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■ Abstract We are becoming increasingly aware of inherited genetic abnormalities
as causes of disease. However, alterations in gene expression can also contribute to
other disease processes. Recently it has been suggested that our environment may alter
such genes and thus be a direct influence on disease. Diet is a potent mechanism for
altering the environment of cells of most organs, particularly the gastrointestinal tract.
This review addresses the influence of nutritional factors on intestinal gene regulation.
These influences include insulin, which is not a dietary component but responds to
dietary changes, and butyrate, a short chain fatty acid produced by normal intestinal
flora. Manipulation of diet may be a means of treating intestinal disorders. Nutritional
treatment therefore is also discussed in the light of its effect on gene expression.
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INTRODUCTION

Part of the increasing advances in molecular biology includes the study of the
regulation of gene expression in health and disease. The importance of gene ex-
pression is not restricted to inherited disorders but includes many other disease
processes. New forms of treatment could develop if the relationship between dis-
ease processes and the ability to alter gene expression were more fully understood.
Vectors to insert new genetic material into cells to alter gene expression are under
active investigation. However, other means of altering gene expression by altering
the molecular environment surrounding the cell remain to be fully explained. The
greatest influence on the environment of the intestinal epithelium is diet. Under-
standing how dietary changes influence intestinal gene regulation may therefore
result in the use of nutrition as a therapeutic tool of the future.

In bacteria, thelac operon (30) is a prime example of how nutritional changes
alter gene expression. Adding lactose to bacterial culture media results in the in-
duction of proteins that transport and hydrolyze lactose. Similarly, inEscherichia
coli, lack of tryptophan was shown to lead to up-regulation of the genes that handle
tryptophan, thetryp operon (60). Studies of nutrient-gene regulation in bacteria
and yeasts are in abundance. In higher-functioning organisms, the situation is dif-
ferent. The mechanisms controlling gene expression are more complex, and the
components of nutrition that may be responsible need to be identified. In addition,
other factors may affect the luminal environment, thereby influencing such intesti-
nal gene expression as hormones, growth factors, microbial flora, and antigens.

The luminal environment constantly changes with diet. The epithelial cell of
the intestine is the first to encounter such changes, and so in this review, attention
is focused on how nutrition may alter gene expression in the enterocyte. We also
include the influence of insulin, which—although not a dietary nutrient—responds
acutely to dietary changes, and butyrate, a short-chain fatty acid produced by
normal intestinal flora.

PATHOPHYSIOLOGY

The regulation of gene expression by nutrition requires two mechanisms. First,
enzymes or receptors within the enterocyte must recognize the nutrient. This
results in a sequence of events that ultimately alters the transcription or trans-
lation of genes. Changes in the intestinal lumen may directly affect the apical
aspect of the epithelial cell or act indirectly via hormones, growth factors, and
cytokines (Figure 1). Pathways connecting dietary alterations to changes in gene
expression are incompletely understood and are currently under investigation.

Dietary alterations may have effects on several genes mediated through many
different pathways (Figure 2). Protein expression may be due not only to single
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Figure 1 Dietary changes may affect gene expression directly (through the apical mem-
brane) or indirectly (through the basolateral membrane).

gene induction in cells along the crypt-villus axis but also to alteration in the state
of differentiation of epithelial cells, with gene expression being a part of these
changes. Studies have shown that the rate of epithelial proliferation and differen-
tiation are determined by luminal contents (49, 73). Also, alterations in luminal
content may not affect the epithelium already formed but may induce a new lineage
of cells to develop that express a gene arising from the crypt. In Crohn’s disease,
there is evidence that alongside ulcers, a cell lineage develops that secretes epider-
mal growth factor locally, which in turn enhances epithelial cell proliferation and
promotes reconstitution of the epithelial barrier (142). Elucidating these changes
and their mechanism of action may lead to therapeutic dietary manipulation.

Traditionally, it has been assumed that the expression of genes in the small
intestine is preprogrammed and not influenced by events in the intestinal lumen.
An alteration in epithelial cell phenotype secondary to nutritional factors would
have several advantages. First, the intestine could adapt to absorb nutrients more
effectively if specific digestive enzymes and transporters were up-regulated by the
repeated intake of a particular nutrient (discussed in detail later). Second, as all
mammals are fed from mother’s milk, there is an opportunity for breast milk to in-
fluence the development of the epithelium through actions of its own constituents.
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Figure 2 Cross talk through the apical membrane depends on the particular signal in-
volved. IGF, Insulin-like growth factor; EGF, epidermal growth factor.

Third, if genes affected in the epithelium were immunologically important, the
intestine could influence mucosal immune responses by signaling information to
the mucosal immune system and beyond through changes in the expression of ep-
ithelial cell genes. Each of these areas is likely to represent important physiological
mechanisms that have implications for child health.

BREASTFEEDING

Breast milk provides nutrition and is immunoprotective to the newborn. Because
the intestinal epithelial cells are the first to encounter breast milk, it is reasonable
to suppose that breast milk may influence the development of these cells. Several
factors in milk can affect gene expression of the enterocyte. Growth factors such
as epidermal growth factor have increased brush border enzyme activity and affect
growth and development of the enterocyte. There is a greater effect in the fetus
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and newborn than in the developed intestine (6, 17, 140). Other components of
breast milk have also been shown to affect the same genes (55). Research into the
exact mechanisms involved is currently under way.

One factor that has received much attention is lactoferrin. This is a glycopro-
tein found in high concentrations in breast milk, particularly colostrum. Similar
in structure to transferrin, it is present in neutrophil granules, but in plasma its
concentration is low in comparison to transferrin. The actions of lactoferrin are
relevant to infant feeding practices because some artificial infant milk formulas
now contain added bovine lactoferrin.

