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Abstract: Constipation is an important health burden that reduces the quality of life for count-

less millions of people. Symptom-centric therapeutics are often used to treat constipation due to 

unknown etiology, but in many cases, these drugs are either inadequate or have significant side 

effects. More recently, synthetic peptide agonists for epithelial guanylyl cyclase C (GC-C) have 

been developed which are effective at treating constipation in a sub-population of adult constipa-

tion patients. The first to market was linaclotide that is structurally related to the diarrheagenic 

enterotoxin, but this was followed by plecanatide, which more closely resembles endogenous 

uroguanylin. Both the drugs exhibit almost identical clinical efficacy in about 20% of patients, 

with diarrhea being a common side effect. Despite the potential for reduced side effects with 

plecanatide, detailed analysis suggests that clinically, they are very similar. Ongoing clinical 

and preclinical studies with these drugs suggest that treating constipation might be the tip of 

the iceberg in terms of clinical utility. The expression of cGMP signaling components could 

be diagnostic for functional bowel disorders, and increasing cGMP using GC-C agonists or 

phosphodiesterase inhibitors has huge potential for treating enteric pain, ulcerative colitis, and 

for the chemoprevention of colorectal cancer. 

Keywords: linaclotide, irritable bowel syndrome, guanylyl cyclase, phosphodiesterase, cGMP, 

diarrhea

Introduction
Chronic constipation is one of the most common gastrointestinal complaints in the United 

States, affecting about 30% of Americans per year.1 While not a life-threatening condition, 

chronic constipation can have a profound negative effect on quality of life. Constipation is 

characterized by a variety of symptoms including lumpy or hard stools, infrequent bowel 

movements, abdominal cramping and bloating, excessive straining, and the sensation 

of incomplete defecation.2 Chronic constipation is often due to dietary factors (ie, poor 

fiber intake), lifestyle factors (ie, reduced activity and mobility), or disorders in colonic 

propulsion or rectal emptying. Secondary causes of chronic constipation are mediated 

by medications (ie, opioids, antihypertensives, tricyclic antidepressants, etc) or result 

from organic disease processes (ie, diabetes, colorectal cancer, polyps, strictures, etc).2 

Constipation disorders: chronic idiopathic 
constipation (CIC), irritable bowel syndrome 
with constipation (IBS-C), and opioid-induced 
constipation (OIC)
Functional bowel disorders (FBDs) are distinguished from other gastrointestinal ill-

nesses based on symptom duration (>6 months), symptoms at current presentation 
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(at least 3 months), and frequency (symptoms on average, at 

least 1 day/week). Constipation is associated with three of the 

six FBDs highlighted in the 2016 Rome IV guidelines: IBS 

(C1), functional constipation/CIC (C2), and OIC (C6).3 The 

largest group of chronic constipation sufferers largely fall 

under functional constipation where no identifiable structural 

or biochemical etiology is known to be the cause. As defined 

in the Rome IV guidelines, the diagnosis of functional con-

stipation (CIC) is made when the patient’s symptomatology 

does not meet the criteria for IBS. In the new guidelines, 

bloating and pain are not considered predominant symptoms 

of functional constipation and may not be present. The diag-

nosis is made when patients experience two of the following 

symptoms in the past 3 months: fewer than three bowel move-

ments in a week, straining, lumpy or hard stool, abdominal 

symptoms such as bloating and abdominal discomfort, and 

sensation of incomplete defecation.4,5 The diagnosis of IBS is 

made when a patient experiences recurrent abdominal pain, 

on average, at least 1 day/week in the last 3 months, and is 

associated with two or more of the following criteria related 

to defecation, associated with a change in frequency of stool, 

and lastly associated with a change in form (appearance) of 

stool. Furthermore, to classify the IBS-C subtype, more than 

25% of bowel movements are with Bristol stool form type 1 

or 2 and less than 25% of bowel movements are with Bristol 

stool form type 6 or 7.3 

OIC was recently added to the Rome IV guidelines under 

the FBDs category, but it is uniquely distinct in that the etiol-

ogy is known. It is widely accepted that OIC shares similar 

characteristics of functional constipation, and in recent years, 

it has become more prevalent with the rapidly growing health 

problem of opioid abuse in the United States. Stimulation 

of opioid receptors throughout the enteric neuronal system 

affects gastrointestinal function by delaying colonic transit, 

stimulating non-propulsive motility, and increasing intestinal 

absorption, thus causing constipation. 

