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THE RECENT ADVANCES IN CLINI-
cally important diseases of the
small intestine have been reviewed;
however, the basis for many of these
clinical advances rests with important
observations on alterations in  the
physiology of the small intestine, as
well as mechanistic observations of al-
rerations in small intestinal function in
models of human  disease. In  this
review, a summary of the past year's
literature is presented, which will draw

attention to the considerable areas of

progress in small howel physiology soon
to he translated into an improved un-
derstanding of the pathophysiology of a
variety of intestinal disorders.

INTESTINAL GROWTH AND
THE SHORT BOWEL
SYNDROME

The polyamines (putrescine, sper-
mine and spermidine) are ubiquitous
paolycationic compounds synthesized by
all nucleated cells and are required for
cell growth initiation and differentia-
tion. Polyamines may exert their effect
on cellular growth by stimulation of the
Na /H' exchange in the intestinal
mucosa of rats (1). Polyamines are in-
volved in a variety of biochemical
processes leading to increased mucosal
DNA, RNA and protein content. Poly-
amine biosynthesis in mammalian cells
is regulated mainly by ornithine decar-
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boxylase (ODC) and by S-adenosyl-
methionine decarboxylase. Inhibition
of ODC by a-difluoromethylornithing
hlocks cell growth. ODC activity chan-
ges rapidly in response to various
stimuli (such as feeding) and also is;
influenced by its end product, putres—l
cine. Enzymatic activities are relatively
low in nonproliferating tissues and are
highly inducible in response to trophic
stimuli, invoking a complex array of
signalling mechanisms with ODC ine
duction during transcription or post
rranscriptional enzyme regulation. In
cultured intestinal - epithelial — crypt
cells, ODC is regulared at multiple
levels by independent signalling path-
ways. There are also different signalling
pathways controlling mRNA - levels
(compared with those involved i
translational and degradative proces-
ses) (2). Putrescine's effect on ODC
activity depends on where the enteror
cytes are obtained along the villus (3);
because ODC of nonproliferating villus
cells are regulated differently from
ODC in proliferating crypt cells.

Rat duodenum and jejunum con-
tains 2 to 3 mM putrescine and 1 ol
mM cadaverine, while the concentra
tions of these polyamines are lower in
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the ileum and colon (4). Jejunal fluid
polyamine levels may reflect mucosal
polyamine content. The high concen-
tration of putrescine in the proximal
intestine arises from production in the
colon and transport of the putrescine to
the proximal intestine via enterohepa-
tic circulation. In patients with pre-
vious intestinal resections, putrescine
and spermidine concentrations in the
jejunostomy  effluent
refeeding; these changes are correlated
with intestinal remnant lengrh and car-
bohydrate absorption (5). Increased

increase  after

mucosal ODC activity is stimulated by
glucose and amino acids with the
highest concentration of ODC and
polyamines in the villus tip cells.

[n humans, as in rodents, the small
intestinal mucosa contains the highest
activity of diamine oxidase (DAQO) (lo-
cated in the cytosol fraction of mature
differentiared enterocytes). DAO may
affect putrescine metabolism, which in
turn regulates nucleic acid synrhesis
and, ultimarely, cellular proliferation.
After jejunectomy in rats, the remain-
ing ileum hypertrophies and the residu-
al intestinal DAQ activity reflects this
quantitabive change of rhe mucosal
mass. In the ileum of both resected and
ranssected rats there is a correlation
between total DAQO acrivity and cither
mucosal weight or DNA concentra-
tion. Thus, circulating DAQO levels
might be used as a marker of ileal muco-
sal adaptation (6). Also, the measure-
ment of serum DAQ reflects reduced
post heparin plasma DAQ levels in
patients with villus atrophy or Crohn’s
disease. A single assay at 1 h after
15,000 mL injection of heparin may he
useful in monitoring  small
ENECTOCYLE Mass recovery in patients

bowel

with small bowel disease (7).

The intestinal mucosa begins as un-
differentinted progenitor cells in the
crypts and progresses orderly to mature
multifuncrional cells in the villus. The
growth factors and their interactions,
however, remain to be unravelled. Ex-
racellular factors modulating mucosal
growth and differentiation include ex-
tracellular matrix proteins, epidermal
growth factor (EGF) and transforming
growth factors (TGF-a and TGE-B).
TGF-a structurally is homologous to

EGF, stimulates cellular proliferation
and may be present largely in the villus
cells. TGE-B1 inhibits cellular prolifer-
ation, may induce intestinal cultured
epithelial crypt-6 cell differentiarion
and has mRNA transcripts and activi-
ties in crypt cells (8). Some workers
(9), however, have not confirmed the
differential expression of TGF- along
the crypr-to-villus axis.

A growth
molecular weight protein  inhibiting
the proliferation of IRD-98 epithelial
cells in a reversible manner and arrest-

inhibitor — a  low

ing cells in phase G1, of the cell eyele -
has been identified in the villus extract
from the supernatant preparation ob-
tained from human intestinal epithelial
cells (10).

Noradrenergic nerve nets surround
the bases of the intestinal crypts.
Receprors of the az-adrenoceptor class
have been detected on isolated intes-
tinal cells, including crypt cells. Nor-
adrenaline promotes cell proliferation
in the jejunal crypt epithelium due ro
stimulation  of an  a-adrenoceptor.
Desipramine, an inhibitor of noradren-
aline uptake, accelerates crypt cell pro-
liferation in intact (but not in chem-
ically sympathectomized) rats, adding
support ta the suggestion that erypr cell
division regulation is a function of the
sympathetic nervous system (11).

Short chain fatry acids (SCFAs)
such as acetic, proprionic and butyric
acids are major products of colonic fer-
mentation and may stimulate epithelial
proliferation. The SCFAs are trophic
on the intestine without direct luminal
contact or without efferent transmis-
sion by nerves in the mesentery which
suggests a blood-borne effect (12).