Specific lactoferrin binding sites have been identified in the intestinal brush
border membrane of several species: a human fetus (65), rhesus monkeys (26),
rabbits (81), and mice (59). Lactoferrin is resistant to the action of proteolytic
enzymes (12, 25), and so a direct biological effect on the intestinal epithelium is a
possibility. Cox et al (21) suggest that the major role of lactoferrin is iron delivery
to the intestinal epithelium. In cultured epithelial cells depleted of iron, the lacto-
ferrin binding sites actually increase in number, thereby specifically increasing the
amount of iron transported into enterocytes (85).

In addition to increasing the bioavailability of iron in the intestine, studies in
different cell lines have suggested that lactoferrin acts as a proliferative factor.
These include human lymphocytes (53), mouse embryo fibroblasts, rat myoblasts
(14), human colon adenocarcinoma cells (HT 29) (1), and adult rat crypt cells
(90). Lactoferrin can also influence brush border enzyme activity. Oguchi et al
(96) showed that the effect on sucrase and alkaline phosphatase activity depended
on whether lactoferrin was saturated with iron.

Another suggested role for lactoferrin in vivo is to function as a scavenger
for iron (and perhaps other substances) to prevent unbound iron from causing free
radical–mediated damage to the tissue (110). This is an indirect effect on intestinal
epithelial gene expression because if left unscavenged, these luminal factors could
directly affect enterocyte gene expression. An example is the binding of lactoferrin
to lipopolysaccharide, a major component of bacterial cell walls, which modifies
its effect on enterocytes (86). However, a purely luminal role is not supported by
the presence of specific receptors in the brush border membrane. Direct effects
should be mediated through these receptors. The human lactoferrin receptor has
now been cloned and sequenced (74). Research using transfected cell lines with
lactoferrin DNA promoter response elements will help to determine whether the
lactoferrin receptor does signal directly to the enterocyte.

Lactoferrin is secreted by neutrophils. Its effect on gene expression of cells of
the immune system has been studied. This may give further insight into its mode
of action in breast milk on enterocytes. Lactoferrin binds avidly to DNA in vitro
(4, 5). It can also be taken up by leukemic cells and appear in the nuclei bound to
DNA (43). He & Furmanski (54) determined which nucleotide sequences of DNA
specifically bind to lactoferrin and quantified the binding of iron, which was greater
in saturated than unsaturated lactoferrin. These sequences were added to an artifi-
cial gene promoter attached to a reporter gene and transfected into leukemic cells.
The expression of the reporter gene was up-regulated by the addition of lactoferrin

A
nn

u.
 R

ev
. N

ut
r.

 2
00

0.
20

:3
11

-3
38

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 M
or

eh
ea

d 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FUI/LVF P2: FQP

June 29, 2000 22:22 Annual Reviews AR103-14

316 SANDERSON ¥ NAIK

to the culture media and to a greater degree with iron-saturated lactoferrin. The
possibility exists, therefore, that lactoferrin from breast milk can cross into an in-
fant’s intestinal epithelium via its receptor, enter the nucleus, and program the cell.
Lactoferrin does affect the proliferation and differentiation of intestinal epithelial
cells (96), and its actions depend on the degree of iron saturation. These enterocyte
gene expression changes may be mediated by mechanisms similar to those shown
by He & Furmanski (54). Future research will help to resolve this issue.

Maternal diet influences the composition of breast milk. These changes could
then lead to subsequent changes in the enterocyte. Several animal studies have
elegantly demonstrated this effect. Jarocka-Cyrta et al (63) altered the lipid content
of pregnant rats during gestation and suckling. At birth, the diet was continued
or crossed over. Differences were seen in jejunal and ileal uptake of fatty acids,
cholesterol, fructose, and glucose and in weight gain. Perin et al (100 ) altered
maternal diet in rats during nursing. The same diet was given to weanlings and older
rats. The three groups were compared by examining uptake of fatty acids, chole-
sterol, fructose, and glucose. Jejunal uptake of fatty acids was greater in sucklings.
Different adaptive patterns between jejunum and ileum were noted in sucklings,
and different patterns of adaptation between sucklings and weanlings in response
to dietary lipid alterations were seen. These findings could not be explained by
age- or diet-associated alterations in villus height. They emphasized the important
effect dietary lipids had on development of the intestine. In this review, we first
address the underlying changes in intestinal gene expression and return to intestinal
development when discussing the effects of individual components of nutrition on
enterocyte gene expression later.

SIGNALING FROM THE INTESTINAL LUMEN
TO THE MUCOSAL IMMUNE SYSTEM

The intestine absorbs nutrients and at the same time functions as a barrier to the
external environment. The mucosal immune system plays an important role in
maintaining this balance. The epithelium has traditionally been thought to func-
tion merely as a passive barrier with areas of selective filtration. The notion that it
could respond to luminal contents and signal their presence to the mucosal immune
system is a relatively new concept. Nutrient transporters and disaccharidases are
dependent on genes whose actions are restricted to the epithelial cell monolayer.
Changes in their expression in response to an altered luminal environment are a
form of cellular adaptation (Figure 3). However, when the epithelial cell secretes
proteins whose actions go beyond the boundary of the cell, it becomes a mediator
between luminal contents and target cells outside the epithelial barrier, particu-
larly immunocytes in the mucosa. There is evidence that the intestinal epithelium
can secrete cytokines (124), which directly alter immune responses. In addition,
growth factors and their binding proteins can affect proliferation of immune cells
and the enterocyte can act as an antigen-presenting cell itself.
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Figure 3 Possible interactions of molecules from the intestinal lumen with the epithelium.
Traditionally, the epithelium has been seen as a seletive barrier to molecules, admitting
those required for energy intake or immunosurveillance and excluding others (A). However,
nutrients can alter the phenotype of epithelium to adapt to changing nutritional needs (B).
When changes in the intestinal lumen induce new proteins that interact with mucosal immune
cells, the epithelium can act as a membrane signaling information from the lumen to the
immune system (C).

