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Significant advances have been made in the study of the
small bowel. Part I of this two-part review of the small

bowel concentrates on carbohydrates, including brush bor-
der membrane (BBM) hydrolysis and sugar transport; amino
acids, dipeptides, proteins and food allergy, with a focus on
glutamine, peptides and macromolecules, and nucleosides,
nucleotides and polyamines; salt and water absorption, and
diarrhea, including antidiarrheal therapy and oral rehydra-
tion treatment; lipids (digestion and absorption, fatty acid
binding proteins [FABP], intracellular metabolism, lipopro-
teins and bile acids); and metals (eg, iron) and vitamins.

CARBOHYDRATES
BBM hydrolysis: Various aspects pertaining to the struc-
ture, function and development of intestinal brush border
glycohydrolases have been reviewed (1). Dietary carbohy-
drates are hydrolyzed to monosaccharides before the latter
are taken up across the intestinal BBM. Disaccharides and

some oligosaccharides are digested by BBM sucrase-
isomaltase (SI), lactase-phlorizin hydrolase (LPH),
maltase-glucomylase and trehalase. Lactase deficiency is
common worldwide. SI deficiency is a rare congenital condi-
tion found mainly in Greenland, and similarly trehalose
maldigestion is uncommon outside of Greenland (2).

There is an apical targeting mechanism that allows the
specific delivery of protein and lipid constituents to either
the BBM or basolateral membrane (BLM) surfaces. BBM en-
zymes are targeted directly from the trans-Golgi network to-
wards this membrane surface (3). Small intestinal LPH is
synthesized as a very large precursor (precursor to pro-LPH).
In most mammals and humans, LPH activity declines at the
time of weaning, a decline that is not related to an effect of
pancreatic proteases on the proteolytic processing of LPH
(4). A variety of cellular mechanisms are seen in adults with
nonpersistent lactase activity, including a decline in lactase
protein or mRNA levels. Curiously, in some individuals lac-
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tase mRNA levels increase (5). In persons with lactase per-
sistence, polymorphism may be controlled at the level of
lactase gene expression. Analysis of LPH gene expression on
adjacent sections of human proximal jejunum in individuals
with persistent lactase activity, as well as in those with hypo-
lactasia, indicated that in hypolactasic tissues, lactase
mRNA is detected only in some villus enterocytes; other vil-
lus enterocytes express both protein and LPH activity,
whereas others do not (6).

Clinical learning point: Different mechanisms may control
lactase expression in enterocytes on the same villus.

In adult rats, LPH activity is increased in the jejunum of
animals fed a high carbohydrate diet compared with those
fed a low carbohydrate, high fat diet. Carbohydrate intake
increases LPH mRNA levels, whereas a low starch diet con-
taining long chain triacylglycerol accelerates inactivation
and/or degradation of lactase (7). Mild to moderate protein
energy malnutrition also decreases the activity of lactase
throughout the small intestine, and reduces the activity of
other BBM hydrolases such as sucrase and maltase (8).

The distribution of LPH mRNA has been studied at the
ultrastructural level in enterocytes. Distinct patterns of
mRNA and protein occur along the villus during the con-
tinuous process of cell differentiation of the intestinal epi-
thelium (9). Mucosal atrophy is characterized by high lactase
and low intestinal alkaline phosphatase (IAP) mRNA lev-
els. This pattern is reversed on restoration of epithelial
growth (10).

Interestingly, the prevalence of abdominal pain, bloating,
gas, flatulence, diarrhea and/or constipation is similar in chil-
dren with and without lactose maldigestion (11). Children
with lactose maldigestion have overall clinical improve-
ment with a lactose-restricted diet, but clearly clinical
evaluation alone cannot adequately predict the presence of
lactose maldigestion in children. Thus, formal evaluation
for lactose maldigestion using breath hydrogen testing meth-
ods should be considered in children with recurrent abdomi-
nal pain.

Clinical learning point: If a child is suspected of having lac-
tose intolerance, an objective test for lactose maldigestion
should be done.

Similarly, some adults who insist that even small quanti-
ties of milk cause them severe gastrointestinal symptoms
may be mistaken. In a randomized, double-blind, crossover
trial, gastrointestinal symptoms were evaluated in persons
who reported severe lactose intolerance, saying that they
consistently had symptoms after ingesting less than 240 mL
of milk. In these self-reported lactose-intolerant individuals,
gastrointestinal symptoms after ingesting milk were similar
to symptoms after lactose-hydrolysed milk (12). Thus, per-
sons who identify themselves as being severely lactose-

intolerant may mistakenly attribute a variety of their ab-
dominal symptoms to lactose intolerance. Yet, when intake
is limited to the equivalent of 240 mL of milk or less a day,
symptoms may be negligible and the use of lactose-digestive
supplements is probably unnecessary.

The treatment of lactose intolerance has been reviewed
(13). Control trials and studies of unselected lactose nonab-
sorbers have included subjects claiming severe lactose intol-
erance. In some subjects, symptoms from a cup of milk are no
greater than symptoms from a lactose-hydrolysed control
beverage. In those with true lactose malabsorption, the fre-
quency of individuals experiencing symptoms increases as
the lactose load is increased. Digestive aids, including prehy-
drolyzed milk and lactase preparations, may not be needed
when the amount of milk ingested is small.

The cloning and expression of a full-length cDNA encod-
ing human BBM SI has been reported (14). At weaning, ad-
aptation to solid food requires functional maturation of the
small intestine. Maturation includes closure of the epithe-
lium to macromolecule absorption, the appearance of jeju-
noileal differences or gradients of gene expression, the onset
of expression of several digestive enzymes such as SI, and the
decline of other digestive enzymes such as LPH. The sponta-
neous and irreversible maturation of the small intestine at
weaning depends primarily on the autonomous program that
governs intestinal development. However, dietary changes
and the modifications of the hormonal status of the animal
also modulate this intrinsic program. Starvation of rats at
postnatal day 12 causes a precocious expression of SI activity
and its mRNA (15). The starvation-evoked appearance of SI
is preceded by a transient burst of expression of the proto-
oncogene c-fos without an obvious increase in epithelial cell
proliferation or turnover. These observations suggest that
the autogenic increase of glucocorticoids before weaning
may participate in the onset of SI expression, but uncoupling
of changes in epithelial cell turnover from the onset of SI ex-
pression can be achieved by starvation.

There is a temporal relationship between the develop-
mental rise of alpha-glycosidase activities (maltase, isomal-
tase, sucrase and trehalase) and the dietary change from
lactose (the major sugar during suckling) to maltose, treha-
lose, sucrose and starch (the major sugars after weaning). Ex-
ogenous glucocorticoids and endogenous corticosterone
induce sucrase activity in the suckling rat, and a similar ef-
fect is observed on trehalase activity. In the intestine of 10-
to 14-day-old rats, cortisol induces a coordinate increase in
both trehalose activity and its mRNA, but between 14 to 16
days of age there is loss of trehalase mRNA responsiveness to
glucocorticoids (16).

Clinical learning point: Steroids and reduced food intake
increase the activity of sucrose-isomaltase at weaning.

The molecular events that result in the allocation of the
intestinal stem cell descendants into specific lineages are
poorly understood. The mechanisms that restrict the expres-
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sion of genes in each of the four epithelial phenotypes are
unknown. Studies performed in transgenic mice and in cell
lines suggest that transcription of the SI gene is normally re-
pressed in nonenterocyte cells, possibly via a transcriptional
silencer residing outside of the SI gene (17).

Both SI and LPH are modified extensively after their ini-
tial translation. Multiple precursor isoforms (pro-SI and
pro-LPH), differing in their molecular weights and in the na-
ture and extent of glycosylation, can be isolated by immuno-
precipitation and electrophoresis. Although activation of
the transcription of the SI and LPH genes initiates the ap-
pearance of both enzymes during development, the complex
pathways that lead to the final insertion of enzymatically ac-
tive sucrase and lactase in the BBM offer other possible
mechanisms for the regulation of enzyme levels once gene
transcription is activated. For example, in vivo methods to
assess the rate of synthesis in processing of pro-SI and pro-
LPH isoforms have been used in infant pigs to demonstrate
that the low rate of BBM SI synthesis reflects a slow rate at
which the complex glycosylated precursor is processed to the
BBM form (18).

Feeding rats a high sucrose diet results in an increase in SI
mRNA and sodium-dependent glucose transporter (SGLT1)
mRNA levels in rat intestine, but a high medium chain tri-
acylglyceride diet also produces similar changes. This diet-
associated effect may be achieved through modulation of
translation and/or post-translational modification of the SI
complex (19).

