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Abstract
Throughout our lifetime, the intestine changes. Some 
alterations in its form and function may be genetically 
determined, and some are the result of adaptation to 
diet, temperature, or stress. The critical period pro-
gramming of the intestine can be modified, such as 
from subtle differences in the types and ratios of n3:m6 
fatty acids in the diet of the pregnant mother, or in the 
diet of the weanlings. This early forced adaptation may 
persist in later life, such as the unwanted increased 
intestinal absorption of sugars, fatty acids and choles-
terol. Thus, the ontogeny, early growth and develop-
ment of the intestine is important for the adult gastro-
enterologist to appreciate, because of the potential for 
these early life events to affect the responsiveness of 
the intestine to physiological or pathological challenges 
in later life. 
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INTRODUCTION
The molecular mechanisms of  fetal development of  the 
intestine have been explored using transgenic and knock-
out mice, with the suggestion of  the importance of  Wnt, 
bone morphogenetic protein (BMP), PTEN/PI3K and 
Notch signaling[1]. After midgestation, the stratified cuboi-
dal intestinal epithelium, derived from endoderm, begins 
to form villi as a result of  epithelial-mesenchymal interac-
tions[2]. Wnt and Indian hedgehog signaling interact to 
stimulate proliferation and to act as a morphogen, in turn 
acting on BMP signals in the mesenchyme to influence 
morphogenesis during the development of  the intestine[3]. 
The cellular differentiation along the crypt-villus axis is 
maintained by Wnt pathway target genes[4,5]. Unphos-
phorylated active PTEN in turn controls the activation of  
the lipid kinase PI3 kinase pathway, where the PDK1 and 
especially the PKB (Akt) ser1Thr kinases act as the main 
effecter kinases of  this proliferative pathway[6].

These complex processes are integrated to produce 
functionally important alterations during late intrauterine 
and early postnatal life of  intestinal morphology and 
function, to prepare the infant for early feeding on high-
fat milk, and then weaning onto lower fat-but higher 
carbohydrate-containing solid foods. Understanding 
these ontogenic events helps to understand the early age-
dependent approach to nutritional disease state. 

787 February 21, 2010|Volume 16|Issue 7|WJG|www.wjgnet.com

World J Gastroenterol  2010 February 21; 16(7): 787-799
 ISSN 1007-9327 (print)

© 2010 Baishideng. All rights reserved.

Online Submissions: http://www.wjgnet.com/1007-9327office
wjg@wjgnet.com
doi:10.3748/wjg.v16.i7.787



Drozdowski LA et al . Early development of the intestine

INTESTINAL MORPHOLOGY
At the time of  birth, the human small intestine is 
morphologically and biochemically more mature than 
that of  other mammals. Of  interest though, since 
rodents are born at a more immature stage than humans, 
at least some of  the brush border membrane (BBM) 
enzymatic maturation that occurs prenatally in humans 
only occurs after birth in rodents. This makes the rodent 
a useful model to better understand the process of  
intestinal maturation that occurs in premature infants.

The maturity of  the small intestine is reflective of  the 
length of  the gestational period, with the developments 
of  the human small intestine being largely completed in 
utero by the end of  the first trimester[7]. Despite tem-
poral differences in the ontogeny of  the small intestine 
between species, the processes involved in the develop-
ment of  the small intestine remain similar. Thus, the hu-
man intestine goes through each of  the stages that occur 
in rodents, so that animal studies may be used to better 
understand the development of  the human intestine.

Development of  the small intestine is comprised of  
three stages: (1) morphogenesis and cell proliferation, (2) 
cell differentiation, and (3) functional maturation[8]. Gas-
trulation is the process by which the primitive gut tube 
is formed. This consists of  the endoderm, the precursor 
to the epithelial lining of  the gastrointestinal (GI) tract, 
surrounded by mesenchyme. In humans, this process be-
gins at three weeks gestation[7].

In the embryo, the GI system is one of  the first to 
polarize by forming an entry and exit to the systems 
along the anterior and posterior axis. The hox genes are 
nuclear transcription factors that activate genes that en-
code secretory proteins. The hox genes play an important 
role in the formation of  distinct regions of  the brain 
and skeleton[7]. Through epithelial-mesenchyme interac-
tions, these proteins may also be involved in determining 
anterior-posterior patterning in the fetal gut. Similarly, 
Sonic hedgehog and Indian hedgehog pathways mediate 
epithelial-mesenchymal interactions at early stages of  gut 
formation[2].

Next, there is a transition into columnar epithelium, 
with the development of  polarized enterocytes, and the 
formation of  the BBM and basolateral membrane (BLM) 
of  the enterocyte. The formation of  nascent villi and 
microvilli occurs simultaneously, with cellular prolifera-
tion detectable along the villi. In humans, formation of  
the villus is initiated at 9-10 wk gestation, and proceeds 
in a cranial-caudal direction[7]. Villus and microvillus 
formation account for the approximate 100 000-fold 
increase in the intestinal surface area observed from the 
early first trimester period to birth[9].

The development of  intestinal crypts then follows 
in humans, but in rodents, crypts do not develop until 
after birth[10]. The human fetus and the neonatal rat have 
transient villus-like structures in the proximal colon with 
properties similar to enterocytes, including the expres-
sion of  BBM enzymes and transporters[11-13]. In later life, 
when premalignant changes occur in the colon in the 

form of  development of  colonic adenomatous polyps, 
the villous structure may recur. Interestingly, CaCO2 cells 
derived from human colon cancer cells develop villi and 
villous functions, and are a good cell culture model for 
the assessment of, for example, intestinal absorption and 
metabolism.