The addition of guar to a solid-liguid
alters  the

meal composition  and

volume of chyme at the midintestine of

dogs with midintestinal fisrulas, dis-
rupts gastric sieving and reduces trio-
lein absorption from 88 to 38% (13).
The addition of dietary fibre to a low-
residue diet has a favorable effect on
maintenance of intestinal architecture
and funcrion during enteral feeding:

plasma DAO can be used as an index of

funcrional andfor structural changes
occurring in the small intestine during
enteral or parenteral feedings (14).
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NUTRITIONAL IMPACT OF

SMALL BOWEL RESECTION

Malabsorption, nutritional starus
and support (15,16), total parenteral
nutrition (17), enteral nutrition and its
potential role in regulating immune
function (18), and the use of elemental
diets in the prophylaxis and therapy tor
intestinal lesions (including those fol-
lowing radiation injury [19]), have
heen reviewed.

Animals undergoing distal small
bowel resection (DSBR) initially suffer
from diarrhea which diminishes due to
morphological and functional adaprive
changes in the remnant small and large
intestine. Included in these functional
changes are increases in  intestinal
transport capacity, specific activiry tor
sodium, chloride and  water, and
mucosal permeability, Increased net
fluid absorption also occurs in the large
intestine after DSBR (20), with loosen-
ing of tight junctions and decreased
mucosal cAMID and cGMP levels. Diar-
rhea following DSBR may result from
the malabsorption of bile acids and far
which exert a cathartic effect via an
antinhsorptive/prosecretory action on
sodium chloride transport in the un-
resected colon. There may also be a
more basic defect in sodium chloride
absorption. Water and sodium chloride
absarption rates were measured during
total gur perfusion with a balanced
clectrolyte  solution  (21) in eight
patients with severe post resection diar-
rhea. Compared to controls, resection
patients absorbed approximately 25%
less water and sodium chloride, indicat-
ing that a loss of ileal and colonic ab-
sorptive capacity for sodium chloride
(rather than just the cathartic effect of
unabsorbed bile acids or fat) may he an
important factor in the production of
diarrhea following DSBR.

Structural
mucosa following extensive intestinal

modifications  in the

resection or hypass are responsible for
compensatory changes in nutrient ab-
sorption. Intestinal motility also con-
tributes to this adaptation, the duration
of postprandial interruption of the
myoelectric complex rapidly increased
after jejunal resection, gradually aug-
after  jejunal
remained constant after ileal resection

mented bypass  and

45



LOVE AND THOMSON

Glucose uptake nmol mg™ Smin™

Glucose

T
100

g
150 200

Figure 1) 3-Q-methylglucose uptake against ghicose concentration in buffer medium. 0 Control
colon; O Control jejunum; B Jejunal autograft to colom without short bowel syndrome; @ Jejunal
autograft to colon with shore bowel syndvome. (Reproduced with permission from Banerjee et al, Dig

Dis Sci 1990;35:340-5)

(22). This increase in duration of inter-
ruption of the myoelectric complex,
spike bursts and the percentage of slow
waves superimposed by spike bursts rep-
resents a decrease in muscular contrac-
tile activity intensity. Thus, nutrients
may be in contact with the intestinal
mucosa for a longer time, possihly con-
tributing to the improved absorption in
the remaining small bowel.

In intestinal segments left exposed
to luminal contents after extensive
small howel resection, epithelial cell
proliferation rate in the crypts and the
rate of migration of these cells onto the
villi increased, resulting in enlarged
villi exhibiting increased absorptive
capacity per unit length. Luminal fac-
tors such as nutrients and pancreati-
cobiliary secretions are important in
cell proliferation maintenance. Circu-
lating factors may also  influence
mucosal morphology and cell prolitera-
tion, cg, enteroglucagon and EGE have

heen implicated. The atrophic effect of

luminal contents diversion can he
counteracted by systemic growth fac-
tors released as part of the adaptive
response (suggesting systemic growth
factors are not dependent on o permis-
sive effect of luminal contents [23]).

Most patients with short howel syn-
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drome are managed with antidiarrheal
agents as well as vitamin and nutrient
supplements, including parenteral and
enteral nutrition. Octreotide, a soma-
tostatin analogue, improves the quality
of life in some patients with short bowel
syndrome (24).

Some patients may benefit from sur-
gical therapy, including slowing of
small intestinal transit with mucosal
ralves, antiperistaltic small intestine
scgments, colonic interposition, recir-
culating loops, intestinal electrical
pacing and small bowel lengthening
procedures. Growing new  intestinal
mucosa (neomucosa) also has been in-
vestigated as a possible means of in-
creasing intestinal - absorptive  area.
Experimentally,
patched with colon serosa, abdominal

intestinal  defects
wall pedicle flaps and Dacron have be-
come covered with funcrional neo-
mucosa. Small intestinal function was
maintained in the jejunocolonic graft
after 80% small bowel resection in rats
(295), with jejunal autograft to colon in
short  bowel  syndrome  animals
transporting glucose at the same rate as
control jejunum (Figure 1). The clini-
cal importance of these interesting
findings needs to be established.

Long chain triglycerides are effec-

tive in stimulating mucosal hyperplasia
following massive resection of the small
intestine. These beneficial effects may
partly be related to the linoleic acid
content of the diet; diets containing
satflower oil (which is high in linoleic
acid) are advantageous to the regenera-
tion of intestinal mucosa following
methotrexate-induced injury (26).

