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Chapter 1 Introduction 

1.1 Ion transport in the gastrointestinal (GI) tract 

Proximal to distal intestine segments, from the duodenum to the distal colon, have differential 

mechanisms for either electrolytes absorption and secretion. Fluid transport across intestinal 

epithelial cells is a finely balanced process with net absorption predominating under normal 

conditions. However a basal level of fluid secretion is necessary for accomplishing the 

digestive functions. 

Large water volumes are secreted and reabsorbed through the small intestinal epithelium 

during the digestive processes. The cyclic AMP-dependent chloride channel defines as the 

cystic fibrosis transmembrane conductance regulator or CFTR is located on the brush border. 

This channel is responsible for water secretion in basal conditions and under secretagogue 

stimulation (Bradbury 2001).  

In the intestine, water secretion is a passive process driven by the active ion secretion, 

predominantly chloride (Cl
-
 ) (Kunzelmann 2002). Chloride is uptaken by the cell across the 

basolateral membrane via sodium/potassium/2 chloride cotransporter type 1 (NKCC1), in an 

electroneutral manner (Fig. 1). Chloride accumulation is a passive process driven by sodium 

concentration gradient maintained by the basolateral Na,K-ATPase. Two distinct potassium 

channels are located into the basolateral membrane allowing for potassium recycling and thus 

preventing cellular depolarization, ultimately preserving the electrical driving force for 

chloride exit from the cell. Therefore, chloride accumulates until apical chloride channels are 

opened. The bulk of chloride output occurs via the cAMP-dependent CFTR chloride channel. 

However, recent data also points to the precence of one additional class of chloride channels, 

the calcium-activated chloride channels (CaCC), that are expressed in the enterocyte apical 

membrane. These channels may drive chloride secretion induced by agonists that raise 

cytosolic calcium (Barrett 2000). 
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Fig.1 Model of the chloride secretory mechanisms in intestinal epithelial cells. Secretion can be stimulated by increases in 

either cyclic nucleotide (cAMP/cGMP) or cytosolic calcium ([Ca2+]i). The major targets for  these intracellular messengers 

are indicated with solid arrows, with additional postulated sites of action indicated with broken arrows. The identity of 

basolateral potassium channel(s) involved in either cyclic nucleotide- or calcium-mediated chloride secretion remains 

unknown. Abbreviations: CFTR, cystic fibrosis transmembrane conductance regulator; CaCC, calcium-activated chloride 

channel; NKCC1, sodium/potassium/2 chloride cotransporter type 1; IK, intermediate conductance potassium channel; K-

cAMP channel, putative potassium channel regulated by cAMP. (from Barrett 2000) 

 

Epithelial fluid secretion may be upregulated in response to a wide range of physiological 

stimuli, such as the distension of the intestinal wall and mucus production. In normal 

conditions, increased fluid secretion is needed for the progression of digested materials and 

the clearance of harmful substances from the intestinal tract. However, intestinal conditions 

such as inflammatory bowel diseases and enteric infections can result in a “secretory state”. 

Intestinal ion transport is usually regulated by hormones, neurotransmitters, and inflammatory 

mediators, acting through specific receptors located on the enterocyte surface that in turn 

increase the intracellular levels of second messengers. These include: 1) cAMP, 2) cGMP, 3) 

nitric oxide (NO) and 4) calcium (Ca
2+

) (Fig.1). Physiological cAMP concentrations activate 

CFTR resulting in a mild secretion of chloride whereas abnormal activation of CFTR in crypt 
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cells results in the secretory diarrhoea. Several bacterial strains produce enterotoxins that 

activate the adenylate cyclase (AC) in crypt enterocytes, leading to elevated levels of cAMP 

that opens CFTR. The result is a massive water secretion typical of severe diarrhea. Cholera 

toxin, is the enterotoxin prototype but other bacteria produce similar toxins (Fasano 2002).  

Also cGMP is able to phosphorylate and activate CFTR by cGMP dependent protein kinase 

II, resulting in chloride and bicarbonate secretion (Vaandrager 1997a, 1997b). cGMP 

generally results in a more potent, though shorter, chloride secretion than that induced by 

cAMP (Golin-Bisello 2005). 

Intracellular Ca
2+

 concentrations are generally very low (approximately 100nM). 

Neurohormonal substances or toxins can increase intracellular Ca
2+ 

by altering the 

permeability of intracellular stores thereby activating CaCC and promoting chloride secretion 

(Keely 2000).  

There is evidence that NO takes part in the regulation of intestinal ion transport with effects 

that involved enteric nervous system, suppression of prostaglandin formation, and opening of 

K
+
 channels (Izzo 1998). An important role in intestinal epithelial cells was supported by the 

demonstration of electrogenic secretion induced by NO substrate L-arginine (Rolfe 1999) and 

NO syntase inhibitor L-NAME in an in vitro model (Berni Canani 2003a). However NO may 

exert an absorptive effect on transepithelial ion fluxes depending on concentration. Wapnir et 

al. (Wapnir 1997) have shown that low concentration of L-arginine stimulates water and 

electrolyte absorption in the rat jejunum whereas higher L-arginine concentrations induced a 

secretory shift of electrolyte transport. Therefore NO may play a dual role in determining the 

proabsorbitive or secretive tone depending on its concentration. 

MAP Kinases are also involved in the control of intestinal ion transport. Several evidences 

demonstrated a specific role of two kinases, ERK1/2 (or p42/44) and p38 in the regulation of 

Ca
2+

-dependent chloride secretion (Keely 2003). Keely et al. hypothesized that either ERK1/2 
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and p38 function as physiological brakes to prevent excessive electrolyte loss. It was also 

demonstrated that the proabsorbitive and anti-secretive effects by growth hormone (GH) on 

intestinal epithelial cells is mediated by a specific activation of ERK1/2 and p38 (Chow 

2003). 

 

1.2 Intestinal cell growth and differentiation 

The turnover of epithelial cell lining intestinal villi is a continous process. The small intestine 

mucosa is composed by villi, projecting into the lumen (Fig.2). A single layer of columnar 

cells lines the crypts and villi. As the crypt columnar cells migrate toward the tip of the villus, 

they differentiate into the specific small intestine cell types (absorptive cells, goblet cells and 

enteroendocrine cells).  

 

 

 

 

Fig. 2 Intestinal villi are tiny, finger-like structures that protrude from the wall of the intestine; they have additional 

extensions called microvilli which protrude from epithelial cells lining villi increasing the absorptive area of the intestinal 

wall. 

 

Columnar cell migration from the crypt base to the villus tip takes 5 to 6 days in the human 

proximal small intestine and 3 days in the human ileum (Becciolini 1996). As cells exit the 

crypt and enter the villus, they stop cycling and are trapped in the G1 phase of the cell cycle 

as a result of down-regulation of cyclin D1 and cyclin-dependent kinase 2 (cdk2) 

(Chandrasekaran 1996). After 2 to 3 days, they reach the villus tip undergoing apoptosis. 
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Apoptosis, or programmed cell death, plays an important role in determining the architecture 

of intestinal epithelia.  

The small intestinal epithelium performs highly specialized functions responsible for most 

digestive and absorptive processes. Specific hydrolases located on the enterocyte brush 

border, such as maltase, lactase and sucrase, cleave disaccharides to monosaccharides 

allowing their absorption through specific sodium-dependent transporters (GLUT-1, GLUT-

5). Once entered the enterocyte, glucose, galactose and fructose are transported to the 

basolateral membrane through another hexose transporter called GLUT-2 and then reach the 

capillary blood along a concentration gradient (Thorens 1996).  

Although the digestive enzyme activities increase along the crypt-villus axis (Fan 2001), 

proliferation and differentiation are at least in part independent processes that need to be 

finely tuned. 

The control of cell cycle and differentiation is mediated by a complex array of signalling 

molecules at the cell surface which lead to long-term changes in gene expression. The 

mitogen-activated protein kinases (MAPKs) cascade is required for intestinal cell cycle 

progression and differentiation of human intestinal cells. MAPKs p42 and p44, also called 

ERK2 and ERK1, are involved in the regulation of intestinal cell proliferation and 

differentiation. An interesting feature of this kinase family is that they require dual 

phosphorylation of threonine and tyrosine residues for their activation. MAPKs activation is 

mediated by a dual specificity kinase termed MAP kinase kinase (MEK). Upon stimulation, 

p42/44 MAPKs translocate to the nucleus where they phosphorylate nuclear transcription 

factors thereby regulating gene expression. Activated MAPKs can regulate a number of 

downstream targets, including additional kinases, receptors, and transcription factors such as 

Elk-1, ATF-2, c-Jun, and CHOP (Aliaga 1999).  
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1.3 Factors implicated in functional modulation of intestinal cell growth and ion 

transport  

Intestinal homeostatic mechanisms are activated in response to a wide pattern of conditions 

such as feeding pattern (fasted or fed), diet composition, site of nutrient presentation (luminal 

vs vascular, small bowel vs. colon, jejunum vs. ileum), development stage (suckling, 

lactation, olden age), or disease states (malnutrition, sepsis, infection, bowel resection ecc.). 

Increasing evidence suggests that specific nutrients and endogenous molecules can directly 

influence intestinal mucosal turnover, repair and adaptation. Several of the mechanisms of 

these effects are unknown.  

