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S

ignificant advances have been made in the study of the
small bowel. In part II of this review of the small bowel,
emphasis is placed on the early development and later ageing
of the small bowel; the effect of diabetes, alcohol, radiation
and HIV on the small bowel; enteral and parenteral nutrition; the brush border membrane (BBM) and enterocyte
proliferation; and peptide hormones (including transforming growth factors [TGFs], motilin, peptide YY [PYY] and
cholecystokinin [CCK])
EARLY DEVELOPMENT AND LATER AGEING
Despite its rapid proliferation, the gut epithelium maintains
precise spatial differentiation in the crypt-to-villus tip or ‘vertical’ axis, and in the duodenal-to-colonic or ‘horizontal’ axis.
When the four predominant epithelial cell types emerge
from the proliferating progenitor cell zone of the crypts they
acquire the differentiated phenotype and express a variety of
gene products along the vertical and horizontal axes. For example, villus-associated enterocytes but not crypt epithelial

Vue d’ensemble sur l’intestin grêle : partie II
RÉSUMÉ : Des progrès significatifs ont été accomplis dans l’étude du
grêle. La partie II de ce bilan en deux volets sur l’intestin grêle se
penche sur les premiers stades du développement et sur le
vieillissement de l’intestin grêle; sur l’effet du diabète, de l’alcool, des
radiations et du VIH; sur la nutrition entérale et parentérale; sur la
bordure en brosse et la prolifération des entérocytes, des hormones
peptidiques (y compris les facteurs de croissance transformant la
motiline, le peptide YY et la cholécystokinine) et sur la maladie au
VIH.

cells express the liver fatty acid binding protein and apolipoprotein (APO) A-IV. However, the preferential accumulation of liver fatty acid binding protein and APO A-IV
mRNA in villus base enterocytes is not observed in intestinal isografts (1). This suggests that the program of differentiation is encoded in fetal endoderm and mesenchyme, and
that substances contained in the intestinal lumen play an
important modulatory role in generating spatial differentiation during ontogeny.
During its life in utero, the fetus is supplied with most of
its substrate needs by the placenta. The healthy fetus swallows large amounts of fluid, which consists of a mixture of
amniotic fluid, lung liquid and oral/nasal secretions. Ingestion of this fluid in utero may be an important regulator of
prenatal gastrointestinal tract development. In the presence
of congenital defects, such as esophageal or intestinal atresia
(both of which restrict access of the swallowed fluid to the
gastrointestinal tract), there may be impaired function of the
intestine. Ligating the fetal sheep esophagus results in mor-
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phological changes in the intestine, which partially regress if
the initial esophageal obstruction is relieved (2). Thus, it is
likely that tissue or nutritional growth factors present in
swallowed fluid may be involved in the regulation of intestinal development before birth.
Neurotensin is a tridecapeptide found mainly in the central nervous system and discrete enteroendocrine cells (Ncells) located with greatest abundance in the distal gut mucosa. The functions of neurotensin include stimulation of
pancreatic secretion, stimulation of motility as well as inhibition of small bowel and gastric motility, and stimulation of
the growth of the small intestine (3). Neurotensin may reverse the small bowel mucosal atrophy associated with feeding an elemental diet, and neurotensin augments intestinal
regeneration after small bowel resection. When aged rats are
given neurotensin, there is an increase in crypt depth and
villous height, without alterations in the specific activities of
BBM sucrase or maltase (4). This suggests that the potential
of the aged small intestine to respond to trophic stimuli is
maintained.
Proliferation of intraepithelial cells isolated from mature
rats may be enhanced more by bacterial antigens when the
intraepithelial leukocytes (IELs) are obtained from older
versus younger rats (5). The mucosal or secretory immune response in the gastrointestinal tract is compromised by ageing,
and this immunosenescence reflects deficits in the differentiation and/or migration (homing) of immunoglobulin A
immunoblasts to the intestinal lamina propria, and the initiation and/or regulation of local antibody production (6).
The ratio of urinary lactulose:mannitol after oral administration of these sugars is a reproducible measure of small intestinal mucosal integrity, and this ratio is increased in
diseases where the small intestinal mucosal integrity is disrupted. Mannitol is absorbed transcellularly through aqueous pores in the cell membrane, whereas lactulose is
absorbed paracellularly. The lactulose:mannitol ratio does
not change with increasing age (7). This suggests that the intestine does not become more ‘leaky’ with advancing years.
Decreased absorption of glucose, amino acids, cholesterol
and calcium have been reported in association with ageing.
The intestinal unstirred water layer may influence nutrient
uptake, but the jejunal acidic microclimate layer is slightly
thinner in senescent rats than in young adult rats (8); this is
not an increased diffusion barrier responsible for age-related
reduction in nutrient absorption. Clearly, there must be
other mechanisms responsible for the reduced absorption
that occurs with ageing. These mechanisms remain to be defined.
