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ABSTRACT 

 
SARAH K. SHARMAN 
Targeting cyclic GMP signaling for the treatment of gastrointestinal diseases 
(Under the direction of DARREN D. BROWNING, PhD) 
 
 
Continual renewal of the luminal epithelium in the gut is essential for the maintenance of 

a healthy intestine as it sustains the barrier that protects underlying tissue from infiltration 

of material passing through the lumen. Dysregulation of homeostatic processes involved 

in maintenance of the barrier have been implicated in numerous gastrointestinal diseases. 

The cGMP signaling axis has emerged as an important regulator of homeostasis in the 

intestinal mucosa, and has been implicated in the suppression of visceral pain, colitis, and 

colon cancer. While there is considerable interest in exploiting this pathway, until 

recently the approaches used to increase cGMP have been limited. The present study 

sought to test the hypothesis that elevation of cGMP in the intestinal epithelium using 

PDE5 inhibitors will alter epithelial homeostasis and be therapeutic for constipation and 

preventative for colon cancer. Healthy mice treated with the PDE5 inhibitor sildenafil or 

the GC-C agonist linaclotide exhibited reduced proliferation and apoptosis, and increased 

numbers of differentiated secretory cells in the intestinal epithelium. In addition to these 

homeostatic effects, both drugs normalized intestinal transit and fecal water content in 

two mouse models of constipation. Furthermore, administration of sildenafil to mice 

treated with dextran sulfate sodium tightened the disrupted epithelial barrier. Treatment 

of ApcMin/+ mice with sildenafil or linaclotide significantly reduced the number of polyps 

per mouse (67% and 50%, respectively). The effect of these cGMP-elevating agents was 

not on the polyps themselves but was rather on the pre-neoplastic tissue, which was less 
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proliferative and more apoptotic in the presence of the drugs. Taken together, the results 

of this study demonstrate that increasing cGMP with a pediatric dose of PDE5 inhibitors 

could be a potential alternative to GC-C agonists for the treatment of gastrointestinal 

diseases.  
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I. INTRODUCTION 
 

A. Statement of problem 

Gastrointestinal diseases affect millions of Americans and negatively impact their quality 

of life due to disruptive symptoms like abdominal pain, alterations in bowel habits, and 

weight change. Diseases like irritable bowel syndrome, chronic constipation, and 

ulcerative colitis are not life threatening but do diminish a person’s quality of life with 

crippling symptoms of abdominal pain and changes in bowel habits. There are currently 

very few effective treatments for these diseases, and many patients are forced to take 

multiple medications to control their symptoms. Colorectal cancer is the second leading 

cause of cancer-related death in the United States, with an estimated 50,000 deaths 

predicted this year alone. Early screening and treatment is the cornerstone of colorectal 

cancer prevention; but the high mortality rate associated with diagnosis at advanced 

stages makes it one of the leading causes of cancer related deaths. In addition, 

chemopreventative efforts for colorectal cancer have uncovered very few effective drugs 

and are currently limited to low-dose aspirin.  There is a growing need for new, more 

effective drugs to combat these gastrointestinal diseases. 

 

The cyclic guanosine monophosphate (cGMP) signaling pathway has emerged as a 

potential therapeutic target for the treatment of gastrointestinal diseases, with  
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implications in the suppression of visceral pain, colitis, and colon cancer. Uroguanylin 

and guanylin are endogenous peptide hormones in the intestine and colon that activate 

epithelial guanylyl cyclase C (GC-C), causing intracellular cGMP production. It is well-

established that the cGMP signaling axis regulates water and electrolyte balance in the 

colon; however, several labs have found that the cGMP signaling axis is also involved in 

the control of homeostasis in the intestinal mucosa. Homeostasis is a highly regulated 

process that is important in maintaining a healthy colon as it sustains the barrier which 

protects underlying tissue from material passing through the lumen.  

 

A critical barrier to exploiting cGMP signaling for the treatment of gastrointestinal 

diseases is the limited options for increasing cGMP in the colon epithelium. Recently, a 

new class of drugs has gained attention in the field of cGMP signaling for their ability to 

alleviate constipation in patients with chronic idiopathic constipation (CIC) and 

constipation predominant irritable bowel syndrome (IBS-C). Linzess® (linaclotide) is a 

GC-C agonist prescribed for the treatment of IBS-C and CIC that increases cGMP in the 

intestinal mucosa by binding and activating intestinal epithelial GC-C. While it has been 

highly successful in the clinic for the treatment of constipation, the main side effect is 

diarrhea making it a poor treatment for subsets of IBS and colitis patients. Linzess is also 

contraindicated in juvenile patients due to adverse effects during preclinical trials. Cyclic 

GMP can also be pharmacologically elevated in the intestine with the use of 

phosphodiesterase 5 (PDE5) inhibitors which block the breakdown of endogenous 

cGMP. These drugs confer fewer gastrointestinal side effects and can be administered to 

children, making them available to a wider cohort of patients. Growing evidence from 
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numerous groups coupled with the success of Linzess indicate that pharmacological 

targeting of the cGMP signaling axis could be beneficial in the prevention and treatment 

of many gastrointestinal diseases. 

 

Our objectives are to 1) determine the most effective pharmacological method for 

increasing cGMP in the intestine and colon epithelium, 2) to determine if cGMP 

signaling can normalize motility in preclinical mouse models of constipation, and 3) to 

determine if pharmacological elevation of cGMP in the colon epithelium is 

chemopreventative in a preclinical mouse model of colon cancer. This project’s impact 

will be the identification of the most effective method to increase cGMP in the colon 

epithelium, and demonstration that the cGMP signaling pathway can be targeted for 

treatment of constipation and colon cancer chemoprevention by using FDA-approved 

PDE5 inhibitors and GC-C agonists. Because PDE5 inhibitors and GC-C agonists work 

on different components of the cGMP signaling pathway to increase cGMP in the colon, 

there could be potential for combination therapy using the two drugs. If additive effects 

existed, patients could be prescribed low doses of each drug that are under the threshold 

for side effects but still cause a maximum alleviation of symptoms. Combination therapy 

would be beneficial for patients with chronic conditions such as IBS and familial 

adenomatous polyposis who take drugs for prolonged periods of time.  
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The central hypothesis is that elevation of cGMP in the intestinal epithelium using 

PDE5 inhibitors will alter epithelial homeostasis and be therapeutic for constipation and 

preventative for colon cancer. 

 

Aim 1: Test the hypothesis that stimulation of cGMP production and inhibition of 

degradation will elevate cGMP signaling, improving barrier integrity and function 

in the intestinal epithelium. We used the GC-C agonist linaclotide to stimulate cGMP 

production and the PDE5 inhibitor sildenafil to block the degradation of cGMP. We 

performed time course and dose response studies to determine the most effective 

treatment strategy for each drug. Our approach to this aim was based on preliminary data 

that sildenafil increases cGMP levels in the mouse colon epithelium.  

 

Aim 2: Test the hypothesis that sildenafil can regulate intestinal motility in two 

experimental models of constipation. We determined the extent to which cGMP 

regulates intestinal transit in post-inflammatory and opioid-induced constipation models. 

We characterized intestinal motility in the DSS-recovery model and examined the effect 

of sildenafil on motility. We also used Loperamide to induce constipation and examined 

the ability of sildenafil to normalize opioid-induced constipation. Our approach to this 

aim was based on preliminary data suggesting both linaclotide and sildenafil work 

similarly through epithelial GC-C; therefore, we hypothesize that sildenafil will 

normalize motility in preclinical models of constipation.  
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Aim 3: Test the hypothesis that pharmacological elevation of cGMP in the colon 

epithelium is chemopreventative in an ApcMin/+ murine colon cancer model. We 

determined the extent to which cGMP can reduce polyp burden in the intestines of 

sildenafil and linaclotide-treated ApcMin/+ mice. We also analyzed proliferative and 

apoptotic indices of polyps. We determined the expression levels of cGMP signaling 

components within polyps and surrounding non-polyp tissue. Our approach to this aim 

was based on our preliminary data demonstrating that cGMP activation inhibits 

proliferation in the colon mucosa in vivo and published data indicating that exogenous 

uroguanylin can reduce tumor burden in ApcMin/+ mice.  
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II. REVIEW OF LITERATURE  
 

A. Intestinal homeostasis  

i. Intestine structure and function 

The major function of the gastrointestinal tract is the digestion of food into nutrients 

which are then absorbed into the bloodstream to maintain overall health. The intestinal 

tract is composed of four tissue layers: the mucosa, the submucosa, the muscularis 

externa, and the adventitia (Fig. 1). The mucosa is the inner-most layer and is comprised 

of epithelial cells, connective tissue called the lamina propria, and a thin layer of muscle 

that forms the boundary between the mucosa and submucosa [1]. The intestinal 

epithelium is a specialized tissue responsible not only for the absorption of food and 

water but also to serve as a physical barrier that separates luminal contents from the 

underlying tissue [2]. Below the mucosa is the submucosa which provides support to the 

mucosa and attaches it to the underlying smooth muscle. The muscularis layer of the 

intestine are responsible for peristalsis which occurs through concerted contractions of 

the longitudinal and circular muscles [3]. All of the layers of the intestinal tract work in 

concert to ensure proper digestion and absorption of nutrients into the body to maintain 

health.  
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The intestinal tract is anatomically and functionally divided into the small intestine and 

the large intestine, or colon. The major function of the small intestine is the digestion and 

absorption of nutrients [1]. It is divided into three sections, the duodenum, the jejunum, 

and the ileum. The small intestinal mucosa is organized into crypts with finger-like 

projections called villi that extend into the lumen and increase surface area for 

absorption. The colon carries out the final stages of water absorption and waste removal. 

Because it does not carry out as much absorption as the intestine, the colon mucosa lacks 

villi and is comprised only of crypts.  
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Figure 1. Structure of the intestines.  An illustration of a cross-section of the human intestines. The 
intestinal tract is composed of four tissue layers: the mucosa, the submucosa, the muscularis externa, and 
the adventitia. The mucosa is divided into three sections: the inner most layer called the epithelium, the 
connective tissue called the lamina propria, and the muscularis mucosa. The next layer is called the 
submucosa which provides support to the mucosa. Underlying the submucosa is the muscular layer, the 
inner-most called the circular muscle, and the outermost being the longitudinal muscle. The muscles are 
regulated by nerves and nerve plexus that reside between the two muscle layers. These nerves also branch 
into the mucosal layer where they are influenced by cells of the epithelium. The adventitia is the external 
covering of the intestines that holds the nerves and vasculature in place.  
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 ii. Proliferation and apoptosis 

The intestinal epithelium is a dynamic tissue, being constantly renewed every 3-5 days. 

The process of continual renewal is orchestrated by pluripotent stem cells at the base of 

the crypts [4]. Stem cells and their daughter transit amplifying cells make up the 

proliferating compartment of the intestinal epithelium. Stem cells divide into daughter 

cells which are pushed up the crypt into the transit-amplifying zone where they rapidly 

replicate and receive signals that define their cell lineage [5]. The major cell types of the 

intestinal tract include three types of secretory cells (goblet cells, enteroendocrine cells, 

and Paneth cells) and absorptive enterocytes. Terminally differentiated cells no longer 

have the capacity to proliferate and will move up and out of the crypt where they will 

eventually be shed into the intestinal lumen.  

 

The major driving force behind proliferation in the intestine is the Wnt pathway [6]. Wnts 

exist in a gradient, with the most expression at the base of the crypt where it is essential 

for the maintenance of crypt progenitor cells [7]. β-catenin is the central player in the 

Wnt signaling pathway. In the absence of Wnt stimulation, β-catenin is phosphorylated 

and marked for proteasomal degradation by a degradation complex. Wnt binding to its 

receptor inactivates the degradation complex, allowing β-catenin to accumulate in the cell 

and translocate into the nucleus. Once inside the nucleus β-catenin binds to transcription 

factors of T cell factor/lymphocyte enhancer factor (TCF/LEF) family. Wnt/ β-catenin 

target genes are mainly involved in cell proliferation, differentiation, and migration. 

Mutations in Wnt signaling components that lead to hyperactivation of the signaling 

pathway are found in the majority of colorectal cancers [8]. 
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As terminally differentiated cells reach the tip of the villus or the surface epithelium of 

the colon they undergo cell death and are shed into the lumen [9]. Apoptosis, or anoikis, 

is thought to be induced by a loss of anchorage to neighboring cells [10]. A balance exists 

between cell proliferation at the base of the crypt and cell extrusion at the top of the villus 

or crypt which is paramount in the maintenance of the crypt structure. Changes in the rate 

of apoptosis has been linked to many pathological conditions in the gastrointestinal tract, 

including ulcerative colitis and colorectal cancer [11].  

 

iii. Differentiation 

Once cells have been pushed out of the proliferating zone into the transit amplifying 

zone, they terminally differentiate into one of four epithelial cell types. Absorptive 

enterocytes make up the majority of cells in the intestine and are responsible for 

absorbing and transporting nutrients across the epithelium [12]. The remainders of the 

cells belong to the secretory lineage. Goblet cells produce mucins which form a 

protective barrier along the apical side of the intestinal epithelium [13]. They also 

produce and secrete other protective peptides like trefoil factors which are thought to 

have a role in mucosal healing [14]. Enteroendocrine (EE) cells make up 1% of the 

population of the intestinal epithelium. EE cells secrete various peptide hormones that 

modulate gastrointestinal functions [15]. There are roughly 15 different types of EE cells, 

defined by their morphology and the type of hormones they produce. Paneth cells exist 

solely in the base of crypts in the small intestine where they produce and release 

antimicrobial peptides [16]. Once committed to Paneth cell lineage, the cells migrate 
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down to the base of the crypt in opposition of other cells in the crypt. They are also more 

long lived than other epithelial cells, surviving for up to three weeks.  

 

Cells are signaled to transition into one of these cells fates by various signaling pathways. 

The Notch pathway is central to the cell fate decisions in the intestines. Like Wnt, Notch 

is essential in the maintenance of the undifferentiated, proliferative compartment [17]. It 

is believed to control the absorptive versus secretory cell fate decision. Inhibition of 

Notch signaling results in the expansion of secretory cells (mainly goblet cells) at the 

expense of absorptive enterocytes [18, 19]. Downstream targets of Notch further 

determine the fate of secretory cells; Math1 is required for commitment to the secretory 

lineage [20], Neurogenin 3 is required for endocrine cell specification [21], and kruppel-

like-factor 4 fates cells to goblet lineage [22].  