Synthesis of acute phase proteins in enterocytes is influ-
enced by inflammatory cytokines. Interleukin (IL)-6 and
interferon-gamma down-regulate SI protein in the Caco-2
intestinal epithelial cell line. Interferon-gamma also de-
creases, and tumour necrosis factor-alpha (TNF-�) in-
creases, SI synthesis in Caco-2 cells (20); these findings
provide evidence for a previously unrecognized mechanism
for the disaccharide deficiency occurring in patients with in-
testinal inflammation.

Clinical learning point: Cytokines produced by intestinal
inflammation may reduce the activity of sucrose-isomaltase
in distant portions of normal bowel. This action may repre-
sent one mechanism to explain the disaccharide deficiency
that occurs in some inflammatory bowel disease (IBD) pa-
tients.

Sugar transport: The topic of glucose transporters in the
intestine has been reviewed (21). Sodium-dependent up-
take of glucose across the BBM is achieved by the sodium/
glucose extransporter SGLT1. Fructose uptake by the BBM
is via the sodium-independent transporter GLUT5. Both
apical and basolateral sugar transport can be modified by
dietary, hormonal and developmental factors. Although
Caco-2 cells have been used to assess sugar uptake, their
transport kinetics are such that they cannot be considered
as equivalent to either fetal colonic cells or normal entero-
cytes (22).

Human, rat and rabbit SGLT1 amino acid sequences are
87% homologous and share identical secondary and tertiary
structures. However, there are kinetic and substrate specific-
ity differences among the SGLT1 isoforms (23). SGLT1 is
detected in the small intestine of the rat but not in the
esophagus, stomach, colon or rectum (24). SGLT1 is re-
stricted to the BBM, and the amount of SGLT1 increases
from the base of the villus to the tip. In the human intestinal
epithelial cell clone HT-29-D4, SGLT1 protein is detected
in both undifferentiated and differentiated cells. These find-
ings suggest that sodium/glucose cotransport depends on
post-translational events controlling the efficient targeting
of the protein in the plasma membrane (25).

Clinical learning point: The intestinal uptake of glucose
across the BBM by SGLT1 is controlled by SGLT1 mRNA
abundance, as well as by post-translational events.

The appearance of transporter function in the BBM is
blocked by an inhibitor of protein kinase C (PKC) activity.
The cystic fibrosis transmembrane conductance regulator
(CFTR) is a cAMP-stimulated chloride channel found in
the apical membrane of several types of epithelial cells. Us-
ing cystic fibrosis (CF) knockout mice, it has been shown
that cAMP stimulates intestinal glucose/sodium cotransport
(26), which suggests that the effectiveness of oral rehydra-
tion solutions (ORS) may be amplified by cAMP-mediated
up-regulation of glucose/sodium cotransport by SGLT1.

Clinical learning point: Improved efficacy of ORS may be
achieved by stimulating cAMP and thereby up-regulating
SGLT1, which enhances the untreated uptake of both glu-
cose and sodium, and thereby water.

After only 3 h of feeding on a 60% fructose-enriched diet,
the levels of GLUT5 mRNA and protein are elevated,
whereas GLUT2 (the BLM transporter for glucose and fruc-
tose) protein is rapidly down-regulated (27). SGLT1,
GLUT2 and GLUT5 mRNA levels increase before the onset
of peak feeding. GLUT5 protein levels also vary in a diurnal
fashion, but are out of phase with the observed changes in
GLUT5 mRNA levels. In contrast, GLUT2 protein levels
remain relatively constant over 24 h. The sodium-
independent GLUT2 is the only hexose transporter identi-
fied on the BLM of the jejunum of mammals, including hu-
mans (28). GLUT5 mRNA levels are higher at the end of
the light cycle and at the beginning of the dark cycle, versus
during the early light period. GLUT5 protein content in
BBM is also increased at the beginning of the dark cycle
compared with at the start of the light cycle (29).

Streptozotocin-induced diabetes is associated with an in-
crease in GLUT5 mRNA levels in the mucosa of the proxi-
mal jejunum, and GLUT5 mRNA levels increase during the
postnatal period. However, weaning onto a high fat diet par-
tially prevents the induction of GLUT5 gene expression.
Feeding a fructose-enriched diet increases GLUT5 protein,
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but GLUT5 protein levels do not change after feeding ani-
mals glucose- or sucrose-enriched diets. Glucose, and to a
lesser extent fructose, feeding results in increased BLM
GLUT2 protein (30). Feeding glucose increases SGLT1 pro-
tein levels. Fructose feeding increases GLUT5 mRNA. Be-
cause sucrose does not increase GLUT5 protein levels, there
may be alternative transport pathways in the small intestine
for monosaccharides when they are generated from sucrose.

AMINO ACIDS, DIPEPTIDES, PROTEINS
AND FOOD ALLERGY

Amino acids: Chloride-dependent amino acid transport in
the small intestine has been reviewed (31). In the rabbit
small intestine, the sodium-dependent carrier of imino acids
(2-methyl-amino-isobutyric acid and proline) and the carri-
ers of taurine and beta-alanine are chloride-dependent. The
rat imino acid carrier is the principal carrier of taurine and
the only carrier of beta-alanine and gamma-amino butyric
acid (GABA) (32). A high affinity carrier of beta-amino ac-
ids that is both sodium- and chloride-dependent is also
present in the small intestine of pigs (33). This difference in
chloride dependence emphasizes the variation in carrier
specificity between species. In the human small intestine,
chloride-dependent transport processes are present for
2-methyl-amino-isobutyric acid, taurine and glycine (34).

GABA is a major inhibitory neurotransmitter in the cen-
tral nervous system of vertebrates. GABA represents a model
system for the study of the intestinal absorption gamma-
amino acids. The uptake of GABA in perfusion studies in rat
jejunum obeys Michaelis-Menten and first-order kinetics
(35). Calcium and zinc reduce the absorption of L-threonine
(36). Genetic and nutritional obesity (Zucker fa/fa) in rats
increases the capacity of intestinal transport of L-alanine
(37). In contrast, starvation of rabbits for 72 h results in de-
creased uptake of glutamine and arginine, with maintenance
of transport of leucine and alanine (38). Arginine is a nones-
sential amino acid for adult mammals including humans.
However, after massive resection of rat small intestine, ar-
ginine becomes a strictly essential amino acid (39). Arginine
is also conditionally an essential amino acid in humans dur-
ing periods of rapid growth and development, as well as fol-
lowing acute trauma.

Human intestinal Caco-2 cells have been extensively
used to study the characteristics of amino acid transport.
These cells contain a H+-coupled, Na+-independent alpha-
methylaminoisobutyric acid carrier (40). Amino acid carri-
ers in the BBM include a sodium-dependent neutral amino
acid system, a sodium-dependent L system and a sodium-
dependent system A at the BLM. Amino acids can be ob-
served in part by simple diffusion. L-alanine absorption in
Caco-2 cells is driven by the proton electrochemical gradi-
ent (41). L-lysine is transported in Caco-2 cells by a sodium-
dependent and -independent mechanism, and there is
sodium-dependent lysine efflux across the BLM of these cells
(42). Acidic amino acids and their analogues are transported
across Caco-2 monolayers (43), as are L-methionine (44).

Caco-2 cells demonstrate uptake of sodium/glucose, so-

dium/phosphate and hydrogen ion/dipeptide, with a progres-
sive increase in uptake as the cells differentiate. In contrast,
the capacity of Caco-2 to transport arginine appears to be
down-regulated by post-translational modifications in con-
fluent cells, compared with differentiated cells (45). Primary
afferent fibres in the small intestine sensitive to capsaicin
(the pungent component of red pepper) exert a tonic inhibi-
tory effect upon alanine absorption (46).

Little is known regarding the signals involved in the regu-
lation of epithelial membrane amino acid transport. The
analogue of epidermal growth factor (EGF), transforming
growth factor-alpha (TGF-�), up-regulates L-arginine trans-
port in Caco-2 cells; this action is blocked by an inhibitor of
PKC (47). Taurine uptake by Caco-2 cells is inhibited by
Escherichia coli heat-stable enterotoxin, regulated at a post-
translational level by protein kinase A (PKA) (48).
Glutamine: Glutamine is the most abundant amino acid in
the plasma and cellular free amino acid pool. Glutamine
turns over rapidly in the body and is an essential precursor for
the synthesis of proteins and purine and pyrimidine nucleo-
tides. Glutamine metabolism in the small intestine produces
citrulline, the precursor of renal arginine. Arginine synthesis
from glutamine in these cells is of physiological significance
because it is necessary to provide arginine for use by the neo-
nate (49).