DIABETES
The small intestine of animals with experimental diabetes
responds with hyperplasia and hypertrophy. The intestine
may be heavier with taller villi, longer crypts, and increased
DNA content as well as protein:DNA ratios. Diabetes diminishes vasoactive intestinal polypeptide (VIP) tissue concentrations and release from intestinal myenteric nerves,
and insulin restores VIP concentrations (9). In streptozo608

tocin-diabetic rats, a combination of insulin and an aldose
reductase inhibitor returns cell numbers towards normal but
does not influence the increased enterocyte size, or the
number or area of microvilli per cell (10). Gastrointestinal
dysfunction is common in diabetics, with as many as three of
four patients complaining of nausea, vomiting, diarrhea,
constipation, early satiety or dysphagia. A neuropathy of the
myenteric plexus or the extramural nerves that regulate gastrointestinal movements has been implicated as a cause of
many of these symptoms. Erythromycin is a macrolide antibiotic that produces a prokinetic effect on the stomach and
duodenum, and stimulates the motility of the proximal gut
by its actions on motilin receptors. In diabetic male subjects,
erythromycin decreases the oral-to-cecal transit time (11).
This suggests that erythromycin may be a useful prokinetic
drug in diabetic subjects.
Clinical learning point: Gastrointestinal dysfunction is
common in diabetics, and erythromycin may be a useful
prokinetic agent in these patients.
Microangiopathy is common in diabetics, and regional
bloodflow is altered in early diabetes. Hyperemia has been
described in several tissues such as retina, glomeruli, skeletal
muscle and small intestine. Gastrointestinal hyperemia is
due at least in part to the increased demands of a hypertrophic mucosa and possibly to an increased vascular sensitivity
to nitric oxide, and is mediated primarily by endogenous
prostaglandins (12).
Calcium is malabsorbed in diabetics due to reduced saturable and nonsaturable components of uptake, and this, in
turn, is associated with a lower serum concentration of 1,25dihydroxycholecalciferol (13). Fractional absorption of zinc
and copper is lower in diabetic rats, but net absorption is higher
and is associated with higher urinary excretion. The result is
that zinc and copper retention remains unchanged (14).
ALCOHOL
Nutrients interrupt the interdigestive motility cycle and induce a pattern of irregular contractile activity that mimics
the postprandial form. The duration and specific motor characteristics of these responses to luminal nutrients vary with
the caloric load and the nature of the nutrients. Ethanol is a
major source of calories in people who drink alcoholic beverages regularly, and ethanol has nutritional characteristics of
both fats and carbohydrates. Ethanol may slow gastric emptying and interrupt the interdigestive cycle. Intraluminal
perfusion of the jejunum of canine intestine delays the phase
III component of the interdigestive cycle (15). Both ethanol
and ischemia/reperfusion produce an independent increase
in the myeloperoxidase (MPO) activity in the small intestine. However, when ethanol is given before the onset of
ischemia the MPO activity is increased further (16).
Clinical learning point: Ethanol may potentiate ischemic
injury to the gut.
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The cytoskeleton is important for enterocyte function at
birth, and cytoskeletal integrity is a prerequisite for many
normal cell functions. Long term exposure to ethanol in
utero in the rat results in postnatal growth retardation, as
well as causing severe dysfunction of the cytoskeleton of the
developing intestinal epithelium (17). Exposure of the intestinal mucosa to ethanol causes morphological injuries and
modifies BBM activities. After three months of 30% ethanol
ingestion in rats the specific activities of maltase, lactase and
sucrase are decreased in the ileum, but after five months of
ethanol consumption these disaccharidase activities return
to normal. This suggests an adaptive response to prolonged
alcohol exposure (18).
Clinical learning point: Ethanol causes damage to the intestine, but over time the intestine may adapt to minimize
the lost function, even when checked alcohol consumption
continues.
Enprostil, a monomethylated prostaglandin E2 analogue,
protects intestinal epithelial cell lines IRD 98 and IEC 17
against ethanol injury (19). Prostaglandins may result in
‘adaptive cytoprotection’ of the intestinal mucosa. Adaptive
cytoprotection refers to endogenous prostaglandin stimulation at the site of irritation, and direct cytoprotection involving reinforcement of mucosal resistance or administration of synthetic prostaglandins, which have a longer
duration of action than natural prostaglandins.
RADIATION DAMAGE
Radiation-induced injuries to the intestine are dose dependent and may also be time dependent (20). Radiation enteritis has acute and chronic phases, and in experimental animals,
radiation-induced gastrointestinal inflammation has been observed in the initial hours following exposure. Two hours after radiation of the rat jejunum, there is an increase in MPO
and an increase in prostaglandin E2 synthesis, together with
altered responsiveness of the jejunal mucosal-submucosal
vasculature (21). These changes in function may reflect the
onset of an acute inflammatory response and appear to have
cyclooxygenase-dependent and -independent components.
Fractionated irradiation alters the contractile activity of the
small intestine and colon. In the canine intestine, fractionated radiation changes gut regulatory peptides such as VIP,
substance P, PYY and motilin. Fractionated radiation may
play a role in changes in cholinergic enzyme activity (22). In
randomly selected patients who had been treated for stage I
seminoma of the testis two to 10 years previously, at least one
parameter of gastrointestinal function was abnormal in 11 of
15 patients (23).
Clinical learning point: Late effects of abdominal radiation
are common.
The pathogenesis of intestinal radiation syndrome remains controversial. The formation of free radicals during
exposure to radiation has been proposed as being important.
Can J Gastroenterol Vol 11 No 7 October 1997

The radioprotective agent WR2721 improves seven-day
survival in radiated dogs, and also improves mucosal integrity and absorption (24). The potential clinical usefulness of
radioprotective agents to reduce the frequency or severity of
irradiation injury to the intestine in humans remains unknown.
