eating 
piroxicam-containing chow for 11 days, mice lost 26.5% of their initial body weight. Diet was 
switched to standard chow, and the next day, AMP peptide in phosphate-buffered saline (solid 
triangles), or vehicle control (open circle) was injected subcutaneously once daily. AMP 
peptide-treated mice recovered to their starting weight, whereas mice given vehicle did not 
(P=0.011) (A). After 9 or 18 days of treatment, the animals were killed, and measurements were 
made of both the entire colon and a dilated colon segment (diameter > 3.5 mm). The colon was 
prepared for histological examination to assess the colitis activity score. Treatment with AMP 
peptide significantly reduced the extent of colon shortening after 9 (P =0.005) and 18 days (P 
=0.001) (B). The length of the dilated segment was significantly shorter in peptide-treated 
animals than in vehicle-treated mice when expressed as a percent of colon length after both 9 (P 
=0.005) and 18 days (C). Colitic activity score was lower in AMP peptide treated mice compared 
to vehicle control at day 9 and 18 (D).
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(FIG 3.1b-d). Shortening and dilation of the colon are both symptoms of colitis. The colitis was 

scored as described by Berg et al. (Berg et al. 2002). Because AMP peptide was administered after 

onset of colitis, we conclude that AMP peptide has therapeutic benefit against piroxicam-induced 

IL-10-/- colitis.  

In the T cell transfer model, colitis is induced by transferring CD45RBhigh CD4+ T cells 

from wildtype mice into Rag-1-/- mice. Colitis develops 6-8 weeks after transfer. Daily s.c. 

injection of AMP peptide or vehicle control began after mice lost 5% of their initial body weight 

and/or exhibited diarrhea or hematochezia, indicating onset of colitis. Cohorts of mice were 

sacrificed after 10 days or 21 days of treatment with AMP peptide or vehicle control. At both time 

points, mice treated with the peptide exhibited significantly less shortening of the colon, indicative 

of less severe colitis (FIG 3.2). Additionally, mice given AMP peptide appeared to be less lethargic 

than mice given vehicle control, suggesting less colitis associated morbidity in the treatment group. 

Therefore, we determined that GKN1 also has therapeutic benefit in treating this chronic, T cell 

mediated model of colitis.  

AMP peptide promotes barrier function 

Impaired barrier function is a hallmark of inflammatory bowel disease (Groschwitz and 

Hogan 2009). To test whether AMP peptide has prophylactic or therapeutic benefit against barrier 

disruption, mice were treated with AMP peptide before and after lipopolysaccharide (LPS) 

injection, respectively. LPS is a bacterial wall component that activates toll like receptor 4 (TLR4) 

on epithelial cells, macrophages, mast cells, dendritic cells, and monocytes, and initiates an innate 

immune response to pathogens (Lu, Yeh, and Ohashi 2008). Intraperitoneal injection of LPS 

initiates host immune response and damages the epithelial barrier of the gut. GKN1 treatment of 

IECs in vitro improves barrier function. To determine the potential prophylactic benefit of GKN1 
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FIGURE 3.2) AMP peptide reduces colonic shortening in the T-cell transfer model of IBD. 
Rag-1-/- mice were reconstituted with splenic CD45RBhigh CD4+ T cells from WT donor mice. 
Treatment with AMP peptide (25 mg peptide/kg, subcutaneous) or vehicle began when the 
animals lost 5% body weight or exhibited diarrhea or hematochezia. Whole colons were harvest-
ed, and lengths were measured on days 10 or 21 (*P = 0.032, **P = 0.00005). Colon lengths of 
control mice were shorter than those taken from AMP peptide treated mice.
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in vivo, the peptide was injected 5 days, 1 day, or 6 hours before LPS injection. Thirty minutes 

after LPS administration mice were sacrificed and the colon and jejunum were removed and filled 

with FITC-dextran as described in Chapter II. Mucosal to serosal permeability, as index of 

intestinal barrier function, was assessed after 5min, 15min, 45 min, and 75min of incubation. The 

rate of FITC-dextran flux from untreated mice was consistently higher than mice treated with AMP 

peptide (FIG 3.3a-b). This indicates that the intestines of AMP peptide treated mice were less 

permeable than untreated mice at all time points measured. Thus, AMP peptide, administered 

prophylactically, protects against LPS-induced gut permeability.  

A prophylactic treatment for IBD has potential benefit in maintaining disease remission, 

whereas a therapeutic treatment could promote mucosal healing and induce remission. Healing, 

inducing remission, and preventing disease relapse are all important goals in IBD treatment. To 

determine whether AMP peptide treatment is also potentially therapeutic in this model, mice were 

treated with AMP peptide fifteen hours after LPS administration and mucosal to serosal flux of 

FITC-dextran, an indicator of intestinal permeability, was measured as described above. FITC-

dextran flux in jejunums of peptide treated mice was equivalent to that of mice not treated with 

LPS and significantly less than LPS treated controls (FIG 3.3c). This shows that administration of 

AMP peptide after the epithelial barrier is impaired promotes barrier healing. We concluded that 

AMP peptide treatment can be used both prophylactically and therapeutically against endotoxin-

induced epithelial barrier disruption.  

The epithelial barrier is composed of the tight junction proteins that connect neighboring 

epithelial cells. Cellular localization of tight junction proteins at the cell membrane indicates 

healthy barrier function; conversely, cytoplasmic presence of these proteins indicates the barrier 

is impaired. LPS administration is known to disrupt membrane localization of these proteins 
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FIGURE 3.3) AMP peptide protects against LPS-induced gut hyperpermeability of mouse 
colon and jejunum. Segments (2cm long) of colon or jejunum were used for permeability 
assay by filling these sacs with FITC-dextran. Flux of FITC-dextran from mucosa to serosa, a 
measure of intestinal permeability, during the next 75min was measured by fluorometry. Values 
are FITC flux per centimeter of intestine. In A, mice given LPS alone (red line) have more 
colonic permeability than mice given AMP peptide given 5 days before LPS (blue line) (A). In 
B, mice given LPS alone (red line) have more jejunal permeability than mice given a single dose 
of AMP peptide 1 day (blue line) or 6hrs (green line) before LPS, or no treatment (broken black 
line; control). Mice given AMP peptide at 1 day or 6hrs before LPS exhibit permeability equiva-
lent to untreated controls (B). In C, mice given LPS alone (red line) exhibit more jejunal perme-
ability than mice given AMP peptide 15hrs after LPS. Mice given AMP peptide exhibit permea-
bility equivalent to mice given LPS vehicle control alone (C). 

A) B)

C)

Jejunum
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(Cataliota, Maggi, and Giuliani 2011). GKN1 improves barrier function of IECs in vitro in part by 

inducing expression of TJ proteins occludin and ZO-1. We used immunohistochemistry (IHC) to 

observe the cellular location of three AJC proteins, occludin, ZO-1, and actin, in both small 

intestinal and colonic epithelial cells to further assess the therapeutic benefit of AMP peptide. In 

LPS treated mice, all three TJ proteins, occludin, ZO-1, and actin are localized to the cytoplasm, 

suggesting disrupted TJ. However, in mice treated with AMP peptide 15hr after LPS 

administration localization to the cell membrane is restored, indicating improved TJ (FIG 3.4). 

This indicates that AMP peptide might improve barrier function in part by promoting proper cell 

membrane localization of tight junction proteins in IEC. Thus, the data from these experiments 

shows that GKN1 is both prophylactic and therapeutic in treating barrier disruption, a hallmark of 

IBD.  

The data described in the above sections suggests that the 21-amino acid AMP peptide of 

GKN1 has both prophylactic and therapeutic benefit in colitis. This strongly suggests that the 

biological function of GKN1 involves protecting barrier function from injury. However, our 

peptide is only a small piece of the full length protein and was administered by injection, while the 

full GKN1 is secreted protein found in the gut lumen. To determine if the function of AMP peptide 

reflects the function of the full-length protein, we generated a novel GKN1-/- mouse.  

Characterization of the GKN1-/- mouse 

To generate the GKN1-/- mouse, the GKN1 gene was replaced with genes encoding 

neomycin resistance and LacZ (FIG 3.5). Insertion of LacZ allowed us to use beta-galactosidase 

staining to identify tissues expressing GKN1. LacZ only stained the stomach of GKN1+/- mice and 

was particularly strong in the antrum (FIG 3.6a), indicating GKN1 expression is restricted to the 
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FIGURE 3.4) Treatment with AMP peptide reverses LPS-induced disruption of occludin, 
ZO-1, and perijunctional actin in mouse jejunum mucosal tissue. Jejunums from WT mice 
with LPS-induced gut hyperpermeability were mounted on coverslips and subjected to immu-
nohistochemical staining and laser scanning confocal microscopy. Localization of occludin, 
ZO-1, and perijunctional actin in jejunum mucosal tissue from control animals is displayed 
from left to right in the top panels. Exposure to LPS disrupted TJs and diminished the amount 
of occludin (red), ZO-1 (green), and perijunctional actin (yellow) (middle panels). Treatment 
with AMP peptide restored the physiological distribution of occludin, ZO-1, and perijunctional 
actin in mice given LPS (bottom panels). Displayed are maximal projections of 5-mm Z-stacks 
through the area of TJs.
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FIGURE 3.5) Generation of the GKN1-/- mouse The GKN1 locus was ablated and replaced 
with genes encoding LacZ and neomycin resistance by homolgous recombination
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FIGURE 3.6) Tissue expression of GKN1 GKN1 expression is restricted to stomach, as shown 
by LacZ staining (A) and qRTPCR (B). qRTPCR wells: 1) ladder; 2) WT spleen; 3) WT duode-
num; 4) WT colon; 5) WT muscle; 6) WT heart; 7) WT lung; 8) KO stomach; 9) WT fat; 10) WT 
brain; 11) WT ileum; 12) WT jejunum; 13) WT cecum; 14) WT kidney; 15) WT stomach;            
16) WT liver.

54



stomach. We confirmed this by qRTPCR of multiple tissues (FIG 3.6b). Our results confirm 

previous work indicating that GKN1 expression is restricted to the stomach.  

Despite previous in vitro work indicating the importance of GKN1 in maintaining health 

of gastric and intestinal epithelial cells, the GKN1-/- mouse does not spontaneously develop 

intestinal inflammation or gastric cancer and has no overt pathologies. Histology of the GI tract 

(FIG 3.7) and other tissues appears normal. GKN1-/- female mice have difficulty with parturition, 

but male GKN1-/- mice are fertile and breed well with female GKN1+/- mice. Loss of GKN1 

expression is not embryonic lethal, and pups are born in the expected Mendellian ratios based on 

parent genotypes. Overall, unchallenged GKN1-/- mice appear healthy and have normal lifespans. 