Glutamine is the preferred substrate for the small intes-
tine, and growth hormone treatment before the induction of
trauma increases glutamine uptake in the intestinal tract of
piglets (50). L-glutamine is the primary metabolic fuel of the
mammalian small bowel. In addition, glutamine is a power-
ful stimulator of intestinal sodium chloride and water ab-
sorption in normal animals and in those with diarrheal
disease. Glutamine may stimulate mucosal growth, and the
methotrexate damage to the small intestine of rats recovers
more rapidly if the animals are given parenteral glutamine.
The morbidity and mortality of these rats are also decreased.
Glutamine and L-asparagine are precursors of ornithine.
These amino acids enhance proliferation through stimula-
tion of ODC, the rate-limiting enzyme in polyamine biosyn-
thesis required for intestinal cell proliferation and repair.
Glutamine also stimulates cellular incorporation of
[3H]-thymidine incorporation, and a Na+/H+ exchange in-
hibitor blocks the enhancement of ODC by glutamine (51).
Whether the administration of glutamine in humans facili-
tates epithelial recovery in the injured small intestine is un-
known. In the postoperative period, factors such as
malnourishment, surgical trauma, endotoxin and/or cyto-
kine exposure, as well as a period of bowel rest, are stress fac-
tors to the intestine. Glutamine concentrations in tissue are
decreased for long periods after major trauma. Glutamine
supplementation in animal studies has shown beneficial ef-
fects, including decreased mortality after cytotoxic treat-
ments. In malnourished rats, glutamine results in better
absorption of small polyethylene glycols and greater thymid-
ine incorporation (52). Arterial, and to lesser extent lumi-
nal, fuels provide nutrition for the enterocyte. Enterocytes
are responsible for most gut glutamine metabolism, and the
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high fluctuations of glucose and glutamine metabolism in
the enterocyte may result from the need for de novo synthe-
sis of purines, pyrimidines and ribose sugars for nucleic acid
synthesis (53).
Peptides and macromolecules: Dipeptides and tripeptides
are actively transported into the intestinal epithelial cells by
the H+/dipeptide cotransport system localized in the BBM.
Orally active aminocephalosporin antibiotics are trans-
ported by the H+/dipeptide cotransport system. In Caco-2
cells the uptake of ceftibuten is mediated by the apical
H+/dipeptide cotransport system which is regulated by cell
growth, differentiation or both (54).

Peptides are absorbed by a H+-coupled transport system,
and the cDNAs encoding the H+/peptide cotransporter have
been isolated. The exit of dipeptides across the BLM of rat
small intestine may be rate-limiting for their transepithelial
transport (55). A H+-coupled peptide transporter is present
in the small intestine of humans and accepts dipeptides,
tripeptides and amino beta-lactam antibiotics, but not free
amino acids (51). Chromosomal assignment studies with so-
matic cell hybrid analysis and in situ hybridization have lo-
cated the gene encoding the cloned human H+/peptide
cotransporter to chromosome 13q33�34. The basolateral
dipeptide transporter in Caco-2 cells is distinct from the api-
cal H+/dipeptide cotransporter (56). This transporter is also
involved in the movement of antibiotics across the intestine.
This H+/peptide transporter has been localized immunohis-
tochemically to the small intestine, particularly in the villi
and on the BBM (57). The uptake of dipeptides precedes hy-
drolysis in rat small intestine (58), and this transporter may
be involved in the absorption of orally active amino beta-
lactam antibiotics and other peptide-like drugs.

Intestinal absorption of beta-lactam antibiotics is by the
dipeptide carrier system. Amiloride, an inhibitor of the
Na+/H+ exchanger (NHE), reduces the absorption of amox-
icillin in healthy volunteers; this process may also involve an
inhibitory effect of amiloride on Na+/K+-ATPase in the
BLM (59).

Clinical learning point: Bacterial translocation due to in-
testinal barrier dysfunction may contribute to the develop-
ment of multiple organ failure.

Intact macromolecule uptake occurs across the gastroin-
testinal tract. Bacterial translocation due to intestinal bar-
rier dysfunction has been recognized as a possible mecha-
nism for the development of septic complications and
multiple organ failure in various disease states. The goal of a
drug enhancer is to improve membrane permeability with-
out unwanted side effects. Surfactants have been used in-
creasingly as adjuvants in oral pharmaceutical preparations
(60). Young adult rats absorb 2 �m fluorescent polystyrene
latex microparticles (61). EGF is also absorbed from the in-
testine (62). Small amounts of insulin may be absorbed from
the intestine, and this action can be enhanced by coadminis-
tration of protease inhibitors (63), use of bile salt-fatty acid

mixed micelles (64), use of polyacrylmanide nanoparticles
(65) and possibly by inhibition of the insulin-degrading en-
zyme in rat intestinal enterocytes (66). Water-in-oil-in-
water multiple emulsions stabilized by gelatin may improve
ileal and colonic absorption of insulin (67). The E coli heat-
stable, heat-labile enterotoxin-treated mice have an in-
creased absorption of gliadin and lactalbumin (68), which
may prove to be useful in enhancing intestinal permeability
to antigens.
Food allergies: The oral administration of cortisone in doses
corresponding to levels normally found in breast milk en-
hances the process of intestinal closure and decreases the up-
take of macromolecules in weanling rats receiving formula
feeding. Spermidine and cortisone do not reduce the intesti-
nal uptake of bovine serum albumin or immunoglobulin (Ig)
G (69). Forskolin is an activator of adenyl cyclase, stimulat-
ing PKA, and carbachol is a cholinergic agonist. The uptake
of the protein horseradish peroxidase into rat intestine is de-
creased by forskolin and increased by carbachol (70), which
suggests that cholinergic activation can increase the uptake
of intact protein by endocytosis and can increase the trans-
epithelial passage by the induction of an diffusional paracel-
lular pathway. Horseradish peroxidase absorption is higher in
children with atopic eczema than in controls (71), raising the
possibility that environmental antigens may initiate this dis-
order.

Clinical learning point: The intestinal uptake of intact
proteins may be influenced by activation of cholinergic
pathways.

Food allergies are defined as an abnormal immune re-
sponse to food antigens. They are characterized by type I im-
mediate hypersensitivity reactions whose clinical manifesta-
tions are rhinitis, urticaria or eczema, and gastrointestinal
symptoms such as nausea, vomiting, abdominal pain and di-
arrhea. Antigen uptake from the human intestinal lumen re-
sults in the production of antibodies, mainly IgE and IgG. In-
testinal inflammation resulting in disruption of the mucosal
barrier function has been proposed as a cause of an increased
incidence of allergic diseases. In guinea pigs with 2,4,6-
trinitrobenzene sulphone acid-induced intestinal inflamma-
tion, colonic secretion and permeability to 51Cr-EDTA are
increased, but are unchanged after antigen challenge (72).

Double-blind, placebo-controlled food challenge is re-
portedly the only conclusive way to establish the presence of
adverse reactions to foods in children and adults. There are
conflicting data on the role of IgE-mediated allergy; in adults
with stable food-induced gastrointestinal symptoms, objec-
tively verified by double-blind, placebo-controlled food
challenge, there is no indication of IgE-mediated allergy to
relevant foods (73). Intestinal anaphylaxis in response to
milk proteins may be enhanced during experimental malnu-
trition in guinea pigs (74). Inhibition of inducible nitric ox-
ide synthase results in lower rates of antibodies, leading to a
reduced secretory response upon antigen challenge (75). Na-
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loxone exacerbates both systemic and intestinal anaphylaxis
to ovalbumin in rats. This suggests that components of the
systemic hypersensitivity reaction are mediated through
central opioid receptors, whereas the changes in gut function
characterizing intestinal anaphylaxis are mediated through
peripheral opioid receptors (76). Activated CD4+ cells in
the lamina propria of the small intestinal mucosa may play
an important role in contributing to mucosal damage in pa-
tients with food-sensitive enteropathy, possibly via the re-
lease of cytokines (77).

Clinical learning point: The diagnosis of food allergies is
difficult, but the best approach is the use of the double-
blind, placebo controlled food challenge.