EARLY DEVELOPMENT,
ONTOGENY AND AGEING
During postnatal development in

the rat, brush border membrane (BBM)
lactase activity decreases, macromolec-
ular uptake ceases, BBM sucrase ac-
tivity appears and alkaline phosphatase
and maltase activities increase abrupt-
ly. Administration of cortisone to in-
tact sucking animals induces pre-
cocious expression of sucrase activity
and epithelial cell closure. Marternal
milk contains a considerable amount of
cortisone and circulating cortisone
concentrations increase two to three
days before this critical period of intes-
tinal development. Luminal cortisone
is absorbed and rransported into the
systemic circulation before inducing
intestinal epithelial cell differentiation
through the systemic route (27).

In the sucking period, intestinal
maturation may also be influenced by
thyroxine, The mature enterocyte of
the weaned rar is unresponsive to in-
sulin, but the precocious induction of
BBM sucrase (and other BBM enzymes
such as maltase, aminopeptidase and
neutral lactase [28]) activity can he
achieved with insulin. Secretin in-
jected subcutaneously into young rats
increases growth parameters such as
protein and DNA  content of  the
stomach and small intestine (29).

Lactase-phlorizin hydrolase is im-
portant for the nutrition of young
animals. The activity of this enzyme is
highest during the sucking period; atrer
weaning activity usually falls to low
both animals and
humans this reduced enzyme activity is

adult levels. In
due to decreased enzyme synthesis. The
core structure of microvillus membrane
lacrase-phlorizin hydrolase consists of
both nitrogen- and oxygen-linked oligo-
saccharides. These remain constant
during development, but the rerminal
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sugars shift from being predominantly
sialic acid during the sucking period, to
fucose in adulthood (30).

The activities of intestinal sugar and
amino acid rransporters are matched to
dietary levels of their carbohydrate-
and protein-derived substrates. Thus,
the ratio of intestinal glucose to amino
acid transporter increases with age in
species where the ratio of dietary car-
bohydrate to protein also rises. This
shift matches transporter activity to
current dietary substrate levels and the
high amino acid requirements of young
growing animals (31).

In early infancy, the small intestine
undergoes rapid growth and develop-
ment associated with multiple altera-
tions of intestinal structure and func-
tion. Clinical recovery precedes repair
of intestinal structure and function ab-
normalities when refeeding infants suf-
tering from protein-enerey malnutri-
tion. The intestinal damage may persist
for a long rime after clinical recovery.
There may be a eritical period for dev-
elopment of some intestinal transport
functions and rechallenge with a diet
fed for the first time in early life may
differenely influence feeding the diet
initially in later life (32-34) (Figure 2).

Refeeding infant rabbits suhjected
to protein-energy malnutrition alters
the small intestine. Refeeding stimu-
lates rapid and complete recovery, as
evidenced by jejunal and ileal mucosal
mass restoration within four days, en-
hancement of epithelial renewal and
enterocyte migration rate by day 7, and
complete return of the normal patrern
of mucosal enzymes by day 14 (35).
After 24 h, continued starvation in the

rat induces secretory hypersensitivity of

the jejunum to many secretagogues and
hacterial toxins, similar to hypersensi-
tive small bowel responding to secreta-
gogues and cholinergic neurotransmit-
ters with a greatly enhanced secretory
response seen in the rat ileum upon
starvation (36).

Biotin is a water-soluble vitamin re-
quired for normal cellular functions
growth. Using BBM
vesicles obtained from Fisher 344 rats,
the maximal rate of hiotin transport

and  somatic

increased  between  three and 12

months of age (37). In conrrast, there
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Figure 2) Effect of rechallenge with diets high in saturated or polyunsanurated far content on fejunal
and ileal uptake of ghicose. The bulk phase was stirred at 600 rpm to reduce the effective vesistance
of the mtestinal unstirved water layer, P Polyunsatwrated fatey acid diet; S Satwraced farey acid diet;
PSP Feeding a polyvimsaturated fatty acid diet followed in a cross-over manner by a satwrated farty
actd diet followed by vechallenge with a polyunsaturated facty acid diet; SSP Satrated fatey acid diet
followed by a sanerated faty acid diet followed by a polyunsatwrared fatey acid diee; SPS Sarrared
fatry acid diet followed by a polyunsanrated fatry acid diet follmwed by a saturated fawey acid diet;
PPS Polyunsaturated faity acid diet followed by a polyunsaturated fary acid diet followed by a
satwrated fatty acid diet. ( Reproduced with permission from Thomson et al, BBA 1989;1001:302-

14)

was a reduction in the in vivo rate of
active and passive absorption of glucose
with ageing (38).

Digestive system disorders in the el-
derly have been reviewed (39). Crypt
hyperplasia and hyperproliferation of
the proximal small intestine occur in
older rats without change in villus
height or cell number. Diet restriction
to 60% of the ad libitum feeding
prolongs the lifespan of rats and pre-
vents both duodenal hyperplasia and
increase in ileal villus cell number (40).

SALT AND WATER
ABSORPTION
Kinins are important mediators of
intestinal secretion (41). A small in-
crease in intraluminal pressure achie-
ved by rat ileum distention inhibits net
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water and  sodium  absorption, and
stimulates hicarbonate secretion by a
neurally-mediated mechanism (42). In
isolated hamster intestinal cells the
amiloride-sensitive Na' /H" antiport is
key in maintaining the intracellular pH
neutral or slightly alkaline (43). The
central nervous system also plays a role
in intestinal function regulation, the
intracerchroventricular injection of a
gamma-aminobutyric acid agonist or a
benzodiazepine agonist reduce ileal ion
and water absorption in vivo, whereas
injection of angiotensin Il or enkeph-
alins  enhance  water  ahsorption.
Stimulating the dorsal motor nucleus of
the vagus (which innervates the ileum)
or the nucleus tractus solitarius reduces
ileal water absorption by altering vagal
efferent activiry (44).
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Figure 3) Net water flux during perfusion of diffevent solutions. CE Carbohydrate-elecrrolyee.
{Reproduced with permission from Gisolfi et al, Am | Physiol 1990:258:G2(6-(G22)

Several a-adrenergic receprors have
been identified in the central nervous
system. For example, clonidine binds to
hoth a1- and az-adrenergic receprors
(with a greater affinity for the a2-recep-
tors).  Following intracerebroventri-
cular but not intravenous injection of
clonidine water absorption increases
from the rat ileum; this effect is blocked
by the oz-adrenergic receptor antago-
nist yohimbine (45), sugeesting central
a2-receptors regulate water absorption
in the ratileum and that this clonidine-
induced increase in water absorption is
not mediated by the sympathetic ner-
ves innervating the intestine.