Although GKN1 is secreted exclusively by the stomach into the lumen, it affects microbial 

populations in the distal GI tract. Because of the protein’s stability and resistance to digestion, we 

hypothesized that the protein is able to traverse the length of the GI tract intact and retain biological 

activity. To test this, mucosal scrapings were taken from the stomach, small intestine, and colon 

and Western blotted for GKN1. Presence of GKN1 was detected not only in the stomach but also 

in the small intestine and colon (FIG 3.8). Because GKN1 is not expressed in the intestines, this 

indicates that GKN1 traverses from the stomach lumen to the intestine. The molecular weight of 

the GKN1 band in the gel was a few kD higher than expected, suggesting that GKN1 contains an 

unidentified post-translational modification. The size of the protein remained constant in the small 

intestine and colon. This data shows that GKN1 remains intact as it traverses from the stomach to 

small intestine.  

We used immunohistochemistry to detect GKN1 in the gastrointestinal tract as well. 

GKN1is diffuse throughout the mucus layer of the small intestine (FIG 3.9a). In the colon, 

however, GKN1 is restricted to the outer mucus layer and is absent from the sterile inner mucus 
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FIGURE 3.7) Stomachs of GKN1-/- mice exhibit normal histology Top panels: H&E stain 
Bottom panels: Alcian blue stain

GKN1+/+ Stomach GKN1-/- Stomach
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FIGURE 3.8) Western blotting of mucosal scrapings Western blotting for GKN1 in 
samples prepared from mucosal scrapings of GI tissues reveals full length GKN1 in the 
stomach, small intestine, cecum, and colon. Samples on the left were prepared from frozen 
tissue and samples prepared fresh on the right.
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FIGURE 3.9) Immunohistochemistry of GKN1 GKN1 is located in the mucus layer of the 
small intestine (A) and outer mucus layer of the colon (B). At higher magnification, colonic 
staining forms a punctate formation the size of a bacteria (C). This pattern is not seen in germ 
free mice (Red = GKN1) (D), although they do express GKN1 (Red = GKN1, Blue = Hoescht) 
(E).
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layer (FIG 3.9b). GKN1 staining in the colon forms discrete puncta (FIG 3.9c). Closer observation 

by confocal microscopy reveals that the size and shape of the GKN1 puncta are equivalent to that 

of bacteria. Although GKN1 is expressed in stomachs of germ-free mice (FIG 3.8d), GKN1 

staining in the colon of germ-free mice is diffuse rather than punctate (FIG 3.9e). This suggests 

the punctate formation observed in WT mice is GKN1 decorating gut microbes. We used flow 

cytometry to confirm that GKN1 binds colonic microbes. Bacteria were isolated from WT stool 

and stained with anti-GKN1 antibody, followed by a florescent secondary antibody. Bacteria 

isolated from GKN1-/- mice and stained with both primary and secondary antibody and bacteria 

isolated from WT mice but stained with secondary antibody only served as negative controls for 

gating. We identified a subset of cells that stained positive for GKN1 (PE-A) in the fully stained 

WT sample but not in negative controls (FIG 3.10). Thus, GKN1 does bind a subset of colonic 

microbes that can be identified by flow cytometry. Combined with our IHC, these data strongly 

suggests that GKN1 interacts directly with gut microbes.   

Despite extensive prior research suggesting that GKN1 is a tumor suppressor and regulator 

of metastasis, we found no evidence suggesting that loss of GKN1 alone is carcinogenic. Our data 

shows that upon secretion into the stomach lumen GKN1 traverses the GI tract and directly 

interacts with gut bacteria. This suggests the biological function of GKN1 may be mediated in part 

by the gut microbiome, and GKN1 may play a direct role in regulating the gut microbiome.  

GKN1-/- mice are more susceptible to colitis 

To determine if GKN1 plays a role in the development of colitis in vivo, we challenged 

GKN1-/- and WT mice with two models of acute colitis: dextran sulfate sodium (DSS)-induced 

colitis and 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis. To assess the role of GKN1 
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FIGURE 3.10) Flow cytometry to identify bacteria bound by GKN1 Bacteria isolated from 
GKN1-/- mice (A) and bacteria isolated from WT mice but stained with secondary antibody only 
(B) served as negative controls for gating. We identified a subset of bacteria that stained positive
for GKN1 (PE-A) in the WT stool sample stained with both GKN1 primary antibody and
secondary antibody (C) but not in controls. This region is labeled P1.

A) B)

C)
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in protecting against gastritis and small intestinal enteritis, we challenged GKN1-/- and WT mice 

with the NSAID piroxicam, a non-selective Cox1/2 inhibitor.  

We administered 2% DSS (dextran sulfate sodium) in drinking water to GKN1-/- mice and 

WT controls for 5 days, and allowed mice to recover with untreated water up to day 13 (FIG 3.11a). 

GKN1-/- mice had higher mortality rate (FIG 3.11c) and lost a greater percent of their starting body 

weight than WT counterparts (FIG 3.11b). Weight loss in both WT and GKN1-/- peaked at day 9. 

H&E staining was performed on colon tissue sections to assess the colitis. By day 4 of DSS 

treatment GKN1-/- mice exhibit severe mucosal erosion not seen in GKN1+/- or WT mice (FIG 

3.11d). TUNEL staining of colon sections extract on day 3 and day 5 of DSS treatment was used 

to measure epithelial death preceding onset of weight loss mortality. GKN1-/- colon sections 

exhibited more TUNEL staining than WT mice at both time points, indicated increased DSS-

induced epithelial cell death in GKN1-/- compared to WT (FIG 3.12a). By day 13, WT mice show 

histological signs of recovery while GKN1 mice still exhibit signs of colitis, including disrupted 

crypt architecture, abscesses, infiltrating immune cells and thickening of the serosa (FIG 3.12b). 

This shows that in the absence of GKN1, mice develop more severe colitis and have impaired 

recovery. Our data suggest one biological function of GKN1 involves protecting against epithelial 

cell death and injury-induced inflammation and/or maintaining integrity of the mucosal barrier.  

We also used IHC to observe cellular localization of the tight junction protein ZO-1 in both 

GKN1-/- and WT mice before and after DSS treatment (FIG 3.13). We observed that ZO-1 is 

localized to the apical epithelial cell membrane in WT and GKN1-/- mice in untreated mice. Thus, 

GKN1 is not essential for membrane localization of the protein in the unchallenged state. We did 

observe, however, that DSS treatment decreases ZO-1 expression and apical localization in GKN1-
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FIGURE 3.11) GKN1-/- mice are more susceptible to DSS-indcued colitis Experimental 
timeline (A). GKN1-/- mice exhibit more weight loss (B) and have a higher mortality rate (C) 
after DSS treatment. GKN1-/- mice exhibit more severe inflammation than WT mice at day 4 of 
DSS administration (D).
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GKN1+/+ GKN1-/-

FIGURE 3.12) GKN1-/- mice are more susceptible to DSS indcued coitis GKN1-/- mice 
exhibit more TUNEL staining, indicated more epithelial cell death, at days 1 and 3 of DSS treat-
ment (A). By day 13 GKN1+/+ mice show histological signs of recovery, while GKN1-/- mice 
still display loss of crypt architecture, and infiltrating immune cells (B).
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FIGURE 3.13) Colonic ZO-1 expression after DSS treatment. IHC staining shows expression 
of ZO-1 is expressed in GKN1-/- mice and GKN1+/- mice controls. ZO-1 expression was 
reduced by DSS treatment in GKN1-/- mice, while GKN1+/- still exhibit strong ZO-1 expression 
at the epithelial cell membrane after DSS treatment.    
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/- mice but not WT mice. This suggests that GKN1 also plays a role in maintaining TJ integrity in 

mice following epithelial injury. 

TNBS was administered to GKN1-/- mice and WT counterparts as described. Briefly, mice 

were pre-sensitized with topical TNBS treatment 9 days before rectal challenge to induce acute T 

cell mediated colitis. One week after treatment, GKN1-/- mice had a significantly higher mortality 

rate than WT mice (FIG 3.14a). To assess colitis independent of mortality, a second cohort of mice 

was sacrificed two days after TNBS treatment. By this time point, GKN1-/- and WT mice lose an 

equivalent percentage of their starting body weight (FIG 3.14b). However, colon length of TNBS-

treated GKN1-/- mice was significantly shorter than treated WT mice and untreated GKN1-/- mouse 

controls (FIG 3.15a). Histology analysis by H&E staining indicated more severe colitis in the 

GKN1-/- mice, involving more extensive edema and erythema along with IEC death (FIG 3.15b). 

These data show that GKN1-/- mice are more sensitive to TNBS-induced colitis than WT mice and 

suggest a protective role for GKN1 against acute T cell mediated colitis. 