Non-prescription treatment options 
for constipation
Since the underlying cause of CIC and IBS-C is not fully 

understood, the treatment strategies often focus on controlling 

disease symptoms. The first line of treatment for constipa-

tion includes recommendations for lifestyle modification, 

with a focus on dietary change and increasing exercise.6 

Diets low in fermentable oligosaccharides, disaccharides, 

monosaccharides, and polyols can reduce some symptoms 

of IBS, but there is little evidence that this diet can benefit 

patients with CIC. A large body of evidence supports the use 

of soluble fiber supplements to alleviate symptoms of both 

CIC and IBS-C.7,8 Fiber alleviates constipation by creating 

bulky stool that stimulates the peristaltic reflex to increase 

motility. While fiber provides relief for some patients, it can 

exacerbate symptoms of constipation such as cramping, 

bloating, and flatulence.9 

For patients who are unable to alter lifestyle appropriately 

and whose diet modifications do not alleviate constipation, 

the secondary recommendation is non-prescription osmotic 

and stimulant laxatives. Osmotic laxatives are hypertonic 

solutions that draw fluid into the intestinal lumen by osmosis 

to create softer stool.10 The most studied osmotic laxative is 

PEG3350 which has been shown to improve stool frequency 

and consistency, while also alleviating abdominal pain.11,12 

Stimulant laxatives, such as Ex-Lax (senna,  GlaxoSmithKline, 

Philadelphia PA) and Dulcolax (bisacodyl, Chattem, Inc., 

Chattanooga, TN), induce propagated colonic contractions 

to accelerate colonic transit.13,14 Earlier, stimulant laxatives 

were not routinely prescribed due to reports that senna and 

bisacodyl could damage the enteric nervous system. However, 

subsequent studies have discounted that notion, and stimulant 

laxatives are routinely used as part of a long-term treatment 

strategy.15,16 These non-prescription laxatives only alleviate 

constipation and do not treat abdominal pain or discomfort 

which is often associated with CIC and IBS-C. 

Prescription treatment options for 
constipation
As the cause of OIC is known, peripherally-acting-mu-opioid-

receptor-antagonists such as methylnaltrexone and naldeme-

dine have been developed. These drugs are used to treat OIC 

patients, but have been associated with significant side effects 

such as abdominal pain and gastroenteritis that have been 

attributed to opioid withdrawal.17 While the etiology of CIC 

is unknown, there is growing evidence for mis-regulation of 

serotonin pathways in association with IBS.18 This led to the 

development of 5HT agonists as potential therapeutic options. 

The first such drug, Tegaserod (Novartis, Basel, Switzerland), 

was associated with adverse cardiovascular events and was 

withdrawn from the market.19 Prucalopride (Shire Pharmaceu-

ticals Ltd, London England), was developed as a more specific 

high-affinity 5HT
4
 agonist.20–22 In clinical trials, Prucalopride 

had prokinetic gastrointestinal properties and increased the 

number of spontaneous bowel movements in CIC patients.21–23 

Although no adverse cardiovascular events have been reported, 

Prucalopride has significant gastrointestinal side effects includ-

ing nausea and diarrhea.19 While approved for CIC in Europe, 

concerns about this class of drugs resulting from Tegaserod has 
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prevented the Food and Drug Administration (FDA)-approval 