Volume regulation restores cell vol-
ume to normal by altering membrane
transport after exposure to anisotonic
media, leading to decreases or increases
in cellular osmolites with osmotically
ohligated  water. Changes in  cell
volume alter sodium, potassium and
chloride fluxes. lon rransport activated
during villus enterocyte swelling has
been studied by ion substitution experi-
ments, inhibitor and pharmacological
sensitivity, and by direct measurement
of the initial rate of ouabain-insensi-
tive, humetanide-sensitive “Crubidium
influx (46). The increase in regulatory
volume in guinea pig jejunal villus

enterocytes apparently occurs due to
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hypertonic activation of sodium potas-
sium chloride cotransport.

World Health Organization oral
rehydration solution (ORS) containing
L-alanine is superior to standard ORS
in reducing symproms and the need for
fluid replacement in patients with diar-
rhea due to vibrio choleras or entero-
toxigenic Escherichia coli (47). Alter-
formulations of ORS include
glucose or a glucose polymer, an amino

nate

acid or a peptide, or both. Alteratively,
glucose may be replaced by staple food

cereals, legumes or roots as a source of

starch and protein. The inclusion of

citrate, tartrate or betaine hydrochlo-
ride with bicarbonate in ORS formula-
tion produces effervescence and im-
proves solubility and palatability, but
has no effect on water or solute absorp-
tion (48).

Perfusion studies performed in heal-
thy volunteers have shown that net
water absorption is greater with a car-
than
with water or a 10% dextrose solution

bohydrate-elecrrolyte  solution
(Figure 3). Indirectly measuring water
absorption from deuterium oxide ap-
pearance does not appear to be a valid
measure of net fluid movement from
the duodenojejunum into the blood (49).

A scholarly review has been publish-
ed on the structure and function of ion

channels (50). Perfusion studies of
human ileum in vivo have demonstrat-
ed that sodium and chloride are ab-
sorbed and bicarbonate is secreted
against electrochemical gradients, and
that there is a reciprocal movement of
chloride and bicarbonate when sodium
flux is zero. These observations suggest
that the mechanism of sodium and
chloride absorption in human ileum in-
volves the simultaneous exchange of
sodium for hydrogen and chloride for
bicarbonate. Human ileal BBM vesicles
have been prepared from organ donor
intestine and have demonstrated
Na'/H' exchanger and conductive
transport  pathways for sodium  and
hydrogen (51).

A second mechanism of sodium ab-
sorption is nutrient-coupled electro-
genic absorption with which cDNA se-
quencing and cloning of the glucose
cotransporter has been achieved (52).
The third mechanism of sodium ab-
sorption is the nutrient-independent
electrogenic system which is respon-
sible for approximately half of the ileal
sodium absorption. This mechanism is
unaffected by amiloride (the pyrazine
that  blocks
sodium absorption in the distal colon).

diuretic electrogenic
Phenamil is an amiloride analogue with
a high affinity for sodium channels, but
has minimal effect on Na'/H® ex-
change and does not block nutrient-
caupled electrogenic sodium absorp-
tion or electrogenic chloride secretion.
However, phenamil does block electro-
genic sodium absorption in the termin-
al ileum of rabhits, possibly by atfecting
sodium channels in which the amil-
oride-binding site has been alrered.
Phenamil reversibly inhibits a specific
conductance p:llh\\’;ly accounting for
the observed electrogenic sodium ab-
sorption (53).
Bicarbonate
ileum appears to be transcellular and 1s

transport in - rabbit
correlated with serosal bicarbonate and
pH but not luminal changes in acid-
This

inhibited by

base  status. ileal bicarbonare

transport s serosal
chloride but is stimulated by luminal
chloride (54). Glucocorticoids increase
bicarbonate absorption and secretion,
and adrenaline stimulates chloride-in-
hicarhonate

dupcm]cn[ i]l\.\lil‘]"liiln.
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There may be discrete apical and baso-
lateral transport mechanisms regulat-
ing bicarbonate transport, with secre-
tion mediated by a basolateral transporter
and an apical CI'/HCO;  exchange
process. This CIT/HCO3  exchange
mechanism accounts for approximately
two-thirds of total chloride transport,
with the remainder apparently occur-
ring by a conductance pathway.

In BBM vesicles obtained from rat
ileurn, the Na'/H" exchanger under-
goes maturational changes with a maore
than fourfold increase in the maximal
transport rate from suckling to adult.
The activity of a CI /JHCO3  exchang-
er declines from a high transport rate in
the sucking period to a lower value in
adults (55).