Regulation of epithelial cell genes that control the mucosal immune system
enable luminal factors to influence immune responses while maintaining full ep-
ithelial barrier integrity. Although the absorption of luminal factors is an impor-
tant method by which the mucosal immune system surveys the intestinal lumen,
it requires the entry of molecules through the epithelial barrier. This provides a
potential source for invasion by pathogens. The poliovirus, for example, enters
by this means, exploiting the normal uptake of macromolecules. The ability of
the epithelium to signal information to the mucosal immune system without the
need for a physical pathway from the lumen to the serosal surface offers obvious
advantages in terms of epithelial protection.

Mucosal immune responses play a major role in gastrointestinal diseases.
Therefore, if the epithelium modifies the immune response according to the lumi-
nal environment, dietary alterations could be used therapeutically to manipulate the
luminal environment, as in the use of enteral feeds for Crohn’s disease (discussed
later).

GENES OF IMMUNOLOGICAL IMPORTANCE
IN THE INTESTINAL EPITHELIUM

Many studies now confirm that the intestinal epithelium can synthesize several im-
munologically active proteins. These include cytokines (33, 83, 106, 97, 118, 143),
growth factors and binding proteins (22, 23, 120), and surface molecules. Human
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diseases are associated with the increased production of some of these proteins,
either in the circulation or in the gastrointestinal tract (77, 105). Dietary factors
alter the expression of some of these proteins by the enterocyte.

Cytokines

Chemokines are a family of chemotactic cytokines that mediate migration and ad-
hesion and activation of granulocytes and macrophages. They are low-molecular-
weight, basic heparin-binding proteins divided into two large subgroups according
to structural differences and chromosomal location. Theα chemokines, clustered
on chromosome 4, have an amino acid between the first two cysteines (CXC pro-
teins) whereas theβ family, located on chromosome 17, do not (CC proteins).
Up-regulation of these chemokines is by stimulation of cytokines, such as in-
terleukin (IL)-1, tumor necrosis factor, lipopolysaccharide, IL-6, orγ interferon
(19, 139). Dexamethasone is a strong down-regulator (135).

In the intestine, many cell types can secrete chemokines; these include mono-
cytes and macrophages, endothelial cells, fibroblasts, and epithelial cells (3, 128,
144). IL-8, anα chemokine, is a potent neutrophil attractant. In inflammatory bowel
disease there is a marked neutrophil invasion, and increased levels of IL-8 have
been documented (61, 78). Monocyte-chemoattractant protein 1, aβ chemokine,
attracts monocytes and macrophages and is constitutively expressed by intestinal
epithelial cells. This is also up-regulated in inflammatory bowel disease (106).
There is evidence emerging that these cytokines can be altered by dietary factors.
Butyrate is a short-chain fatty acid produced by the normal gut flora. Levels vary
according to the bacteria present and the type of diet. Formula-fed infants produce
more butyrate in their stools compared with breast-fed infants, where the predom-
inant fatty acid is acetic acid (70). Adult levels are reached by the age of 2 years
(84).

IL-8 is not constitutively expressed by the enterocyte. Butyrate further en-
hances the production of IL-8 following stimulation with proinflammatory agents
(IL-1, lipopolysaccharides) in intestinal epithelial cell lines. It is interesting to
note that the same group found a simultaneous down-regulation of monocyte-
chemoattractant protein 1. (42). The mechanism of action of butyrate appears to
involve histone acetylation (discussed in further detail below). In rodents, the
equivalent cytokine to IL-8 is macrophage inflammatory protein 2. Similar stud-
ies using cell lines derived from rat intestinal epithelium have also demonstrated
an increase in macrophage inflammatory protein 2 in response to lipopolysaccha-
ride and butyrate (97). It appears that during inflammation, butyrate alters both the
number and type of cells in the gut mucosa, through changes in chemokine pro-
duction of epithelial cells. If in vivo studies confirm this finding, dietary treatment
to optimize butyrate levels and thus alter chemokine expression in the gut may
become a feasible option for treatment. Enteral nutrition is an accepted treatment
for pediatric inflammatory bowel disease (113). Breese et al showed a reduction
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in γ interferon and IL-2 in the mucosa following enteral nutrition (9). Whether
this effect was direct or mediated through changes in the enterocyte, possibly in
relation to butyrate levels, needs further evaluation.

Class II Major Histocompatibility Complex and Invariant
Chain Expression

To elicit an immune response, antigens require processing and presentation to
T cells by antigen-presenting cells. Common antigen-presenting cells are macro-
phages, dendritic cells, B-lymphocytes, and Langerhans cells. The molecules
that present the processed antigen to the T cell receptor are class II major histo-
compatibility complex (MHC) heterodimers (Ia in rodents). Other cells express
class II MHC, including intestinal epithelial cells, which may function as antigen-
presenting cells. Hershberg et al (56) used tetanus toxoid and HLA-DR–restricted
T cells to show that cultured human enterocytes directed to express HLA-DR could
initiate class II processing after internalization of antigen from the apical surface.
CIITA, a class II transactivator, stimulates class II processing without altering
barrier function of the enterocyte that is usually seen following stimulation with
γ interferon. Here coexpression of CIITA facilitated antigen processing from the
basolateral side.

Exogenous antigens require the presence of another protein for efficient pro-
cessing and presentation, the invariant (Ii) chain. In mouse intestinal epithe-
lium, diet strongly affects the expression of class II MHC and invariant chain.
These molecules are expressed from before birth in the lamina propria but ap-
pear to be developmentally regulated in the epithelium (111). Their expression
can be altered, by delaying weaning from mother’s milk to normal chow. Three
to four days after weaning onto normal chow, the mouse intestinal epithelium
expresses both invariant chain and class II MHC. However, weaning onto an el-
emental diet similar to that used therapeutically in Crohn’s disease did not in-
duce expression of these molecules or their transcripts (112). Clearly, dietary ma-
nipulation influenced gene expression in the intestinal epithelium in vivo, again
supporting the idea that alterations in gene expression may be a tool for treating
disease.