Nucleosides, nucleotides and polyamines: The nucleosides
include adenosine, cytidine, guanosine, thymidine, uridine
and inosine. Nucleosides are important substrates involved
in many essential metabolic reactions including lipid, carbo-
hydrate and nucleic acid synthesis. Enterocytes have a lim-
ited capacity for the de novo synthesis of nucleotides and
must salvage them from nucleosides in the diet and endoge-
nous sources. The uptake of nucleosides from the BBM is by a
carrier-mediated, sodium-dependent as well as sodium-
independent processes. Nucleotides that dephosphorylate to
nucleosides before intestinal absorption are present in milk,
and have trophic effects on the development of the gastroin-
testinal tract. The uptake of uridine by the suckling rat intes-
tine involves a carrier-mediated process that is energy- and
temperature-dependent, requires sodium and undergoes a
progressive decrease in the value of the maximal transport
rate with ageing (78).

In young rats, dietary nucleotides enhance intestinal re-
pair after injury or malnutrition, and in old rats a nucleo-
tide-supplemented diet accelerates the normal physiological
intestinal response to refeeding after food deprivation (79).
Dietary nucleosides and nucleotides reduce the mortality
rate in protein-deficient mice injected with lipopolysaccha-
ride, and reduce bacterial translocation (80). DNA, lactase,
sucrase and maltase activities increase in animals with
chronic diarrhea treated with a nucleotide-supplemented
diet. In a lactose diet-induced diarrhea model in weanling
rats, recovery was accelerated by giving a nucleotide-
enriched diet (81). The role of dietary nucleotide supple-
mentation in humans remains to be reported.

Clinical learning point: Supplementation of the diet with
nucleosides and nucleotides may accelerate the recovery of
intestinal function that occurs in certain disease states.

Dietary nucleotides affect the proliferation and matura-
tion of the intestinal mucosa of young rats, and may influ-
ence gene expression in the intestinal epithelium.
Deprivation of dietary nucleotides in rats leads to a decrease
in the content and specific activity of alkaline phosphatase,

leucine-aminopeptidase, maltase, sucrase and lactase in the
villous tip, but not in the crypt (82). This finding supports
the idea that dietary nucleotides affect the maturation status
of the small intestinal epithelium. This modulating effect on
protein synthesis may be the result of tissue-specific nucleic
acid changes (83).

The polyamines spermidine and spermine, as well as their
precursor putrescine, are organic polycations involved in a
variety of cellular functions: membrane stabilization, trans-
lation processes, regulation of RNA and DNA synthesis,
regulation of protein kinase activity and transfer-RNA acy-
lation reactions. Polyamines are involved in and are required
for cell growth as well as differentiation, and their intracellu-
lar concentrations are closely regulated. Spermidine in-
creases and putrescine decreases the value of the maximal
transport rate for glucose uptake into BBM vesicles in rab-
bits, an effect that is unrelated to membrane lipid composi-
tion or fluidity (84). The high concentrations of polyamines
in the intestinal lumen may originate from food and colonic
bacterial microflora. Spermidine and spermine and their pre-
cursor, putrescine, may be regulated by enzymatic synthesis
and interconversion, as well as by membrane exchange.
Putrescine uptake into the intestine involves a single
substrate-selected transport system with inhibition in uptake
between the different polyamines (85). Putrescine uptake
across the BBM and extrusion across the BLM of the rabbit
enterocyte are two independent carrier processes (86).

Clinical learning point: Polyamines in the diet or derived
from bacteria may modify the function of the intestine.

SALT AND WATER ABSORPTION, DIARRHEA
Sodium and chloride: Sodium absorption may occur via pas-
sive diffusion using transcellular or paracellular pathways, or
via active transport mechanisms such as sodium/substrate
cotransport, Na+/H+ exchange or Na+/K+-2Cl– cotransport.
The NHE catalyzes the electroneutral transport of extracel-
lular Na+ for intracellular H+, with a stoichiometry of one-
to-one (exchange of one Na+ for one H+). The NHE plays a
major role in regulation of intracellular pH and functions in
the transcellular absorption of Na+, cell volume regulation
and probably cell proliferation (87). NHE1 is localized on
the BLM of rabbit ileal epithelial villus and crypt cells. It ap-
pears to be involved in the homeostatic control of cell vol-
ume and pH, and perhaps cell division. NHE2 and NHE3 are
epithelial isoforms. NHE2 and NHE3 are present in human
small intestinal and colonic epithelial cell BBMs (88). The
role of NHE2 is unknown. NHE2 mRNA is present in the
villus but not in the crypt epithelial cells of the small intes-
tine (89). NHE3 is involved in basal and meal-stimulated
ileal water and sodium absorption (90).

In the fasting state there is net absorption of water and
electrolytes from the proximal jejunum. In response to a
meal, the magnitude of this absorption is increased, stimu-
lated by luminal contents and influenced by meal composi-
tion, mucosal anesthesia, hormonal events and mediators of
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inflammation. Sodium/glucose cotransport is the primary
mediator of meal-stimulated jejunal absorption, whereas
Na+/H+ exchange has been implicated in meal-stimu-
lated ileal absorption (91,92). Postprandial ileal absorp-
tion is independent of neural blockade, implicating circulat-
ing hormones, paracrine mediators or neurotransmission
within the myenteric plexus of the enteric nervous system,
as the primary modulators of meal-stimulated ileal absorp-
tion (93).

BBM phosphatidyl inositol 3-kinase is involved in the
EGF stimulation of sodium chloride absorption and BBM
Na+/H+ exchange (94). Carbonic anhydrase catalyzes the
hydration of carbon dioxide and dehydration of carbonic
acid, and is present in the BBM of the mucosal epithelium in
distal small intestine and large intestine of the rat (95). Pros-
taglandin E2 -stimulated water and electrolyte secretion de-
pends in part on mucosal carbonic anhydrase activity, as well
as on the enteric nervous system (96).

A peptide proposed to be an endogenous ligand for the
E coli heat-stable enterotoxin receptor – given the name
guanylin – has been purified. Guanylin activates an intesti-
nal guanylate cyclase and stimulates electrolyte movement
across the gut epithelium. Cells expressing guanylin mRNA
have been localized to the epithelial cell layer of the intes-
tine, and guanylin is expressed in mature goblet cells (97).

Calcium ions play a pivotal role in the stimulus-secretion
coupling process, and hormone or neurotransmitter stimula-
tion of these cells generates an increase in the intracellular
free calcium concentration. This calcium signal then triggers
fluid and electrolyte secretion via activation of a number of
plasma membrane calcium-dependent ionic conductances
in the plasma membrane of the exocrine cells, as well as via
exocytotic release of various digestive enzymes (49).
Diarrhea: The utility of stool water analysis in the manage-
ment of patients with chronic undiagnosed diarrhea has been
examined in a retrospective analysis of six years’ experience
in a specialized laboratory at a major referral centre. Of 202
patients, 30 had factitious diarrhea due to laxative abuse and
five due to stool dilution; 31 had microscopic or collagenous
colitis and 14 had a malabsorption syndrome due to sprue,
chronic pancreatitis or diarrhea after gastrectomy (98).
Twenty-two patients were said to have functional diarrhea
due to the ‘irritable bowel syndrome’. In previous healthy
men with induced diarrhea, there were no changes in anorec-
tal physiology, but in women, ingestion of an iso-osmotic
laxative increased rectal sensitivity with a reduction in the
volume needed to induce internal anal sphincter relaxation,
and in the volume needed to induce sustained internal anal
sphincter relaxation (99).

Clinical learning point: Stool water analysis may be useful
to diagnose obscure causes of chronic diarrhea.

CF is a genetic disease that affects the secretory function
of many epithelial cells. This disease is caused by mutations
in the CF gene that alter the function of its product, CFTR.

CFTR functions as a cAMP-activated Cl– channel, and most
CFTR mutations alter cellular Cl– transport, which contrib-
utes to the pathological production of a thickened secretory
product that can lead to progressive organ dysfunction.
CFTR is localized to the apical pole of crypt epithelial cells
of rat and human proximal small intestine, with lesser
amounts present scattered on the villus cells (100). Fluidity
of the intestinal contents is maintained by a balance be-
tween the rates of liquid absorption and secretion, which are
osmotically linked, primarily through the rates of Na+ ab-
sorption and Cl– secretion, respectively. cAMP-regulated
secretion is absent in the gastrointestinal epithelium of hu-
man CF patients. In the intestine, CF may manifest as a me-
chanical small bowel obstruction (meconium ileus and its
equivalent states), caused by the accumulation of viscous lu-
minal contents.