Pancreatic tumours associated with
watery hypokalemia and
achlorhydria in the Verner Morrison

diarrhea,

syndrome produce several related pep-
rides derived from the same precursor
molecule, preprovasoactive intestinal
peptide. These three peptides, pepride
histidine methionine (PHM), peptide
histidine valine (PHV) and vasoactive
(VIP),

absorptioft and stimulate secretion of

intestinal  peptide inhibit
water and electrolytes in the small in-
testine (56). VIPomas also secretes a
larger form of PHM, pepride histidine
valine-42 (PHV-42). Intravenous in-
fusion of low doses of VIP, PHV and
PHM in rats causes reduced absorption
and increased secretion of fluid from
the small intestine. PHV-42 appears
the most potent, but the plasma con-
centration of VIP was approximartely
six times higher than the other two
peptides and thus, VI is apparently
more important than PHM or PHV in
mediating diarrhea in the Verner Mor-
rison syndrome (57).
5-Hydroxytryptamine (5-HT)
causes secretion of fluid and electro-
lytes into the intestinal lumen by
decreasing coupled sodium chloride ab-
sorption and stimulating net chloride
secretion. Ketanserin and cisapride are
5-HT? antagonists, with cisapride also
exhibiting weak 5-HT3 antagonism.
Since the 5-HT action stimulates
chloride secretion, its administration is
associated with larger potential dif-
ference and short circuit current across

the intestinal wall. Cisapride inhibits
the 5-HT-induced increases in the
transintestinal potential difference, but
over the same dose range it has no ef-
fect on fluid secretion induced by 5-
HT. In contrast, ketanserin causes a
dose-dependent  reduction in 5-HT
secretion at doses failing to influence
the rise in potential difference (58)
which suggests that different receptors
are responsible for 5-HT effects on tluid
secretion and electrical activity in the
rat small intestine.

The location of the 5-HT recepror
regulating intestinal jon transport is
unknown, because specific 5-HT hind-
ing sites have not been detected on rat
intestinal epithelial cell membranes. 5-
HT may act indirectly via a cholinergic
mechanism. The diarrhea of cholera
oceurs by a cyelic AMP-mediated ac-
tive secretory mechanism but may also
involve prostaglandin (PG) synthesis.
PGE2 is an important intermediate in
the transduction mechanism leading ro
5-HT-

induced intestinal secretion

(59), possibly facilitating the entry of

calcium into the cell. 5-HT may also be

involved in the secretary mechanism of

cholera toxin.

Enteric infection of New Zealand
white rabbits with E coli (a noninvasive
enteroadherent  organism  colonizing
hoth the mucosal surface and intestinal
lumen) is an animal model of human
enteropathogenic E coli enteric disease.
The diarrheal response may involve a
decrease in sodium chloride absorption.
However, changes in intestinal myo-

clectric activity precede the onser of

clinical diarrhea and bacterial adher-
ents to the intestinal mucosa may be
important in eliciting the abnormal
myoelectric responses (60).

BLOODFLOW AND
INTESTINAL ISCHEMIA

Mesenteric ischemia, enteral ali-
mentation and infectious agents may
contribute to the pathogenesis of neo-
natal necrotizing enterocolitis. Many
factors have been implicated in necro-
tizing enterocolitis in infants and it has
heen proposed thar this represents a
manifestation of ischemia and reper-
fusion.

Developing young piglets are at
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greater risk than older animals for in-
testine  tissue  hypoxia induced by
arterial hemorrhage (61). The neonatal
intestine has a limited capacity to
maintain oxygen uptake during reduc-
tions in perfusion pressure, arterial
hypoxia, hemorrhage or the combined
stresses of hypoxia and feeding because
of the decreased collateral perfusion be-
tween adjacent gut segments after oc-
clusion of a superior mesenteric artery
branch (62). Luminal perfusion with
tormula results in higher clearances of
! chromium EDTA in younger ani-
mals, indicating that the neonatal in-
testine is more vulnerable to mucosal
injury induced by ischemia and reper-
fusion in the presence of formula than
the intestine of older animals (63).

Reductions in inrestinal bloodflow
tollowed by ischemia and repertusion of
oxygenated blood result in mucosal
damage which may be due to formation
of oxyeen-free radicals, extravasation
of polymorphonuclear leukocytes and
release of local mediators such  as
myeloperoxidase enzymes,

Ischemia alone does not change
cyclooxygenase products, but reper-
fusion following ischemia increases
mucosal  prostaglandins  including
LTB4 and 12-HETE (64). Xanthine
oxidase inhibition, neutropenia  or
prevention of granulocyte adherence to
largely
prevents the increased microvascular
permeability induced by ischemia/
reperfusion. Either hydrogen peroxide

microvascular  endothelium

or radical species derived from the in-
teraction of superoxide and hydrogen
peroxide with iron clicit ischemia/
reperfusion-induced  granuloeyte  in-
fileration in the intestine (65).
Hypoxanthine is converted to xan-
thine, with the release of a free radical
superoxide anion, in the presence of
xanthine  oxidase and  with  the
reintroduction of oxygenated blood.
These free radicals are toxic to cell
membranes, the cytosol and nuclei, and
are normally dismutated to hydrogen
peroxide and oxygen in a reaction
which is controlled by the enzyme su-
peroxide dismutase. Human superoxide
dismutase given to weanling New
Zealand
damage when given intraluminally or

rabbits  reduces  mucosal
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parenterally (66); the clinical sig-
nificance of this observation needs to
he extended to studies in humans,

Another explanation for the greater
susceptibility of younger animals to in-
testinal ischemia may he that oxygen
extraction does not increase to com-
pensate for the reduced flow, resulting
in less oxygen uptake. When amino-
phylline is administered to newborn
lambs, there is an increase in intestinal
bloodflow and splanchnic oxygen con-
sumption (67); these effects might
reduce the reserve available for main-
tenance of tissue oxygen supply under
conditions of feeding, hypoxemia and
hypotension. Aminophylline could in-
crease ischemic injury to the gastro-
intestinal tract under these circum-
stances and might facilitate necrotizing
enterocolitis development.