GKN1-/- mice are more susceptible to NSAIDs 

To examine whether GKN1-/- mice are also more susceptible to gastritis and enteritis, we 

challenged mice with the NSAID piroxicam. Inflammation and ulceration of the stomach and small 

intestine are well known side effects of NSAIDs. Because GKN1 promotes GI health, we 

hypothesized that loss of GKN1 could render mice more susceptible to GI damage caused by oral 

NSAID intake. We challenged GKN1-/- and WT control mice by admixing the NSAID piroxicam 

into their chow at 200ppm. This concentration of piroxicam is commonly used in the literature to 

treat pain in mice, and this concentration does not induce mortality in WT mice when administered 

for extended lengths of time (Berg et al. 2002). However, in our pilot experiment with piroxicam 

the experiment was terminated by day 7 of NSAID chow, because the GKN1-/- mice exhibited 
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FIGURE 3.14) GKN1-/- mice are more susceptible to TNBS-induced colitis GKN1-/- mice 
have a higher mortality rate than WT mice after TNBS treatment (A) GKN1-/- mice and WT 
mice exhibit equivalent loss in body weight 2 days after TNBS treatment. 
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FIGURE 3.15) GKN1-/- mice are more susceptible to TNBS-induced colitis GKN1-/- mice 
have more severe shortening of the colon than WT mice by day 2 of TNBS administration (A). 
H&E stain shows more extensive edema and erythema in TNBS-treated GKN1-/- mice com-
pared to TNBS-treated WT mice (B).
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100% mortality rate within one week. WT mice, however, remained viable. Necropsy showed one 

GKN1-/- mouse suffered a stomach perforation due to NSAID administration, suggesting the high 

mortality rate in the GKN1-/- mice was due to severe GI side effects of NSAID administration. To 

assess GI damage preceding mortality, all mice in subsequent experiments were sacrificed after 3 

days of NSAID administration for histological analysis. H&E staining showed both GKN1-/- mice 

and WT mice had gastritis and small bowel enteritis by day 3 of NSAID administration, but GKN1-

/- mice appeared to have more severe inflammation of both the stomach and small intestine. The 

gastritis was highly neutrophilic, involving significant immune cell infiltration of the muscle (FIG 

3.16a). GKN1-/- mice appeared to have more immune cell infiltration. GKN1-/- mice also develop 

more severe enteritis after NSAID administration, involving blood in lumen, inflammatory cell 

infiltration, loss of villi, and abscess (FIG 3.16b). Thus, it appears that GKN1-/- mice develop more 

severe inflammation as a result of NSAID administration. The inflammation is primarily 

neutrophilic, indicating it involves the innate immune system.  To assess the role of the adaptive 

immune system in the inflammation, piroxicam chow was also administered to GKN1-/- x RAG-1-

/- mice. GKN1-/- x RAG-1-/- mice developed more inflammation of the gastric muscle layer than 

RAG-1-/- mice. The inflammation appeared similar to the gastritis to GKN1-/- mice (FIG 3.17). 

This indicates that the piroxicam-induced gastritis in our GKN1-/- mice and WT mice is not 

dependent on the adaptive immune system. Overall, our GKN1-/- mice are more susceptible to 

epithelial cell damage of the stomach and small intestine caused by NSAID administration. This 

suggests that GKN1 protects against the gastrointestinal side effects of NSAIDs. 

Discussion 

GKN1 is both highly expressed and highly conserved, suggesting the protein plays a 

critical role in health. Previous work identified GKN1 as a stomach-specific protein that promotes 
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FIGRURE 3.16) GKN1-/- mice are exquisitely susceptible to gastrointestinal inflammation 
caused by NSAID administration GKN1-/- mice are more susceptible to gastritis, and exhibit 
highly neutrophilic immune cell infiltration of the muscle layer as observed by H&E staining 
(A). GKN1-/- mice also appear to develop more severe enteritis after NSAID administration, 
involving blood in lumen, inflammatory cell infiltration, loss of villi. (B). 
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Rag-1-/- GKN-/- X Rag-1 -/-

FIGRURE 3.17)  Histology of GKN1-/- x Rag-1-/- mice after NSAID administration. 
GKN1-/- x Rag-1-/- mice develop inflammation comparable to that of GKN1-/- mice, indicat-
ing inflammation is not dependent on the adaptive immune system
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epithelial cell health. GKN1 protein is expressed by normal gastric foveolar cells but not gastric 

cancer cells. Our data reveals that GKN1-/- mice do not spontaneously develop gastric cancer, 

suggesting that loss of GKN1 alone is insufficient to cause cancer. It is possible that loss of GKN1 

combined with another gastric insult, such as H. pylori infection or inflammation could be 

carcinogenic. We tested the susceptibility of GKN1-/- mice to carcinogenesis by crossing GKN1-/- 

mice with IL1β transgenic (IL1β+) mice, which spontaneously develop inflammation leading to 

gastric cancer (Tu et al. 2008). Our GKN1-/- x IL1β+ mice did not exhibit earlier onset or more 

severe inflammation than IL1β+ mice (data not shown), indicating loss of GKN1 does not 

exacerbate IL1β transgene-induced damage. IL1β induces inflammation by activating myeloid-

derived stem cells (Tu et al. 2008). GKN1 could potentially promote carcinogenesis when coupled 

with a factor inducing T-cell mediated inflammation rather than activating the innate immune 

system. It also possible that loss of GKN1 is a symptom rather than cause of gastric cancer or that 

the pro-apoptotic effects observed in vitro do not reflect the protein’s biological function in vivo.  

Our data shows that mice lacking GKN1 are more susceptible to GI inflammation and do 

not recovery well after GI injury. This suggests that the biological function of GKN1 is to protect 

the GI epithelial cells from damage and promote healing. However, the mechanism of action of 

GKN1 remains unknown. Because GKN1 affects localization of barrier proteins on epithelial cells 

and protects against damage caused by a ligand (LPS) binding to a receptor found on epithelial 

cells (TLR4), we hypothesize that GKN1 could attenuate colitis via direct interaction of the protein 

with epithelial cells in the intestine. We have hypothesized two putative mechanisms for how 

GKN1 may interact with directly with EC and a third potentially mechanism whereby GKN1 

affects ECs indirectly (FIG 3.18): 

1. GKN1 binds a receptor on the apical membrane of epithelial cells 
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A) GKN1 binds an epithelial membrane receptor

C) GKN1 interacts with gut microbes

B) GKN1 binds a basolateral receptor

FIGURE 3.18) Putative mechanisms of action for GKN1 GKN1 binds an apical membrane 
receptor (A). During barrier disruption, GKN1 translocates between epithelial cells and binds a 
basolateral receptor (B). GKN1 interacts with gut microbes, mediating secreton of beneficial 
metabolites (C). 
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Because GKN1 is not digested as it traverses the GI tract, it is possible that the protein 

directly binds to a receptor on the apical surface of epithelial cells. The apical epithelial cell surface 

is in direct contact the lumenal mucus layer where GKN1 resides. Thus, GKN1 could feasibly bind 

an apical membrane receptor on IEC to directly influence epithelial cell health and barrier function.   

Recombinant GKN1 binds the apical membrane receptor SLC26A3. Application of 

rGKN1 upregulates SLC26A3 expression in gastric cancer cell lines. (Di Stadio et al. 2016). This 

is the first paper connecting SLC26A3 expression with gastric cancer, but SLC26A3 is known to 

be downregulated in colon carcinoma and restoration of its expression in colon cancer cell lines 

suppresses growth. Suppression of gastric cancer cell growth by GKN1 could potentially be 

mediated by interaction with SLC26A3. SLC26A3 is a membrane channel mediating chloride 

reuptake mainly expressed in IECs, where it regulates diarrhea, a symptom of ulcerative colitis 

(Kumar et al. 2014). It is possible that interaction of GKN1 and SLC26A3 could protect against 

colitis-associated diarrhea, but this interaction does not explain the role of GKN1 in promoting 

IEC health and barrier function. No other IEC apical membrane receptors have been identified as 

GKN1-binding.  

An apical membrane gastrokine receptor on epithelial cells is feasible in the small intestine 

where GKN1 presence is diffuse throughout the mucus layer. In the colon, however, there are two 

mucus layers. The outer mucus layer contains bacteria, stool, and other ingested particles while 

the inner mucus layer remains relatively sterile. Our IHC staining shows GKN1 presence in the 

colon is restricted to the outer mucus layer and is absent from the inner mucus layer where it would 

have access to the apical epithelial cell membrane. Thus, GKN1 would only be able to interact 

with its colonic receptor when the mucus layer is disrupted. Because GKN1-/- mice have normal 

intestinal histology when unchallenged, it is possible that interaction of GKN1 with its receptor is 

73



only necessary during inflammation when disrupted gut physiology results in contact between 

lumenal contents and host epithelial and immune cells. It is conceivable that expression of a 

colonic GKN1 receptor could be induced only in response to inflammation, explaining why it has 

yet to be identified.  

 Our staining for GKN1 in the intestine does not suggest it binds to a membrane receptor, 

but this does not preclude its existence. As described, the putative receptor could be expressed 

only during inflammation. Alternatively, GKN1 could be rapidly internalized and degraded after 

receptor binding, making it difficult to observe. 

2. GKN1 binds basolateral receptor on epithelial cells 

It is also feasible that GKN1 binds a receptor on the basal membrane of epithelial cells. 

This hypothesis is supported by transwell assays where application of rGKN1 to basolateral, but 

not apical, side of C2 monolayers augments tight junction protein expression (Walsh-reitz et al. 

2005). Restriction of GKN1 from inner mucus layer and the presence of tight junctions prevent 

GKN1 from accessing the basolateral membrane during normal conditions. During inflammation, 

when the epithelial barrier is breached, GKN1 would be able to traverse between damaged cells to 

bind a receptor on the basolateral membrane. This mechanism has been observed in the action of 

epidermal growth factor in epithelial cell healing responses in the gut (Bishop and Wen 1994; 

Scheving et al. 1989). This would explain why GKN1-/- mice do not spontaneously develop colitis 

or exhibit impaired barrier function unless challenged. Interaction of GKN1 with its potential 

receptor is not needed until the onset of damage. Binding of GKN1 to its receptor could promote 

healing of the epithelial cell and restore barrier function. It is also possible that this receptor is 

expressed by damaged but not healthy epithelial cells, explaining why section of healthy colon 

tissue do not exhibit GKN1 staining at the basolateral membrane.  
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3. GKN1 interaction with the gut microbiome

It is known that germ-free mice lacking gut bacteria develop more severe colitis in response

to DSS treatment, indicating that the microbiome plays a role in attenuating DSS-induced damage 

(Kitajima et al. 2001). During inflammation, gut microbes can translocate across the epithelial 

barrier and initiate an immune response. Our data suggests that GKN1 binds directly to a subset 

of gut bacteria. Interaction of GKN1 with gut microbes could improve colitis by promoting 

clearance of bacteria that induce a large immune response or stabilize communities of bacteria that 

tend to be less immunogenic. By binding to bacteria, GKN1 could render bacteria less 

immunogenic to attenuate the immune response.  

Gut bacteria and their metabolites directly influence intracellular signaling in epithelial 

cells. It is possible that GKN1 promotes IEC health and barrier function indirectly by modulating 

secretion of bacterial metabolites. The bacterial metabolite butyrate, for example, promotes barrier 

function by promoting expression of tight junction proteins (H. B. Wang et al. 2012; Peng et al. 

2009). Gut microbial populations do not differ between GKN1-/- mice and WT mice on NCD at 

the phyla level (discussed further in Chapter IV), but deeper analysis could reveal differences in 

butyrate (or other metabolite) producing bacteria. Alternatively, GKN1 could influence metabolite 

secretion by the bacteria. We hypothesize that GKN1 could promote epithelial cell health by 

modulating the release of bacterial metabolites.   