In addition, intestinal mucosa is sensitive to the action of endocrine and paracrine molecules 

and exogenous factors able to modulate specific intestinal functions (Tab. 1). The interactions 

between the latter and intestinal epithelial cells form a complex molecular network regulating 

ion transport and cell growth. 
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Tab.1 Intestinal modulators 

 

 Agonists and antagonists of intestinal 

chloride secretion 

 
Secretagogues 

Neurotransmitters 
Acetylcholine 

VIP 

Immune 

Mediators 

Histamine 

Adenosine 

Prostaglandins 

Cytokines (IL-1) 

Endocrine 

Mediators 
Uroguanylin 

Paracrine 

Mediators 

Guanylin  

5-HT 

Exogenous 

Agents 

Microbial 

enterotoxins 

 

Inibitors of chloride secretion 

Neuropeptides 
NPY 

PYY 

Growth 

factors 

EGF  

TGF-α 

Insulin 

IGF-I 

GH 

Trace 

elements 
Zinc 

 

 

 

 

Intestinal growth modulators 

Positive modulators 

Nutrients 

Aminoacids (taurine) 

Minerals (Ca2+, Cu2+, 

Fe2+, Se2+, Zn2+) 

Vitamins  

Hormones 

Insulin                        

TSH 

Prolactin                     

GH   

 T3 and T4 

Growth  

factors 

EGF                           

Gastrin 

IGF-I, IGF-II             

HGF 

NGF                          

FGF 

KGF 

GLP-2 

Attachment 

factor  
Fibronectin 

Binding 

proteins  

Lactalbumin 

Transferrin 

Casein  

 

Polyammines 

Spermine 

Spermidine 

Putrescine 

Cytokines  TGF-α , TGF-β 

 

 
Negative modulators 

Cytokines 

INFγ  

IL-4 

IL-13 

Exogenous 

agent 
Microbial cytotoxins 

Abbreviations: EGF, Epidermal Growth Factor; FGF, Fibroblast Growth Factor; GH, Growth Factor; GLP-2, Glucagone-like 

Peptide-2, HGF, Hepatocyte Growth Factor; 5-HT, 5-Hydroxytryptamine; IGF, Insuline like Growth Factor; IL, Interleukin, 

INFγ,  Interferon; KGF, Keratinocyte Growth Factor; NGF, Nerve Growth Factor; NPY, Neuropeptide Y; PYY, Peptide YY; 

T3, Triiodothyronine; T4, Thyroxine; TGF, Transforming Growth Factor; TSH, Thyroid Stimulating Hormone; VIP, 

Vasoactive Intestinal Polypeptide. 
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1.4 Aims of this PhD thesis 

The aim of this PhD thesis is to study the physiological modulation of intestinal functions 

with specific focus on ion transport and enterocyte growth and differentiation. The working 

hypothesis is that a strict relationship exists between ion absorption and cell growth and, 

conversely, between ion secretion and impairment of cell growth. To study the effects on 

either intestinal processes we evaluated the specificities, similarities and differences between 

agonists and antagonists of either cell growth and ion absorption, selecting moieties of 

completely different origin. Namely a typical growth factor, a trace element and the most 

abundant protein in human milk were studied. Caco-2 cell line was used because this is an 

established human-derived intestinal cell line that differentiates into mature human 

enterocytes generating monolayers of polarized cells (Grasset 1984).  

We also explored the opposite pathway, i.e. ion secretion and cell growth impairment. 

Intestinal homeostatic pathways can be disturbed by molecules that induce functional and 

structural damage. Pro-inflammatory cytokines are an example of endogenous molecules that 

induce an alteration of ion equilibrium within enterocyte and in parallel negatively influence 

the normal cell cycle. Enterotoxins produced by pathogenic microrganisms are an example of 

exogenous negative factors. To further investigated the interplay between ion secretion and 

impairment of cell growth, the effects induced by the transactivating factor protein (Tat) 

produced by HIV-1 and by heat-stable enterotoxin (ST) produced by enterotoxigenic E.coli as 

well as their mechanisms were also investigated. 

 

 

 

 

 



Methods  - 13 - 

Chapter 2 Methods 

2.1 Cell line 

Caco-2 cells were obtained from the American Type Culture Collection (Rockville, Maryland). 

Cells were grown in Dulbecco's Modified Eagle's Medium (DMEM Gibco, Grand Island NY, USA) 

with a high glucose concentration (4.5 g/L) supplemented with 10% FBS, 1% non-essential amino 

acids, penicillin (50 mU/mL), streptomycin (50 mg/mL) and kept in 5% CO2-95% air. Cells were 

used between the 20
th

 and 40
th

 passage and the medium was changed daily.  

 

2.2 Ion transport studies 

Cells were grown on uncoated polycarbonate transwell filters (Costar Italia, Milan, Italy) for 15-18 

days after confluence. The filter area was 4.9cm
2
. Each filter was mounted in an Ussing chamber 

(WPI, Sarasota, FL) as a flat sheet between the mucosal and the serosal compartment. Each 

compartment contained 5ml of Ringer solution with the following composition (in millimoles per 

liter): 114 NaCl, 5 KCl, 1.65 Na2HPO4, 0.3 NaH2PO4, 1.25 CaCl2, 1.1 MgCl2, 25 NaHCO3, 10 

glucose, constantly gassed with 5%CO2-95%O2, and maintained at 37° C through a termostat-

regulated circulating pump. The following electrical parameters were measured: transepithelial 

potential difference (PD), short-circuit current (Isc), and tissue ionic conductance (G). Isc is 

expressed as microamperes per square centimeter (µA/cm
2
), G as millisiemens per square 

centimeter (mS/cm
2
), and potential difference as millivolts (mV). Cell viability was evaluated by 

measuring the electrical response to the serosal addition of theophylline (5mM) at the end of each 

experiment.  

In GH experiments: GH was added to the serosal side of epithelial cells. Pre-incubation of 30 

minutes with specific MAPKs inhibitors, was performed to investigate the role of p42/44 and p38 

on GH-induced electrical response (PD098059 40µM and SB203580 5µM, respectively). To 

investigate the role of NO in GH-induced modifications of ion fluxes the specific cNOS inhibitor 
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Nω-nitro-L-arginine methyl ester (L-NAME) (2 × 10
-4

 mol/L) was added on the mucosal and 

serosal sides. 

In Zinc experiments: Zinc (35µM) was added to the serosal or mucosal side of epithelial cells.  

In HIV-1 Tat experiments: Tat protein was added, at the concentration of 0.1nM, to the serosal or 

mucosal side of epithelial cells. In experiments performed to investigate the role of Cl
-
 in the 

electrical response, SO4
-
  substituted Cl

-
 at an equimolar concentration. To investigate in greater 

details the role of Cl
-
 in the electrical effect of Tat, we used the Cl

-
 channel inhibitor 5-nitro-2-3-(3-

phenylpropylamino) benzoic acid (NPPB). Cells were incubated with NPPB (100 nM), Tat was 

then added, and electrical parameters were monitored. Bay K8644, a specific agonist of L-type Ca
2+

 

channels, was used to investigate the role of  L-type Ca
2+

 channels in the electrical effects exerted 

by Tat. Caco-2 cell monolayers were incubated for 20 min with Bay K8644 (1µM, on the serosal 

side), after which Tat (0.1nM) was added on the serosal side.  

In VEGF experiments: VEGF ion transport effect was evaluated as described in Tat experiments. 

Neutralization experiments were performed using specific anti-Tat polyclonal antibodies developed 

in rabbit using purified synthetic Tat protein as immunogen. VEGF (0.1nM) was incubated at 37°C 

for 1h with the antibodies (6ng/ml), then added to Caco-2 cells in Ussing chambers. 

In ST experiments: To assess the efficacy of specific ERK1/2 inhibitor, PD098059 (40 µM) was 

added 30 minutes before the stimulation with ST.  

 

2.3 Intestinal cell growth studies 

3
H-thymidine uptake: Caco-2 cells were seeded onto 96-well microtiter plates (10

4
 cells/well) and 

cultured for 3 days in DMEM with 10% FBS. After 24h of serum-starvation, cells were exposed to 

testing substances for 48h in DMEM FBS-free. 
3
H-thymidine (0.5µCi/well, ICN Biomedicals, 

Irvine, CA, USA) was added 18h before harvesting the cells with a semiautomatic cell harvester 
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(Skatron Instruments, Lier, Norway). The filters were dried and beta radioactivity was counted with 

a Packard scintillation spectrometer.  

In GH experiments: GH was added to Caco-2 cells at increasing concentrations. Before GH 

addition, pre-incubation of 30 minutes with the specific MAPKs inhibitors (PD098059 40µM and 

SB203580 5µM), was performed to investigate the role of p42/44 and p38 on GH-induced 

proliferation effect. 

Cell counting: Cells were plated into 24-well tissue culture plates (10
4
 cells/well), using two wells 

for each experimental condition, and were grown in DMEM supplemented with 10% FCS and 

antibiotics for 72h. Cells were then deprived of serum for 24h. Cells were harvested with 1% 

trypsin, 48h after the addition of each testing substance. The resulting cell suspensions were 

randomly assigned to another investigator and cells were counted in a blinded fashion. Cell viability 

was determined by trypan blue exclusion. The difference in paired counts did not exceed 10%.  

In VEGF experiments: Neutralization experiments were performed using specific anti-Tat 

polyclonal antibodies developed in rabbit using purified synthetic Tat protein as immunogen. 

VEGF (0.1nM) was incubated at 37°C for 1h with the antibodies (6ng/ml), then added to Caco-2 

cells in cell growth experiments. 

Bromodeoxyuridine incorporation: DNA synthesis was assayed by a 2-h pulse with 100 µM 

BrdUrd, and incorporation was monitored by using the in situ cell proliferation kit FLUOS (Roche 

Applied Science).  

 

2.4 Intestinal cell differentiation studies 

Disaccharidase activity assay: Cells were collected after 24h of stimulation and lactase and sucrase 

enzymatic activities were measured by modified Dahlqvist method (Messer 1966). Briefly, cells 

were rinsed in cold PBS and scraped into cold Maleate buffer 0.1M pH 6.0. Samples were sonicated 



Methods  - 16 - 

3 times for 15 sec each, using a Labsonic 2000 (B.Braun Biotech Inc., USA) and total cell lysates 

were incubated at 37 °C with 50mmol/L lactose for 60 min or 50mmol/L sucrose for 30 min. The 

glucose generated by enzymatic activity was measured using a glucose oxidase assay.  

RNA extraction and Reverse Transcription: Preconfluent Caco-2 cells were collected after 24h of 

stimulation and total RNA has been extracted from Caco-2 cells by TRIzol Reagent protocol 

(Invitrogen, Life Technologies). The amount of extracted RNA was quantified by measuring the 

absorbance at 260nm. Reverse Transcription of RNA was performed using High-Capacity cDNA 

Archive Kit (Applied Biosystems, Foster City, CA). 

Quantitative real-time RT-PCR: Real-time RT-PCR was performed according to the 

recommendations supplied by Applied Biosystems (http://europe.appliedbiosystems.com/). Primers 

for sucrase (Hs00356112_m1) and lactase (Hs00158722_m1) were purchased from Applied 

Biosystems. A 25µl PCR reaction volume was prepared using about 40ng of cDNA as template. 