ENTERAL AND PARENTERAL NUTRITION
Enteral feeding represents primary therapy that benefits the
outcome of critically ill patients, and recommendations have
been formulated for tube feeding of enteral nutrition
(25,26). Long term survival for patients with intestinal failure requiring home parenteral nutrition has been reported –
under 40 years of age, start of home parenteral nutrition after
1987 and the presence of chronic intestinal obstruction are
independent variables associated with decreased risk of
death (27).
Severe malabsorption is observed after extensive small
bowel intestinal resection. With time, patients progressively
improve their ability to maintain nutrition orally. This adaptation is believed to be caused by growth and increased absorption efficiency of the remaining small bowel mucosa.
Practical management of short bowel syndrome has been reviewed (28). When the small bowel is anastomosed to the
remaining colon, the colon receives an increased amount of
fermentable substrates, mainly carbohydrates. Despite fast
transit time, patients with a short bowel and a colon remaining in continuity ferment more lactulose and hexoses, and
have a higher activity of beta-galactosidase in their stools
than do nonadapted normal subjects (29). This hyperfermentation is associated with efficient removal of extra short
chain fatty acids (SCFAs) from fecal water.
Following massive intestinal resection in rats, the
bethanacol-stimulated tonic stress response and phasic
contractile activity of circular smooth muscle are reduced,
concomitant with altered intestinal transit (30). Gastroduodenal emptying is delayed with decreased intestinal flow rate
(31). Modular tube feeds and a commercially available
enteral formula enriched with omega-3 fatty acids, arginine
and yeast may result in decreased infections in burn and
postoperative cancer patients but not in critically ill patients
(32). The effects of SCFAs on gut morphology and function
have been reviewed (33). The SCFAs acetate, propionate
and butyrate are formed from bacterial fermentation of fibre.
Dietary fibre consumption increases substrate oxidation by
isolated colonocytes but not by distal small intestinal
enterocytes (34). PYY has a trophic effect on the intestine
in rats given total parenteral nutrition (TPN) and may offer
a means by which the mucosal atrophy associated with TPN
can be modulated (35). Also, TPN is associated with
reduced numbers of gut-associated lymphoid tissue, and
this can be prevented by feeding a complex enteral diet
(36).
The lumenal administration of epidermal growth factor
(EGF) in combination with protease inhibitors may reverse
the gut atrophy associated with parenteral nutrition (37).
EGF leads to an increase in c-fos, c-jun and junB gene expres609
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sion, and pretreatment with somatostatin followed by EGF
results in an inhibition of the EGF-induced increases in
proto-oncogene expression in IEC-6 cells (38). Intestinal resection initiates a series of growth-related events in the remaining mucosa within 12 h, even in the absence of nutrient
intake (39). Increased basal and postprandial levels of gastrin, CCK, glucose-dependent insulinotropic peptide (GIP),
PYY and enteroglucagon are seen one month after massive
small bowel resection in the dog (40). Concentrations of enteroglucagon, GIP and PYY remained high for six months after resection.
Efforts have been made to increase surgically the intestinal surface area in patients with short bowel syndrome by using the Bianchi procedure. However, intestinal lengthening
actually impairs the nutritional status and intestinal absorption following massive resection in dogs. This is due possibly
to motor disruption and hypergastrinemia, as well as to decreased enteroglucagon and increased somatostatin levels
(41). Insulin-like growth factor (IGF)-I enhances the mucosal hyperplasia that normally occurs after massive small
bowel resection. Miniosmotic pump infusion of growth hormone (GH) in rats after jejunal ileal resection allows for
faster growth without a change in the hyperplasia that normally occurs after small bowel resection and without a
change in IGF-I or IGF-binding protein (42,43). After jejunectomy, a rapid and sustained increase in the abundance
of proglucagon mRNA occurs in the residual ileum and is accompanied by increases in plasma intestinal proglucagonderived peptides. In rats with a massive small bowel resection, plasma enteroglucagon and glucagon-peptide-I levels
are increased but are unaffected by inhibitors of ornithine
decarboxylase (ODC) activity (44).
Forty-eight hours after intestinal resection in the rat,
APO A-IV and intestinal fatty acid binding protein
(I-FABP) mRNA levels are increased in remnant ileum, but
after one week I-FABP mRNA levels have returned towards
normal (45). Thus, the enterocyte can respond acutely to a
loss of small bowel surface area by increasing expression of
several genes, but this compensatory enterocytic response
appears to be spatially and temporarily regulated.
Arginine becomes an essential amino acid during periods
of growth and catabolic states. Both arginine and ornithine
are precursors of nitric oxide and polyamines, respectively.
Supplementation of enteral diets with ornithine or ornithine alpha-ketoglutarate may improve intestinal mucosal
barrier function (46). ODC is the first rate-limiting enzyme
in polyamine biosynthesis and catalyzes the conversion of
ornithine to putrescine. An increase in ODC activity is one
of the earliest biochemical events associated with the induction of cell proliferation. The activities of ODC and tyrosine
kinase increase during the process of cell division. Tyrosine
kinase modulates ODC activity during mucosal proliferation, as well as in mucosal hyperplasia associated with diabetes in rats (47). Asparagine stimulates ODC activity in
IEC-6 cells, and the increased ODC mRNA levels result
partly from a delay in the rate of degradation of ODC mRNA
(48). This raises the possibility that luminal amino acids may
610

stimulate gut mucosal growth in association with their ability to regulate ODC gene expression.