 

Within the intestinal crypt, there is a balance between Wnt-mediated proliferation at the 

base of the crypt, lineage commitment to become either secretory or enterocyte cells, and 

terminal differentiation and programmed cell death at the luminal surface (Figure 2). 

Intestinal epithelial homeostasis is a highly regulated process that is essential to 

maintaining a healthy colon as it sustains the barrier which protects underlying tissue 

from material passing through the lumen. The distal parts of the intestinal tract (ileum 

and colon) are colonized by large numbers of commensal bacteria that produce essential 

metabolites. Breaches in the epithelium can lead to infiltration of these and other bacteria 

into the underlying tissue which can cause inflammation which can lead to several 

gastrointestinal diseases [23].  
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Figure 2. Intestinal homeostasis. Schematic overview of a colonic crypt and the cells which reside within 
it. Stem cells (light blue) reside at the base of the crypt and divide into transit-amplifying cells. As cells are 
pushed up out of the proliferative zone and away from Wnt signal, they terminally differentiate into one of 
three cell type: absorptive enterocytes (light pink), enteroendocrine cells (green), or goblet cells (purple). 
The terminally differentiated cells continue to be pushed up the crypt axis until they reach the luminal 
surface and are discarded into the gut lumen via apoptosis. The entire process from stem cell division to 
apoptosis at the luminal surface takes 3-5 days in mammals.   
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B. Functional gastrointestinal disorders  

Functional gastrointestinal disorders are a group of diseases which are characterized by 

chronic abdominal complaints without a structural or biochemical cause to explain the 

symptoms. The most common symptoms of functional gastrointestinal disorders are 

visceral hypersensitivity and impaired gastrointestinal motility. There are a number of 

functional gastrointestinal disorders which have been reviewed in great detail elsewhere 

[24, 25]. For the purposes of this study, only chronic idiopathic constipation and irritable 

bowel syndrome will be discussed further.  

 

i. Chronic idiopathic constipation  

Constipation is one of the most common gastrointestinal complaints in the United States, 

affecting about 42 million Americans per year [26]. Chronic idiopathic constipation 

(CIC) is a functional gastrointestinal disorder characterized by infrequent bowel 

movements and hard, lumpy stools. CIC is diagnosed if patients have experienced two of 

the following symptoms in the past three months: fewer than 3 bowel movements in a 

week, straining, lumpy or hard stool, abdominal symptoms such as bloating and 

abdominal discomfort, and sensation of incomplete defecation [24]. It is not a life-

threatening disease but it does decrease a person’s quality of life. In addition there are 

other complications that can arise from chronic constipation including hemorrhoids, anal 

fissures, rectal prolapse, or fecal impaction.  

 

While the organic cause of CIC is currently unknown, there are a number of reasons that 

constipation may arise in patients. Slow intestinal transit will cause stool to remain in the 
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intestines longer which can dehydrate them leading to painful defecation. Diets that are 

low in fiber and water and certain medications like opioids for pain management can also 

cause constipation. 

 

ii. Irritable bowel syndrome 

Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder characterized by 

alterations in bowel habits and recurrent abdominal pain [24]. It is estimated that 10-15% 

of Americans suffer from IBS [27]. Although the disease is not life-threatening, it does 

adversely affect a patient’s quality of life. The disease is sub-classified according to the 

type of bowel alterations into constipation-predominant (IBS-C), diarrhea-predominant 

(IBS-D), or mixed symptom (IBS-M). IBS affects women twice as frequently as men, 

and young people under the age of 45 tend to be affected more than older adults [27].  

 

The underlying cause of IBS is unknown; however, there are many potential causes of the 

symptoms associated with IBS. The major clinical hallmarks of IBS include alterations in 

intestinal motility, secretion, and visceral sensation. Some of the potential causes for IBS 

include brain-gut signaling problems, GI motility problems, pain sensitivity, bacterial 

infections, small intestinal bacterial overgrowth, or genetics [28-33].  

 

Numerous studies indicate a role for serotonin signaling in IBS. Alterations in serotonin 

levels and enterochromaffin cell densities are common in patients with IBS, and 

serotonin has an established role in the regulation of intestinal motility and enteric 

nociception [34-36]. In support of this idea, targeting the serotonin system 
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pharmacologically has had moderate success in the clinic. 5HT-4 receptor agonists such 

as prucalopride stimulate peristaltic reflex, accelerating gastrointestinal transit and 

inhibiting visceral hypersensitivity [37-39]. However, due to adverse effects of the 5HT-4 

agonist tegaserod, prucalopride does not have FDA approval in the United States. 5HT-3 

receptor antagonists delay transit but also alleviate visceral pain in IBS-D patients [40]. 

While there have been moderate successes with targeting serotonin, they do not resolve 

all symptoms of IBS and are not specific enough to the gut. 

 

Currently, there is no cure for IBS, and treatment strategies focus on controlling the 

symptoms associated with the disease. This often means that patients may take multiple 

medications to control their symptoms which can lead to additional health problems. 

Bulking agents, laxatives, and anti-diarrheal drugs aim to help normalize alterations in 

bowel habits, while tricyclic antidepressants and antispasmodics are prescribed to 

minimize the visceral pain associated with IBS [41]. While this symptom-targeted 

approach to treating IBS works for some patients, the variable effectiveness of this 

strategy underscores the need to alternative treatments.  

 

iii. Current treatments for IBS-C and chronic constipation 

First line treatment for constipation focuses on non-prescription treatment options. 

Lifestyle modifications such as dietary change and increased exercise are recommended 

before supplement or drug intervention [42]. The most successful first line treatment for 

constipation is fiber supplementation. Many studies provide strong evidence that soluble 

fiber supplements can alleviate symptoms in CIC and IBS-C [43]. Fiber does this by 
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creating bulky stool which naturally stimulates intestinal muscles to contract, thus 

decreasing transit time and increasing motility. Although fiber is successful for many 

patients, it can also exacerbate symptoms of constipation in other patients.  

 

Over-the-counter (OTC) options are recommended when diet and lifestyle changes do not 

help to alleviate constipation. The most common OTC treatment is laxatives, either 

osmotic or stimulant [44]. Osmotic laxatives are hypertonic solutions that draw fluid into 

the intestinal lumen by osmosis, creating softer stool. PEG3350, the most studied osmotic 

laxative, has been shown to improve stool frequency and consistency while also 

alleviating visceral pain [45]. Stimulant laxatives like Ex-Lax and Dulcolax induce 

propagated colonic contractions to accelerate colonic transit [46]. They are not widely 

prescribed because of early studies that suggested senna and bisacodyl cause damage to 

the enteric nervous system. Recent studies report this is not true and stimulant laxatives 

are safe to use as a part of a long-term treatment strategy. OTC laxatives are effective for 

many patients; however, they can become resistant to them if they are used in the long 

term so patients with chronic constipation often need alternative treatment strategies.  

 

There are a growing number of prescription treatment options for patients with CIC and 

IBS-C who do not respond to non-prescription options. Intestinal secretagogues are some 

of the most promising classes of drugs on the market to treat constipation today [47]. 

Lubiprostone (Amitiza®) is a bicyclic fatty acid derived from prostaglandin E1 that 

activates chloride channels in the intestinal epithelium [48]. The chloride-rich secretions 

soften stool and increase motility. In clinical trials, patients reported increased numbers 
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of bowel movements, improvements in straining, and improvements in stool consistency 

[49-51]. The most common complaint from patients taking lubiprostone is nausea (30%). 

Another class of intestinal secretagogues is the guanylate cyclase C (GC-C) agonists. 

Currently linaclotide (Linzess®) and plecanatide (Trulance®) are available for patients 

with CIC. GC-C agonists work by activating GC-C which produces cyclic guanosine 

monophosphate (cGMP) that regulates downstream ion channels to increase secretion and 

soften stool.  

 

C. Colorectal cancer  

i. Statistics and etiology  

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and second 

leading cause of cancer related death in the United States with roughly 135,000 new 

diagnoses and 50,000 deaths estimated this year [52]. There are many risk factors that 

increase a person’s chance of getting CRC including hereditary factors, environmental 

factors, and lifestyle.  

 

It is now widely accepted that CRC arises through step-wise accumulation of genetic 

mutations that drive the transformation and progression of normal epithelial cells to an 

adenoma and, over time, a carcinoma. Bert Vogelstein described this in detail in a 1988 

publication, and outlined key genetic events in the progression of colon cancer [53]. 

About 85% of all colon cancers have a loss of the tumor suppressor adenomatous 

polyposis coli (Apc), which Vogelstein thinks is the first mutational event in many colon 

cancers followed by mutations in KRAS, DCC, and Tp53. These pathways regulate 
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important cellular processes including proliferation and apoptosis, which are hijacked in 

neoplastic cells, giving them a growth advantage. In support of the genetic basis of 

colorectal cancer proposed by Fearon and Vogelstein, Hanahan and Weinberg suggested 

eight essential alterations in cell physiology that must arise for malignant growth to 

occur. These include self-sufficiency in growth factors, insensitivity to growth-inhibitory 

signals, evasion of apoptosis, limitless replicative potential, sustained angiogenesis, the 

ability to invade and metastasize, reprogramming of energy metabolism, and evasion of 

the immune system [54, 55].  

 

ii. Sporadic versus hereditary colorectal cancer 

The majority of cases of CRC are attributed to sporadic mutations that occur over the 

person’s lifetime. The incidence of CRC increases with age, with risk remaining 

relatively low until the age of 50 and then rapidly accelerating [52]. Other factors that can 

contribute to sporadic CRC include dietary, environmental, and lifestyle factors. 

Smoking, drinking 3 or more alcoholic beverages per day, being overweight, and eating 

an excess of red meat are all examples. In addition, people with ulcerative colitis and 

Crohn’s disease are at an increased risk of CRC. Inherited susceptibility accounts for 

roughly 20% of all cases of CRC, meaning a person has an increased chance of CRC if 

they have a first-degree relative who has been diagnosed with the disease.  

  

While the majority of colon cancer cases are sporadic, 5-10% of the cases are hereditary 

forms of colon cancer resulting from high-penetrance germline mutations. The two most 

common forms of hereditary colon cancer are familial adenomatous polyposis (FAP) and 
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hereditary non-polyposis colorectal cancer (HNPCC), also called Lynch Syndrome [56]. 

FAP patients are born with only one functional copy of the tumor suppressor gene 

adenomatous polyposis coli (Apc). Apc is involved in the β-catenin degradation complex 

in Wnt signaling [57]. Loss of heterozygosity of Apc fully inactivates the gene, 

constitutively activating β-catenin. This leads to the formation of hundreds of polyps in 

the colon [58]. People with FAP typically begin to have detectable polyps in their colon 

as early as their mid-teens and will have multiple polyps by age 35. For these patients, 

routine screening is paramount but many still require a colectomy when the growth of the 

polyps is too aggressive. Only about 1% of colorectal cancers are attributed to FAP. 

Lynch syndrome is a slightly more common type of hereditary colorectal cancer affecting 

between 3-5% of colon cancer patients. It is an autosomal dominant form of colon cancer 

that occurs when mutations arise in several DNA repair genes including 

MLH1, MSH2, MSH6, PMS2, and EPCAM [59]. In additional to colorectal cancer, Lynch 

patients are also at an increased risk of forming other types of cancer.  

 

iii. Chemoprevention  

Current treatment options for CRC are limited to surgery to remove the cancer, 

chemotherapy, radiation therapy, and targeted therapy. The earlier the cancer is found, 

the more likely it will be able to be eradicated. The 5 year survival rate for people with 

Stage I CRC is about 93%, dropping to only 8% for Stage IV [60]. Therefore it is 

paramount that people predisposed to CRC because of family history, prior cancer, or age 

have routine screening to monitor for early-stage, treatable disease.  
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Because treatment for CRC is so limited and ineffective at treating late-stage disease, 

prevention has emerged as a new strategy for the amelioration of CRC in people at an 

elevated risk of CRC. Currently the only approved methods of prevention are limited to 

exercise, aspirin, and colonoscopy to remove pre-cancerous polyps [61]. This 

underscores the need for more effective and widely available prevention modals for CRC. 

 

D. cGMP signaling in the intestine  

i. Overview 

The cGMP signaling pathway has recently emerged as a potential therapeutic target for 

the treatment of gastrointestinal diseases. Uroguanylin and guanylin are endogenous 

peptide hormones in the intestine and colon, respectively. They are synthesized as 

prepropeptides in goblet cells, enteroendocrine cells, and enterocytes [62, 63]. The 

guanylin peptides are produced in response to a salty meal and then released into the 

intestinal lumen wherein they are proteolytically cleaved into active forms. The active 

peptides then bind epithelial GC-C, which produces cGMP as a second messenger [64, 

65]. cGMP then activates downstream targets such as protein kinases (PKG1 and PKG2). 

The action of cGMP can be discontinued by phosphodiesterase 5 (PDE5), an enzyme that 

cleaves cGMP into its inactive form GMP (Figure 2). 

 

ii. Secretion, homeostasis, and barrier 

Secretion of water into the intestinal lumen is important for the lubrication and 

breakdown of food. Dysregulation of fluid balance in the intestines can lead to diarrhea 

or constipation. It is well established that cGMP signaling regulates water and electrolyte 
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balance in the intestine through regulation of ion channels in the intestinal epithelium 

[64]. Cyclic GMP, through PKG2, activates the cystic fibrosis transmembrane 

conductance regulator (CFTR) causing increased secretion of chloride. Increased cyclic 

GMP levels also activate bicarbonate secretion through stimulation of the Cl-/HCO3
- 

exchanger. There is also a cGMP mediated inhibition of the Na+/H+ exchanger which 

results in reduced reabsorption of sodium. Together, this results in a net movement of 

water into the lumen of the gut, driving water secretion [66].  