The cells of  the intestinal mucosa (the antagonists, 
enteroendocrine cells, Paneth and goblet cells) are com-
partmentalized within the crypt-villus unit. All four of  
the differentiated cell types of  the intestinal mucosa 
are derived from one or more multipotent stem cells 
located in each intestinal crypt[14]. As cells move out of  
the crypt and up the villus or deeper into the crypts, 
“…differentiation occurs as progeny of  the transit cell 
population migrate in vertically coherent bands…”[15]. 
Fibroblast growth factor receptor 3 (FGFR-3) is highly 
expressed in the undifferentiated crypt epithelial cells in 
the developing intestine, and FGFR-3 signaling through 
β-catenin/Tcf-4-dependent and independent pathways 
may regulate crypt epithelial stem cell expansion and 
crypt morphogenesis by the process of  crypt bifurcation 
or fission[15]. Other growth factors such as Wnt(s) and 
FGF2 may cross talk with the β-catenin signaling path-
way[16].

Cellular proliferation occurs in the crypts, differenti-
ated cells populate the villi, and the dynamic balance 
between proliferation and differentiation is balanced 
by apoptosis of  the senescent cells. Hepatocyte nuclear 
factor 4 α (HNF4α) belongs to the family of  nuclear re-
ceptor transcription factors found in the liver, pancreas, 
kidney, and intestinal tract[17,18]. HNF4α may instruct “…
cells to become specific to the intestinal epithelium”[19], 
as well as upregulating genes during epithelial cell differ-
entiation such as Apo A-Ⅳ, intestinal alkaline phospha-
tase, liver and intestinal fatty acid binding proteins[20-23]. 

Bile acids regulate their own synthesis[24]. The luminal 
concentration of  bile acids and the bile acid pool are low 
in the preterm and term infant, and rise as the animal 
ages[25,26]. These initially low values are associated with 
malabsorption of  lipids[27]. The size of  the bile acid pool 
increases with the activity of  cholesterol 7α-hydroxylase 
(Cyp7a1) and oxysterol 7α-hydroxylase (Cyp7b1) by 
mechanisms that are independent of  the farnesyl X recep-
tor (FXR), and the short heterodimeric pathway (SHP)[24]. 

Increased bile acid absorption by the ileal apical 
sodium-dependent bile acid cotransporter (ASBT) also 
contributes to the expansion of  the bile acid pool.

In mouse models of  necrotizing enterocolitis (NEC)[28], 
the preinflammatory transcription factor NF-κβ medi-
ates this intestinal injury as the result of  platelet activating 
factor (PAF) converting p105 into p50. The p50 further 
upregulates proinflammatory cytokines which lead to a 
systemic inflammatory response and acute bowel injury[29]. 

Peroxisome proliferator-activated receptor-j (PPARj) 
is a nuclear receptor which associates with retinoid X 
receptor to “…suppress proliferation and promote dif-
ferentiation of  intestinal epithelial cells…”, and to de-
crease the size of  the proliferative zone of  the intestinal 
crypts[30-32]. The thiazolidinedione drugs are PPARj ago-
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nists which reduce cholera lexin mediated chloride secre-
tion through the reduced expression of  the apical CFTR 
channels, KCNQ1 K+ channels as well as Na+-K+-2Cl- 
cotransporter-1 proteins in the BLM[33]. 

In addition to the enterocytes, four other small in-
testinal mucosal cell types develop: goblet cells, entero-
endocrine cells, Paneth cells, and M cells. M cells are as-
sociated with Peyer’s patches, and are detected by 17 wk 
of  gestation[34]. In the human intestine, all epithelial cell 
types known to occur in the adult are present by the end 
of  the first trimester[34]. The intestinal epithelium is able 
to maintain the differentiation programs of  each lineage, 
depending on the location of  the cells along the crypt-
villous and proximal-distal gradients[35,36].

The regulation of  GI development is complex, and 
involves a host of  growth and transcription factors. Re-
ceptors for epidermal growth factor (EGF), transform-
ing growth factor β (TGFβ), insulin-like growth factor 
Ⅱ (IGF-Ⅱ), hepatocyte growth factor (HGF), and 
GLP-2 are present in fetal human intestine[37,38]. Human 
fetal cortisone levels in the blood increase late in gesta-
tion[39]. Corticosterone (a glucocorticoid similar to corti-
sol) is thought to be the main factor involved in rat small 
intestinal maturation[40,41].

Studies investigating the development of  human fetal 
small intestine xenografted to SCID mice demonstrate 
that the transplanted intestine normally undergoes dif-
ferentiation in the absence of  luminal and hormonal 
factors[42,43]. This finding, in conjunction with the obser-
vation that villus formation in rodents is autonomous[44], 
suggests that intestinal development may be “hard-
wired”, i.e. is regulated largely by intrinsic factors, with 
extrinsic factors playing only a secondary role. Indeed, 
several transcription factors including N-myc, HNF3β 
and Cdx-2 have been identified as potential intrinsic fac-
tors implicated in GI development. N-myc gene knock-
out animals demonstrate defects in GI development[45]. 
Homologous null mutants of  HNF3β are lethal, as 
many structures, including the gut tube do not develop 
normally[46,47]. Cdx-2 expression is detected at the time 
of  morphogenesis in mouse intestine, and is a known 
regulator of  the expression of  the small intestinal BBM 
enzymes sucrase-isomaltase (SI)[48].

