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ABSTRACT

Nutrition has a key role in the modulation of the developing intestine in early infancy, and nutrients are able
to modulate several intestinal functions including nutrient absorption, ion transport, cell growth and differ-
entiation, motility and immunomodulation. Such modulation is exerted in part through a direct interaction
between a single nutrient and the enterocyte. Two functions - ion transport and cell growth - are closely
connected and appear to be modulated by nutrients. This is supported by the finding that a single nutrient
(e.g. zinc) stimulates ion absorption and also promotes enterocyte growth. Interestingly, intracellular sig-
nalling for either effect is similar and involves mitogen-activated protein kinase. Other nutrients also modu-
late enterocyte function and there is evidence that their effect may depend on their side of action (apical or
basolateral) and concentration. Knowledge of the interaction between nutrients and enterocytes may be
exploited to obtain clinical effects using nutrition as a long-term treatment for intestinal and non-intestinal

conditions.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Ion transport and cell proliferation in the newborn intestine

The final weeks of pregnancy prior to delivery are crucial for
achieving full intestinal length and maturation of digestive activities.
The intestine grows rapidly and the digestive processes achieve full
maturation [1]. This process is closely associated with enterocyte pro-
liferation and transepithelial electrolyte transport. The latter events
are strongly related. To maintain electrolyte homeostasis, a complex
interaction between secretory and absorptive processes is necessary.
Ion secretion and absorption are distinct processes that occur in intes-
tinal crypt and villus cells [2] and are controlled by a complex array
of endocrine, paracrine, autocrine and neuronal stimuli. Mature villus
cells are in a physiological absorptive state, whereas proliferative crypt
cells are in a secretory state. Therefore, ion transport also depends on
the turnover of intestinal epithelium [3].

In the final stages of pregnancy and at birth, the rapidly evolving
events need to be finely modulated. The foetal intestine is exposed to
amniotic fluid containing hormones and peptides that may have a role
in intestinal maturation [4]. The influence of enteral nutrients on the
maturation of foetal gastrointestinal tract was demonstrated by the
reduced body weight and small intestinal weight in foetal pigs with
oesophageal ligation [5]. It was also shown that enterocyte prolifer-

* Corresponding author.
E-mail address: alfguari@unina.it (A. Guarino).

0378-3782/$ - see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.earlhumdev.2010.01.008

ation is positively influenced by growth factors present in amniotic
fluid [6].

Both enterocyte proliferation and ion transport undergo dramatic
changes at birth, when there is the need for immediate adaptation.
Fast replication is needed to reduce intestinal permeability and close
the barrier to bacteria and antigen translocation. The process is com-
pleted in due time in term children, whereas intestinal barrier func-
tion is impaired in pre-term infants. In newborns, the immaturity of
the mechanical barrier may contribute to the pathogenesis of necro-
tising enterocolitis (NEC) [7].

Specific nutrients and other endogenous molecules can directly
influence intestinal mucosal turnover, repair and adaptation. Human
milk accelerates maturation of the gut barrier function, reduces the
incidence of intestinal inflammation in neonates and protects from
NEC. In particular, colostrum possesses a potent growth-promoting
activity, whereas milk formula has no such effect [6]. Colostrum and
human mature milk contain several growth factors, including growth
hormone (GH), epidermal growth factor (EGF), insulin-like growth
factor-1 (IGF-I) and hepatocyte growth factor (HGF), zinc and lacto-
ferrin (LF), the concentrations of which change during lactation [4,8-
11]. Interestingly, stimulation of intestinal growth by human milk
rapidly decreases within a few days after birth.

In this article, we focus on the physiological modulation of intes-
tinal functions exerted by moieties of a heterogeneous nature and
completely different origin that have similar effects on epithelial
cell proliferation and intestinal ion transport. We describe the effects
of GH, zinc, LF and probiotic strains on intestinal cell growth and
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ion transport and their interpretation as key players in perinatal
intestinal adaptation.

2. Effects of GH on cell proliferation and ion transport

GH directly exerts a trophic effect in the intestine. It stimulated
enterocyte growth and differentiation in rats that had undergone
small bowel resection [12], and induced a trophic effect in human
mucosa cultured in vitro [13].

However, GH also plays a role in intestinal ion transport. It de-
creased the short-circuit current (Isc) in rat intestine as well as in
Caco-2 cell monolayers mounted in Ussing chambers, an effect con-
sistent with anion absorption [14,15]. GH promoted ion absorption
through the upregulation of the cNOS-NO-cAMP (cyclic-nitric oxide
synthase-nitric oxide-cyclic-adenosine monophosphate) system in
the basal condition and with secretive stimuli [16] (Fig. 1).

Interestingly, GH effects on intestinal ion absorption and pro-
liferation were both dependent on mitogen-activated protein kinases
(MAPKs), suggesting a possible coupling of the two biological re-
sponses [17].

3. Zinc: a trace element with effects on ion transport and
cell growth

Zinc is a trace element necessary for a variety of physiological
and biochemical functions, including the integrity of the intestinal
barrier and gut-associated immune function, reduction of oxidative
stress and inhibition of apoptosis [18]. Zinc is directly involved in
crypt cell proliferation [19] and epithelial intestinal cell differentia-
tion [20], whereas zinc deficiency is associated with suppression of
colonocyte proliferation [21]. In addition, zinc deficiency in malnour-
ished children is associated with severe diarrhoea [22] and gener-
alised nutrient malabsorption due to mucosal atrophy. Moreover,
diarrhoea induces loss of zinc, which inhibits mucosal turnover and
repair, leading to further malabsorption of zinc and other nutrients
[23]. Zinc addition induces ion absorption in enterocytes in basal
conditions. Further, adding zinc to Caco-2 cells directly reduced ion
secretion induced by three of the four established intracellular signal
transduction pathways that are responsible for enterotoxin diarrhoea:
cAMP, Ca®™, and NO. In contrast, zinc did not prevent cyclic-guanosine
monophosphate (cGMP)-mediated ion secretion, although it may
have some minor protective effect through its action on basal ion
transport [24,25].
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4. LF: a human milk protein capable of dose-dependently
modulating proliferation and differentiation of the enterocyte