in the United States.24 

Intestinal secretagogues are another promising class of 

drugs to treat constipation. Lubiprostone is a bicyclic fatty 

acid derived from prostaglandin E1 that activates CLCN2 

voltage-gated chloride channels in the intestinal epithelium.25 

The chloride-rich secretions soften stool, increase intestinal 

peristalsis, and decrease intestinal transit time.26,27 It is FDA 

approved to treat OIC and CIC in men and women, but 

IBS-C only in women.27 In clinical trials, patients reported 

increased numbers of bowel movements, improvements in 

straining, and improvements in stool consistency.28–30 The 

most common side effects of lubiprostone include nausea, 

headache, and diarrhea, but cardiovascular effects have also 

been reported.31 In summary, there are diverse treatment 

options for constipation, but none are universally effective 

for all forms of constipation or in all patients. Moreover, all 

of the drugs have disruptive side effects such as gastrointes-

tinal complications or severe headaches that reduce patient 

compliance (Table 1). 

Guanylyl cyclase C (GC-C) agonists 
as secretagogues
Secretion of solutes and water into the intestinal lumen is 

essential for lubrication, and dysregulation of solute/fluid bal-

ance in the intestine is likely to underlie many cases of diar-

rhea and constipation.32 Cyclic guanosine monophosphate 

(cGMP) is a second messenger and is a potent regulator of 

secretion in the intestine. It stimulates chloride  secretion by 

activating type 2 cGMP-dependent protein kinase (PKG2), 

which in turn phosphorylates the cystic fibrosis transmem-

brane conductance regulator (CFTR).33,34 cGMP directly 

inhibits the NHE3 Na+/H+ exchanger to reduce sodium 

reabsorption, and in a CFTR-dependent manner, cGMP also 

promotes bicarbonate secretion by stimulating Cl–/HCO
3

– 

exchanger.35,36 The effect of increasing cGMP in the intestinal 

epithelium is a net movement of water into the lumen result-

ing from solute secretion (Figure 1). The concentration of 

cGMP in the intestinal epithelium is tightly controlled by the 

activity of GC-C receptors that convert GTP into cGMP upon 

stimulation by the endogenous peptide hormones uroguany-

lin and guanylin.37 Activating mutations in the GC-C gene 

(GUCY2C) causes a familial diarrhea syndrome, whereas 

inactivating mutations result in heritable constipation.38,39 

This genetic evidence underscores the importance of the 

cGMP signaling axis in FBDs. 

The structure and physiological roles of guanylin, urogua-

nylin, and the heat-stable enterotoxin (STa) that is a molecular 

mimic of these GC-agonists have been reviewed previously.40 

Uroguanylin and guanylin exhibit differential expression in the 

intestinal tract, with the former predominantly in the intestinal 

villi, and the latter more prominent in the colonic crypt.41 In 

addition, uroguanylin is more active in acidic environments 

such as in the duodenum, whereas guanylin is more active 

in alkaline environments.36,42 The pH-dependent binding of 

uroguanylin to GC-C confers some degree of autoregulation 

because the increased pH resulting from cGMP-dependent 

inhibition of H+ secretion and stimulation of HCO
3
– exchange 

Table 1 Pharmaceutical agents available for the treatment of constipation

Drug name Mechanism of action Side effects Indication

Psyllium (Metamucil), methylcellulose 
(Citrucel), calcium polycarbophil 
(FiberCon), wheat dextrin (Benefibre)

Bulking agents: indigestible fiber forms a 
soft bulky stool to stimulate motility

Bloating, intestinal gas, cramping, 
increased constipation

CIC, OIC, IBS-C

PEG3350, 
lactulose, sorbitol
magnesium salts 
(milk of magnesia)

Osmotic laxatives: draw water into the 
bowel from the intestinal lumen and 
soften the stool

Electrolyte imbalance, leading to 
increased thirst and dehydration, nausea, 
diarrhea

Occasional 
constipation

Senna (Senokot)
Bisacodyl (Ex-Lax, Dulcolax) 