Growth Factors

Growth in children is related to both nutritional intake and underlying disease. It is
well documented that in developed countries, children in immigrant communities
grow taller than their parents. In inflammatory diseases of childhood, growth is
related not only to the degree of inflammation but also to poor nutritional intake.
Growth hormone does not correlate directly with linear growth. Insulin-like growth
factor (IGF)-1 is an important mediator of the effects of growth hormone and is
thought to be mainly responsible for nutrient control of growth in health and disease
(66, 75, 122).
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In extracellular fluids, IGF-1 is bound to IGF-binding proteins (IGFBPs), six of
which have been cloned (18). There is an inverse correlation between IGFBPs and
IGF-1. Nutritional factors alter circulating levels of IGFBPs. Protein restriction
increases IGFBP-1 levels, which fall on refeeding. IGFBPs are secreted mainly
by Kupffer cells (138), whereas IGF-1 is synthesized by hepatocytes. Because
IGFBP-1 is also sensitive to insulin, the direct effects of nutrition on its expression
are unclear.

Immune responses depend on activation of T lymphocytes and on an ability to
proliferate. Activated T and B cells have receptors for IGF-1. IGF-1 increases T
and B cell proliferation and is chemotactic for activated T cells. Human intestinal
epithelial cells secrete IGFBPs (94, 95). Through this mechanism, the enterocyte
may influence proliferation of activated mucosal lymphocytes. In vitro studies
have shown that nutritional factors can alter the production of IGFBPs. Butyrate
increases IGFBP-2, which avidly binds to IGF-2, but down-regulates IGFBP-3,
the molecule binding most strongly to IGF-1 (91). These changes correlate with
IGFBP mRNA levels.

Staley et al (125) examined the effects of an IGF-1 analogue on intestinal
growth. Newborn rat pups were fed either rat milk replacer or replacer with
added IGF-1 analogue or they were maternally fed. After 3 days, differences
were noted in villi height, cell count, IGF levels, and IGFBP levels, demonstrat-
ing an effect of nutrition on gene expression. Nutrition can, therefore, influence
IGF/IGFBP secretion by the liver into the circulation, which results in growth
changes of the whole individual (127), but it may also affect the IGF/IGFBP
system in the epithelium and lead to proliferative changes of the local immune
system.

Epidermal growth factor (EGF) enhances growth and differentiation of intesti-
nal epithelial cells in vitro and in vivo (49, 69, 137). There is evidence of interaction
between EGF and IGF in the intestine. EGF induces brush border enzyme activity
in several species, including rabbits, rats, and piglets (40, 98). The increased en-
zyme activity could result from an actual increase in the number of enterocytes that
can express these enzymes, i.e. cell proliferation or a more direct effect. EGF acts
synergistically with carbohydrates and glucocorticoids to increase sucrase activity
(103). Studies administering EGF to rats have shown an increase in DNA synthe-
sis in the small intestine, particularly during suckling (20, 102). The underlying
signaling pathways of EGF are not well understood but they appear to involve
several protein kinases, in particular mitogen-activated protein kinase. EGF has a
role to play in intestinal adaptation, signaling to the mucosal immune system and
influencing enterocyte development (due to its presence in breast milk). Eluci-
dating the pathways involved will contribute to the overall understanding of how
EGF influences intestinal gene expression.

Vascular endothelial growth factor has recently been found in high concen-
trations in breast milk. It is interesting to note that a specific receptor has been
identified on intestinal epithelium (119). Its role and influence by nutrients will
further link breast milk actions to changes in the diet.
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THE ROLE OF DIETARY NUTRIENTS

The effect of luminal contents on gene expression is multifactorial, as previously
mentioned. A normal diet consists of varying proportions of carbohydrate, pro-
tein, fats, vitamins, and minerals. We therefore look at these components to exam-
ine their individual influence on intestinal gene expression. Several animal-based
studies in particular have found that dietary modifications alter intestinal gene
expression of various substances, but the exact underlying mechanisms in many
cases have yet to be fully elucidated.

Carbohydrate

Glucose enters the epithelium by active transport via a sodium-coupled glucose
transporter, SGLT1. Sodium-coupled glucose transporters represent part of a
family of proteins that carries nutrients into a cell across concentration gradi-
ents. The activity of some transporters is increased by the presence of their
substrate in the diet (28, 29, 36, 121). In bacteria, transporter activity (such as
that of the lac operon) increases 100- to 1000-fold, whereas in mice, the fig-
ure for inducible transporters increases at most two- to threefold. In mice, an in-
crease in dietary carbohydrate resulted in an enhanced expression of the glucose
transporter, and changes were seen in the crypts before the villi (35, 37, 38). On
stopping dietary carbohydrate, again the reduction in transporter was seen first
in the crypts. This implies that the changes in gene expression were effected by
new cell lineages from stem cells. It is the stem cell producing the new cell lin-
eage that therefore must contain the machinery for detection of carbohydrate. The
resulting cell population that ascends along the crypt-villus axis expresses this
change.

Sucrose-isomaltase (SI) is a membrane-anchored hydrolase transported to the
apical aspect of the epithelial cell, where it is split into two subunits by a pancreatic
protease. It is essential for the digestion of sucrose and the terminal digestion
of starch. In rats, no detectable SI activity appears in the intestine during the
first 2 weeks postnatally, but it appears at weaning. Adult levels are reached
by 4 weeks (72). Sebastio et al (115, 116) demonstrated a similar developmental
profile for sucrase activity and sucrase-isomaltase mRNA in rabbits and human
embryos, which suggests a primary site of control at the level of transcription. The
expression of SI is affected not only by the ingestion of sucrose but also by EGF
and glucocorticoids. Emvo et al (34) investigated the effects of hydrocortisone,
EGF, and sucrose alone or in combination on the expression of sucrase activity
and SI mRNA in normal and adrenalectomized rats. Each factor alone was able
to increase sucrase activity and SI gene expression, with further enhancement on
combining the factors. The difference between normal and adrenalectamized rats
demonstrated an effect independent of endogenous glucocorticoids.