Reactions were run in 96-well optical reaction plates using an Applied Biosystems 7300 Real-Time 

PCR System. Thermal cycles were set at 95°C (10 min) and then 35 cycles at 95°C (15 sec) and 

60°C (1 min) with auto ramp time. For data analysis the threshold line was set automatically and it 

was in the linear range of the amplification curves for all mRNA in all experimental runs. All 

reactions were performed in triplicate. The abundance of target mRNAs was calculated relative to a 

reference mRNA (GAPDH). Relative expression ratios were calculated as R=2
(Ct(GAPDH)-Ct(test))

, 

where Ct is the cycle number at the threshold and the test stands for the tested mRNA. The 

confidence interval was fixed at 95%. 

 

2.5 Determination of intracellular cyclic nucleotide concentrations  

cAMP and cGMP concentrations in Caco-2 cells were determined with commercial kits (Biotrak 

cyclic AMP and Biotrak cyclic GMP assay system; Amersham International, Amersham, UK). 
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Caco-2 cell monolayers were grown on plates and used at 15 days postconfluence. After the 

addition of each testing substance, cells were scraped and lysed by the addition of the lysis buffer 

provided by the kit.  Lisates were centrifuged at 2000g for 3 min at 4°C, and the supernatant was 

collected and evaporated to dryness under vacuum (Speed VAC 110; Savant Instruments, 

Farmingdale, NY). Dried samples were redissolved in 0.5M acetate buffer, pH 5.8 with 0.01% 

sodium azide, and cyclic nucleotide concentrations were measured according to the manufacturer’s 

instructions. Results were expressed as picomoles of cGMP or cAMP, normalized for protein 

content and expressed as fold increase over basal level. 

In GH experiments: cNOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) (2 × 10
-4

 mol/L) 

was added on Caco-2 cells 20 min before GH stimulation. 

 

2.6 Determination of intracellular nitric oxide concentrations 

The combined concentrations of NO2
-
 and NO3

-
, the degradation products of NO in the culture 

medium, were determined by the Griess reaction after nitrate reduction. Total NO2
-
/NO3

-
 production 

is therefore referred as NO production. Caco-2 cell monolayers were grown on plates and used at 15 

days postconfluence. Experiments were also performed in Ca
2+

-free Ringer’s solution to investigate 

whether costituttive NO syntase (cNOS), which is the Ca
2+

/ calmodulin-dependent NOS form, 

rather than the iNOS form was involved. The modified Ca
2+

-free Ringer’s solution had the 

following composition (in mmol/liter): Na2HPO4, 1.65; NaH2PO4, 0.3; NaHCO3, 15; NaCl, 53; 

KCl, 10; Na2SO4, 30.5; MgCl2, 2.35; glucose, 19; and EDTA, 0.5.  

In GH experiments: cNOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) (2 × 10
-4

 mol/L) 

was added on Caco-2 cells 20 min before GH stimulation. 

 

2.7 Determination of intracellular calcium concentrations 

[Ca
2+

]i was measured using a microfluorimetric technique. Briefly, cells grown on glass coverslips 
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were loaded with 5µM fura-2 AM in Krebs-Ringer saline solution for 1h at 22°C. After loading, the 

coverslip was introduced into a microscope chamber (Medical System Co., Greenvale, NY) on an 

inverted Nikon Diaphot fluorescence microscope. Cells were kept in Krebs-Ringer saline solution 

throughout the experiment. All substances tested were introduced into the microscope chamber by 

fast injection. A 100-watt Xenon lamp (Osram, Frankfurt, Germany) with a computer-operated 

filter wheel bearing two different interference filters (340 and 380 nm) illuminated the microscopic 

field with UV light, alternating the wavelength at an interval of 500ms. The interval between each 

pair of illuminations was 2 s, and the interval between filter movements was 1s. Consequently, 

[Ca
2+

]i was measured every 3 s. Emitted light was passed through a 400-nm dichroic mirror, filtered 

at 510 nm, and collected by a CCD camera (Photonic Science, Robertsbridge, UK) connected to a 

light amplifier (Applied Imaging Ltd, Dukesway Gateshead, UK). Images were digitized and 

analyzed with a Magiscan image processor (Applied Imaging Ltd, Dukesway Gateshead, UK). 

Using a calibration curve, the AUTOLAB software (RBR Altair, Florence, Italy) calculated the 

[Ca
2+

]i corresponding to each pair of images from the ratio between the intensity of the light emitted 

when cells were illuminated at both 340 and 380 nm. At the end of each experimental session, the 

calibration was performed according to the procedure described by Grynkievicz et al. In particular, 

cells were lysed with ionomycin (2-10µM), in the presence of 1.5mM extracellular Ca
2+

. Ionomycin 

addition produced a rapid increase in fluorescence intensity that allowed to calculate the Rmax value. 

To determine the Rmin value,  cells were subsequently exposed to a Ca
2+

-free solution containing 1-

20mM EGTA. Given that Kd for Ca
2+

 of fura-2 AM is 224 nM at 37
o
C, the Rmin, Rmax values were 

introduced into the Grynkievicz formula to convert the values of fluorescence ratio between 340 

and 380 nm into [Ca
2+

]i. The background values fluorescence obtained from images taken from a 

region of the coverslip devoid of cells were subtracted. No interference was detected between any 

of the compounds utilized in the present study and the excitation or the emission spectra of fura-2 
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AM. 

 

2.8 Western Blot 

MAP Kinases, constitutive NO syntase (cNOS) and caspase-3 expressions were estimated by 

Western blot analysis. After the exposure to testing substances, cells were scraped into PBS buffer 

and lysed in the following buffer (KCl, 60mM; β-mercaptoethanol, 14mM; EDTA, 2mM; HEPES 

pH 7.9, 15mM; sucrose, 0.3M; aprotinin, 5µg/mL; leupeptin, 10µg/mL; pepstatin, 2µg/mL; 

phenylmethylsulfonyl fluoride, 0.1mM) containing 1% Tergitol (Nonidet P-40). Total extracts were 

centrifuged at 1500 g for 20 min at 4°C. Protein content was determined by the Bradford method 

(Bio-Rad Laboratories, Munich, Germany). The supernatant containing the solubilized proteins was 

boiled for 5 min in Laemmli buffer (62.5mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-

mercaptoethanol, and 0.001% bromophenol blue). Cell protein (50µg/lane) was added to SDS-

PAGE and transferred to a nitrocellulose membrane (BioBlot-NC-Costar; Corning Incorporated, 

Canada). Blots were blocked with T-TBS buffer (Tris-HCl pH 8.8, 10mM; NaCl, 150mM; Tween 

20, 0.05%) containing 3% albumin, and probed for 1h with specific antibodies. Bound antibody was 

detected with anti-rabbit or anti-mouse immunoglobulin horseradish peroxidase–linked whole 

antibody and developed by chemiluminescence reaction (Amersham Pharmacia Biotech, U.K.). All 

incubations and washes were carried out at room temperature with gentle shaking.  

For cNOS, cellular extracts were probed with affinity-purified anti-human cNOS rabbit polyclonal 

antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). For p42/44, cellular extracts were 

probed with specific phospho-p42/44 mouse monoclonal IgG (Santa Cruz Biotechnology, Santa 

Cruz, CA, U.S.A.). For p38 protein, a specific phosho-p38 MAPK mouse monoclonal IgG (Cell 

Signaling Technology, Inc., MA, U.S.A.) was used. For caspase-3, a specific caspase-3 rabbit 

polyclonal antibody (Cell Signalling, Danvers, MA, U.S.A) was used. Normalization was 

performed by probing stripped filters with specific p42/44 or p38 total protein mouse monoclonal 
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IgG (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) or specific tubulin mouse monoclonal 

IgG (Sigma Chemical St. Louis, MO, USA). Nitrocellulose membranes were developed by ECL 

(Amersham Pharmacia Biothec. Buckinghamshire, U.K.).  

 

2.9 Caspase-3 apoptotic assay 

A spectrophotometric apoptosis assay kit from BioVision (BioVision, Mountain View, CA,U.S.A.) 

was used to determine the caspase-3 activity. Cells that have been induced to undergo apoptosis 

were collected by centrifugation. The supernatant was gently removed and discarded whereas the 

cell pellet was lysed by the addition of the lysis buffer provided by the kit. The protease activity in 

the cell lysate can be measured by the addition of a specific peptide substrate for caspase-3. The 

cleavage of the peptide by the caspase releases the chromophore pNA, which can be quantitated 

spectrophotometrically at a wavelength of 405 nm. 

 

2.10 Glucose uptake studies 

Caco-2 cells were grown on 24-well plates. After 15 days post-confluence cells were incubated for 

30 minutes with the non-metabolizable radiolabeled glucose analogue [
14

C]-α-Methyl-L-D-

glucopyranoside (AMG, 0.1 mM). The cells were lysed in 0.1N NaOH. An aliquot was assayed 

for protein content (Bradford method, Bio-Rad Laboratories, Munich, Germany) and another for 

[
14

C]AMG content using a Packard scintillation spectrometer. To verify the presence of SGLT-1 

activity in the cell line, the same experiment was performed in the presence of the selective 

competitive inhibitor of SGLT-1 phlorizin (100 µM) or in Na
+
-free buffer for 1 hour (using 

choline chloride and K2HPO4 in place of NaCl and Na2HPO4 adjusted to pH 7.4 with KOH). Tat 

was added at increasing concentrations (from 0.01 to 1.0 nM) for 1 hour, in the presence or 
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absence of anti-Tat polyclonal antibodies (10 to 1 weight/weight ratio) or the specific  L-type Ca
2+

 

channels agonist, Bay K8644 (1µM). All data was expressed as cpm/mg of  protein. 

 

2.11 Reagents 

Growth Hormone, zinc chloride, human native LF from human milk, VEGF, guanylin and all 

reagents were purchased from Sigma Chemical (St. Louis, MO, USA). HIV-1 Tat, and rabbit 

polyclonal antibody anti-Tat were purchased from Tecnogen (Piana di Monteverna, Italy). ST was 

kindly provided by Dr. Ralph Giannella (Division of Digestive Diseases, University of Cincinnati 

College of Medicine, Cincinnati, USA). 

 

2.12 Statistical analysis 

Each experiment was run in triplicate and was repeated at least three times. Results are expressed as 

means ± SD. Significance was evaluated by the Student test. Results were considered significant at 

p<0.05.  
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Chapter 3  Intestinal positive modulators 

3.1 Intestinal growth factor: growth hormone 

 

Background 

Growth hormone (GH) exerts a direct trophic effect in the intestine. It stimulates enterocyte 

growth and differentiation in rats which have undergone small bowel resection (Shulman 

1993), it is required for growth and differentiation of fetal rat intestinal transplant (Cooke 

1986), and it induces a trophic effect in human mucosa cultured in vitro (Challacombe 1995).  