The exogenous expression of  Cdx-2 in a rat intes-
tinal cell line induces the differentiation of  goblet and 
absorptive cells from crypt cells. This suggests a possible 
role of  Cdx-2 in the ontogeny of  the GI tract. Several 
other signaling pathways (including the Notch, Wnt/
β-catenin and BMP pathways) are also thought to play 
a role in patterning the gut during development, and in 
regulating epithelial differentiation through epithelial-
mesenchymal interactions[49,50]. What then is the impor-
tance of  the extracellular matrix (ECM)?

Indeed, in addition to regulation by transcriptional 
factors, intestinal development may be controlled 
through interactions with components of  the ECM. 
Developmental changes in E-cadherins and integrins 
have been described[36,51,52], suggesting that the ECM 

may influence the ontogeny of  epithelial cells. Cultures 
of  human fetal enterocytes demonstrate enhanced dif-
ferentiation, when they are grown on components of  
the ECM[53]. This suggests that a permissive rather than 
an instructive role may be attributed to the ECM in GI 
development. Indeed, when major components of  the 
ECM have been deleted, in mice, they show no changes 
in GI morphogenesis, indicating that these components 
are not essential for GI development in this model[54].
 
FUNCTIONAL DEVELOPMENT
The functional development of  the BBM enzyme 
activity has been well characterized[55-58]. 

BBM SI is first detected in the human fetus in the 
first trimester, but is not seen until weaning in the rat[58]. 
Both rat and human fetal small intestine demonstrate 
detectable BBM lactase-phlorizin hydrolase (LPH) 
activity, but LPH expression before and after birth varies 
depending on the species[59]. In humans, BBM enzyme 
activity has been correlated to morphogenesis, with the 
development of  enzyme activity being associated with the 
formation of  enterocytes[60]. Proximal-to-distal gradients 
of  enzyme activity along the length of  the small intestine 
are established early in gestation. In addition, crypt-villous 
gradients are evident, with LPH activity being highest at 
the villous tip, and SI activity maximal in the mid-villous 
region[61].

LPH
The earliest ingested nutrient in mammals is, of  course, 
milk. The major carbohydrate in milk is disaccharide 
lactose. Lactose is cleaved by BBM LPH into glucose 
and galactose. LPH is therefore a crucial enzyme for 
neonates who are solely dependent on their mother’s 
milk for nourishment.

Human LPH is first detected in the proximal small 
intestine at 8-9 wk of  gestation, but later extends along 
the length of  the small intestine[60]. In contrast, rat LPH 
is very low until 24 wk gestation, when its activity be-
gins to increase. A rise in LPH activity in rodents occurs 
only late in the third trimester. In the human fetal jeju-
num, LPH activity correlated with the abundance of  its 
mRNA[62], consistent with the proposal that LPH activity 
is regulated transcriptionally[63-65]. Nuclear transcrip-
tion factors that have been shown to interact with the 
LPH promoter element CE-LPH1 include CDX-2[66], 
HOXC11[67]), GATA6[68], and HNF1[67].

Once weaning has occurred in nearly all species of  
mammals, both LPH activity and mRNA abundance 
decline[59,69,70]. Even in humans, the vast majority of  the 
world’s population experiences a decline in LPH activity 
sometime during childhood or adolescence. These lower 
values of  LPH activity are 5%-10% of  those values seen 
in early childhood[71]. In contrast, in geographical regions 
such as Western Europe and North America, where for 
thousands of  years dairy cattle were raised as a continuing 
source of  milk, LPH activity persists throughout adult-
hood[59,69,70], unless an adverse process affects the small 
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intestine. This is known as secondary lactose deficiency (i.e. 
the decline in LPH activity is secondary to a disease). The 
decline in LPH activity in early life in characteristic loca-
tions is primary, i.e. genetically determined. Thus, if  an 
adult with northern European ancestry presents with new 
onset milk intolerance, lactose deficiency is suspected, and 
an underlying condition such as celiac disease or inflam-
matory bowel disease is looked for.

In humans, the correlation between mRNA abun-
dance and activity of  LPH suggest that transcriptional 
and post-transcriptional mechanisms are involved in the 
development of  hypolactasia[72]. Post-translational mecha-
nisms may also be involved in the decline in LPH activity, 
through the modulation of  functional protein along the 
villus. Glycosylation of  the protein results in the 225 kDa 
form, however, the mature BBM LPH enzyme represents 
a cleavage product of  this glycosylated precursor[59,73,74]. 
The initial cleavage occurs intracellularly in a post-Golgi 
compartment[75]. This yields a protein which lacks LPH 
activity. Once LPH is inserted in enterocyte BBM, LPH is 
once again cleaved, but this time by extracellular trypsin, 
and this yields the mature and active 145 kDa form of  the 
LPH and it is cleaved[76]. 

SI
SI is a bifunctional enterocyte BBM disaccharidase with 
sucrase, isomaltase and maltase activity. Sucrase hydrolyzes 
sucrose into glucose and fructose. In humans, SI is first 
detected at 9-10 wk gestation, and gradually increases until 
just prior to birth, when a marked increase in SI occurs. 
After birth, there is a rapid decline in SI levels to values 
comparable to those found in early gestation. Sucrase is 
not normally a part of  the infant’s diet, so it is not clear 
why SI activity is so high in the human fetus. 