CF mice bred by targeted disruption of the CFTR gene do
not express CFTR protein and lack cAMP-mediated Cl– se-
cretion in the gastrointestinal tract. This mouse model of CF
has proven useful in the study of CFTR in Cl– secretion (26).
In the human fetus, CFTR is expressed throughout the epi-
thelium as early as 12 weeks of age, and keeps the same distri-
bution until birth (101). The villous enterocytes play a role
in human intestinal Cl– secretion (102). Ammonia selec-
tively inhibits and activates cAMP and cyclic guanosine
monophosphate (cGMP) – but not Ca2+-regulated Cl– se-
cretion – when applied to either the apical or basolateral
epithelial surface (103). Ammonium may play an important
role as an inhibitory modulator of Cl– secretion.

The inflict of Cl– across the BLM of Cl–-secreting epi-
thelia occurs primarily via Na+/K+/2Cl– cotransport. Cl–

entry into the enterocytes must increase in order to balance
the rate of apical Cl– exit. cAMP activates basolateral
Na+/H+/2Cl transport by a process with components in-
dependent of, as well as dependent on, cAMP-elicited Cl–

efflux (104). cAMP-mediated agonists activate apical mem-
brane Cl– channels via cAMP-dependent PKA. This en-
hances the Cl– conductance of the apical membrane and Cl–

movement into the intestinal lumen. The BLM Na+/H+/2Cl
cotransporters and Na+/H+-ATPase act in conjunction with
K+ conductances to maintain the electrochemical gradient
required for a sustained Cl– secretory response. In rat duode-
nal crypts there are two populations of K+ channels that
have important roles in sustaining the small intestinal Cl–

secretory responses triggered by a variety of cAMP-and
Ca2+-mediated agonists (105). K+ conductances in human
intestinal goblet cells are activated by Ca2+ and by cAMP
(106).

Cl– secretion may be elicited by agonists that are medi-
ated by cAMP, cGMP or Ca2+. Novel secretagogues, appar-
ently acting independently of cyclic nucleotide or Ca2+

signalling pathways, have been identified. These include the
neutrophil-derived secretagogue 5�-AMP, which activates
basolateral Na+/K+/2Cl– cotransport. Thus, cotransport is
regulated in part by an indirect activation of apical Cl– chan-
nels, a pathway of regulation that may require cytoskeletal
remodelling (107).
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The transmembrane guanylyl cyclase increases cGMP.
There are multiple effectors of cGMP action, including
cGMP-gated channels, cGMP-regulated phosphodies-
terases, cGMP-dependent protein kinases (cGK) and possi-
bly cAMP-dependent protein kinases. cGMP activation of
Cl– secretion is mediated by a novel intestinal BBM isoform
of cGK, designated cGK II. cGK II is located in the brush
border and is a mediator of heat-stable enterotoxin and
cGMP effects on Cl– transport (108). Noradrenaline in-
creases intestinal absorption when administered intravascu-
larly or intraluminally in vivo, or when applied in vitro to
intestinal tissues. Dopamine is found in high concentrations
in the mucosal layers of the intestine, and luminal dopamine
may serve as a proabsorptive modulator of ileal transport act-
ing via �1, �2 and dopaminergic receptors (109). The devel-
opment of potent proabsorptive dopamine analogues may be
useful in the treatment of some diarrhea conditions.

Clinical learning point: Dopamine analogues may promote
the intestinal absorption of sodium and water, and may
prove useful for the treatment of patients with diarrhea.

Thyrotropin-releasing hormone is a central nervous sys-
tem transmitter that stimulates net ileal and jejunal water se-
cretion in rats and dogs. This secretion is mediated by vagal
pathways (by a vasoactive intestinal polypeptide [VIP]-sens-
itive mechanism) and in part by a muscarinic mechanism
(110). Growth hormone receptors are located along the rat
intestine, and growth hormone induces water and ion trans-
port in rat jejunum, ileum and colon (111).

Weanling animals have a greater jejunal sodium absorp-
tion than older animals, probably because of higher non-
adrenergic tone (112). A challenge with a high salt diet
results in a decrease in the intestinal Na+ absorption in
weaning rats but not in adult rats, and endogenous dopamine
may play a role in this regulation.
Nitric oxide: Nitric oxide is an endogenous intracellular
messenger mediating various biological activities. Endoge-
nously released nitric oxide is synthesized from L-arginine by
the enzyme nitric oxide synthase. Nitric oxide is a transmitter
in the inhibitory neurons in the enteric nervous system, and
may mediate the nonadrenergic, noncholinergic (NANC)
relaxation of circular smooth muscle. Nitric oxide produces a
net proabsorptive effect on ion transport in mouse ileum, and
release of nitric oxide from NANC nerves is involved in the
tonic regulation of basal ion transport in this tissue (113).
The nitric oxide-dependent proabsorptive tone in the intes-
tine may also involve suppression of prostaglandin formation
(114). Castor oil-induced diarrhea in rats involves the nitric
oxide pathway (115).

The role of nitric oxide in the digestive system has been
reviewed (116). Inhibition of endogenous nitric oxide syn-
thesis causes secretion of water and ions in the rabbit ileum,
and this secretion is reversed by administration of the nitric
oxide synthase substrate L-arginine (117). Inhibition of ni-
tric oxide synthesis activates mast cells in the mucosa of rat

intestine, and consequently increases epithelial permeability
(118). Nitric oxide reduces ATP levels, and reversibly in-
creases the permeability of tight junctions (119). Nitric ox-
ide donors may improve mucosal function in intestinal
allografts subjected to prolonged hypothermic ischemia
(120), an effect that appears to be unrelated to the action of
nitric oxide donors on the microvasculature.

Clinical learning point: Nitric oxide has a proabsorptive
effect on intestinal ion transport and may mediate the non-
adrenergic, noncholinergic relaxation of circular smooth
muscle.

5-Hydroxy tryptamine: 5-Hydroxy tryptamine (5-HT) is
present in mast cells and in enteric neurons. 5-HT induces
ion and fluid secretion in the intestine in a variety of different
species by a process that involves simultaneous inhibition of
neutral sodium chloride absorption and stimulation of elec-
trogenic Cl– secretion. 5-HT2, 5-HT3 and 5-HT4 receptors
have been identified in the intestine. 5-HT4 receptors may
play a small role in the secretory response in the rat ileum and
colon (121). Exposure of a previously sensitized intestinal
mucosa to a specific allergen leads to mast cell degranulation
and to a decrease in water and electrolyte absorption, known
as ‘intestinal anaphylaxis’. The water secretion that occurs in
the early stages of intestinal anaphylaxis is thought to be
partly 5-HT-dependent because it can be reversed by 5-HT2
and 5-HT3 receptor antagonists (122). These receptors play
a role in cholera toxin-induced secretion, but are not in-
volved in E coli heat-stabile or heat-labile toxin-induced se-
cretion (123). The mucin secretion induced by cholera toxin
is mediated primarily through the activation of a 5-HT4-like
receptor (124).
Antidiarrheal therapy: The topic of antidiarrheal pharma-
cology and therapeutics has been reviewed (125). A variety
of different agents are being explored for their possible use as
antidiarrheal therapy. There is an interaction among the im-
mune, enteric-neural and endocrine systems, and mesenchy-
mal cells in the regulation of intestinal water and electrolyte
transport. Prostaglandins and reactive oxygen metabolites
stimulate Cl– secretion and inhibit sodium chloride absorp-
tion. The cytokine TNF-� induces the secretion of prosta-
glandins and reactive oxygen metabolites. The effect of
TNF-� on Cl– secretion in the porcine intestine is via a par-
acrine mechanism involving prostaglandin release from sub-
epithelial cells (126). Neuromodulation of transport may be
altered by adrenergic, cholinergic or peptidergic influences.
In crypt cells both cAMP and Ca2+ stimulate Na+ exchange
on the BLM. Clonidine, an alpha-2 agonist, stimulates so-
dium chloride absorption and inhibits HCO3

– secretion by
stimulating Na+/H+ exchange in villous cells, whereas in
crypt cells, clonidine inhibits Na+/H+ exchange (127). The
combination of a luminally administered mixture of alpha-
and beta-adrenergic agonists (noradrenaline) with �2 recep-
tor blockade (yohimbine) may prove to be useful in some
pathological secretory states causing diarrhea. Neither basal
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nor meal-stimulated ileal absorption of water and electrolytes
is altered by �1-adrenergic receptor blockade. This finding
suggests that nonadrenergic neural pathways or humoral fac-
tors are the likely mediators of meal-induced intestinal ab-
sorption (114).