However GH also plays a role in intestinal ion transport processes. It decreases the short-

circuit current (Isc) in the unstripped rat intestine mounted in Ussing chambers, consistent 

with an ion absorption (Guarino 1995). The absorptive effects are exerted throughout the rat 

intestine, but their intensity decrease in a proximal-to-distal direction (Berni Canani 1996). 

This region-specific distribution resembles the pattern of the trophic effect induced by GH in 

the intestine (Ulshen 1993). 

In addition, GH effects observed in vivo on ion transport and proliferation are reproducible in 

vitro in a human intestinal cell line (Fig.3). In addition, they are both dependent on tyrosine 

kinase activity, suggesting a possible coupling of the two biological responses (Berni Canani 

1999). 
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Fig. 3 Effects on proliferation and ion transport by increasing concentrations of growth hormone (GH) in Caco-2 cells 

(from Berni Canani 1999). 

 

The earliest event in the intracellular signaling mechanisms subsequent to GH binding is 

the activation of a tyrosine kinase defined as Janus kinase 2. The activation of JAK2 

triggers several signalling pathways, including phosphatidylinositol-3’-kinase (PI3K) and 

mitogen-activated protein kinases (MAPKs) and their upstream activators in the Ras-Raf-

MEK1 pathway. The signalling molecules that are activated by GH receptor-JAK2 complex 

include signal transducers and activators of transcription (Stat) factors, the adapter protein 

Shc, and the insulin receptor substrates (IRSs) 1 and 2. The recruitment and activation of 

these signalling intermediates leads to the activation of enzymes such as MAP kinase, 

PI3K, protein kinase C (PKC), and phospholipase A2 and to the release of second 

messengers such as diacylglycerol (DAG), Ca
2+

 and nitric oxide (NO) (Dinerstein-Cali 

2000).  

Results 

Role of MAP kinases 

Previous findings showed that MAPKs play a crucial role in the regulation of chloride 

secretion (Keely 2003). Experiments were performed by adding GH on Caco-2 cell 

monolayer in Ussing chambers, alone or after the preincubation with PD098059 and 

SB203580, the specific inhibitors of ERK1/2 and p38 respectively. Results showed that the 
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preincubation with either inhibitors abolished GH proabsorbitive effect indicating that 

either ERK1/2 and p38 activation are involved in the basal absorption of water and 

electrolytes mediated by GH (Fig.4A). To evaluate the involvement of MAPKs in GH 

trophic effect, cell growth experiments were performend adding GH to Caco-2 cell 

monolayer, alone or in combination with PD098059 and SB203580. Results showed that 

only PD098059 inhibits GH trophic effect indicating that ERK1/2, but not p38, activation is 

necessary for GH trophic effect in epithelial intestinal cells (Fig. 4B). 

 

A        B 

 

 

 

 

 

 

 

Fig.4 The inhibition of ERK1/2 and of p38 by preincubation with specific inhibitors (PD098059 and SB203580 

respectively) abolished completely the GH proabsorbitive effects (A).The inhibition of ERK1/2 but not p38 abolished GH 

trophic effect (B). P<0.01 vs control. The maximal effective dose of GH was 100 ng/ml. 

 

  

Role of nitric oxide 

There is evidence that NO acts as a second messenger of several GH effects on human 

metabolism (Campbell 1997). NO production is decreased in patients with untreated GH 

deficiency, while treatment with recombinant human growth hormone increases NO 

formation (Boger 1999). The hypothesis that NO play an important role in pro-absorbitive 
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tone of enterocytes was tested. Experiments were performed to see that the intracellular NO 

concentration produced in the enterocyte is essential to regulate either basal transepithelial 

ion equilibrium specifically maintaining the absorptive tone as well as for increasing ion 

absorption upon stimulation by external stimuli (Berni Canani  2006a). 

In ion transport studies, NO synthase (NOS) inhibitor L-NAME was used. The addition of 

L-NAME induced an increase of Isc suggesting that the intracellular NO concentration 

produced by the enterocyte plays a role in maintaining the basal transepithelial ion 

transport. In addition GH proabsorbitive effect is abolished by the presence of L-NAME 

(Fig.5).  

 

 

Fig. 5 Time course of the effect on short-circuit current (Isc) of GH (100 ng/ml) and NOS inhibitor, L-NAME (2x10-4 

mol/L), alone or in combination, in Caco-2 monolayer (from Berni Canani  2006a). 

 

 

In addition a direct involvement on intracellular NO by GH was evaluated. GH was added 

on Caco-2 cell monolayer and NO concentration was evaluated by Griess reaction. 

Results showed a significant increase of NO production under GH stimulation in standard 

condition (Fig.6). To evaluate whether NO increase induced by GH was produced by 

cNOS the same experiments was performed in Ca
2+

-free medium. In this condition GH 

did not induce NO increase (Fig.6). 
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Fig. 6  Total NO production in Caco-2 cells under basal conditions (control) and after stimulation with GH (100ng/ml), 

in standard or in Ca2+-free medium (modified by Berni Canani 2006a).  *p<0.01 vs control standard medium #p<0.01 

vs GH standard medium 

 

 

In addition an increase of constitutive NOS form (cNOS) levels induced by GH was 

observed with western blot method (Fig.7). 

 

Fig. 7    The upper side of the figure shows cNOS protein expression in Caco-2 cells in basal condition (control) and 

after 1h of incubation with GH (100ng/ml) as compared to tubulin expression. In the lower side of the figure an optical 

densitometric analysis of the bands is also reported (modified by Berni Canani 2006a). 
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These data indicate that the observed effects of GH are the result of cNOS activation as 

shown by the abolished effect in the absence of Ca
2+

 and the upregulation of cNOS 

protein expression. These results suggest that NO plays a key role in response to external 

stimuli driving ion fluxes toward an absorption pattern. 

 

Role of cAMP 

The hypothesis was tested that under basal conditions, the intracellular cAMP 

concentration, the CFTR-dependent messenger of chloride secretion, is downregulated by 

NO (Berni Canani 2003a). The results of the experiments performed in Caco-2 cells 

showed that cell exposure to NOS inhibitor (L-NAME) is associated with an increase in 

intracellular cAMP levels in basal conditions. In addition, incubation with GH resulted in 

significant reduction of basal cAMP but the addition of L-NAME resulted in a total 

abrogation of GH effect (Fig. 8).  

 

Fig. 8 Modification of intracellular cAMP concentration in Caco-2 cells after incubation with GH,in the presence or in 

the absence of L-NAME. ∗ p< 0.05 vs control (veichle). (Berni Canani 2006a) 
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This suggests that GH downregulates intracellular cAMP levels through a direct 

interaction with NO pathway. To support this, the role of NO was investigated in 

condition of active ion secretion.  

Cholera toxin (CT) induces chloride secretion by increasing cAMP intracellular levels. 

Either cholera toxin or cAMP analogue induced a rapidly progressive, Ca
2+

-dependent 

increase in NO concentration, suggesting a homeostatic up-regulation of the constitutive 

form of NO synthase. Namely in the presence of cAMP-dependent stimulated secretion, 

NO functions as a braking force of ion secretion  (Berni Canani 2003a). These results  

provided further and direct evidence that the enterocyte regulates its own ion transport 

processes, either in basal condition or in presence of active secretion, through the 

activation of NO syntase-NO pathway, functioning as a braking force of cAMP-induced 

ion secretion (Berni Canani  2003a).  

cNOS-NO-cAMP pathway is also implicated in the anti-secretory effect induced by GH 

in the intestinal cell line (Berni Canani 2006a).  

 

Conclusions 

In conclusion GH promotes enterocyte ion absorption and proliferation. The effect on 

intestinal ion transport involves either MAP Kinase ERK1/2 and p38, whereas the effect 

on intestinal cell proliferation selectively involves ERK1/2 suggesting that the pathways 

of GH effects are only in part common. NO also plays an active role in ion absorption.  

Overall, the cNOS-NO system could be viewed as a regulator of ion transport acting on 

the enterocyte via three distinct pathways: (1) to keep cAMP production at a low level in 

basal conditions, in order to maintain an intestinal ion proabsorptive tone; (2) in 

conditions of excess of ion secretion, to homeostatically downregulate chloride secretion 
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and (3) in response to external pro-absorptive stimuli, acting as a second messenger 

(Fig.9). 

 

 

 

Fig. 9  cNOS-NO-cAMP pathway plays a key role on the enterocyte fluid absorptive/secretory processes. cNOS-NO-

cAMP homeostatic pathway is essential to maintain a mild secretion under basal condition (A). Proabsorptive stimulus 

(GH) upregulates cNOS-NO signalling to reduce cAMP intracellular levels resulting in a decrease of chloride secretion 

(B). Secretive stimulus (CT) increases cAMP intracellular levels by activating adenylate cyclase (AC) resulting in a 

potent chloride secretion. cNOS-NO pathway was upregulated functioning as a braking force to reduce chloride 

secretion (C). This mechanism was further upregulated by proabsorptive stimulus reducing the enterotoxic effect of CT 

(D). 
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3.2 Zinc: a trace element with effects on ion transport and cell growth 

 

Background 

Zinc is a trace element necessary for a variety of physiological and biochemical 

functions, including the integrity of intestinal barrier and gut-associated immune function, 

reduction of oxidative stress, and inhibition of apoptosis (Blanchard 2001). The 

gastrointestinal tract is the major site of zinc uptake. When zinc intake decreases, zinc 

transport across intestinal mucosa through specific zinc transporters increases, resulting in 

a higher efficiency of zinc absorption (Cousins 1999). Zinc is directly involved in crypt 

cell production (Duff 2002) while zinc deficiency is associated with suppression of 

colonocyte proliferation (Lawson 1988). Zinc deficiency in malnourished children is 

associated with severe diarrhea (Bhutta 2000) with generalized malabsorption due to 

mucosal atrophy. Finally diarrhea induces loss of zinc, which inhibits mucosal turnover 

and repair, leading to further malabsorption of zinc and other nutrients (Wapnir 2000).  