We have shown that our AMP peptide has both prophylactic and therapeutic benefit against 

multiple mouse models of colitis. The use of multiple mouse models is necessary to determine if 

a potential treatment would be efficacious against IBD clinically, as each model represents 

different aspects of IBD. There are three primary goals in IBD treatment: healing the mucosa, 

inducing remission, and preventing relapse. Our data suggests treatment with GKN1 or AMP 
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peptide could achieve all three of these goals. Administration of AMP peptide after onset of 

inflammation promotes healing, indicating that it has therapeutic benefit. Administration of the 

peptide before induction of colitis mitigates the severity of the colitis, indicating that treatment 

with AMP peptide also acts prophylactically. The peptide was derived from the human GKN1 

sequence, suggesting that AMP peptide treatment could also be beneficial against IBD in humans. 

We observed no adverse effects of AMP peptide treatment in our mice. Because GKN1 is 

endogenously expressed in humans, it is unlikely that clinical use of the peptide would induce 

severe side effects. IBD is a chronic disease, and many patients experience additional attacks after 

remission. Because AMP peptide is both therapeutic and prophylactic, it could be used to 

treat IBD and its continual administration could keep patients in remission.  

GKN1 promotes epithelial cell health. Our data shows loss of GKN1 leaves the GI tract 

more susceptible to mucosal damage. GKN1 could promote IEC health directly binding to 

an unidentified IEC receptor or indirectly by modulating secretion gut bacterial metabolites. 

AMP peptide administration shows promise as a potential treatment for IBD. It promotes 

healing after onset of inflammation and lessens disease severity when administered 

prophylactically. Effective treatment of IBD requires repaired affected areas as well as prevention 

of relapse. Because GKN1 acts both therapeutically and prophylactically against multiple 

mouse models of colitis it could potentially be used to effectively treat IBD in patients. 

Overall, these data suggest the biological function of GKN1 is to promote epithelial cell health, 

which can be used to develop treatments for IBD.

NSAIDs are incredibly effective analgesics, and are one of the most commonly prescribed 

drugs worldwide. However, they can cause devastating side effects including inflammation and 

ulceration of the stomach and small intestine. Because of the GI damage they cause, NSAIDs are 
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contraindicated in patients with active IBD or history of ulcers (Warner et al. 1999). The 

alternative pain medication to NSAIDs is opioids, which are problematically addictive 

(American Society of Addiction Medicine 2016). Preventing the GI side effects of NSAIDs 

could allow their use in IBD patients and decrease the necessity for prescribing 

addictive opioids. GKN1 is known to protect epithelial cell health, so we examined the effect 

of NSAIDs in GKN1-/- mice.  

Loss of GKN1 also renders GKN1-/- mice more susceptible to the gastrointestinal side 

effects of NSAIDs. They exhibited a higher mortality rate and appeared to have more severe 

inflammation and ulceration in the stomach and small intestine. Further analysis is needed 

to quantify the extent of this inflammation, but our histology suggests that loss of GKN1 renders 

the GI tract more susceptible to damage caused by oral NSAID intake. This supports the 

hypothesis that the biological function of GKN1 is to promote epithelial cell health.  

GKN1 is known to be downregulated by NSAIDs administration and in gastric cancer. 

Restoration of GKN1 expression in gastric cancer cells or application of rGKN1 

suppresses metastasis and tumorigenesis. Extrapolating from that data would suggest that 

restoration of GKN1 in the lumen after NSAID administration could protect against the GI side 

effects. AMP peptide also protects epithelial cell health in mouse models of IBD, and could also 

be efficacious in treating other sources of mucosal damage including oral NSAID intake.  

Because GKN1 remains stable in the harsh environment of the stomach lumen, 

oral administration of GKN1 could potentially be developed into a clinical treatment to protect 

against mucosal damage. AMP peptide injection also shows promise in this regard. 

We’ve found endogenous GKN1 expression and AMP peptide administration to be 

effective in protecting against intestinal health against GI insults.  Oral GKN1 administration 
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or AMP peptide injection could potentially be developed as treatments or preventative measures 

against mucosal damage caused by other insults such as alcohol consumption or pathogenic 

bacteria.  

Our data shows that loss of GKN1 alone is insufficient to induce tumorigenesis. We 

found that GKN1 is capable of traversing from the stomach lumen to the colon, suggesting one 

function of GKN1 could be to directly interact with IECs to promote barrier function. Indeed, 

GKN1-/- mice are more susceptible to gastritis as well as inflammation of the small and large 

intestine. GKN1 also interacts with a subset of gut bacteria, suggesting GKN1 could affect 

pathogenesis of IBD and other diseases indirectly by modulating the gut microbiome.  

78



CHAPTER IV: GKN1 MODULATES THE GUT MICROBIOME AND ALTERS HOST 

METABOLISM 

Introduction and Background 

Obesity 

Obesity rates have been on the rise worldwide, prompting further research into its 

biological causes and potential treatments. Obesity is associated with a number of comorbidities, 

including cardiovascular disease, sleep apnea, diabetes, metabolic syndrome, polycystic ovarian 

syndrome, and stroke. Thus, drugs targeted at treating obesity could also alleviate its comorbidities 

and greatly improve patient health. There are a number of physiological and behavioral factors 

that have been implicated in development of obesity. A critical component of obesity and weight 

gain is energy balance, which is affected by appetite, diet and exercise, and metabolism (World 

Health Organization 2016). 

Appetite is regulated by a number of hormones that act on the orexic (appetite promoting) 

and anorexic (appetite suppressing) regions of the hypothalamus. Two key hormones regulating 

appetite are ghrelin, an appetite inducer secreted primarily by the stomach, and leptin, a satiety 

inducer secreted primarily from adipose tissue. Ghrelin acts on the orexigenic center of the 

hypothalamus to promote production of orexic proteins and downregulate anorexic signaling. 

Leptin, conversely, acts on the anorexic center to promote anorexic signaling pathways and 

suppress orexic signaling (Klok, Jakobsdottir, and Drent 2007). Appetite regulation helps maintain 

energy homeostasis; however, eating behavior is also affected by social and emotional cues, which 

separates the connection between appetite and caloric intake and skews energy homeostasis.  
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Exercise affects energy balance and metabolic health. Energy expends stored energy and 

thus combats obesity. Besides increasing caloric expenditure, exercise improves metabolic health 

by inducing secretion of the hormone irisin from muscle (Boström et al. 2012). Irisin promotes 

metabolic health by improving insulin sensitivity in peripheral tissue. Insulin resistance is a major 

component of two comorbidities of obesity, metabolic syndrome and type II diabetes. The myokine 

also increases energy expenditure and promotes glucose homeostasis by inducing differentiation 

of metabolically active brown adipocytes (Boström et al. 2012). Exercise improves energy balance 

and metabolic health through calories burned during physical activity and by inducing irisin 

secretion.  

In addition to leptin secretion, adipose tissue itself can largely affect energy balance. There 

are three types of adipocytes: white, beige, and brown. These will be covered more thoroughly in 

the next sections, but briefly, white adipocytes function in energy storage, while brown or beige 

adipocytes metabolize lipid and glucose to produce heat. This caloric wasting that occurs in brown 

and beige adipocytes is due to expression of uncoupling protein 1 (UCP-1), which uncouples the 

electron transport chain from ATP synthesis (Wu et al. 2015). Most adipose depots in adults are 

comprised of white adipocytes, but differentiation of brown and beige adipocytes in white adipose 

depots can be induced. Differentiation of brown and beige adipocytes in white adipose depots 

results in greater energy expenditure by adipose tissue and is associated with improved insulin 

resistance. Development of drugs to induce browning of white adipose depots could combat 

obesity and its comorbidities: diabetes and metabolic syndrome. 
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White adipose tissue 

The primary function of white adipocytes is energy storage in the form of triacylglycerol, 

which are metabolized within the cell by lipolysis to release glycerol and fatty acids. White 

adipocytes are typically unilocular with one large lipid droplet taking up most of the intracellular 

space. The cytoplasm is pushed to the periphery of the cell; the nucleus tends to be flattened and 

there are few mitochondria (A. Park, Kim, and Bae 2014; Frühbeck et al. 2009). Because lipid 

droplets are not stained by H&E, white adipocytes appear to stain clear or white.  

Although white adipose tissue (WAT) is typically thought of as an inert storage depot, it is 

also an endocrine organ capable of secreting the hormones leptin, resistin, and adiponectin 

(Bełtowski 2003; Frühbeck et al. 2009). Leptin promotes satiety and decreases hunger. Resistin 

promotes inflammation and insulin resistance. Adiponectin regulates glucose uptake, lipogenesis, 

insulin resistance, and other factors in energy metabolism (Bełtowski 2003). Dysregulation of 

WAT hormones can be quite detrimental to host metabolic health. HFD feeding induces 

hyperplasia and hypertrophy of WAT, contributing to obesity. Adipocyte size and number are 

increased to uptake more lipids from the blood stream. Inflammatory cells are recruited during 

tissue expansion, but long-term obesity and inflammation of WAT contributes to WAT 

dysfunction, dysregulation of hormone secretion and lipid metabolism, and potentially 

development of metabolic syndrome (Brestoff and Artis 2015).  

Brown adipose tissue 

Brown adipocytes are multilocular, containing numerous small lipid droplets. They have a 

centrally located nucleus and abundant mitochondria. Histologically, these adipocytes are 

distinguished by their multilocular lipid droplets and brown/red hue caused by the abundance of 
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iron and mitochondria in the cytoplasm. BAT is highly vascularized, and the tissue forms a lobular 

gland-like structure. Interscapular BAT can be distinguished from surrounding WAT adipose 

without microscopy; it appears as a brown, fatty gland at the center of the interscapular fat pad 

(Frühbeck et al. 2009).  

The primary function of brown adipose tissue (BAT) is heat production. Brown adipocytes 

produce heat by wasting energy. The final step in ATP production from glucose or lipid 

metabolism is the creation of a hydrogen gradient by the transfer of electrons through the electron 

transport chain. The flow of hydrogen back into the inner membrane through the ATP synthase 

provides the energy for ATP production in the mitochondria. However, in brown adipocytes the 

electron transport chain is uncoupled from ATP production by a protein called thermogenin, or 

uncoupling protein (UCP) 1, which spans the inner mitochondrial membrane. UCP-1 forms a 

channel that dissipates the hydrogen gradient, which releases the energy as heat rather than driving 

ATP production. UCP 1 expression is a defining feature of thermogenic beige and brown 

adipocytes (Cannon and Nedergaard 2010). 