Fetal human SI protein is in the proSI form from 
15-30 wk gestation, but after 30 wk most of  the protein 
consists of  sucrase and isomaltase subunits[77]. Enteroki-
nase activity, which activates proteases that cleave proSI, 
appears at 26 wk, and coincides with the appearance of  
the sucrase and isomaltase subunits.

SI is transiently expressed in the colon of  both 
humans and rodents[11,13,60,78] in association with the ap-
pearance of  small intestinal-like morphology. The obser-
vation that SI is expressed in colorectal cancer cells sug-
gests that the factors that normally repress SI expression 
in the colon may be lost in cancer cells.

In mice, low levels of  SI mRNA abundance are de-
tectable in the small intestine[78]. However, rat studies 
show that there is no BBM SI activity from birth until 
weaning[58]. Thus, even between different types of  rodents 
there are variations in BBM SI development. At weaning, 
a dramatic increase in SI activity occurs, with adult rat lev-
els being rapidly established. Expression of  SI mRNA and 
protein is first detected in cells located at the crypt-villous 
junction, suggesting that the enterocytes containing SI are 
programmed in crypts. As these enterocytes migrate up 
the villus, the entire villus ultimately becomes populated 
with cells expressing SI. SI expression first appears in the 
proximal small intestine, and then proceeds distally to the 

ileum. This is a genetically programmed event that is not 
significantly affected by the animals’ diet[70,79]. Premature 
SI induction can be induced by precocious stress, gluco-
corticosteroids, insulin, or thyroxine[70,79,80]. 

There is a correlaton between fetal SI activity and 
mRNA abundance, suggesting control at the level of  
either mRNA transcription or stability[81]. A number of  
regulatory elements (including SIF1, SIF2, and SIF3) have 
been identified within the promoter region of  the SI gene, 
and are important for transcriptional induction. CDX-2 
binds to the SIF1 element and transactivates the SI gene 
promoter[48]. CSX-2 appears to be the major regulator of  
SI transcription. A number of  other potential transcrip-
tion factors have been identified, such as HOXC11, which 
like CDX-2, bind to the SIF1 element of  the SI pro-
moter[67]. HNF1α interacts with the SIF3 element and to 
a lesser extent SIF2, to activate SI transcription[82]. GATA 
zinc-finger transcription factors interact with a region of  
the SI promoter upstream of  the SIF1 element.

Glycosylation of  the SI protein occurs in the endo-
plasmic reticulum (ER) and in the Golgi apparatus, yield-
ing a 245 kDa protein[83]. Once the protein is inserted 
into the BBM, the post-translational processing is by the 
cleavage of  the molecule into two subunits which oc-
curs via trypsin digestion in the intestinal lumen[83]. The 
SI subunits remain associated by hydrostatic bonds. De-
fects in post-translational processing are thought to be 
responsible for inherited SI deficiency in humans[84]. 

Glucose transport
The ontogeny of  intestinal nutrient transport is largely 
dependent on the species that is studied. In all mammals, 
sugar transporter protein does not appear until the 
intestine differentiates and forms crypts, villi and 
microvilli. The time at which this process occurs differs 
between species (please see above), and may be affected 
by the length of  the gestational period. Differentiation 
of  the mucosa alone, however, is not solely responsible 
for triggering the appearance of  transporters, as many of  
them do not appear until after birth, or even after weaning.

Much of  the research on the ontogeny of  intesti-
nal transport comes from rodent studies. Rodents are 
considered to be altricial, meaning that they are born 
“premature” as compared to humans. Indeed, many of  
the postnatal changes in the intestine seen in rats occurs 
parentally in humans, making neonatal rodents an ideal 
model for premature infants[85]. The pig is also a useful 
model of  ontogeny, due to the similarities between the 
pig and the human small intestine[86].

The intestinal transport of  nutrients, such as glucose, 
is first detected in the fetal small intestine of  mammals, 
including humans[87]. Both placental nutrients[88,89] as well 
as the swallowing of  amniotic fluid[90] contribute to fetal 
nutrient acquisition. In fact, the volumes of  amniotic 
fluid which are swallowed in humans in utero at term are 
estimated to be approximately 500 mL/d[91]. Taste buds 
are detected early in gestation[92], and early experiments 
have shown that human fetal swallowing increases trans-
amniotic saccharin infusion, and decreases following the 
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infusion of  noxious substance[93]. Injection of  galactose 
into the amniotic fluid of  fetal rabbits increases intesti-
nal mucosal weights, as well as the uptake of  glucose[94]. 
Thus, even fetal rabbits are able to up-regulate intestinal 
transport capacity in response to nutrients. The impor-
tance of  fetal swallowing in the development of  the GI 
tact is also highlighted by experiments in which fetal 
sheep underwent esophageal ligation to prevent amniotic 
fluid from reaching the small intestine[95]. A decrease in 
small intestinal villous height, intestinal weight and body 
weight resulted. 

Prenatal intestinal transporters are critical for the 
development of  the fetus, as an estimated 10%-15% of  
fetal protein requirements in rhesus monkeys are met 
through nutrients that are present in the amniotic flu-
id[96]. The presence of  growth factors released from the 
GI tract may also be important, as gastric infusion of  
epidermal growth factor (EGF) reversed the weight loss 
seen following esophageal ligation[90].