 

Results 

Effects of zinc on intestinal ion transport 

Experiments were performed to test the hypothesis that zinc promotes ion absorption through a 

direct interaction with the enterocyte (Berni Canani 2005). ZnCl2 addition at the final 

concentration of 35µM, to the mucosal side of Caco-2 cell monolayer mounted in Ussing 

chambers, induced a decrease in Isc entirely due to an effect on PD, without affecting G 

values. The peak effect was observed  25 min after zinc addition (Fig.10A). ZnCl2 addition to 

the serosal side induced a decrease in Isc entirely similar to that observed with mucosal 

addition, although the magnitude of the response was slightly reduced compared to that 
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observed with mucosal addition (Fig.10A). The decrease in Isc induced by both the M and S 

addition of zinc indicates ion absorption. No effect on G values was observed.   

The effect on Isc was dose-dependent being detected at a zinc concentration as low as 10 µM, 

peaking at 35µM and decreasing with higher concentrations (Fig.10B). A toxic concentration 

(200µM) of ZnCl2 induced an increase in Isc to a value above that of the untreated control 

cells, indicating ion secretion. (Fig.10B). 

 

A        B 

 

 

 

 
 

 
 

 

Fig. 10 (A) Time course of the effects of the mucosal (M) and serosal (S) addition of ZnCl2 (35 µM) on short-circuit current 

(Isc) and tissue ionic conductance (G) in Caco-2 cells mounted in Ussing chambers. *p<0.05 vs control. (B) ZnCl2 induced a 

dose-dependent decrease in Isc, in response to mucosal (�) or serosal (�) addition, peaked at 35µM. (from Berni Canani 

2005) 

 

 

 

Effects of zinc against active secretion triggered by enterotoxins  

The hypothesis was tested that the proabsorptive effect induced by zinc (alike GH effect) may 

be effective against secretagogues. Preincubation with zinc reduced ion secretion induced by 

cAMP secretagogues in the Cholera toxin model in Caco-2 cells (Tab.2) measured in Ussing 

chambers. In addition, preincubation with ZnCl2 resulted in a significant reduction of Isc 
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elicited by γ−Interferon, a NO activator, and by Carbachol, a Ca
2+

 activator (Tab.2). Zinc 

significantly inhibited the intracellular increases of cAMP, Ca
2+

 and NO, in response to 

Cholera toxin, Carbachol and γ−Interferon, respectively (Tab.2). In contrast, zinc was not 

effective against cGMP-dependent ion secretion upon E.coli ST stimulation (Berni Canani 

2005). 

 

Tab.2 Effects of exogenous zinc on ion secretion and relative mechanisms  

 

SECRETOGOGUE 

Reduction in 

% of Isc 

increase 

measured 

after zinc 

preincubation 

(*) 

INTRACELLULAR 

MEDIATOR 

Reduction in 

% of 

intracellular 

mediator 

increase 

measured 

after zinc 

preincubation 

(*) 

CT 

(6x10
-8

 M) 
 - 65% cAMP -80% 

CARBACHOL 

(10
-9

 M) 
- 68% Ca

2+
 - 68% 

IFN-γγγγ 
(50.000 U/mL) 

- 100% NO – 97% 

ST 

(10
-6

 M) 
------- cGMP ------------- 

Abbreviations: CT, Cholera toxin; INFγ,  Interferon; ST, E.coli heat-stable enterotoxin. 

*zinc preincubation was performed with ZnCl2 35µM 25 min before secretagogue addition  

 

To further explore the antisecretive properties of zinc, experiments were performed using Tat, 

a HIV protein able to elicit chloride secretion through a Ca
2+

-mediated pathway. Zinc was 

effective in inhibiting of ion secretion induced by HIV-1 enterotoxin, Tat protein (Berni 

Canani 2007). As shown in Fig.11, pre-incubation of human enterocytes with zinc resulted in 

the total inhibition of Tat-induced ion secretion, as reflected by the intensity of short circuit 

current. These results suggest that zinc is able to prevent  intestinal fluid secretion induced by 

Tat. 
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Fig. 11 Effects of  HIV-1 Tat protein, alone or in the presence of zinc sulphate (ZnSO4) on short-circuit current 

intensity (Isc) measured in Caco-2 cell monolayer mounted in Ussing chambers. Tat induced an Isc increase 

indicating a secretory effect on transepithelial ion trasport. ZnSO4 determined a pure pro-absorptive effect (i.e., a 

decrease in Isc). Pre-incubation for 20 min with ZnSO4 was able to significantly reduce the secretory response 

elicited by Tat  at intestinal level (Berni Canani 2007). *p<0.01 vs Tat 

 

 

Role of nitric oxide 

Because NO is implicated in the proabsorbitive effect induced by GH and most data obtained 

with GH resembled those seen with zinc, NO production was also evaluated in basal condition 

and upon zinc addition. We observed an increase of nitric oxide induced by zinc in a dose 

dependent manner after 60 min of stimulation in undifferentiated Caco-2 cells (Fig.12).  
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Fig. 12  Caco-2 undifferentiated cells (3 days post-plating) were exposed to increasing concentrations of ZnCl2 (micromol/L) 

and nitric oxide was dosed by Griess reaction. The maximal effect was observed after 30 min of incubation. *p<0.01 vs 

control 

 

 

Role of intracellular calcium  

To test the hypothesis that zinc increases intracellular Ca
2+

 levels, microflorimetry 

experiments were performed.  

In basal condition was registrated a constitutive level of free calcium ion; when zinc (ZnCl2 

35µM) was added in cell milieu the increase of signal intensity was revelead indicating an 

increase of intracellular calcium levels (Fig. 13).  

 

Basal condition    Exogenous zinc 

 

Fig. 13 Effect of ZnCl2 on intracellular calcium levels in a microfluorimetry experiment.  
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These data all together show that, through a direct interaction with the enterocyte, zinc 

reduces ion secretion induced by three out of the four established intracellular signal 

transduction pathways that are responsible for enterotoxin diarrhea: cAMP; Ca
2+

 and (NO). In 

contrast zinc does not prevent cGMP-mediated ion secretion, although it may still have a 

protective effect through its action on basal ion transport (Berni Canani  2005). 

 

Effects of zinc on intestinal cell growth 

To investigate the trophic effect of zinc on intestinal epithelial cells, experiments were 

performed by adding zinc to cell culture medium and determining cell proliferation. In 

undifferentiated Caco-2 cells an increase of 
3
H-thymidine incorporation in response to 

increasing zinc concentrations was observed (Fig.14).  

 

 

Fig.  14  Caco-2 undifferentiated cells (3 days post-plating) were exposed to increasing concentrations of zinc and cell 

proliferation were evaluated as decribed in Method section. *p<0.01 vs control 

 

 

The maximal effective dose corresponded to that observed in ion transport experiments. 

However higher zinc concentrations were toxic for cells, as previously observed by other 

authors (Zodl  2003). 
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Role of MAP kinases in the zinc induced effects 

Because zinc effects resemble GH effects in the same conditions and GH involves the 

activation of MAP Kinases to induce enterocyte proliferation, we investigated whether the 

pathways of either ion transport and cell growth effects were also similar. Upregulation of 

ERK1/2 (Fig. 15) but not p38 (data not shown) was induced by zinc in undifferentiated and 

Caco-2 cells evaluated with the western blot. 

 
 

Fig. 15 Caco-2 undifferentiated cells (3 days post-plating) were exposed to increasing concentrations of zinc for 15 min. 

ERK1/2 activation was evaluated by western blot with the specific p-ERK1/2 antibody. Normalization was performed with 

the antibody vs the total form of ERK1/2 (data not shown). 

 

Effects of zinc on intestinal cell differentiation 

Cell differentiation is an important process at intestinal level. Genetic programming and 

selected factors play a role in intestinal differentiation in modulating brush border 

disaccharidases expression. Sucrase and lactase are markers of enterocyte differentiation and 

increase during cell migration from the crypt to villus tip. Their activities were dosed in 

preconfluent cells exposed to increasing zinc concentrations. Fig. 16 shows that both sucrase 

and lactase activities were significantly increased under 10 and 35µM ZnCl2 addition, 

suggesting that zinc induces enterocyte differentiation. 
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Fig. 16   Caco-2 undifferentiated cells (3 days post-plating) were exposed to increasing concentrations of ZnCl2 (µM) and 

sucrase (■) and lactase (□) activities were evaluated by Dalqvist method as described in Method section. *p<0.01 vs sucrase 

control. #p<0.01 vs lactase control. 
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 3.3 Lactoferrin: a human milk protein with effects in cell growth and differentiation 

 

 

Background 

Colostrum and mature human milk contain many growth factors including EGF, IGF-I and 

HGF, whose concentrations change with time during lactation (Qin 2004, Hirai 2002, Yamada 

1998). Intestinal length doubles in the last phase of pregnancy and is maximal at birth 

(Babyatsky 2003). Intestinal permeability is an indirect measure of intestinal epithelial 

development and it decreases in the first days of age (van Elburg 2003). Newborn infants fed 

human milk vs formula had decreased permeability at 28 days of age (Shulman 1998), 

indicating a more rapid maturation of intestinal epithelium, which may well be the result of 

growth factors contained in human milk.  

Lactoferrin (LF), an iron-binding 80-kDa glycoprotein, is found in amniotic fluid and 

mammalian milk in either iron-saturated and iron-unsaturated forms (Farnaud 2003). Its 

concentration in human milk is related to infant age. It peaks in colostrum and rapidly 

decreases in mature milk (Hirai 1990). Lactoferrin is a major protein component of human 

milk and exerts a broad spectrum of physiologic activities, such as enhancement of immune 

function, defence against pathogenic bacteria and viruses, stimulation of healthy microflora 

(Vorland 1999). The hypothesis was tested that LF functionally modulates intestinal ion 

transport and nutrient absorption functions.  

 

Results 

Effects of lactoferrin on intestinal ion absorption and cell growth 

Experiments performed in Ussing chambers did not result in an effect of LF on ion transport in 

Caco-2 cells monolayer (data not shown). Experiments were performed to test the hypothesis 

that lactoferrin promotes intestinal cell growth through a direct effect on the enterocyte.  
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Human LF induce a trophic effect on Caco-2 cells in a dose dependent manner  (Buccigrossi 

2007). 
3
H-thymidine incorporation was increased in Caco-2 cells exposed to LF after 3 days 

post-plating, with a maximal effective dose of 100 µg/ml. The effect  was progressively lost in 

older cells (Fig. 17). These effects are consistent with an indirect stimulation of nutrient 

absorption by lactoferrin. 

