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Tales from the crypts: regulatory peptides
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The gastrointestinal (GI) tract is composed of a diverse set of organs that together receive extracorporeal nutri-
tion and convert it to energy substrates and cellular building blocks. In the process, it must sort through all that
we ingest and discriminate what is useable from what is not, and having done that, it discards what is “junk.” To
accomplish these many and varied tasks, the GI tract relies on endogenous enteric hormones produced by entero-
endocrine cells and the enteric nervous system. In many instances, the mediators of these tasks are small peptides
that home to the CNS and accessory gut organs to coordinate oral intake with digestive secretions. As the contents
of ingested material can contain harmful agents, the gut is armed with an extensive immune system. A breach of
the epithelial barrier of the GI tract can result in local and eventually systemic disease if the gut does not mount an

aggressive immune response.

The adultluminal gastrointestinal (GI) tract is a mesoderm-derived
muscular tube lined with specialized epithelium that extends from
the posterior pharynx (the point at the back of the throat where
the respiratory tract and GI tract separate) to the anus. Accessory
organs such as the liver, pancreas, and gallbladder are appended
to what is a nearly 20-foot tube in humans, having arisen initially
as outpouchings of the embryonic foregut (Figure 1). The embry-
onic foregut forms from visceral endoderm at about day 22 in
the human (day 9 in the mouse) and is encased in mesoderm that
eventually becomes the circular and longitudinal smooth muscles
needed for peristalsis (1). Both the respiratory tract and the lumi-
nal GI tract arise from the foregut tube and are parallel tubular
structures lined with endoderm (1). Throughout development,
and into adulthood, the respiratory and GI tracts share a common
anterior chamber, the pharynx. Epithelial outpouchings from
the developing pharynx emerge to form endocrine and lymphoid
tissues, including the tonsils, thyroid, thymus, and parathyroid
glands (1). Regional specialization occurs once the digestive tube
constricts to form the esophagus and sequentially more distal por-
tions of the luminal GI tract, that is, the stomach, and small and
large intestines. Both the extreme anterior and posterior ends of
the visceral endoderm merge with ectoderm to become the oral
palate (roof of the mouth) and anus, respectively.

It is widely believed that the collective organs of the GI tract
merely function to receive, digest, absorb, and eliminate ingested
substances. However, what lurks beneath this assortment of diverse
organs is a highly sophisticated organ system that serves multiple
automated functions. To accomplish these tasks, the GI tract
coordinates the largest collection of endocrine and immune cells
in the body (2, 3). The enteric nervous system is the second larg-
est collection of neural cell bodies after the CNS (4). Disorders of
the GI tract are therefore quite diverse and can result from altered
homeostasis of each of these GI tract components. Like other bar-
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rier surfaces (such as the skin and respiratory tracts), the gut has
forged a symbiotic relationship with numerous microorganisms,
which reside at their highest concentrations in the oral cavity and
colon (5). However, perturbation of normal microbial-epithelial
interactions contributes to a range of disorders that can result
in bacterial infections (e.g., Escherichia coli O157 and Tropheryma
whipplei) or autoimmune disorders (e.g., Crohn disease and perni-
cious anemia). In the former example, invading microorganisms
overwhelm the immune system, whereas in the latter, the microbi-
ally activated immune response is not contained and causes tis-
sue injury. Malabsorption has long been studied as a mechanism
underlying malnutrition and growth retardation in developing
countries and underserved populations in the United States. How-
ever, the epidemic that is now sweeping wealthier nations is the
disease of abundance and “overabsorption.” Although research in
this area has traditionally focused on the adipocyte (6-9), renewed
interest in regulating oral input has stimulated investigation into
the afferent hormonal and neural circuitry that controls appetite
and blood sugar, and how dysregulation of endocrine and neural
homeostasis in the GI tract might contribute to obesity.

The 7 articles in this Review Series on Gastrointestinal Homeo-
stasis and Disease discuss different ways in which the endocrine,
neural, and immune components of the GI tract regulate GI func-
tion in these 2 conditions (Figure 2). The role of neural brain-gut
circuits and gut hormones in the control of food intake and blood
glucose will be covered in the first 2 articles. Therapeutic targets
of the enteric nervous system to treat functional bowel disorders
are discussed in the third. Finally, perturbation of the immune
system by various exogenous signals is the common theme that
links the remaining 4 articles.