 

It is now widely accepted that cGMP signaling regulates more than just secretion. Many 

studies over the past decade have implicated cGMP signaling in the regulation of 

intestinal epithelial homeostasis. Knockout studies with mice deficient in cGMP 

signaling components exhibit crypt hyperplasia, increased luminal apoptosis, and reduced 

differentiation of secretory cells in the intestinal epithelium [67-70]. In addition it was 

shown that knockout mice have intestinal barrier defects [71, 72]. While the mechanism 

behind the regulation of secretion by cGMP is understood, the mechanistic details of the 

cGMP effect on homeostasis are far from clear.  

 

iii. cGMP signaling in colorectal cancer 

Growing evidence suggests that activating cGMP signaling in the colon epithelium could 

have therapeutic potential for colon cancer. A derivative of the NSAID sulindac called 

Exisulind, lacks COX-inhibitory activity but was found to block growth in colon cancer 

cell lines by inhibiting phosphodiesterases [73, 74]. The underlying mechanism was 

shown to involve inhibition of β-catenin signaling, leading to apoptosis [75, 76]. In 
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clinical trials, Exisulind suppressed tumorigenesis in familial adenomatous polyposis 

(FAP) patients [77]. Although Exisulind induced regression of rectal polyps in FAP 

patients it did not get FDA-approval due to harmful side effects reported in Phase III 

trials [78]. Although Exisulind was ultimately not successful, it did highlight the 

therapeutic potential of cGMP signaling.  

In addition to information gained through the Exisulind trials, there is a growing amount 

of preclinical data that suggests a therapeutic role for cGMP signaling in colorectal 

cancer. Mice deficient in GC-C were found to have an exaggerated proliferative 

compartment [67, 79] and exhibit increased tumorigenesis in both AOM and ApcMin/+  

mouse models of colon cancer [68]. The endogenous GC-C peptides uroguanylin and 

guanylin are commonly lost gene products in most human colon cancers suggesting 

hormone replacement could be a potential treatment strategy [80, 81]. In support of this 

idea, it was reported that exogenous uroguanylin treatment or treatment with the 

uroguanylin analog plecanatide can reduce tumor incidence in ApcMin/+ mice that are 

genetically predisposed to intestinal cancer [82, 83]. It was recently reported that the 

PDE5 inhibitor Vardenafil can reduce proliferation in the colon and protect against 

inflammation and inflammatory-driven colorectal cancer in mice, although the protective 

mechanism has not been elucidated at this point [69, 84]. Taken together, these results 

suggest that pharmacological elevation of cGMP signaling in the colon epithelium with 

PDE5 inhibitors or GC-C agonists could be effective for colon cancer treatment without 

the negative side effects of Exisulind. 

22 
 



 
 

 

                  

Figure 3. cGMP signaling in the intestinal epithelium.  A schematic representation of cGMP signaling in 
an intestinal epithelial cell. The endogenous ligands uroguanylin (Ugn) and guanylin (Gn) or the GC-C 
agonist linaclotide (Lin) bind and activate epithelial GC-C. GC-C makes cGMP which activates 
downstream targets like protein kinases and ion channels like CFTR. cGMP is degraded into its inactive 
form GMP by phosphodiesterase 5 (PDE5) which can be inhibited by PDE5 inhibitors such as sildenafil 
(Sild).  
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E. Pharmacological regulation of cGMP signaling in the intestine 

 

i. GC-C agonists 

A novel class of drugs called GC-C agonists has emerged for the treatment of IBS-C and 

CIC. Linzess® (linaclotide) was the first FDA-approved member of this family and 

increases cGMP levels in the intestinal epithelium by stimulating GC-C receptors [85, 

86]. Linaclotide is a peptide analog of the heat-stable bacterial enterotoxin, ST. ST 

peptides contain three disulfide bonds and are highly potent super activators of GC-C. 

They irreversibly bind the receptor causing hypersecretion, making them the main cause 

of traveler’s diarrhea [87]. Increased fluid secretion in response to linaclotide is likely to 

be central to the therapeutic effect of the drug on constipation [85]. However, linaclotide 

has also been shown to affect neuromuscular function and reduce visceral pain in human 

patients as well as in rodents, suggesting an additional role for cGMP signaling in the gut 

[88, 89]. In clinical studies, IBS-C and CIC patients treated with linaclotide both reported 

improvements in the number of spontaneous bowel movements per week and alleviation 

of their abdominal pain [90-92]. However, the most common side effect reported during 

the studies was diarrhea, being reported in 20% of patients with IBS-C and 16% of 

patients with CIC. In addition, linaclotide is contraindicated in pediatric patients under 

the age of 18 because of adverse findings in preclinical trials with juvenile mice [93].  

 

In contrast to ST peptide, uroguanylin and guanylin only have two disulfide bonds and 

bind GC-C in a pH-sensitive manner [94]. Uroguanylin is most potent in acidic 

conditions like that of the proximal small intestine. As material is moved through the 
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intestine and the pH becomes more basic, uroguanylin can no longer exert its effect on 

GC-C and guanylin becomes the active peptide in those regions. Trulance® (plecanatide), 

another GC-C agonist, is structurally similar to uroguanylin with the exception of the 

replacement of one pH sensing residue with another near the N-terminus [95]. This 

means that like uroguanylin, plecanatide also binds GC-C in a pH sensitive manner, 

acting predominantly in the proximal small intestine. Plecanatide is currently approved 

for use in patients with CIC only. In clinical studies, it was shown that plecanatide 

improved the number of spontaneous bowel movements and alleviated the abdominal 

pain associated with constipation [96]. The most commonly reported side effect was 

diarrhea, which was reported in only 5% of patients. Like linaclotide, plecanatide is 

contraindicated in pediatric patients due to adverse findings in juvenile mice [97]. 

 

ii. PDE-5 inhibitors  

Phosphodiesterase 5 (PDE5) is an enzyme that breaks down cGMP into the inactive form 

GMP [98], serving as a regulator of cGMP signaling. However, PDE5 inhibitors can 

block the action of PDE5, thus causing an increased accumulation of endogenously 

produced cGMP [99]. Currently PDE5 inhibitors are approved to treat erectile 

dysfunction, benign prostate hyperplasia, and pulmonary arterial hypertension [99-101]. 

However, there is growing evidence that PDE5 inhibitors could have therapeutic potential 

for many gastrointestinal diseases.  

 

The PDE5 inhibitor vardenafil was recently shown to regulate homeostasis in the 

intestinal epithelium of mice [69]. Treatment of mice with vardenafil led to increased 
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differentiation of secretory cells (goblet and enteroendocrine) and decreased proliferation 

and apoptosis. It was also shown that the PDE5 inhibitors vardenafil and sildenafil can 

block DSS-induced colitis and inflammatory-drive colorectal cancer in mice [69, 84].  

 

This study sought to test the hypothesis that pharmacological elevation of cGMP 

signaling in the intestinal epithelium will regulate intestinal homeostasis and be 

therapeutic for IBS-C, constipation, and colon cancer. 
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III. MATERIALS AND METHODS 
 
 
A. Standard Solutions  

10x Sodium-Citrate Buffer for antigen retrieval (pH 6): 100mM sodium-citrate (2H2O), 

0.5% (v/v) Tween 20. For 100ml stock, 2.94 g sodium-citrate, 500 µl Tween 20, diH2O to 

100 ml, adjust to pH 6 using citric acid. Dilute to 1X with diH2O before use. 

20X Phosphate Buffered Tween Buffer (PTS): 2.2g monobasic sodium phosphate, 6.6 g 

dibasic sodium phosphate, 360 g NaCl, 10 g sodium azide, 20ml Tween 20,  diH2O to 2L. 

Store at room temperature. Dilute to 1x with diH2O before use. 

4X Lower Running Acrylamide Gel Buffer (pH 8.8): 90.85 g Tris base, 20 ml 10% 

(w/v) sodium dodecyl sulfate (SDS), diH2O to 500 ml, adjust to pH 8.8. Store at room 

temperature.  

4X Upper Loading Acrylamide Gel Buffer (pH 6.8): 30.3 g Tris base, 20 ml 10% (w/v) 

sodium dodecyl sulfate (SDS), diH2O to 500 ml, adjust to pH 6.8. Store at room 

temperature. 

1X Bovine Serum Albumin Blocking Buffer: 5% (w/v) solution, 5 g bovine serum 

albumin fraction (BSA, ethanol precipitated, biotech grade) in 100 ml 1x PTS. Filter and 

store at 4°C. 
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5X SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) Buffer: 625mM Tris buffer 

pH 6.8, 10% (w/v) SDS, 25% (v/v) glycerol, 0.015% (w/v) bromophenol blue, 5% (v/v) 

β-mercaptoethanol. For 50 ml solution, 31.3 ml of 1M Tris buffer stock, 5 g SDS, 12.5 

ml glycerol, 7.5 mg bromophenol blue, 2.5 ml β-mercaptoethanol, diH2O to 50 ml. 

Aliquot for long term storage at -80°C and short storage at -20°C. 

Tissue Lysis Buffer (pH 7.4): For 100 ml, 3 ml of 5M NaCl stock, 5 ml of 1M Tris-HCl 

stock pH 8, 10 ml of 10% (v/v) NP-40 stock, 0.25g of sodium deoxycholate, 0.2ml of 

0.5M EDTA stock, 1 ml of 10% SDS stock. Add diH2O to 100ml, adjust pH 7.4, aliquot 

for storage at -20°C. 

 

B. Concentrated solutions purchased from vendors 

TAE buffer for DNA gels: For 2L, dilute 40 mL of 50X TAE buffer (Biorad, #161-0773) 

in 1.6 L of diH2O.  

Phosphate buffered saline (PBS): For 10L, dilute 1L of 10X PBS (Fisher BioReagents, 

BP3994) into 9L of diH2O; store at room temperature.  

1X Tris/Glycine/SDS Western blot running buffer: For 10L, dilute 1L of 10X 

Tris/Glycine/SDS (BioRad, #161-0772) into 9L of diH2O; store at room temperature.  

1X Tris/Glycine Western blot transfer buffer: For 10L, dilute 1L of 10X Tris/Glycine 

(BioRad, #161-0771) into 9L of diH2O; store at room temperature.  
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C. Animals 

All animals used throughout this study were maintained in compliance with 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. Additionally all animal procedures were approved by the 

Institutional Animal Care and Use Committee at Augusta University. Mice were housed 

in the Augusta University animal facility in a temperature and humidity controlled room 

with free access to food and water, unless otherwise stated in individual protocols.   

i. Wild-type Mice  

Initial studies in this lab used strain CD-1 mice to test the effects of the PDE5 inhibitor 

vardenafil on homeostasis in the intestinal epithelium. Therefore, the preliminary 

sildenafil studies also used strain CD-1 mice to ensure that comparable results could be 

obtained. Six-to eight-week old CD-1 mice were purchased from Harlan Laboratories 

(Indianapolis, IN, USA). Once the sildenafil effect on homeostasis was confirmed, the 

mouse strain was changed to C57/BL6 mice because most of the disease models in this 

lab use that strain. Breeding pairs of C57/BL6 mice were purchased from Jackson 

Laboratories (Bar Harbor, ME) and a colony was maintained in our mouse facility.  

ii. ApcMin/+ Mice  

Male C57/BL6J-ApcMin/+ mice and female C57/BL6J mice were obtained from Jackson 

Laboratory at age 6 weeks for breeding. Because of potential pregnancy complications in 

Apcmin/+ females, we chose to use male C57/BL6J-ApcMin/+ throughout our breeding for 

this colony. Genotyping was carried out by PCR using 2µl genomic DNA from mouse 

tails (purified by Puregene Mouse Tail kit, QIAGEN, Valencia, CA) with a wild-type 
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APC forward primer (GC-CATCCCTTCACGTTAG), an APCmin forward primer 

(TGAGAAAGACAGAAGTTA), and a common reverse primer 

(TTCCACTTTGGCATAAGC). The APC min primer detects a T to A transversion of 

nucleotide 2549. 

iii. Drug administration 

Pharmaceutical grade sildenafil citrate (Revatio®) was ground with a mortar and pestle 

and stored as a suspension in di-H2O at -20°C. To calculate dosing for sildenafil in 

drinking water, daily water intake of mice was monitored for one-week. Daily water 

intake (ml) per gram of animal was calculated. For example, CD1 mice drink an average 

of 0.18 ml/g and weigh on average 25g. A cage of five CD1 mice would drink 4.5ml x 5 

mice, or 22.5ml per day. Based upon this daily mean water intake, stock sildenafil was 

added to the drinking water at concentrations that approximated daily doses of 0.36-17 

mg/kg per mouse. Unless otherwise stated, the dose of sildenafil administered in the 

drinking water was equivalent to 5.7 mg/kg per day. For oral gavage and intraperitoneal 

injection, mice were administered 100 µl of 1.4 mg/ml sildenafil. For intraperitoneal 

injections of vardenafil, pharmaceutical grade vardenafil was stored frozen in DMSO at 

1.5 µg/ml and diluted 1/10 in PBS prior to injection (100 µl twice daily). Linaclotide was 

prepared by grinding the contents of Linzess® capsules in di-H2O using a tissue 

homogenizer and stored in aliquots at -80°C. Mice were gavaged daily with 100 µl of the 

linaclotide suspension at a concentration of 2.07 µg/ml. Loperamide HCl (Sigma-

Aldrich) was dissolved in di-H2O at a concentration of 2.5 mg/ml. Mice were gavaged 

with 100 µl of loperamide. 
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iv. Euthanasia  

Two methods of euthanasia were used, in accordance to the American Veterinary 

Medical Association guidelines. Mice were first placed in a chamber devoid of CO2 that 

has a filter lid to allow the flow of CO2 gas into the chamber. The flow rate of 2L/min 

allows for an anesthetic effect prior to CO2 asphyxiation. After the allotted time (3 

minutes after the last sign of breath) decapitation was performed as the secondary method 

of euthanasia. Both procedures were approved by the Augusta University Institutional 

Animal Care and Use Committee.  