 

 

Fig.17  Effects of LF on Caco-2 cell growth at different stage of differentiation. Cell growth was evaluated in Caco-2 cells at 

3, 10 and 17 days post-plating using uptake of 3H-Thymidine method after LF (100 µg/ml) stimulation. Data were expressed 

as percentage vs basal condition (from Buccigrossi 2007). *p<0.01 vs basal 

 

 

Role of MAP kinases 

To investigate the molecular mechanisms involved in LF-induced cell growth, the activation 

of MAPKs was measured. Caco-2 cells at two distinct differentiation stages were stimulated 

with different concentrations of human native LF and ERK1/2 was visualized by western blot 

(Fig. 18). In undifferentiated enterocytes, the basal phospho-ERK1/2 activity increased after 

LF exposure in a concentration range of 1-100 µg/ml. In differentiated cells also, LF 

increased of phospho-ERK1/2 levels, but the magnitude of stimulation was reduced compared 
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to that observed in undifferentiated cells. Intracellular levels of activated p38 did not increase 

upon LF stimulation in either differentiation stage (Fig. 18). This data indicate that p42/44 is 

implicated in LF trophic effect and that immature enterocytes are its preferred target. 

 

 

 

 

Fig.18 Effects of LF on p-p42/44 and p-p38 levels in Caco-2 cells at different stage of differentiation. Three LF 

concentrations were used for stimulation of 15 minutes, then activated forms of p42/44 and p38 (p-p42/44 and p-p38 

respectively) was evaluated by western blot method. Normalization was performed with total form of proteins and no 

differences was observed between basals and stimulated cells (data not shown).   

 

 

Effects of lactoferrin on intestinal cell differentiation 

In basal conditions, sucrase and lactase activities progressively increased in growing Caco-2 

cells. LF induced a dose-dependent increase of sucrase and lactase activities, with a peak at 

100 ng/ml. These effects were strictly depended on the time of LF addition. Exposure of more 

immature (younger) cells to LF corresponded to the maximal effect. In parallel experiments 

we added LF to the cells at 3, 6, 10 and 15 days post-plating. The effect was strongest in cells 

exposed to LF at 3 days for sucrase activity and in those exposed to LF at 6 days for lactase 

activity (Fig. 19). Thus LF tends to induce a more potent effect in immature cells. 
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Fig.19 Modulation of disaccharidase activities by LF in Caco-2 cells at different stage of differentiation. Disaccharidase 

activities were evaluated in Caco-2 cells at 3, 6, 10 and 15 days post-plating. LF (100 ng/ml) induced a significant increase of 

sucrase (A) and lactase (B) activities 3 and 6 days post-plating respectively (from Buccigrossi 2007).*p<0.05 vs basal 

activity 
 

 

These effects were exerted at transcriptional level as judged by a significant increase of 

sucrase and lactase mRNA expression observed upon LF stimulation (Buccigrossi 2007). 

It should be noted however that enzyme activities were expressed per mg of cell protein, 

therefore the observed increase was unrelated to the stimulation of cell growth.  
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3.4 Summary 

The enterocyte is the target of moieties of different nature, all merging to induce similar 

effects on ion absorption and enterocyte growth and differentiation that may be modulated at 

enterocyte level. GH and zinc have an important role on the regulation of basal proabsorptive 

tone of enterocyte in physyiological condition and reduce the secretive effects induced by 

enterotoxic factors, directly acting on intracellular mediators.  We also found effects on cell 

growth for either factors, and differentiation for zinc. On the contrary, LF only induces 

intestinal cell growth and differentiation of immature enterocytes and it does this in a 

concentration-dependent fashion, providing an explanation for the age-dependent 

concentration pattern of LF in human milk. At high concentrations LF acts as an optimal 

intestinal growth factor, while at low concentrations, it induces intestinal differentiation and a 

strong inhibition of cell growth (Fig. 20). 

 

LF (ng/mL) 

Fig. 20 LF concentrations functionally modulate intestinal processes in a dose dependent fashion. High doses of LF induce a 

rapid increase of intestinal cell proliferation (�), whereas low doses are effective increasing lactase (�) and sucrase (�) 

activities. 

 

 

The signal transduction of the effects by GH, zinc and lactoferrin were the same. The 

similarities of the effects and pathways need further comments: a close relationship exists 
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between ion absorption and cell growth. This pattern may be seen as part of the evolution of a 

positive phenomenous, since it protects from diarrhea (one of the major danger in term of 

evolution) and allows body growth. Another comment is the broad pattern of moieties capable 

to induce the same effects. Finally it is somehow surprising that the target of those moities, 

i.e. their signal transduction pathways, were the same. 
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Chapter 4 Intestinal negative modulators 

4.1 HIV-1 transactivating factor protein (Tat) 

 

Background 

The digestive tract is a major target of HIV. Children with severe immune impairment have a 

high rate of severe gastrointestinal problems, in part due to opportunistic infections  (Guarino 

2004). Chronic diarrhea, dehydration and malabsorption lead to progressive weight loss, 

which contributes to morbidity and mortality in HIV-1-positive individuals (Sharpstone 

1996). However the etiology of diarrhea is unknown in at least one-third of cases, and it has 

been suggested that HIV-1 itself could cause diarrhea and intestinal damage (Seidman 2000). 

Partial villus atrophy associated with a maturational defect of enterocytes has been reported in 

HIV-1 infected patients and is known as HIV enteropathy. A pathogenic role of HIV-1 is 

supported by the detection of viral proteins and/or nucleic acids in enterochromaffin, in 

intestinal epithelial and goblet cells  (Seidman 2000). However, several  HIV-1 effects are not 

mediated by the lytic propagation of viral particles, rather by secreted viral factors. Thus, 

HIV-1 may alter the morphological and functional maturation of intestinal epithelial cells 

without necessarily infecting enterocytes (Kotler 1999). In addition to structural and 

enzymatic proteins, HIV-1 encodes for a group of at least six auxiliary regulatory proteins, 

including Tat, a trans-activator peptide essential for HIV-1 replication. Tat exerts its effects 

by activating L-type Ca
2+

 channels (Gallo 1999, Zocchi 1998) and/or by mobilizing 

intracellular calcium stores (Haughey 1999). Despite its nuclear localization, Tat is secreted 

from HIV-1-infected cells and acting as paracrine agent in neighboring uninfected cells. Tat is 

found in the sera of AIDS patients even in the absence of a massive lysis of infected cells and 

is involved in many pathological processes that may contribute to immune and non-immune 

dysfunctions associated with HIV-1 infection (Rubartelli 1998).  
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Tat protein induced ion secretion in Caco-2 cells and in human colonic mucosa (Berni Canani 

2003b). The maximal effective dose was 0.1nM, the same concentration detected in the sera 

of HIV-1-infected patients (Albini 1996a). Chloride secretion was associated with an increase 

in intracellular Ca
2+

, as a result of both extracellular Ca
2+

 entrance and intracellular stores 

mobilization. 

In addition to ion secretion, Tat induced a potent inhibition of intestinal cell proliferation as 

judged by 
3
H-thymidine uptake and cell count models (Berni Canani 2003b). Therefore Tat 

has a double effect: it increases fluid secretion and impairs cell growth. This double pattern 

adds to the concept that a relationship exists between ion transport processes and cell growth. 

 

Results 

Effects of Tat protein on intestinal apoptosis 

To further explore this relationship, I investigated the role of caspase-3, an apoptotic marker. 

The specific hypothesis was that the Tat inhibition of cell growth is due to an increase of 

apoptosis (Fig. 21).   

  

Fig.21 Activation of caspase-3 was evaluated after Tat stimulation by two methods: a specific polyclonal antibody anti 

cleaved caspase-3  in western blot experiment (A) and a caspase-3 activity commercial kit (B) as decribed in Methods 

section. *p<0.01 vs Control. 
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The upregulation of caspase-3 cleaved protein (Fig. 21A) and its increased activity level 

under Tat stimulation (Fig. 21B) demonstrated the activation of the apoptotic pathway. 

 

Effects of Tat protein on intestinal glucose absorption 

Sugar malabsorption is the most frequent and severe feature of AIDS-related intestinal 

dysfunction, and it contributes to AIDS-associated malnutrition (Miller 1991). In the 

human intestine, and in Caco-2 cells, glucose absorption is coupled with Na
+
 absorption 

through the Na
+
-D-glucose symporter 1 (SGLT-1) located on the enterocyte apical 

membrane. The transporter GLUT-2, which is located on the basolateral membrane, carries 

intracellular glucose to the bloodstream (Kellett 2001). The working hypothesis was that 

Tat inhibits SGLT-1 activity in the intestinal epithelium, thereby inducing glucose 

malabsorption in AIDS patients.  

Tat addition to Caco-2 cells dose-dependently inhibited glucose uptake (Fig. 22). This 

effect was prevented  by anti-Tat polyclonal antibodies and by L-type Ca
2+

 channels agonist 

Bay K8644. Western blot analysis of cellular lysates and brush-border membrane 

preparations showed that  Tat induced SGLT-1 missorting.  Tat also caused a dramatic 

decrease in α-tubulin staining, which indicates dysruption of the cytoskeleton organization 

(Berni Canani 2006b),  which certainly contributes to nutrient malabsorption. 
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Fig.22 Glucose uptake was significantly inhibited by incubation for 1 hour with Tat. The effect was dose-dependent and 

saturable with a maximal effective concentration of 0.1 nM. The magnitude of the maximal inhibitory effect induced by 

Tat was comparable to that observed with the maximal effective dose of phlorizin (70% vs. control cells) (from Berni 

Canani 2006b). 