Neuroendocrine control of energy homeostasis:

feast or famine

Several minutes before we see our meal, the aroma of food sends
signals to our gut to prepare for the feast by increasing digestive
juices filled with gastric acid and intestinal digestive enzymes.
Likewise, audible gut peristalsis (borborygmi) percolates up to our
consciousness and informs our brain that we need food. Both are
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Figure 1

Overview of the Gl tract. In humans, the Gl tract is a
20-foot muscular tube lined with primarily endoder-
mally derived columnar epithelial cells. The esopha-
gus begins at the end of the posterior pharynx. The
esophagus courses through the thoracic cavity and
pierces the diaphragm, where it enters the abdomi-
nal cavity and merges with the stomach. The stom-
ach merges distally with the small intestine, which
is divided into 3 parts, the duodenum, jejunum, and
ileum. The terminal ileum joins the colon at the ileo-
cecal valve. The colon begins in the right lower abdo-
men (ascending colon) and transverses under the
liver into the transverse, then left, colon. Just before
entering the rectum, the distal left colon forms an S
shape (the sigmoid colon). The luminal Gl tract ends

Pharynx at the anus. The liver, pancreas, and gallbladder are
accessory organs that form as appendages from the
second portion of the duodenum.

Esophagus

Lung Lung

7 Stomach
r‘)

.f’

i:r -
Diaphragm———-" =

4 Pancreas
Gallbladder * 4
Liver

Small intestine

Ascending colon

Cecum
Appendix -

-Transverse colon

Descending colon

Sigmoid colon

Rectum

Anus

examples of brain-gut pathways that are coordinated by a careful
mix of neurotransmitters and peptide hormones. Normal gut reg-
ulation of energy sources requires cooperation between the enteric
nervous system and mucosa-based peptides. Ignoring the normal
signals has contributed to obesity and diabetes. Therefore, both
the identification and the manipulation of these pathways have
become the focus of intense study.

Appetite control: “Just say no!” The obesity epidemic in this country
has re-energized scientific interest in how appetite and food intake
is controlled. Although adipocyte-generated leptin was the first
of the new wave of regulatory peptides to be genetically linked to
obesity (10, 11), several other peptides have been recently discov-
ered and linked to appetite control. The most prominent has been
the somatotrophic peptide ghrelin. Since its discovery in 1999
(12, 13), there have been nearly 2,000 articles published about ghre-
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lin (as determined by a Medline search for ghrelin). A 28-amino
acid peptide made in high concentrations in the gastric corpus,
ghrelin opposes the satiety signal leptin by serving as an afferent
orexigenic signal to the hypothalamus (14, 15). In normal healthy
individuals, a fasting stomach triggers ghrelin release. By contrast,
constitutively elevated levels of ghrelin cause individuals to suffer
from an extreme form of excessive appetite and obesity known as
Prader-Willi syndrome (16). The first article in the Review Series,
by David Cummings and Joost Overduin, summarizes the contri-
butions from both neural sensory afferents and enteroendocrine
hormones in the regulation of food intake (17).

The gut and glucose homeostasis. For decades, the control of blood
sugar has been considered the purview of the pancreatic islets of
Langerhans, because they contain endocrine cells producing insu-
lin and glucagon. As a result, treatments for diabetes have centered
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Figure 2

Islet of Langerhans

Components of the neural, endocrine, and immune systems that regulate Gl function. Essential components discussed in this overview are
shown. Vagal afferents emerge from the ganglia between the layers of smooth muscle (circular and longitudinal) surrounding the stomach and
small intestine to synapse in the spinal cord and brain (collectively the CNS). In addition, the brain (especially the hypothalamus) relays efferent
signals to target organs. The human stomach is divided into 4 regions (cardia, fundus, body [corpus], and antrum). The acid-secreting parietal
cells are found in the corpus, whereas the gastrin-producing cells are found in the antrum. Neuroendocrine cells secrete gastric peptides such
as ghrelin in the corpus and gastrin in the antrum into the circulation through local capillaries. Similarly, regulatory peptides from neuroendocrine
cells in the small intestine and pancreatic islets of Langerhans are secreted into the bloodstream. Collections of immune cells are most prominent
in the small intestine as Peyer patches. In addition, the Paneth cells at the base of the intestinal crypts secrete antimicrobial peptides including
lysozyme and defensins. Stem cells in the small intestine are anatomically well defined as the 4th cell from the base of the crypt.

exclusively on islet cell growth, regulation, or replacement (18-20).
However, it has become apparent that peptides produced in the
luminal GI tract (in particular, the stomach and proximal small
intestine) influence f cell growth and function. In this Review
Series, Daniel Drucker discusses the incretin peptides secreted
from the distal stomach and proximal small intestine (21). Glu-
cagon-derived peptide-1 (GLP1) and glucose-dependent insulino-
tropic peptide (GIP) regulate blood glucose levels by stimulating
insulin release and facilitating glucose uptake by peripheral tissues
(22). As with many regulatory peptides, generation of the active
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peptide from pro-forms and their subsequent inactivation is medi-
ated by tissue peptidases. As Drucker reviews, these peptidases are
an important therapeutic target that, when inhibited, can sustain
insulin levels and reduce blood sugar (23, 24).

