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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 ([Ca®*]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*") (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
I, 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®* concentrations are generally very low (approximately 100nM).
Neurohormonal substances or toxins can increase intracellular Ca®* 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

Ca2+—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 DI 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 (MAPKSs) cascade is required for intestinal cell cycle
progression and differentiation of human intestinal cells. MAPKs p42 and p44, also called
ERK2 and ERKI, 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 MAPKSs 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.



Tab.1 Intestinal modulators

Agonists and antagonists of intestinal

chloride secretion
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Intestinal growth modulators

Positive modulators
Secretagogues Aminoacids (taurine)
- ) Minerals (Ca**, Cu*,
Neurotransmitters éclzgtylchohne Nutrients Fe**, Se**, Zn*")
Histamine Vltarpms
Immune Adenosine Insulin
Mediators Prostaglandins TSH .
Cytokines (IL-1) Hormones Prolactin
Endocrine Uroeuanylin ('}TH dT
Mediators guany 3and 14
Paracrine Guanylin EGF .
Mediators 5-HT %litrImIGF 1
Exogenous Microbial i B
Agents enterotoxins Growth HGE
factors NGF
FGF
KGF
Inibitors of chloride secretion GLP-2
Attachment . .
) NPY Fibronectin
Neuropeptides PYY factor
Bindin Lactalbumin
EGF roteiné; Transferrin
Growth TGF_,OL P Casein
factors Insulin Spermine
IGF-I Polyammines Spermidine
GH Putrescine
Trace Zinc Cytokines TGF-o., TGF-B
elements
Negative modulators
INFy
Cytokines IL-4
IL-13
Exogenous Microbial cytotoxins
agent

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,
INFy, Interferon; KGF, Keratinocyte Growth Factor; NGF, Nerve Growth Factor; NPY, Neuropeptide Y; PYY, Peptide YY;
T;, 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.
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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% CO,-95% air. Cells were

used between the 20™ and 40™ 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”. 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 Sml of Ringer solution with the following composition (in millimoles per
liter): 114 NaCl, 5 KCI, 1.65 Na,HPOy4, 0.3 NaH,PO4, 1.25 CaCl,, 1.1 MgCl,, 25 NaHCO3;, 10
glucose, constantly gassed with 5%C0O,-95%0,, 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 (uA/cmz), G as millisiemens per square
centimeter (mS/cmz), and potential difference as millivolts (mV). Cell viability was evaluated by
measuring the electrical response to the serosal addition of theophylline (SmM) 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 MAPKSs inhibitors, was performed to investigate the role of p42/44 and p38
on GH-induced electrical response (PD098059 40uM and SB203580 5uM, respectively). To

investigate the role of NO in GH-induced modifications of ion fluxes the specific cNOS inhibitor
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No-nitro-L-arginine methyl ester (L-NAME) (2 x 10 mol/L.) was added on the mucosal and
serosal sides.

In Zinc experiments: Zinc (35uM) 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 CI" at an equimolar concentration. To investigate in greater
details the role of CI  in the electrical effect of Tat, we used the CI” 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®
channels, was used to investigate the role of L-type Ca”* channels in the electrical effects exerted
by Tat. Caco-2 cell monolayers were incubated for 20 min with Bay K8644 (1uM, 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 uM) was

added 30 minutes before the stimulation with ST.

2.3 Intestinal cell growth studies

H-thymidine uptake: Caco-2 cells were seeded onto 96-well microtiter plates (104 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. *H-thymidine (0.5uCi/well, ICN Biomedicals,

Irvine, CA, USA) was added 18h before harvesting the cells with a semiautomatic cell harvester



Methods - 15 -

(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 MAPKSs inhibitors (PD098059 40uM and
SB203580 5uM), 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 ( 104 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.
VEGEF (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 uM

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_ml) and lactase (Hs00158722_ml) were purchased from Applied
Biosystems. A 25ul 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(C{GAPPH)-Clltes))

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 Nw-nitro-L-arginine methyl ester (L-NAME) (2 x 10 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 NO, and NOj, the degradation products of NO in the culture
medium, were determined by the Griess reaction after nitrate reduction. Total NO, /NOs™ 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**-free Ringer’s solution to investigate
whether costituttive NO syntase (cNOS), which is the Ca"/ calmodulin-dependent NOS form,
rather than the iNOS form was involved. The modified Ca**-free Ringer’s solution had the
following composition (in mmol/liter): Na,HPO,, 1.65; NaH,PO4, 0.3; NaHCO;, 15; NaCl, 53;
KCl, 10; Na,SOy4, 30.5; MgCl,, 2.35; glucose, 19; and EDTA, 0.5.

In GH experiments: cNOS inhibitor Nw-nitro-L-arginine methyl ester (L-NAME) (2 x 10 mol/L)

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

2.7 Determination of intracellular calcium concentrations

[Ca™"]; was measured using a microfluorimetric technique. Briefly, cells grown on glass coverslips
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were loaded with S5uM 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 Is. Consequently,
[Ca®*]; 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
2
[Ca +]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 (2-10uM), in the presence of 1.5mM extracellular Ca®. Ionomycin
addition produced a rapid increase in fluorescence intensity that allowed to calculate the Ry« value.
To determine the R, value, cells were subsequently exposed to a Ca’*-free solution containing 1-
20mM EGTA. Given that K, for Ca’" of fura-2 AM is 224 nM at 37°C, the Ruin, Rmax values were
introduced into the Grynkievicz formula to convert the values of fluorescence ratio between 340
and 380 nm into [Ca**];. 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; B-mercaptoethanol, 14mM; EDTA, 2mM; HEPES
pH 7.9, 15mM; sucrose, 0.3M; aprotinin, Sug/mL; leupeptin, 10ug/mL; pepstatin, 2pg/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-HCI, pH 6.8, 2% SDS, 10% glycerol, 5% 2-
mercaptoethanol, and 0.001% bromophenol blue). Cell protein (50ug/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-HCI 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 ['‘C]-a-Methyl-L-D-
glucopyranoside (AMG, 0.1 mM). The cells were lysed in 0.IN NaOH. An aliquot was assayed
for protein content (Bradford method, Bio-Rad Laboratories, Munich, Germany) and another for
['*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 uM) or in Na'-free buffer for 1 hour (using
choline chloride and K;HPO, in place of NaCl and Na,HPO, 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®*

channels agonist, Bay K8644 (1uM). 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 (MAPKSs) and their upstream activators in the Ras-Raf-
MEKI1 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® 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).
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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).
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Fig. 5 Time course of the effect on short-circuit current (Isc) of GH (100 ng/ml) and NOS inhibitor, L-NAME (2x10*
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®*-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 Ca**-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).
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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® 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 cCAMP but the addition of L-NAME resulted in a total

abrogation of GH effect (Fig. 8).
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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, Ca2+—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).

Proabsomtive +
Basal condition Proabsorptive stimulus  Secretive stimulus Secretive stimuli

(A) (B) (©) (D)

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). ZnCl, addition at the final
concentration of 35uM, 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). ZnCl, 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 uM,
peaking at 35uM and decreasing with higher concentrations (Fig.10B). A toxic concentration
(200uM) of ZnCl, induced an increase in Isc to a value above that of the untreated control

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

== G control
—e— G ZnCl, (M)
-0~ G ZnCl, (S)
—&— |Isc control
—&— |sc ZnCl, (M)

10 —~&— Isc ZnCl, (S) 5
| ZnCl,, pmoliL
8 0.5 y;
4 0 20 40 ] BO 100 200
L T T T ¥ T
— 3 ——3 ¥ — ¥
6 1 I 1 1 E 0.5
- l3G) 1] 14
53 <
4] . '000400‘303:1_5.
. 2 B -2
3 49 s
W,
2_
L1 -3
-3.5 1
0 T T T T T =4
0 10 20 30 40 50 60
Time, min

Fig. 10 (A) Time course of the effects of the mucosal (M) and serosal (S) addition of ZnCl, (35 uM) on short-circuit current
(Isc) and tissue ionic conductance (G) in Caco-2 cells mounted in Ussing chambers. *p<0.05 vs control. (B) ZnCl, induced a
dose-dependent decrease in Isc, in response to mucosal (®) or serosal (M) addition, peaked at 35uM. (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 ZnCl, resulted in a significant reduction of Isc
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elicited by y—Interferon, a NO activator, and by Carbachol, a Ca" activator (Tab.2). Zinc
significantly inhibited the intracellular increases of cAMP, Ca®* and NO, in response to
Cholera toxin, Carbachol and y-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

Reduction in
Reduction in % of
% of Isc intracellular
increase mediator
INTRACELLULAR .
SECRETOGOGUE. | mawred | Wgpixtor | e
preincubation after zinc
*) preincubation
*)
CT
(6x10° M) -65% cAMP -80%
CAE%%%IOL - 68% Ca® - 68%
IFN-y ) B
(50.000 U/mL) 100% NO 7%
T
dony | GMP |

Abbreviations: CT, Cholera toxin; INFy, Interferon; ST, E.coli heat-stable enterotoxin.
*zinc preincubation was performed with ZnCl, 35uM 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**-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 (ZnSO,) 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. ZnSO,4 determined a pure pro-absorptive effect (i.e., a
decrease in Isc). Pre-incubation for 20 min with ZnSO,4 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 ZnCl, (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™ levels, microflorimetry
experiments were performed.
In basal condition was registrated a constitutive level of free calcium ion; when zinc (ZnCl,
35uM) 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 ZnCl, 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” 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 3H—thymidine incorporation in response to

increasing zinc concentrations was observed (Fig.14).
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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.

Zinc chloride (micromolL)

Control 10 35 100

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 35uM ZnCl, 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 ZnCl, (uM) and
sucrase (m) and lactase (0O) 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). *H-thymidine incorporation was increased in Caco-2 cells exposed to LF after 3 days
post-plating, with a maximal effective dose of 100 pg/ml. The effect was progressively lost in
older cells (Fig. 17). These effects are consistent with an indirect stimulation of nutrient

absorption by lactoferrin.
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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 *H-Thymidine method after LF (100 pg/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 MAPKSs 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 pg/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.

LF pg/ml LF pg/ml
Basale 0.01 1 100 Basale 0.01 1 100
p_p42,(44 e B —
p-p38
Undifferentiated cells Differentiated cells

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.



Intestinal positive modulators: lactoferrin - 41 -

Af 25 EEF ;51- ,
}-E 2 3g 5
- E15 - !ii.!'
g i
g 1] 5%1.!-
s &
E 05 ]E} ol
n 0 ] o=
3 ] gl 15 i ] " 13
days post-plating s post-plating

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).
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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 (M), whereas low doses are effective increasing lactase (O) 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” 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 Ca2+, as a result of both extracellular Ca** entrance and intracellular stores
mobilization.

In addition to ion secretion, Tat induced a potent inhibition of intestinal cell proliferation as
judged by 3H—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).
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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”* 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 o-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-a), 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 VEGEF 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.
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Fig. 23 Effects of increasing concentrations of VEGF and Tat protein on short circuit current (Alsc) (A) and on *H-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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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
c¢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.



Intestinal positive modulators: ST - 56 -

Tab.3 ST and Guanylin effects

Intestinal effect
Chloride Secretion Cell Proliferation
ST M 92+2.1% M 32%1.6
S 3.1+ 1.2% S 73+£21
Guanylin M 52+ 21%* M 29%+1.8
S 1.5+ 1.7* S 6.5+1.7
Intracellular mechanisms
cGMP levels ERK1/2 activated
ST M 14.1 £1.8 % M 29%13
S 8.2+ 1.3% S 41%+1.2
Guanylin M 82+12% M 30%x18
S 53+ 14 S 39+14

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
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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
VEGEF 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



Discussion - 59 -

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).

VEGEF induces Ca2+—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®* 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®*-
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.
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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
MAPKSs 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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Lactoferrin Induces Concentration-Dependent Functional
Modulation of Intestinal Proliferation and Differentiation

YITTORLA BUCCIGROS ST GIULED DE MARCO, EUGENLA BEUZZESE. LUIGT OMBRATO, ILEAMNA BRACALE,
GAETAND POLITO, AND ALFREDD GUARINC

Depariment of Pedicrrics, University of Naples "Federice 11,V Via 5. Pansini 5, 80131, Naples, Taly

ABSTREACT: Human milk strnulates intestinal development
through the effects of varous moisties. Lactofermin (LF) is a glyoo-
protein of human milk whose concentration is highest in colostrum
decreasing in mature milk. LF promotes entercoyte groweh in inbes-
tinal cell lines. We tested the hypothesis that LF induces a distinot
effect on enterocyte proliferation and differentiation. depending on its
concentration. We examined the dese-related effects by human-
native LF (M-LF) in Cace-2 (human colon adenocarcinema) cells. At
high concentrations, M-LF simulated cell proliferation in immature
Cace-2 cells, as judged by “H-thymidine incorporation. [n contrast,
sucrass and laotase activities were inoreased at Jow bot not high LF
concentrations and their mBMNA were also increassd. indicating a
transcripional effect. Becanse iron binds specific LF sites, we cam-
pared the potency of N-LF and iron-satarated LF (I-LF) and found
the native form more potent. Finally, we tested the effects by hovine
LF {bLF} in the sune system and found the latter more potent than
the human isoform in inducing czll growth and lactase expression.
Thesa results suggest that LF directly induces enterccyte growth and
proliferation. depending on its concentration, thereby regulating the
earlyx pestnatal intestinal development. BLF could be added toinfant
fermula 2= a growth factor in selected intestinal diseases, | Pediair
Res 6lr 410414, 2007

ntestingl epithelial development changes immediately after

birth, with an age-dependent enterocyte proliferation and
differentiation pattern (1), Intestinal cell growth peaks at birth
(2,3 upon the stimulation exerted by growth factors in ammni-
otic fuid and in human milk (4.5), but also o8 o consequence
of dietary changes (61, Intestinal epithelial growth and devel-
opment is faster in breast-fed than in formula-fed infants.
Brush border enzymes such as lactaze and sucrase al=o show
an ingrensed activity and comelate with epithelial differentia-
tion (7-10). Homan colostmm possesses a potent growth-
promoting activity, which decreases within a few days. and
milk formula has no such effect (3). Colostrum and human
mature milk contain mamy growth factors, including EGF,
IGF-I, and HGF, the concentrations of which change during
loctation (4,5.115. LF, an iron-binding 80-kDa glycopmtein
(123, is found in amniotic Awid and mammalian milk in
iron-saturated and iron-unsaturated forms (13,140, 1= concen-
tration in human milk is related to infant age: it peaks in
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coloatmum and rapidly decreases in matore milk (150, It hos
heen reported that LF resists pmobeolysis through the infant’s
digestive tract (16) and binds to o specific receptor locatzd on
the entemcyte brush-border (173 Human LF induced intesti-
nal proliferation and differentiation in the Caco-2 inbestinal
cell lime (18), Although digestive enzyme activilies increase
along the crypt villus axis (19). proliferation and differentia-
tion are not simullanecus processes and need o be finely
tuned, particularly in newbom infants. in whom the entero-
cytes have not yet acquired the festures of mature, ion-
ab=orptive cells. The aim af this study was to test the hypoth-
esis that LF induces concentration-dependent functional
misdulation of intestinal epithelial proliferation and differen-
tiaticn, thereby contributing o the fine wning of early devel-
opment of intestinal epithelium.

In human milk. native LF is a combination of 10% iron-
safurated LF and %0% imn-unsahirated isoforms (155, This
ratio is stable. Because evidence has been produced that
different LF isoforms exert different biologic effects (18,20,
wi tested the effects of M-LF (10% iron-saturabed isoform or
native LF) in comparizon with -LF {100% irom-saturated
isoform). We investigabed the effects of a wide range of LF
concentrations on proliferation and on differentiation markers
in mpidly growing intestinal Caco-2 cells. Caoc-2 is an estab-
lished human-derived intestinal cell line that differentiates into
miature human enterocytes generating monolayers of polarized
cells (21-23) To monitor cell differentiation. we determined
sucrase and lactase activities. The latter increases with age in
the first weeks of life and it wos increased in milk-fed more
than in formula-fed infants (6.7).

Finally, because bLF shows a strong sequence amino acid
homology with human LF (MCEI protein-pmtein BLAST)
245, we compared the hiclogic effects of bovine and human
LF. This was done to see whether bBLF was a potential
functicnal nutrient to be added b infant formula to achieve
clinical effects,

MATERIALS AND METHODS

Cel lime. Coco.2 cells were oblainad from the American Typs Culture
Collection {Rockyille, M. Cells weps grown in Dulbecco’s modified Ea-
gle's mediom (DMEM, Inwitrogen, Carlshad, CA) with a high ghicose
concentration (4.5 pll) supplemenbed with L04: fetal bovine serum (FES), 1%

Abkrevintions: LY. bowine naiive lacdofernn; Cace-2. human colon ade-
nocarcicoma; 1-LF. human iron-satoraied lacoferring LF, lactoferin; M-LF.
human mative lactod=mrin
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nonessential amino acids, penicillin (30 mUYmLl), and sirepiomycin (50
mgimL) and kept in 5% CO0-95% air. Calls were ussd hatwesn the 20th and
40h pazzage and the medium wae changed daily.

Cell grenwth, Caco-2 cells wers seeded anin 96wl microtiter plaies | 10
cellsfwally and culured far 3 d in DMEM wich 10% FBE. Afier 24 b of serum
starvation, clls ere axposed 10 increasing doses of LF for 46 b in DMEXM
FRE-fres; then “H- thrmidine 05 wlitwell, 109 Biomedicals, Irvine, CA)
was added 12 h be'l'l:\rehan'::-tlng the c2lls with a semiauiomatic cell harvaster
{Skatron Insirumenis, Lier, Norwag). The filiers weps dried and beta radio-
aclivity was counted with a Packard scimillation spectromster (Packard
Iretniment Co., Meriden, CT). The sams experiment was repeated aftsr 10
and 17 d from plating. For cell counis, exlls were sesdad ooto 24-well plaies
{7 0 10" esllatweell), culiured, and stimulatsd under the same sapedmenial
conditicns and counted in a Neubauer chamber.

Laciasr aad swenme aotiviy assavs. Cells were collected after 24 b of LF
stimulation and lactase and surass snrymatic activilies were measrsd by
modifisd Dahlgvist methed (255, Eneﬁt cells were rinsed in cold PES and
soraped inlo cold maleais buffer 0.1 !-'[p'l-l' 60, Bamples were somicaled three
limes for 15 s each, wsing a Labsonic 20080 (Sadorius AG, Gestlingen,
Garmany ) and botal cell Iysates wers incubared at 37°C with 50 mM lacicse
fior il min or sucrose for 30 min. The glocoss pererated by snzymatic activity
was measyed wing o glucose oxidase assay.