Lactase phlorizin hydrolase (LPH) is expressed in the small intestine of mam-
mals. During suckling, levels of lactase are high; on weaning, levels fall. Goda
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et al (47) fed 6-week-old rats either low-starch diets, containing long-chain or
medium-chain triglycerides, or high-starch diets and found higher LPH mRNA
levels and LPH protein synthesis in the high-starch group. They also found a
lower lactase activity in the long-chain triglycerides group compared with the
medium-chain triglyceride group. After, a 12-h force-feeding of sucrose but not
α-methylglucoside, a nonmetabolizable sugar, enhanced LPH mRNA levels (47).
Subsequently, Tanaka et al (132) have shown that the increase of LPH mRNA
was due to alterations at the transcriptional level. They fed 7-week-old rats a
low-carbohydrate diet (5.5% of energy as cornstarch) for 7 days. This diet was
then continued for 12 h and compared with a diet containing varying amounts
of glucose, fructose, sucrose, galactose, andα-methylglucoside. Lactase activity
in the brush border membrane and in jejunal homogenates was measured. Tran-
scription rates were measured using an intron probe and nuclear run on assays.
Glucose, fructose, sucrose, galactose, and glycerol all increased lactase activity in
the jejunal homogenates and brush border membranes and LPH mRNA, but only
fructose increased the rate of LPH gene transcription.

Glucose-6-phosphate is an enzyme that plays an important role in glucose
homeostasis. Chatelain et al (15) have shown that levels of glucose-6-phosphatase
mRNA were present in liver, kidney, and small intestine of suckling rats but not
in stomach, adipose tissue, heart, brain, or muscle. Jejunal glucose-6-phosphatase
increased in the first 5 days after birth and then gradually fell. Weaning onto a low-
fat, high-carbohydrate diet had no effect on jejunal levels but markedly increased
liver glucose-6-phosphatase mRNA.

Other studies have examined the effect of glucose on glucose-dependent in-
sulinotropic peptide in rats. Both glucose and fat increased intestinal mRNA ex-
pression and fasting decreased levels. The changes appear to be at a pretranslational
level (57).

GLUT-5 is a transporter that enables fructose to be absorbed from the small
intestine. Diets with a high fructose content up-regulate intestinal GLUT-5 mRNA
levels and thus increase the rate of transport of fructose. This increase has been
shown to be due to luminal fructose and not to circulating levels of fructose or its
metabolites (24).

In diabetics, increasing fiber intake improves glycemic control. Interest has
therefore arisen in the effect of additional fiber on glucose transport and glucose
homeostasis. Proglucagon is a polypeptide synthesized by L cells in the distal
ileum and processed in the intestine to glucagon-like peptides (GLP). GLP-1 stim-
ulates insulin secretion, inhibits glucagon secretion, and delays gastric emptying.
GLP-2 is involved with GLUT-2 secretion and epithelial cell proliferation. A high-
fiber diet increases levels of GLP-1 and ileal proglucagon mRNA in rats and dogs
(79, 104). These changes may be related to microbial fermentation of the fiber.
Tappenden et al (133) have shown that supplementing total parenteral nutrition
with short-chain fatty acids in rats with 80% bowel resection led to a significant
rise in ileal proglucagon mRNA, GLUT-2 mRNA, mucosal mass, and ileal uptake
of glucose.
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Protein

Few studies have examined the direct effects of different dietary protein con-
centrations on intestinal gene expression. However, protein restriction strongly
correlates with growth failure, so attention has been paid to the effects of di-
etary protein on levels of IGF and IGFBPs. We discussed the latter in relation
to the intestine. If alterations in dietary protein affect IGF and IGFBP levels,
an indirect effect on the intestine may result. In vitro studies using a human
hepatic cell line showed that depletion of arginine, leucine, or cystine induced
IGFBP-1 mRNA levels in a dose-dependent manner, to a degree similar to that
found in patients with kwashiorkor (64). IGF-1 and IGF-2 levels were not af-
fected. Chickens fed a low-protein diet had lower plasma levels of IGF-1 com-
pared with control animals, which returned to normal on refeeding. IGFBP lev-
els were induced by protein restriction, but there was no effect on IGF-2 levels
(67).

Postnatal growth and development requires an adequate amount of dietary
protein. In Wistar rats, restriction of maternal protein during gestation leads to
decreased birth weight and liver weight of pups, with alterations in IGFBP expres-
sion and IGF-1 but not IGF-2 in serum and in liver tissue. A crossover study was
then performed whereby the pups resumed a normal growth rate, but body weight
remained below the control group. The reduction of serum IGF-1 and reduced
somatic and organ growth supports a role for IGF-1 in the control of catch-up
growth (87, 88).

The effect of protein intake is not restricted to the enteral route. Ma et al
(76) demonstrated the positive effect of supplementation of parenteral nutrition
with alanine and glutamine. Rats underwent an 80% small bowel resection. The
control group was treated with total parenteral nutrition whereas the study group
was given parenteral nutrition supplemented with alanine and glutamine. Mu-
cosal thickness and villus height were increased in the study group, together with
a reduction in bacterial translocation. Ileal mucosal IGF-1 mRNA was twice as
high as that in the control group, and jejunal mucosal glutaminase was three times
greater.