The mechanisms for increased intes-
tinal hloodflow after a meal may in-
clude hormones, tissue metabolism,
gastrointestinal  peptides, histamine,
prostaglanding, tissue osmolality and
local nerves. The vasodilarory response
to food oceurs in the upper intestine in
response to exposure to chyme and, in
particuldr, after exposure to micellar
lipid.
hyperemia is inhibited by local anes-

Bile-oleate-induced  intestinal

thetics but not extrinsic denervation of

the intestine, suggesting that local
neurogenic mechanisms may be in-
volved. Chemosensitive primary affer-
ent nerves are involved in intestinal
bloodflow regulation while the neuro-
toxin capsaicin depletes afferent C-
fibres of their peptide transmitters.
Using capsaicin in young and adult rats,
pulsed Doppler measured intestinal
bloodflow appeared to involve primary
afferent nerve fibres of the intestine
that release VID (68).

Endogenous intestinal prostanoids
may also play a role in bloodflow and
oxygen uptake regulation during nutri-
ent absorption. Production of PGE;
and PGI2 (vasodilators), and PGF2r
and thromboxane (TX)A2 (vasocon-
strictors) increase during nutrient ab-
sorption. The addition of arachidonate
to food attenuates PGl and PGE?2 pro-
duction and enhances TXA:> and
PGE atrenuating
duced jejunal hyperemia (69).

release tood-in-
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Adenosine may also play a role in
intestinal pressure-flow autoregulation.
Drugs that enhance adenosine-induced
vasodilation  similarly affect
induced hyperemia which is also as-
sociated  with  increased

food-

venous
adenosine concentrations, suggesting
that adenosine participates in post-
prandial jejunal hyperemia (70).

The endothelium is the source of
factors that modulate vessel tone and
mediate relaxation or constriction of
vascular smooth muscle cells induced
by hormones or neurotransmitters.
Endothelin has been isolated from por-
cine aortic endothelial cells and stimu-
lates the release of prostacyclin from rat
mesenteric arteries (71), but its role in
ischemia and reperfusion needs to be
established.

The enteral or intravenous adminis-
tration of metronidazole or gentamycin
to rats subjected to superior mesenteric
artery ischemia improves survival time
(72). The mechanism of this beneficial
effect is unknown burt likely is more
than an antibacterial effect. Al-
lopurinol is a xanthine oxidase in-
hibitor which may reduce ischemia
severity when given prior to or after
induction of ischemic damage. Survival
of animals from an occlusion is most
enhanced by giving allopurinol by
mouth before the ischemic event. The
heneficial effect may not be due to xan-
thine oxidase blockage, but rather to
the allopurinol and oxypurinol levels in
the intestinal wall (73).

The most frequent causes of is-
chemic colitis and enteritis are oc-
clusion of the main mesenteric arteries
or veins, vasculitis or a nonocclusive
splanchnic spasm. Three patients have
been reported with lymphocytic in-
filtrarion of the vein with a mixture of
T and B lymphocytes (74). The intes-
tinal necrosis was not associated with
systemic vasculitis and there was no
evidence of recurrence necessitating
reoperation.

Duplex ultrasound scanning is useful
to investigate patients with cerebro-

vascular disease or occlusive disease of

the extremities. This technique can
measure resting mesenteric hloodflow
and detect mesenteric vascular respon-

ses to food, glucagon, intravenous

vasopressin (75) or in pathological
conditions such as acute or chronic
mesenteric ischemia, portal hyperten-
sion or the dumping syndrome. The
widespread clinical application of this
technique is worthy of investigation.

BRUSH BORDER MEMBRANES

AND ENTEROCYTES
The structure and function of the
BBM have been ‘revisited' (76).

Luminal nutrition (the direct effect of
food within the lumen on the intestinal
mucosa) maintains normal small intes-
tinal structure and causes adaptation to
altered luminal conditions (77). Lipid
composition of the BBM, the entero-
cyte microsomes and their transport
and enzymatic function may adapt to
the type of fatty acid or the amount of
cholesterol in the diet (78-84). Sup-
plementation of an elemental dier with
essential fatry acids increases intestinal
mucosal weight above that of animals
fed either the elemental diet alone or
normal chow. Triglycerides, regardless
of essential fatty acid content, are
trophic to the rat small intestinal
mucosa (85).

Glutamine rather than glucose is the
major substrate for energy production
in the small intestinal epithelial cells.
In rat and human intestine there is a
sodium-dependent and a sodium-inde-
pendent  carrier-mediated
process for glutamine. Insulin treat-

transport

ment of the diabetic rat reduces the
enhanced maximal transport rate for
glutamine absorption (86).
Commercially available amino acid
solutions, (used in
parenteral nutrient mixtures) do not
contain glutamine; most enteral for-

formulation of

mulas include only small quantities or
are devoid of this amino acid. The ab-
servation that glutamine concentra-
tions are low in stress states, coupled
with repeated documentation that in-
testinal mucosa atrophy occurs during
administration of parenteral nutrition,
raises the possibility that a relative
glutamine
during critical illnesses. Glutamine-
nutrition

deficiency may  develop

enriched
atrophy of the intestinal mucosa and

protects  against

improves nitrogen retention during
intravenous feeding in rats (87).
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The frequency of contraction in dog
intestine villi has been measured using
videomicroscopy (88). Plasma volume
expansion increases villus motility but
decreases absorption of water and lauric
acid, suggesting that  while villus
motility may agitate the intestinal un-
stirred water layers, the mixing is not
directly — associated  with  altered
nutrient transport.

An acidic microclimate has been
described adjacent to the BBM and pH
sensitive liquid ion-exchanger micro-
electrodes have demonstrated a region
of low pH in the upper parts of the rat
small intestinal villi, with a more
alkaline pH at the villus base (89). This

acid microclimare tends to favour fatty

acid uprake from the upper portion of

the villus due to the greater memhbrane
permeability of the protonated species.

While it has been widely suggested
that the origin of secretion in the small
intestine lies in the crypts, this view has
been challenged by an in vitro study
using intracellular
(90). Under basal conditions, villus
membrane potentials exceed those in

microelectrodes

the crypt and the apical membrane
potentidls are increased hy secreta-
gogues. Because a chloride-dependent
depolarization  of apical membrane
potentials occurs in both wvilli and
crypts, net secretion in the small bowel
is probably not confined to the crypes
and may also from  villus
epithelium.