Stimulant laxatives: induce propagated 
colonic contractions to accelerate transit; 
increase intestinal fluid accumulation and 
laxation by altering water and electrolyte 
secretion 

Abdominal pain or cramping, vomiting, 
electrolyte imbalance with extended use

Occasional 
constipation 

Lubiprostone (Amitiza) Secretagogue: activates ClC-2 chloride 
channels to increase secretion

Nausea (30%), diarrhea and headache 
(13%), abdominal pain, post market 
reports of tachycardia, syncope and 
hypotension

CIC, OIC, IBS-C

Prucalopride Prokinetics: high affinity serotonin 4 
receptor agonist

Not approved in the USA due to 
ischemic events; other side effects 
include nausea (17%), diarrhea (12.1%), 
abdominal pain

CIC

Abbreviations: CIC, chronic idiopathic constipation; OIC, opioid-induced constipation; IBS-C, irritable bowel syndrome with constipation.
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antagonizes uroguanylin efficacy. STa enterotoxin differs from 

uroguanylin in the amino-terminal residues than confer pH-

dependent binding, resulting in excessive secretion and diar-

rhea. Based upon the secretagogue effect of GC-C agonists, 

synthetic peptides mimicking uroguanylin (plecanatide) and 

STa (linaclotide) have been developed for the treatment of 

constipation. Linaclotide was the first GC-C agonist approved 

and is closer in sequence to STa; with more potent GC-C 

activity that is less sensitive to pH.43 Plecanatide was modeled 

after uroguanylin except for an amino-terminal substitution 

of one pH sensing residue. Plecanatide therefore retains some 

pH sensitivity, but is more potent than uroguanylin.44 

Clinical efficacy of plecanatide and 
linaclotide GC-C agonists 
In August 2012, linaclotide was approved for treatment of 

adult patients with IBS-C (290 µg) and CIC (145 µg). More 

recently, 72 µg was also approved in order to help physicians 

better treat the heterogeneous population of adult patients 

suffering from CIC. In January 2017, another intestinal 

secretagogue and GC-C agonist plecanatide was approved 

for CIC (3 mg), and within a year, it was also approved for 

IBS-C at the same 3 mg dose. Plecanatide is administered 

orally in a water-soluble tablet and its mechanism of action 

is on the luminal epithelium, with minimal absorption and 

systemic availability.44 

Two 12-week clinical studies were conducted to deter-

mine the efficacy of plecanatide for the treatment of symp-

toms of CIC.45 These were double-blind, placebo-controlled, 

randomized, multi-center trials including about 2000 adult 

patients. Patients were required to meet modified Rome III 

criteria for CIC for at least 3 months prior to the study, with 

symptoms being present for at least 6 months prior to diag-

nosis. These modified criteria included patients reporting 

Figure 1 The cyclic guanosine monophosphate (cGMP) signaling axis in the intestinal epithelium. Guanylyl cyclase C (GC-C) receptors expressed on the apical surface 
of intestinal epithelial cells produce cGMP from guanosine triphosphate (GTP) when bound by endogenous hormones uroguanylin (Uro) and guanylin (Gn). The synthetic 
peptide agonist plecanatide (Ple) mimics Uro, whereas linaclotide (Lin) mimics the heat-stable toxin from enterotoxigenic bacteria (STa). Elevated cGMP levels increase 
luminal solutes by blocking Na+ uptake through the sodium-hydrogen exchanger (NHE), and by activating type 2 cGMP-dependent protein kinase (PKG2), which in turn 
activates the cystic fibrosis transmembrane conductance regulator (CFTR). Several mechanisms restore equilibrium, including cGMP-specific phosphodiesterase 5 (PDE5) 
that hydrolyzes cGMP to inactive GMP, and by export of cGMP by multidrug resistance protein 4 (MDR4). Blockade of H+ exchange and secretion of HCO3