Once the epithelium lining the small intestine dif-
ferentiates into columnar cells at 9-10 wk of  gestation, 
transport BBM proteins including SGLT1 are ex-
pressed[97]. Significant levels of  SGLT1 mRNA are also 
detected in fetal tissue, suggesting that carrier-mediated 
transport of  glucose may be occurring[98]. Dramatic 
increases in the site density of  SGLT1 are observed in 
fetal pigs between 74% of  term and birth[98]. Between 17 
and 30 wk gestation in humans, the duodenal-ileal gradi-
ent of  glucose absorption is established[99]. In rats, glu-
cose transport and SGLT1 protein and mRNA increase 
at weaning to levels higher than those seen in suckling 
or in adult animals[100,101]. Curiously, phloridzin does not 
block glucose transport by SGLT1 in suckling and ma-
ture animals to the same extent that it does in weanlings. 
This may suggest the presence of  an age-specific alter-
native mechanism of  glucose transport, or an age-related 
difference in the phloridzin binding site on SGLT1.

Kinetic analysis of  glucose uptake rates in BBM 
vesicles from human fetal tissue suggests the presence 
of  two transport systems. In addition to SGLT1, a low 
affinity, high capacity system is detected in the proximal 
small intestine[102,103]. This may represent GLUT2, which 
has been described in the BBM of  adult rats exposed to 
high luminal sugar concentrations[104].

Human and rat fetal small intestine also express 
GLUT1 (as do erythrocytes and brain tissue), which ap-
pears earlier than GLUT2, and decreases gradually dur-
ing fetal life[105,106]. Although the mechanism of  this de-
velopmental regulation is unknown, GLUT1 may be in-
volved in early cell growth proliferation. Intestinal BLM 
GLUT2 mRNA is expressed at high levels at birth[101], 
and GLUT2 transports glucose and fructose. In fact, 
GLUT2 mRNA is detected in fetal rats as early as day 
16 following conception, even before intestinal villi are 
formed[106]. GLUT2 mRNA increases after weaning, and 
subsequently decreases to adult levels[101]. GLUT2 in the 
developing intestine is regulated by luminal glucose and 
fructose[107]. Luminal perfusion of  20 d old rat pups’ in-
testine with fructose or glucose (100 mmol/L) increases 

GLUT2 mRNA. This enhancing effect of  luminal glu-
cose or fructose was blocked by the transcription inhibi-
tor actinomycin D, but was not affected by the protein 
synthesis inhibitor cycloheximide. GLUT2 mRNA was 
also increased in bypassed intestinal loops, suggesting 
that systemic factors are involved in its regulation. Inter-
estingly, GLUT2 mRNA abundance was even higher in 
the bypassed loop than in the section that was perfused, 
suggesting a possible compensatory mechanism due to 
perceived starvation.

Sugar uptake increases with the gestational age of  
the animal, and typically peaks immediately after birth, 
when the intestine takes over the burden of  nutrient ac-
quisition from the placenta. Studies done on pigs using 
the everted sleeve method demonstrate that the maximal 
transport rate (Vmax) for D-glucose was highest im-
mediately after birth, with a subsequent decrease in the 
value of  Vmax associated with the onset of  suckling[86]. 
In contrast, in newborn pigs the onset of  suckling ap-
pears to stimulate increases in BLM GLUT2 density[108]. 
It is not known if  GLUT2 activity protein or mRNA can 
be modified by sugars in the intestinal tract of  humans.

At birth, all enterocytes appear to have the capability 
to transport nutrients. As a result, uptake occurs in 
enterocytes from all along the villus, rather than just 
from the upper third, such as occurs in older rats[109]. 
This may contribute to the higher rate of  sugar uptake. 
Soon after birth, the gradient of  increasing transport as 
one moves from the crypt to the villus is established[109]. 
This may be responsible for the reduced uptake capacity 
of  the intestine observed postnatally. The “dilution” of  
fetal enterocytes with new immature cells that do not 
express transporters may be responsible for this effect. 
Indeed, the subsequent age-related decline in transport 
observed in chickens was attributed to reductions in the 
site density of  SGLT1[110].

Developmental changes in the intestinal transport of  
nutrients may also be non-specific (for example, changes 
in mucosal surface area, proliferation and migration 
of  enterocytes, or changes in intestinal permeability). 
Indeed, the subsequent age-related decline in transport 
observed in chickens was attributed to reductions in the 
site density of  SGLT1[110].

Studies on human premature neonates have used the 
urinary excretion of  D-xylose and 3-O-methyl-glucose as 
measures as passive and active carrier-mediated mono-
saccharide absorption of  these sugars, respectively, when 
compared to those born before 28 wk gestation[111]. The 
replacement of  rat fetal enterocytes along the villus re-
quires up to 2 wk, as compared to the 24-48 h required 
for the replacement of  adult enterocytes. Non-specific 
changes are responsible for ontogenic alterations in mu-
cosal weight, surface area and transport capacity. Postna-
tal development of  enterocytes results in increases in the 
surface area of  microvilli and the BLM[112,113]. Reduced 
turnover rates result in longer lifetimes of  enterocytes, 
resulting in slower replacement of  cells.