Phytohemagglutinin is a lectin con-
tained in uncooked kidney beans
which hinds to the microvilli of villus
but not crypt cells in animals. Repeared

occur

ingestion of raw beans damages these
villus absorptive cells, with vesicula-
tion and shortening of the microvilli
resulting in impnired nutrition, gmwth
inhibition and even death of the
animal. Other lectins, including con-
canavalin A and wheat germ aggluti-
nin, may also injure the mammalian
intestine although this damage appears
to be limited and reversible. The repair
of microvilli following phytohemagglu-
tinin is due to intrinsic reparative
than
replacement of damaged cells (91).

processes  rather accelerated
Enterocytes adhere to the basement
membrane until they are released into

the lumen, with this membrane provid-
ing a substratum for cell adhesion.
Components of the intestinal basement
membrane are synthesized by both
mesenchymal- and entodermal-derived
cells (ie, enterocytes) (92). Statin is a
nuclear protein present in differentiat-
ed, nonproliferating villus enterocytes
(93). The cessation of proliferation ob-
served when crypt cells migrate to the
villus is associated closely with the
gradual appearance of statin in the
nucleus; it is unknown whether the
amount or position of appearance of
statin changes in hyper- or hypo-
proliferative intestinal disorders.

DIABETES MELLITUS

The topic of diabetic enteropathy
has been reviewed (94). Diabetes mel-
litus in experimental animals enhances
intestinal nutrient  absorption  and
produces hyperpolarization of the BBM
with an increase of the potential dif-
ference acrass the BBM and a reduced
conductance of sodium (95). Uptake
into diabetic BBM vesicles demon-
strates an increased initial glucose up-
take rate. The
meability in diabetes may enhance the

lower sodium  per-

electrical and chemical driving force
tor active sodium-dependent uptake of
glucose by reducing glucose-indepen-
dent movement of sodium across the
BBM. The upper portion of the villus,
where nutrient transport occurs, may
expand in diabetes (96).

After the development of diabetes
in rats, the activities of pancreatic
lipase and trypsin and the levels of
lipase and trypsinogen mRNA  in-
(97), suggesting that the
pretranslational control of pancreatic

creased

lipase and trypsinogen is stimulated in
diabetes which results in high levels of
these enzymes.

High glucose concentrations have
been shown to induce DNA damage,
hamper replication and accelerate
death in cultured human endothelial
cells. The percentage of  double-
stranded DNA unwinding in brain,
liver and intestinal epithelium of
diaberic rats is reduced compared to
control animals; insulin treatment nor-
malizes this reduced rate of DNA un-
winding in liver and intestine (98).
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Thus, chronic, uncontrolled hypergly-
cemia can alter chromatin structure in
vivo. The implication of this observa-
tion to humans with diabetes mellitus
needs to be established.
Gastrointestinal symptoms are com-
mon in diabetic patients and occasion-
ally occur in the absence of structural
abnormalities. If extraintestinal mani-
festations of vascular or neuropathic
complications are evident, the symp-
toms may be directly attributed o
diabetes (abnormalities in gastrointes-
tinal motility are the presumed mech-
anism). In nondiabetic patients, these
symptoms might he attributed to the
‘irritable bowel syndrome’.
Psychological factors may also con-
tribute to irritable bowel syndrome; the
leading associated diagnostic criteria
hysteria  and
anxiety. However, the symproms of
psychologic distress may only influence

include  depression,

which individuals with the syndrome's
symptoms will consult a doctor and
thereby become a ‘patient’ (99,100).
In diabetic patients, upper gastro-
intestinal  tract  symptoms, altered
bowel habits and abdominal discomfort
likely

illness'

associated  with

(affective  and
anxiety disorders determined with a
structured interview and standard diag-

are  more
‘psychiatric

nostic criteria) rather than being as-
sociated with peripheral neuropathy
(established using nerve conduction
studies and objective tests of auto-
nomic function) (101).

GASTROINTESTINAL
PEPTIDES
Somatostatin influences gastric and
pancreatic secretion, intestinal absorp-
rion, motility and
epithelial cell proliferation. In infants,

gastrointestinal

milk is a possible source of gastric
luminal somatostatin, Somatostatin is
stable in the gastric lumen and milk
protects this cyclic tetradecapeptide
from
(102).

Epidermal growth factor is present

intestinal  luminal  proreolysis

in amniotic fluid and is transported
across epithelium of fetal rats by an
endocyrotic process (103) (possibly be-
cause receptors for epidermal growth
factor are present on fetal intestinal

2
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BBM). Cell surface epidermal growth
factor receptors have been identified
on isolated cells from intestinal crypts,

villi and basolateral membranes of

(104). Thus, although
epidermal growth factor is secreted into

enterocytes

the intestinal lumen by duodenal
Brunner’s glands, crypt Paneth cells
and goblet cells, its growth and matura-
tional effects probably result from a
specific interaction between it and its
receptor on the basolateral membrane,

VITAMINS AND MINERALS

Dietary folates occur mainly  as
(PreGluy)
which undergo hydrolysis before the

preroylmonoglutamates

preroylpolygluramate
(PreGlu), is absorbed. Acute exposure

end  product,

of jejunal vesicles to ethanol or chronic
feeding of ethanol decreases PreGlu
hydrolase, but has no effect on PreGlu
transport (105).