LF, an iron-binding 80-kDa glycoprotein, is found in amniotic fluid
and mammalian milk in both iron-saturated and iron-unsaturated
forms [26]. Its concentration in human milk shows a peculiar pattern,
peaking in colostrum and rapidly decreasing in mature milk. [10] LF
is a major proteic component of human milk and exerts a broad spec-
trum of physiological activities, such as enhancement of immune
function, defence against pathogenic bacteria and viruses, and stimu-
lation of healthy microflora [27].

LF induced extracellular signal-regulated kinase (ERK)-dependent
enterocyte proliferation and differentiation.

LF effects were concentration dependent: high LF concentrations
induced a potent and rapid increase in intestinal epithelial cell prolife-
ration, whereas low LF concentrations induced stimulation of lactase
and sucrase, two marker disaccharidases of enterocyte differentiation.
Therefore, LF functionally modulates both enterocyte proliferation
and differentiation. This suggests that higher concentrations of LF
in colostrum contribute to the early proliferation of intestinal cells,
whereas lower LF concentrations promote enterocyte differentiation.
This pattern is highly functional in the first days of life to close the
intestinal barrier and then promote the development of digestive—
absorptive processes. Interestingly, LF had no effect on ion transport.
This difference with GH and zinc - that are active on both ion trans-
port and cell proliferation - may depend on the selective activation of
ERK, but not p38, by LF.

5. The sixth organ: the microbial system and its effects on the
developing intestine

A key role at the intestinal level, especially during the perinatal
period, is exerted by enteric bacteria [28].

Intestinal microflora are considered to be a true human organ
(called the ‘microbial organ’) that exerts local (intestinal) and sys-
temic (extra-intestinal) functions such as:

- a trophic effect on intestinal epithelium,

- increases mucosal barrier,

- competition with pathogenic micro-organisms,

- modulation (increase or decrease) of nutrient absorption, and

- immunological imprinting (as a consequence of microbiological
imprinting).

Proabsorptive +

Secretive stimulus Secretive stimuli
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Fig. 1. The cNOS-NO-cAMP pathway has a key role in enterocyte fluid absorptive/secretory processes. The cNOS-NO-cAMP homeostatic pathway is essential to maintain mild secretion
in the basal condition (A). A proabsorptive stimulus (GH) upregulates cNOS-NO signalling to reduce cAMP intracellular levels, resulting in a decrease in chloride secretion (B).
A secretive stimulus (CT) increases cAMP intracellular levels by activating adenylate cyclase (AC), resulting in a potent secretion of chloride. The cNOS-NO pathway was upregulated,
functioning as a braking force to reduce chloride secretion (C). This mechanism was further upregulated by a proabsorptive stimulus reducing the enterotoxic effect of CT (D).
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These functions are largely derived from studies in germ-free (GF)
animals. The intestinal morphology in GF animals showed a decreased
growth rate of intestinal epithelial cells and a decrease in crypt/villus
ratio with longer microvilli, resulting in a decrease in surface area of
the mucosa [29,30].

Lactobacillus casei GG (LGG) is the most studied probiotic with
respect to its effects in humans. It stimulated intestinal epithelial cell
proliferation at high doses by AKT signalling and prevented cytokine-
induced apoptosis. These effects are mediated by soluble bacterial
proteins [31]. In addition, through the production of short-chain fatty
acids (SCFA), resident bacteria positively influence intestinal epithe-
lial cell differentiation and proliferation, and mediate other metabolic
effects [32].

6. Interpretation of the intestinal adaptive response

GH and zinc have an important, yet similar role in the regulation of
ion pro-absorptive tone of enterocytes in physiological conditions and
in reducing the secretory effects induced by enterotoxic factors.

The signal transduction of the effects of GH and zinc was also
identical, suggesting that a close relationship exists between ion
absorption and cell growth in the early phase of intestinal develop-
ment. This pattern may be interpreted as an evolutionary feature in
that it protects from diarrhoea (one of the major danger in terms of
evolution) and allows nutrient absorption and therefore growth. It
is somehow surprising that two moieties that are so different - a
hormone with a complex quaternary structure and a metal - share the
same effects through the same pathways.

It may be hypothesised that the enterocyte has evolved a common
response to ‘positive moieties’ including ion absorption and cell growth.

Intestinal adaptation depends on factors that modulate intestinal
functions and that act not only with a time- and dose-related pattern,
but also with a time-related fine-tuning. GH and LF concentrations, for
example, peak in colostrum, then decrease in human mature milk and
exert the necessary effect in the developing intestine [10,33].

Further, the zinc content in human milk is related to the stage
of lactation [11] and intestinal zinc absorption in infants is home-
ostatically adapted in response to its bioavailability [34].

Therefore, the evolving intestine receives specific signals that are
precisely regulated.

A better understanding of early intestinal adaptation and the
effects and mechanisms of functional intestinal modulators may pro-
vide vital information for the development of functional food and for
using modulators in diseases that may benefit from stimulation of
enterocyte growth and/or ion absorption [35].

Conditions such as pre-term, short gut or intestinal atrophy, in
which there is a need for enterocyte proliferation, as well as the oc-
currence of chronic diarrhoea and nutrient malabsorption, may benefit
from the therapeutic administration of modulators of such processes.
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