 Brown adipose tissue keeps newborn mammals warm via non-shivering thermogenesis; 

this process is critical as infants are incapable of shivering. It was thought that brown adipose 

tissue involutes after infancy; however, small depots of brown adipose tissue has been found in 

adults, particularly in the interscapular, perirenal, supraclavicular and pericardial regions. The 

function of these adipocytes in adults is heat production via non-shivering thermogenesis, as 

during infancy (Schulz and Tseng 2012).  
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Beige adipocytes 

Beige adipocytes are the most recent discovery in the adipocyte family. They are referred 

to as “beige” because they have characteristics of both brown and white adipocytes. They are 

multilocular, with a few lipid droplets per cell; however, the lipid droplets tend to be larger and 

fewer than in brown adipocytes. Under normal conditions, beige adipocytes are found exclusively 

in the inguinal adipose depot of mice. However, certain stimuli can induce differentiation of beige 

adipocytes in WAT (A. Park, Kim, and Bae 2014).  

The primary function of beige adipose is adaptive thermogenesis. When unstimulated, 

metabolic activity of these cells is relatively low, similar to white adipocyte. However, upon 

stimulation beige adipocytes take on functions of brown adipocytes. Activators of beige adipocytes 

include cold (via beta adrenergic signaling), the diabetes drugs thiazolidinediones, and the 

hormones natriuretic peptides (heart-derived), Fgf-21 (liver-derived), and irisin (muscle-derived). 

Stimulation of beige adipocytes induces expression of UCP-1, which is critical for the adipocyte’s 

thermogenic activity. UCP-1 is constitutively expressed in brown adipocytes, but not in beige; 

however, UCP-1 expression can be readily induced in beige adipocytes by a number of factors 

(Kajimura, Spiegelman, and Seale 2015; Poher et al. 2015).  

Beta adrenergic stimulation can drive transdifferentiation of white adipocytes into beige 

adipocytes, but the majority of beige adipocytes are derived from adipocyte precursors. 

Differentiation of beige adipocytes from precursors is driven by the same factors that stimulate 

UCP-1 expression. Beige adipocyte differentiation is inhibited by miR-133 expression in 

adipocytes. MiR-133 is suppressed by cold exposure, allowing for differentiation of beige 

adipocytes. Beige and brown adipocytes promote insulin sensitivity and alleviate obesity by 

increasing energy expenditure. Development of drugs to induce ‘beiging’ of white adipocytes may 
83



be clinically beneficial in treating obesity and metabolic syndrome (Harms and Seale 2013; Liu et 

al. 2013).  

Adipocyte differentiation 

Adipocyte differentiation is depicted in FIG 4.1. All adipocytes differentiate from 

mesenchymal stem cells, but white and beige cells differentiate from different precursors than 

brown adipocytes. Brown adipocytes differentiate from the same myogenic factor (Myf)-5 

expressing precursor from which muscle cells differentiate. The Myf-5+ progenitor differentiates 

into the committed brown pre-adipocyte, and finally the brown adipocyte. White and beige 

adipocytes differentiate from adipoblasts, which differentiate into the white pre-adipocyte, which 

is then capable of differentiating further into beige or white adipocytes. Transdifferentiation 

between white and beige adipocytes also occurs. Beiging of white adipocytes can be induced by a 

number of factors including cold exposure, exercise, liver derived growth factor 21, and beta 

adrenergic stimulation (Sanchez-Gurmaches, Hung, and Guertin 2016).  

In addition to their district histological features, brown, white, and beige adipocytes each 

have a unique gene expression panel. Genetic markers for brown adipocytes include Eva1, 

Prdm16, Fbxo31, and Zic1. Markers for beige adipocytes include Tmem26, Cd137, and Tbx1. 

Markers for white adipocytes include resistin, leptin, and Tcf21. Quantifying expression of these 

genes by qRTPCR can be used to identify which type(s) of adipocytes are present in a tissue sample 

(Peirce, Carobbio, and Vidal-Puig 2014).   

Drugs capable of inducing differentiation of white into beige adipocytes could be used to 

treat obesity and metabolic disease. Obesity involves excessive accumulation of white adipose 

tissue and can cause a number of health issues including type II diabetes, sleep apnea, metabolic 
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syndrome, and dyslipidemia. Accumulation of WAT is positively correlated with insulin 

resistance. Drugs inducing white to beige differentiation or causing development of brown rather 

than white adipocytes could decrease obesity by increasing lipid metabolism while decreasing lipid 

storage and thus improve metabolic health in obese individuals. 

Results 

GKN1 promotes weight gain and accumulation of fat 

Although GKN1-/- mice have no overt pathologies, they are shorter in length (FIG 4.2a) 

and weigh less than wildtype counterparts (FIG 4.2b). Magnetic resonance imaging (MRI) scans 

show GKN1-/- mice on a normal chow diet (NCD) have less lean and fat mass (FIG 4.3b,c) and 

their interscapular and gonadal fat pads are visibly smaller at 3 months and 6 months of age (FIG 

4.2c). On a high fat diet (HFD) containing 60% lard, this phenotype is even more striking. GKN1-

/- mice resist weight gain on HFD. When placed on HFD at weaning, both male and female GKN1-

/- mice gain significantly less weight than WT counterparts (FIG 4.3a). Body mass analysis by 

MRI showed that GKN1-/- mice gain significantly less lean and fat mass on HFD compared to WT 

counterparts (FIG 4.3b,c). As on NCD, adipose depots of GKN1-/- mice are visibly smaller than 

WT counterparts. The white adipose depots of WT mice increases drastically on HFD, while the 

same depots in GKN1-/- mice remain relatively small. Thus, GKN1-/- mice are resistant to diet-

induced obesity and are especially resistant to adipose tissue expansion. 

To determine the cause of this lean phenotype we tested a number of factors known to 

affect weight gain, including appetite, locomotor activity, malabsorption, diabetes, and hepatic 

steatosis. We monitored the amount of food consumed by separately caged GKN1-/- and WT mice 

and found that GKN1-/- mice have equivalent appetite to wildtype counterparts on both normal 
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FIGURE 4.2) GKN1-/- mice are smaller and have reduced adiposity GKN1-/- mice are 
shorter (A) and weight less (B) than WT counterparts. GKN1-/- mice also have visibly smaller 
perigonadal and interscapular fat pads at 3 and 6 months of age (C). 
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FIGURE 4.3) GKN1 promotes adiposity GKN1-/- mice resist gain weight on HFD contain-
ing 60% fat (% kcal) (A) GKN1-/- have less lean (B) and fat mass (C) than WT counterparts on 
both lean and HFD. 
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chow diet and high-fat diet (FIG 4.4a). GKN1-/- mice are also equally active as assessed by 

locomotor activity compared to WT mice (FIG 4.4d). Bomb calorimetry of stool samples indicated 

equivalent energy content in stools from GKN1-/- mice and WT mice, indicating that GKN1-/- mice 

are not malabsorbing calories from their diet on chow or HFD (FIG 4.4b). Analysis of stool lipid 

content indicated equivalent amounts of lipid in stool from Gkn1-/- mice and WT mice, indicating 

that GKN1-/- mice also have proper fat absorption (FIG 4.4c). GKN1-/- mice have significantly 

lower hepatic triglycerides (FIG 4.5a); thus, the leanness of the GKN1-/- mouse is not due to poor 

fat absorption or excessive storage of fat in the liver. To address the possibility that GKN1-/- mice 

weigh less because they are losing glucose in their urine due to diabetes, we also checked glucose 

and insulin tolerance of the mice on both NCD and HFD. GKN1-/- mice are also have normal 

glucose and insulin tolerance, so their low body weight is not due to diabetes (FIG 4.5b-e). Flow 

cytometry was used to measure activated splenic CD4+ and CD8+ T cells. Analysis showed that 

GKN1-/- mice have less activated CD4+ T cells and equivalent level of activated CD8+ T cells 

(FIG 4.6b,c). Spleen and lymph node sizes were also normal in GKN1-/- mice (FIG 4.6a). Thus, 

GKN1-/- mice do not weigh less as a result of inflammation. Together these data show that GKN1-

/- mice are leaner than wildtype counterparts and resist weight gain on HFD, but this phenotype is 

not due to reduced food intake, malabsorption of nutrients from diet, increased physical activity, 

diabetes, inflammation or excessive storage of fat in the liver. However, the lower levels of liver 

triglycerides seen in GKN1-/- mice on HFD suggests altered fat metabolism or storage rather than 

pathology or behavior.  

GKN1-/- mice have beige fat in white adipose depots 

 During weight gain, white adipocytes undergo hypertrophy and hyperplasia to 

accommodate more lipid storage. However, increased visceral adiposity is primary factor in 

89



FIGURE 4.4) GKN1 -/- resist weight gain on HFD containing 60% kcal fat Resistance to 
weight gain is not due to less food intake (A), poor digestive efficiency (B) impaired fat absorp-
tion (C), or  less locomotor activity (D) in GKN1-/- mice compared to WT counterparts. 
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FIGURE 4.5) GKN1-/- mice do not resist weight gain due to diabetes GKN1-/- mice have 
lower hepatic triglycerides on HFD than WT counterparts (A). Fasting glucose (B) and insulin 
(C) levels are lower in GKN1-/- on NCD. Both GKN1-/- and WT mice have normal responses 
to oral glucose tolerance test on chow (D) and HFD (E).

91



C
D

44

CD4

C
D

44

CD8

20.6±1.2 14.8±2.0

6.7±0.5 5.2±0.8

CD3+ cells6 month old female 
Gkn-1 mice

WT

Gkn1-/-

* p = 0.1407

Spleen
T cell activation

%
C

D
4+

C
D

44
+

%
C

D
8+

C
D

44
+

GKN1+/+ GKN1-/-

FIGURE 4.6) GKN1-/- mice are not inflamed Spleen and lymph node sizes are normal in 
GKN1-/- mice (A). GKN1-/- mice have less activated CD4+ T cells and equivalent amounts of 
activated CD8+ T cells compared to WT counerparts (B,C).

A) B)

C)

92



development of metabolic syndrome. Induction of beige rather than white adipocyte growth could 

prevent excess accumulation of abdominal fat and thus weight gain by metabolizing rather than 

storing fat. Adipocyte plasticity allows white adipocytes to transdifferentiate into beige adipocytes 

and for beige adipocytes to potentially develop in typically white adipose depots (Pellegrinelli, 

Carobbio, and Vidal-Puig 2016). Thus, we hypothesized that presence of beige or brown 

adipocytes in white adipose depots could be causing the resistance to weight gain in our GKN1-/- 

mouse. 