The breakdown of protein may be altered itself by restricting dietary protein
intake. For example branched-chain aminotransferase is an enzyme that cat-
alyzes the first step in the breakdown of leucine, valine, and isoleucine. The
highest levels are in the stomach, but other tissues are also affected, including
liver, muscle, and the intestine. In rats, baseline levels were determined. The rats
were subjected to 5 weeks of protein malnutrition and then reintroduced to di-
ets with varying amounts of protein. Enzyme levels were reduced during the
malnourished state and recovered to above that of control levels on reintroduc-
tion of protein in a dose-dependent fashion. Whether this indicates a specific
regulation of branched-chain aminotransferase activity requires further studies
examining the exact amino acid profile of the diet and the total protein content
(136).
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Fat

Gastric lipase accelerates the digestion of triglycerides in human milk by releasing
free fatty acids, which enhance pancreatic lipase and colipase activities. Its im-
portance is seen in conditions where pancreatic lipase activity is low, as in cystic
fibrosis and in premature and newborn infants (31, 41, 52, 71). In adult humans,
changing from a low-fat to a high-fat diet doubles the amount of gastric lipase
(2). In rabbits, a similar change in diet induced a 100% increase in gastric lipase.
The triglyceride composition had no effect (8). The underlying mechanism, when
elucidated, may allow manipulation of expression for clinical purposes, as in the
nutrition of cystic fibrosis and oral intake by premature and newborn infants.

Cellular retinol-binding protein II (CRBP II) is a cytosolic protein found in
abundance in the intestine. Increased levels of CRBP II mRNA and protein were
found in the jejunum of rats fed a diet enriched with long-chain triglycerides
compared with those fed low-fat diets or those fed diets with added medium-
chain triglycerides. Retinoid X receptor (RXRα) interacts with theciselement of
the CRBP II promoter. Levels of RXRα were similar in the long- and medium-
chain triglyceride groups, which suggests that the expression of CRBP II was
modulated by long-chain triglycerides or metabolites and not directly related to
RXRα expression (48). This same group subsequently used nuclear run-on assays
to show that the changes in CRBP II mRNA are due to changes at transcription
level (129). This effect is greater with unsaturated fats (130).

Peroxisome proliferators are a diverse group of rodent hepatocarcinogens that
include lipid-lowering agents, herbicides, and plasticizers. In rodents, administra-
tion increases the number and size of hepatocyte peroxisomes, and what is more
interesting, it increases fatty acid metabolism by inducing peroxisomalβ oxida-
tive enzymes. Some members of the steroid hormone receptor superfamily of
ligand-activated transcription factors have been identified that can be activated
by peroxisome proliferators. They are termed peroxisome proliferator–activated
receptors (PPAR), and four isoforms have been identified (α, β, γ , δ). PPARs
are thought to play key roles both in mediating expression of fat-specific genes
and in adipogenesis. In humans, the tissue expression and potential for regulation
of PPAR expression in vivo is unknown. In the previously mentioned study in
rats, the high-fat diet resulted in an increase of PPARα mRNA. Gel shift assays
demonstrated enhanced binding activities of RXRα-PPARa to CRBP II with the
addition of PPARα ligands.

A high-fat diet increases the risk of colonic, breast, and prostate cancer. In
mice predisposed to intestinal neoplasia, treatment with a synthetic PPARγ ligand
increased the number of polyps in the colon but not the small intestine. Activation
of PPARγ may thus provide a link between a high-fat diet and an increased risk
of colorectal neoplasia (107).

Fatty acid binding proteins (FABP) are cytosolic proteins that reversibly bind
to long-chain fatty acids. Two main forms are intestinal FABP (I-FABP) and liver
FABP (L-FABP). Both participate in the uptake and metabolism of long-chain
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fats. Poirier et al (101) examined the effects of dietary oil and fat infusion on
the expression of FABP in the small intestine of mice. Daily force-feeding of
sunflower oil increased L-FABP mRNA and protein levels in the duodenum and
proximal jejunum. Linoleic acid, the main fatty acid found in sunflower oil, caused
an up-regulation in a time- and dose-dependent manner. Long-chain fats induced
L-FABP in an intestinal cell line grown in serum-free media, thus excluding a
hormonally mediated effect. This is in contrast to rats, in which exposure to a
high-fat diet caused an increase in both L-FABP and I-FABP in the ileum (93, 117).
The differences may be explained by the percentage of fat used in the diets. The
study in rats used 20%–38% vegetable oil, nonphysiological, whereas the diet in
mice was only slightly enriched in sunflower oil, 3%–6% in standard chow.

A further effect of dietary fat intake is on the expression of apoprotein B gene
expression. Rabbits were fasted overnight, and there were no differences in apopro-
tein B mRNA levels on refeeding with saturated or unsaturated fats, although the
latter had higher plasma cholesterol levels. However, following an overnight fast,
the rabbits were given a gastric tube feed of their test diet and studied 2 h later.
This resulted in a twofold increase in intestinal apoprotein B mRNA and a similar
increase in transcriptional activity of the apoprotein B gene independent of the diet
composition (39).

Vitamins and Minerals

Vitamin D Vitamin D is responsible for a wide range of biological responses
due to the actions of its active metabolite 1α,25-dihydroxyvitamin D3. Vitamin D3
affects bone formation and mineral mobilization and modulates tubular resorption
of calcium and phosphorus in the kidney. We concentrate on the effects on the
intestine where calcium transport is stimulated. Calbindin D28K is a member
of a superfamily of calcium binding proteins that share an affinity for calcium
ions. Hall & Norman (51) examined the regulation of calbindin D28K gene
expression in the intestine of chicks. Vitamin D–deficient chicks were fed either
a calcium-supplemented diet (3%) or a low-calcium diet (0.4%). The levels of
calbindin D28K mRNA and protein were unaffected, although serum calcium
changed significantly. Administration of vitamin D3 to both groups stimulated a
28-fold increase in duodenal calbindin 28K when measured 48 h later. The calcium
ion alone cannot modulate calbindin gene expression but requires the presence of
vitamin D3. Similar results have been found in the rat intestine for calbindin 9K
(10, 27).