D. cGMP assay  

To measure cGMP in the mucosa of untreated and treated mice, a cGMP EIA Kit 

(Cayman Chemical) was used. Briefly, mucosal tissue from control and treated mice was 

scraped into 100µl 0.1M HCl. The samples were incubated on ice for 30 minutes, 

vortexed every 10 minutes. The samples were then spun down at 14,000 RPM for 10 

minutes. The supernatant was diluted 1:3 in EIA buffer. 50µl of each sample and 

standard was loaded into a well of an ELISA strip with 50µl of cGMP AChE tracer and 

50µl EIA antisera. The plate was incubated overnight at 4°C. The next morning, the wells 

were washed 5 times with 200µl of washing buffer. After the washing step, 200µl of 

Elman’s reagent was added to each well and the plate was incubated in the dark for 90 

minutes, until the samples and standards began to turn color. The plate was read by a 

multi-plate reader at a wavelength of OD405. A standard curve was created using high 

and low cGMP concentrations for each experiment. A serial dilution of cGMP stock 

(ranging from 30 pmol/ml to 0.23 pmol/ml) was measured alongside samples at OD405. 
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The measurements were plotted on a scatter plot where the Y axis was OD405 and the X-

axis was log([cGMP] in pmol/ml). To determine the cGMP concentration of a sample, 

[cGMP]= 10[(Y-b)/a]. Each sample was standardized to protein per sample, measured by 

OD280. Relative level of cGMP per sample was presented as [cGMP]/OD280.   

E. Immunohistochemistry  

i. Tissue Preparation 

Intestine and colon from control and treated mice were removed, flushed with ice-cold 

PBS, and Swiss rolled then placed in 10% formaldehyde.  After 24 hours in 

formaldehyde the tissues were switched to 70% ethanol, embedded in paraffin blocks, 

and sectioned to 5µm by the Augusta University histology core. Sections were then 

processed as follows: deparaffinization with xylene (3x 10min), rehydration with 

decreasing concentrations of ethanol (100%, 90%, 80%, 70%, 50%, 5 minutes each), 

antigen-retrieval by boiling in citrate buffer (microwaved until boiling, then incubated 

with slides in a 135°C oven for 30 minutes).  

ii. Antigen blocking 

After boiling in citrate buffer, the slides were allowed to cool in the citrate buffer.  Slides 

were then washed 3x 5 minutes in 1x PBS. Slides were then incubated in 3% hydrogen 

peroxide for 10 minutes, then washed 3x 5 minutes in 1x PBS. Then slides were 

incubated in 5% goat serum at 37°C for 1 hour.  
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iii. Protein Detection 

A hydrophobic pen was used to draw a barrier around the tissue sections to hold the 

primary and secondary antibodies in place. Slides were incubated at 4°C overnight in 

primary antibody diluted in blocking serum (various concentrations used depending on 

antibody). The next morning slides were washed 3x 10 minutes in 1x PTS. Secondary 

antibody was added to each slide for 1 hour at room temperature. Slides were washed 3x 

10 minutes in 1x PTS. To detect the protein on slides, 3,3′-Diaminobenzidine (DAB) was 

applied to each slide until brown color appeared on the tissue. Hematoxylin was used as a 

counterstain to detect nuclei in the tissue, with sodium bicarbonate used to “blue” the 

hematoxylin. Briefly, slides were placed in hematoxylin for 10-15 seconds each, then 

immediately rinsed with water. The slides were placed in a slide apparatus in a tank in the 

sink where running water was allowed to gently wash over them for 3 minutes. Slides 

were placed in 0.1% sodium bicarbonate for 1 minute to cause bluing of the hematoxylin. 

After counterstaining, the hydrophobic pen was carefully removed from around the tissue 

sections on each slide. The slides were then dehydrated with increasing concentrations of 

ethanol (50%-100%, 1 minute each). Coverslips were mounted onto the slides with 

permanent mounting media and allowed to dry overnight before imaging.  

iv. ABC Detection 

Visualization of Ki-67 and cleaved caspase antibodies was done using the ImmunoCruz 

ABC kit (Santa Cruz Biotechnology). After deparaffinization, rehydration, and antigen 

retrieval, slides were washed in 1X PBS (3x 5 minutes) then incubated in 1% hydrogen 

peroxide for 10 minutes. Slides were then incubated in 1.5% blocking serum (goat serum 
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included in the kit) at 37°C for 1 hour. The slides were incubated in primary antibody 

overnight at 4°C. The next morning, slides were washed 3x 5 minutes in PBS then 

incubated for 30 minutes with a biotinylated secondary antibody. After the incubation, 

slides were washed 3x 5 minutes in PBS, then incubated for 30 minutes with AB enzyme 

reagent (avidin and biotin, included in the kit). Slides were then washed 3x 5 minutes in 

PBS and processed according to the DAB protocol in section iii.   

v. Antibodies Used 

The tissues were probed using antibodies to CgA (rabbit, 1:200; Immunostar), Ki-67 (rat, 

1:100; Dako Cytomation), cleaved caspase-3 (rabbit, 1:500; Cell Signaling, Danvers, 

MA), and 5-HT (rabbit, 1:5000; Immunostar). Secondary antibodies were diluted 1:3000 

in blocking buffer and were anti-rabbit (BioRad) and biotinylated anti-rabbit (Vector 

Labs). To ensure the specificity of the 5-HT and CgA antibodies, we used a commercially 

available mixed IgG pool as an isotype control that stained nothing in our sections. 

Hematoxylin and eosin (H&E) staining to visualize tissue structure and Alcian Blue 

Periodic acid schiff (AB/PAS) staining to visualize goblet cells were performed by the 

Augusta University histology core.  
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F. Western blotting  

i. Acrylamide gel preparation  

Before setting up the gel apparatus, twelve 1.5mm plates and glass were cleaned with 

70% ethanol.  Twelve sets of plates and glass were loaded into the gel apparatus, 

separated with plastic plates. To make separating gel for one set of twelve 1.5mm midi 

gels the following were mixed together: 59.19 ml diH2O, 30 ml 4x lower gel buffer, 

30.15 ml (for 10%) ml (for 12%) 40% acrylamide 37.5:1 (Bio-Rad), 600 µl 10%(w/v) 

ammonium persulfate, 60 µl TEMED. The mixture was carefully poured into the gel 

apparatus and left to polymerize for 1 hour at room temperature. Stacking gel was 

prepared by mixing the following:  25.19 ml diH2O, 10 ml 4x upper gel buffer, 3.9 µl 

40% acrylamide 37.5:1 (Bio-Rad), 200 µl 10%(w/v) ammonium persulfate, 20 µl 

TEMED. The mixture was poured into the top of the gel apparatus and combs were 

carefully inserted to avoid causing bubbles under the combs. The gels were allowed to 

polymerize for 1 hour at room temperature or 4°C overnight. Gels were stored in plastic 

wrap at 4°C until use.  

ii. Sample preparation  

Mucosal tissue was scraped into tubes with ice-cold lysis buffer containing a protease and 

phosphatase inhibitor cocktail (Calbiochem). The tissues were incubated at 4°C for 30 

minutes, vortexing every 10 minutes. The tubes were then centrifuged at 14,000Xg for 10 

minutes at 4̊C. The supernatant was transferred to a new tube, reserving 25 µl for a 

protein assay. 5X SDS-PAGE buffer was added to the remaining supernatant and the 
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samples were boiled for 8 minutes at 100°C. Samples were stored at -80°C for long-term 

storage and at -20°C for short-term storage. 

iii. Preparation of blots 

The prepared samples were run out on 1.5mm gels at 30mA/gel for protein separation. 

Gels were blotted to 0.45µm nitrocellulose membrane (Bio-Rad) at 100V for 1 hour. 

Membranes were blocked with 5% BSA blocking buffer for 1 hour at room temperature. 

Primary antibodies for target proteins were diluted in blocking buffer (concentration 

varies depending on antibody) and placed on the membrane at room temperature for 1 

hour or 4°C overnight. Membranes were washed with 1X PTS by rocking 3x 10minutes 

before adding secondary antibodies. Secondary antibody was diluted in blocking buffer 

and added to the membrane for 1 hour at room temperature. Membranes were washed 

again 3x 10 minutes with 1x PTS. Clarity Western ECL Substrate (BioRad) was mixed at 

a ratio of 1:1 and added to the membrane for 1 minute. The chemiluminescent substrate 

was blotted off of the membrane with filter paper and the membrane was placed between 

plastic sheets and loaded into a cassette for x-ray film imaging. 

iv. Antibodies used 

Blots were probed with antibodies against pVASP, Ser 239 (rabbit, Cell Signaling, 

1:1000), total VASP (rabbit, Cell Signaling,1:1000), claudin-4 (mouse, Santa Cruz, 

1:1000), occludin (rabbit, AbCam, 1:50000), and β-actin (mouse, Sigma, 1:3000).  All 

purchased antibodies were stored at the temperature suggested by the manufacturer. They 

were diluted before use in Western blot blocking buffer, stored at 4°C, and recycled. Goat 
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anti-mouse/rabbit secondary antibodies (Biorad) were diluted 1:3000 in western blot 

blocking buffer.   

G. DSS-induced inflammation recovery model  

To induce inflammation in the colon of mice, eight week old C57/BL6 mice were treated 

with 3% DSS (m.w. 36000-50000; MP Biomedicals, Santa Ana, CA, USA) ad libitum in 

drinking water for five days. The DSS was changed out every three days. Body weight 

and disease symptoms were monitored throughout the treatment period and during the 

entire recovery period. After the DSS treatment, mice were allowed to recover with 

normal drinking water for three weeks. After two weeks of recovery, mice were 

randomized into control and treatment groups. Long term sildenafil (ad libitum in 

drinking water) or linaclotide (daily oral gavage) treatment was started during the last 

week of recovery. Acute sildenafil and linaclotide treatments (oral gavage) were 

administered one hour prior to beginning the transit assay. Intestine and colon from 3 

week recovered mice were collected for histology to measure the amount of residual 

inflammation, and RNA/protein to measure levels of 5HT and SERT.  

H. Intestinal transit assay  

Intestinal transit assay was modified from previously reported methods [102, 103]. 

Briefly, animals were fasted overnight before the experiments, with free access to water. 

Mice were gavaged with 100 µl of charcoal meal (10% charcoal, 5% gum acacia in di-

H2O) and placed individually into clean cages for monitoring. Food was given back to the 

mice immediately following the charcoal gavage. For total GI transit, mice were 

monitored every five minutes and the time from gavage of the charcoal meal to expulsion 
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of a charcoal-marked fecal pellet was recorded [104]. For upper GI transit, mice were 

sacrificed ten minutes after administration of the charcoal meal and the small intestines 

were excised. The distance to the charcoal front and total length of small intestine from 

the stomach to the cecum were both measured to calculate upper intestinal transit. For 

acute drug studies, mice were gavaged with sildenafil or linaclotide one hour before the 

charcoal meal. Long term administration of the drugs started five days before the transit 

assay was to be performed.  

I. Fecal Water Content 

To determine the water content of the feces, individual fecal pellets were collected from 

each mouse, weighed, and placed into a PCR tube strip. The pellets were dried in a 105°C 

oven for 24 hours. Each individual pellet was then re-weighed. Water content was 

calculated using the following formula: ((Wet weight - dry weight)/wet weight)*100. 

J. Barrier permeability  

Six to eight week old C57/BL6 mice were either untreated, or treated with 2% DSS for 

five days. The DSS-treated mice were randomized into two groups: control and sildenafil. 

Mice were treated with sildenafil by oral gavage the night before and one hour prior to 

fluorescein isothiocyantate-dextran (FITC-dextran) administration. To measure barrier 

permeability, each group of mice was gavaged with 100µl of FITC-Dextran (100 mg/mL; 

4kD; Sigma-Aldrich) after an overnight fast. 90 minutes after gavage, blood was 

collected from the submandibular vein from each mouse and placed in BD Microtainer 

SST serum collection tubes (Becton, Dickinson and Company, Franklin Lakes, NJ). The 

tubes were inverted 5 times and allowed to clot for thirty mins. The tubes were then 
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centrifuged for 90 seconds at 13000Xg. The serum was pipetted into a 96-well clear 

bottom plate and was analyzed by fluorimetry at 490 nm to determine the concentration 

of FITC-dextran. 

K. Apcmin/+ model of colon cancer  

The Apcmin/+ mouse model of colon cancer is a well-respected model of the human 

condition familial adenomatous polyposis (FAP). The Apcmin/+ colony from Jackson Labs 

was developed following N-ethyl-N-nitrosourea (ENU) treatments. The mice were found 

to develop anemia and multiple intestinal neoplasia, predominantly in the small intestine 

[105]. Min mice develop more than 30 polyps in their small intestine and many die by 

120 days of age. Sequencing of the mice showed a T to A transversion at nucleotide 

2549, which results in a Stop codon nonsense mutation which creates a truncated form of 

Apc [106]. Although Min mice develop polyps in the small intestine in contrast with 

human FAP patients who develop hundreds of colonic polyps, it is still a widely accepted 

murine model of colon cancer and FAP for studying chemoprevention.  

i. Apcmin/+ colon cancer study 

Male C57/BL6J-ApcMin/+ mice and female C57/BL6J mice were obtained from Jackson 

Laboratory at age 6 weeks and separated into breeding cages. Pups were genotyped at 3 

weeks of age using primers to detect wild-type and mutated Apc. Mice heterozygous for 

mutant Apc are used in this study, as homozygotes die in utero. ApcMin/+ mice were 

randomly separated into three groups- control, sildenafil, and linaclotide. Mice started 

receiving drug treatment at age 4 weeks. Body weight was monitored weekly to track 

disease progression, as anemia and weight loss are symptoms of late-stage disease. At the 
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end of 14 weeks, the animals were sacrificed by CO2 asphyxiation. The entire GI tract 

from stomach to rectum was removed and flushed out with ice-cold PBS. The GI tract 

was then divided into four sections- three portions of small intestine, from stomach to 

duodenum, and the entire colon. The tissue was opened longitudinally and spread out on 

a light box. High-resolution images were captured and enlarged for identification and 

selection of polyps. ImageJ software was used to count and determine the size of polyps. 