Reductions in BBM fluidity occur in post-weaning 
rabbits, in association with increases in the cholesterol-
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to-phospholipid ratio in the BBM[114,115]. In general, re-
ductions in fluidity result in reductions in permeability. 
Human neonates show decreases in intestinal permeabil-
ity within the first 30 d of  life, as assessed by lactulose/
mannitol urinary excretion[116]. 

Fructose transport
Although SGLT1 and GLUT2 are expressed in en-
terocytes both in the fetus and at birth, the expression 
of  BBM GLUT5 is only detected in post-weaning 
rats[101,117-119]. This contrasts with what is seen in pigs[86] 

and lambs[120]. In rats, GLUT5 protein and mRNA abun-
dance parallel fructose transport, and therefore remain 
low throughout the suckling phase. GLUT5 protein and 
mRNA also remain low throughout weaning in rats, with 
higher levels detected in the post-weaning phase when 
fructose may first appear in the rat[101,118,119]. This increase 
in GLUT5 mRNA and protein coincides with the rise in 
fructose uptake seen at this period. Although there is a 
temporal association between the introduction of  dietary 
fructose and the appearance of  GLUT5, the expression 
of  the transporter is “hard wired” and occurs at this time 
even in the absence of  dietary stimuli[121]. However, the 
precocious introduction of  fructose into the diet of  22 d  
old rat pups stimulates fructose transport and GLUT5 
mRNA expression[121]. Jiang et al[122] showed that luminal 
perfusions of  high concentrations (100 mmol/L) of  fruc-
tose resulted in increases in GLUT5 mRNA and activity. 
This developmental reprogramming of  fructose transport 
required de novo mRNA and protein synthesis, as both acti-
nomycin D and cycloheximide (inhibitors of  transcription 
and translation, respectively) abolished the effect.

In humans, the introduction of  solid foods and fruit 
juice containing fructose at earlier stages of  infancy, 
coupled with the increased use of  fructose as a sweetener 
in dietary products, has resulted in increased exposure to 
fructose during infancy. Fructose has been implicated as the 
major cause of  “toddler’s diarrhea”, largely because it is a 
late onset transporter that increases postnatally in human 
infants[123]. The infant intestine may not be equipped to 
absorb high amounts of  fructose, resulting in fructose 
malabsorption. Fructose may then enter the colon, and 
the high osmolarity may cause osmotic diarrhea. Even 
in adults, the incidence of  fructose intolerance may be 
increasing: in a recent study malabsorption may be over 
70% in persons with persistent, unexplained, non-specific 
GI symptoms[124]. The dose of  fructose used in this study 
was approximately equivalent to the amount of  fructose 
found in two cans of  pop. 

Amino acid transport
Amino acid (AA) transporters appear prenatally in the 
intestines of  chickens, rats, rabbits, and humans, and 
these transporters increase dramatically in the first days 
after birth[125]. In rats, rabbits, and pigs, the highest rates 
of  BBM AA and peptide uptake are seen at birth, with 
decreases during suckling and post-weaning[126-128]. In 
rats, BBM AA transporters are expressed prenatally at 

the same time or shortly after SGLT1[129]. In 17-20 wk  
gestation human fetal small intestine, all of  the AA 
transport systems studied (neutral, acidic, basic, and 
imino) were found to be functional, with a proximal-
distal gradient established shortly after cypt-villus forma-
tion[130]. In human fetuses, AA transport occurs at 14 wk 
gestation, with glucose transport at 18 wk, and fatty acid 
absorption at 24 wk gestation[131].

AA transporters, including NBAT (which transports 
cationic and neutral AA) and EAAC1 (which transports 
glutamate), are expressed in suckling rats[132]. The intestinal 
absorption of  peptides occurs via PepT1, which is distri
buted throughout the small intestine. The distribution of  
these transporters in suckling rats parallels that seen in 
adult animals. NBAT mRNA is highest in the proximal 
small intestine, while EAAC1 mRNA was highest in 
the more distal regions. While a marked crypt-villous 
gradient was found for PEPT1 and NBAT, EAAC1 
immunoreactivity is confined to the lower third of  the 
villus and to the crypts. Thus, the EAAC1 transporter 
of  glutamate is the first AA transporter with decreased 
expression during epithelial cell differentiation[132].

There are developmental changes in AA and peptide 
transport. The ontogeny of  AA transport is complicated 
due to the major species differences, and by the large 
number of  AA transport systems, and the fact that 
some AA are essential or non-essential, depending on 
the age of  the animal. Also protein requirements change 
throughout the lifespan of  an animal, necessitating 
variations in either intake or uptake of  protein or AA. 
For example, intestinal proline uptake per mg of  tissue 
is maximal at birth in rats, decreases at the end of  the 
suckling phase, and decreases further in older animals. 
This decline matches both the dietary protein levels 
and protein requirements[119]. In addition, the decline 
in uptake of  essential AA is greater than that for non-
essential AA[129]. This may be because young animals 
have a disproportionate need for essential AA in early 
life, due to their rapid growth at this age.

There are also different patterns of  uptake for indi
vidual AA. For example, in cats, the basic AA transport 
declines more steeply than does neutral AA transport. In 
humans, lysine and phenylalanine transport appears later 
than does the transport of  alanine, leucine, taurine and 
valine[133]. In rats, uptake declines at a similar rate with age 
from proline, methionine and lysine; however the decline 
in leucine uptake occurs twice as quickly[129]. Finally, in 
rats as transition occurs at weaning when the uptake of  
glucose, fructose, and lysine increase, this is coupled with 
decreases in proline and leucine uptake[119]. It is unknown 
why there are such complicated patterns of  changes in 
AA uptake in early life. 