BBM AND ENTEROCYTE PROLIFERATION
Membrane surface: Intestinal enterocytes are coated with a
0.1 to 0.5 mm-thick glycocalyx layer composed of fine filaments that radiate from the tips of the brush border microvilli. The glycocalyx is comprised of the carbohydrate
extensions of major membrane glycoproteins. These are anchored entirely in a membrane microdomain at the tip of the
microvilli, suggesting that mature enterocytes are hyperpolarized epithelial cells (49).
The modulation of intestinal epithelial brush border digestive enzyme activity is central to the mucosal adaptation
that occurs with refeeding after fasting, as well as to the adaptation that occurs with development, while intestinal
epithelial cell motility is critical for mucosal healing. Differentiation of the intestinal epithelial cell is affected by lumenal nutrients and matrix proteins, while cell motility is
stimulated by growth factors such as EGF and TGF-b. Differentiation is modulated by the extracellular matrix across
which migration occurs. Modulation of protein kinase C by a
phorbol ester in Caco-2 cells alters the expression of alkaline
phosphatase but not that of cell migration (50).
The amount and relative distribution of intralumenal
pancreatic biliary secretions may affect BBM enzyme activity, mucosal morphology, and adaptive responses to intestinal resection or transposition. Exocrine pancreatic insufficiency increases crypt cell proliferation in the distal small intestine (51). Pancreatitis-associated protein (PAP) I and III
genes are expressed constitutively in the small intestine of
rats (52).
P-glycoprotein is a multidrug transporter in the intestinal
epithelium, and enterocytes of the ileum may be more actively involved in the P-glycoprotein-mediated transport of
xenobiotics into the intestinal lumen (53).
The process of vesicle trafficking to plasma membrane domains is tightly regulated to provide for specific targeting of
proteins to discrete cellular domains. To this end, the family
of Rab small guanosine triphosphate-binding proteins
plays an important role in the regulation of membrane trafficking. Rab2 expression is enriched in epithelial cells and is
distributed in apically oriented vesicle populations (54).
Changes in the concentration of free intracellular calcium
are widely recognized as controlling a variety of functions in
almost all cell types that have been examined. There may be
synergism or ‘cross-talk’ between the calcium and the cyclic
adenosine monophosphate (cAMP) signalling pathways,
which regulate the extent of secretory responses (55).
It has been assumed that the intestinal dysfunction associated with villous atrophy (including diarrhea, malabsorption and impaired barrier function) is due to a decrease in the
number of epithelial cells and, therefore, to a decrease in absorptive surface area. However, the individual enterocyte
may also be changed, with villous atrophy being associated
with an increase in lactase and a decrease in intestinal alkaline phosphatase gene expression. Through differential clonCan J Gastroenterol Vol 11 No 7 October 1997
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ing methods, when expression is altered with villous
atrophy, a novel intestine-specific cDNA, which may play a
role in the processes of intestinal epithelial growth and differentiation, has been identified (56).
Trefoil peptides are small proteins that are expressed by
mucin-producing goblet cells and are distinguished by a
unique six-cysteine motif called a ‘P’ domain. This results in
the formation of three intrachain loops within the small peptide due to disulfide bond formation. Trefoil peptides are expressed in the intestinal goblet cells, where they may have a
facilitating role in healing mucosal sites of injury. The rat intestinal trefoil factor gene has been cloned, and studies of the
5¢-flanking region of the intestinal trefoil factor gene demonstrate the presence of cis-regulatory elements capable of
directing goblet cell-specific expression (57).
The human intestinal trefoil factor has been characterized (58). In a human colonic adenocarcinoma cell line
(Colony-29) basolateral EGF stimulates a predominately
prostaglandin-dependent increase in chloride secretion
that is enhanced by basolateral intestinal trefoil factor
(ITF). These two peptides may interact in normal and in
damaged mucosa to alter the local apical solute and fluid
environment (59). There are trefoil binding sites in the gastrointestinal tract, and human spasmolytic polypeptide
(hSP) may have affinity for the mucosal recombinant rat ITF
(60).
Differentiation along the crypt-villous axis in adult rats
follows a pattern similar to neonatal maturation as far as protein and carbohydrate composition, and food protein binding (61). Stimulation in jejunal protein synthesis by feeding
is greater in young versus older suckling pigs, and this enhanced stimulation of protein synthesis is associated with
elevated circulating concentrations of insulin but not of
amino acids or IGF-I (62).
There are site- and species-related variations in membraneous epithelial cell surface glycoconjugate expression.
These may reflect the local microorganism populations and,
therefore, may have implications if orally delivered vaccines
and drugs are to be targeted to these M-cells via their surface
glycoconjugates (63). Lectins and glycoproteins of plant or
animal origin have the ability to bind specific carbohydrate
residues of cell glycoconjugates. Diet and gut microflora alter
the lectin-binding patterns of intestinal mucins in rats (64).
Dietary changes are influential in modifying the amount and
proportion of mucins in the small intestine, and of the microbial flora in the large intestine (65,66). Intestinal epithelial cells form a barrier to many luminal irritants, and this
barrier recovers within hours when disrupted by a superficial
epithelial injury. Epithelial restitution is accomplished by
epithelial cell migration that reseals the wound area without
any cell proliferation, especially during the initial step of
healing. The roles of eicosanoids and the gastrointestinal
tract have been reviewed (67). Intestinal epithelial restitution is accelerated by several growth factors including
TGF-a, EGF, TGF-b and hepatocyte growth factor. Endogenous prostaglandins play an important role in regulating intestinal epithelial restitution (68).