After capturing images, representative polyps were collected for RNA and protein 

analysis, as well as histological analysis. 

ii. Histopathology 

Tissue from ApcMin/+ mice were formalin-fixed flat between two sheets of filter paper 

overnight. The next day the formalin was removed and replaced with 70% ethanol. The 

strips of intestine were embedded in low melt agar and loaded into a tissue cassette so 

that when cut the sections will show cross sections of the intestine. The tissue cassettes 

were then embedded in paraffin and sectioned at 5µm thickness by the Augusta 

University Histology Core. Sections were then processed as follows: deparaffinization 

with xylene, rehydration with decreasing concentrations of ethanol (100%-50%), antigen-

retrieval by boiling in citrate buffer. Tissues were stained directly by the Augusta 

University histology core with H&E and Alcian blue/periodic acid Schiff (AB/PAS) to 

visualize polyps and goblet cells. The tissues were probed using antibodies against Ki-67 

(1:100; Dako Cytomation) and cleaved caspase-3 (1:500; Cell Signaling, Danvers, MA, 

USA). Antibody visualization was done using an anti-rat/anti-rabbit ImmunoCruz ABC 

kit (Santa Cruz Biotechnology) to enhance DAB staining. Mucus density and 

proliferative and apoptotic indices were quantitated using ImageJ software. Briefly, for 
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surrounding tissue, 10 different sections containing approximately 8 crypts per section 

were analyzed for each mouse. For polyps, three sections from four different polyps per 

mouse were analyzed. 

iii. Analysis of gene expression 

Mucosal tissue was scraped into TRIzol reagent (Life Technologies) and polyps were 

removed with scissors and forceps, placed in TRIzol and flash-frozen. RNA was DNAse 

treated (TURBO DNA-free kit, Life Technologies) then converted to cDNA using M-

MLV reverse transcriptase (Invitrogen™). Quantitative PCR (qRT-PCR) analysis of the 

cDNA was performed using SYBR Green PCR Master Mix (Applied Biosystems). 

Relative expression levels were calculated using the 2–ΔΔCT method with β-actin 

(ACTB) as a reference. Amplifications were performed in triplicate wells and melt curve 

analysis was done to confirm the specificity of the primers used. Primers were designed 

using Primer Blast Software (NCBI; Table 1) 

L. Statistical analysis 

All statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software, 

Inc.). The statistical significance was set at p<0.05. All data were expressed as mean ± 

SEM, unless otherwise stated in the figure legend. Either a Student’s t-test or One-Way 

ANOVA with post analysis were used for comparison of means.  
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Table 1. Mouse primers used for real-time quantitative PCR.  

Gene 
Name 

 
Sequence (forward/reverse, 5’-3’) 

Slc6a4 CCAAGAGCTAGTCAGGGTCC / CCAACGGCACTAACCTCCAC 
Tph1 CAGCAAGGACGGGATCAACT / AACGGGGTCCCCATGTTTG 
Actb GTACTCTGTGTGGATCGGTGG / AACGCAGCTCAGTAACAGTCC 
Tnf CCCACTCTGACCCCTTTACT / TTTGAGTCCTTGATGGTGGT  
Il1b CCCAACTGGTACATCAGCAC / TCTGCTCATTCACGAAAAGG  
Ifng CCATCAGCAACAACATAAGCGTC / TCTCTTCCCCACCCCGAATCAGCAG  
Guca2a TGTCCTGGTAGAAGGGGTCA / CGGGGAGCAAACTTCTTGTG  
Guca2b TGGAAGC-CATGGTACTTGATG / AAGCGAGGC-CATGTCAAGAA  
Gucy2c ACCGACAGTGGAGAACCAAC / TCTTATAGCTGGC-CACCCGA  
Prkg1a TGAGCTTCCAGC-CCATTCAG / AACTTTTCCTGC-CGAGACGG 
Prkg1b GGAAAGTTGATCCGAGAGGG / TTCTCCTGGAGCGCATACTG 
Prkg2 GGGCATCTGTGATGAGCTTT / CAACCACCCGAACCTATGAC  
Pde5a GGCAAGCACCATGGAACGAG / TGCGTTGACCATGTCTCTGG 
Pde9 ATGTGGATGAACCGTGGGAT / CGGGCACCGTTCTGACATTTA  
Pde10a AAGATGGACCCTCTAACAATGCG / TCCACAGTCTCTGCACTAACA 
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IV. RESULTS 
 
 

A. The effect of cGMP-elevating agents on intestinal homeostasis 

i. PDE-5 inhibitors increase cGMP levels in the mouse colon mucosa 

Guanylin and uroguanylin are intestinal hormones that increase cGMP by binding and 

activating epithelial GC-C. With this endogenous cGMP-generating system, blocking 

cGMP degradation using PDE5 inhibitors can increase cGMP levels. It was recently 

reported that increasing cGMP levels by intraperitoneal (IP) injection of the PDE5 

inhibitor vardenafil had profound effects on homeostasis in the colon epithelium [69]. In 

the present study, a single-dose of the PDE5 inhibitor sildenafil administered by IP 

injection or oral gavage increased cGMP levels in the colon mucosa (15.2-fold and 11.7-

fold respectively; p<0.001; Fig. 4A). Furthermore, sildenafil administered to mice ad 

libitum in drinking water also increased cGMP levels in the colon (8.6-fold; p< 0.001; 

Fig. 4A). At the doses used in our studies, inclusion of sildenafil in the water did not 

significantly affect daily water intake compared to controls (Fig. 4B). Vasodilator-

stimulated phosphoprotein (VASP) is widely used to measure PKG activation by cGMP. 

Treatment of mice with sildenafil led to increased phosphorylation of VASP at the 

Ser239 site which is a target site for PKG (Fig. 4C). The most abundant increase occurred 

after 3 days of ad libitum treatment in the drinking water.  

 

43 
 



 
 

 

 

Figure 4. Sildenafil increases cGMP levels in the colon epithelium via three delivery methods. (A) 

cGMP levels in the colon mucosa of untreated mice (Ctrl), 5 hours  after oral gavage (Gav) or 

intraperitoneal injection (IP) of sildenafil, or mice provided sildenafil in water ad libitum for 5 days. (B) 

Daily intake by mice provided water alone (Control) or water containing sildenafil (5.7 mg/kg).  (C) 

Western blot of pVASP expression in colon mucosa from mice treated with sildenafil for various amounts 

of time. Data are shown as means, error bars represent SEM, n=6. (A,B) n=6 mice per group, * p<0.05, ** 

p< 0.0005 by two-tailed student’s t-test. 
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ii. cGMP-elevating agents regulate homeostasis in the mouse colon mucosa. 

 

In agreement with the previous study using IP administered vardenafil, administration of 

sildenafil to mice for five days ad libitum in drinking water significantly increased the 

number of differentiated goblet cells and enteroendocrine cells in the colon epithelium 

(Fig. 5). Sildenafil treatment also reduced the proliferating compartment and the number 

of apoptotic cells at the luminal surface (Fig. 6). Previous work in our lab using PDE5 

inhibitors have primarily focused on its protective effects in the colon epithelium. This 

study sought to expand the current knowledge of PDE5 inhibitors in the colon by looking 

at their effects in the intestine as well. In agreement with the data collected from the 

colon, sildenafil treatment significantly increased the number of secretory cells 

(enteroendocrine and goblet cells) within the villi of the intestine (Fig. 7). Interestingly, 

sildenafil treatment did not alter proliferation or apoptosis in the intestinal epithelium 

(Fig. 8) as we see in the colon.  

 

Guanylin and GC-C knockout mice exhibit altered homeostasis in the colon, but the 

effects of exogenous GC-C ligands on intestinal epithelial homeostasis have not 

previously been examined. It was observed here that administration of linaclotide to mice 

had a similar effect on homeostasis as the PDE5 inhibitors. Within the colon epithelium, 

linaclotide treatment increased secretory cell density (Fig. 5) and decreased proliferation 

and apoptotic cells (Fig. 6). Linaclotide treated mice showed increased numbers of 

secretory cells in the intestinal villi, although the goblet cell increase did not reach 

statistical significance (Fig. 7). The proliferation rate within the intestine was not affected 
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by linaclotide; interestingly, we observed an increase in apoptotic cells at the tip of the 

villi in mice treated with linaclotide (Fig. 8). While there is currently not an explanation 

for this increase in apoptosis, other groups using GC-C agonists have reported similar 

findings.  

 

Chromogranin-A recognizes generalized enteroendocrine cells; however, there are many 

different types of enteroendocrine cells which are classified depending on what hormone 

they make and secrete. One of the most widely studied subtypes of enteroendocrine cells 

are enterochromaffin (EC) cells which synthesize and secrete serotonin (5HT). Serotonin 

has many functions in the gut including intestinal motility and enteric nociception. The 

increase in enteroendocrine cells with PDE5 inhibitors is made up in large part by an 

increase in EC cells (Fig. 8). In addition to seeing an increase in EC cell density, we also 

observed an increase in the rate-limiting enzyme in serotonin synthesis, tryptophan 

hydroxylase (Tph1) in the mucosa of mice treated with vardenafil. This suggests that 

PDE5 inhibitors are increasing enterochromaffin cells and serotonin signaling in the gut.   
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Figure 5. cGMP elevating agents increase secretory cell number in colon epithelium. . (A,C) 

Quantification and representative images of enteroendocrine cells (CgA) and (B,D) goblet cells (AB/PAS) 

in the colon epithelium of CD1 mice untreated (Ctrl) or treated with sildenafil (Sild) or linaclotide (Lin) for 

five days. Scale bars represent 50µm. Data are shown as means, error bars represent SEM. n=3 mice per 

group. * p<0.05, ** p<0.005, by two-tailed students t-test.  
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Figure 6. cGMP-elevating agents decrease apoptosis and proliferation in the colon epithelium. (A,C) 

Quantification and representative images of apoptotic cells (CC3) and (B,D) proliferating cells (Ki-67) in 

the colon epithelium of CD1 mice untreated (Ctrl) or treated with sildenafil (Sild) or linaclotide (Lin) for 

five days. Scale bars represent 50µm. Data are shown as means, error bars represent SEM. n= 3 mice per 

group. * p<0.05 by two-tailed students t-test. 
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Figure 7. cGMP-elevating agents regulate secretory cell density in intestinal epithelium. (A,C) 

Quantification and representative images of enteroendocrine cells (CgA) and (B,D) goblet cells (AB/PAS) 

in the intestinal epithelium of CD1 mice untreated (Ctrl) or treated with sildenafil (Sild) or linaclotide (Lin) 

for five days. Scale bars represent 50µm. Data are shown as means, error bars represent SEM. n= 3 mice 

per group. * p<0.05 by two-tailed students t-test.  
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Figure 8. cGMP-elevating agents do not effect proliferation and apoptosis in the intestinal 

epithelium. (A,C) Quantification and representative images of apoptotic cells (CC3) and (B,D) 

proliferating cells (Ki-67) in the intestinal epithelium of CD1 mice untreated (Ctrl) or treated with sildenafil 

(Sild) or linaclotide (Lin) for five days. Scale bars represent 50µm. Data are shown as means, error bars 

represent SEM. n=3 mice per group. * p<0.05 by two-tailed students t-test. 
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Figure 9. PDE5 inhibitors increase enterochromaffin cells in the colon epithelium of mice. (A) Dual-

staining of enteroendocrine cells (CgA, red) and enterochromaffin cells (5-HT, green) in the colon 

epithelium of CD-1 mice untreated (Ctrl) or treated with vardenafil for five days. Scale bars represent 

50µm. (B) Quantification of enteroendocrine cells (CgA) and enterochromaffin cells (5HT) in the colon 

epithelium of CD-1 mice untreated (-) or treated with vardenafil (+) for five days. The inset shows 

expression of tryptophan hydroxylase (Tph1) in colon mucosa scraped from untreated (-) or vardenafil 

treated (+) mice. Data are shown as means, error bars represent SEM. n=3 mice per group. * p<0.05 by 

two-tailed student’s t-test. 
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iii.  Pharmacodynamics of sildenafil and linaclotide in the  intestine 

The initial studies investigating the effect of sildenafil on gut homeostasis only looked at 

one effective dose of the drug. This study sought to expand our knowledge of the effects 

of sildenafil on gut homeostasis by investigating different doses of the drug. The original 

dose from preliminary studies was originally calculated to represent four-times the 

human dose prescribed for erectile dysfunction, 100mg per day. Based on allometric 

scaling of the mouse doses into an equivalent human dose (factor of 12.3), the dose was 

actually calculated to be a pediatric dose of 32.4 mg. We found that the doses of 

sildenafil equivalent to a pediatric human dose were able to decrease proliferation and 

apoptosis and increase secretory cells in both the intestine and the colon (Fig. 10, 11). 

The effects were saturable at the human dose equivalent prescribed for erectile 

dysfunction.  