Comparaiive cffecs af bisan and bovine LF. Experimenis were run in
parallel 1o j=st the effects of bovine LF an Caco-2 cell growih and differsn-
tiation. Bowine LF was used in concenrations squimolar to human LF.

ENA extractins aad reverse transerjpiion. Preconflusnt Caco-2 cells were
collecied afier 24 h of bLF siimulation and tolal RNA has been extracted fram
Caco-2 cells by TRIzel reagent provocol (Inwitregen). The amount of -
tracied RNA was quaniified by measiring the ahsorbance at 260 nm. Reverse
transcription of RNA was performed wsing a High-Capacity cDNA Arnchive
it { Applisd Biosystems, Foster City, CA)L

(Puamiitative realdime RT-PCR. Fealdime RT-PCR was performed ac-
cording to the recommendations supplied by Appli=d Riosystems (available
at:  hopefieurope applisdbiosystems.com’y.  Primers  for  socrase
(Hs2 560 12_ml) and lactass (HaOD15E722_ml) were purchassd from Ap-
plied Bicsystsme, & 25-ul PCR reaction volume was prepared using about
40 ng of cOA 15 template. Feactions were run in 96-well optical reaction
plaies wing an Applied Riosystems 730 Beal-Time PCE Sysiem. Thermal
cycles were set al 9530 (10 min} and then 35 cpcles a1 9530 (15 5) and 60FC
¢1 min] with autc ramp time. For dafa amalysis, the threshold line was s
axomatically and it wee in the linsar range of the amplification curves for all
mBNA in all experimental muns. All reactions were perfammed in riplicaie.
The abundance of largel mENA was caloolaied relative 1o a refersnce mRNA
{GAPLCH). Relative expression ratics were calculabsd as B = 20062 =mice
gltmdinn - Covenin, Where Cf is the cpcle number at the threshold and the jesi
stands for the tesied mRNA. The confidence interval wirs fived al 950,

Reageais. N-LF with 10% iron-saturalion, iron-saturaled isofonm fram
human milk, and all reagents were purchased from Sigma Chemical Co. (3
Lonis, MO0, M.LF from bovine milk was kindly providsd by Prof. P
Valenti { Depariment of Experimental Medicine, [1 University of Naples,
Maples, haly).

Stafistical analsis Each experiment was mn in triplicabs and was re-
peaied af least three fimes. Fiesuks are sxpresssd as m=an = 50, Significance
was svaluated by ¢ test. Resules were considersd significant at p < 0005,

RESULTS

Effects of LF on cell growsh. *H-thymidine incorporation
was inmeased in Caco-2 cells exposed to M-LF (Fig. 14) after
3 d postplating. M-LF stimulated cell growth at a concentra-
tion &= low oz | pgimL. as judged by *H-thymidine uptake.
The effect inoreased in a dose-dependent fashion peaking at
100 gg'ml. Higher concentrations did not induce further
profiferation, indicating a saturation pattem of the effect. The
experiments were repeated using cell count to monitor cell
proliferation. A near-perfect comelation was obeserved be-
tween the two cell proliferation markers (Fig. |8, We re-
peated the same experiment at d 10 and 17 postplating using
LF concentration of | and 100 pefmL (Fig. 2, A and B,
respectively). The proliferative effect induwed by MN-LF was
maximal at 100 po/mL in preconfluent condition, but it was
progressivaly lost in older cells.
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Figure 1. Effeas of LF on Caco-2 cell growih. Caco-2 cells wers expossd 1o
increasing concentrations of N.LF an descibed in Methods. Uptake of
’[—]-th}'midi.ne 14) and cell count (F) were evaluated. Zero dose comespands 1o
cockro] pells exposed bo vehicle in the same conditions of weated cells. Data
ae mean = 5D of three independent sxperiments. *Significantly different
from O pg'mL N-LF (p < 005,
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Figure 2. Effects of LF oo Caco-2 cell grawth at different stapes of differ-
entiation. Cell growih was svalmied in Caco-2 cells ai 3, 10, and |7 d after
plating using uptake of J'H-Ih_\'midjue method. Cazo-2 oslls wers sxposed 1o
| pg'mL (4] and 1080 pp'ml (8} of B.LF. Data were sxpresssd as perceniage
ve hasal condition and are me=ans = S0 of thres indspendent sxperiments.
*Significantly diferznt from basal (p < 005

Effects of LF on sucrase and lactase activities. Under bazal
conditions, sucrase and lactase activities progressively in-
creased in growing Coco-2 cells, Sucrase activity was mea-
surable at 3 d and peaked between 14 and 16 d after plating.
M-LF induced a dose-dependent increase of sucrase activity,
with a peak at 100 ng/ml (Fig. 3. N-LF also induced an
increass in lactase activity, which, however, was independent
on its concentration (Fig. 43, Stimulation of lackase and su-
crase activities strictly depended on the time of LF addition.
Exposure of more immature cells to LF cormspondad to the
maximal effect. In parallel experiments we added LF o the
cells at 3, 6, 10, and 15 d postplating. The effect was stmongest
incells exposed to LF at 3 d for sucrase activity and in thoss
exposad to LF at 6 d for lackase activity (Fig. 5). Thus, LF
induces o more potent effect on immature cells.
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Figure 3. Efzcts of LF on sucrase activity. Caco-Z czlls were stimulated with
increasing concentrations of N-LF ai 3 d after plaiing. and sucrase aclivity
was svaluied o5 desoribed in “Maberials and Meathods.” Zern doss corme.
spands 1o contral cells sxpossd to vehicls in the same conditions of treated
cells. Data are expressed as nanomoles of glocose generatsd per minuoie
and normalized for milligram of protein content. Data are means = 5D of
thres indspendent experimenis. *Significantly differsnt from 0 ng'mL
N.LF ip = 0.05).

8
E"‘E 5.5 ‘ ; : ;
iz
E? 4,51
EE o
-

3.5

3 T v

walvicha 1 10 100 inno

N=LF (ng/ml)

Fignre 4. Effects of LF an laciass activity. Cace-2 cells were stimulaizd with
increasing concentrations of N-LF al & d afler plating and lactase activily was
ewaluaied e dezcribed in Metheds, Zero dose corresponds to contral calls
expoesd o vehicle in the same conditions of treated cells. Data are expressed
a5 nanamoles of glocose gensraisd per mines and normalized for milligram
of profein content. Data are meare = 50 of theee independent experiments,
*Significantly different from O ng'mL M-LF {p < 005,
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Fignre 5. Modulation of disaccharidass activitisa by LF in Caca-2 cells at
differect stages of differentiation. Disaccharidass activities were evaluatzd in
Cace-2 ocells at 3, 6, 10, and 15 d after plating. LF ¢ 180 ngimLj indoced
significant stimualation of sucrase (4] and lactase (8 activitizs 5 and & d after
plating respectively. *Significanily diffesrent from basal activity (p < 005},

Rialogic effecks induced by LF in relafion fo i iron-
safuration staims Because LF exists in imon-sarated and
iron-un=aturated isoforms. we investigated changes of cell
proliferation. sucrase and lactase activities in Caco-2 cells
exposed o W-LF and -LF. I-LF had a lower effect than N-LF
on cell proliferation (Fig. &), A distingt effect was also detected
for differentiation markers. Whereas M-LF inducad an increase in
sucrase activity in Caco? cells, I-LF did not iFig. 74). In contrast,
the twi isoforms induced lactase activity 1o a similar extent (Fig.
TE). These data suggest that the biologic effects induced by LF
depend at least in part. on its imon sahraton.
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Figure &, Effect of LF iranbinding staius an inlestinal growth, Cell prolif-
srafion was evaluabed in Caca-2 cells after axposure pa MN-LF (white colamm)
ad I-LF (black coduen). The concentrations ussd were 100 ppiml.. The basal
level corresponds to conirel cells sxposed o wehicle in the same conditions of
treated cells, Data wers expressed as percentage v basal condition and are
means = 50 of three independent experimenis. *Significantly diffsrent from
basal (p < 0L05%
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Figure 7. Effect of LF iron-hinding stajus cn inbestinal differsntiation. Dif-
Faperiiation was evaluated in Caco-2 cells afier N-LF {witife codammn) ond 1-LF
{hlark colsem) exposurs. The conceniration wsed was 100 ng'mL in sucrase
(Al and lactase activity (23, The baal level comssponds to conirel cells
expesed 1o wehicle i the same conditions of treabsd cells. Data wers 2x-
pressed s perosatage vs hasal condigon and are means = 5D of three
independent experiments. *Significantly differsnt from basal (p < 005,

Effecits of BLF on cell growth and differentiation. We
ohserved *H-thymidine incorporation in Coco-2 cells exposed
o bLF (Fig. 843, bLF was usad at high and low concentrations
equimalar to human LF. At high doses, BLF showed effects
gimilar o M-LF, but at low doses BLF induced a more potent
effect on cell growth. A weak stimulation of sucrase activity,
similar to what obzerved with human LF. was ohserved with
1 ng/mL of bLF. At higher bBLF concentrations, there was
virtually no effect on sucrose activity (Fig. 88 A reversad
pattem of comparative potency by the two LF isoforms was
ohserved for lactase activity. The latter increased more upon
bLF than upon human LF stimolation (Fig. 8C0.

Lactase and sucrase mENA expression under LF stimu-
lafion. To test the hypothesis that LF effects are exerted at
transcripticnal level, we determined the specific mEMA levels
in baseline conditions and in the presence of maximal efective
LF concentration. The experiments were peformed in Caco-2
cells in preconfluent condition after 24 h of bBLF stimulation
(Fig. 9 A and B, mespectively). A significant increase of
sucrase and lactose mREMA expression was observed with a
maximal effect ot BLF concentration of 1 ng/mL dose.

DISCUSSION

Intestinal length doubles in the last phase of pregnancy and
is maximal at birth {26). Intestinal permeability is an indirect
measure of intestinal epithelial development and it decreases
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Figure 8. Comparnative eﬁech. between N-LF and bLF on Caco-2 cell growth and differentiation. Paralle] preparations of Caco-2 cells weme sxposed 1o increasing
concentratiore of N-LF {witfe coliomn} or BLF (flack colume) a5 described in “Materals and Metheds.” Uplake of "H-d:}'midine LAY, sueraze (B, and lactass
activities (C) were evaluabed. The basal level correspands to control cells exposed 1o vehicle in the same conditions of treated cells. Dala were expressed as
pereentage ve bazal conditicn and are me2ans = 3D of three independent sxpermenis. *Significantly different from basal ip < 0.05), $bLF significanily different

from N-LF (g <2 005) ai the sams concentration.
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Fignre ¥, Balative concenration of mRN A for sucrass and laciaes in Cacc-2
cell lice. Relative concentrafions of sacrase ¢4) and laciave mENA (B were
detzrmiced by real-ime quactitative PCR. GAPDH was selecied av an
endogenous RMA coniml jo normalize for differences in the amount of iaial
ENA, Data are expressed as relative mENA expression and ars means £ 50
of two independent experiments. f=m dose comesponds o contral oslls
expoaed 1o vehicle in the same conditions of trealsd cells. *Significantly
differ=nt from O ogfml BLF ip < 005},
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in the fArst days of life (27.28). Mewhom infants fod human
milk versas formula had decreased permeability at 28 d of age
(28}, indicating a more rapid maturation of intestinal epithe-
lium. This is cerainly sssociated with growth factors in
hurman milk. LF is 2 major protein component of humean milk
and exerts numercous physiologic activites, such as enhance-
ment of immune function, defensez against pathogenic bacteria
and wiruses, and stimulation of beneficial gut microflora Its
also promotes gut developrment and its functions (29, We
ohserved a close relationship between LF concentration and
its biologic effects on Caco-2 growth and differentiation. High
LF concentrations induced a potent and rapid increase in
intestinal epithelial cell proliferation, whereas low LF concen-
trations induced stimulation of intestinal differentiation. These
findings suggest that LF i= a key modulator of intestinal
epithelium development. They al=o support the unique prop-
erties of colocstrum, suggesting that, in addition to its anti-
infectious and nutritional effects. it is also involved in the
rapid intestinal cell proliferation that is observed immediately
after birth. The data on lactase and sucrse activities support
the role of LF in the early intestinal development and show
that LF directly promotes entercoybe differentiation. Sucrase
and lactase show o sugar-dependent rapid increase in the first
days af life (6). Interestingly, a rapid increase is observed in
disaccharidase activities in jejunal fluid during the first, sec-
ond, and third weeks of life (30) in parallel with the decrease

in LF in human milk (150 We speculate that the higher
concentrations of LF in colostum contributes to the early
proliferation of intestinal cells, which then differentiate as a
result of its decreased concentration. Oguchi e al. (18] inves-
tigated the effects of LF on brush border enzymes and found
that the imn-sairated form of LF induces sucrase activity bt
has no effect on alkaline phosphatase activity. How ever, their
experiments were performed in confluent Caco-2 cells under-
going differentiostion. Here we show that LF stimulates both
lactase and sucrase activity on subconfluent cells, ie. when
added at an eardy phose of differentiation. These findings
suggest a positive mle of LF in human milk in regulating the
levels of lactase activity. The increase of lactase activity
during the early weeks of life in preterm infants is greater than
the increase in small intestinal muccsal mass (31). Therefore,
other factors play a arucial role in stimulating lactase devel-
oprment. Lactose iz expressed ot higher levels in breast-fied
than in formula-fed infants (7). Lactase-specific activity may
b regulated wia transcriptional or post-translational events, as
well as by controlling the break-down of lactase protein.
Human milk iz a rich source of lactose as well as of growth
factors and of components of the immune system. Any of
these moieties may regulate lactose expression either alone or
in combination with lactofernin. Goda of al. (32) suggested a
regulatory mechanism of sucrase and loctase gene ranscrip-
ticn and protein translation in differentiation process of epi-
thelial intestinal cells. Owr data support the concept that LF
acts directly on the enterocyte at trmnscriptional level. It
does this in o concentration range typical of mature milk.
Therefore, LF is able to modulate as a transcriptional factor
miEMNA expression in immature intestinal cells typical of
intestinal crypt regions. OF course, this last obsarvation
should be confirmed in primary cultures oblained from
human specimens.

Oguchi ef ol (18 reported that the iron-saturated LF iso-
form stimulated the proliferation of confluent (matuee ) Caco-2
cells, whereas the iron-unsaturated form suppresses it In
conftrast, Michols eporked that iron is not required for LF-
induced growth of enterccyte (330, Iron saturation of MN-LF is
10% in hurman milk and does not change during lactation (340,
COur data indicate that the effects by LF on Caco-2 partialby
depend on iron saturtion. In conclusion. the results of this



Publications - 75 -

414 BUCCIGROSE] ET AL

research show that LF induces intestinal cell growth and
diferentiation and it does this in a concentration-dependent
fashiom, providing an explanation for the age-dependent con-
centration pattem of LF in human milk. At high concentra-
ticns, LF acts as an optimal intestinal growth factor, whereas
at low concentrations, it induces intestinal differentiation and
o strong inhibition of cell growth. In addition. LF biclogic
effects are ohserved in immatre Caco-2 only. As a result,
there iz probably an excess of crypt-type enterocytes that have
an ion secretory rather than an absorptive pattern in the very
early phase after birth (353 This probably promotes the
Avidification and elimination of meconium. Interestingly. the
developmental pattern of LF corresponds to that described for
suanylake cyclase activity (360, o regulator of entemeyie ion
transport channels, and also of cell proliferation, which also
peaks in the first 3 d of life (37). Recent data on the guanylate
cyclase endogencus ligand, guarylin. suggest that Auidifica-
tion of intestingl content is regulated developmentally to
promote meconium output (38). By promoting mpid polifer-
ation of immature enterccytes that ame in a secretive ion
transport state, LF could be a key component of this complex
interplay.

Finally, our data also have practical implications. They
indicate that bovine LF exerts effects on human intestinal cells
that are similar b those induced by the human isoform. The
comparative experiments showed that bovine isoform is even
more pobent than human LF in inducing cell growth and
lactase expression. LF has been proposed for a number of
therapeutic purposes in human disorders, including intestinal
inflammaticn, cancer prevention, and rotayvins infection (39—
41y, Owr findings add to this concept and suggest that bovine
LF could be used as a functional component of infant formula
to promote intestinal epithelial growth and differentiation.
This effect is highly desirable, particularly in premature new-
hom infants or in intestinal diseases associated with epithelial
atrosphy.

Ackpowledpments. The authors thank Jean Ann Gilder for
editing the text.
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and 480 ngsm] (TR 212675 ngdml) in non=res pois
ders. Meither indinavir concentrations in the hoair, nor
wrough indinavic concentrations in plso wene coreelated
with inditavir daily doses. In muliivariate analysis, the
inditavir hair concemration eogined the only faor
ssodated with vimlogical succss [P=0004; odd ratio
[OR) 388 95% CI 1.01-149], whereas sex [nule
versis female;, P=0.06 OR 5.91; 95% CI 0.90-38.73},
baseline protesse inhibitor-naive patient stitus [F=0.29,
OR 522 95% O 0.23-115.93), high baseline HIV-
BENAlew] (P=0.0&6; OR 068 95% CI1047-1.01}, and
inditovir tough phann concentnuon (F=013% OR
0.99; 95% CI 0.99-1.01) wene not.