– by the chloride-
bicarbonate exchanger (Cl-/HCO3) increases luminal pH and reduces affinity of uroguanylin and plecanatide for GC-C (but not guanylin, linaclotide, or STa). Taken together, 
the stimulation of GC-C results in water secretion and reduced enteric nociception.
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less than three bowel movements per week, rarely reporting 

loose stool without the use of laxatives, and the patients could 

not meet the criteria for IBS-C. In addition, patients were 

required to report at least two of the following symptoms in 

at least 25% of defecations: straining, lumpy or hard stool, 

sensation of incomplete evacuations, or sensation of anorectal 

obstruction or blockage. 

Patients self-reported daily spontaneous bowel move-

ments (SBM) defined as a bowel movement that occurs 

without the use of laxatives. They were also instructed to 

record complete spontaneous bowel movements (CSBM) 

which are SBMs that give the patients a sense of complete 

evacuation. The primary efficacy endpoint of this study was 

the percentage of patients who were CSBM responders over 

the 12-week period. A CSBM responder was defined as a 

patient who had more than three CSBMs in a week. Ple-

canatide exhibited a rapid onset of efficacy, increasing the 

frequency of CSBMs, often as early as 1 week of treatment. 

Both the doses of plecanatide used in the study (3 and 6 mg) 

resulted in a greater percentage of overall CSBM responders 

than placebo. Throughout the treatment period, improvements 

were also observed in stool frequency and consistency and 

straining during bowel movements. During a 2-week follow-

up period with no drug treatment, CSBMs of patients who had 

received plecanatide returned to placebo group. The results 

of the Phase III trial for plecanatide were nearly identical 

to the earlier clinical trial of linaclotide,46 including similar 

diagnostic criteria, exclusion criteria, and primary endpoints. 

Linaclotide and plecanatide both had around a 20% response 

rate at all doses, and both the drugs significantly improved 

secondary endpoints such as stool consistency and frequency, 

severity of straining, and abdominal discomfort (Table 2). 

The most notable difference between the clinical trials 

was that patients taking linaclotide reported incidence of diar-

rhea three times higher than patients taking plecanatide (16% 

vs 6%, respectively) (Table 2). A reasonable explanation 

for this observation is that plecanatide retains pH sensitiv-

ity and is therefore subject to autoregulation, in contrast to 

linaclotide which was modeled after the diarrhea-causing STa 

enterotoxin. However, differences in the method of reporting 

adverse events might also account for the differences, since 

the definition of an adverse event was more stringent in the 

plecanatide trials. Although there have been no head-to-head 

comparisons of the effects of linaclotide and plecanatide in 

either IBS-C and CIC, a recent meta-analysis of the effi-

cacy and tolerability of both GC-C agonists concluded that 

the treatment effects of each drug relative to placebo were 

comparable and that there was no significant difference in 

the odds of diarrhea for either drug.47 

Conclusion and future directions
Despite the plethora of potential underlying causes of CIC, 

patient responsiveness to plecanatide and linaclotide was 

similar in the independent Phase III studies. A reasonable 

explanation is that deficiency in the expression of endogenous 

GC-C agonists or in the GC-C receptor was the underlying 

Table 2 GC-C agonist clinical trial data for chronic idiopathic constipation

Drug Study design Demographics/study size Efficacy Adverse effects

Linaclotide 2 randomized, 12-week, 
multicenter, double-blind, 
placebo-controlled, dual-dose 
trials 

Once daily linaclotide 145 µg, 
290 µg, or placebo pill 

Administered 30 min prior to 
breakfast 

Mean age: 48 years
Gender: 89% female
Race: 76% white 

Placebo: n=424
145 µg: n=430
290 µg: n=418

Primary endpoint responders: 

145 µg: 16.0%
290 µg: 21.3%
Placebo: 6.0%

Most common AE was diarrhea: 

145 µg: 16.0%
290 µg: 14.2%
Placebo: 4.7%

Discontinuation due to diarrhea: 