Many consider the stomach as a receptive, capacitance vessel
or muscular “holding tank” available merely to receive a meal,
begin digestion by treating its contents with hydrochloric acid
and then grinding the resulting chyme into small bits for easy
digestion in the small intestine. Yet, as the Reviews by Cummings
and Overduin (17) and Drucker (21) suggest, the gastric body
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and antrum are emerging as important sources of regulatory
peptides that control metabolism through the brain-gut axis
and at peripheral tissues. Expression of many of these peptides
that can regulate metabolism overlaps in a region of the proxi-
mal intestine also known clinically as the “gastrinoma triangle”
because it is frequently the site of endocrine tumors known as
gastrinomas (25). Lineage-tracing experiments demonstrate that
the endocrine cells of the gastric antrum are closely related to the
endocrine cells in the duodenum, which in turn share features
of pancreatic islet cells (26). Indeed, the endocrine cells in these
tissues seem to be developmental remnants from the period of
early gut specialization when the pancreas budded off from the
foregut tube near the border between the gastric antrum and the
duodenum. The basic helix-loop-helix (PHLH) transcription fac-
tor pancreatic and duodenal homeobox gene 1 (PDX1), which is
essential for pancreatic development, also regulates the expres-
sion of peptides in the proximal duodenum and antrum (27-29),
further reinforcing the developmental link between cells in the
luminal GI tract and pancreas. Recently, it has been shown that
another bHLH transcription factor, neurogenin-3, is required
for both pancreatic § cell development (30, 31) and enteroendo-
crine cell development (32). Humans born with mutations in the
DNA-binding domain of neurogenin-3 fail to develop all entero-
endocrine cells and exhibit chronic diarrhea despite normal
numbers and function of enterocytes (32). Older subjects that
harbor these mutations exhibit hyperglycemia (32). Therefore,
mutations in the gene encoding neurogenin-3 might underlie a
form of maturity-onset diabetes of the young. Some individuals
who are heterozygous for these mutations might exhibit milder
forms of chronic diarrhea, and this could be one cause of diar-
rhea-predominant functional bowel disorders.

Neural control of Gl function: gut trumps brain

Gut instincts. For centuries, the ability to sense danger or the true
intentions of lovers, friends, and foes has been attributed to one’s
“gutinstincts.” What is it about the tranquil, imperceptible move-
ments of the gut that signal that all is well with us and our environ-
ment? Compare this with the violent roiling of the intestines when
we are nervous, fearful, or apprehensive. Deep within our body
cavity, these automated movements relay signals to the CNS that
frequently override rational thought and reason. Unfortunately
for millions of individuals, these dyspeptic symptoms physically
manifest themselves as embarrassing (diarrhea) or painful (consti-
pation) episodes of altered GI visceral sensitivity. In the absence of
structural abnormalities, the dyspeptic symptoms are categorized
as functional bowel disorders (33). Two-thirds of patients who
have symptoms of functional bowel disorders are women, which
suggests some etiologic contribution from female sex hormones
(34). In addition, patients with severe bouts of infectious diarrhea
tend to develop chronic dyspepsia (35, 36). This observation has
suggested a role for proinflammatory cytokines in either the ini-
tiation or the persistence of functional bowel disorders (37-39).
However, the major focus of research has been on the role of the
brain-gut circuit that is mediated by both circulating neuropep-
tides and neurotransmitters (40, 41). In this Review Series, Yvette
Taché and Bruno Bonaz concentrate on neuropeptide control of
the brain-gut circuit and on the role of the hypothalamic peptide
corticotropin-releasing factor (CRF) in particular (42). Since a fre-
quent trigger of dyspeptic symptoms in patients with functional
bowel disorders is stress, and increased CRF release has been shown
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to be a component of the acute stress response, CRF antagonists
are actively being developed for the treatment of functional bowel
disorders, as well as other stress-induced disorders.

Innate immune defenses: a sleeping giant awakes

Perhaps underappreciated by many is the fact that the largest source
of immune cells in the body is the GI tract (3). As a result, several
chronic GI disorders are actually due to an aggressive assault by
the innate immune system. The last 4 articles in this Review Series
focus on different immune-mediated GI disorders. Although not
generally considered classic regulatory peptides, proinflammatory
cytokines released from either mucosa-based or circulating lym-
phocytes are critical to maintaining GI tract defenses.