A adready found for patients receiving non-boosted
indiravir, lair concentrations were relited o vimlogical
succes; the concentmtions olserved in virological
responders and non-respondes were in the e range
s thase previously obsereed in patiems with non-boosted
indimavir [10]. Furthermore, whe also analysing dhe
coneamitint plam concentmtion and ather vimlogical
succes=rsociated Botor, we found that the determi-
nation of the indinavir concentration in lair was mare
sccurste for predicing vimlogical sweces than 2 single
determination of the indimvir plsma concentration. As
we have previowly found in anlsing e pert playged
repectively by adherence and pharmacokinetc chane-
teristics in the concemration—eficacy relaomlip, 2
single  plsma concentmtion  determiration  withouw
concomitint din on adherece within the previow
day leads o 2 masinterprettion of the esuls |5 Iv &
particubady striking in the cse of the four virlogical
non-rEponder patienss without detected  resisince-
wsodated mutations for whom indimavie plasma levek
were accumte wheres the indinavir concentrations in
hair weere low, prolably revealing 2 poor adhernce lewl.
Monitoring the ndinavir plama concentration in the
hair allows 2 Jongitudice]  ssesment o indinavic
impregnaticn in 2 large dme window, which uke into
sccownt the individual plormacokinets cluncenstics,
induding imrandividuad varizbdity, and the patients
adberence listory [7]. It has recanly been shown in
highly sdherent ptients receiving protezse inhibitors
with sustuned undetectable viad loads in whom extensive
reperted plama levels were mesured that the imra-
individual coeflicdent of variability was up o 45%, which
may lmdt the wiliy of 2 single messurament in
thempeutic drug monitoring for protesse inhibitors
[7]-

Thermfore, in the conext of thempeutic drug monitor-
ing, ritorovir-boosted indimvir loir cmpling may be a
usehul tool o monitor indinavir impregration and tohelp
interpret concomitunt plams concentrtons dlowing an
sdequate decision based on 2 same day determimtion.
This combined procedun mepresents 2 les tmumatic
meiis of patent dag collection svoiding repeated plisn
svmpling and delays in dinical interventions,

Services “ges Maladies infectieuses et Tropicales;
b ‘Epidéminiogie, Hmwamwp.up et Recherche Clini-
que; “de Pharmacie Clinigue; “de Vimlagie; “Insem U
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Zine fights diarrhoea in HIV-1-infected children:
in-vitro evidence to link clinical data and
pathophysiological mechanism

Roberto Berni Canani, Serena Ruotolo, Vittoria
Buccigrossi, Annalisa Fassarielln, Francesco Forcam,
Maria Concetta Siani and Alfredo Guaring

Diarthoea-related morbidity s reduced by zine
supplementation in HIV-1-infected children. The
miechanisms of this effect are largely unde fined. We

Copyright ® Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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provide evidence for role for Tat (transactivating
peptide produced by HIV-1) in the pathogenesis of
diarrhoeain ATIDS patients. In this study we showed
that zinc, preventing Tat-induced fuid secredon,
direcdy limits a specific mechanism of HIV-1-
related diarchoea. Our data support a ‘zine
approach” in adjunct w specific antiretroviral
therapy in HIV-1-infected children.

A benefical  reduction of watery  dizrthoea-related
mofbidity induced by zine supplementatgon in HIV-1-
wifected children has recently been demormted [1]. In
the past few yeis dine hos emerged 25 2 major thempeutic
and preventive stategy ainat diarchoe [2—4). These daa
VW O P few perspectives for its e, suggesting that zne
could be 1 afe, simple and cost-efective ol o educe
mofbidity and marality in HIV-1-infected children [1].
Even though @ne is mecommended for the teatment
of childhood diarthos by WHOUNICEF [3], sevenld
U PO rEt questions reimdn tobe amnswered, in particular in
the HIV-1-infectad child, because the study by Baba oo gl
[1] did not provide evidence on the mechanisms elidted by
zine to lunit diarchos i these partoubir patiems.

Theastiology of HIV-1 -relued severe watery diarchoea is
certanly multBeorial and sull lrgely unknown |5]. We
lave mecenty provided evidence for 2 primary mle of
Tat [the wanactvating peptide produced by HIV-1 and
emertial for it replication) in the pathogenesis aof
diarrhoea in AIDS patiens. Functioning 2s an enter-
atosin, like Fibrio choferas toxin, Tat stimulates active Buid

&0 4
15 IR0y Ta

L |

KLL:_LLI o

secretion fom the serosal to the laminad side of buman
ememcytes i the damical Ussing chamber  in-vitra
mode] wsed o iwestigate tmnsepitheliad ion msport
[57]. A simidar mechanisam has been reported [8] for
Crypiosporndivm panaim, the mest frequent and digeros
apportunistic enteric pathogen in AIDS s, Thee
findings suggest that HIV-1-infected children are at a
high risk aof secretary disrrhoea. In addition, we have
deimonstrated duat Tat s able o inlabit sodium iond
glucose symporter activity, 2 mojor mechanism o absorb
fuid 2t the intestingl level, further determining the
occurrence of divrdhoes 7], Interestingly, the Tar effecs
on ntestingl ion wasport were dose dependent, with 2
maxiial effective dose of 0.1 mnal, which is well within
the mnge of what & generally mesured in the sen aof
patients with HIV-1 infection, suggesting that elective
Tat concentrations may well be reached i v [9,10]. On
the other hand, o is directdy active on trasepithelial
ion transport 2t the intesuml level, as direcs sne-
enerocyte intemction msuls i net don aworption,
thereby coumeracting adive seoretion, such i tha
induced by B dholeras towin in the same experimental
made] [11]. To daermie wheather mine was eflective in
inhibiting, Tat-induced ion secretion, we  incubated
humian derived Caco-2 intestiml cells with chemical
synthesiged, high-presure liguid chronurography #6%
purz, HIV=-1 Tat, (Teanogen, Pian d Monteveria, laly),
in the presence or absence of zine [ZoS0y Sigha
Chemical Co., 5t Lous, Misouri, USA), using the
Uhsing clumber experimental maodel [6]. As shown in
Figure 1, the pre-incubation of human enterocytes with

20
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Fig. 1. Zincinhibitory effect against HIV-1 Tal protein-induced intestinal jon secretion. () Time course of the effectof HIV- Tat
protein and Snf0y addition, alone o in comidnation, on ransspithelial don trangport in human enterooyte (aco-2 ceall)
monalayer mounted in Ussing chambers (2. an established in-vitro model to study jon ranspont). Tat addition o the enterocyies
sercsal side (5] induced an increase in the intensity of shomt circul current (ko) indicating the presence of aciive chloride on
secration, oS0y determined a pure pro-absontive dfect on transegithelal chloride lon franspon (e a decreasa in lsol, Pre
inscubation for 20 min with ZnS0, o the mucosal side () was abla significantly 10 reduce the sacretory response eliciied by Tata
integtinal lovel . The arows indicate thatime of addition either of Tat or oS0, &) Maximal lsc modifications after Tat and £nS0,
addition, alone or in combination, to human enferocyies mounted in Ussing chambers. Data are expresed a3 meant SE, and
significance was evaluated by the non-parametnic, two-tailed Mann- Whitney L test, *F 200000 Tat alone wersus ZnS0k, plus T at,

# Tat o5 W 250, to Moples Tal to 5 & SoS0 to 8,
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gne (35 pmol) resulted in the almos ol inlibitdon of
Tat-induced ion secretion, a5 reflected by the ntemity of
the shon circuit current. These resubs suggest dhar zin is
able wo prevent intesting Auid secreton induced by Tar,
and is able w intersct directly with 2 speafic mechanism
of HIV-1-relited diardhosm, explaning well the resuls
obtined in South Africa by Bobat and co-worers [1],
and supporting the weulnes of the "zine approacl’ in
adjunat to spedfic antiretovial thenpy in HIV-1-
infected childeen.

An emplasis on the coss and economic benefits of an
aterrative therapy is an impornant aspect of health
services mesearch. The cost savings and the snrsctive cost-
elfectivenes, dispesability and thermosabilivy of zine
indicars the nead o ases funher the rale of these
micronumriens in the prevemion and teatment of
dizrrhoes in AIDS patiens,

Department of Pediatics, University Federico 11,
Maples, italy.
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Growth hormone regulates intestinal ion transport through
a modulation of the constitutive nitric oxide synthase-nitric

oxide-cAMP pathway
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Abstract

AIM: Growth hormaone (GH) directly intsracts with the
enterocyte stimulating ion absorpticn and reducing
ion secretion induced by agonists of cAMP. Since nitric
axide (MO) is involved in the regulation of transepithalial
ion transport and acts as a second messenger for GH
hemodynamic effects, we tested the hypothesis that
MO may be involved in the resulting effects of GH on
intestinal ion transpart.,

METHODS: Electrical parameters reflecting trans-
apithelial ion transport ware measured in Caco-2 cell
monalayers mounted in Ussing chambers and exposed
to GH and cholera toedn (CT) alone or in combination,
in the presence or absence of the NO synthass (NOS)
inhibitor, Ne-nitro-L-arginine methyl ester {L-MAME).
Similar experiments were conducted to determine cAMP
and nitrite/nitrate concentrations. NOS expression was
assayed by Westemn blot analysis.

RESULTS: L-MAME causes total abrogation of absorptive
and anti-secretory effects by GH on intestinal ion
transport, In addition, L-MAME was able to inhibit the
GH-effects on intracellular cAMP concentration under
basal conditions and in response to CT. GH induced a
Ca**-dependent increase of nitrites/nitrates produdtion,
indicating the involvement of the constitutive rather than
the inducible MOS isoform, which was directy confirmed
by Westemn blot analysis.

CONCLUSION: These results suggest that the GH

effects on intestinal ion transport, either under basal
conditions or in the presence of cAMP-stimulated ion

Lo LR e W

secretion, are mediated at an intracellular level by the
activity of cHOS.

21 2006 Tre WIG Press. All rights resarved,

ey words: Nitric oxide synthase; Cholera toxin;
Intestinal ion secretion; cAMP; Enterocyte

Berni Canani R, Cirillo P, Mallardo G, Buccigrossi W,
Passarielle A, Rustolo 5, Oe Marco G, Porcaro B Guaring A.
Growth hormone regulates intestinal ien transport through
a modulation of the constitutive nitric oxide synthase-nitric
oxide-cAMP pathway, Word 7 Gastroentend 2008 12(29):
4710-4715

hittp:/ fwewnwwignet.comy 1007-9327/12/4710.a5p

INTRODUCTION

Imtestmal jon flowes ave regulated by several agents melad-
Mg nenroiransmitters, hormeones, of paacone a_gED‘ts"' e
obtzined evidence that growth hormone (GH) and nitrc
omide (NO) act a5 modulstors i this network” 7. GH in-
creases basal mrestingl water and jion absoep@on in A v
and v pire animal models and is dso capable of substan-
tially reducing jon secretion induced by agonists of cANMP,
eGMP, or imtracslhular Ca™, the second messengars of jon
Een:etm.u“ A, Using the ].'lJ.'L'I:Larl Intestingl cell ine Caco-Z,
we showed that the GH effects on ion transport result
from dirser mrersction with the enterocyre™. Pree radical
WO aces a5 a second messenper of several GH effects on
human metabelism®. MO production 15 decreazed in pa-
tients with untreated GH ﬂ.eﬁm&um‘ while treamment with
recombinant kuman growth hormone (thGH) increazes
WO formation™. In the past decade MO has emerzed
a3 a sipnalling molecule mediating a broad spectrum of
intestinal processes, such as pastroimtestingl motility, in-
flammarory changes, malipnancy, mmcosal blood Sow and
transepithelial ion wansper®™, MO s a gas with a half Life
of less then 5 5 generated through a series of repulated
electron transfer steps by 2 family of P250-like enzymes,
termed nitric oxide syathases NOS)™, Too NOS are
continuously present and are termed constiimtive nitric
oxide synthase (cMNOS). These two isoforms are Ca™/
calmodulm-dependent, produce small amcunts of NO m
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shoor buarsts and are jl‘.‘l.?D]"i'E:\i in homeostatic protesses. A
third isoform, which iz Ca™/calmoduolin-independent, is
induced by mtestinal injury and inflammation. This lamer
isoform, termed inducible nitrie oxide synthase (INOSE),
requires 2 lag period of atleast 2-3 b and, once expressed,
produces larze amounts of NO for longer time™™. MO
can be directly produced by enterocytes th.m‘.l.g]: :ln-ﬂ: the
constitutive and the inducible NOS isoforms™*. An
important feature of the NO effect is its concentration-
dependenece. Leading to the concept that MO often acts as
i double-edged sword medistor with beneficial as well as
detimental effects. While at lower concentratons It maim-
tains 2 basal ion intestinal pro-abiorptive tone, it ncreases
in zeveral pathologic states such as Inflammatory bowel
dizeazes, toxic megacclon, and infactious pastroenteritis,
contobuting to ion secretion™ ", Recently, we showed
that under bazal conditions the intracellular cAMT con-
centation ([cAMP]i) is dovmregulated in the enterceyte
by 2 cHNOS-dependent NO producton. Forthermors,
the presence of a2 cAMP-dependent stinmilated secretion,
eNOE Is activated funconing a3 3 breakmg force of ion
secretion’. This mised the hypothesis that the enterocyte
is capable of self-regulzting its own lon transport process
through the activation of the cNOS-INO pathway which
is able to modulate the [cAMPi level™. The aim of this
study was to determine whether N 55 alse mvolved
medlatm.g the ion absorptive effects wigpered by an exica-
cellular stimulas. Specifically, we tested the hypothesis that
the eNOENO-cAMP pathway it implicated in the pro-ab-
sorpiive and in the ang-secretory effect induced by GH ar
the miestinal level. We nzed the Caco-2 m vito cell model,
previously validated for investizating the GH and the "\.CI
intestinal effects™.

MATERIALS AND METHODS
Cefl culture

Caco-2 cells were ohizined from the American Type
Cuolrare Collection (Rockrille, MDY, Cells were grown i
Drlbeceo’s Modified Eagles Medinm [DMEM) with high
zucose concentration (4.3 g/L) mupplemenred with 10%%
PCS, 1% nonessential amine acids, penicillin {50 ml/ml),
strepeomrein (50 mp/ml) and were incubared in 50 mL/L
€0:-950 mL/L air. Mediom was chanped daily.

len transport studies

Cells were grown on uncoated polvearbonate transwell
filters as previously described and uzed for intestinal trans-
port studies at 15 d post-confinence”. The filter arsa was
49 cm’. Each filter was mounted in an Ussing chamber
(Wodd Precizion Instmument, Sarazota, FL) az a far shest
between the mueosal and the serosal compartment. Each
comparment copfamed 10 mL of Eingers solution with
the following composition (in mmol/L): NaCl (114),
KL (10, Na:HPOu (1.65), NaHPO. (0.3), CaCl: (1.25),
MgCE (1.1), MaHCOs (13), glacose (19). In expemments
performed to mwvestizgate the role of Cl' in the electrical
response, 304 substituted Cl at an equimeolar concentrz-
ticn. The incubarion finid was circulated by 2 thermostat
regulated circulating pump and contimously gassed with

25%% -394 OO, Transepithelisl potential difference (PDY),
short-cirenit current (Isc) and tissue ionic condactance
() were monitored by an automatic voltage-clamp device
CAC 1000, Wodd Precision Instrument, Sarasota, FL) as
deseribed elsevhars™ before and after musesal or serpsal
zddition of GH, chelera tomin (CTh, and the specific NOS
mkibitor \Ic.:n-unm-l_.-ar.gmme :|:|:|E'r.'|:1.'1 Bster (L—'H:E.L"'.EE. Isc
Is expressed A3 MICOOAMMPECET Per SQUALE centmeter (A,

:'m":u, G as millisiemens per square centimater (mS.-"-:mz_::
and FD as millsrolts (mV). Caco-2 cell monclavers, pre-
meukated for 20 min with GH (4 = 107 mol/ ‘L) on the
serosal side, wete exposed to CT (6 * 10" mol/ L an the
ozl :]Iﬂ.E in the presence or the absence of LINAME
(2 = 107 meol /L) aﬂ.de-:l o both zides. The maximal effec-
tree concentraton: of GH, CT and L-INAME were deter-
mined by dose-response experiments (data not shewn).
Cell viability was evaluated at the end of each experimen:
by measuring the electocal response to the serosal addstion
of theophylline (3 * 10° mel /L.

Intraceliular cAMP conceniration determinafion

To test the hypothesis that GH specifically comreracts the
CT-indueed cALIP incresse, we determined the modifica-
tions in [cAMP)i after 1 b of meubation with GH and
CT, alome or in combination, and in the presence or the
abzence of L-NAME. [cAMP) in Caco-2 cells which was
measured by using 2 commercial kit (Biotak cyelic AWP
assay system; Amersham Internationzl, Amerzsham, UK,
a5 previously described!".

Western biot analysis
Caco-2 cells were stimlated with GH (4 = 10 ; mal Ly
for 1, 6 or 24 b Cells were then scmned o PBS buffer
and l‘.':-Ed in 3 buffer contining 1% Tergitol (Monider
F-400) with the following compositon: KCL &0 mmol/L;
B- me:raptcletl:anc'] 14 mmol/L; EDTA, 2 mmol/L;
HEFES pH 7.9, 13 mmel/L; suerose, 0.3 mal/L; apro-
timin, 5 L/ mil; leupepting 10 Jg,/'ml ; pepstatn, 2 pg/ml;
phenvimethylsuifony] fuorde, 0.1 mmel/L. Whole cellular
extracts were re-ucufuged at 1500 g for 20 m at 4°C. Fro-
tein content was determined by the Bradford method (Bio-
Fad Laboratories, Munchen, Germany). The supemmatant
contaming the selubilized proteins was then boiled for 5
m.iu m Laemly buffer (wis-HC pH 6.8, 2.5 mmel/'L; 3D3
oy glyeeral 10%% 2 me:taph:ne-thau.ol 5% hromophencl
:-lue 0.001%%). Cell protein: (30 pg/lane) wers added to
an SDS-P-DlﬁL‘rd.EE.IIiE gel electrophoresis (PAGE) and
transferred onte a nitrocellulose membrane '31:}5‘-]-:":
NC-Costar, Corning Incorporated, Canada). Blots were
blocked with T-TES buffer (to=-HCl pH 8.8, 10 mmol/L;
MaCl, 150 mmol/L; Twesn 20, 0.05%) containing 3%
aloumin, and perobed for 1 b with affinity d ang-hu-
man NOS1 (1:2000) ddution ate, NOGZ (1:200) or NOS3
(1:1000) rabbit p:-l'n:k-u.al antibodies. Bound aﬂtll:l-:ul:‘r was
detected with anti-rabbit Imromnoglobialin horseradish per-
oxidaze-linked whole antibedy and developed by chemilu-
minescence rezcton [Amersham Pharmaeia Biotech, UK.
Gamma-inrerferon (30000 U/ml) was used as a positive
control in experiments ::-EIE-:-:med uzing mt-INOS anti-
bodies.