 

Linaclotide is prescribed for constipation as a once-daily 145 µg pill. Daily oral gavage 

of various doses of linaclotide to mice for five days sought to determine the maximal 

effective dose of the drug on homeostasis. Linaclotide exerted the strongest effect on 

homeostasis at a very low human dose equivalent of 2.8 µg per day, with a weaker effect 

being observed at higher doses of the drug (Fig. 12 A, B). This effect is also reported in 

human clinical trials with linaclotide, where low doses induced more diarrhea and side 

effects that the higher doses that are prescribed. While the explanation behind this 

phenomenon has not been investigated, it is possible that higher doses of the drug 

promote excess secretion into the lumen which dilutes out the remaining drug in the 

lumen, thereby causing weaker homeostatic effects.  
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Intraperitoneal administration of vardenafil was reported to increase cGMP levels in the 

colon mucosa after only 4 hours; however, the majority of the homeostatic parameters 

were measured after three to five days of once-daily vardenafil treatment [69].  This 

study sought to determine the dynamics of the homeostatic changes that are observed 

with continual ad libitum treatment with sildenafil in drinking water. Sildenafil takes 

three days to induce its maximal effect on secretory cell number (Fig. 13A). However, 

sildenafil only takes twenty-four hours to effect proliferation and apoptotic rate (Fig. 13 

B, C). These effects take continual treatment, as giving one dose of the drug and waiting 

for five days is not enough to alter homeostasis (Fig. 14A). In addition, the homeostatic 

changes are not permanent, as the gut will return to normal after a week without exposure 

to the drug (Fig. 14B).  
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Figure 10. Dose effect of sildenafil on homeostasis in the intestinal epithelium. Quantification of (A) 

goblet cells (AB/PAS) and (B) apoptotic cells in the intestinal epithelium of mice treated with various 

doses of sildenafil ad libitum in drinking water for five days. Data are shown as means, error bars represent 

SEM. n= 3 mice per group. * p<0.05 by two-tailed student’s t-test. 
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Figure 11. Dose effect of sildenafil on homeostasis in the colon epithelium. Quantification of (A) goblet 

cells (AB/PAS) and (B) apoptotic cells in the colon epithelium of mice treated with various doses of 

sildenafil ad libitum in drinking water for five days. Data are shown as means, error bars represent SEM. 

n= 3 mice per group. ** p<0.005 by two-tailed student’s t-test.  
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Figure 12. Dose effect of linaclotide on homeostasis in the intestinal epithelium. Quantification of 

goblet cells (AB/PAS) in the (A) intestinal epithelium and (B) the colon epithelium of mice treated with 

various doses of linaclotide via oral gavage for five days. Data are shown as means, error bars represent 

SEM. n= 3 mice per group. * p<0.05, ** p<0.005 by two-tailed student’s t-test.  
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Figure 13. Sildenafil effect on homeostasis in the colon epithelium over time. Quantification of (A) 

enteroendocrine cells (CgA), (A) goblet cells (AB/PAS), (B) proliferating cells (Ki-67), and (B) apoptotic 

cells (CC3) in the colon epithelium of mice treated with sildenafil ad libitum in drinking water for 24, 48, 

72, or 120 hours. Data are shown as percentage of maximum change. n=3 mice per group. * p<0.05 by two-

tailed student’s t-test.  
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Figure 14. Homeostatic changes require five days of continuous sildenafil treatment. (A) Mice were 

given one dose of sildenafil via oral gavage and allowed to recover for five days. Colons were harvested for 

histological analysis of goblet cells (AB/PAS). (B) Mice were treated with sildenafil ad libitum in drinking 

water for seven days, then allowed to recover with normal drinking water for seven days. Colons were 

harvested after seven days of treatment and after seven days of recovery for histological analysis of goblet 

cells (AB/PAS). Data are shown as means, error bars represent SEM. n= 3 mice per group. * p<0.05 by 

two-sided students t-test.  
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B. cGMP elevation for regulation of intestinal transit 

 

i. Mice recovered from DSS-induced intestinal damage mimic post-infectious IBS  

Since linaclotide is known to be beneficial in the treatment of IBS-C and CIC, it was 

hypothesized that sildenafil could also be used to increase bowel transit in constipation 

models. Since the therapeutic effects of linaclotide are thought to involve regulation of 

secretion and motility, it was of interest to determine whether sildenafil could affect 

bowel transit. However, it was found that neither sildenafil nor linaclotide treatment 

affected transit in healthy mice (Fig. 15A, B). One of the most common side effects of 

linaclotide is diarrhea due to over-activation of GC-C and subsequent secretion. 

However, at the doses of the drugs used here, no change in fecal water content was 

observed (Fig. 15C). 

 

As reported previously [107, 108], administration of DSS (3%) to mice for five days in 

drinking water induced a well-characterized inflammatory response that was 

accompanied by loss of body weight (Fig. 16A). Mice were allowed to recover for three 

weeks. At the time of the transit assay, body weight had normalized and disease 

symptoms were largely abrogated, suggesting that the mice had recovered from the DSS-

induced intestinal inflammation. Histological analysis revealed that the recovered animals 

continued to exhibit evidence of a residual but stable disease marked by patches of edema 

and crypt loss (Fig. 16B). Intestinal transit was significantly slower in mice recovered 

from DSS compared to healthy mice (Fig. 17A). This change in transit was stable over 

several weeks (Fig. 17A). Although damaging effects of DSS are more pronounced in the 
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distal colon, the recovered mice exhibited slower upper intestinal transit as well as total 

intestinal transit (Fig. 17B). Despite the reduced transit in the recovered mice, fecal water 

content was higher than matched control animals (Fig. 17C).  
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Figure 15. Sildenafil and linaclotide have no effect on transit time or fecal water content in healthy 

mice. Mice were treated with sildenafil (ad libitum in water) or linaclotide (oral gavage) for five days prior 

to intestinal transit assay of (A) total transit or (B) upper intestinal transit. (C) Fecal pellets were collected 

from control and treated mice during the total transit assay and measured for fecal water content. Data are 

shown as means, error bars represent SEM, n=12.  
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Figure 16. DSS recovery model schematic. (A) 6-8 week old C57/BL6 mice were administered 3% DSS 

in drinking water for five days and allowed to recover for three weeks. Body weight was recorded 

throughout the study to monitor disease progression and recovery.  (B) H&E and AB/PAS staining of a 

section of distal colon in a healthy and DSS-recovery mouse shows residual inflammation in the recovery 

mice. Arrows indicate edema (upper panel) and crypt loss (lower panel) in the recovery mice. Scale bars 

represent 100µm. 
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Figure 17. Mice recovering from DSS-induced inflammation have increased transit time and fecal 

water content. (A) Total transit time for healthy mice and DSS-recovery mice at different stages of 

recovery. Briefly mice were gavaged with a bolus of charcoal and the time from administration of charcoal 

to the expulsion of the charcoal in a fecal pellet was recorded. (B) Distance that a gavaged bolus of 

charcoal traveled in 10 minutes in mice recovered from DSS for three-weeks, compared to healthy controls. 

(C) Fecal water content of healthy and DSS-recovered mice. Data are shown as means, error bars represent 

SEM, n=6 mice per group. * p< 0.05, ** p< 0.001 by two-tailed Student’s t-test.  
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ii. Sildenafil reduces IBS symptoms in a DSS-recovery mouse model 

The DSS-recovery mice exhibited reduced numbers of enterochromaffin (EC) cells in the 

colon epithelium compared to healthy mice (Fig. 18A). Sildenafil treatment for five days 

reduced the deficit of these 5-HT-staining cells, and partially returned the density to that 

of healthy mice although it did not reach significance (Fig. 18B). In support of this 

finding, mucosa from recovery mice showed lower expression of SERT and Tph1, two 

major components in serotonin signaling (Fig. 18C). Both acute and long-term treatment 

with sildenafil returned the levels to that of healthy mice. In addition, treatment of mice 

with either sildenafil or linaclotide reduced transit times in the DSS-recovery mice almost 

to the normal levels observed in healthy controls (Fig. 19A). Notably, even an acute dose 

of either drug was effective at reducing intestinal transit time in this model. This result 

indicates that EC cell density is unlikely to contribute to the therapeutic effect of either 

drug in this model because the normalization of EC cell numbers required several days of 

sildenafil treatment. In addition, small intestinal transit time was unaffected by sildenafil 

treatment, suggesting that the regulation of transit in this model is largely due to 

increased cGMP in the colon (Fig. 19B).  

 

Despite the slower transit of the DSS-recovered mice, the total fecal output was 

paradoxically slightly higher than untreated animals (Fig. 20A). However, the total dry 

mass was significantly less in the diseased animals, indicating that the extra mass was 

attributed to water in the stool. Indeed, the average percentage of water per fecal pellet 

was higher in the diseased animals (Fig. 20B). Administration of either sildenafil or 

linaclotide normalized the total fecal output and water content per fecal pellet. This effect 
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was observed whether the drugs were given acutely (one hour prior to measurement), or 

longer term (5 days). Consistent with partial rescue of intestinal motility, sildenafil and 

linaclotide partially restored the total dry mass. These results suggest that residual 

inflammation in the colon of DSS-recovery mice more closely models PI-IBS, or low 

grade ulcerative colitis. Indeed, barrier-disruption by acute DSS treatment was restored 

by sildenafil treatment (Fig. 21A). Knockout animals that are deficient in cGMP 

signaling components have a compromised intestinal barrier that has been suggested to be 

caused by reduced expression of junctional proteins [69, 71, 109]. Consistent with this 

idea, occludin and claudin-4 levels in the colon epithelium were increased by sildenafil 

treatment relative to untreated controls (Fig. 21B).  

  

65 
 



 
 

 

 

 

Figure 18. DSS recovery mice have a deficit of 5HT cells which is recovered with sildenafil treatment. 

(A, B) Quantification of 5-HT-positive cells in stained sections of colon from healthy mice, or those 

recovered from DSS treatment (DSS Recovery). Mice were either untreated controls (Ctrl) or treated with 

sildenafil for 5 days (Sild). Scale bars represent 100µm. (C) Expression of SERT and Tph1 in colon 

mucosa from healthy mice (WT), or those recovered from DSS treatment (DSS recovery). Mice were either 

untreated controls (Ctrl) or treated with sildenafil for 5 days (LT Sild) or one-hour (Acute Sild). Data are 

shown as means, error bars represent SEM, n=6 mice per group. ** p<0.005 by one-way ANOVA and 

Tukey’s post hoc analysis.  
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Figure 19. Sildenafil decreased intestinal transit time in a DSS-recovery model of IBS. (A) Total 

transit time and (B) upper intestinal transit were measured in healthy and DSS-recovery mice. Mice were 

either untreated (Ctrl) or treated with sildenafil or linaclotide acutely (1 hr; Acute Sild, Acute Lin 

respectively) and 5 days (Sild, Lin, respectively). Data are shown as means, error bars represent SEM, n=12 

mice per group. * p<0.05, ** p<0.005, *** p<0.001 by one-way ANOVA and Tukey’s post hoc analysis.  
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Figure 20. Sildenafil regulates fecal water content in DSS-recovery mice.  Fecal pellets from healthy 

mice, or those recovered from DSS treatment were collected to measure (A) total wet and dry fecal mass 

and (B) fecal water content. Mice were either untreated (Ctrl) or treated with sildenafil or linaclotide 

acutely (1 hr; Acute Sild, Acute Lin respectively) and 5 days (Sild, Lin, respectively). Data are shown as 

means, error bars represent SEM, n=12 mice per group.  

* p<0.05 by one-way ANOVA and Tukey’s post hoc analysis. 
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Figure 21. Sildenafil repairs leaky barrier and increases expression of tight junctional proteins in 

DSS-treated mice.  (A) Barrier function was by gavaging mice with FITC-dextran and measuring the 

amount of FITC that has leaked into the blood after 90 minutes. Mice exposed to DSS were either untreated 

(Ctrl) or treated with an acute dose of sildenafil (Sild). (B) Levels of tight junctional proteins claudin 4 and 

occludin were measured by western blot in mucosa from untreated mice (Ctrl) and mice treated with 

sildenafil for 5 days (Sild). Data are shown as means, error bars represent SEM, n=6 mice per group. * 

p<0.05 by one-way ANOVA and Tukey’s post hoc analysis. 
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iii. Sildenafil suppresses loperamide-induced constipation  

 

Linaclotide has been reported to relieve constipation by regulating both secretion and 

motility. It is unlikely that the normalization of transit conferred by sildenafil treatment of 

DSS-recovered mice was due to increased secretion, since the fecal wet weight was 

reduced in treated animals. This suggests that the regulation of intestinal transit by 

sildenafil treatment was more likely due to a direct effect on intestinal motility. To 

further explore this idea, the ability of sildenafil to normalize transit in loperamide treated 

animals was examined. Loperamide is a µ-opioid receptor agonist that acts on the 

myenteric plexus of the large intestine to decrease smooth muscle contractions and 

therefore models opioid-induced constipation [110]. In addition to regulating transit in 

the DSS-recovery model, sildenafil was also able to normalize transit in loperamide 

treated mice. Administration of loperamide to mice nearly doubled the intestinal transit 

time (Fig. 22A). Both acute (one hour) and five day treatment of mice with sildenafil 

were able to block the loperamide-induced increase in intestinal transit time (Fig. 22A). 

Loperamide also dramatically reduced transit in the small intestine, but this was not 

affected by sildenafil treatment (Fig. 22B). As expected for mice administered 

loperamide, the reduced transit was accompanied by a decrease in fecal water content 

(Fig. 22C). In contrast to the DSS-recovery model described above, but consistent with 

the increased transit, sildenafil administration increased fecal water content in the 

loperamide treated mice.  
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Figure 22. Sildenafil normalizes transit in Loperamide-induced constipation model. Mice were either 

provided vehicle (healthy) or 10mg/kg loperamide (constipated). (A) Total intestinal transit and (B) 

distance traveled by a gavaged bolus of charcoal in 10 minutes were measured in untreated (Ctrl) or 

sildenafil treated (Sild) mice. Fecal pellets were collected from mice in the total transit experiment to 

measure (C) fecal water content. Data are shown as means, error bars represent SEM, n=12 mice per group. 

* p<0.05, ** p<0.001 by one-way ANOVA and Tukey’s post hoc analysis.  
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C. cGMP elevating agents for prevention of colorectal cancer  

 

i. cGMP-elevating agents reduce tumor burden in intestine of Apcmin mice 

Treatment with the GC-C agonist plecanatide or the PDE5 inhibitor sildenafil has 

recently been shown to suppress polyp multiplicity in inflammation-driven models of 

colon cancer in mice, although the mechanism of suppression is poorly understood [83, 

84]. To better understand the inhibitory mechanism, the present study compared the two 

approaches of cGMP elevation in a non-inflammatory model of intestinal carcinogenesis. 

Loss of heterozygosity at the Apc locus causes ApcMin/+ mice to develop numerous 

adenomatous polyps primarily in the small intestine (Fig 23A, B). Daily administration of 

sildenafil in drinking water or the GC-C agonist linaclotide by gastric gavage reduced the 

number of intestinal polyps per mouse (56% and 67%, respectively)  compared to 

controls given water alone (Fig 23C). The polyps from treated mice did not differ 

significantly in size relative to control polyps (Fig 23D). Further analysis of polyp 

sections by IHC showed that sildenafil or linaclotide treatment of the host did not 

significantly affect proliferation or apoptosis of the polyps (Fig 24 A, B). The polyps 

from both control and treated animals were undifferentiated with respect to the presence 

of goblet cells but showed an increase in goblet cell density in the non-neoplastic 

periphery of the polyps (Fig. 24 C). 
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Figure 23. cGMP-elevating agents suppress tumorigenesis in the intestine of ApcMin/+ mice. Upon 

weaning, ApcMin/+ mice were randomly assigned to three groups, untreated (Ctrl) or treated for 10 weeks 

with sildenafil (sild) or linaclotide (lin). (A) Representative intestines from 14-week old ApcMin/+ mice and 

(B) representative image of an H&E stained intestinal section with a polyp. (C) Plot shows the effect of 

sildenafil and linaclotide on median polyp number per animal (n=10 per group). (D) Average polyp size 

from ApcMin/+ mice untreated (Ctrl) or treated for ten-weeks with sildenafil (sild) or linaclotide (lin). Data 

are shown as means, error bars represent SEM. n= 10 mice per group. ** p<0.005, *** p<0.001 by one-

way ANOVA with Tukey’s post hoc analysis.  
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Figure 24. cGMP elevation has no effect on the phenotype of intestinal polyps from ApcMin/+ mice. 