Celiac disease: let them eat cake? Nearly 1% of the United States
population (approximately 3 million individuals) suffer from
some form of celiac disease (43). Yet, improved knowledge of its
immunopathogenesis has not altered treatment for the disease,
nor has it lead to any treatments for the rare complications of
celiac disease, that is, enteropathy-associated T cell lympho-
mas and adenocarcinomas. Although initially considered a rare
disorder with a prevalence as low as 1 in 8,000, celiac disease is
now known to be relatively common (1 in 250 individuals in
the United States suffers from celiac disease) (44, 45). Its pro-
tean clinical presentation ranges from asymptomatic to unex-
plained iron deficiency anemia to full-blown classical symptoms
of weight loss, malabsorption, and steatorrhea. Asymptomatic
and mild cases are now more frequently detected, because of
improved serologic diagnostics based on the knowledge that the
ingested proteins that cause celiac disease, and the enzymatic
system that renders the peptides antigenic, induce a specific sub-
set of IgA antibodies. Proteins of common cereal grains, collec-
tively called glutens, interact with the MHC class II heterodimer
HLA-DQ2 and are displayed on the surface of APCs. In this Review
Series, Martin Kagnoff describes how grain-derived proteins
that are deamidated by tissue transglutaminase then activate the
innate immune system (46). What remains an enigma is how the
HLA-DQ?2 locus and other undetermined loci render the gut more
susceptible to activation by the innate immune response, with
subsequent production of proinflammatory cytokines (such as
IFN-y), simply from ingestion of these proteins. As a result of
improved diagnostic testing, treatment is specific and cheap,
though not necessarily easy to implement or tolerate: imagine
a diet without any wheat, rye, or barley! The need to eschew tra-
ditional bakery breads, cakes, cookies, and pastas, to mention
but a few of the common foods that must be avoided, is clearly
not simple and is the basis for frequent accidental or intentional
noncompliance (47). The frequent lapses in compliance are a
major reason to understand the pathophysiology of celiac dis-
ease and develop targeted therapies. Although, on the surface,
the search for additional therapies might seem to be merely a
matter of “taste,” over time, noncompliance increases suscepti-
bility to intestinal cancers (48).

The “stars” of the pancreas. Cirrhosis of the liver and chronic pan-
creatitis, disorders of excessive tissue fibrosis, collectively are
responsible for a substantial percentage of morbidity and mor-
tality from alcohol use. Parenchymal organs such as the liver,
kidney, and pancreas respond to injury by becoming fibrotic. Ini-
tially because of work in the liver, the stellate (star-shaped) cells in
these organs were found to be the source of the fibrosis. Although
overshadowed by more numerous studies on the hepatic stellate
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cell (49, 50), it is now recognized that the pancreatic stellate cell
is responsible for the fibrotic changes that occur in this organ,
and this is the focus of the Review Series article by Bishr Omary
and colleagues (51). In both the liver and the pancreas, activa-
tion of these stellate cells can overwhelm the entire organ, result-
ing initially in reduced phenotypic functions, for example, liver
detoxification and pancreatic enzyme production. Chronic injury,
inflammation, and fibrosis lead to tumor formation in subjects
with cirrhosis or chronic pancreatitis. The sequence of events is
not unlike the response of other tissues to chronic irritation in
which sustained wound-healing reactions are activated (52-54).
Proinflammatory cytokines generated in response to toxins,
usually alcohol, stimulate the stellate cells to produce fibrillary
proteins. Subsequently, the stellate cells sustain their activated
state by producing autocrine factors. Presumably, these factors
accelerate fibrosis and chronically stimulate neoplastic transfor-
mation in the pancreatic duct. This scenario suggests a synergistic
relationship between the stellate cell and the cellular precursors
of cancer, for example, stem cells (55-57). Given this synergistic
relationship, it is interesting that most hepatic stellate cells arise
from the bone marrow, a fact that might also hold true for the
pancreatic stellate cell (58). Gene expression profile comparisons
between hepatic and pancreatic stellate cells (microarrays) have
confirmed the strong phenotypic similarity of these cells despite
their residence in different tissues (59), providing further evidence
to support the speculation that pancreatic stellate cells also arise
from hematopoietic precursors. A link between stem cells in the
bone marrow and cancer is a concept that has also been observed
for gastric cancer (60), and this link is discussed further in this
Review Series by James Fox and Timothy Wang (61).