 

 

 The intestinal pathogenic effects by Tat: an example of moleculat mimicry 

High affinity binding by Tat to vascular endothelial growth factor receptors (VEGRs) was 

previously described. VEGFR-2 (Flk-1) was activated by Tat in vascular endothelial cells 

(Albini 1996a) and in a Kaposi’s sarcoma cell line (Ganju 1998) whereas VEGFR-1 (Flt-1) 

was activated by Tat in monocytes (Mitola 1997). HIV-Tat protein shows a arginine-lysine 

rich domain that resembles a poly-basic sequence of angiogenic factors such as VEGF 

(Albini 1996b). Basic domains of Tat mimic VEGF-like activities such as monocyte 

chemotaxis (Benelli 1998) and angiogenesis (Scheidegger 2001). Based on this data, the 

hypothesis was raised that Tat is a functional mimetic-peptide of VEGF. VEGF is a heparin 

binding glycoprotein that functions as an endothelial-cell-specific mitogen, a potent 

angiogenic, permeability and fibrosis factor. VEGF may be synthesized by a wide variety of 

cells, including keratinocytes, fibroblasts, macrophages, smooth muscle cells, epithelial 

cells, tumor cells, eosinophils, and neutrophils. Inducers of VEGF synthesis include 
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proinflammatory cytokines (IL-6, TNF-α), growth factors (PDGF, EGF), and tissue 

hypoxia. VEGF receptors are also present on intestinal epithelial cells.  

I performed comparative experiments with VEGF and HIV-Tat to investigate the 

similarities and differences of their effects. The addition of VEGF to the serosal side of the 

cell monolayer induced chloride secretion with the same time- and dose-dependent pattern 

observed for Tat protein (Fig.23A). Similar to Tat, mucosal addition of VEGF did not 

change electrical parameters. The similarities were also observed in the inhibition of cell 

proliferation as shown in Fig. 23B.   

 

 

  

 

Fig. 23 Effects of increasing concentrations of VEGF and Tat protein on short circuit current (∆Isc) (A) and on 3H-thymidine 

incorporation (B) in Caco-2 cells.  

 

 

Both effects on ion transport and on cell proliferation elicited by VEGF were neutralized by 

Tat antibodies providing further compelling proof that VEGF is the endogenous analogue of 

the Tat protein (Fig. 24).     
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A      B 

 

Fig. 24 Effects of VEGF (100 pM) on short circuit current (A) and 3H-thymidine incorporation (B) after preincubation with 

specific antibodies against Tat protein * = p <.01 vs control;  ** = p <.01 vs VEGF alone. 
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4.2 E. coli heat-stable enterotoxin (ST) 

 

Background 

Enterotoxigenic E. coli strains elaborate two classes of enterotoxins, namely the heat-labile 

and the heat-stable enterotoxins (LT and ST, respectively). LT is homologous to cholera toxin 

and induces chloride secretion by increasing the intracellular cAMP levels. ST causes an 

increase of intracellular cGMP to induce chloride secretion and diarrhea (Guarino 1989). ST 

is a small peptide pathogenic for humans (Giannella 1995). The jejunum is a major target of 

ST-elicited anion secretion that is mediated by CFTR (Vaandrager 1997a). ST binds to its 

receptor guanylate cyclase C (GCC) on the apical surface of enterocytes, resulting in the 

generation of cGMP. This in turn activates a cGMP-dependent kinase (cGKII) leading to the 

phosphorylation of the CFTR on the apical membrane (Vaandrager 2000), and in the 

consequent inhibition of Na
+
 absorption on the apical membrane of jejunal enterocytes. This 

result shifts the ion fluxes toward net fluid secretion (Lucas 2000, Vaandragen 2002).  

Previously it was demonstrated that the addition of ST to the basolateral side of intestinal 

epithelial cell monolayer induced a similar but less intense secretory effect compared with ST 

mucosal stimulation and the same pattern was observed in increasing cGMP levels (Albano 

2005). However intestinal cGMP pathway could be involved in enterocyte proliferation as 

well. It was hypothesized that the activators of GCC induce an antiproliferative effect on 

intestinal cell cancer growth (Pitari 2003, Shailubhai 2000, Wang 2000). On the contrary, the 

absence of normal GCC expression with a reduction of cGMP levels resulted in a decrease of 

intestinal cell growth of which MAPK ERK1/2 is the main signaling pathway (Aliaga 1999). 

The interaction between ERK1/2 and cGMP pathway is therefore unclear (Rao 2004, Saha 

2007).  
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The hypothesis has been raised that GCC activation controls intestinal cell proliferation and 

ion secretion in a  compartmentalized manner (Jin 1999). In other words, ST may act on either 

the mucosal and serosal side of the polarized enterocyte inducing two distinct effects through 

two distinct patways, namely cGMP and ERK1/2. 

Alternatively, the mucosal or the serosal addition could induce a more potent effect on either 

fluid secretion or cell growth. The mechanism of such quantitative difference could involve 

the signal transduction, i.e. ST could preferentially acts on a specific serosal messenger (either 

cGMP or ERK1/2) depending on the enterocyte compartment i.e. the apical or basolateral side 

of ST addition. Compartimentalization is supported by the fact that the enterocyte is a 

strongly polarized cell, with two distinct membranes (apical vs basolateral) that are 

structurally and functionally different. In addition a strong evidence of polarization is 

transepithelial PD, which is generated by changed ion fluxes.   

 

Results 

Effects of ST on intestinal cell growth and ion transport 

The addition of ST to Caco-2 monolayer results in an increased BrdUrd incorporation 

(indicating a proliferative effect) with a more potent effect upon ST addition to the serosal 

side, than that observed with ST addition to the mucosal side. However, ST simultaneous 

addition to both sides did not correspond to the sum of the single compartments (Fig. 25).  

ST mucosal addition induced a more potent chloride secretion than ST serosal stimulation. 

Also for this effect, the simultaneous addition to both compartments resulted in an effect that 

was not significantly increased compared with that observed with the mucosal addition (Fig. 

25). Since all electrical modifications were inhibited in chloride-free buffer (data not shown) 

the observed effect is consistent with anion secretion.  
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Fig. 25 ST serosal addition (S) to Caco-2 monolayers induced an increase in BrdUrd incorporation, indicating a proliferative 

effect. Mucosal addition (M) induced a less evident proliferation. ∗p<0.05 vs Control. On the contrary, ST mucosal addition 

induced a more potent chloride secretion vs serosal stimulation. # p<0.05 vs Control. 

 

Role of MAP kinases p42/44 and cGMP 

As shown in a representative western blot activation of ERK1/2 was more potent when ST 

was added to the serosal than to the muosal side of intestinal epithelium. The densitometric 

acquisition of western blots showed 3-and 4-fold increases for mucosal or serosal ST addition 

respectively. Conversely, an increased cGMP production was observed upon ST mucosal 

rather than serosal addition to Caco-2 monolayers. These data parallel the effects induced by 

ST addition on either side of Caco-2 cell monolayer (Fig. 26). 
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Fig. 26 ERK1/2 was more strongly activated upon serosal (S) vs mucosal (M) ST stimulation. # p<0.05 vs Control. A 

representative western blot was shown in inset. Maximal ST-stimulated cGMP production was observed upon mucosal 

addition (M) to Caco-2 monolayers. ∗p<0.05 vs Control. 

 

 

Because ERK1/2 is essential to maintain the basal proabsorptive tone in the enterocyte, the 

hypotesis was tested that ERK1/2 activation in response to serosal ST is involved in 

downregulating chloride secretion induced by ST. Cells were pre-incubated with the specific 

inhibitor of ERK1/2, PD098059, for 30 minutes before the serosal addition of ST. In standard 

condition ST serosal addition resulted in a weak chloride secretion that strongly increased 

with a preincubation with PD98059 (Fig. 27). These experiments indicate that when ERK1/2 

is inhibited, the electrical response (i.e. ion secretion) induced by the serosal addition of ST is 

strongly increased. 
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Fig. 27  PD98059 strongly increased chloride secretion in response to the serosal (S), but not mucosal ST addition (M). ∗ 

p<0.05 vs Control in Standard condition. #p<0.01 vs ST serosal addition in Standard condition. 

 

 

These results give to ERK1/2 a double role in the enterocyte physiology. ERK1/2 is essential 

for cell growth and it also acts as a braking force of stimulated ion secretion. This is the first 

demonstration that ERK1/2 controls  ion transport  through a compartimentalized mechanism 

and is consistent with the observation that ERK1/2 is mainly located in basolateral membrane 

of intestinal epithelial cells (Boucher 2003). Again, this data provide an additional proof of a 

link between ion transport and cell growth. 

 

The intestinal pathogenic effects by ST: another example of moleculat mimicry 

Bacterial and viral enterotoxins are usually known to induce functional damage to the host. 

Hence the association of enterotoxic and proliferative effects is a peculiar feature of ST.  
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This feature may depend on cGMP pathway activation and GCC binding. The physiological 

ST receptor in the intestine (i.e. GCC) was unknown until Currie et al (Currie 1992) extracted 

and purified from the rat small intestine a peptide that is homologous to ST. This endogenous 

peptide, named guanylin, shares 50% homology with ST and competes with the ST for 

intestinal binding sites stimulating chloride secretion (Carpick 1993). The endogenous ligands 

of GCC receptor, guanylin and uroguanylin are produced predominantly in the intestine 

although uroguanylin is also expressed in the kidney (Whitaker 1997, Cohen 1995). 

Proguanylin and prouroguanylin are secreted into the intestinal lumen but they are also 

detected in the blood stream as 11 – kilodalton prohormones and are each cleaved to the active 

15 amino acid carboxy termini that bind GCC (Hamra 1996). Circulating uroguanylin induces 

natriuresis, kaliuresis, and diuresis in isolated perfused rat kidney. It has been suggested that 

uroguanylin represents a gut-to-kidney signaling hormone that upon ingestion of high-salt 

meals causes natriuresis in anticipation of increased intestinal salt absorption (Fonteles 1998). 

However, guanylin and uroguanylin may have other physiological roles (Zhang 1998, Cohen 

1998) including the activation of a cGMP signal transduction pathway that may take part in the 

regulation of the turnover of epithelial cells by continuous replenishment of the epithelial cells 

(Shailubhai 2000, Wang  2000). 

Albano et al. (Albano 2005) demonstrated that ST is more potent than guanylin in stimulating 

intestinal secretion and cGMP production and these effects are more intense on the luminal 

rather than basolateral membranes of intestinal epithelial cells (Albano 2005).  These new 

data demonstrate that guanylin induce the same effects and involved the same intracellular 

mechanisms of ST but with a decreased intensity compared to ST (Tab. 3), providing an 

example of molecular mimicry. 
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Tab.3  ST and Guanylin effects 

Intestinal effect 

 Chloride Secretion  Cell Proliferation  

M      9.2 ± 2.1∗ M     3.2 ± 1.6 
ST 

S       3.1 ±  1.2∗ S      7.3 ± 2.1 

M      5.2 ±  2.1 ∗ M     2.9 ± 1.8 
Guanylin 

S       1.5 ±  1.7∗ S       6.5 ± 1.7 

 

Intracellular mechanisms 

 cGMP levels  ERK1/2 activated  

M       14.1 ± 1.8 ∗ M      2.9 ± 1.3 
ST 

S        8.2 ± 1.3∗ S       4.1 ± 1.2 

M       8.2 ± 1.2 ∗ M      3.0 ± 1.8 
Guanylin 

S        5.3 ± 1.4∗ S       3.9 ± 1.4 
 

 

Abbreviations: M, mucosal side and S, serosal side of Caco-2 monolayer. 