WL WIRTEL ODET
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Figure 1 &: Time course of fhe effect on shod-cicuit correnk bz of G5 (4 = 107 maliL) and L-HAME {2 = 107 mallL], slore or in combination, o Cace-2 calls meurfed
in Li==sing chambers; B: l26 peak after L-MAME or GH sddifion, alone or in combinafion, fo Cace-Z cells mourfed in Usting chambers. Datn are mean + ED of B diffzrent

chrervation= *F< 008 GH vs L-MAME + GH.
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M disc { mAmp/om) W
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Figare 2 & Time coerse of e 55 (4 = 10% melll) sffzcton CT [6 = 10° mobLjHnduced shor-cicul n cument (lac) incresse in fre staence or in e seesence of LNAUE
(2 = 10" makiL) in Caco-2 calis mousked in Uszing chamibers. The arows indicale fhe Sme of addifion of aach agerk; B: Maxi=al bsc increase sdier CT addfion, alone o
in e prezence of GH alone or in combination with L-NAME. & tolal strogation of the anbsgenisic effect of GH on the CT-induced slecirical response was cbsemed in the
presence of L-MAUE Date mre mean = 50 of § di¥erent chzenabions. “F < 005 CT slone vz G5 « CT P = 005 GH = CTws LHAME = GH+ CT.

Nitrite/nitrate (NO:/NOx) production
The combined concentration of nitrite and nitrate, the
degradation products of INO in the culture medinm, was
determined by the Giriess reaction after nitrate reduc-
tion!™. ‘Total nitrite,/ nitrate prechiction was referred o NO
production. Expermments were performed nsing normal or
Ca™-free Ringers schiion 1o investizate the mwolvement
of the ¢NOS izoform (the €3/ calmodulin-dependen:
isoform or MOS1). The modified Einger’s sclution kad the
following composition (mmel/Ly: NaHPOs, 1.65; NaFEPO,
0.3 WaHCOs, 15, Malll, 53 Ia.q 107 INa:80s, 30.5; MeCl,
2.35; ghicese, 19, EDTA, 0.5,

Chemicals

All chemicals were of reapent prade and were obtained
from Sigma Chemicals Co. (3t Lows, MO, USA) Colture
media were from Life Technologies GIBCOD BRL (Mas-
cia e Brunelli, hilan, Italy). Transwell fiters and supports
were from Costar C-:::.ta: Ttalia, Milan, Italy). rhGH was
obtained from Serono (Industma Farmacentica Serono,
Bome, Italy). Ang-eNOS and ant-iNOS polyelonal an-
tibodie: were obtained from 3amta Cruz Biotechnology
[Samta Cruz, CA, TSA). Anti-INCE pelyclonal antibodies
were purchased from Transduction Laboratories (ABD

Compeny, Lexington, F7Y, TISAL
Statistical analysis

Each expepment was mm in duplicate and repeated at least
3 times. Results are expressed as mean T 300 Repeated-
mezztres ANOVA were applied wsing the Bonferroni test
for multple comparizons. The sisnificance was set at 5%,
The 3F35 software packaps for Window: (release 11.0.1;

WL W T o

3PS5 Ine., Chicago, I, USA) was used fior statistical analysis,

RESULTS

Intestinal transport studies

GH (4 % 10° mal/L) and L- NAME (2 » 10" mel/L)
caused opposite effects on basal Tzc. GH induced 2 de-
creaze and L-WAME induced an increase in Isc. Bath
effects were totally related to PD modifications, as no
sipmificant vadations of & were recorded. Pre-treatment
with T-MNAME (2 = 107 mal/L) for 5 m almest abxolished
the electriczl response to GH (Figare 1) The addition of
CT {6 * 10" mol/L) to Cace-2 cells induced an mcrezse
mn Izc. Both the GH and CT effects were Cl-dependent
a5 demonstrated in the expermment done in C1 free Emger
soloton, Thms, in the absence of CI the electnical effects
were virmually abelished indicating that they wers entirely
due 1o tm.usl:—mﬂ:e]u] CI transport modifications {data not
shown). Pre- meubation with GH for 20 m substantially re-
duced the CT effect on Tez. Hermeer, pre-imenbation with
L-MAME resulted mn total abrogation of the antagonistic
effect of GH on the CT-induced electrical response (Figure J).

Intraceliular cAMP concentration determination

Tnmeunhaton with GH (4 = 107 mol/L) resulted o sipnifi-
cant redection of basal [cAMPJL. Cmn the contrary, meuba-
tion with CT induced an increase i [cAMF]L. The addition
of L-MAME produced a sinificant merease in bazal and
m CT-stimnlated [cARMP]L. Pre-incubation with GH for 20
min reswited in 2 reducdon of the CT-nduced [cARIF]
merease. Fmally, the addition of L-WAME resulted in total
mhibition of the GH-indueed decrease in basal [cAMP)i as
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Figure 3 Modificabon of iniracellslar cAMP concentrabion in Cace-2 celly afler
incubabion with GH, CT, alone or in combinafion, in the presance or in he aksence
of L-MAME DCais are me=n = 20 of § diferent csermfizns. P < (LI v conba;
P =005 CTslone v GH = OT:"F = 005 BH + C7 vz L-HAME + GH = CT

Tubidin
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Control GH + CT T H

Figure 4 The upper side of the fqure shows e NOE podein sxpression in
Caco-2 cells after 1 h of incubstion with GH and CT alone or in combinafion, a2
compared bo lubslin expre=sion. The cHOE probein expres=ion iz revealed by fhe
appeamnce of 1600 band @atl corre=ponds S2 Fuman NOE 1 {neurcndl NOS)
Shown is & representation of 1 sepaesie experiments. In fe lower zide of e
figure an opical dersiomelry anafysis of e bands s alzo reporbed.

well a5 a total abrogation of the GH effect on CT-induced
[cANTF]i increase (Fipure J). These results poinr ™ 2 mole
of NO either under basal conditions or i response to ex-
ternal stimuli which drive jon fiuxes toward an absorption
pattern.

Western biot analysis

Caeo-2 eells showed low but detectable basal eNOS pro-
tein expression (Fipure 4. Western blot analvsiz performed
after 1 h of meubation with GH revealed the amplification
of a 160 kD band corresponding to human NOGS 1. Simul-
taneon: incobation of Caco-2 cells with either GH or CT
resulted in further amplifieation of the MNOS 1 band [Fipare
4). On the contrary, NOS 2 and NOS 3 protein expres-
sioms were undetectable m unstimalated cells and in cells
exposed to GH and CT alone or n combination for up to

Ly

=]
=]
T

MO 0y |

[l
T

Ax 0™ 230" 4w 10" 2% 0" Ax10" 2x107 4w 00"
GH (el

Figqure 5§ Effecls of increazing concentrafon of GH on MO produdion in Caco-2
cells. InGreasing concenirfions of GH were added fo Carc-2 el monolayers and
NO preduchion was defermired sfer 1 h of incubsiion. Dele sre mean £ 20 of 6
difererk observabon,

WStandand medium

B S (el }
s w B &K B B ¥

Cantred GH cT GH +CT

Figare & Tobal NO prodechion in Cace-2 cels urder basal conditions and afier
simalsfion with GH and CT, slone or in combinafion, in slandsrd orin Ca™fres
mesdiem. Diatn are mean + 50 of & diferent sbserasfiore. ‘P < 005 vz conteal

24 h of incubation {data not showm).

Nitrite/itrate (NO: /NCY) production
MO production by Caco-2 cells was determined in culture
medmm after 1 h of meubation with increazing GH doses.
As shovn in Fipure 5 a dose-dependent ncrease in NGO
production was detected in response to the hormone GH
doses higher than 4 x 10°mal/T. did not indoes Sarther
merease i NO prodocSon, indicating 2 saturation pattern
of the effect Caco-2 cell stinmlation with simultanects ex-
posure to GH and CT resulted m a further increase in NO
production compared o each mdividual substance. The ef-
fect was Ca” -dependent, since in the absence of €2, the
NO imecrease m response to GH addigon was abolished.
This data suggests an involvement of the constitutive
rather than the indacible INOS izoform in the GH effect

Figuze &)

DISCUSSION

We hawe previcusly showm that GH is able to increase
imrestinal fluid absorption under basal conditions and
to mhibit jon secrefion elicited by the 3 maim mtracellu-

WWW. WD oom
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lar zecond mess rz of bacteral enterotoming: cARE
eGMP and Ca**FY. The data from this study provides
new evidence on the ability of GH to regulate water
and ion trancport and implicates cNOS-ING activity for
thiz effect. A complete abrogation of GH effects on Isc
was seen in the presence of the specific NOS mhibitor
L-NAME. An merease of cINOS aetvity and a subsequent
Ca**-dependent production of WO were ohserved in en-
tecocvies weared with GH. These effects were associated
with a Cl-dependent decrease in I:c, consistent with an
anion absorptive effect. We have recently demonstrated
that the CT-enterocvie interaction results m an enhanced
NO production. Such an effect may be interpretad as a
homeostatic mechanism operated by the enterocye and
fimetioning 25 a breaking force to limit ion seeretion®™.
eNOE-NO system Is activated by a yet unkuown sensing
mechanizm and reacts to balance the stimulated secretion.
The data in this work support and extend this hypothesis
and soppest that the meodulation of the cNOS-INO activity
could alzo be dependent on extracellular stimuli comntrad,
namely on the GH signal transduction. In all instances, the
target of cNOS-INO Iz cAMP Our pesults are similar to
those obtamed using INO donors, which are zhle to mbibit
forskolm-stinmlated cAMP production by adenyl eyelase
[AC) isoforms ACS and ACE, in both T84 e::u.ll:br;LlaJ cells
and mucosal scrapings from mouse colon™ ™, and are
in agreement 'I:Eth those previously obtained m izolated
FIEs

It haz been recently sugpested that &H inhibitory effect
on mtestingl ion secretion is related 1o the transactvation
of epidermal growth Getor (EGE) receptor and the sub-
sequent activation of extraceliular =:|_g:|.13]-:e-g:ﬂa13e-:l Einase
(ERE], al:o Enomm as P 2242 mﬁ:hgen activanad protein
Einase or MAPK) actvig . Intesestngly, 2 WO sdmulz-
ticn through ERF-dependent upregulaton of ¢cNOS gene
transeription has been recently demonstrated for proimsu-
lin C-peptide in endothelizl cell:™*, and similar effects have
been showmn with the endothelum-dedsred hyperpolazing
factor (EDHF™. Thus, it is possible to also hypothesize
that the NO-mediated GH effects at the imtestinal level
could brvolve a MAPE actvation. It also remain: to be
clanfisd whether GH effects are mediated by C2°°. Crezall
the eNOE-NO system could be viswed as a regulator of
ion transpert acting on the enterceyte via three distnet
patterns: {1} to keep cAMP production at 2 low level mider
basal conditions, in order to maintain an mtestinal jon pro-
abrzorptive tone; (Z) dudng stimulation of ion secredon,
much as that trigged by CT. to reduce ion secreticn; (J) i
response to extracellular pro-absorptve stimmli, namely
acting as second messenger of the GH-induced lon ab-
sorption. In all these 3 instances the target of cNOS-INO
1z cAMP, the affect Is Cf'-depen-:leut and invraldves L]
transeellular flux. Thus the eMNO3-NO-cAMP pathoray
plars a kev role on the enterocyte fuid absorptive,'secre-
TOIT proCesses.
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Inhibitory effect of HIV-1 Tat protein on the
sodium-D-glucose symporter of human intestinal
epithelial cells

Roberto Berni Canani®, Giulio De Marco®, Annalisa Passariello?,
Vittoria Buccigrossi®, Serena Ruotolo®, lleana Bracale®, Francesco
Porcaro®, Giuseppe Bifulco” and Alfredo Guarino®

Oljective: The pathophysiology of HIV-1relsted intestinal dysfunction is largely
unknawn, We previous b found that the ramactivator botor pegtide Ta) produced
by HIV-1 induges ion secrefion and inhibits cell proliferation in human emengoyie.
Because sugar makabsomtion is a frequent feature in AIDS patients, we evahiaed
whether Tat inhibits intestinal glucose absomition.

Dresign and method: We measured Nat-Dogluesse symperter (SGLT-1) activity and
determined & phenotypic expresion in Caco-2 cells, in the prejence and ahsence of
Tat, in uptake experiments using a nonemetaboli zed radiolabelled glucose anakogue,
and by western blot analysi, respectively. a-Tubulin staining was used to sudy the
effects exerted by Tat on call structure,

Results: Tat dise dependendy inhibited glucoss uptake by human enterocytes, This
effect was prevented by andi-Tat polckmal antibodies and by Ltype Ca™* channels

agonit Bay KB644. Western blot analysis of cellular lysates and boush-border mem
brane preparations showed that Tat induced 300LT-1 missorting. Tat alss caused a

dramatic decrease ina-tubulin staining, which indicates dysruption of the cyioskeleton
organization.

Conclisions: Tat acutely impains intestinal ghicoss alsomtion through SGLT-1 mis
sarting. This result indicates that Tat & directly involved in AlS -2 ociated intestinal

dhafundtion. & 2006 Lippincom Willlams & Willins

AIDS 2006, He:5-10

Kevwords: AIDS, intestinal ghecose alsorption, intestinal dvsiumc tien, diardheea

Introeuction

Intestinal diseases are 2 hallmark of HIV-1 indecton [1].
Ihuring the progresion of the deese, chronic dumhoea,
dehydration, and malihsorprion laad to progrezive
weight boss, amnd so conmibute w the morhidity and
mortality of HIV-1-positive subjeos [2]. Funooonal and
sirucrural changes of gut mucosa may be deeored before
the onset of oppormunenc mfschons and will eventually

be responsible for mtestinal dysfuncdon [1,3]. Carbo-
hydrae and hpad mabbsorprion, md moemed mmall
bowel transepithelul permeabibity are common m pan-
ens who are not on HAART [J]. HAART mrapdly
improves ntestinal sugar absorption [4—4]. The asto logy
of HIV-1 amociawd intestinal dysfunction is largely
unknown, and has been vanoushy atmbued w0 oppor-
mnisic mfsctions, oyokine sscrenon I re=ponse o
chromic mflammation, md 2 dirsct role of HIVE] virus
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el [1.3.7.8]. The laster concept 15 supported by the
fmding that recovery of mtesinal digestesabsorprive
function paralleled the decreas of viral load in children
sared on HAART [L4]. Pomary HDV1 mduced
enteropathy & ako consistent with the detecion of winl
pro=ms anddor mcleic acds m the intevtnal mucosa of
AlDE patens [49]. However, HIV-1 15 not imvanably
found i the mtestinal epithebum of AIDS patients. In
addition, diarhosa md numient mahbsomption do not
coare lite with the presncs of HIV-1 n gut mucnsa [10].

Some of the effecs induced by HIV-1 are not medized
b hyic propagation of viral particles but are induced by
viral factors [11,12]. In addition to stuc;ra and
enzymanic proteins, HIV-1 encodes 2 group of regulaory
proems mohding Tat, 2 tansactvanng pephde 2sentl
for HIV-1 rephication [11,13-15]. Dapie its mclear
lcalization, Tat & secreted from HIV- l<infec e d cells and
taken up by unindeced neighbourng celk. Tat can ooour
m the =ra of AlIDS mtents m the shsence of massve hss
of mfected cells, and is invohed n many processs tha
conmbue o immune and non-immune  changes
amocuted with HIVSD anfecaon [11,13-15]. Several
effects mduced by Tz require actvaion Laype (2%
channek and/or the mobibization of intmacelular Ca®*
smres [1L13—-13]. We previously reported that the
additon of Tat & human enterocytes, and to human
colomic mucosa, mduces electrolye secretion smilar o
that caused by clhmical bacenal enerotmins, which
suggests that Tat 5 directhy mvobred m ATTS-related
diarrhoea [16]. The fnding that Tar mduced 2 potent
anfi-prolferative effact m human enterooytes, lnks 1t to
the mithogeness of HIV-loelted miestmal mucosal
amophy [18].

Sugar mahbsoaption & the most fequent and severs
feaure of AlDS-relied mtestingl dysfuncbon, and =
conmbues to Al S-amcoaed malnumoon [17]. In the
human intesine, and in the human mesinal cell bne,
Caco=2, gheoss absomption & coupled with Mat
absorption through the Nat-Deghicoss symponter 1
(SGLT=1) located on the enterocyte apical membrans,
The transporter GLUT-2, which & located on the
baolaeral membrane, then carries mmacelhlar ghicose o
the hloodsream [18—21]. The aim of thasstudy was totest
the hypothess that, by inhibiting SGLT-1 activity in the
intestinal spathelium, Tatis mwnlved in the pathogeness
of glucos malalsorpion in AIDS patients,

Materials and methods

Cell prowth

Caco-2 cell were obtwined from the Amencan Type
Culture Collection (Rockville, Maryland, UISA). Cels
were grown in Dulbecco's modified Bagle medum with
high glucose concentration (4.5 g} supplemented with

1% foetal calf serum, 1% non-esenta]l ammo acds,
penacilin Gl mU /mi), and sreponmyan (30 mg/mi) and
were incubasd in 3% 00, 45% . The medium was

changed daily

Glucose uptake studies

Cacn-2 cells were grown on 24-well plass, Afer 15 doys
post-conflusnce cells wers incubated for 3 mun with the
non-metaholizable radiclabelled gucose analogue [0
a-Methyl-L-I-glucopyrancside (AMG, (.1 mM). The
cell were hysed m (L1 N MalO#H. An abguot was assayed
for proten content (Bradiord method, Bio-Fad Labora-
tories, Munich, Germany) and another for [MC]AMG
conent using 2 Packard sontllhton spectromesrn. To
verify the presence of SGLT:1 activity in the cell line, the
mme sxperiment was performed in the presence of the
selectre competitne anhabime of 5GLT-1 phlormn
{100 xM} or in Na*-free bofler for 1 h {using choline
chlonde and K HPOY, in phee of MNat and MaHPO,
adpusted to pH 7.4 with KOH]) Tat was added at
increasing concentrations (from (L to L0 nM) for 1 h,
in the pressnce or dhsence of ant-Tat poldyclonal
antibodies (1031, wiw) or the specific Logype (2™
channel agonst, Bay K644 (1 pM) as repored
previoudy [14]. All dam was expremed as cpm.s
M prodem.