“Bugs in the belfry”: gastric cancer as a chronic immune disorder. In
the early 1900s, cancer of the distal stomach was the leading
cause of death from cancer in the United States. Seventy years
later, gastric cancer has declined to about the 10th leading cause
of death from cancer in the United States, but it is still ranked
second worldwide. Improvements in food storage and public sani-
tation are considered the major reasons for the decline in these
statistics (reviewed in ref. 62), suggesting that this is a disease that
can be prevented. In 1994, the association of gastric cancer with
Helicobacter pylori revealed that cellular transformation in the
stomach, like chronic injury in other tissues, is also linked to
chronic inflammation (63). It was known before the H. pylori
connection was established that pernicious anemia, due to pari-
etal cell destruction by autoantibodies specific for parietal cell
proteins, was the only specific disorder linking gastric cancer to
chronic inflammation (64). In this disorder, immune-mediated
destruction of acid-secreting parietal cells prevents the dietary
absorption of vitamin B12, because intrinsic factor (which is
required for vitamin B12 absorption) is synthesized by the pari-
etal cell. In a 1975 Lancet article (65), Pelayo Correa described the
histologic changes leading to intestinal-type gastric cancer. In that
report, loss of gastric parietal and chief cells was documented as a
crucial step in the progression of the mucosa toward transforma-
tion. In this Review Series, Fox and Wang reiterate this point and
make a clear distinction between the intermediate steps (atrophy
and metaplasia) that lie between chronic inflammation and com-
mitment of the mucosa to irreversible neoplastic changes, that s,
dysplasia (61). Apparently, loss of specific cell types (atrophy) is a
more consistent indicator of transformation than gain of replace-
ment cells of gastric or intestinal mucous cell origin (metaplasia)
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(66). Therefore, with respect to intervening in the progression
toward gastric cancer, there are 2 key steps — prevent inflamma-
tion and/or prevent atrophy. Given the number of cancers caused
by chronic inflammation (67-71), an understanding of progres-
sion in the stomach will probably have broad applicability.

Taking aim: receptors of regulatory peptides and cytokines as therapeutic
targets. The molecular mechanisms responsible for 2 rare disor-
ders, Ménétrier disease and GI stromal tumors (GISTs), are con-
stitutive activation of distinct cytokine and growth factor recep-
tors, respectively. Ménétrier disease is caused by EGFR-mediated
expansion of the surface mucous cell layer in the stomach. A con-
sequence of this expansion is the displacement and subsequent
loss of parietal and chief cells, a process that is also observed in
the progression toward gastric cancer. However, unlike gastric
cancer triggered by H. pylori-mediated gastritis, Ménétrier disease
develops because the upper third of the gastric gland expands.
The histologic features of Ménétrier disease have been recapitu-
lated with the use of a transgenic mouse overexpressing TGF-a
and revealed a substantial etiologic contribution from EGFR acti-
vation (72). Nevertheless, in human subjects, the reason why this
particular portion of the gland proliferates is not known; it might
be due to an infectious agent. For example, the childhood form of
Meénétrier disease is observed after infection with CMV (73), rais-
ing the possibility that an infectious agent might be responsible
for the hypertrophic gastric folds in adults (74). If the phenotypic
hypertrophic folds are observed in adults after infection with a
virus or other infectious agent, then this seemingly rare disorder
actually might be more common. In particular, H. pylori seems
to be a probable infectious agent in adults with Ménétrier dis-
ease (75, 76). Chronic infection with Helicobacter spp. in mice is
associated with elevated levels of EGFR ligands (77). Moreover,
treatment with a blocking mAb specific for EGFR, cetuximab, has
been shown to be efficacious in suppressing the persistent nausea
and vomiting in a patient with Ménétrier disease (78).

By contrast, GISTs are tumors arising in the submucosa of the
GI tract because of constitutively activating mutations in either
PDGFRA or KIT on the interstitial cells of Cajal. KIT binds SCF
and is also expressed by hematopoietic progenitors, mast cells,
and germ cells. PDGFRA and KIT are members of the hemato-
poietic class III receptor tyrosine kinase family that contain Ig
motifs and signal through MAPK and AKT pathways (79). As a
result, specific molecular therapies targeting the tyrosine kinase
domain of PDGFRA and KIT, which were initially developed to
treat certain types of leukemia, have proven to be clinically useful
and superior to chemotherapy and surgery for the treatment of
GISTs, although they are not curative.

Application of knowledge about how these cytokine and
growth factor receptors cause these specific diseases has led to
the development of therapies for these 2 gastric disorders and is
the focal point of the final article in this Review Series, by Rob-
ert Coffey and colleagues (80).
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