Polyps from untreated and sildenafil (sild) or linaclotide (lin) treated animals were collected and processed 

for histological analysis of (A) proliferative index (Ki-67), (B) apoptotic index (CC3), and (C) mucus 

density (AB/PAS). Data are shown as means, error bars represent SEM. n= 3 mice, 6 polyps per mouse. ** 

p<0.005 by two-tailed student’s t-test. 
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ii. Sildenafil does not affect inflammation in the ApcMin/+ mouse intestine 

 

Sildenafil has been reported to suppress myeloid-derived suppressor cell (MDSC) 

function and reduce inflammation in colonic polyps [84, 111, 112]. In order to determine 

whether this phenomenon played a role in the present study, RT-qPCR was used to 

measure inflammatory cytokine expression in the ApcMin/+ mouse intestinal tissues. These 

studies showed that the expression of IL-1β, TNFα, and IFNγ in the non-polyp tissue 

from the ApcMin/+ mice intestine was comparable to the levels in wild-type mice (Fig 25 

A-C). In contrast, the intestinal polyps showed dramatic increases in the mRNA levels of 

these inflammatory cytokines. Treatment of mice with sildenafil did not significantly 

reduce the cytokine expression in either the polyp or non-polyp tissue. In support of this, 

the slightly higher density of CD11b cells associated with polyps did not change in 

response to sildenafil treatment (Fig 25 D-E). These results support the idea that mucosal 

inflammation is not a central driver of intestinal carcinogenesis in the ApcMin/+ mouse, 

and that the suppressive effect of cGMP is not due to effects on polyps.  

 

iii. The expression of cGMP-signaling components in the ApcMin/+ intestinal polyps. 

 

While both cGMP-elevating drugs examined in the present study reduced polyp 

multiplicity in the ApcMin/+ intestine, neither drug affected polyp size, proliferation or 

apoptosis. Similar observations were reported recently using the AOM/DSS 

inflammatory carcinogenesis model, where a dramatic loss of cGMP-generating 

machinery in the polyps partially explained the phenomenon [84]. To determine whether 
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this also occurs in the intestinal polyps in ApcMin/+ mice, the expression of cGMP-

signaling components was examined using RT-qPCR. These studies revealed that the 

mRNA levels of uroguanylin and GC-C were unchanged between non-polyp epithelium 

and the polyp tissue (Fig. 26A). Surprisingly, guanylin mRNA levels were significantly 

higher in the polyps compared to the surrounding tissue, but the physiological 

significance is not clear as the relative transcript levels were much lower than 

uroguanylin. The expression of the effector protein kinases PKG1α, β did not differ 

significantly between polyp and non-polyp tissue in the ApcMin/+ mouse intestine, but the 

relative mRNA level of the PKG2 isoform was elevated in the polyps (Fig 26B). 

Expression-analysis of phosphodiesterases with activity toward cGMP (PDE5, 9, and 

10a), revealed little change in PDE5 or PDE9, but significantly higher levels of the dual-

specificity PDE10a were observed in the polyps compared to non-polyp tissue (Fig 26C). 

However, the increased expression of PDE10a in the ApcMin/+ polyps was independent of 

sildenafil treatment. 

 

iv. cGMP-elevating agents regulate homeostasis in pre-neoplastic tissue of ApcMin/+ 

mice 

 

The suppression of tumorigenesis by both sildenafil and linaclotide in the absence of any 

effect on initiated polyps indicates that the principal effect of cGMP is on the pre-

neoplastic epithelium. To explore this further, RT-qPCR analysis of cGMP signaling 

component mRNA expression in the non-polyp epithelium of the ApcMin/+ intestine was 

compared to wild-type animals. These studies revealed significantly less uroguanylin and 

76 
 



 
 

guanylin, but elevated levels of GC-C in the ApcMin/+ intestine (Fig 27A). To determine 

whether the altered expression of these components affected epithelial homeostasis, 

histological analysis of proliferation, apoptosis, and differentiation was examined. These 

results showed that the goblet cell numbers were reduced, but the intestine of ApcMin/+ 

mice exhibited more crypt proliferation and more apoptosis at the villus tip compared to 

wild-type animals (Fig 27B-D).  

 

It has been reported that increasing cGMP in the intestine with PDE5 inhibitors can 

suppress proliferation and apoptosis in the wild-type mouse intestines but this has not 

been examined in ApcMin/+ mice. To better understand the effect of cGMP-elevating 

agents in the ApcMin/+ mice, the effects of linaclotide and sildenafil on homeostasis in the 

non-neoplastic intestinal epithelium was measured. Similar to the effect of these agents 

on the colon [69, 113], both drugs increased goblet cell density and suppressed 

proliferation (Fig. 28A, B). In contrast to previously reported effects on the colon 

however, both linaclotide and sildenafil treatment caused increased apoptosis at the tip of 

the villi (Fig. 28C). 
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Figure 25. Sildenafil treatment does not reduce inflammation within polyps of ApcMin/+ mice. (A, B, 

C) Real-time qPCR analysis of inflammatory cytokine gene expression in mucosa from C57BL/6 mice and 

mucosa and polyps from untreated or sildenafil-treated ApcMin/+ mice. n= 6 each. (D, E) Quantification and 

representative images of Cd11b+ cells in intestines of C57BL/6 mice and untreated or sildenafil-treated 

ApcMin/+ mice. Scale bars represent 50µm. Data are shown as means, error bars represent SEM. n= 3 mice, 3 

polyps per mouse. 
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Figure 26. Expression of cGMP signaling components in intestinal polyps from ApcMin/+ mice. (A) The 

expression of cGMP generators was measured by real-time qPCR in non-neoplastic tissue and untreated 

and treated polyps from ApcMin/+ mice. (B) The expression of cGMP effectors were measured by real-time 

qPCR in non-neoplastic tissue and untreated and treated polyps from ApcMin/+ mice. (C) The expression of 

various phosphodiesterases were measured by real-time qPCR in non-neoplastic tissue and untreated and 

treated polyps from ApcMin/+ mice. n= 6 mice; * p<0.05, ** p<0.005 by One-way ANOVA and Tukey’s 

post hoc analysis.  
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Figure 27. Non-neoplastic epithelium from ApcMin/+ mice has reduced levels of endogenous GC-C 

peptides and increased proliferation and apoptosis. (A) Real-time qPCR analysis of uroguanylin, 

guanylin, and GC-C gene expression in mucosal tissue from C57BL/6 mice and non-neoplastic mucosal 

tissue from ApcMin/+ mice. (B, C, D) Quantification and representative images of goblet cells (AB/PAS), 

proliferation (Ki-67), and apoptosis (CC3) in stained sections of intestine from C57BL/6 mice and ApcMin/+ 

mice. A, n=6; B-D, n=3. * p<0.05, ** p<0.005, p< 0.0005 by two-tailed Student’s t-test.   
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Figure 28. Linaclotide and sildenafil treatment regulate homeostasis in non-neoplastic epithelium of 

ApcMin/+ mice. Non-neoplastic tissue from ApcMin/+ mice treated with sildenafil or linaclotide for ten weeks 

were collected and prepared for histological analysis. (A, B, C) Tissue was stained for goblet cell density 

(AB/PAS), proliferation (Ki-67), and apoptosis (CC3). Representative pictures of the staining are shown at 

the right of the graph. Arrows on Panel C indicate CC3 positive cells. * p<0.05, ** p<0.005, *** p<0.0005 

by One-way ANOVA and Tukey’s post hoc analysis. 

 

81 
 



 
 

v. cGMP elevation has no effect on colon tumorigenesis in Apcmin/+ mice 

While we saw a robust inhibition of intestinal tumorigenesis in Apcmin/+  mice treated with 

sildenafil or linaclotide, the same was not true for the colon. Mice treated with sildenafil 

or linaclotide did not show any difference in polyp number in the colon (Fig. 29 C). In 

the classical Apcmin/+ mouse model, the majority of the tumorigenesis occurs in the small 

intestine with very few polyps occurring in the colon [114]. However, the colony used in 

this study exhibited an average of five polyps in the colon compared to an average of less 

than one recorded in the model historically. The polyps in the colon were larger and more 

advanced than those in the intestines of the same mice (Fig. 29 A, B). While we do not 

have an explanation for the unusually high number of polyps we have recorded in the 

colon, it is of interest to note that at the time the drug administration began mice already 

exhibited a high number of lesions (Fig. 29 D). Since sildenafil is not acting on the 

intestinal polyps themselves, it is not surprising that pre-existing lesions in the colon are 

not inhibited by the drugs either.  

Recent observations from the AOM/DSS inflammatory carcinogenesis model showed 

that sildenafil inhibited tumorigenesis in the colon but did not have a dramatic effect on 

the polyps themselves. In that model there was a dramatic loss of cGMP-generating 

machinery in the polyps which may explain why the drug had not effect on the polyps 

[84]. To determine if this was also a phenomenon in the colonic polyps of this model, the 

expression of cGMP-signaling components was examined using RT-qPCR. The colonic 

polyps from the Apcmin/+ mice were reflective of both the AOM/DSS polyps and human 

polyps as they had an almost complete loss of guanylin expression (Fig. 30). In addition, 

the polyps had a significant reduction of GC-C expression. The loss of these two key 

components of the cGMP signaling pathway would explain why sildenafil and linaclotide 

were not able to affect the pre-existing polyps in the colon.  
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Figure 29. Linaclotide and sildenafil treatment do not affect polyp number in the colon of ApcMin/+ 

mice. Upon weaning, ApcMin/+ mice were randomly assigned to three groups, untreated (Ctrl) or treated for 

10 weeks with sildenafil (sild) or linaclotide (lin). (A) Representative colons from 14-week old ApcMin/+ 

mice and (B) representative image of an H&E stained colon section with a polyp. (C) Plot shows the effect 

of sildenafil and linaclotide on median polyp number per animal (n=10 per group). (D) Median polyp 

number from the colons of ApcMin/+ mice over time. Data are shown as medians, error bars represent 

standard deviation.  
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Figure 30. Expression of cGMP signaling components in colon polyps from ApcMin/+ mice. (A) The 

expression of cGMP generators was measured by real-time qPCR in non-neoplastic tissue and untreated 

and treated polyps from ApcMin/+ mice. (B) The expression of cGMP effectors were measured by real-time 

qPCR in non-neoplastic tissue and untreated and treated polyps from ApcMin/+ mice. n= 6 mice; * p<0.05by 

One-way ANOVA and Tukey’s post hoc analysis.  
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V. DISCUSSION 

 
A. cGMP elevating agents regulate homeostasis in the intestinal epithelium  

 

There is growing interest in exploiting the cGMP signaling pathway for the treatment of 

gastrointestinal diseases. Cyclic GMP can be pharmacologically elevated in the intestine 

by increasing its production by stimulating GC-C with agonists or by blocking the 

degradation of endogenously produced cGMP with PDE5 inhibitors. This study sought to 

determine the most effective way to increase cGMP signaling in the intestines and 

whether elevating cGMP is therapeutic for IBS-C or colorectal cancer. Data shown here 

demonstrate that the PDE5 inhibitor sildenafil can confer homeostatic changes in the 

intestinal epithelium when administered orally at pediatric doses prescribed to treat 

pulmonary arterial hypertension. The ability of the low dose sildenafil to regulate 

homeostasis in the intestinal epithelium is paramount to its potential use as a long-term 

treatment or prevention agent in various gastrointestinal diseases. Through studies of men 

taking sildenafil on a daily basis for benign prostatic hyperplasia, it has been shown that 

sildenafil can be prescribed in the long-term without detrimental side effects [115-117]. 

Combined with the new knowledge that a pediatric dose of the drug is as effective as a 

higher dose at regulating homeostasis within the intestine, this makes a promising safety 

profile for a preventative drug.  
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In addition to the new knowledge about sildenafil, this study also shows for the first time 

that the GC-C agonist linaclotide can confer similar homeostatic changes in the intestinal 

epithelium. The biological effects of linaclotide occur luminally by activating GC-C 

expressed specifically in the intestinal epithelium. This contrasts with sildenafil, which is 

absorbed by the gut and has systemic effects on many tissues in addition to the intestinal 

epithelium. Because linaclotide and sildenafil have similar effects on gut homeostasis, it 

is likely that the effect of sildenafil in this tissue is due to its ability to increase cGMP in 

the intestinal epithelium by amplifying the effects of endogenous GC-C ligand, rather 

than indirectly by affecting other tissues.  

 

The mechanism underlying the effect of cGMP on intestinal homeostasis is poorly 

understood, but since both drugs required multiple days for maximal effect it is likely that 

gut turnover is an important component of the mechanism. We do not believe that cGMP 

is altering the stem cell compartment as removing the drug returns the proliferation rate 

and differentiated cell density to normal levels after a week. Because the proliferation and 

apoptotic rates were altered with the drugs after twenty-four hours but the increases in 

differentiated cells took three to five days, it is possible that cGMP is affecting the 

proliferating compartment, and the changes in differentiated cells are a result of the 

slower proliferation. There are a number of previous reports using mainly cell lines that 

suggest cGMP can regulate β-catenin activity and TCF target gene expression through 

activation of PKG1 [118-121]. However, we have shown in our lab that PKG1 is not 

expressed in the colon epithelium, rather in the smooth muscle and vasculature 

underlying the epithelium. While this does not fully rule out the possible involvement of 
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PKG1 in the reduction of proliferation, it is not highly likely that it is the mechanism 

behind the changes we see. In addition to Wnt/β-catenin signaling, Notch also plays an 

important role in maintenance of the proliferative compartment. It is possible that cGMP 

elevation is inhibiting Notch signaling, thus causing a shift toward the secretory lineage 

of differentiated cells and a reduction in the proliferating compartment.  