To determine whether altered adipocyte morphology contributes to the lean phenotype of 

GKN1-/- mice, we performed H&E stains of adipose tissue sections from various adipose depots: 

inguinal, mesenteric, interscapular, perigonadal, perirenal, and retroperitoneal. The histology of 

our WT mice was as expected; the perigonadal, mesenteric, retroperitoneal, and interscapular fat 

pads contained white adipocytes, and the perirenal and interscapular fat pads contained brown 

adipocytes. The inguinal fat pad contained a mix of white and beige adipocytes. However, 

histological analysis our GKN1-/- mice revealed beige adipocytes in the perigonadal and 

mesenteric adipose depots. These adipose tissues appeared to be more vascularized in our GKN1-

/- mice, and the adipocytes were multilocular and contained multiple small lipid droplets (FIG 4.7); 

these are all characteristics of beige adipose tissue. Thus, it appears that the metabolic phenotype 

of our GKN1-/- mouse involves ‘beiging’ of these white adipose depots. Interestingly, the 

retroperitoneal white adipose depot did not appear to have beige adipocytes. The brown adipose 

depots of our GKN1-/- mice also appeared normal; thus, the beiging of white adipose depots is not 

induced as compensation for lack of brown adipocytes. Our data shows that loss of GKN1 

expression results in development of beige adipocytes in abdominal WAT. This suggests GKN1 
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regulates adipocyte differentiation, potentially by promoting differentiation of white adipocyte or 

preventing differentiation of beige adipocytes.   

Beiging does not depend on the adaptive immune system 

The immune system plays a role in obesity and metabolic health. Immune cells are 

recruited to white adipose tissue during tissue expansion and remodeling. However, sustained 

obesity and inflammation leads to tissue damage and dysregulation of adipocyte function. It has 

also been shown that group two innate lymphoid cells secrete cytokines that induce beiging 

(Brestoff et al. 2014). However, these cytokines can also be produced by T cells, suggesting the 

adaptive immune system could play a role in beiging. To determine if the beiging of white adipose 

tissue in GKN1-/- mice is dependent on the adaptive immune system, we crossed GKN1-/- mice 

with Rag-1-/- mice to produce GKN1-/- mice without functional T or B cells. H&E staining of 

sections of adipose depots shows that our GKN1-/- x Rag-1-/- mice develop beiging of their 

inguinal, mesenteric and perigonadal adipose depots equivalent to that of GKN1-/- mice (FIG 4.8). 

The brown and white adipose depots of our double knockout mice are also similar to GKN1-/- 

mice. Thus, the adaptive immune system is not required to induce differentiation of beige 

adipocytes in our GKN1-/- mouse.  

Oral administration of anti-GKN1 antibody promotes leanness 

Because our GKN1-/- mice resist weight gain on HFD, we tested whether oral 

administration of anti-GKN1 IgY could prevent weight gain in WT mice. The antibody was 

administered orally because GKN1 protein is found in the gut lumen. To produce anti-GKN1 IgY, 

chickens were inoculated with peptides of GKN1. Peptides were chosen based on predicted 

antigenicity. Desiccated egg yolk meal was prepared from eggs laid by inoculated chickens. This 
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FIGURE 4.8) Adipose tissue histology of GKN1-/- x Rag-/- mice  GKN1-/- x Rag1-/- mice 
develop beige adipocytes in the perigonadal and mesenteric depots equivalent to that of 
GKN1-/- mice, indicating that the beiging observed in the GKN1-/- mice is not dependent on 
the adaptive immune system. (I.S.  = interscapular)
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egg yolk meal containing the anti-GKN1 IgY was admixed into HFD chow at 10% w/w. The 

macronutrient composition of the HFD chow containing antibody was equivalent to diet without 

antibody.  

A preliminary trial testing the efficacy of these antibodies was performed to test which 

antibody, if any, prevented weight gain. Mice were placed on HFD or HFD containing anti-GKN1 

IgY at 6 weeks of age. Mice were weighed weekly to monitor weight gain. Mice consuming 

antibody ND102 or ND106 gained less weight than mice on HFD alone (FIG 4.9). These 

antibodies were generated against the bioactive segment of GKN1 (Walsh-reitz et al. 2005). The 

data strongly suggests that blocking GKN1 activity protects against weight gain.  

GKN1 modulates gut microbiome 

To determine the effect of GKN1 on the gut microbiome, we performed a phyla-level 

analysis of the cecal microbiome of GKN1-/- mice compared to WT mice on NCD and HFD. On a 

normal diet, we observed no differences between the cecal microbiomes of GKN1-/- and WT mice 

at the phyla level. When WT mice were switched to HFD, they gained weight and the phyla ratios 

of Firmicutes and Bacteriodetes shifted to favor more Firmicutes, as expected. However, when 

GKN1-/- mice are placed on HFD this shift does not occur and the mice resist weight gain (FIG 

4.10). This indicates that GKN1 is required for the phyla shift typically induced by HFD feeding.  

Discussion 

Our GKN1-/- mice resist weight gain on HFD, which is not accounted for by altered 

appetite, nutrient absorption, activity, or metabolic disease. However, GKN1-/- mice have beige fat 

in their WAT, specifically in their mesenteric and perigonadal fat pads, suggesting that they resist 

weight gain due to increased fat metabolism in their adipose tissue. We have proposed two 
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FIGURE 4.9) Oral administration of anti-GKN1 antibody promotes leanness WT mice 
were placed on HFD or HFD containing anti-GKN1 IgY at 6 weeks of age. Mice were weighed 
weekly to monitor weight gain. Mice consuming antibody ND102 or ND106 gained less weight 
than mice on HFD alone  (A) and gained a lower percent of their starting body weight (B) com-
pared to HFD controls. 
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Bacteroidetes p<0.0001
Proteobacteria p<0.0001

FIGURE 4.10) Cecal microbiome analysis of GKN1-/- and WT mice on NCD and HFD 
The cecal microbial populations of GKN1-/- mice and WT mice do not differ significantly at the 
phyla level on NCD. When WT mice are transferred to HFD from a NCD they exhibit a signifi-
cant increase in the phyla Bacteroidetes and Proteobacteria and a decrease in Firmicutes. There 
is no significant difference in the microbiome of GKN1-/- mice on NCD and HFD. 
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potential mechanisms explaining how loss of GKN1 expression could result in production of beige 

adipocytes.  

1. GKN1 regulates adipocyte biology indirectly via interaction with gut microbes 

Visualized in FIG 4.11. Because GKN1 is an exocrine protein secreted into the gut lumen 

and not into the blood stream, it likely affects beige adipocyte development indirectly. Our data 

indicates that GKN1 interacts directly with a subset of gut bacteria. Loss of this interaction could 

promote secretion of a factor that induces ‘beiging’ or prevent secretion of a factor that promotes 

white adipocyte development. White and beige adipocyte are derived from the same lineage, 

separate from brown adipose tissue. The gut microbiome plays a causative role in obesity, and 

bacterial derived short-chain fatty acids promote adipocyte differentiation (Li, Yao, and Jiang 

2014). By binding to gut bacteria, GKN1 could suppress production of bacterial metabolites that 

induce differentiation on beige adipocytes.  

This putative metabolite could act directly on adipose tissue, or the effect could be 

mediated by the liver. The mesenteric blood drains directly to the liver via the hepatic portal 

system, so a bacterial metabolite would be delivered directly to the liver where it could promote 

secretion of FGF-21, a liver derived factor known to induce beiging (Owen, Mangelsdorf, and 

Kliewer 2015). It could also be mediated via the central nervous system. The gut-brain axis is 

bidirectional; composition of the gut flora is altered in response to CNS stimulation and microbiota 

also influences inflammation and health of CNS neurons. Bacterial peptides and SCFA can affect 

neuronal gene expression (Yarandi et al. 2016), and thus the CNS could potentially mediate the 

connection between the gut microbiome and development of beige adipocytes.  

2. GKN1 acts directly on adipocytes 
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FIGURE 4.11) Putative mechanisms on how GKN1 interaction with the gut microbiome 
induces beiging In WT mice, interaction of GKN1 with the gut microbiome and could promote 
WAT development and/or inhibit beige adipocyte development. In GKN1-/- mice, the microbi-
ome could release metabolites that promote beige adipocyte development.
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GKN1 is secreted lumenally by foveolar cells of the stomach. However, we hypothesize 

that GKN1 can potentially be absorbed in the gut and enter the circulation. GKN1 could then act 

directly on adipocytes to promote white adipocyte differentiation or suppress signaling pathways 

involved in beige adipocyte differentiation. For example, GKN1 could act as an antagonist for a 

membrane receptor that promotes differentiation of beige adipose, such as the beta adrenergic 

receptor.  

The gut microbiota plays a causative role in development of obesity and weight gain. Three 

major phyla of bacteria in the gut are Firmicutes, Bacteroidetes, and Archaea. A higher ratio of 

Bacteroidetes:Firmicutes promotes leanness, while a higher ratio of Firmicutes:Bacteroidetes 

promotes weight gain. When mice are transferred from a normal chow diet to HFD, their gut 

microbiota population shifts from high Bacteroidetes to high Firmicutes (Mazidi et al. 2016). 

Transplant of gut bacteria of obese subjects in to germ-free mice causes the recipient mouse to 

gain weight, whereas transplantation of gut microbes from a lean subject do not. Thus, weight gain 

resulting from a high fat diet can be caused by the gut microbiota rather than simply by the diet 

itself.  

On a HFD, we observed an increased Firmicutes:Bacteroidetes ratio along with increased 

weight and fat mass in WT mice. However, when our GKN1-/- mice are placed on HFD their 

microbiome remains unchanged at the phyla level and they resist weight gain. Thus, a high fat diet 

alone is insufficient to induce the phyla changes that cause weight gain; expression of GKN1 is 

also required. We’ve shown that GKN1 interacts directly with a subset of gut bacteria. We 

hypothesize that GKN1 interacts directly with bacteria via its BRICHOS domain, which is a known 

amyloid binding domain. Many phyla of gut bacteria have cell surface amyloids. These amyloid 

fibrils are involved with interbacterial communication and biofilm formation (Blanco et al. 2012; 
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Schwartz and Boles 2013; Jordal et al. 2009). GKN1 is known to prevent amyloid fibrillation 

(Altieri et al. 2014), suggesting that GKN1 could prevent bacterial biofilm formation in the gut. 