All data are expressed as fold increase vs basal condition.  

∗Data from Albano 2005 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Intestinal positive modulators: summary - 57 - 

4.3 Summary 

In the first section of this PhD thesis I have decribed a link between ion transport and cell 

growth based on the combination of absorptive and proliferative effects exerted by the same 

moieties. In this second section this concept is further supported by the data obtained with 

Tat, essentially consisting in the association of its enterotoxic and cytotoxic effects. Tat 

protein functionallly and structurally damages epithelial intestinal cells, inducing a secretive 

diarrhea, apoptosis and sugar malabroption.  

An exception to the view that couples ion absorption with growth and, conversely, ion 

secretion with cell growth inhibition is obtained with E.coli ST.  

Indeed ST toxin induces secretive diarrhea but increases intestinal cell proliferation. 

The explanation is given by the presence of the target receptors and molecular mimicry: the 

sequence omology allows these toxins to mimic the effects of physiological factors. Therefore 

VEGF and ST are examples of molecular mimicry where bacteria have developed a strategy 

that exploits mechanisms active in intestinal ion functions. 
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Chapter 5 Discussion 

In order to maintain electrolyte homeostasis, a complex interaction between secretory and 

absorptive processes is necessary. Secretion and absorption are two distinct processes that 

occur simultaneously in crypt and villus cells (Kockerling 1993) and are controlled by a 

complex array of endocrine, paracrine, autocrine and neuronal stimuli. 

These functions also depend on the constant turnover of the intestinal epithelium, one of the 

most rapidly replicating tissues in human body (Yen 2006). Small and large intestinal cell 

turnover depend on gut mucosal stem cell proliferation, their migration along the crypt-villus 

axis and cell apoptosis (Booth 2000).  

There is a close relationship between the degree of enterocyte maturation and absorptive 

functions. Mature villus cells are actively absorbing whereas more immature crypt cells are in 

a basal secretive state.  

In this PhD thesis I investigated the relationship between transepithelial ion transport and 

growth and differentiation of epithelial intestinal cells, choosing the effects of different 

moieties on either process and also exploing their mechanisms.  

I found several lines of evidence of a close relationship between cell growth and ion transport. 

Firstly GH has a dual role on intestinal epithelial cells. GH induces a trophic effect, whereas 

the ion transport is tuned up in a proabsorbitive condition. The effects were obtained at the 

same concentration and share, at least in part, the same intracellular mechanisms. ERK1/2 

was involved in either effect as demonstrated by pre-incubation experiments with a specific 

inhibitor. 

GH proabsorbitive effect was an early event just as activation of ERK1/2 and it’s well known 

that this activation drives the cell cycle toward the mitosis phase. Therefore ERK1/2 could be 

the molecular link of the relationship between ion transport and cell growth. To support this 

hypothesis I tested a second proabsorbtive factor, zinc, and again I observed an effect on ion 
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absorption coupled with cell growth and both were related to the activation of ERK1/2. 

Another possible key molecule implicated in this interaction is nitric oxide. Several studies 

demonstrated that high NO levels induce apoptosis in cancer cell lines (Gao 2005, Kashfi 

2005), but the specific role by NO in cell growth is unknown. Both the proabsorbitive factors 

tested were effective in increasing NO levels by activating cNOS. This event was strictly 

correlated with ion transport as indicated by the results obtained with NO inhibitor L-NAME. 

Further experiments are needed to esthablish the role of NO in intestinal cell growth. In 

addition, althought lactoferrin induced intestinal cell growth and promotes ERK1/2 activation, 

no effect on Isc was observed. This is probably due to the activation of different proliferative 

pathways. Alternatively lactoferrin could modulate the ion transport with a more long term 

effect. However these data support the hypothesis that an ion proabsorbitive event triggers 

intestinal cell proliferation. To partial support this hypothesis there are evidences that ion 

secretion results in inhibition of intestinal cell growth. HIV-Tat protein induced chloride 

secretion and inhibition of cell growth through an increased apoptosis, providing an example 

of a toxin that induces either functional and structural damages in the intestinal mucosa. An 

exception to the observed pattern combining ion absorption with cell growth one side and ion 

secretion with cell damage on the other, was observed with E. Coli ST. ST induced a rapid 

and potent chloride secretion but this was associated with a proliferative effect. The opposite 

effect had a peculiar feature in their being polarized, i.e. closely linked to basolateral and 

luminal side of ST addition to enterocyte. This feature finds an explanation in the ST 

molecular mimicry with a physiological endogenous secretagogue, guanylin. Differential 

activation of guanylin receptors by serosal and mucosal side of enterocyte induces different 

physiological effects. 

However data showed in this thesis demonstrated a relationship between transepitelial ion 

transport and growth in the intestinal epithelium linked by specific pathways. Therefore  
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generally proabsorbitive factors promotes cell growth but not all growth factors are able to 

induce absorption.  

These concepts, in a perinatal interpretation, have important implications on knowledge of 

intestinal physiology in infant age and particularly for the early stages of intestinal 

development. 

Survival depends on the ability of neonates to clear intestinal content (meconium), to absorb 

nutrients immediately after birth, to reduce intestinal permeability and to balance ion 

transport. All these processes undergo dramatic changes at birth, when there is the need of 

immediate adaptation. Structural and functional events occurs at intestinal level and are 

influenced by exogenous and endogenous factors and their timing is essential.  

Almost all term infants expell meconium within 48 h of life with no differences between 

breast or formula-fed infants (Metaj 2003). The mechanisms involved in this process are 

known only in part. CFTR has an important role in intestinal water secretion and is involved 

in meconium output (Eggermont 1996) and factors regulating CFTR have an important role in 

the physiological meconium production and output. My results suggest that two distinct 

molecules play a role in intestinal ion secretion: guanylin and VEGF. They are involved in 

chloride secretion through the activation of CFTR and CaCC, respectively. Guanylin serum 

concentrations are unknown in newborns but the intestine has the highest concentration of 

guanylin receptors GCC in the first 3 days of life (Guarino 1987). It is logical to speculate that 

guanylin effects peak at this age when an increased fluid secretion helps expelling meconium. 

To support this, there is a high incidence of meconium ileus in cystic fibrosis, a disease 

characterized by a structural and functional abnormality of CFTR (Kerem 1995).  

VEGF induces Ca
2+

-dependent chloride secretion by activating CaCC. VEGF receptors are 

present on intestinal epithelial cells (Vuorela 2000) but the mechanism to upregulate intestinal 
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effects depends on ligand concentrations: VEGF is present at high levels in colostrum 

(Siafakas 1999) and in infant serum (Malamitsi-Puchner 2000). 

Interestingly either guanylin and VEGF share the ability of modifying cell proliferation. 

Guanylin promotes intestinal proliferation mainly acting on the serosal side of crypt cells 

whereas VEGF at high concentration reduces cell proliferation probably increasing apoptosis 

of mature enterocytes. However the combination of increased cell proliferation and apoptosis 

promots a rapid enterocyte turnover from the the crypt to the villus tip. In addition a more 

rapid enterocyte migration from the crypt to the villus tip by the maturing enterocyte is linely 

associated with a less pronounced “ion absorptive state”. Rather the relative abundant crypt 

cells in their typical secretory state may help expelling meconium. These apparently opposite 

effects occur simultaneously. Indeed intestinal cell turnover is maximal in this phase. 

Intestinal epithelium protects the host from invading pathogens, creating a barrier between 

microbes within the intestinal lumen the blood stream: factors contributing to disrupt this 

barrier may expose the host to bacterial translocation and to development of systemic 

inflammatory diseases. In newborns the immaturity of the mechanical barrier and the 

incomplete development of immune system may contribute to the pathogenesis of necrotizing 

enterocolitis (NEC) (Anand 2007).   

Intestinal ion secretion and the rapid enterocyte turnover occur in the first days of life and 

depend on cGMP and Ca
2+

 pathways as discussed previously. After the intestinal washing, 

which is needed to expel meconium, secretion must be reduced rapidly. Experimental data 

demonstrated that MAPKs reduce chloride secretion: ERK1/2 and p38 reduced Ca
2+

-

dependent chloride secretion but ERK1/2 was selectively effective in reducing cGMP-

dependent secretion. In addition a distinct second messenger, nitric oxide, acts as a brake to 

CFTR-dependent secretion.  



Discussion - 62 - 

Afterwards, the newborn intestine undergoes the adaptative processes induced by endogenous 

and environmental factors. Timely modifications of transepithelial ion transport continue 

toward the proabsorbitive homeostatic final condition.  

Human milk is a rich source of substances able to modulate intestinal functions. In particular I 

found that two factors present in human milk, namely GH and zinc, are able to activate 

MAPKs and NO pathways involved in the proabsorbitive tone.  

Another important function in infant intestine is related to the proliferation of intestinal cells 

in order to reduce intestinal permeability and develop a barrier against bacteria and antigen 

traslocation. This event is supported by the combined action of several factors, such as GH, 

zinc and lactoferrin present in human milk. Lactoferrin, in particular, is able to differentially 

modulate intestinal functions in a concentration dependent manner. Lactoferrin at high doses 

such as in colostrum promotes intestinal growth but at lower doses such as in mature mother 

milk, promotes intestinal differentiation acting directly at transcriptional level. This is an 

example of functional modulation and adaptation induced by a single factor.  

Differently from lactoferrin, zinc exerts a dual effect at the same concentration, inducing both 

proliferation and differentiation. This process may shorten the time of passage of enterocytes 

along crypt-villus axis allowing a rapid turnover highly needed at this age.  

Finally, the coordination of these events results in the gradual maturation of newborn 

intestine, reaching a final condition in which the main intestinal functions are defined: the 

proabsorbitive status, the barrier function and the ability to digest and absorb nutrients.  
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