Intestinal inflammation often results in excess secretion
of electrolytes and water, leading to diarrhea. The neuropep-
tide substance P is increased in the mucosa and enteric gan-
glia of rats with experimental gut inflammation. The number
of substance P receptors has been shown to be increased in
IBD patients. Substance P binds with high affinity to the
neurokinin-1 receptor, and in the intestine, substance P-
induced intestinal ion secretion is due to binding of the
COOH terminus to neurokinin-1 receptors (128). Mast cells
and enteric nerves also participate in the regulation of sub-
stance P-induced intestinal ion secretion. Neuropeptide Y
co-exists with VIP in nerves of the small intestine. Neuro-
peptide Y has proabsorptive and antisecretory actions on the
small intestine, and this effect is mediated by inhibition of
cAMP-stimulated secretion (129).

Glucocorticosteroid hormones stimulate the transcrip-
tion rate of Na+/K+-ATPase, and may alter the phospholipid
composition of cell membranes. Corticosteroid induction of
Na+/K+-ATPase mRNA also may play an important role in
the maturation of colonicepithelial ion transport capacity in
the preweaning animal (130). Steroid hormones bind to cy-
toplasmic receptors, which are transported into the nucleus
where they regulate the transcription of target genes by bind-
ing to specific DNA sequences.

The long-acting somatostatin analogue octreotide pro-
vides effective hormonal therapy for a variety of endocrine
and intestinal disorders. Octreotide inhibits 5-HT-stimu-
lated electrogenic Cl– secretion in rabbit ileal mucosa, likely
mediated by activation of the inhibitory subunit of
membrane-bound GTP-binding regulatory proteins (131).
Octreotide is approved for the treatment of patients with
carcinoid syndrome or VIP-secreting tumour-induced diar-
rhea. Octreotide in doses as high as 300 �g tid is not effective
in the management of AIDS-associated diarrhea (132).

Clinical learning point: Octreotide, a long-acting somato-
statin analogue, has a number of important uses in gastro-
enterology, including the treatment of patients with vari-
ous causes of secretory diarrhea.

Diets high in polyunsaturated fatty acids may be both
prosecretory and proabsorptive in the small intestine of rats
(133). The enhanced responsiveness to secretory stimuli
noted in animals fed a high polyunsaturated fatty acid diet
may have clinical implications for the choice of formula feed
used in the nutritional rehabilitation of infants with pro-
tracted diarrheal diseases.
Oral rehydration treatment: The widespread use of oral re-
hydration treatment has provided a dramatic decline in the
morbidity and mortality of acute infectious diarrhea through-
out the developed and developing world. The World Health

Organization (WHO) ORS does not reduce stool volume,
but this desired effect may be achieved with rice-based
hypotonic solutions (134). Magnesium can be added to ORS
when used in patients who have had a major distal small re-
section and who encounter significant hypomagnesium.
Hypotonic ORS reverses Na+ secretion to absorption, and
promotes net water absorption, which is greater with hypo-
tonic solutions than with those with an osmolality of
310 mOsm/kg (135). Using these hypotonic solutions may
achieve improved rates of rehydration. Adding carboxy-
methylcellulose as a viscosity-enhancing agent to the WHO
ORS improves the effectiveness of the solution by increasing
Na+ and water absorption (136). Adding HCO3

– to ORS
does not achieve any clinically significant effect on the ab-
sorption efficiency (137). Na+ concentrations of 0, 25 or
50 mEq/L have a similar effect on the absorption of water,
Na+ and glucose as a 6% carbohydrate solution, so adding
Na+ to fluid replacement beverages may not be a factor in
fluid absorption (138).

LIPIDS
Digestion and absorption: Fat digestion and absorption is a
complex process involving insoluble substrates, neutral and
amphipathic lipids, and lipases acting in the stomach and
small intestine. Emulsification is the physical chemical pro-
cess by which a given amount of oil-water interface, depend-
ing on the concomitant availability of an energy supply and
neutral amphipathic molecules, is created. Most dietary lip-
ids are present in the human duodenum as emulsified drop-
lets 1 to 50 �m in size, and little further emulsification of
dietary fat occurs in the duodenum (139). Pancreaticobiliary
responses to meals include a cephalic, a gastric and an intes-
tinal phase. Intestinal responses are considered to be the
most important for appropriate release of enzymes responsi-
ble for the digestion of nutrients. The regulation of pancre-
aticobiliary secretion at the intestinal level is subject to
feedback control in which proteolytic activity plays an im-
portant role. Protein digestion is required to stimulate
plasma cholecystokinin release, gallbladder emptying and
pancreatic enzyme secretion in humans (140). The regula-
tion of cholecystokinin secretion by intraluminal releasing
factors has been reviewed (141).

The topic of pancreatic triglyceride lipase and colipase
has been reviewed (142). Pancreatic triglyceride lipase is es-
sential for the efficient digestion of dietary triglyceride. This
lipase requires colipase to achieve full activity in the intesti-
nal lumen. Luminal phophatidylcholine stimulates the syn-
thesis of intracellular triacylglycerols. A particle enriched for
phospholipids and IAP with surfactant-like properties in-
creases after triacylglycerol feeding. These particles surround
fat droplets inside the enterocytes. The lamina propria may
play a physiological role as a reservoir and/or as a filter in the
extracellular processing of these surfactant-like particles
(143).

Proteins isolated with this phospholipid/IAP particle are
synthesized by the enterocyte in response to fat feeding.
When an inhibitor of chylomicron formation and transcel-
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lular transport (pluronic L-81) is given with triacylglycerols,
secretion of IAP and surfactant-like particles into the lumen
is decreased, and total lamina propria is decreased. IAP parti-
cle appears to have a role in transepithelial transport of tria-
cylglycerols in the rat enterocyte (144).

Phospholipids are integral to all cell membranes, and a
variety of fatty acids are required for phospholipid synthesis.
Fatty acid chain desaturation is a necessary step in the pro-
duction of the polyunsaturated fatty acids present in mem-
brane phospholipids. In Caco-2 cells, supplemented with
either linoleic acid or eicosapentaenoic acids, �6- and �5-
desaturase activities are inhibited (145). This raises the pos-
sibility that enterocyte membrane fatty acid composition
and desaturase enzyme activity are regulated by both dietary
fat intake and cell migration.

Older studies that suggested that fat is absorbed largely in
the proximal intestine were based on the use of an aqueous
phase marker. However, the transit of the fat phase of an
emulsion may be different than that of the aqueous phase. In
fact, the intestinal length required for fat absorption depends
on the load of fat in the meal; in dogs even after usual meals,
the absorption of fat is not complete by the mid-intestine
(146).

Medium chain triglycerides (MCTs) are neutral lipids
containing fatty acid molecules with chain lengths ranging
from six to 12 carbon atoms. They are more rapidly and com-
pletely hydrolyzed than long chain triglycerides (LCTs),
even in the absence of pancreatic lipase. The absorption of
MCTs is less dependent on the action of bile salts, because
MCTs are more water-soluble than LCTs. Although MCTs
are better absorbed than LCTs in the presence of pancreatic
insufficiency, pancreatic extracts increase their absorption
(147). Thus, if patients with pancreatic insufficiency are
given pancreatic supplements, there may be no additional
benefit to lipid absorption when giving MCTs compared
with using LCTs.

The availability of orally administered hydrophilic drugs
to the systemic circulation is generally limited by the barrier
properties of the intestinal membrane. The sodium salts of
medium chain length fatty acids enhance the absorption of
hydrophilic drugs across the intestinal mucosa, and structur-
ally similar medium chain fatty acids (MCFAs) display dif-
ferences in their mechanism of action (148).

Butyrate is the preferred oxidated fuel of colonocytes. Bu-
tyrate, acetate and propionate are short chain fatty acids
(SCFA) produced in the colon by microbial fermentation of
dietary polysaccharides. SCFAs are trophic to rat colon and
jejunum. They require direct mucosal contact, but may react
on the jejunum by a systemic mechanism involving the auto-
nomic nervous system. Both the parasympathetic and sym-
pathetic divisions of the autonomic nervous system must be
intact for colonic SCFA-mediated jejunal trophism. These
effects are mediated in part by gastrin (149). Structured tri-
glycerides (STG) contain one or two MCFAs, and may pro-
vide a vehicle for rapid hydrolysis and absorption due to their
smaller molecular size and greater water solubility, compared
with LCTs. Although STGs retain some characteristics of

MCT and LCT, they may represent an alternative lipid
source that could overcome the gastrointestinal intolerance
related to the use of MCT or LCT in critically ill patients.
The position of MCFAs and long chain fatty acids (LCFAs)
on the glycerol backbone of a STG affects its intestinal hy-
drolysis, site of absorption, uptake and lymphatic transport
(150). STGs do not affect the absorption of cholesterol.