Western hlot analysis

The phenotypic sxpresion of 5GLT-1 was anahzed in
whole Caco? cell and m preparations of brush horder
membrane (HBM) vesdes, Bnefly, cell blots and BBM
venicle prepamations, obtamed by magneium precp-
maton method a5 descrbed previcudy [22], were
incubaed with a rdbhit polyclonal antbody, maised
aganst the smthetic peptide comesponding to amunoe
acids 564-575 of mabba intestmal 5GLT21 sequence.
Purified BEM wvesicls from (Caco-2 cells were pre-
incubazd with Tz and hyzed with 2 buffer [1500mM
NaCd, 10% giyeercl, 10 mM EDTA, 10 mM NP0,
I mhd Ma Vi, 1 pg/ml aproanme, 10 pgiml len-
peptine, 100mM MaF, | mM phenimethibulphonyl
fluoride, 1% Trmon X-100 in 50 mM HEPES huffer,
pH75) In panlle]l expenimens, the anobody was
preadsorbed with the corresponding antigenic pepiide,
to confrm hybndimaton sechaty, BEM vencles were
solubibized in Laemmb buffer (23 mmold Tos—-HO,
pH 68, 2% 5106, 1% ghyoerod, (LK% Bromophenaol
bhee, and 5% Z2-mercaptosthmol) and remhed by 8%
513 -PAGE Proems were elecooimansferred onto
nitrocellulose membranes using 2 tanshblor apparatus
[Bip-Fad, Hercules, Cabfomia, UJ5A). Mon-specihic
binding sites were blocked with phosphas buffersd
saline (PB%) contaming (U05% Tween A} and 3% bovine
serum albumin [B5A). Blots were incubated with the
primary antibody ata 1 : S000 diheton for 16 hat £, In
control experiments, nitocellulose membrans were
incubaed with the mame antbhody previously pre-
adsorhed with the antigenic pepode. Ana-5GLT-1
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antibody was detected by enhanced chemihimimnesence
[Amersham International, Buckmghamshire, UK jusinga
perooddas «conugated anti-mabhat Ipls (Sipma Chenical
Co, % Louis, Mismoun, USA) as secondary anthody
{1 : 300 didution). After detection, hybndization bands
were quantified by scanning densitometry.

Immunoflucrescence of a-tubulin

Caco-2 cells were sseded in 24-well plts on gles
coverslips. At 15 days post-confl nence, celb wers exposed
to increasing Tat concentrations rangang (M w0 10 nh
for | h. Atthe snd ofincubation, cellk wers fived with 85
paraformaldebyde  (wiv), then treated with MHCI
(50 mM) in PBS for 10min, and permeabilized with
ice-cold methanol. Calls were blocked with 3% BSA (w/
v} in PHS for 3 min. For a-mbhubin staming, covershps
were mouhated in 2 humid smosphere with the specific
primuary antibody (1 : 300} for 1 h at roeem temperaturs n
Hocking medium. Fluorscsin-conjugated sscondary
antibody {12 100} wa added in 3% BSA in PHS for
| h at room tempenature, Afer washing, amples wers
foed in 9% glycersl (w4, 0.2% N-propyigallace {w/v)
i PHY and ohserved with a fluorescence mucroscops
(Nikon Eclipse E6N), Tokyo, Japan).

Reagents

Mon-metabolizable nadicldelled ghcose  andogous
AMEG was from Amenham Pharmaca Biotech [Milamn,
Italy]. Phlonzm was from Sigma Chemical Coo Chemi-
cally symtheszed, high-performance liquid ©hromatog-
raphy 96 pure HIVE] Tag, as well as rabbit pobyclonal
anabody anti-Tat were from Tecnogen (Pana & Monte-
verna, Italyl. Mouse monodonal antbody agpinst -
mubulin and fuorescem-conjugated secondary andbody
were from Sigma Chemical oo Bay E#S44 was
purchased from Calbiochem (La Joll, Califamia, USA).

Statistics

[Mata are expremed & mean + 5B, and sgnificance was
eahated by the nonpamamemic, two-taled Mann-—
Whitney [J test. & P walie < (LB was considersd
sgmaficant The 5P5% software mckage for Windows
(redeme 1200.1; 5PS5 Inc., Chicago, Mincis, USA} was
used for the gatstical anabyse.

Results

Effects of Tat on intestinal glucose uptake

Firsfly, we determined the basal activity of SGLT=1 in
Caco=2 cells by measwrmg [YC)-AMG shsorption, m
Mi"-free medium or m the presence of phlonizn, As
shownin Fig. |, ghiooss uptake was significantly mhibaed
m Matfree condifions md m the presence of phlorizin,
which demonstrated normal functioning of the Na*-
dependent ghicose abmrption pathway i Caco-2 cells.
W then performed experiments to test the offects of
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Fig. 1. Characterization of "Ie*’-D—;houu sympariker
acfivily in differentisted Caco2 celk. The wptabe of
0.1 WM of non-metabalizable radiolabelled ghome analo-
fous AMO was measured 2t a sigle fime paimt (1 R in
standard conditions (white bad or in Matber cond#ion
{lined bar) ar in the presence of phlloni zin {pointed bar). Va kes
are mears + 5 of three independent measurements.
*F o (N vesus standard condition,

increasing doses of Tat. (hcose uptake was significanthy
inhibited by meoubation for 1 h with Tat. The effect was
doge-dependent and saturable with 2 maodmal effecve
concentration of (11 nM (Fig. 2). The magnitude of the
maximal inhibitory effect mduced by Tat was comparable
to that observed with the maximal effectve dose of
phlenzn (7% vs. comtrol celk). To imestgate the
specificity of Tat effecs on ghoose uptike, nentrabization
experiments were performed in the presence of specific
anti-Tatantibodies, In this condition, the inhititory effect
of Tat on ghoose uptake was almost wtally abobshed
{Fig. 3). As Tat activates Laype £2™ channels, we abo
tested the effect of the peciic Lonype (% channek
agonit HayKH6d4 on ghcoss uptake, BaylKH544 alone
did not significanthy affect Caco-2 celk ghicos uptake.
However, it significanthy inhahited the effect induced by
Tat on ghcose absorption (Fig, 3]
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Fig. 2. Hiect of inoreasing concentrations of Tal on none
metzhalizahle radial abel bsd glucose analogous AMG uplake
in Caco-2 celk. Data are means of six differen observations
for each data point.
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Fig. 1 Muodifications of non-metabolizable radiolabelled
ghiome analogows AMG shsorption in human enteraoytes
induced by Tat in various experimental condiions. Bpes
i s warmne paesformed foinvestigate the invabeement of Ca®t
{in the presencoe of Bay KiG4d), and the specticity (in the
presence of anti-Tat amtibody) of the effect of Tat in glucose
fransport. Values ame opresed a5 the maximal pecent of
gFhicose tranpot inhib#ion in celk eqposed for one hour to
Tat versus confral cells. Data are means £ 35E “F < 0.1
wersus Tat in standand condigions.

Western hlotting analysis

To test whether the inhibitory Tar effect on ghoose
uptike was dependent on SGLUT-1 expremion, we studisd
the symponter expresion exther m whole Caco-2 celk
and i BBM vescle prepamations, Toml 5GLT-1 prozm
mimacelhilar expresmion was not affected by incubation
with Tz concentratons up & L0 nhl. On the contrany,
mouhation of Caco-2 cell with Tat resuled in o dose-
dependent inhibiion of 5GLT-] expremion in BBM
[Fig. 4). Maximum mhabihon was obtamed wath (L1 nM
{comesponding to the concentaton that mduced the
maximal effect on glucose upaks)l, These sxperiments
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Fig. 4. MNa*.Deglucose symporter 1 BGLT-1) protein expres.
sion in Caro-2 oelk afier 1h of incubation with inoreasing
concemtraions of Tal. (a) The symporfe oqreson is
revealed by the appearanoe of a 75402 band that oome:
sponds fo human SGLT1. 30LT-1 pratein egresion was
saught in whole cells and in BEM wesicles o evaluate the
delivery of the symporter to the apical sudace of the enfer
noyte. (b Densitometric quantification of the SCLT1 band
expressicn in BB vesicles reporfed in (2l Besuls are mpre
seative of three repetitive eperiments.

suggesed that Tat induces 2 mumortng of the symporer
to apical membrans,

Tat effect on e-tubulin staining

We anmalysed the eflect of Tat on the oytoshelston
orgnration in Caon-2 celk using a<mbulin as 2 marker.
Fodbowing a 1-h sxposire o Tat, cellsdisplayeda dramanc
decreass in a-mbuln staining, consstent with subsantal
dysmption 1n cytoskel=ton organtation. The maximal
effect was ohserved with (b1 nM [Fig. 5],

Fig. 5. Effect of T2t protein on e-tubulin staining in Caeo-2 cellk. Ememoydes were anabsed by condocal microscogy at = 100
magnification. In these expesiments micmsubu les appeaned in green upon indivec t mmunodluos scenoe staining with an antia-
tubwbin monockmal amibody and secondary forescenconugated antimowse G When compared with comtmbs @), cells
e o (11 nad Tatdor 1 hdsplayed 2 manied decmease in asubulin bbelling b Resuls ane repeesentative of thee spetitive

T TS
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Discuission

{Fhucose mabibmopoon B 2 major feamre of the complex
picure defmed a5 mietind dyfuncion in HIV-]

miected children [3]. COur data indicate that Tat pepride
direcdy impais inesanal ghcose absorpoon by inhabaz

g the 5GLT2] actovity on eneroore brush border,
Decreased activity of this smporter may remlt not only
m sugar malibsompoon but abo in durrhoes, as 517

has the propertes of a water channel [23]. Regardles of
the route of mansmison, HIVE] selscts O ool that
hare surfice mecepmes known as OCRS, The v
majority of CIMACCRS cells reside in the gut, which
5 considered 2 major arger of HIV mfecion and
rephication and 04 Tocell depletion predominandy
ooours i the gasromtesting fract [M]. I hs been
sstimated that in the human small intestine, 5GLT-1-

mediated active fluid mranspon can account foras much as
5| per day [23]. Our resulis suppornt the concept of 2
direct =tiol agic role for Tat in the well-known pathogen-

negative Al -relited diarthoesa. Interestingly, the effects
of Taton SGLTS1 were dose-dependent with 2 maximal
sffecave dose of (), 1 oM, which & well within the range of
what genernally meamred m the sera of paniens with HIW-

| infection [16]. Similar to the Ta effects on jon transpor
and on cell proliferation [16], ako the inhibition of
Fucoss uptake mvohes L-tvpe Caf7 channels as sug-

gested by the experiments with the spacific Latype (o™
channek agomist Bay KHG44. Interestingly, Tat and Hay
KH644, compete for binding to dendrine cells, whach
reindorces the concept thar the effecs of Tat on ghiooss
upiks are L-type Ca'" channel-dependens [25].

Microtubules are normally present n enterocyies and are
mportant for inracellar mansport [8]. Maootubule-
dimupringdrugs mich as colchicine and nocodazol e causs
acute diarrhees and mzsorting of several apical protems
m the enterocyts, inchding SGLT-1 [12,26]. Enteric
muicrotubule depolymenzation aoours in HIVE] mfected
mdividuals [#]. In addinon, a-mbwlm stanmg was
dramatically decreased in the inesinal HT29 cell bne
after exposure for 1h to HIV-], probdbly as 2 con-
sequence of direct Gpld) acoon [12], The decreased a-
tubulin staning is consstent with a major change
cytoskelemn crgamizaton which, in tum, could bead to
SGLT-1 misnreng, The meal SGLT-1 expresion remai-
ned stable within the cell, whereas the symparter e xpres-
sion at BEM level was sigmficantly decreased sugge singa
functional rather than direct stucrunl dimage. The
similar dose response profile of the effecs exerted by Ta
on ion and water mansport, mgr absorpion and ozl
sructural damage sugges that Ta-mdwced enterocyte
alterations ooour vida smgle pathway. Ths pathway recals
thr induced by the non-structural peptide 4 [NSP4)
produced by Fotavarus [27]. Like M5P4, Tatis a proem
capable of inducng Ca*" dependent enteropathogemic
and enterotosdgenic effecs and of inhibitng ghiooss
upiike by causimng changes in the entemoyte oposkeleton

[1627-30]. Such pepades are called ‘virotoxms’ [27).
Collectively, our previous findings on the Tat-enterocyte
interaction [16] mgether with the resubts of the present
srudy sugge s that ghicose malibsorprion m ATDS patients
resubis from the follawing cascade: 1) binding of Tat to
plhsma membrane of the entemoyte, J) increase in
intracellubar C2™ concentration, 3) depolymermation of
microtubules, 4) accumubition of Tamsporting vendles
conginng brush border proteins, 5) misorang of SGLT-
1, which results in inhibiton to ghucose uptake, Calcum-
dependent pathway & one of the fur esablished
intracellulir signal mansducion mechanisms leading o
water and electroly secretion, the other three bemg
cAME, cGMP amd Miric mode mtracellular concen-
tmations [31]. Followng the increase m mimacellubr C2™
concentration and in parallel with sructural damage, Tat
abo induces met (1~ secrstion [16]. The chinicd
manifestations of Ta effecs are nument makibsorption
and large wolumes of durhoes, commaonty ohserved in
the advanced stages of HIV-1 infection, With the mapad
turnemrer of intestinal cells, the acue Imparment of the
symparter by arculiting Tat may mduce consant damage
o maturing enterocytes thereby causing chromic sugar
malibsompnion that 15 observed in patients with AIIS
Whether not all patients with high viral kad have
digrthoea and/or mtestinal malibsorprion & not known,
Howeyer, darhoss may not e evident an all paienss
with high croulatng Tat due to the vanahle role of
homeostanc pathway. However the olsered resmration
of intestinal digesave-ahsomtive funchons, in panali=]
with the decrease of viral koad (4), and the decemed rak
of durthea in mtents undergomg HAART support the
direct invobvement of HIV in both son secetion and
enerooyte dimage [32].

There are at lexst rwo therapeudc implications of shis
work: fire, the chamic ghcose-containing oral rehydra-
fon sohton may be relitmee by inefiective for meament of
dehydnation m these patients. The 5 supponted by the
mical data reporting a hagh rate of parenteral rehydra-
tion in HIV-l-inkced mbjecs [33]. Second & & of
clmical relevance that all Tat effecs on the enterocyies are
substansially Hocked by spechc antbodies, which
suggess that interdiction of extracellular Tat by active
or mssive mmuniaton would reduce 5 pathogemic
efferss in the inestine.

Spomsarship: Supported by a gramt from Minjstera

della Salue 4 AIDS Ressarch Project, Program 50
D28,
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Guanylin and E. coli Heat-Stable Enterotoxin
Induce Chloride Secretion through Direct
Interaction with Basolateral Compartment of Rat
and Human Colonic Cells

FARIO ALBANDG, GIULIO DE MARCO, ROBERTC BERNI CANANL PLA CIRILLC,
WITTORLA BUCCIOROSSL, RALPH A, GLIANMNELLA, AMD ALFREDD GUARTNC

Department of Pegligirics [FA, G.DM, REEC, P.C, VB, AG |, University “Federice II" 50131
Naples, Ialy, Division of Digesive Diseases [RAG. | University of Clacinnati College of Medicine,
Vererans Acmimistration Medica! Cemrer, Cincimmat, Chis 45267

ABSTRACT

We previously detected specific hinding activity of Esche-
rickia coli heat-stable enterotomin (5T, the guanylin exogenous
ligand, in rat colonic basclateral membmnes. Becanse guanylin
circulates in the bloocdstream. we tested the hypothesis that it
modulates intestinal ion tansport by acting on the serosal side of
intestinal cells. The effects of the mucoml and sercsal addition of
5T and guanylin on don transport were investigated in the mt
proximal colon and in Caco-2 cells in Ussing chamberms, by
monitering short-circuit current (Isc). cGMP concentmtion was
measured in Caco-2 cells by R1A. Mucosal 5T additon induced
an increase in Isc in mt proximal colon consistent with anion
secretion. Sercsal addiion induced the same effects but o a
lesger extent. The electrical effects observed in Caco-2 cells
pamlleled those obeerved in rat proximal colon. & patkerm similar
to the electrical response was observed with cGMP concentra-
ticn. Guanylin addition to sither side of Caco-2 cells induced the
sme effects as 3T, although to a lesser extent. In all conditions,

AT elaborated by Escherichia cofi and other bacteria are
struchirally related peptides that activate the transmembrone
protein GC-C, located on the intestinal BEM of small and large
intestinal enterocytes (1-33. 5T binding to GC-C results in the
generation of cGMP (4,5, which activates type-1T cGMP-
dependent protein kinase, leading to the phosphorylation of the
CFTE and eventually results in chlorde and bicorbonate se-
cretion (6—8). The clinical manifestation of 5T effects is
diarrhea. This is of the secretory type and is particulary severe
in younger infants (9.
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the electrical effect dizappeared in the absence of chlodde. ST
directly interacts with basolateral receptons in the large intestine
inducing chloride secretion through an increass of ¢GMP. How-
ever, the serosal effects are ess pronounced compared with these
chearved with muccsal addidon. Guanylin shows the same pat-
tern. suggesting that it plays a role in the regulation of icn
tmnsport in the colon, but the relative importance of semoslly
mediated secretion remains to be determined. (Pedissr Kes 582
130—163, 2005)

Abbrevintions
EEM, brush border membrane
ELM, basclateml membrnes
CFTR, cystic Aibrosis transmermbrane regulator
GO-C, guanylyl cyclase T
Ize, short-circuit current
ST, heat-stable enterotaxin

Because the endogenous ligands of GC-C receptor, guarry-
lin, and uroguanylin (10,113 activate the same pathway and
cause an increase in Isc in intestinal epithelial cells. it has been
suggested that they play a role in regulating intestinal Awid
sacretion. In most mammalian species, both peptides are pro-
duced predominantly in the intestine, although umguanylin is
al=o expressed in the kidney (12-14). Proguanylin and
prourcguanylin are secreted into the intestinal hamen but they
are also detected in the bloodstream az | 1-kD probormones and
ame each cleaved to the active 15 amino acid carboxy termini
that bind GC-C (1517}, Circulating uroguanylin induces na-
trivresis, kaliuresiz, and diuresiz in isolated perfused mt kid-
ney. It has been suggested that uroguanylin represents a gut-
to-kidney signaling hormone that, upon ingestion of high-salt
meals, causes nafrivresis inanticipation of increased intestinal
salt absorption (18,19, However, guanylin and wroguanylin
may have ather physiologic mles (20,21, including the acti-
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vation of a cGMP zignal transduction pathway that may toke
part in the regulation of the twmover of epithelial cells by
continuous replenishment of the epitheliol cells (22.23).

ST is more potent than either guanylin or uroguanylin in
stimulating intestinal secretion as judged by the effects on Tsc
af intestinal epithelium mounted in Ussing chambers. Because
af these properties, 5T iz commonly wsad to study the GC-C-
dependent secretory system in the rat and human intestine
(24-28). Receptors for 8T are located in the BBM. The
addition of 5T to the mucosal side of human colonic TS cell
stimulated active chloride secretion and the pmduction of
cGMP ( 26). Furthermore, 8T showed similar binding kinetics
in buman inkestinal and in colon-derived Caco-2 cells. Recep-
tors fior 5T have been detected in the rat colon (28).