Macromolecule transport
The uptake of  macromolecules across the intestinal 
epithelial barrier is an important route by which immu-
noglobulins, growth factors and antigens are absorbed. 
This route of  entry is especially important in neonates, 
who rely on it to obtain important immune factors from 
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maternal colostrum or milk. Most species (including 
rats, mice, and humans) are born hypoglobulinemic, and 
absorb IgG from maternal milk through proximal small 
intestine absorption[134,135].

The transport of  macromolecules across the BBM 
may occur by receptor-mediated or non-specific trans
cytosis. The transport of  macromolecules is facilitated 
by the presence of  protease inhibitors in the maternal 
colostrum. Rodent studies demonstrate specific intestinal 
receptors that bind to the Fc portion of  IgG[136]. These 
receptors are transcriptionally regulated, and are present 
in highest amounts in the duodenum[137]. In humans, IgG 
is transferred from the placenta to the fetus in the third 
trimester of  pregnancy, with receptors for IgG being 
detected in the intestine of  both the fetus and the neonate. 
Macromolecular movement across the BBM persists after 
birth, and then gradually decreases[136]. The initially high 
permeability of  the intestine declines after birth, leading 
to a process commonly referred to as “gut closure”. The 
time at which gut closure occurs and macromolecular 
transport ceases varies between species, with a rapid 
decrease in transport observed in pigs within the first few 
postnatal days, and a similar decrease seen around 21 d  
after birth in rats and rabbits[138]. In humans, the exact 
time that gut closure occurs is unknown, but intrinsic 
features as well as growth factors, hormones and breast 
milk may play a role in regulating this process. The decline 
in permeability may also be related to changes in the 
thickness and viscosity of  the mucus gel layer which coats 
the BBM. The intervillus mucus gel is increased in weaned 
as compared to suckling rats. This would potentially 
increase the effective resistance of  the unstirred water 
layer, and thereby contribute to the decrease in the uptake 
of  macromolecules. 

In human infants, uptake of  macromolecules or 
lactoalbumin declines with advancing postconceptual 
and postnatal age[139]. The ability of  the neonatal intestine 
to adapt to the presence or absence of  luminal stimuli 
is apparent from studies demonstrating a delay in spon
taneous closure of  the intestine if  breastfeeding is post
poned beyond the first 30 h of  life[140].

Pancreatic enzymes
The higher fecal fat losses in preterm infants compared 
with term infants is thought to be attributable to lower 
pancreatic and intestinal lipase activities. Despite the 
presence of  lipase in breast milk and of  lipases in the 
newborn tongue and stomach, micellar absorption of  
lipids appears later when pancreatic lipase and bile acid 
concentrations increase[141].

The human exocrine pancreas is functionally im-
mature at birth, with substantial development occurring 
after birth. Proteolytic enzymes are detected early in the 
human fetus (20-25 wk gestation), with each enzyme 
developing in a unique manner. Trypsin increases during 
fetal life, to reach 90% of  childhood levels at term[142]. 
In contrast, at birth chymotrypsin and carboxypeptidase 
B levels are less than 60% and 25% of  childhood levels, 
respectively. Despite the differences in the temporal de-

velopment of  proteolytic enzymes, protein digestion in 
the preterm neonate is adequate, and may be supported 
by the early development of  gastric pepsin and mucosal 
peptidases[143].

Pancreatic amylase activity is negligible in the hu-
man fetus, and is not detectable until one month after 
birth[144]. Salivary amylase is detected at 20 wk gestation, 
and while levels are low at birth, they increase to adult 
levels by the third month following birth[145]. Amylase is 
also present in human milk, and may aid in the digestion 
of  starch contained in weaning foods[145]. The reduced 
levels of  amylase activity may reflect the low levels of  
starch in the neonatal diet. At weaning, an increase in 
amylase activity is detected[144]. While this may be influ-
enced by the appearance of  starch in the infant’s diet, 
animal studies demonstrate a persistent increase in amy-
lase activity in rats subjected to prolonged nursing[146]. 
This suggests the presence of  an inherent genetic pro-
gram for the expression of  amylase activity, not neces-
sarily related to the starch content of  the diet.

Pancreatic lipase activity in humans is detectable at 
32 wk gestation. It remains low at birth, and increases  
10 wk after birth[147]. Lingual and gastric lipases, how-
ever, are detected at 26 wk gestation[148]. At birth these 
lipases are able to hydrolyze 60%-70% of  ingested fat, 
even in the absence of  pancreatic lipase[149]. Lipase and 
esterase activity is present in human milk, and contrib-
utes to the increased fat absorption observed in breast-
fed infants[150]. Low lipolytic activity may be the rate-
limiting step in the development of  efficient fat absorp-
tion[143,151,152]. Authors propose that it is the ability to take 
up long chain fatty acids (LCFA) from the lumen that is 
the rate-limiting step[153].