Subtractive hybridization screening procedures have been used to isolate
differentially expressed cDNA. Chou et al (16) used this technique based on
vitamin D status to identify genes for novel proteins that are transcriptionally
regulated by vitamin D metabolites in chick intestine and kidney. In the intes-
tine, six mitochondrially encoded transcripts were up-regulated and seven nuclear
encoded transcripts (including calbindin) were up- or down-regulated. In the kid-
ney, mitochondrial and nuclear transcripts were affected differently by vitamin
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D3 status, demonstrating tissue-specific regulation by vitamin D3 of nuclear and
mitochondrial gene expression in the kidney and intestine.

Dietary Phosphorus Dietary phosphorus restriction up-regulates intestinal vita-
min D receptor (VDR) through an as-yet-unknown mechanism. The effects of a
low-phosphorus diet on VDR content in male Sprague Dawley rats in intestine,
kidney, and splenic macrophages were examined (123). The low-phosphorus diet
was given for 1–10 days. Serum phosphorus fell in the first 3 days, with a parallel
increase in serum calcium. Serum vitamin D3 rapidly increased in the first 5 days
and then at a slower rate till day 10. In the control group, ligand binding assays
showed that intestinal VDR increased 3.5-fold until day 3 and then fell to a plateau
during days 5–10, whereas in the study group, Northern blot analyses showed in-
testinal VDR increased twofold by day 2 and approached control levels by day 5.
A low-phosphorus diet did not up-regulate VDR mRNA levels in macrophages or
the kidney. This indicates a tissue-specific up-regulation that is time dependent.
Acute dietary restriction (day 1–5) up-regulates intestinal VDR mRNA through
increased VDR gene expression, whereas chronic restriction (day 5–10) may be
through mechanisms that are consistent with prolongation of the half-life of the
receptor.

Copper Copper is an essential dietary trace element. Copper-deficient rats have
hypertriglyceridemia and hypercholesterolemia and increased plasma levels of
apoprotein B and E. However, intestinal apoprotein B and E mRNA are no different
than normal rats, indicating a lack of effect of reduced dietary copper on intestinal
gene expression at the mRNA level (80).

Zinc Zinc, another trace element, is involved in the regulation of gene ex-
pression especially through the metal response elements of the metallothionein
genes. Whether there are other aspects of the function of zinc in gene expression
remains unknown. Blanchard & Cousins (7) looked for intestinal mRNAs that
are regulated by zinc. For 18 days, rats were fed either a zinc-deficient or a
zinc-adequate diet or they were pair-fed a zinc-adequate diet. Total RNA was
prepared from the intestine and analyzed using a reverse-transcriptase polymerase
chain reaction method of mRNA differential display. Several cDNA bands were
identified that differed in the zinc-deficient group. Of those confirmed to be regu-
lated, several had homology to already known genes, such as cholecystokinin and
uroguanylin. Novel sequences that did not match either the reported expressed
sequence tags or the functionally identified genes were also identified. These
need further characterization to determine whether they are primary or secondary
effects.

We have discussed some of the important effects that individual dietary com-
ponents have on intestinal gene expression. We now draw attention to two factors
that, although not dietary constituents, are acutely affected by diet and that play a
role in gene regulation of the intestine: insulin and short-chain fatty acids.
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SHORT-CHAIN FATTY ACIDS

Undigested carbohydrates and some dietary fibers are fermented in the large in-
testine to form short-chain fatty acids. These include acetate, propionate, and
butyrate. The latter is the preferred energy substrate for colonocytes, and as pre-
viously mentioned, levels vary according to bacterial flora present and type of
diet. It has long been known that butyrate is involved in gene regulation. Studies
with butyrate have shown an elevation of fetal hemoglobin by induction of gamma
globin gene expression (82). Because butyrate is found in the lumen of normal
intestine, one could suppose that it also plays a role in intestinal gene regulation.

Twenty years ago, evidence emerged that dietary fiber stimulated epithelial
proliferation of the intestine and mucosal development, in the presence of gut mi-
crobes. Further studies showed that this effect was due to short-chain fatty acids
(108). Subsequently, administering different types of fiber to rats has shown a cor-
relation between cell proliferation indices and specific short-chain fatty acids, with
butyrate having the most profound effect compared with acetate and propionate
(62, 109). Depending on the substrate medium used and the dose of butyrate, inhi-
bition of cell proliferation and differentiation can occur and indeed cell apoptosis
can be induced (46, 68).

In addition to its effect on cell proliferation, butyrate influences the secretion
of chemokines by the intestinal epithelium. This effect is through the ability
of butyrate to inhibit the enzyme histone deacetylase (Figure 4). Core histone
acetylation is increased, which alters chromatin structure and transcription rate. In
intestinal epithelial cell line studies, where butyrate influenced chemokine secre-
tion (42), similar results were obtained using trichostatin A. This compound is an
antifungal agent and a potent inhibitor of histone deacetylase, thus confirming the
mechanism of action of butyrate. The same mechanism of action is responsible for
the previously mentioned induction of gamma globin expression by transcriptional
activation (82).

INSULIN

Glucose concentrations in the blood tightly control the secretion of insulin from
pancreatic islet cells. In the rapid response to glucose, alterations in gene expres-
sion play no part. Release of insulin from storage granules follows calcium influx,
which in turn is probably induced by minor increases in ATP from the metabolism
of glucose and other nutrients. Glucose, however, also exerts a more lasting ef-
fect on insulin production through increased transcription and translation of the
insulin gene. The rate of translation of proinsulin mRNA to protein is enhanced
by glucose by three methods. (a) The transfer of initiated insulin mRNA from
free to membrane-bound ribosomes is increased. (b) The rate of pausing of the
proinsulin as it passes along the ribosome is decreased. (c) The cellular machinery
involved in the elongation of proteins in pancreatic islet cells is directly stimulated
by glucose (50, 92, 141).
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Figure 4 Relationship between nucleosomes and DNA. (A) DNA is wrapped two full turns
around nucleosomes made up of unacetylated histones. (B) With butyrate-induced acetylation,
the nucleosome expands, reducing the number of turns of DNA around the nucleosome to 1.8,
with less linker DNA connecting each nucleosome. The result of this is that DNA cannot pass
linearly from nucleosome to nucleosome but turns at an angle after every nucleosome, leading to
disruption of nucleosome packaging.