We have previously shown that ST binds specifically to
highly purified BLM from rat colon (29), Becanse the endog-
enois ligands for GC-C, guanylin, and uroguanylin cirulate in
the blood, we hypothesized that guanylin or ST might be active
when applied to the serceal surface of the colon.

Ta test this, we performed experiments with addition of 5T
to either side of mat colon mounted in Us=sing chambers. We
alzo nzed cell monolayers from human colon carcinoma cell
line Caco-2. The experiments were repeated uzing guanylin to
test cur original hypothesis.

MATERIALS AND METHODS

Amimalk. Spragoe-Dawley rais weighing 200-250 g were used. Animals
were fed Puring rat chos and fasted 6 h before experimenis bui were allowed
free ncoess bo waber.

Cell growth and culfare. The human iniestinal spith=lial cell line Caco-2
ha been sstablished from a moderaely well-difereniiaisd colon carcinoma.
Cace-2 cells were gown in Duolbecea’s modifisd Eagle minimum esseniial
medium with high gloccse concentration (4.5 gl ai 37°%C in 3% CO,
atmosphere m previcusly described (300, The medium was supplemenisd with
10% FCE 1% nonesseotial amine acids, penicillin {30 milliunits'mL], and
streptomycin {30 pg'mL) The medium was chaoged daily.

Cells were grown an uncoabesd, noatransparsni polycarbonate Transwell
filtars (0.4 wm paore size, 245 mm diameier, 2 3 10° cells were plaisd per
filterd, Cells wers briween the 50th and Tth passages and wers used for
imestimal transpon stdies 15 d after seading when they formed a single layer
of confluent cells connected by fight junclions and pm-chne transzpitheTial
slectrical rasistance (TEER) typical of polarizsd spithelial cells.

Intestinad ion trensport stwdies in eeinels, Bats were killed by carvical
dislecation and a 5-cm ssgmert of proximal colon, 1-2 cm distal 1o the
cecal-colonic junction, was rapidly removed and rinssd with ice-cold Ringer
solution with the follewing composition: 33 mM NaCl, 5 mM KO, 30.5 mM
Na 20y, 25 mM marmitol, 169 mM Na,HPO,, 0.3 mM MaHPO,, 1.25 mbd
CaCl;, 1.1 mM MgCl,, and 23 mM NaHCO, Four paired fragments of
unsiripped colonic mucosa were mounbed in Ussing chambers. In each exper-
iment, ane fragment served as control of baseline electrical parameters.

The sclution wae maintained ot 37°C with water jacksted reservairs con-
necied o a thermostated circulating pump and constanily passed with 95%
0375% 00, Transepithelial potential difference (PDY, sz, and tissve ionic
c-:u:h:lanne (G} wers mea-:u.red s previously describad (300, Isc is expressed
a5 whlem’, G as mBens, and PO as mV. Elecirical parameters were recarded
hefore and at varioos times after the addition of 5T 1o the mucosal or the
serosal side.

All animal experimentafion described was approved by the Insiingional
Animal Care and Use Commiibes.

Intestinad dow transport sudies in Caco-2 cells. Fach filer was mounted as
4 flat sheei between the mocosal and serosal comparimeni of Ussing chambers.
Fach compariment coniained [0 mL of Ringer's solition with the following
composition: [14 mA NaCl, 5 mM ECL 165 mM Mo HPO, 0.3 mM
NaH,POy, 125 mM CaCl,, 1.1 mM MgCl,. 250 mM NaHOD,, and 100 mbd
glucass,

5T or guanylin were added bo 2ither the mucosal or sercaal side of the filter.

T sex whether the elecirical =ffect was consisteni with anion sscretion
rather than cafion ahsorpiion, experiments were performed, both in cells and
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raes, in Ol -free Ricger's solution in which 20, jong al
equimolar concentration,

Cell and rat colonic fragment wiakility was assessed al the end of each
experiment in paired controls by meauwing te slectrical response 1o serosal
additicn of 5 mmeol of theaphylline. &n Isc inorease of af least 3 -fold compared
wilh the preaddition value was corsidered proof of cell viabiliy,

Determination of cGMP concemtrations. After completing the Ussing
chamber studizs, the Aher wos rapidly remeved from each chamber, ransferred
1o jce-cold 5% trichlorcacetic acid (TCA) and bomogeni zed. The homopenate
was centrifuged at 2000 g for 3 min &t 4°C, and the supematant wae collacted
o avaporated 1o drymess under vaoaam (Spesd WAC 110, Zawan Instr-
ments, Farmingdale, M), The drisd sample wa redissalvad in 0.5 M acatae
buffer, pH 5.8 with 0.01% sodium azide, and <GMP conceniration was
measired using & RIA commereial kit (cGMP 1 assay sysiem; Amersham
FPriarmacia Bisizch UK, Led., Little Chalfant, Emhngj:umshu! LTEC), mcoard-
ing bo the manufacturer’ s instmuctions. Resulis were calculaied a5 picomoles of
oGP per square centimeter and sxpresssd as fold incr=ase ower basal Jewel.

ELISA assay for ST, The presence of 5T in the fAuid bathing the muocosal
surface of epithelium after 5T sercsal addifion was tesied by an ELISA tesi
with MAE raised againsi pure |&-amine acid E. coli 5T as described alsswhere
31k

Chemicals All chemicals, incloding 5T and goanylin were of reageni
grade and were cbigined from Sigma-Aldrich Haly (Milan, Tialyy; cultore
media were from Inwicrogen (Milan, Traly). Trarwwell filkers were from Costar
(Costar Halia, Milan, Taly:.

Statistics. Ench experiment wan run in duplicaie and repeatzd of least four
limes. Resulis are expreased m meare = S0, Two-tailed, unpaired fiest was
applisd to ewaluaie statistical significance. A value of p <2 005 was considered
stafistically significant.

replaced C1™

RESULTS

Electrical effects af ST in rat colon. The addition of ST
(107% M) to the mucosal side of rat colon induced a prompt
increase of Iac thot reached a maximum 2 min after addition
and then slowly decreased toward baszeline (Fig. 1) Isc in-
crease was entiely related o a modification of PDYinasmuoch as
no variations of G were observed.

The addition of 5T to the serosal side also induced a rise of
Izc that was very similar o that ohserved with mucosal addi-
ticn but with o reduced Izc peak (Fig. 1. Both the mucosal and
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Figure 1. Time course of the effect of de addition of 5T 1o the mucosal (#)
or szrosal (M) companments on Isc of rat colon mounted inoan Ussing
chamber. The addition of 3T (109K} io each side of colonic specimens
induced a rapid increass in Isc. The simultaneous addition of 3T ta the mucosal
o serosal (=] compartments of ral praximal colan in a concentralion copakle
of inducing o maximal resporees induced no furher increass in [sc. Mo inrease
in Jsc wars ohssred, in the absence of 017, upon either the mocosal (303 or
serosal (data mot shown) addition of ST. Mean and 5D of te peak effect of 5T
in ot leas) four experiments is shown in the inset (*p <2 005 v conirols).
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sepoeal effects were dose dependent, and on both sides the
maximal effect was ohserved with ST concentration of 1075 M
(data not shown), After determining the dose-response, 5T was
simultaneonsly added to both the mucosal and serosal com-
partments in the concentration capable of eliciting the maximal
effect. and it did not comespond to the sum of thoze ohserved
with 5T additicn to either side. A further Isz increase compared
with the mucosal effect was consistently cheerved (Fig. 1),
However. this increase did not reach the level af statistical
significance.

All electrical modifications were inhibited in chloride-fres
buffer (Fig. 1.

Electrical effects of 8T in Caco-2 cells. The addition of 5T
(1075 M) 1o the mucosal side of Caco-2 cells induced an
glectrical response that was similar o that cbserved in rat
proximal colon (Fig. 23, Half maximal effect was ohserved ot a
concentration of 5 * 1077 (Fig. 34). The Isc response was
maximal at o 5T concentration of 107* M. Higher concentra-
ticns of 5T did not result in any further increase in Isc,
indicating a somration pattem of the efect (Fig. 34).

The concentration of 8T stimulating a maximal responsa in
[zc was the same for both mucosal and serceal addition (Fig.
34). The addition of 5T to the serozal side induced a rise in Isc
that was very similar to that observed with muccsal addition
with megard to the time course, However, the potency of
maximal electrical effect was approximately 25% compared
with that observed in response to muccsal addition (Fig. 2).
Alsain this model, the simultanecus addition of 8T to bath the
muccsal and semsal compatments induced an Isc peak re-
spomse that was not significantly increased comparad with that
abserved with mucosal addition. All electrical modifications
were inhibited in chloride-free buffer (Fig. 2) .

Electrical effects of Guanplin in Caco-2 cells. The same
experiments performed with 5T were repeated using guanylin.
The addition of goanylin (107% M) o the mucosal side of
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Figure 2. Time course of the effect of the addition of 5T 1o the mucosal (#]
ar serosal (M) compariments on lsc of Caco.? cells mounied in an Ussing
chamber. The addition of 5T (10-® M) {arrow) ta each side of Caca-2 cells
induced an imcrease in lso thal was similar 1o that observed in the ral model.
The simultansous addition of 5T to the mucosal and serosal (= ¥ compartments
inducad mo furtheer increass in Ise. Mo increme in [3c was chservad, in the
absence of 17, upon either the mucosal () or serosal (daia oot shown)
addition of 5T. Maan and 2D of the peak affect of 3T in at lsant four
experimenis is shown in the insel { *%p < 005 v controls).
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Fignre 3 (4} Effect of increasing concentrations of 3T on Isc of Caca-2 cells.
The addition of 5T to the mucosal (#) or serosal () side resulisd io a
dose dependent increass of Isc. Thers were four experiments per dose, *5ua-
tistically significant vs conirols {p < 0.05). {5 Effect of increasing conoen-
trations of gaanylin on Jsc of Cace-2 calls. The addition of 5T to the mucnszal
(%) or serosal (M) side resultzd in o dose-dependent incraase of I, There
wepe four experimenis per dose. *Siatistically significant v conirols (p <
0.0,

Coco-2 cells induced an increase of [se (data not shown)
clogely resembling that observed with 8T, However, the po-
tency of guanylin wos appmximately 50% of that ohserved
with 5T at equimolar concentrations,

Cuanylin addition o the serosal side also induced a rise in
Isc. whose magnitnde was approwimately 305 of mucosal
effect. The concentration of guanylin stimulating the maximal
response in [sc was the same for both mocosal and semsal
additicn and comesponded to 107 M (Fig. 38). When guany-
lin at a concentration of 107% M was simultanecusly added to
hoth the mucosal and serosal compartments, the magnitude of
the Isc response was greater than that cbeerved with addition to
the mucosal side. However, the difference did not reach statis-
tical zignificance. Themefore, all the featies of guanylin-
induced secretion were similar to that of 5T, although the
potency of the secretory effect was reduced.

Effects af mucosal or serosal addision of 5T er guanylin on
el MP concentration. As shown in Figure 4, 5T and guanylin
stimulatad the production of cGMP in o dose-dependent man-
ner in Caco-2 cells. Moximal ST-stimulated cGMP production
was ohserved with an ST concentration of 107 M added to the
mucceal compartment. resulting in a 14-fold increass in cGMP
levels. Comparatively, the maximal ¢GMP increaze upon ST
seposal addition was 9-fiold (Fig, 44). When guanylin was
added, the maximal increase of cGMP was reduced compared
with the effect obtained with E. coli ST (Fig. 4.
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Fignre 4. {4} Effect cn «GMP concentration of the addition of 5T to the
mucosal (#) or serosal () side of Caco-? cells monolayers. 5T induced an
increme of oGMP concentration in 4 dose-dependent manner. The meximal
increme was ohserved widh 1079 M of 5T added io the mucosal or ssrosal
comparimeni. Thers wers four sxperiments per dose. * Statistically significani
v conirols (p < OV0G), (F) The effects of guanylin showed the same pattern
ohserved with 5T. The magnitude of toxin effect was higher than that of s
endogenous ligand, Thers were four sxperimenis per doss. *Sratistically
significant v conirols (p < 0058
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The zsimultanecus addition of 5T or guanylin in a concen-
tration of 107% M to hath sides of the Cacn-2 cells induced a
slight further inorease in cGMP, not statistically different from
that cbeerved upon muco=al addition (Fig. 5).

Themfore, the mucosal or semsal addition of 5T or guanylin
was associated with an increase of oGMP concentration that
showed o dose-response pattern that was similar to that ob-
sprved in Ussing chamber experiments.

ELISA Assay for 8T. The Auid bathing the mucosal surface
of epithelivm mounted in Ussing chambers was collected after
ST addition on the serceal side. It produced an ELIS A negative
ST, indicating that there was no ransepithelial Aux of the toxin
{data not shown).

IMSCUSSION

O data show that 5T is active when addad o the semsal
sidie of rat colon or Caco-2 cells and that its effect is similar to
that induced by mucosal addition, although less potent. We
used the rat proximal colon to perform our initial experiments
because we had previously detected 2*1-5T binding activity in
hasclateral membranes purified from this intestinal =egment
(293 The tme and kinetic features of the electrical effects
obszrved in the present work were similar to those detected
with mucozal 8T additicn and consistent with anion secretion.
The complete logs of the effect in the abeence of chloride
supports this interpretation.

ST effectz and its mechanisms were further imestigated in
Caco-2 cells, a well-established model bo study intestinal se-
cretion. The electrical response was similar to that cheerved in
the animal model, suggesting that serceally applied 5T works
by o similar pathway compared with that stimulated by apical
addition. We also investigated itz mechanisms and compara-
tively examined the effects of mucosal and semsal 5T addition.
The dose of 5T capable of inducing the maximal increase in Isc
on each zide wes identical. However, when maximal concen-
trations of ST were zimultanecusly added o the apical and
hazclateral compartments, the observed increase in [sc was not
different from that ohserved with 8T mucosal addition alone.
This indicates that the pathway of 5T is the same. independant
of the route of ST access to the enterccyte. This is strongly
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Figure 5. Effects an «GMP concentration of the addition of 5T (left side) and
guarrlin (right side) 1o the muccsal () and serosal () side ond to bath sides
{0 of Cace-2 cell manalayers. The simulianzom sddition of ST ar guanylin
at conzeniration of 10~ M 1o both sides of the Cace-2 cells induced a further
increme in cGMP conceniration that did nel rach the level of satistical
significance compared with that cbeerved upon mucosal addition. *Suristically
significant vs basal {p < DOG).
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supported by a ¢GMP determination that showed a pattern
identical to electrical data. Together with our data on the
specific binding activity in BLM of rat proximal colon (297,
this suggests that the same szecretory pathway involved in
muccsal 5T response is activated by o basolateral shmulus.
Hoowever, the magniiude of both the electrical response and the
increase in oGMP upon serceal addition wene reduced com-
pared with that induced by mucosal addition. This is consistent
with our finding that the specific binding in BBM of rat
prosimal colon was higher than in BLB. suggesting a de-
creased receplor density in the latter (293 The similarity in the
doge-respon=e effect o mucosal or semsal 5T addition does not
fit with this interpretation. However, a broad range of ST
concentrations was usad and it is possible that minor kinetic
differences, such os o different response with double 5T con-
centrotions, were not identified. Altematively, because the
maximal 5T concentration was the same on either side but the
effect was different, the poesibility of a different recepor-
effector coupling in the BLM may explain the observed results.

Char finding of aresponse to serosal 5T addition differs from
that reported by others (27.32-34), We have performed exper-
iments to look for 8T in the fAuid bathing the mucosal surface
of epithelinm, after serceal ST addition. A transepithelial se-
moag-io-mucoen 8T e might have explained the observed
resultz. We did not find any evidence of transepithelial Aux of
5T. We canncd explain why our data differ from that published
by others cther than the fact different cellz and animal species
were nsad,

Guanylin induced the same effects of ST, although its po-
tency was redoced. A similar finding of a reduced secretion
induced by a mucosal guanylin addition comparad with 5T has
been reported previously (34). We observad the same differ-
ence in potency between the endogenous and exogenous GC-C
ligands with the serceal application. Overall, cur data therefore
support the existence of a STVguanylin-dependent adtivation
pathway wia the serceal route. The two 5T-like endogenons
ligands produced in the intestine, guanylin and urcouanylin,
amre released into the blood and may exert their effects on the
serosal side of polarized enterccytes. Guanylin and uroguary-
lin ame, in fact. secreted inio the intestinal lumen as well as into
the bloodstream in response to sodium chloride administration
and may regulate ion and water transport in the intestine and
kidney by luminocrine and endocrine actions (12-14).

An active role of the enterocyte in ion transport has been
hypothesized (35). We have reporied that the enterocyie re-
sponds o an entemboxin-induced sacretion through the activa-
tion of constitutive niric oxide synthase functioning as a
breaking force of ion secretion. The data in this article add to
the concept that enberocytes play a major role in regulating ion
transport. Guanylin and uroguanylin may regulate intestinal
electrolyte homeostasis by acting on the serceal surface of the
colonic mucosa as well as on the apical membrane of small
intestinal entercoytes.

ST effector GC-C shows an age-related pattern and peak at
the newbtorn stage (36). It may therefore be hypothesized that
the ST/guanylin-receptor system could help prevent excessive
growth and profiferntion of potentially pathogenic micmorgan-
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isms through their washing cut at an age in which the suscep-
tikility 1o inbestinal infection is highest.

Children with cystic fibrozsis (CF) lack the CFTE anion
channel and in these patients the colon is unresponsive o 5T
{37y The CF newborn infant has o high nsk of intestinal
obstmiction due to impaction of meconium. We have previ-
ously shown that ST recepbors have an age-melated pattern,
peaking in the first 3 d of life (38). This suggests that guanylin
may have the additional specific function of promoting chlo-
ride secretion to allow meconium output.