The absorption of cholesterol by BBM of rabbit small in-
testine is protein-mediated; there are two proteins that are
part of the integral BBM protein. These facilitate cholesterol
and phosphatidyl choline absorption (151). The intestinal
uptake of alpha-linolenic acid is carrier-mediated in ham-
sters. The addition of other polyunsaturated LCFAs to the
incubation mixture inhibits linoleic acid uptake by more
than 80%. This suggests that the intestinal uptake of both
linoleic and alpha-linolenic acids is mediated by a mem-
brane carrier common to LCFAs (152).
FABPs: The topic of intracellular binding proteins for fatty
acid-mediated signal transduction pathways has been re-
viewed (153,154). The liver form (L-FABP) and the intesti-
nal form (I-FABP) of the soluble cytoplasmic FABP
differentially affect both fatty acid uptake and intracellular
esterification (155). I-FABP binds both saturated and un-
saturated LCFAs in vitro, and facilitates the cellular uptake
and/or transport of LCFAs within enterocytes. There is a
polymorphism in the second exon of the FABP2 gene that
encodes human I-FABP. Caco-2 cells expressing the threo-
nine substitution of codon 54 in I-FABP transports LCFAs
and secretes triglycerides to a greater degree than Caco-2
cells expressing alanine at this position (156).

Clinical learning point: FABPs are being recognized as
having an increasingly important role in lipid absorption.

The ileal lipid-binding protein (ILBP), also known as gas-
trotropin, is a member of the FABP gene family that binds
bile acids in the cytosol, and acts as an intracellular bile acid
carrier. The human ILBP has been cloned and localized to
chromosome 5, and is not linked to any other known FABP
family member (157). ILBP does not bind LCFAs. There is a
dose-dependent increase in ILBP mRNA in the presence of
bile, which suggests that biliary components regulate ILBP
gene expression (158).
Intracellular metabolism: The enzyme 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase catalyzes the con-
densation of acetoacetyl-CoA and acetyl-CoA to form
HMG-CoA plus free CoA. This is the rate-limiting enzyme
in the cholesterol synthetic pathway. The phospholipid lyso-
phosphatidylcholine increases cholesterol synthesis by in-
creasing the expression of HMG-CoA reductase at the level
of the expression of both the gene and the protein (159).

The bile salt-dependent cholesteryl ester hydrolase indi-
rectly modulates the absorption of esterified cholesterol
present in the intestinal lumen by a mechanism involving
the hydrolysis of the cholesterol ester by cholesteryl ester
hydrolase. This increases the free cholesterol concentration
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gradient between the micelle and plasma membrane pools,
thereby enhancing the passive cellular uptake of free choles-
terol (160). Cholesterol acyltransferase inhibitors reduce
cholesterol absorption by limiting cholesteryl ester incorpo-
ration into chylomicrons and their subsequent diffusion out
of the enterocyte across the BLM (161). Long chain choles-
teryl esters may be taken up by the BBM as such, and need
not be hydrolyzed before absorption (162).
Lipoproteins: Field and Mathur (163) have reviewed the
topic of intestinal lipoprotein synthesis and secretion. Apoli-
poprotein (apo) B is an essential structural component of
triglyceride-rich lipoproteins secreted by the liver and small
intestine. Apo B circulates in two distinct forms, apo B-100
and apo B-48. The mammalian small intestine secretes apo
B-48. The cues that modulate the post-transcriptional regu-
lation of human fetal small intestinal apo B gene expression
may include both temporal programming as well as events re-
lated to the emergence of lipid transport capability (164).

Intestinal epithelial cells express mRNA for or secrete the
following: cytokines IL-1, IL-6, IL-8 and TGF-�1. These
cells also contain surface receptors for TGF-�1, IL-1 and
IL-6. In Caco-2 cells, IL-1 beta, IL-6 and TNF-� decrease
the basolateral secretion of apo B, whereas IL-6 also inhibits
triacylglycerol secretion (165). TGF-�1 increases the secre-
tion of apo B and triacylglycerol. This suggests that in condi-
tions of small intestinal inflammation, cytokines may
contribute to the observed malabsorption of fat and other
nutrients by the small intestine. Inhibition of lipid secretion
by TNF-�, as well as decreased secretion of phospholipids,
triglycerides and cholesteryl ester, has been demonstrated in
Caco-2 cells, together with reduced de novo synthesis of apo
A-1, apo B-100 and apo B-48 (166).

Clinical learning point: Cytokines arising from bowel in-
flammation may suppress fat absorption and contribute to
the malnutrition that may occur in some IBD patients.

The chylomicron remnant is a lipoprotein particle result-
ing from the lipolysis of chylomicron triglyceride by the lipo-
protein lipase present on the capillary surfaces of muscle,
adipose tissue and other organs. Chylomicron remnants are
taken up by a receptor-mediated process across the BLM of
enterocytes, particularly in the villous tip cells of the proxi-
mal intestine (167). These remnants may provide a source of
endogenous triglyceride fatty acids for the enterocytes.
Bile acids: Bile acids are water-soluble and products of cho-
lesterol metabolism that participate in fat digestion in the
gastrointestinal tract (168). Bile acids are synthesized in the
liver and secreted into the intestine. They are subsequently
recirculated back into the liver by active absorption in the
terminal ileum and by ionic and nonionic diffusion across the
small intestine and colonic epithelia. Na+-dependant bile
acid uptake system is associated with a 99 kDa and 93 kDa
protein in the ileal BBMs. An 87 kDa protein, independent
of the presence of Na+, which is present in jejunal and ileal
BBM vesicles, may facilitate passive carrier-mediated uptake

along the length of the intestine. Some studies suggest (169)
whereas others refute (170) the presence of carrier-mediated
absorption of conjugated bile acids in the jejunum.

The uptake of glycine- or taurine-conjugated bile acids by
the guinea pig jejunum occurs by at least two mechanisms:
carrier-mediated transport and passive absorption in the pro-
tonated (uncharged) form of glycine conjugates (169). An
ileal bile acid transporter has been cloned and characterized,
and this 48 kDa protein and its mRNA expression increase
dramatically at weaning (171). The development of this
transporter is influenced by transcriptionally regulated in-
creases in mRNA and protein levels, with changes in appar-
ent molecular weight of the protein after weaning. The ileal
Na+/bile acid cotransport system is, in its functional state, a
protein complex comprising several subunits (172). A mu-
tant form of the ileal sodium-dependent bile acid transporter
has been identified (173).

BBM hydrolases may turn over more rapidly in the pres-
ence of conjugated bile acids, arising from solubilization of
the hydrolases caused by the detergent activity of bile salt
(174). Contaminated small bowel syndrome is the term
given to bacterial overgrowth of the upper small intestine
caused by intestinal anatomical or motility abnormalities.
Lipid malabsorption is common and may be related to abnor-
mal morphology or to the release of a product from the an-
aerobic bacterium having a direct effect on fatty acid uptake
(175).

Only a small fraction of the bile acid pool escapes the en-
terohepatic circulation to enter the colon. In patients who
have lost normal ileal absorptive function, bile acids are
malabsorbed, and diarrhea may result from the effect of cer-
tain dihydroxy bile acids stimulating colonic secretion by a
process that is inhibited by H1-histamine receptor antago-
nists and modified by the cyclooxygenase inhibitor indo-
methacin (176).

METALS AND VITAMINS
Iron: Iron homeostasis is maintained primarily by control-
ling its absorption in the proximal intestine. The absorptive
process for nonheme iron involves intestinal uptake, intra-
cellular transport and transfer across the BLM of the entero-
cyte. The rate-limiting uptake step is affected by a variety of
dietary as well as physiological and pathological factors. Re-
duction of nonheme ferric iron (Fe III) within the intestinal
lumen or at the cell surface is required for transfer of this es-
sential micronutrient across the intestinal BBM (177).

The rates of mucosal Fe III reduction parallel changes in
iron absorption induced by changes in body iron stores or by
metabolic inhibitors. In the mouse, the reduction of Fe III to
Fe II is a prerequisite for iron uptake by the proximal intes-
tine. In duodenal mucosal biopsy specimens from patients
with genetic hemochromatosis (GH), the rates of Fe III re-
duction and uptake are increased in untreated GH as well as
in those with GH treated with venesection (178).

While an excess intake of iron-containing wine may lead
to an enhanced deposition of iron in the liver, the iron in
wine is not well absorbed, and red wine in particular impairs
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the absorption of nonheme iron. The low availability of iron
in red wine is due to the binding of iron to polyphenols, and
absorption of radioiron is two- to threefold higher from
white wine containing a low concentration of polyphenols
than from red wines containing a higher concentration
(179). When the alcohol concentration of wine is reduced,
there is a decrease in nonheme iron absorption from red but
not from white wine.