Long-term changes in insulin production are also mediated by transcription.
Rats fasted for 4 days have low insulin mRNA concentration, which returns to nor-
mal on refeeding (44, 45). These changes control the ability of the pancreas to
secrete insulin during dietary manipulations and enable the islet cells to adapt to
long-term dietary changes.

Several animal studies have looked at the effect of insulin on sucrase-isomaltase
expression. An injection of streptozotocin renders animals diabetic, and increased
intestinal levels of sucrase and isomaltase have been found (58, 99). Administer-
ing insulin at a dose sufficient to normalize blood glucose concentrations returns
the enzyme activity to normal. Use of phloridzin to normalize blood glucose
however, has no effect on sucrase or isomaltase activity. Insulin, rather than blood
glucose, appears to regulate expression of sucrase-isomaltase (131). Buts et al
(13) gave insulin to suckling rats between days 11 and 14. They found increased
sucrase-isomaltase complex levels and increased mRNA, but IGF-1 appeared to
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have no effect (13). The latter group had normal endogenous insulin production,
with insulin being used to lower blood glucose and not to correct hyperglycemia.
This difference may explain the conflicting results.

In diabetic rats following streptozotocin injection, proglucagon levels take
3 days to rise above control levels despite hyperglycemia. Both plasma proglucagon
and intestinal proglucagon mRNA are increased at 3 days. Insulin and phlo-
ridzin both correct the hyperglycemia, but only insulin normalizes levels of plasma
proglucagon and intestinal proglucagon mRNA (32).

Aldolase B is an enzyme of the glycolytic pathway. Enzyme activity and
mRNA levels decline on fasting and increase on refeeding with a carbohydrate
diet. To elucidate the mechanisms involved, Munnich et al (89) studied the role
of hormones and substrate on the expression of aldolase B in intestine, liver, and
kidney. The amount of cytoplasmic RNA was determined in the tissues of nor-
mal, adrenalectomized, thyroidectomized, diabetic, or glucagon- or cAMP-treated
rats refed either a fructose- or a maltose-rich diet. In intestine, only diabetes and
throidectomy affected gene expression. In normal fasted rats, no induction oc-
curred with any of the hormones.

The intestinal oligopeptide transporter (Pept-1) plays a major role in protein
nutrition and drug therapy. Thamotharan investigated the role of insulin in its
expression (134). A human intestinal cell line (Caco-2) was used with glycyl-
glutamine as the substrate. Physiological doses of insulin greatly stimulated the
uptake of substrate by the cells within 30–60 min. Pept-1 gene expression was
not affected, but Pept-1 protein in the apical membrane was increased. The effect
of insulin persisted when Golgi apparatus was dismantled (involved in trafficking
newly synthesized Pept-1) but was eliminated by disruption of apparatus involved
in trafficking preformed Pept-1. Increased translocation from a preformed pool is
the likely mechanism of action of insulin rather than an effect on gene expression.

CLINICAL IMPLICATIONS OF NUTRIENT-GENE
INTERACTIONS

The benefits of trophic feeding compared with total parenteral nutrition in im-
proving intestinal length, mucosal mass, and brush border enzyme activity have
been established. Understanding these effects on intestinal gene expression will
enable practicing clinicians to optimize their clinical management of patients,
as in the use of nutrition in critically ill patients unable to eat, or in prema-
ture infants or patients following bowel resection where intestinal adaptation is
important.

We have highlighted several factors in the intestinal lumen that affect gene
expression in enterocytes. Dietary manipulation is an important aspect of man-
agement in gastrointestinal diseases. A classic example is the use of enteral feed-
ing in the treatment of pediatric Crohn’s disease. Initially it was assumed that
improvements occurred because of a reduction in antigen load; however, whole
protein polymeric diets are just as efficacious as elemental diets. It is likely that
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the diets alter more than one factor in the local environment of the lumen. If we
determine which factor(s) are more responsible for the subsequent reduction in
inflammation, manipulation of the diet can occur to maximize response.

It has been suggested that short-chain fatty acid utilization by colonocytes
in ulcerative colitis is impaired. The resulting changes in epithelial cells in turn
leads to loss of mucosal barrier, resulting in inflammation. On this basis, butyrate
enemas have been used in clinical studies. Several placebo-controlled studies
showed no benefit (114, 126). Breuer et al (11), however, demonstrated a sig-
nificant response in patients with ulcerative colitis of less than 6 months’ duration.
Epithelial loss is particularly evident in newly diagnosed patients, and the effects of
butyrate on epithelial cell turnover may be important in these cases. Because in vitro
studies suggest an up-regulation of proinflammatory chemokines with butyrate, it
is not surprising that the results differ according to the patients studied. Further
clarification of its role in intestinal gene expression and signaling to the mucosal
immune system will result in better use of butyrate clinically.

It is interesting to note that the effect of butyrate on cell differentiation and
apoptosis is causing interest in potential therapeutic use in colorectal carcinomas.

CONCLUSION

This review has attempted to lay down certain concepts of how dietary factors may
affect the expression of genes in the intestine. The basic component is a system
of recognizing changes in dietary factors acting on an epithelial cell (sensing) and
a mechanism of converting these external molecule-cellular molecule interactions
into changes in gene expression (signal transduction). The underlying mechanisms
involved are beginning to be elucidated.

In the intestine, the epithelium can interact with other immune cells and may
influence inflammatory reactions. Therefore, manipulation of the constituents of
the lumen through dietary means could open up a new vista for treatment of human
diseases. Genetic expression is regarded as a central feature of many human
disorders. Understanding how nutrition can alter intestinal gene expression is an
early step in the realization of its potential therapeutic implications for the future.

Visit the Annual Reviews home page at www.AnnualReviews.org
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