Can J Gastroenterol Vol 11 No 7 October 1997

PROLIFERATION
Two IGFs, IGF-I and IGF-II, stimulate cell proliferation by
the same type I IGF receptor, which is a tyrosine kinase.
IGF-II is considered the predominate fetal IGF, whereas
IGF-I predominates postnatally. EGF also has a trophic effect on the intestine and uses a distinct tyrosine kinase receptor. Both the EGF and IGF receptors share some common
signal transduction pathways. EGF potently and rapidly induces c-fos and c-jun mRNAs, whereas IGF-I modestly increases c-fos but not c-jun mRNAs (69). These distinct
effects of the two growth factors on intracellular signal transduction and gene expression may contribute to synergistic
effects on DNA synthesis when they are added in combination to IEC-6 cells. TGF-b and EGF are potent stimulators of
small intestinal crypts in the mouse, as is IGF-I (70).
A novel confocal microscopic technique has been used to
investigate small intestinal epithelial cell proliferation in
children. By means of noninvasive optical sectioning
through microdisected crypts, high resolution, three dimensional data were obtained, enabling mitotic figures to be
mapped accurately relative to the architecture of individual
intact crypts. Crypt cell division occurs with an equal probability in health and in disease, and increased crypt cell production rates are caused largely by a change in crypt size
rather than by a change in cell cycle time or crypt growth
fraction (71).
Clinical learning point: The confocal microscopic technique has shown that the increased crypt cell production
rates that occur in some diseases are not caused by a change
in cell cycle time on crypt growth fraction, as has always
been considered to be the case, but are caused instead by a
change in crypt size.
Raw kidney bean-based diets reduce the growth rate of
animals and induce reversible and polyamine-dependent hyperplastic growth of the small intestine. The factor responsible for this is the lectin phytohemagglutinin (PHA), which
is present in raw kidney beans. PHA resists degradation by
both proteolytic enzymes and bacteria, and keeps its biological activity during its passage along the intestine. Dietary
PHA influences the size, metabolism and function of the entire digestive tract by lengthening the tissue and thickening
the gut wall, as well as by increasing the number of crypt cells
(72).
H2 antagonists retard tumour growth in some animal
models and prolong survival in patients with some types of
cancer. An increase in ODC activity is one of the earliest
biochemical events associated with the induction of cell proliferation, and inhibition of ODC activity prevents growth
responses in a number of tissues. ODC is the initial ratelimiting enzyme in polyamine biosynthesis and has been
studied extensively in IEC-6 cells (a line of normal rate intestinal crypt cells). Cimetidine inhibits the increase in
ODC activity in the mucosa stimulated by pentagastrin and
EGF but not by refeeding (73). An H1-receptor antagonist
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also inhibits increased ODC activity, but ODC mRNA levels are not inhibited by an H2-receptor antagonist. This suggests that cimetidine acts nonspecifically to inhibit cell
proliferation, at least partly through decreasing polyamine
biosynthesis.
Clinical learning point: H1- and H2-receptor antagonists
may inhibit tumour growth by reducing ODC activity.
Epithelial continuity is re-established in two phases. First,
epithelial cells adjacent to or just beneath the injured surface
migrate into the wound to cover the denuded area, a process
that has been called epithelial restitution. This process does
not require cell proliferation and occurs within minutes to
hours. Second, epithelial cell proliferation and maturation
take place to replenish the decreased cell pool. Acute epithelial injury in the rat small intestine in vivo is associated with
expanded expression of TGF-a and TGF-b(74).
PEPTIDE HORMONES
TGFs and EGFs: TGF-a and pancreatic secretory trypsin inhibitor may be important in maintaining mucosal integrity
(75). TGF-a binds to and activates the EGF receptor. Coexpression of the TGF-a and EGF receptor is associated with a
transformed phenotype in a variety of carcinomas of both intestinal and extraintestinal tissues. Caco-2 cells are an intestinal epithelial cell line derived from a human colonic
adenocarcinoma, and proliferation of Caco-2 is driven by
autocrine stimulation of EGF receptors by TGF-a (76).
EGF is the prototype member of a family of growth factors
sharing extensive structural and functional homology. EGF
binds to a 170-kDa plasma membrane receptor on targeted
cells, subsequently stimulating intrinsic tyrosine kinase activity. The activation of tyrosine phosphorylation is a necessary component of this signal-transduction pathway. EGF
affects the mucosal integrity of the gastrointestinal tract, and
saliva-derived EGF may be absorbed from the mouth and
gastrointestinal tract (77). In humans, salivary EGF is derived from the parotid and submandibular glands. Lumenal
exposure to EGF prevents starvation-induced mucosal atrophy of the small bowel but does not enhance the mucosal
growth associated with refeeding (78). The potential of the
oral administration of EGF to prevent intestinal atrophy in
starved patients remains to be established.