 

B. cGMP-elevating agents for the treatment of IBS-C and constipation 

 

Irritable bowel syndrome is a significant health problem in the United States and there is 

a need for more effective treatments. The clinical success of the GC-C agonist linaclotide 

demonstrates the utility of cGMP elevation in the intestinal epithelium for the treatment 

of IBS-C and CIC patients. However, the mechanism of action is not fully understood 

and its contraindication in pediatric patients is an important limitation.  

 

The similar effects of sildenafil and linaclotide on intestinal homeostasis prompted us to 

determine whether these drugs were also equally effective at treating constipation. There 

are no rodent models that fully mimic human disease, but a widely used approach 

involves allowing mice recover from bacterial infection, which mimics some aspects of 

post-infectious IBS (PI-IBS), [122, 123]. Recovery from intestinal inflammation induced 

by chemical agents can also induce symptoms of IBS [124-126], and we demonstrate 

here that mice recovered from DSS-induced colitis exhibit slower intestinal transit, 

barrier dysfunction, and reduced EC cell density.  
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Treatment of DSS-recovered animals with either sildenafil or linaclotide increased 

intestinal transit in this model, but the mechanism of action downstream of cGMP is not 

clear. Sildenafil is absorbed systemically and has well-established relaxation effects on 

smooth muscle that might affect transit. Several studies have reported a reduction in 

esophageal contractile force by sildenafil treatment, particularly in patients with 

dysmotility disorders, but this effect is less pronounced in the normal esophagus and in 

the lower intestine [127-131]. Reduced muscular contractility cannot explain the results 

reported here because this would be expected to further increase transit time in our 

disease models, but as shown here, sildenafil reduced transit time. Moreover, sildenafil 

did not affect transit in healthy mice, nor did it affect transit in the upper gastrointestinal 

tract in the constipation models. 

 

Altered serotonin function may play an important role in IBS; IBS-D patients often 

exhibit increased 5-HT signaling, and IBS-C patients typically have reductions in 5-HT 

signaling [132, 133]. The DSS-recovered animals were shown here to be deficient in EC 

cells, and sildenafil treatment partially restored their number. Our initial hypothesis was 

that restoration of EC cell density contributed to the normalization of transit in these 

animals. However, this is unlikely because the effect of the cGMP-elevating drugs on 

transit was rapid, whereas the effect on EC cells required several days. Linaclotide was 

found to attenuate visceral pain in mice and in human IBS and CIC patients [89, 134]. 

While the mechanism of analgesia remains unclear, it has been suggested that cGMP 

efflux by multi-drug resistance proteins (MRP4, 5) might directly suppress submucosal 

neuron excitability [134, 135]. It is possible that this phenomenon might also mediate the 
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effects of sildenafil on bowel transit in the work shown here. While linaclotide therapy 

has been reported to relieve constipation symptoms rapidly, improvement in visceral pain 

can take several days [88, 91]. This suggests that cellular changes in the gut such as 

increased EC cell density might underlie the analgesic effects of linaclotide. This 

intriguing idea further suggests that sildenafil treatment might also confer analgesia in 

IBS patients, but whether the homeostatic changes observed in the mouse colon also 

occur in human patients treated with cGMP-elevating agents has not yet been examined. 

 

Chronic, low-grade inflammation is common in IBS patients [136], and a defective 

intestinal barrier is likely to contribute to increased diarrhea and visceral hypersensitivity 

in IBS-D [133]. Several groups have shown that mice deficient in cGMP signaling 

components (GC-C and guanylin) have a dysfunctional intestinal barrier [71, 109]. We 

demonstrate here for the first time that pharmacologically increasing cGMP in the colon 

epithelium can augment a dysfunctional epithelial barrier. Linaclotide is a secretagogue 

and has been reported to increase fecal water content in mice and humans [88, 137, 138]. 

This effect of cGMP in the gut has prevented GC-C agonist use in patients with IBS-D or 

IBD where diarrhea is a hallmark symptom. However, changes in fecal water content 

were not observed in healthy mice with the doses of sildenafil and linaclotide used here, 

indicating that low doses of either drug could affect homeostasis and barrier without 

over-activating secretion. This suggests that PDE-5 inhibitors and GC-C agonists might 

also be effective in treating PI-IBS or IBD patients, where the diarrhea is associated with 

a dysfunctional epithelial barrier rather than hypersecretion. However, the potential risks 
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of systemic circulation of GC-C agonists in barrier-compromised patients will need 

further study. 

 

In contrast to the damaging effects of DSS on the distal colon, loperamide does not affect 

intestinal barrier integrity, but works principally on the myenteric plexus to decrease tone 

of intestinal smooth muscles. We show here that loperamide increased transit time in 

mice, and as expected, this was associated with reduced fecal water content. Sildenafil 

was shown to normalize both transit and fecal water content in the loperamide model. 

While further study is necessary to identify the underlying mechanism, it is worthy to 

note that sildenafil did not affect small intestinal transit that was slowed by loperamide 

treatment. This suggests that the neuro-regulatory machinery that is responsive to cGMP 

regulation might be preferentially localized to the colon.  

 

Taken together, the preclinical results shown here underscore the potential therapeutic 

value of PDE-5 inhibitors for the treatment of gastrointestinal disease. We demonstrated 

that sildenafil can normalize bowel transit in both a post-inflammatory and opioid-

induced constipation models, suggesting possible benefit for human patients afflicted 

with IBS-C, CIC, and OIC. According to the prescribing information, preclinical studies 

revealed that linaclotide is lethal in juvenile mice due to increased fluid secretion leading 

to severe dehydration. The mechanism may be due to increased expression of GC-C in 

the intestinal epithelium, which would amplify the effect of exogenous ligand. It is likely 

that the increased GC-C expression is balanced by reduced endogenous ligand. This 

suggests that PDE-5 inhibitors are less likely to cause hypersecretion because they 
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increase the basal cGMP level regardless of GC-C expression. Indeed, sildenafil is well-

tolerated even long term in pediatric patients where it is used to treat pulmonary 

hypertension. Results described here suggest that sildenafil might also benefit pediatric 

patients suffering from CIC and IBS-C. 

 

C. cGMP-elevating agents for chemoprevention of colorectal cancer 

 

Recent reports show that the GC-C agonist plecanatide can reduce DSS-induced 

tumorigenesis in the colon of ApcMin/+ mice [83], and that sildenafil can inhibit 

tumorigenesis in colon of AOM/DSS treated mice [84, 111]. However, these two classes 

of drugs have not been compared in a single model, and the tumor suppressive 

mechanism remains poorly understood. Results shown here demonstrate that the GC-C 

agonist linaclotide and the PDE5 inhibitor sildenafil were equally able to suppress polyp 

multiplicity in the intestine of ApcMin/+ mice. Moreover, the magnitude of the tumor 

suppressive effect in the intestine was the same as reported for sildenafil in the colon of 

AOM/DSS-treated mice. Despite differences in tumor initiation and location, these 

observations underscore a common cGMP-dependent mechanism. PDE5 inhibitors have 

been shown to suppress DSS-induced inflammation, suggesting that this could play an 

important role in the tumor prevention effect of sildenafil [69]. However, the AOM/DSS 

study concluded that the tumor suppressive effect of sildenafil was mostly during the 

mutagenesis/initiation phase, and based on the timing of drug administration it was 

independent of inflammation [84, 111]. A separate study that used a very high dose of 

sildenafil in the AOM/DSS model suggested that the tumor suppressive effect is due to 
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blockade of myeloid cell function [84, 111]. However, the results shown here do not 

support this idea because endogenous inflammation is not a driver of tumorigenesis in the 

small intestine of ApcMin/+ mice, and in contrast to the colonic polyps in AOM/DSS mice, 

inflammation in the intestinal polyps was not affected by sildenafil.  

 

Sildenafil only slightly reduced proliferation in the colonic polyps of AOM/DSS-treated 

mice, but notably increased mucus differentiation [84, 111]. This contrasts with the 

intestinal polyps from ApcMin/+ mice, which were largely devoid of goblet cells and this 

was not altered by treatment with either drug. The observation that neither linaclotide nor 

sildenafil affected proliferation or apoptosis of established polyps is in contrast with 

numerous reports describing antitumor effects of cGMP [119, 139, 140]. The previous 

study of sildenafil in AOM/DSS treated mice, partly attributed the relatively small effect 

of the drug on established polyps to reduced guanylin expression [84]. Guanylin levels 

are also reduced in human colorectal tumors relative to non-tumor tissue [80, 81, 141]. 

As GC-C ligands have been shown to have cytostatic effects in colon cancer cell lines 

[68, 73, 140], “hormone replacement therapy” has been suggested as an approach to use 

exogenous ligands to treat colon tumors [142-144]. The results shown here do not support 

this idea, as linaclotide did not affect mean size or proliferation of polyps. Moreover, the 

mRNA levels of uroguanylin and guanylin were not reduced in the intestinal polyps from 

ApcMin/+ mice. These observations indicate that the loss of GC-C ligands is not the central 

reason for a lack of effect of cGMP-elevating drugs on initiated polyps. In support of 

several previous studies, it was shown here that the expression of PDE10a increased 

dramatically in the intestinal polyps [84, 120, 121]. It is possible that this dual-specificity 
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PDE impedes the activation of cGMP signaling in tumors. Since inhibition of PDE10a 

inhibits proliferation of colon cancer cell lines [120], whether such inhibitors might be 

used as a treatment strategy for colon cancer will be an important area for future 

investigation.  

 

The lack of effect of either sildenafil or linaclotide on established polyps strongly 

suggested that the reduced polyp formation resulting from treatment with these agents 

was due to an effect on the preneoplastic tissue. A growing body of evidence 

demonstrates that cGMP signaling controls intestinal homeostasis, and that increasing 

cGMP can suppress proliferation while increasing goblet cell density [67, 70, 71, 113]. It 

was shown here that treatment with either linaclotide or sildenafil caused an increase in 

epithelial apoptosis in the intestine, which contrasts with previous reports of reduced 

apoptosis in the colon epithelium [69, 113]. However, because the apoptosis is restricted 

to the luminal border, and because these agents prevent polyp formation in both colon 

and intestine, it is unlikely that the apoptosis contributes to the mechanism of tumor 

suppression. A novel observation in the present study was the reduced expression of GC-

C ligands in the mucosa of ApcMin/+ mice relative to wild-type animals, and increased 

proliferation that is consistent with reduced cGMP signaling. While further study is 

needed to determine the significance of this to human FAP patients, both linaclotide and 

sildenafil were found to reduce proliferation in the intestine of ApcMin/+ mice. The 

carcinogenic mechanisms underlying the AOM/DSS and ApcMin/+ colon cancer models 

are different. In the AOM/DSS model carcinogenesis is due to mutations caused by 

azoxymethane, whereas in the ApcMin/+ model it is due to bi-allelic loss of the tumor 
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suppressor gene Apc [114, 145]. The suppression of proliferation in response to cGMP 

elevating agents would affect both the loss of heterozygosity and mutagenic efficacy, and 

is therefore likely to be part of the tumor preventative mechanism. The mechanism by 

which cGMP can reduce the proliferative compartment of both the intestine and colon of 

mice is presently unknown. However, this novel interpretation predicts that increasing 

epithelial cGMP is also likely to reduce tumorigenesis in sporadic and Lynch syndrome 

associated lesions that are also a function of proliferation.  

 

Taken together, the results shown here demonstrate that PDE5 inhibitors and GC-C 

agonists can equally suppress intestinal tumorigenesis in mice. The equal efficacy of the 

two drugs to suppress polyp multiplicity underscores the common mechanism involving 

elevation cGMP in the preneoplastic epithelium resulting in a reduced proliferative 

compartment. A recent report demonstrated that linaclotide administration can reduce 

proliferation in the colon epithelium of human patients [146]. The present preclinical 

study therefore underscores the potential for targeting cGMP signaling for 

chemoprevention of colorectal cancer in human patients at increased risk. 
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VI. SUMMARY 
 

1. cGMP-elevating agents regulate epithelial homeostasis in the 

intestine and the colon.  

We have shown that a “baby dose” of the PDE5 inhibitor sildenafil and the GC-C agonist 

linaclotide can regulate homeostasis in both the intestinal and colonic epithelium. In 

addition, it was shown that homeostatic changes require five days of continual treatment 

with cGMP-elevating agents.  

 

2. cGMP-elevating agents regulate intestinal transit 

While GC-C agonists are already available as a treatment option for patients with IBS-C 

or CIC, they have many drawbacks and an alternative treatment is needed for some 

patients. We show here that the PDE5 inhibitor sildenafil has similar efficacy as 

linaclotide for alleviating constipation in two mouse models by reducing intestinal transit 

time. In addition, we have found that sildenafil can repair leaky intestinal barrier.   

 

3. cGMP-elevating agents suppress intestinal tumorigenesis  

Both sildenafil and linaclotide were able to suppress tumorigenesis in the intestine of 

ApcMin/+ mice. We believe that the effect is not on the polyps themselves but rather on the 

preneoplastic tissue, specifically a reduction in aberrant proliferation.  
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Appendix A: List of commonly used abbreviations 

 

5-HT: 5-hydroxytryptophan (serotonin) 
Apc: adenomatous polyposis coli 
CC3: cleaved caspase 3 
CFTR: cystic fibrosis transmembrane conductance regulator  
cGMP: cyclic guanosine monophosphate  
DSS: dextran sulfate sodium  
GC-C: guanylate cyclase C 
CIC: chronic idiopathic constipation  
CRC: colorectal cancer  
EC cell: enterochromaffin cell  
EE cell: enteroendocrine cell  
FAP: familial adenomatous polyposis  
Gn: guanylin  
IBS: irritable bowel syndrome 
IHC: immunohistochemistry  
NSAID: non-steroidal anti-inflammatory drug  
PCR: polymerase chain reaction 
PDE: phosphodiesterase  
PKG: cGMP-dependent protein kinase  
SEM: standard error of the means 
Sild: sildenafil  
Ugn: uroguanylin  
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