The ontogeny of  the intestine is “hard wired”, and 
occurs even in the absence of  luminal and hormonal fac-
tors[41,42]. Still, a number of  studies have demonstrated that 
variations in maternal diets, as well as weaning diets, can 
influence the ontogeny of  the intestine[154-156]. “Critical pe-
riod programming” is a phenomenon by which a biologi-
cal mechanism is irreversibly turned on or off  once during 
a lifetime in response to prevailing conditions at a critical 
stage[157]. This concept, which has also been referred to as 
“metabolic programming” or “imprinting”[158,159], has been 
used to explain associations between prenatal/neonatal 
environment events, alterations in growth and develop-
ment, and later pathophysiology[160,161]. Early exposure to 
a diet high in fructose during the suckling-weaning transi-
tion may contribute to modest dyslipidemia later in life[162]. 
Intestinal sugar uptake is also prone to critical period pro-
gramming[163].

The role of  dietary lipids in the programming of  
intestinal nutrient transport has been studied[154-156,164,165]. 
Thomson et al[164] demonstrated that feeding eight-week 
old rabbits a low cholesterol diet for two weeks reduced 
intestinal glucose uptake, and that this effect persisted 
for at least ten weeks after the animals returned to eat-
ing a normal diet. The response to diet depended on the 
duration of  feeding, the age of  the animals, and whether 
or not there was previous exposure to the diet. In this 
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study, effects on sugar transport were not explained by 
changes in food intake, body weight or intestinal weight. 
Furthermore, persistent changes were seen in the active 
transport of  glucose, galactose, leucine and bile acids, 
while changes in the passive uptake of  lipids were re-
versible.

When the ratio of  polyunsaturated to saturated fatty 
acids in the diet of  weanling rats is altered, diets en-
riched in saturated fatty acids increase hexose uptake, 
and these alterations were fast, progressive and irrevers-
ible[154]. Feeding the same diets to pregnant and lactating 
rats resulted in similar increases in sugar uptake in their 
weanling offspring[166]. Curiously, these changes were 
not seen in the suckling offspring, suggesting that the 
mechanisms responsible for adaptation may not be fully 
developed in these animals. Perin et al[165] confirmed that 
the weanling intestine was capable of  adaptation, by con-
tinuing to feed the offspring of  pregnant dams the same 
diet for three weeks post-weaning. Persistent alterations 
in sugar uptake were seen in response to variations in 
dietary lipids, once again emphasizing the importance of  
early exposure in the programming of  intestinal nutrient 
transport. In addition to the differences between suck-
ling and weanling offspring, the pattern of  adaptation 
also appeared to differ between the jejunum and ileum.

Further studies went on to characterize the effect of  
diets enriched with arachidonic acid, docohexanoic acid 
and diets with different ratios of  n6 to n3 fatty acids on 
intestinal nutrient transport[156]. As in the previous study 
by Perin et al[166], these maternal diets critically influenced 
the ontogeny of  the intestine, with many of  the changes 
in transport being irreversible. Furthermore, responsive-
ness to later dietary challenges depended on early-life 
feeding experiences, once again emphasizing the impor-
tance of  early dietary exposure to the development and 
later adaptability of  intestinal transport of  nutrients. 

Lipid and bile acid transport
Studies using human fetal jejunal explants (14-20 wk 
gestation) maintained in serum-free organ culture 
demonstrated increases in chylomicron, VLDL and HDL, 
paralleled by increases in triglycerides and cholesterol 
eaters. This demonstrates the ability of  the fetal intestine 
to absorb fat in conjunction with ontogenic increases 
in lipid and lipoprotein synthesis[167]. Apolipoprotein B 
synthesis is developmentally regulated: fetal intestine 
synthesizes only apoB-100 at 11 wk, but both apo-48 and 
apo-B100 are synthesized at 16 wk, with apoB-46 being 
predominant in the mature intestine.

Pinocytosis of  lipid globules is important after 
birth. The immature rat intestine is also able to absorb 
fatty acids and cholesterol[168]. Triglycerides (TG) are di-
gested by gastric and lingual lipases into fatty acids and 
2-monoacylglycerols, and their uptake is higher in the 
immature intestine than in adults[168,169]. Fatty acid bind-
ing proteins on the BBM are present in adults[170]. Lipid 
uptake is thought to be passive in sucklings (Meddings 
and Theisen, 1989). Once taken up into the enterocytes, 

lipids are resynthesized into TG, phospholipids (PL) and 
cholesterol esters (CE)[171].

Bile acids include solubilizing lipids in the intestinal lu-
men, which facilitate their diffusion through the intestinal 
unstirred water layer external to the BBM. Intestinal bile 
acid uptake is an important step in the enterohepatic cir-
culation of  bile acids (recently reviewed in Kullak-Ublick 
et al[172], and this uptake is therefore important in the over-
all process of  lipid absorption. Bile acid transporters are 
curiously absent during suckling when fat intake is high 
and when bile acid secretion and recycling would be ex-
pected to be maximal. It is speculated that the malabsorp-
tion may allow bile acids to enter the colon and affect the 
development of  the enteric flora. It is likely that passive 
absorption of  bile acids during the suckling period may be 
the mechanism by which bile acids are recirculated[172]. 

Sodium-dependent bile acid transporters in the BBM 
or cytosol are detected in the rat at weaning[173,174]. Abrupt 
increases in bile acid transport at weaning occur in rat 
and human ileum, and are due to parallel increases in the 
steady state mRNA abundance and transporter num
ber[175,176]. 

CONCLUSION  
Thus, the ontogeny, early growth and development of  
the intestine is important for the adult gastroenterologist 
to appreciate, because of  the potential for these early life 
events to affect the responsiveness of  the intestine to 
physiological or pathological challenges in later life. 
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