BBM lipid composition is influential
for determining calcium uptake, but
fluidity does not necessarily correlate
with calcium uptake (106). Intestinal
calcium absorption is mediated by a
transcellular acrive process that de-
pends enfitely on vitamin D and a para-
cellular pathway. Calcium transport is
proportional to the intestinal concen-
tration of calbindin, a calcium-binding
protein. Vitamin D deficiency leads to
calbindin deficiency, but also enhances
across  the  BBM,

promotes intracellular calcium  bind-

calcium  entry
ing, and stimulates calcium exrrusion
across the basolateral membrane as a
result of Ca-Mg-ATPase activation.
Theophylline inhibits transcellular in-
testinal calcium transport by blocking
calcium binding to calbindin (107).
Mucosal addition of quinacrine also in-
hibits the mucosal ro serosal calcium
flux across the duodenum (108) which
suggests that acidic lysosomal vesicles
are important in calcium transcellular
transport.

BBM vesicles were obtained from
the intestine of three cadaveric renal
transplant donors; calcium uptake was
sodium-independent and  clectroneu-
tral with a mediated and a nonmediat-
ed component. The affinity constant
values of the mediated component in-
creased aborally and the  maximal

J
3

transport rate was highest in the
duodenum (followed by, in descending
order, the ileum, terminal ileum and
jejunum).  The nonmediated com-
ponent was greatest in the duodenum
and also decreased aborally (109).

There is controversy whether mag-
nesium and calcium share a common
transport mechanism. In rat terminal
ileum, magnesium is absorbed in vitro
at least partially by a cellular, vitamin
Di-insensitive process different from
the calcium
(110).

The intestine is a major target tissue

transport  mechanism

tor 1,25-dihydroxyvitamin Ds
(1,25(OH)2D3),
transepithelial flux of calcium and
phosphate, and regulates the inrestinal
production of calbindin. The overall
effect of 1,25(OH)2D3 on intestinal
calcium and phosphorous absorption is

which  stimulates

increased cell-mediated active mucosal
to serosal transport and paracellular dif-
fusional serosal to mucosal movement
(111). The major quantitative effect of
vitamin D is on the rate of calcium
intracellular flux. C-24 oxidation and
side-chain cleavage of 1,24(OH)2D3
play an important role in degradation
of vitamin D metabolites in the kidney,
hone and intestine (112); this 1,25-
hydroxy D3-inducible degradation of
vitamin D) metabolites in the intestine
can be prevented by transcriptional in-
hibitors such as actinomycin D and a-
amanitin which suggests that mRNA
synthesis is required for the induction
process.

A sodium-dependent  inorganic
phosphate transport system has been
identitied in the intestinal BBM. A
reduction in the dietary supply of inor-
ganic phosphate induces a stimulation
of this transporter and results in an in-
creased maximal transport rate and a
reduced affinity constant, with the
change in the inorganic phosphate
transport correlated with an increase in
the circulating level of 1,25-(OH)2D3
(113).

lron  uptake into the intestinal
mucosa occurs by at least two pathways;
one is facilitared by free farty acids,
while the second (and quantitatively
more important) requires metabolically

active cells, is sensitive to metabolic

inhibitors, exhibits saturation kinetics
and has an adaptive response to chan-
£es in iron requirements. The iron up-
take process may also be dependent on
the BBM potential (114).

Although the iron content of milk is
low, human infants consuming mater-
nal milk maintain adequate iron status
because of the high bioavailability of
iron from human milk. Iron-binding
proteins may facilitate iron uptake by
the small intestine. In rat and rabbit
milk, transferrin is the major iron-hind-
ing protein, whereas it is lacroferrin in
human, monkey and bovine milk.
Transferrin receptors are present on the
BBM of sucking rats. Bovine lactoferrin
competitively inhibits the binding of
rat transferrin to the BBM wvesicles
(115).

Endoscopic biopsy specimens of the
duodenum have been obtained and
analyzed for transferrin L-ferritin and
H-ferritin (116) in normal subjects and
those with idiopathic hemochromato-
sis. The L-ferritin functions primarily as
an intracellular iron storage protein,
whereas H-ferritin may play a role in
immunosuppression and myelopoietic
regulation.

There is greater absorption of heme-
iron compared with nonheme-iron in
normal suhjects and in  idiopathic
hemochromatosis (although idiopathic
hemochromatosis patients demonstrate
a much greater absorption of both
heme- and nonheme-iron). However,
mucosal transferrin levels do not show
a difference between normal subjects or
those with depleted iron stores. In
idiopathic  hemochromartosis — non-
heme-iron absorption occurs at levels
of serum ferritin much higher than
those found in normal subjects, yet the
mucosal ferritin levels are much lower
in idiopathic
patients than in control subjects and

hemaochromatosis

appear to be appropriate for the degree
of nonheme-iron absorbed.

The binding of apotransterrin to
hasolateral membranes  increases in
iron deficiency. When iron absorption
is increased following acure hemaolysis
(without a change in bhody stores),
there is no change in transterrin recep-
tor number (117). Thus, mucosal trans-
ferrin does not appear to regulate
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significantly iron absorption in normal
subjects. The mucosal levels of L-fer-
ritin in idiopathic hemochromatosis
patients are appropriate for the degree
of iron absorption, but are much lower

relative to the elevated serum levels of

ferritin.

It remains uncertain whether the
mucosal L-ferritin has a regulatory role
in idiopathic hemochromatosis. There
appears to be normal regulation of the
transterrin and ferritin receptors in the
liver in idiopathic hemochromatosis,
but the villus epithelial cells express
receptor in the basolateral, subnuclear
region of the enterocyre in untreated
idiopathic hemochromarosis and nor-
mal subjects (118). In patients with
sccondary iron  overload, receptor
staining is absent in villus epithelial
cells but intense staining for the trans-
ferrin receptor remains in the crypts

suggesting that a failure of down-
regulation of the villus enteracyte

transferrin - receptor  in idiopathic
hemochromatosis may reflect the pre-
sence of a regulatory defect associated
with the inability ro control iron ab-

sorption.
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