In concluzion, the results of this work show that 1) 5T and
guanylin induce chloride secretion when added o the semsal
side of inbzstinal epithelium: 23 the effect has similar kinetic
features compared with mucosal addition, but is less potent;, 3)
the effect iz not additive to that abserved with mucosal addi-
ticn, although a further minor increase in either 1sc and cGMP
is consistently ohserved, and 4) guanylin is less polent than 5T
as a secretagogue. Overall, the results of this work mise the
yypothesis that the colon is a target argan for both the paracrine
and the endocrine effects of guanylin, acting on either side of
the epitheliom to reduce absorption and indoce net C17
sgeretion.
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MAJOR ARTICLE

Zinc Inhibits Cholera Toxin—Induced, but Not

Escherichia coli Heat-Stable Enterotoxin—Induced,
[on Secretion in Human Enterocytes

Roberto Berni Canani, Pia Cirille, Vidoria Buccigrossi, $erena Ructolo, Annalisa Pazsariello, Patrick De Luca,
Francezco Porearo, Givlio De Marco, and Blfrede Guaring
Depertment of Pediatrics, Lnivarsity “Federica 1, Naples, Ik

Rackground.,  Becawse zinc deficiency in malnowrished children is associated with severe diarrhea, use of zinc
supplementation has been propesed as an adjuncat to ol retredration. However, the effects of zinc on enterocyte
ion transpedt are laggely unknown. The chisctive of the present study was to investigate the effects of zinc on
transepithelial ion transport wnder basal conditions and under conditions of enterctoxin-induced ion sacretion.

Metkods.  lon transport was iovestigated by monitoring electrical parameters in human intestinal Cacoe-2 cells
that were mouwnted in Ussing chambers and exposad to increasing concentrations of zine, both in the absence and
presence of either chalera toxin (CT) ar Esclerichia coli heat-stable enterctoxin (5T, Intrcellular opclic adenosine
monophosphate (cAMP ) and oyclic guancsine moncphesphate (cGMP) concentrations were alse determined.

Resules.  The addition of zinc to the luminal of basclateral side of enterooytes induced a chloride-dependent,
diose-related decrease in short-cirowit carrent, indicating jon absorption. 1t alse resulted in a substantial eduction
in CT-induced ion secretion and in cAMP concentration. E oot ST-induced don secretion and oGMP concentration
were not affected. lon abserption peaked at 35 pmol/L zinc, whereas excess zine load induced active ion secretion.

Conclusions. By cansing a decrease in cAMP concentration, zinc directly promates jon abserption and sub-
staptially educes CT-induced, but not B coll 5T—induced, ion secretion.

Waorldwide, infecticus diarrhea is still associated with
high morkidity and medtality in persons of pediatric
ages, The death rate has been estimated to be as high
as 2.5 million children every year, with almost all deaths
coorring in malnourished children in developing coun-
tries, Resides potavirus, the major causal agents of di-
arrhea are Vibrio cholerae and enterotoxigenic Esche-
sichida colt [1]. Cholera towin (0T and . coli heat-labile
enterotoxin (LT induce secretony diarrhea by cansing
an increase in cAMP concentration, whereas E coli
heat-stable enterotoxin (5T does so by activating the
gaanylate cyclase/cGMP system [2]. The wse of oral
refrydration solution (ORS) for treatment of diarrhea
has become widespread and has esalted in reduced
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martality from detredration, but GRS does not decrease
diarrheal duration and stool cutput. An active search
far agents that are capable of inhibiting intestinal Awid
losses has been ongoing for =2 decades. Although a
number of candidate drags have emerged. none has
found a place in the routine management of acute di-
arrhea. Several clinical trials in developing countries
have indicated that zinc is effective in the prevention
and treatment of diarrhea in children [37). A meta-
analysis concluded that zine supplementation given
with apprepriate fluids and foods during acute diarrhea
reduces the duration and severity of illness in children
in developing countries [g].

Zinc is an essential trace lement in bumans, it is a
known constituent of impertant metalloenzymes, is in-
volvied in major metabolic pathveays and DMA senthe-
sig, helps to maintain the integrity of biological mem-
branes and ien channels, and plays a majer role in
intestiral phoysiclogical processes [2]. Bacause there are
no zmnc stores in the boady, its bicavailability is deter-
mined by a balance among food intake, intestinal ab-
sorption, and losses through urine, skin, and the in-
testinal tract. [otestinal losses of zinc are substantialby
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Figure 1. Tima course of the effects of the mucosal (M) and saroeal

() addition of ZnCl, (35 wmal/Ll on shart-circuit current [ls2) and tissue
ionic conductanca (G in Caco-2 cells mounted in Ussing chambers, The
dacrease in st induced by both tha M and 5 addition of zinc irdicates
ion atearption. Mo effact on & values was obsarved. Each experimant
Was mn in duplicate and was repeated at laast 3 timas. Results are
espressad 2 magns £ 500 *F< (6, ve. contral. m3, millisiamens.

increased during diarthea [10]. In zinc-deficient animals, CT-
induced ion secretion is increased, compared with that in con-
trol animals, and secretion is reduced by zinc replenishment
[11]. However, the mechanisms that link zinc deficiency with
severe diarrhea, as well as the mechanisms that explain the
efficacy of rinc in reducing diarrhea, are not clear. We there fore
investigated the effects of zinc on transepithelial ion transport
under basal conditions and under conditions of CT- and E.
coli ST—induced ion secretion.

We used a well-established in vitro model that is based on
the human epithelial intestinal cell line Caco-2, which is capahle
of zinc uptake [12]. This model has been validated in recent
studies that investigated the effects of enterotoxins and their
antagonists [13-15].

MATERIALS AND METHODS

Transepithelial ion transport experiments.  Caco-2 cells were
grown on uncoated polycarbonate transwell flters and were
used in intestinal ion transport experiments 15 days after con-
flnence, as described elsewhere [15]. The filter area was 4.9 cm™,
Each filter was mounted in an Ussing chamber (WPI) as a flat
sheet between the mucosal and the serosal compartments, Each
compartment contained 5 mL of Ringer's sohution with the
following composition: MaCl (114 mmaol/L), KCIL (5 mmel/L),
Ma,HPO4 (1,65 mmaol/L), NaH PO4 (03mmalfL), CaCl, (1.25
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mmol/L), MgCL (1.1 mmal/L), NaHCO, (25 mmol/L), and
glucoss (10 mmol/L}; the buffer was constantly gassed with 5%
CO,—95% O, and was maintained at 37°C. The following elec-
trical pamameters were measurad as described elsewhere [16],
both betore and after mucosal or serosal addition of ZnCl, and
in either the presence or absence of CT or E. coli 5T: transep-
ithelial potential difference (P, short-civouit current (Isch,
and tissue ionic conductance (G ). Isc is expressed as microam-
peres per square centimeter, and G is expressed as millisiemens
(mS) per square centimeter. Cell viability was checked by mea-
surement of the electrical response to the serosal addition of
theophylline (5 mmoliL) at the end of each experiment. In
experiments performed to imvestigate the role played by CI- in
the zinc-induced electrical response, 50, was substituted for
1~ at an equimolar concentration.

Determination of imtracellular concentrations of cyclic nu-
cleatides.
pleted, each cell-containing filter was rapidly remowved, trans-

After the Ussing chamber experiments were com-

ferred to ice-cold 5% trichlomsacetic acid, and homogenized.
The homogenate was centrifuged at 2000 g for 3 min at 4°C,
and the supernatant was collected and evaporated to dryness
under vacuum (Speed VAT 110; Savant Instruments ). The dried
sample was redisolved in 0.5 mol/L acetate buffer (pH 5.8) with
0.01% sodinum azide, and cAMP concentrations were deter-
mined by a radicimmuncassay (Biotrak cAMP assay system;
Amersham International). ¢GMP concentrations were mea-
sured by use of a commercial radicimmunoassay kit (cGMP
2] assay system; Amersham International), in accordance with

ZnCl,, pmoliL P
e 20 40 &0 an 00 fﬂm-

_ E
084 G

—3

Figure 2. Changes in shortcireuit current {lsch in responsa to the mu-
cezal (W) o sercsal (M) addition of Znil; in increasing concentrations
in Caco-2 calls mounted in Us=sing chambsars. |sc walues ara axpressed
az the diffarence (A) betwaen measwraments in cells exposad to Indl,
for B min and measwraments in urtraated control calls. ZnCl, inducad
4 dege-dapandant dacrease in 15z, which peaked at 35 gmol’L. The affect
dacreased at highar corcentrations. & toxic concantration (200 amol/L)
of ZnCl, inducad an increase in Isc 1o 4 value abova that of the urtragtad
contrd cells, indicating ion secretion. Each axperiment was run in du-
plicata and was rapeatad at laast 2 times. Results are exprossad as
mears = 500,
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Ind0, lzinc sulfatel, and MoCl, an shon-circuit current (Isc in Caco-2
cells mourtad in Ussing chambars. To test tha hypothesis that tha proab-
sorptive effect of ZnCl. was ralated to zinc ions, calls ware probad in
parallel with ZnCl,, zine acetate, zinc sulfate, and MgCL.. A dacrease in
Isc wias absarved with all 3 zine campaunds but not with MaCl,, indicating
that zinc was diractly responsible for tha cbserved alactrical changes. To
test thie hypothesis that Cl- trangport is the tangat of zing, the experimarts
wera parformed in O --frae Ringar's solution, and no alactrical affects
wera obzerved. Each experimant was run in duplicata and was rapaat-
ed at least 3 times. Results are expressed as maans = 500 P 001,
for WgCL ve. ZnCl, and MgCl, we. Zr(CH.O0,; *F= 00, for ZnCL in
Cl--free Ringer's solution ws. ZnCl, in standard Ringer's solution. A,
diffarence botwean measwraments in untreated cortral calls and calls
exposed 1o the substances for B0 min.

the manufachurer’s instructions. Results are expressed as pi-
comoles of cGMFP per square centimeter.

Reagents and cell culture.  Chemicals were obtained from
Sigma Chemical. Culture medium was obtained from Life Tech-
nologies GIBCO BRL. Transwell filters and supports were ob-
tained from Costar. Caco-2 cells were obtained from the Amer-
ican Type Culture Collection. Cells were grown in Dulbecca’s
modified Eagle medinm that had a high ghicose concentration
(4.5 /L) and that was supplemented with 10%: fetal calf se-
num, 19 nonessential amino acids, penicillin (50 mUYmL}, and
streptomycin (50 mg/mL) and were incubated in 5% CO,—95%
air. The medium was changed daily.

Statistical analysis.  Each experiment was run in duplicate
and was repeated at least 3 times. Results are expressed as means
+ 5D, Significance was evaluated by use of the nonparametric
2-tailed Mann-Whitney U7 test. Pe .06 was considered to be
significant. The 5P55 software package for Windows (version
12.0.1; 5P55) was used for statistical analysis.

RESLILT S

Effects of Zine on Transopithelial lon Tramsport in Caco-2 Cells
The addition of £nCl, at a final concentration of 35 pmol/L
to the mucosal side of Caco-2 cell monolayers mounted in
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ssing chambers induced a decrease in Isc entirely due to an
effect on PD, without affecting G walues. The lowest peak was
observed 25 min after the addition of ZnCl, (Aigure 1). The
addition of ZnCl, to the serosal side induced a decrease in Isc
entirely similar to that observed when ZntCl, was added to the
mucosal side, although the magnitude of the response was
slightly reduced (figure 1). The effect on Isc was dose depen-
dent; it was detected at a ZnCl, concentration as low as 10
pmolfL, peaked at 35 umolfL, and decreased at higher con-
centrations. To investigate the effects of encess zinc concentra-
tions, cells were loaded with 200 pmol/l. ZnCl. The supra-
physiclogical concentration was based on previous results on
the cytotoxic effects of zinc in Caco-2 cells [17]. An ion-se-
cretion pattern was observed in response to zinc overload, as
evidenced by the increase in Isc (Agure 2.

The same experiments were repeated in Cl™-free butfer. Un-
der these conditions, neither the mucosal nor the serosal ad-
dition of ZntCl; induced changes in Isc. These findings suggest
that the changes in lsc observed in the first experiments in-
volved transepithelial ClI- movement.

To determine whether the proabsorptive effect of ZnCl, was
specifically related to zinc ions, we performed the same ex-
periments in parallel with ZnCL, zinc acetate, zinc sulfate, and
MgCl,. The addition of zinc acetate or zinc sulfate to the mu-
cosal side induced a decrease in Isc entirely similar to that
ohservied when ZnClL was added to the mucosal side. In con-
trast, the addition of MgCl, at an equimolar concentration had
no effect on the electrical parameters, indicating that the proah-

sorptive effect was selectively related to zinc (Agure 3),
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Figure 4. Tima course of the effect of cholera toxin (CT), alora o in

the prasanca aof ZnCl,, on shart-cincuit current (153]in Caco-2 cells mountiad
in Uzzing chambers. The arrows indicata the time of addition of aach
agent CT induced an increase in lsc, consistant with ion secration. The
lattar was virtually abalizhad in the prasence of ZrCl, (35 wmod/L). Prelcad
with ZnCl, was asscoiated with 3 decreasa in Isc, consistent with ian
absomptian, which waz followad by 2 modest increaze in lsc aftar addition
of CT, raaching the basaling waluas far tha untreatsd cortral calls. Each
experiment wag run in duplicate and was rapostad at least 3 timas.
Results aro axprassed as means = SO
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Figure 5 Changes in intraced lular cAMP corcentration in Cace-2 cells

aftar a 1-h incubation with ZnCl,, cholara toxin (CT), or both. A modest
dacrease in cAMP concantration was obsarved in tha prazence of ZnCl.,
whargas CT inducad a marked increase in cAMP concentration. The CT-
induced incraaze in cAMP concentration was substantially reduced in the
prasence of ZnCl,. Cata are the maans + S0 af 2 differant cbservations.
*Pe 001, for CT alana vs. ZnCl + CT

Effects of Zinc under Conditions of Active Secration

CT-induced fon secretion.  To investigate the effects of zinc
under conditions of CT-induced ion secretion, Caco-2 cell
monolayers were exposed to the maximal effective dose of CT
(6 # 107" mol/L), which was added to the mucceal side in the
absence or presence of ZnCl,. As shown in fgure 4, preincu-
bation with ZnCl. at its maximal effective concentration re-
sultad in the complete inhibition of CT-induced ion secretion.

Becanse CT induces intestinal €I~ secretion by cansing an
increase in intracellular cAMYT concentration [2], we investigated
the effect of zinc on this intracellular cyclic nudectide concen-
tration. To do this, we measured intracdlular cAMP concentra-
tions before and after exposure of the cell monalayers to ZniCl,
(35 pmol/L) and CT (6 = 107 mol/L), both alone and in com-
bination. Basal cAMP concentration was slightly reduced by the
addition of nCL; however, ZnCl, was effective in substantially
inhibiting the increase in intracelular cAMF concentration in-
duced by CT (figure 5). Therefore, similar to what was observed
in the jon-transport experiments, the effect of zinc on intracel-
lalar cAMP concentration was much more evident under con-
ditions of active secretion than under basal conditions.

E. coli 3T—induced ion secretion. To investigate whether
zinc is effective in inhibiting E. aofi ST-induced ion secretion,
Caco-2 cells were exposed to 1077 mol/L E. coli 5T, the maximal
effective 5T concentration [18]. The addition of ZnCl, did not
modify the increase in Iic induced by E coli 5T, In addition,
ZnCl. did not affect either the basal or the E. coli ST—induced
intracellular cGMFP concentration (figure &).

DISCUSSION

We have obtained evidence that zinc promotes ion absorption
through a direct effect on enterocytes. The zinc-induced de-
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crease in Isc is consistent with an increased fhax of anions from
the mucosal to the serosal side of enterocytes, as a consequence
of their increased absorption or decreased secretion. The ne-
gation of the lsc response observed in the experiments with
Cl~-free Ringer's solution indicates that €I~ transport is the
target of zinc. Because the same response was obtained with
different zinc salts but not with MgCl,, the absorptive effect
must be entirely zinc specific,

Zinc was able to stimulate ion absorption after addition to
either the mucosal or serosal side of epithelial monaolayers,
Several clinical and experimental data have shown that diarrhea
is more severe in zinc-deficient subjects [19]. The abzorptive
effect induced by the serosal addition of zinc provides an ex-
planation for the mechanism that allows zinc deficiency to be
associated with severe diarrhea. The results of the present study
are in agreement with previous results that showed decreased
net water and electrolyte absorption in the small and large
intestines of zinc-deficient rats [20]. The increased volume of
stool observed in zinc-defcient children with infectious diar-
rhea [5-7, 19] may well be the consequence of a reduced in-
testinal basal absorptive tone and of a limited enteracyte com-
pensatory absorptive capacity due to zine deficiency.

However, the effects of zinc on intestinal ion transport. al-
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Figure 6. Effoct of tha sddition of Eschevichiz colf heat-stable an-
terotosin (2T), alona ard in tha presance of ZnCl, an shortcircuit currant
ilz2] f4) ard cOMP concentration f8) in Caco-2 calls. £ oli 2T inducad
an ircraase in both 1se and cGMP concantration, neither of which was
changad by tha presance of zinc. Data ara the means = S0 of 3 differant
chsereations. *F< 001, for 5T alona ws. ZnCl, + 2T
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though observed under basal conditions. were maximal under
conditions of active ion secretion induced by CT. At the max-
imal effective concentration, zinc was effective in preventing
virtually all CT-induced ion secretion, and its effect on intes-
tinal ion transport was paralleled by changes in cAMP con-
centration. These indings are consistent with previous findings
from an animal model that showed that zinc supplementation
is able to reduce intestinal cAMP-dependent ion secretion in-
duced by theophilline [21]. In addition, zinc-induced inhibition
of cAMP production through a reversible inhibition of aden-
ylate cyclase activity has been reported in nenroblastoma cells,
suggesting that zinc plays a wider—and previously unidenti-
fied—mole in the regulation of intracellular cyclic nucleotide
concentration [22].

Enterocyte cAMP is the signaling molecule for CT and other
heat-labile bacterial enterctoxins [ 2]. [tis 1 of the 3 intracellular
mediators of active ion secretion, the other 2 being cGMP and
intracellular calcium concentration [2]. We have previously
shown that cAMP plays a central role in the regulation of ion
secretion in the enterocyte, in concert with NO released by the
activation of constitutive WO synthase (cHOS). In the entero-
cyte, cNO5 becomes activated in the presence of CT-induced
ion secretion and decreases cAMP concentration [22]. Thus,
there is a cNOSNO/CAMP pathway acting in the enterocyte
as a breaking force to limit active ion secretion such as that
nduced by CT, and cAMP is the target of the breaking force.
In the present study we found evidence that cAMP is also
under the control of extracelhalar zinc through a direct inter-
action with the enterocyte. In contrast with the observed effect
zinc had on the cAMP/CT pathway of intestinal secretion, zinc
had no effect on E. coli ST—induced secretion and on its effector
cGMP However, we cannot nile out the possibility that E coli
ST-induced diarrhea may be more severe in zinc-deficient chil-
dren or that zinc may exert some beneficial effect during E.
coli 5 T—induced diarrhea in children, Monetheless, it is possible
to hypothesize that these rinc-related positive regnlatory actions
on intestinal fluid transport could be further reinforced in vivo
by 1 or more of the previously observed inhibitory effects that
zinc has on intestinal permeability, responses to histamine and
serotonine, inducible WOS (INOS) activity, and production of
urognanylin (UTG) [24-26]. At least in part, these effects are
related to zinc regulation of specific gene expression. Specifi-
cally, overexpression of both the UG and iNO5 genes has been
previcusly demonstrated in a zinc-deficient—animal model. In-
terestingly, repletion with zinc reversed up-regulation of the
NS gene within 1 day, whereas 24 days of up-regulation of
the UG gene was required to achieve normal concentrations;
this suggests that the mechanisms of UG and iNO5 gene dys-
regulation are different [27]. Dysregulation of these genes may
contribute to the severity of zinc-responsive diarrheal disease,
as well as to the severity of intestinal inflammatory diseases.