Mucosal EGF stimulates EGF-receptor phosphorylation
in immature but not in mature rat intestine (79), and these
differences are not explained by EGF-receptor abundance or
localization. EGF receptors are on the basolateral membrane, and only basolateral membrane stimulation with EGF
increases tyrosine kinase activity (80). This raises the possibility that the greater mucosal permeability of the immature
gut may allow EGF to bind to the EGF receptor in the basolateral membrane and to mediate its effect in suckling but
not in adult rat intestine. The EGF receptors are on the basolateral membrane, and only basolateral membrane stimulation with EGF increases tyrosine kinase activity (80). EGF
612

concentrations in gastrointestinal tissues are higher in males
than in females, and gonadectomy with sialoadenectomy
leads to a decrease in EGF concentrations in the gastrointestinal tract of both genders (81). The current understanding
of initiation of signals downstream of activation of the receptor tyrosine kinase of the EGF receptor involves the association of specific cellular proteins by src homology 2 domains
that bind directly to phosphotyrosine-containing sequences.
The src homologous collagen-like protein is an in vivo substrate of the intestinal EGF receptor (82).
Breast-fed infants from developing countries have less severe diarrhea and decreased mortality from diarrhea compared with infants fed formula. EGF and TGF-a are
abundant in human milk. In a piglet model of rotavirus enteritis, TGF-a stimulated jejunal mucosal hypertrophy, improved barrier function and enhanced regrowth of villi, but
did not facilitate restoration of functional activity or mucosal digestive enzymes (83). The role of oral TGF-a to facilitate intestinal epithelial recovery following a rotavirus
infection remains to be established in humans.
TGF-b has an important regulatory role in cell proliferation, migration and differentiation. An oral delivery system
targeting TGF-b1 has been developed, and when given to
rats, induces stem cell quiescence in the intestinal mucosal
(84). The biological activities of TGF-b are mediated
through a set of cell surface glycoproteins. The regulation of
mechanisms controlling expression of TGF-b receptor subtypes may underlie the loss of effective growth regulation by
TGF-b in transformed intestinal epithelial cells and in IEC18 cell clones expressing H-ras. Although H-ras expression
of IEC-18 cells causes resistance to TGF-b-mediated growth
inhibition, the cells remain responsive to TGF-b1 stimulation of fibronectin expression (85).
Smooth muscle cells secrete TGF-b during human fetal
intestinal development. TGF-b stimulates or inhibits the expression of specific collagen chains, depending on gestational age (86). TGF-a induces the syntheses of both c-fos
and c-myc (87).
Motilin: Motilin is a 22 amino acid polypeptide that plays an
important role in the initiation of phase III activity of the interdigestive migrating motor complex in dogs and in humans.
Motilin-containing cells have been identified by immunocytochemical methods in the gastrointestinal tract of rabbits (88).
PYY: Fat slows the movement of luminal contents, and intestinal transit through a jejunal segment is slowed during fat
profusion of the distal small intestine. This effect has been
called the ‘ileal break’, and possible mediators of this effect
include PYY, enteroglucagon and neurotensin. In dogs, the
fat-induced ileal brake depends upon PYY (89). PYY increases following the ingestion of fatty meals, and PPY is released from the ileum and colon in increased amounts
following intraileal and intracolonic administration of fatty
acid. The ileal release of PYY in rats, either into the lumen or
into the vasculature, is triggered by postganglionic cholinergic neurons via muscarinic receptors (90). PYY receptors are
present in the synaptosomes of the submucosal and myenteric plexus (91). The proximal colon also triggers the feedCan J Gastroenterol Vol 11 No 7 October 1997
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back inhibition of gut motility through PYY, a phenomenon
known as the ‘colonic break’ (92).
Substance P: Substance P is an 11-amino acid peptide belonging to the tachykinin family. Substance P-like immunoreactivity is present in nerve fibres of the intestine in the
myenteric and submucosal plexus. Substance P may influence intestinal ion transport, in part by promoting the release
of mast cell-derived mediators (93).
Serotonin: Serotonin (5-hydroxytryptamine [5-HT]) is involved in the production of diarrhea in patients with carcinoid syndrome. 5-HT plays a role in numerous physiological
and pathological conditions, including gastrointestinal motility and transmural transport of fluid and electrolytes. 5-HT
is localized mainly in the interneurons of the myenteric and
submucosal plexi and in enterochromaffin cells. 5-HT acts
on 5-HT2A and 5-HT2C receptors located on postsynaptic
cholinergic neurons in the canine jejunum. They thereby
stimulate phasic contractions and phase III activity (94). A
selective 5-HT4 receptor agonist, 5-methoxytryptamine, induces a concentration-dependent increase of 5-HT in rat ileum (95). Numerous 5-HT receptors have been cloned and
characterized pharmacologically and by radioligand binding.
All but one (5-HT3) belong to the family of receptors coupled to guanine nucleotide-binding proteins. In human intestinal muscle cells, 5-HT2A receptors mediate contraction
and 5-HT4 receptors mediate relaxation. These receptors are
coexpressed (96). Once released, 5-HT acts as a local hormone or as a neurotransmitter acting on a number of different
5-HT receptors. The 5-HT4 receptor is characterized on the
basis of both agonist and antagonist activities, but the effect
of 5-HT4 receptor agonists varies among intestinal sites and
animal species (97). 5-HT4 receptors are not localized to cell
bodies of afterhyperpolorization neurons of guinea pig ileum
and are not coupled to presynaptic facilitation of noncholinergic slow excitatory postsynaptic potentials in afterhyperpolorization neurons (98).