Thus, absence of GKN1 potentially results in more stable bacterial colony formation in the 

intestine. The gut microbiota of our GKN1-/- mice remains stable in response to HFD and they 

resist weight gain. Therefore, we hypothesize that presence of GKN1 is required to destabilize 

bacterial colonies to allow the change in the phyla ratio to occur in response to change in diet. It 

is possible GKN1-/- mice do no gain weight from a HFD because their ‘lean’ gut microbiota 

remains stable.  

Our preliminary data indicates oral administration of anti-GKN1 antibody partially 

prevents diet-induced obesity. Obesity is a clinical problem correlated with increased risk for 

development of comorbidities, like metabolic disease. Bariatric surgery can effectively induce 

weight loss in obese and restore insulin sensitivity in obese patients, but surgery also involves side 

effects and potential complications. Development of a drug to prevent obesity would obviate need 

for risky, expensive surgery and be beneficial in patients who are bed-ridden or otherwise 

incapable of exercise or have genetic predisposition to weight gain. Anti-GKN1 therapy could 

potentially also be beneficial in helping patients maintain weight loss after clinical intervention for 

obesity.  
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CHAPTER V: DISCUSSION AND FUTURE DIRECTIONS 

Discussion 

 The stomach is generally regarded as a digestive system organ that stores and digests food. 

We have identified two novel roles for the stomach; the first is that the stomach protects intestinal 

health and second is that it promotes weight gain and adipose tissue expansion. Both these 

functions are mediated by the stomach-specific secretion of protein GKN1. GKN1 is secreted into 

the lumen where travels the length of the GI tract to colon. GKN1 appears to decorate a subset of 

gut microbes. We hypothesize the interaction of GKN1 with gut microbes and possibly with 

intestinal epithelial cells reduces susceptibility to mucosal damage and promotes weight gain. 

Loss of GKN1 renders mice more susceptible to inflammatory bowel disease. GKN1-/- 

mice are more susceptible to multiple mouse models of IBD, including DSS- and TNBS-induced 

colitis. Treatment with AMP peptide, a 21 amino acid segment of the bioactive region of GKN1, 

confers protects intestinal epithelial cell health and promotes healing of colitis. Specifically, it 

promotes barrier function after LPS treatment and promotes epithelial cell health in the piroxicam-

induced colitis in IL-10-/- mice and naïve t-cell transfer-mediated colitis in Rag1-/- mice. Interaction 

between host immune cells and gut bacteria influences inflammation in the gut. The host immune 

system tolerates commensal bacteria, but loss of tolerance is thought to contribute to chronic 

inflammation in IBD. We hypothesize that GKN1 promotes mucosal health by binding gut 

microbes, potential ameliorating the immune response to bacteria by promoting tolerance. It’s also 

possible that GKN1 promotes clearance of bacterial species that are pathogenic in IBD. We also 

hypothesize that GKN1 could directly interact with host epithelial cells to prevent apoptosis and 

promote barrier integrity. Our data suggests a putative new role for the stomach in protection 

against IBD by regulating intestinal health and modulating the microbiome. 
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GKN1-/- mice resist weight gain on high fat diet and have significantly less fat mass. This 

is likely mediated by the interaction of GKN1 with gut bacteria. HFD induces weight gain by 

altering bacterial population in the gut. Our data shows that GKN1 is necessary for high fat diet to 

induce these alterations. We hypothesize that by secreting GKN1, the stomach modulates the 

composition of the gut microbiome which promotes weight gain and lipid storage in adipose depots 

and the liver. This indicates the stomach plays a novel role in adiposity and weight again.  

Because of the efficacy of IBD treatment with AMP peptide, we hypothesize GKN1 could 

be used to treat IBD. The biochemical characteristics of the protein protect it from degradation and 

denaturation in the stomach, so oral administration would be feasible. The efficacy of AMP peptide 

in treating IBD prophylactically and therapeutically suggests oral administration of GKN1 could 

promotes mucosal healing in IBD patients and prevent relapse. These are key goals in IBD 

treatment, making GKN1 an attractive putative treatment.  

While administration of GKN1 could be used to treat IBD, its inhibition could be used to 

prevent weight gain. Our GKN1-/- mouse resists diet-induced obesity, exhibits decreased adiposity, 

and develops beige adipocytes in WAT. Preliminary data suggests administration of an anti-GKN1 

antibody could be used to prevent obesity. However, this contradicts the potential benefit of GKN1 

treatment in promoting mucosal health. GKN1 promotes epithelial cell health, and anti-GKN1 

antibody administration could potentially render mice more susceptible to GI inflammation.  

Obesity and IBD are both clinical problems worldwide. We have described a role for 

GKN1 in both these pathologies: GKN1 is protective against IBD, while anti-GKN1 antibody may 

protect against obesity. Our GKN1-/- mouse does not spontaneously develop colitis, suggesting 

that anti-GKN1 therapy for obesity would be safe for most patients who do not have GI damage 

or a leaky gut. We hypothesize that the effects of GKN1 on weight gain and IBD are mediated by 
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the microbiome. It is possible that the microbes or metabolites that promote epithelial cell health 

differ from the ones promoting weight gain. Thus, further analysis of how GKN1 modulates the 

gut microbiome could lead to a development of a drug preventing obesity without potentially 

rendering the patient more susceptible to gastrointestinal inflammation. 

We have described a role for GKN1 in both obesity and IBD. We hypothesize the unifying 

mechanism for GKN1 both these pathologies is modulation of the microbiome by GKN1. The gut 

microbiome is known to play a role in both obesity and IBD.  However, it is also possible that the 

phenotypes are unrelated; GKN1 could influence IBD via a direct interaction with IECs and 

regulate obesity by interacting with gut microbes. It is unlikely that the obesity phenotype is 

mediated directly by interaction of GKN1 with IECs, as we see no signs of lipid or calorie 

malabsorption in our GKN1-/- mouse. However, interaction of GKN1 with IECs could alter the 

microbiome by regulating secretion of anti-microbial peptides. Interaction of GKN1 with IECs 

could also affect IgA or IgG production, but it is unlikely that altered IgG or IgA production affects 

the obesity phenotype as we still see beige adipocyte development in our GKN1-/- x Rag-1-/- mice 

which do not produce these immunoglobulins. The gut microbiome is an underlying factor 

involved in both phenotypes observed in our GKN1-/- mice, suggesting that direct or indirect 

modulation of the microbiome by GKN1 influences both inflammation and weight gain.  

We describe two role of GKN1: the first is that it protects epithelial cell health and the 

second is that it promotes weight gain and lipid storage. It may seem contradictory that we propose 

treatment with GKN1 and treatment blocking GKN1 are both beneficial to human health, which 

suggests that GKN1 plays both ‘good’ and ‘bad’ roles in human health. However, when viewed 

from the perspective of evolution both functions of GKN1 are beneficial. Protecting the GI tract 

from damage would have been critical throughout evolution, as the intestinal barrier protects the 
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host from any ingested toxins. Weight gain and lipid storage, while viewed as negatives in present 

society because of their contribution to the obesity epidemic, would have been highly beneficial 

in evolution when food sources were scarce. The ability to store energy in adipose depots until the 

next meal was obtained would have been critical to survival. GKN1 expression is abundant and 

highly conserved, indicating GKN1 expression does serve an evolutionary advantage.  

Future Directions 

Restoration of GKN1 to reverse phenotype 

Oral administration of GKN1 could be used to confirm that the GKN1-/- phenotype is due 

to loss of GKN1. GKN1 is a lumenal protein, so oral administration of rGKN1 could reverse the 

observed obesity phenotype. To test this, GKN1-/- mice fed GKN1 could be placed on HFD along 

with GKN1-/- mice and WT mice controls. If GKN1-/- mice fed GKN1 do not resist weight gain 

and exhibit alterations in the microbiome induced by HFD similar to WT mice, it would confirm 

that GKN1 does promote weight gain and is responsible for phyla-level microbiome changes 

caused by HFD. If loss of GKN1 does increase susceptibility to GI damage, oral administration of 

GKN1 to GKN1-/- mice would protect mucosal health from damages caused chemical GI insults 

such as piroxicam, DSS, or TNBS. Restoration of GKN1 expression could also be used to elucidate 

which GKN1 phenotypes are developmental effects versus somatic effects in the adults. This is 

critical, because effectiveness of GKN1-based therapies depend on the ability of GKN1 to 

intervene in pathologies observed in adults.   

GKN1 as a treatment for IBD 

GKN1 promotes epithelial cell health, and loss of GKN1 makes mice more susceptible to 

colitis. It is not known whether GKN1 expression is downregulated in IBD patients. This could 
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easily be determined by collecting stool samples from IBD patients and healthy controls and 

measuring GKN1 protein content by ELISA. If GKN1 is downregulated in IBD, restoration of 

GKN1 could be beneficial in patients. The potential for oral administration of GKN1 to prevent or 

treat IBD could be assessed in mice. GKN1 could be administered orally before or after onset of 

inflammation as done in our AMP peptide studies. If oral administration of GKN1 is prophylactic 

and therapeutic in treating mouse models of IBD, it could potentially be effective in treating IBD 

patients.  

Somatic versus developmental effects of GKN1 loss 

An approach to address the developmental versus somatic effects of Gkn1 would be to use 

a gene therapy approach in GKN1-/- mice.  Lentiviral administration of GKN1 could be used to 

test the potential ability of GKN1 to promote intestinal health. Intraperitoneal injection of 

lentivirus can induce transgene expression in the intestine (Dismuke et al. 2009). I.p. injection of 

lentiviral vector to induce GKN1 expression in IECs could be motogenic and mitogenic and 

promote barrier integrity as it does in vitro. Lentiviral induction of GKN1 expression could be 

potentially be developed for clinical use in IBD.  

Another approach would be do develop an inducible GKN1-/- mouse. By eliminating 

GKN1 expression in adulthood or after weaning, we could determine which of our phenotypes are 

somatic versus developmental. If loss of GKN1 in adulthood induces resistance to weight gain and 

susceptibility to GI inflammation, GKN1-based treatments for obesity and IBD could be effective. 