145 µg: 4.7%
290 µg: 3.8%
Placebo: 0.5%

Plecanatide Randomized, 12-week, 
multicenter, double-blind, 
placebo-controlled, dual-dose 
trial

Once daily plecanatide 3 mg, 6 
mg, or placebo pill 

Instructed to take with or 
without food

Mean age: 45 years
Gender: 80% female
Race: 70% white

Placebo: n=454
3 mg: n=453
6 mg: n=441

Primary endpoint responders: 

3 mg: 21.0%
6 mg: 19.5% 
Placebo: 10.2% 

Most common AE was diarrhea: 

3 mg: 5.9%
6 mg: 5.7%
Placebo: 1.3%

Discontinuation due to diarrhea: 

3mg: 2.7%
6 mg: 2.6% 
Placebo: 0.4%

Abbreviations: GC-C, guanylyl cyclase C; AE, adverse event.
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cause of constipation in the responding patients and that 

treatment was essentially “hormone replacement therapy.” 

Although differences in relative severity were noted, the 

incidence of diarrhea was also similar for each drug (as a 

function of placebo). Both linaclotide and plecanatide have 

clear warnings against using either drug in pediatric patients 

because it can result in severe dehydrating diarrhea. The cause 

of this has been suggested (in the prescribing information for 

linaclotide) to involve overexpression of GC-C in the pediat-

ric intestine relative to the adult. It is therefore plausible that 

the subset of patients who responded to the GC-C agonists 

with severe diarrhea might also express higher levels of GC-C 

(eg, a pediatric gut). This concept highlights the notion that 

the relative expression of all cGMP signaling components 

is important, and imbalances could cause either constipation 

or diarrhea. The cGMP phosphodiesterase (eg, PDE5) is 

expressed in the intestinal epithelium and is likely to play an 

essential role in antagonizing the effects of GC-C agonists.48,49 

It is therefore possible that overexpression of PDE5 could 

be an underlying cause of constipation in some patients. 

Such patients would likely be refractory to linaclotide and 

plecanatide, but might be treated with PDE5 inhibitors. It is 

important to note that diarrhea is not a common side effect 

of PDE5 inhibitors at levels prescribed for erectile dysfunc-

tion. A likely explanation is that PDE5 inhibitors amplify 

endogenous cGMP levels that are generated when the GC-C 

agonists are released. The increased cGMP level resulting 

from PDE5 inhibition would therefore be subject to the same 

autoregulatory circuit described above for uroguanylin. A 

recent study has shown that PDE5 inhibition is as effective 

at correcting constipation as linaclotide in preclinical mouse 

models, suggesting that these drugs might also be clinically 

relevant for treating FBDs.50

Although the impetus for developing synthetic GC-C 

agonists was the established role of the endogenous hormones 

in secretion, novel preclinical and clinical observations 

suggest that their therapeutic potential extends well beyond 

constipation. Both linaclotide and plecanatide (more recently) 

are also FDA-approved to treat constipation associated with 

IBS-C. The clinical response in this cohort was similar to 

CIC patients, but an unexpected analgesic effect was reported 

that was ostensibly independent of fluid secretion.47,51 While 

the underlying mechanism is poorly understood, preclinical 

evidence suggests that secreted epithelial cGMP has a damp-

ening effect on neural afferents in the lamina propria.52–54 

Increasing cGMP in the intestinal epithelium has also been 

shown by extensive preclinical studies to suppress intesti-

nal carcinogenesis55–58 and promote barrier function in the 

colon.59–61 These intriguing findings underscore the clinical 

potential of GC-C agonists for treating post-infectious IBS, 

ulcerative colitis, and for chemoprevention of colorectal 

cancer.61–63 Although this may be counterintuitive, a drug 

formulation designed for delivery to the colon might avoid 

the intestinal secretagogue effect while maintaining barrier 

support and/or neuromuscular benefit.
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