IGF-I: IGF-I regulates the growth of the small bowel mucosa.
IGF-I acts on intestinal crypt epithelial cells in culture to
stimulate DNA synthesis and cell proliferation. Systemic administration of exogenous IGF-I increases small bowel mucosal mass in rats after proximal small bowel resection. IGF is
also expressed locally within the small bowel, so it may act in
an endocrine manner as well as in a paracrine or autocrine
manner. Fasting decreases the circulating concentrations of
IGF-I. A reduced trophic effect of circulating IGF-I may contribute to fasting-induced decreases in the mass of the intestinal mucosa. During fasting and refeeding, alterations in
jejunal mass correlate with changes in serum IGF-I and jejunal IGF-I mRNAs (99). Only small amounts of IGF-I or recombinant human IGF-I are absorbed from the jejunum of
neonatal calves (100).
The action of IGFs are modulated by IGF-binding proteins (IGF-BPs), of which six have been described. The profile of IGF-BP secretion changes with differentiation, and
IGF-I, EGF or TGF-a stimulate different types of IGF-BP
(101). Giving IGF-I for three days stimulates small intestinal
epithelial proliferation in rats (102). Circulating and lumeCan J Gastroenterol Vol 11 No 7 October 1997

nal insulin, and IGF-I interact with functional intestinal insulin receptors (IRs) and IGF-IRs. Rat jejunal IRs and IGFIRs are differentially regulated by nutrient availability.
Upregulation of jejunal IGF-I and IGF-IR expression during
refeeding suggests a role for the IGF action pathway in gut
trophic responses to enteral nutrients (103). IGFs have been
studied in cell culture using IEC-6 cells (104), HT29-D4
human colonic carcinoma cells (105) and Caco-2 cells (106,
107). IGF-I also may play a role in colonic adaptation after
massive intestinal resection (108). IGF-I administration after small bowel transplantation improves mucosal structure
and absorptive function, and reduces bacterial translocation
to mesenteric lymph nodes (109).
EGF acts as a competence factor, priming cells for the
subsequent actions of IGF-I, thereby allowing IGF to be a
progression factor acting as a proliferative agent on the cycling epithelial cell population (110).
Enteroglucagon: Intestinal mucosal epithelial cells adapt
rapidly to changes in the quantity or composition of the diet.
Enteroglucagon is likely involved in this process. This is a
collective term for a small family of peptides derived from
proglucagon by post-translational processing in the L-cells of
the distal small intestine and colon. High levels of enteroglucagon in the plasma occur during intestinal adaptation after
small bowel resection or during lactation, and there is an association between enteroglucagon-secreting tumours and intestinal hyperplasia in humans. Certain types of soluble
nonstarch polysaccharides (dietary fibre) stimulate the release of enteroglucagon in rats. Fermentable carbohydrates
elevate plasma enteroglucagon concentrations, but high viscosity is also necessary to stimulate small bowel mucosal proliferation (111).
Preproglucagon contains glucagon and two glucagon-like
sequences, glucagon-like peptide (GLP)-1 and GLP-2. Glucose absorption is necessary for the secretion of GLP-1 from
the isolated perfused canine ileum – the absorption of glucose stimulates the secretion of GLP-1 and appears to be
closely related to SGLT1 (112).
The enteroglucagons oxyntomodulin and glicentin are
peptides that are secreted from the L-cells of the small and
large intestine. Both enteroglucagons contain the sequence
of pancreatic glucagon. Oxyntomodulin has an additional
six amino acids at the carboxyl terminus, whereas glicentin
has the same carboxyl-terminal extension in addition to a
32-amino acid extension at the amino terminus. The enteroglucagons are thought to be regulators of adaptive growth of
small bowel mucosa. Plasma enteroglucagon levels increase
in situations of adaptive growth of the bowel mucosa, including following proximal small bowel resection. The rise in
ileal proglucagon mRNA after proximal small bowel resection is not inhibited by difluoromethylornithine, so that the
proglucagon-derived peptides are possible modulators of
adaptive bowel growth that do not stimulate growth when
ODC activity is inhibited (44).
Neuromedin: Neuromedin U (NmU) is an abundant peptide found in the enteric nervous system, which stimulates
contraction of the human ileum. The cDNA encoding NmU
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precursor in humans has been identified, and similar levels
of mRNA are found throughout the gastrointestinal tract
(113).
CCK: CCK is a 33-amino acid peptide produced in various
molecular forms resulting from differences in posttranslational processing of a single gene product. CCK is
secreted from the intestine in response to ingestion of food,
and food increases the rate of transcription of the CCK gene
and stimulates CCK release in rats. Somatostatin inhibits
dietary-stimulated CCK secretion, and lowers intestinal
mRNA levels through a process that involves phosphoinositide and adenylate cyclase cascades mediating stimulated
CCK secretion (114).
Migrating myoelectric complexes (MMCs) are dependent on the release of gastrointestinal hormones such as CCK.
Exogenous polyamines disrupt intestinal MMCs, and stimulate colonic motility through a release of CCK acting at
CCK-A and CCK-B receptors (115). Enteric bacterial overgrowth plays an important role in the development of intestinal barrier failure and bacterial translocation, and these
adverse processes can be prevented in rats with surgically induced acute liver failure by infusing CCK (116).