If the phenotypes are eliminated, we would conclude that GKN1 plays a critical role in 

development. GKN1 could be necessary for normal development of GI or adipose tissue, or it 

could play a role in immune system development.  
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Assess role of GKN1 in chronic inflammation 

The mouse models of IBD we used are all acute models of inflammation. CD is a chronic 

inflammatory disease, so examining how loss of GKN1 affects susceptibility to chronic T cell-

mediated disease would be relevant to human disease. Transfer of naïve T cells in to our GKN1-/- 

x Rag-1-/- mice could be used to examine the role of GKN1 in chronic colitis. Earlier onset and/or 

more severe colitis in GKN1-/- x Rag-1-/- mice compared to Rag-1-/- controls would suggest GKN1 

also plays a protective role in chronic inflammatory disease. DSS can also induce a chronic model 

of colitis, but the high mortality rate in GKN1-/- mice administered DSS makes it an unsuitable 

model.  

GKN1 and the microbiome 

 Our data suggests GKN1 binds gut microbes. Further study is needed to determine which 

microbes are bound by GKN1, how the interaction is mediated, and what effect GKN1 has on 

these bacteria. FACS sorting could be used to isolate bacteria bound by GKN1, which could then 

be identified by 16s sequencing. Once the type of bacteria bound by GKN1 has been identified, in 

vitro studies could be used to further analyze the interaction between GKN1 and bacteria. We 

hypothesize that the BRICHOS domain of GKN1 interacts with bacterial cell surface amyloids. 

This could be tested by combining GKN1-binding bacteria with rGKN1 or a mutant rGKN1 with 

disrupted BRICHOS domain and comparing binding efficiency by immunofluorescent staining for 

GKN1 and bacteria. To determine whether GKN1 interacts with cell surface amyloids, amyloid-

expressing E. coli or E. coli with ablated amyloid expression could be incubated with GKN1. 

Subsequent immunofluorescent staining of the bacteria for GKN1 would indicate whether GKN1 

is capable of binding bacteria lacking cell surface amyloids. Absence of GKN1-microbe 

interaction in GKN1 containing a BRICHOS mutation and absence of interaction of GKN1 with 
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bacteria lacking cell surface amyloids would support our hypothesis that GKN1 binds bacterial 

amyloids via its BRICHOS domain. One potential pitfall to these experiments is that the interaction 

between GKN1 and bacteria could be transient or unstable. GKN1 could prevent amyloid 

fibrillation on bacteria without stably binding the bacteria. However, if we can identify and culture 

bacteria bound by GKN1, we could also assess whether GKN1 alters bacterial biofilm formation 

by measuring expression of genes involved with adherence or mobility, such as flagellum or pili.  

Germ-free GKN1-/- 

We have characterized two major phenotypes in our GKN1-/- mouse. The first, described 

in Chapter III, is that GKN1-/- mice are more susceptible to gastrointestinal inflammation. The 

second, described in Chapter IV, is that GKN1-/- mice resist weight gain on high fat diet and have 

beige adipocytes in white adipose depots. Although these phenotypes seem disparate, they have 

one feature in common – both adipose tissue biology and colitis are mediated by the gut 

microbiota. We hypothesize that both these phenotypes are mediated by direct interaction of 

GKN1 with gut bacteria. Derivation of germ-free GKN1 knockout mice would conclusively 

determine whether the gut microbiome is essential for mediating the GKN1-/- mouse phenotype.  

Analysis of adipose tissue biology of germ-free GKN1-/- mice would help determine 

whether the development of beige fat in the white adipose depots of GKN1-/- mice is mediated by 

the gut microbiome. If germ-free GKN1-/- mice do not develop beige fat in their white adipose 

depots we would conclude that gut bacteria are required for beiging to occur in GKN1-/- mouse. 

This would indicate that GKN1 promotes adiposity by regulating the gut microbiome and support 

our hypothesis that GKN1-/- mice resist weight gain because of alterations in their gut flora. If 

beiging does depend on the gut microbiome, we could then follow up with metabolomics analysis 
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to determine if secretion of a bacterial metabolite induces differentiation of white or beige 

adipocytes.  

If germ-free GKN1-/- mice do develop beige adipocytes, we would conclude that beiging 

is not induced by the gut microbiome. In this case, we could explore the hypothesis discussed in 

the previous chapter: that GKN1 is present in the serum and binds a receptor outside the gut. An 

ELISA for GKN1 would confirm presence or absence of GKN1 in the serum. Serum from GKN1-

/- mice could serve as negative control for developing the assay. If GKN1 is present in the serum, 

coimmunoprecipitation assay of recombinant GKN1 with protein homogenates from adipose 

tissue and other organs of interest could be used to pull down proteins that bind GKN1. Potential 

receptors could be identified by mass spectroscopy.  

Examine loss of GKN1 in preventing or treating obesity 

 Our preliminary data indicates that GKN1 antibody protects against weight gain caused by 

HFD. This study warrants further investigation. Further analysis of this model should include 

quantifying hepatic fat levels and determining whether the antibody induces beiging of white 

adipose depots by histology and qRTPCR for beige markers.  

 Our data shows that GKN1-/- mice resist weight gain induced by HFD containing 60% lard. 

Administration of anti-GKN1 antibody also suppresses weight gain on HFD. We hypothesize that 

loss of GKN1 in these two models could promotes leanness in other models of diet-induced 

obesity. A popular model of diet-induced obesity is the Western diet, which is high in fat and 

simple sugar to reflect the typical obesogenic diet eaten in the Western hemisphere. This diet would 

be more reflective of the diet an obese patient than the 60% lard diet used in our studies. There is 

also a high-fructose diet, which is high in sugar rather than fat. Each of these diets has a unique 
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macronutrient composition and thus a unique effect on the gut microbiome. The GKN1-/- mouse 

resists weight gain from a high fat diet, but a high sugar diet could potentially induce weight gain. 

Determining whether loss of GKN1 promotes weight gain on a high sugar diet would indicate 

whether resistance to weight gain is specific to altering lipid metabolism or if GKN1 also regulates 

glucose uptake and storage.  

 To determine whether loss of GKN1 promotes leanness in these diets, we propose two 

approaches. The first is to administer these obesogenic diets to GKN1-/- mice and WT mice and 

monitor differences in weight gain and body mass composition between the two groups. This 

would determine whether loss of GKN1 suppresses weight gain. If GKN1-/- mice resist weight 

gain on these diets, the second experiment would be to treat WT mice with the diet admixed with 

egg yolk containing anti-GKN1 antibody or control egg yolk. Oral administration of GKN1 

antibody could be used clinically to prevent weight gain. 

Another cause of weight gain is overeating. Crossing GKN1-/- mice with leptin deficient 

ob/ob mice or leptin receptor deficient db/db mice could be used to determine if loss of GKN1 

suppresses weight gain caused by overeating. Mice lacking leptin or its receptor have impaired 

satiety signaling, inducing weight gain due to overeating. GKN1-/- mice eat equivalent amounts of 

food compared to WT mice on NCD and HFD, so it is likely that the GKN1-/- x ob/ob or GKN1-/- 

x db/db mouse would still overeat. We hypothesize that loss of GKN1 could prevent weight gain 

caused by caloric excess in this model. This would be relevant to the human population, where 

large portion sizes and social and emotional eating often lead to caloric excess.  

The models described above would indicate whether anti-GKN1 treatment can prevent 

obesity. To examine whether anti-GKN1 antibody could be used therapeutically to reduce obesity, 

we could administer the antibody after the onset of diet-induced obesity. WT mice on an 
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obesogenic diet would be monitored for weight gain. After mice gained a significant amount of 

weight, mice would be switched to the same chow containing anti-GKN1 antibody. Mice would 

be monitored for weight loss and changes in fat mass. If oral administration of GKN1 antibody 

therapeutically treats obesity in mouse models, it could potentially be developed into a clinical 

treatment to reverse obesity.  

Oral administration of GKN1 to treat GI effects of NSAIDs 

 GKN1 expression is downregulated by NSAID administration before the onset of GI 

damage. Restoration of GKN1 in other models of GI damage prophylactically lessens severity of 

inflammation. We hypothesize that restoration of GKN1 via oral administration could also protect 

against gastritis and enteritis caused by NSAIDs.  

 To test this, we would first need to generate purified GKN1 protein. This could be done 

either by isolating and purifying full length GKN1 from pig stomach mucus or by generating a 

recombinant protein from a mammalian expression system. We have preliminary data suggesting 

feasibility of both models. We obtained pig stomach from a local abattoir and isolated the protein 

from the mucus layer. Western blotting confirms this protein extract contains GKN1. We have 

also generated a recombinant human GKN1 protein by stable transfection into HCT116 cells. 

Recombinant GKN1 is DDK-tagged, making purification simple by column chromatography. 

Isolation of GKN1 from total protein extract of pig stomach is more complex, but could be 

accomplished by combining column chromatography techniques to eliminate other proteins. 

 Biochemical characteristics of GKN1 protect it from degradation and denaturation in the 

harsh environment of the stomach lumen, making oral administration feasible. To examine the 

efficacy of rGKN1in protecting against NSAID-induced gastritis and enteritis, WT mice would be 

113



fed rGKN1 incorporated into a cherry-flavored gelatin along with chow containing piroxicam. 

Incorporation of rGKN1 into a gelatin rather than admixture into chow would allow us to test a 

range of doses. Mice given piroxicam chow but fed gelatin without GKN1 would be used a 

controls. Effectiveness of rGKN1 treatment would be assessed by sacrificing cohorts of mice at 

various time points and taking stomach and small intestine for histology as described in Chapter 

III. If oral administration of GKN1 protects against GI inflammation caused by NSAIDs, it could 

potentially be developed for clinical use as a supplement to NSAID treatment or be incorporated 

into NSAID pills.  

Summary and model 

GKN1 is a stomach-specific protein secreted into the stomach lumen. The protein is 

abundantly expressed and highly conserved in mammals, suggesting that the protein has an 

important biological function. Previous in vitro has shown that GKN1 promotes epithelial cell 

health and protects against barrier damage. By generating a GKN1-/-, we have expanded the 

understanding of the biological function of GKN1 in vivo. We have identified novel roles for 

GKN1 in promoting mucosal integrity in response to a variety of insults, modulating the gut 

microbiome, and promoting adiposity. We hypothesize that GKN1 protects against inflammation 

and promotes adiposity by interacting with gut microbes. This work unveils a novel function for 

the stomach beyond digestion and appetite induction; namely, we show that the stomach is capable 

of regulating the host microbiome, protecting against IBD, and promoting adiposity (FIG 5.1).  
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