Intracellular levels of free iron must be tightly regulated
because iron is able to catalyze the production of free radi-
cals, which result in oxidated tissue damage. Ferritin is the
major soluble cytoplasmic iron storage protein that seques-
ters excess iron in the cell and prevents oxidated cellular
damage. Cellular uptake of iron depends on the level of
transferrin receptor (TfR) expression. TfR increases with
low cellular iron levels and with increased rates of cellular
proliferation. In the iron-deficient and normal rat intestine,
TfR mRNA is expressed normally only by proliferating crypt
epithelial cells, but in iron-loaded rats, the enterocytes ex-
press both TfR mRNA and increased ferritin mRNA (180).
Mucosal ferritin does not appear to act as a shuttle protein in
iron absorption (181). The role of transferrin is unclear, but
may be “...to inform the absorptive cells of the iron status of
the body as observed in other organs” (181).

Transferrin and its receptor have no direct role to play in
iron absorption from the intestinal lumen. In the homozy-
gous Belgrade rat, the absorption of both Fe III and Fe II is re-
duced, and iron absorption is not up-regulated by low dietary
iron levels (182); this is presumably due to a defective iron
carrier in the BBM.

In GH the regulation of iron absorption (both the ‘up-
take’ and ‘transfer’ steps) is defective, and dietary iron ab-
sorption is high and inappropriate for the elevated levels of
the body iron stores. The ‘uptake’ and ‘transfer’ steps in iron
absorption are independently regulated and are increased in
GH. Immunological and molecular biological methods have
been used on duodenal tissue specimens obtained from sub-
jects with GH; a diffuse cytoplasmic pattern is noted in im-
munostaining for ferritin protein, and there are lower levels
of ferritin mRNAs for the ferritin H and L subunits (183). A
common sequence of RNA called the ‘iron-responsive ele-
ment’ (IRE) has been found in the untranslated sequences of
both TfR and ferritin mRNA. Regulation of these proteins is
accomplished through the binding of IRE sequences, in both
mRNAs of a transacting protein, the iron-responsive
element-binding protein (IRE-BP). IRE-BP also has been
called the iron regulatory protein or the ferritin repressor
protein. While intestinal endogenous IRE-BP activity, total
IRE-BP activity and iron concentration do not differ be-
tween GH and controls, mean hepatic endogenous IRE-BP
is less in GH than in controls (184).

Lactoferrin is an iron-binding protein contained in milk;
receptors for lactoferrin have been found on the surface of
some cells, including the BBM of the enterocytes (185). The
iron-saturated forms of human lactoferrins enhance cell pro-
liferation in Caco-2 cells, while iron-unsaturated forms sup-
press it (186).

Akin to how calcium binds, Fe2+ binds to taurocholate
with high affinity premicellar binding and low affinity micel-
lar binding. Premicellar taurocholate produces an enhance-
ment of Fe2+ uptake, and intestinal bile salt depletion
decreases iron absorption (187). Thus, certain bile salts may
be important for iron absorption. It is uncertain whether iron
deficiency is a complication of long term cholestasis.

Clinical learning point: Depletion of the intestinal bile salt
pool may lead to impaired iron absorption because of the
normal stimulating effect of bile acids on vein absorption.

Chronic experimental iron overload in rats leads to mor-
phological changes in the intestine, including a decrease in
crypt depth, but there are no changes in intestinal perme-
ability to lactulose, rhamnose or mannitol (188).

Although occult gastrointestinal bleeding may occur in
patients with undiagnosed anemia, other possible causes of
iron deficiency anemia, such as malabsorption due to celiac
disease, should not be forgotten (189).
Calcium: The topic of the intestinal absorption of calcium
has been reviewed (190). Intestinal absorption of Ca2+ oc-
curs by both a saturable and a nonsaturable paracellular path-
way. The transcellular transport of Ca2+ is a multistep
process, comprising the uptake of luminal Ca2+ into the en-
terocyte, the translocation of Ca2+ from the BBM to the
BLM, and its active extrusion across the BLM into the circu-
latory system. Each step in the transcellular movement of
Ca2+ has a vitamin D-dependent component, as also does the
paracellular pathway. The saturable process of Ca2+ uptake
may be competitively inhibited by strontium and noncom-
petitively inhibited by magnesium. Polyarginine reduces the
saturable component of Ca2+ uptake by competitive and
noncompetitive means, and increases the rate constant for
nonsaturable Ca2+ uptake (191).

Intestinal Ca2+ absorption is a major determinant of Ca2+

homeostasis, and approximately 50% of postmenopausal
women with osteoporosis have malabsorption of Ca2+. This
may be due in part to a deficiency of, or intestinal resistance
to, calcitriol. The biologically active form of vitamin D3 –
1,25-dihydroxyvitamin D3 (1,25[OH]2D3) – binds to a high
affinity vitamin D nuclear receptor that modulates gene
transcription or translation, as well as by nongenomic
mechanisms. 1,25(OH)2 D3 rapidly increases the break-
down of phosphoinositides, raises intracellular calcium con-
centration, activates PKC, and PKC from the cytosolic to
the particulate fraction of Caco-2 cells (192). The absorp-
tion of Ca2+ is not greatly influenced by gastric emptying
rate (193).

The capacity of 1,25-dehydroxy vitamin D (1,25
[OH]2D), the biologically active metabolite of vitamin D, to
stimulate active Ca2+ transport declines with age, as also
does the absorption of Ca2+. The rat plasma membrane Ca2+

pump has been cloned, and the isoform found in the intes-
tine has been identified. The mRNA for this isoform of the
Ca2+ pump is increased by 1,25[OH]2D. The levels of Ca2+
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pump mRNA fall with age; this is explained by an age-
related decrease in serum 1,25[OH]2D rather than by
changes in the capacity of 1,25[OH]2D to increase Ca2+

pump mRNA levels (194).

pump mRNA fall with age; this is explained by an age-
related decrease in serum 1,25[OH]2D rather than by
changes in the capacity of 1,25[OH]2D to increase Ca2+

pump mRNA levels (194).
Vitamins: Folate is central to the 1-carbon transfer reactions
required for purine and pyrimidine synthesis, aminopropyla-
tion reactions, and methylation of both proteins and DNA.
Folate deficiency may be important in the development of
epithelial tumours. However, serum folate and red cell folate
correlate poorly with the concentrations of folate in colon
tissue (195). This suggests that reduced serum or red cell fo-
late values will not necessarily identify individuals who
might benefit from folate supplements.

The water-soluble vitamin riboflavin is essential for nor-
mal cellular functions and growth. A variety of membrane
transport processes are regulated by PKA and PKC. The ac-
tivities of PKA and PKC are regulated by the level of their
respective second messengers, which in turn are regulated by
the actions of a variety of biologically active substances. In
Caco-2 cells, compounds that increase intracellular cAMP
levels down-regulate riboflavin intestinal uptake, possibly
acting through a PKA-mediated pathway (196).

Vitamin A is an essential fat-soluble nutrient required for
normal vision, growth and fetal development, along with the

development and function of many epithelial tissues. En-
terocytes play a central role in the assimilation and metabo-
lism of dietary retinal and pro-vitamin carotenoids. Dietary
retinyl esters obtained from animal sources are hydrolyzed in
the intestinal lumen by nonspecific pancreatic hydrolases
and a BBM retinal ester hydrolase. After hydrolysis, free
retinyl is solubilized in mixed micelles and is absorbed by a sa-
turable, passive, carrier-mediated process. Within the entero-
cyte, retinyl is esterified with LCFAs, and the retinal esters
are secreted mainly in chylomicron particles. Cellular reti-
nol binding protein (CRBP) and cellular retinol binding
protein II (CRBP II) play a role in intestinal retinol uptake,
retinyl ester synthesis and retinyl ester secretion in Caco-2
cells. The hydrophobic retinoids are bound in the cytoplasm
to CRBP and CRBP II. The effects of CRBP on retinyl ester
secretion are distinguished from those of CRBP II in Caco-2
cells. Intestinal retinal uptake, retinyl ester synthesis and
retinyl ester secretion are correlated with levels of CRBP
and CRBP II (197). CRBP II plays an important role in di-
recting the absorbed retinyl to the retinol acyltransferase lo-
cated in the microsomes, where re-esterification of retinol
and chylomicron formation occur. Feeding rats a diet rich in
long chain triacylglycerols increases CRBP II protein and
mRNA (198).
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