Calcitonin gene-related peptid: Calcitonin gene-related
peptide (CGRP) is present in the myenteric neurons of the
gastrointestinal tract, and CGRP relaxes smooth muscle by
way of the second messenger cAMP. CGRP receptors are not
found on the smooth muscle cells but on myenteric nerves.
CGRP relaxes longitudinal muscle of guinea pig ileum
through its specific receptors and involves the generation of
cAMP but not the generation of cyclic guanosine
monophosphate (117).
VIP: VIP is distributed in neurons of the submucosal and myenteric plexus of the gastrointestinal tract, especially in close
relationship to vascular and nonvascular smooth muscle and
secretory components. VIP is released locally as a neurotransmitter, and its involvement, in combination with nitric oxide, in the nonadrenergic, noncholinergic relaxation of the
gastrointestinal tract has been demonstrated. VIP is generally considered to be an inhibitory neural transmitter in the
enteric nervous system, and intravenous VIP injection in
rats decreases alanine absorption and water absorption, and
impairs gastric acid secretion (118).
Prolactin and GH: Two adenohypophysial peptide hormones, prolactin (PRL) and GH, are thought to have
evolved from a common ancestral gene. Receptors for PRL
and GH (PRLRs and GHRs, respectively) show high homology to each other and belong to the GH/PRL/cytokine receptor superfamily. In the gastrointestinal tract GH promotes
water and electrolyte transport and calcium absorption, and
produces proliferation. PRL acts on water and electrolyte
transport as well as on calcium absorption. Human, rabbit,
and fetal and adult rat PRLRs and GHRs have been identified in intestinal mucosa and gastric glands (119). These hormones may have a regulatory role in digestive and immune
functions. In vivo GH induces a rapid increase in the absorption rates of water, sodium, chloride and potassium, but in vitro serosal but not mucosal addition of GH induces a rapid
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decrease of transepithelial potential difference and of shortcircuit current (120).
HIV-INFECTED DISEASE
Biliary abnormalities such as sclerosing cholangitis and acalculous cholecystitis are often described in AIDS patients. In
only approximately 60% of patients is an infection with
cryptosporidia or cytomegalovirus identified. Analysis of duodenal/bile juice is a simple, rapid and effective method for
detection of enteropathogens in HIV-related gastrointestinal
and biliary dysfunction (121). Changes in T lymphocytes
subset distribution in the peripheral blood of patients infected with HIV have been studied extensively. The HIV
burden may be higher in the intestine or in other lymphoid
tissue then in peripheral blood. There is an early and preferential loss of duodenal CD4 T cells in HIV infection, and
immunological abnormalities in HIV infection are distinct
among lymphoid compartments (122).
The topic of gastrointestinal infections in the immunocomprimised host has been reviewed (123). About 50% of
AIDs patients suffer from gastrointestinal infection, which
may be symptomatic or asymptomatic. At some time during
the course of HIV infection, 50% to 90% of patients develop
diarrhea, and the associated weight loss may be devastating.
In North American patients, there is no correlation between
diarrhea, weight loss and CD4 counts, so that factors other
than chronic diarrhea and immunosuppresion appear to be
responsible for the weight loss in HIV-infected patients
(124). Malabsorption, which has nutritional implications,
relates more to immune suppression than to jejunal morphological changes (125).
Villous engorgement and hypertrophy explain the granular endoscopic appearance of intestinal mycrobacterium
avium complex (126).
Chronic diarrhea in an AIDS patient, which is associated
with bile acid malabsorption, may respond to cholestyramine (127).
MISCELLANEOUS POINTS
· Cryptogenic multifocal ulcerous stenosing enteritis may
be related to a particular form of polyarteritis nodosa,
with mainly intestinal expression of an unclassified and
independent vasculitis (128).
· An increase of intraepithelial lymphocytes is commonly
found in lymphocytic colitis and collagenous colitis. The
immune abnormalities are similar in each of these
conditions and are probably different from those that are
implicated in celiac disease (129).
· Corticosteroids plus colchicine may be useful in the
management of patients with idiopathic sclerosing
mesenteritis (also called retractile mesenteritis,
multifocal subperitoneal sclerosis) (130).
· Brown bowel syndrome is a rare condition characterized
by deposition of lipofuscin in the smooth muscle cells of
the gastrointestinal tract and may be associated with
vitamin E deficiency (131).
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· Cholesterol crystal embolization to the alimentary tract
occurs most commonly in the colon in patients who
present with abdominal pain, diarrhea and
gastrointestinal blood loss (132).

chain reaction (PCR) methodology has demonstrated
the Whipple’s disease bacterium to be Trotheryma
whippelii. This PCR assay is specific and sensitive for
diagnosis (135).

· Malignant melanoma shows an unusual predilection to
metastasize to the small intestine. There are two subsets
of primary melanoma: one that occurs among younger
patients and is more aggressive with rapid metastasis and
early death; and one that occurs among older patients, is
more indolent and metastasizes less rapidly (133).
Mesenteric vein thrombosis may be associated with
intestinal stricture (134).

· The hydrogen breath test with D-xylose is a useful test
for diagnosis of intestinal malabsorption but requires a 5 h
monitoring period to be reliable (136). A dose of
D-xylose 15 g rather than 25 g may be ideal (137).

· Whipple’s disease is a chronic bacterial infection with
intestinal and extraintestinal manifestations. Polymerase
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