Publications - 100 -

It is known that zinc should be used cautiously in children,
because of the risk of overdose. Increased mortality has been
reported in malnourished children receiving as much as & mgy
kg/day of zinc [ 28]. In the present study, an increass in Isc was
observed in response to excess zinc load, indicating that further
ion secretion may be induced by administration of zinc and
providing direct proof of the danger of the administration of
excessive amounts of zine. However, most clinical trials and
meta-analyses have shown that, at lower doses (such as 1.5 mg/
kg/day), zinc is safe and effective [4-8]. Here, we have dem-
onstrated that zinc dees affect basal jon transport when used
in concentrations (10-22 pmol/L) that are within normal plas-
matic ranges and are very similar to the plasmatic concentra-
tions reported in clinical shudies in patients with diarrhea [7,
8, 29]. Furthermore, we have demonstrated that different zinc
salts exert the same effects on intestinal ion transport—this
suggests that different zine formulations could be successfully
used in clinical practice.

In conclusion, the results of the present study have provided
evidence that ginc has direct effects on enterocyte ion transport.,
Linc promotes ion absorption and prevents active secretion
induced by CT, with a direct effect on cAMP concentration.
Although the addition of zinc does not affect cGMP-mediated
ion secretion, zinc may still have a protective effect that is
associated with its action on basal ion transport.

There is an ongoing debate on the efficacy and risks of the
new universal RS, whose formulation was released by the
World Health Organization/UNICEF in 2002, The new ORS
has a reduced sodivim concentration and is recommended for
treatment of adults and children with cholera and noncholera
diarrhea. Cn the one hand, some scientists believe that, because
of the reduced sedium concentration, there is an increased risk
of hyponatremia in patients with cholera diarrhea [30]. On the
other hand, hypoosmolar ORS may substantially reduce child-
hood deaths by reducing the need for intravenous Huids [31].
We are well aware of the immense benefits of having a universal
ORS [32]. and we suggest that zinc should be considered as

one of its components,
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Management of Gastrointestinal Disorders in
Children with HIV Infection
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impaired immunity. namehy ke D44 cell conms. The srvonity of
sl 6 abaidied il the oncye mumsber ™ This, childes
with severe immune impeimmen, lsbeled = drs 3 aooonding io
ihe Cenlers for Disgase Conirol and Proventfon: e ot
sihene™ e o the highes nidk Sor severe crypaapenidios.

The peAhophysoiegy of opicipondons. ke il
okl An emerolouk: sovay bos beew deeowd @ e
vioods ol HIV-miened deildres with cryposporidioss. which -
ipsgueribile fon iilestimal wrdnm of clpimodyie ol o

Ihnmrrisca v odarn wanery mmd s oo dewonibed 2 colers- Bl
el vt i il wi an ml caing ™ Abcomiial paen b6
firqueni fedure. bl vommimg & e Geoenlly. awrem &
avunyusicod with oo cryplon o, b i ol cher wheih-
o e ssorenhn nospeoilcally socissd wah e pansine infea-
teom o i depomdiemt on the sbvanced sape of HIV infection.
Folewmist Jncine lealng o Jeal withn 5 wocls ks bin
ropmicd 0 sdel patiran wiol profoend mmune impairmen: 7
Eeric coryphomporidionis. ey s prowess with choosic diamhes’
el ey e

31T o ey ipvtaia

Serverul bacierial agemis may mdece Eardhen, which s w0 b
oy prowrscied and severe in both sdahs and children than in
il indieiduals ™ Thine is nospecific kalbrardk of
o Pubirial @iolgy of darrbed, nor is i cisy 10 suspecy o specil
bsauterhiil dgerd Busad o bestory ond clinscal fiedings.

In chikirun with persistent darthea, small bowel bacserial over-
proily should be comedcdered, This has been observed in aduli
atiavibn il i assa e i gasile ypochkorizdria ™ How-
wwer, there aew po sbnilir daka in children. We performed glucass
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boeath tesis in |5 IV inlected childees il paibogen-negmive
diarrhiea: there was o evidenos ol hecierial overgromth

Z1.0 Polaviniii

Ritawiriis bs ihe mosl frequent vamsas of acute gastroeenteritis in
childewn worldwlde and one of the most frequent causes of desth
of children in developiag coumries P! In children with HIV
infection, nauyires cun be e sever tan im immunocom peent
children, Blowever, o sy in Malawiss childrem showed thal
there were fo iflereroes 6 e aowe phase of disrhen Beiween
HIV-posived wiad HIV-seymive childeem asdmiied for  scune
Fots e g e, Bl ther owmier had @ acremed sk of dearh
ey e np sl v shnkding endel B0 be prorackal
b @ w i e aeuied sl B ™ W have observed
e At rrpintahy nolen s gvesr el durrhes o Swes HIY - infect
ad chiklers, whacl i nghly sicecyl & FETEEcCcCEPecn <hil-
h‘l-ll.l

I 1.4 Crtnmegainvng

Uyl pabincinis may a0l 68 &b SffodunsHe onlenc apew
indeing wevdie solllis of pmernooliis or even En amnEclesl;
aivhes syl i weverely smmunisomproemsed chaldren. in
s o e ghi oBikdren with MY infection, cysomegalovirus has heon
assiscnat | v i e nene el sisk of massive pearcenessing bloed-
b anil Bevwel peafrtion wah o high Guality rtie !

218 Adppical Mysabodieng

Ay pleal mycobecierla (puticilarly M avine and M, feinscel-
lilyrw) hiave been implicaied in darrhea in HIV-infecied paienis,
im handimg chiliden, ™ b (hey may be found in children wits
sl sy,

& 14 P i Do

e & swhwissiisl mmber of cees, W% depemlag on e
deagmmdar sppresf = enologic agent = po deiocted in children
with durvies ™ 7 The nypotheses that HIV i Jirocly cupable of
vy dsprvien b ofies been REscd. Sequenees of mawinn
v fopn detecwsd @ e sk o illssys-anraing cukdeem
with iliurrhea; hosvever. a clone relmserdep woh denhes was ol
desccted in case-conrodlod dudees,

We have recmily wporked the reosdis of in see s, dars
ing thail whe inanseciivabmg wandler Cacus (TAT) peosbond by
HIV: 1, dattly inleracts with the sstorocy. madaceg chloride
secretion irough a calcmm-mediacd sechanism, o fnding con-
slstenl wiilh sicrebony dinmhea™ Inicrestingty, TAT levebs fha
iniluced the maxinal dimrheogenic elfes corresponded (o levels
detzctel itk sera of AIDS patienis. Elecimlyic someiion wis
inhibisil in the presence of spoclic mti-TAT wtibidios, These
resiilis provide strung suppom 1o the enicrogaihogenio e of HIY

A daps Dapn vparapoe By L8 sy e

and may eugla e angon o pEPpea ReERnT ST diThes
thail = 0fken ween 0 paiients with full-blosn A0S

2.2 Dragnom of Acule-Cresl Domnen

I HIV-Infecied childres with mikd--moderate immume ssp-
pressinn, mabeonsel dardas is ofiea seif-lisied and does
reguire speuifie dingnastic evaludtion or iremmen, In such cases,
mesfagiement may be thal eeosmendsd o inmonccompeens
children wath mild- - modedie Garhea, which is based on ool
Fedpcdralion afid gy miceding sith full-urengih malk or fomio-
B!V I gnmtraist, [ ehildven il severe immune impairment or ai
risk. chm bo oilied’ womlisiona (such w malnuiritiony. invesaigution
should be slwiys inisiasnl o6 an early phase with mwicrobiologic
evamidaiion of sl ssmples. The Aawrican Gastroenzernlogical
Kowwngiion hin prochsed o wvhnival review, reommending a
Sp e e o Tainagiag sl HIV-mlecied panenis wirh
duarrhes " The buni prbiples. of this appecuch inciade ihe igh
ERE ] el RS R, o ol e winh seven: TG
Ity bt oseriippg of the dagmost wrebd by
gxibde sqprmidowog comuec! wilh e mose Evsne ol
expeisve colmvspopy . whd the wperarsy of eadeaopic ovoy
tadigraphe iechtapcs. The mhoanuipe of ssch a3 sppaaech o as
wmbteiTicacy amd Dimied disoomion w ihe patson. The sopwie
approach desgprnd B adulis mmy he applied 1o HV-inksond
hibdsen, with some mosdificszions et take v oo ihe e
clfie pranters of agens suosing diamhea in chdldren md the biw med
off bt ingl neoplaseic diseases compansd with adulls,

The immune saius of (ke child shiuld be comidered whn
planning the Sagnosis approach, and diagnesis shoakl be nuse
raped amil agpresslve in seversly immmnccompromisaed calidren.
bl s pisbinlogie investigntion of stool semphes shogkil glanys
ineludde & speeifle search oo sabmomefla. shipelli campylobaoer,
peeiawiarntis, emeriy ddenoinses. ond O porvemn. Blocd cilliee sy
inur s et yisld of Pashiral agenis {table 11

€. pevvis alenibl By spocifally mvestigaed for by mmimi-
mullwwewe e, o o wreening wed, and prsisve samphis should be
smmlimnd Py Oty ol Fouliy by modified Tiehl Seeban o
e im0 A s dher diflivint wool samplies dowkd
Lt

At 3w iphod i dsowld he comadered i o Bikdorn
with WY mioomes are ofics icivieg 3 hoiny sebiots kol
Tiom -prosducing Cleemdnes il B poaerally e v of
abilibiri ozl disThia.

Semall round vineses. anonteses., eoithinmpvireees., ol otlsor
erlensinises hiave heon meaceted wink dierhes in IV eldeosd
patienis, The number of emenc vicuses dewcted by electron mi:
urwscipy i locl amples ohaised Froan & popal s of 47 [y
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Smp ¥ Fesbs apeodoscopy wih mugomel bogaas

Swad  Uoper anansoniy Wik dustiensl bopsesiotl colnoseopy

P Sl el asa s el pehen.
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ChmiiraPiom e bomin 4oay

Wl B A0 Tl dlai dehid TATHNOLD IS G | COYRISIITIE
Light mecraaimpy | mesrohacania SR, crypicepondia)
Migerbasiensl ruline (synchaoima)]

Lighl micsscspy (GMY, mytohactaria, crypimagrics)
Mdyrals el Sefuiim [ienhecienial
b eechon MCIIRENEY |pelens wiuses and parashes)

_& malscuin dapgnosios ol iRlmcellutal apeit o

EMV = cytomanaloius,

infegeed childeen wilhoul dirheg wis greater than (hat in immu-
nncramgeeleal Mt hed conirl indevsdusls and similar so chal Ssomd
in kmmunnoompoieni chikleon with poe pmieriti " Hosever,
e oreric vineses huve been detocted e childres with and
Wl ChaTes ) e it sprei rlc noeommee | it
e o oyl bralmen md prwtally deifes o onld awd
iy Thes rhecros mawsonpy of seeh b oof Enited
upmficamoy = HIV -k chibie, ond the nbills @iy B
conifissing®

IF mibnsbichog: investigamon » monelisise, the opiion s e
ireat the mikenl with cmpirk (herapy o0 he obean an inlestioal
gy g & secoml sep (eble 1 Iniesiiogl Bopsy B alse meeded
fiowr additiceal microdsalgic wfomution, nemely o detect inr-
ceilular enlere ageats, For selecsal oppomusiic agenls. analysis
itf eissue specimens rather thimm slils is essantinl in oedes (o prove
i canuse-cfRe) relategiship wich dianhes

Identification of cylomgakwies i inlesiosl epithelium s
requinzd T diapnosis. Lpper imestingl endosgommy of sigmoid-
argopy may be weed 10 oktain appeafnate specimons by beapy
anal ey provids Fended Sacimcopc miommation icg. demaged
cputhebmm ) Cyromegaloving may be doeoss) s isedenal ool
wang bphl scwvsoyy (el dee leigs Exionen bodics m
imdeciod ool cleron macrsropy, of voeph selooslee wob-
ey Dot dessomdraisom of (yasmcpabes e 0 oscirl e
e i evisiesl B ey apecific e mees o iy fight of The
potemially severe s cffevts of sl memi 14

Sllycobactens are d@so exclimively ilemtillad thsgh s rnsoo-
Py of micstingd colls or msleculer esaing of g spocimens

Erdmgopy vy B uselul in childien wilh proiegied diarbea
althiugh it increases ihe costs ol patseni managoseni pper
endoscupy or sgmaidoscopy mey he porhamed dopesdmg on
whether the dismheu is profuse and wimery o i1 s chiraeieneind
by un increased ivogeoniy of o volane msalil o Bloady siools
anwiiaabed with atsbominal pale, suggesing cohsik involvement,
respeitively !

TR Bt e b R R gl ek

In patients with noasisalving colitis. pancokosceoopy i ihe
ihisd wasp (eable 10 Total oolosscnpy ofien yickds infarmatsm
wimmlar o (e (s igmesdvaramy: the s n Mede SLperave
amd g Thu, o b bees wsppciiod b REwee Pl ko
P e pomewss whe b o e wrvere oondaown or g el
reiporsimg e orrEraes lakcsnre spooirmene Skl by culloind
cxamined by lght mrscopy sl subscgeculy, by eleotron
mictoecepy. Mot clinkcel panme suggesiz small bowel invilae-
menl. tken e phagogaalesbinleseoopy 1w imlscakad with the
same peoceising of wasoanl speyimens "™ Upper endoscapy hes
been shown o be usaful in direviing therapy aganst iniestinal
infecmns i chiklian yiehling positive resulls in g subsianiial
nuisker af mdividuals whose paihigens were otherwise wndiag-
noead, B i sty set o olelonmine (b prevalenco of gasananic:-
vinad lesione., 559 had an opporisaiic palhogen idomified sado-
scopically, ™

The indicatsum sunuvsrieed inahle | are iniendod as & general
alguithm o insesligales. o apyeusching a child with dianhea
Brechme smmumskigs loesees and olincs! judgemes dheaid
Iwrmrves pusle e wrimiam of wqurmor amd ams of mmoediEs-
e The level ol isscaipitas: oM rape (fos 5 Sesemel
workyp omby e lalong skl CommeRcEwe. oS TETEDT
W el wark up, uhakeg ooy ol keacy cEbepy
with sshuple bopsecs, ml o mEksologne ond morpholegic
i e [ (i daigionis ol ‘

Amang moainecTious. cutives of dia his, A0S peocsied ane-
plaste: dircaees, sk s intes il by saphema el Kaposi samcoma
oz exmemely rore n childres compeeed with whelis," Celee
thescase shoulsd be considarad in the difterenilal dingsosis of persis-
pent dlarres A pees2nl, e nchlenee of velu distise w estimal-
el s bszin e ramgee ol |E350 10 | F3000 §in e chililren and adalis,
depending on geographs: loestion, Children with syspaomatic
HIY infection share sunprising similariises with thise with celiac
dispase, They il anly Fave inlesne nslahsonmion (s seoimon
A0 b also often chow iscressod amibody tilen to ghiadm. e 2
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result of s speoific, HIV-sdaed. podyelomd aciivason "™ As
titmshies o foad antigem e slen fregeemly detecied s MV
idected children '™ However, HIV -anfeciod children di sl pen-
erallly respond mo e exclusion dics.

2.3 Tracibrmand of Dlorhaio

Teentmen) s haseid on baih the baseling pomimeters of HIY
infestion amd fhe octial imestinal symaptoms. 1 shoukl be specifl-
cally dircowd agsnst the etiologic agent sa that treulment |s
prompi wnd gifeceive uid ihe admvinistration of unmeeesary mad
caixme |s prevemivd: ihe oeatwent schodule of § typal HIY
ity i < fakd b sl comples.

43 b v paag e

Toe st oo ptetic ChvPlangeauhonds. mcislies uneng wappasy-
my 1Scrapy ﬂlmﬂi_iﬂ'ﬁ"ph I i v .
oty digiom v gorersdly necded and ofwen clina sl auliismal vy
st e povgaiercd o balasce the rapid weight loss, which may inigper
a whelinih awcle off nuiriiional md smmone miﬂ'uh i,
Comilimiois emeral i pEmnleral mutrition may be consldered for
analr N el suppan,

Satvorul weti-m oot drigs bave been used in patiosds lnfecl-
il waith € paeenin fuable 11, incheding the mocrolidis spiramyein
amil presmomyein, Thea agenis have had some skeess In -
priviing sympeoms, bue have not Feen able o erdicaie ihe pas-
wib. AlBwrsbioke has been ssccessful in sdult Afrwun poiienis.
ity peinbibent dismtaz ' Alwndanele s prosssids i lisal
semall Ro(iR ey i o e sl coreplele el Feguee
Py dolls om the war of e dray e childves e Luing A
mow Bl oyt oelipErmsn diep, oRamastads, B heew
sharan b he pamially effsciove inothe esbmenl of cwonc crype
Aosgartibiosin, b ils offect wes neglypdde s HIY . poaitne ol -
dren ! = Ol sdeninisrstion of imirsssegbobeling of ookosinem
s ammsnized cows Bave heon proposed (5 sologted s

Horsrvin, esafomis of (. paness = a6 poarlly arieved
ahenph Ly Mo o by red ol by lowgiuag ihe ooy o
L]

When oy plisporidial disies Cmeses msssive i los, a cral
with the lang-gcting somalistitm analig, ovieiiide, may be con-
sidered. Oetrectice has o potent sntivtereiony effod, which coun-
et elecimlyte secretin indiieil By the pansile, In an observa-
Uonal sy, two children were ireited with coirectide with a
mskecianeial reduction of fecal ulpil wad ane wis ihke s reoover
complesety 1+

HAART provices protection againal sl iy orpplosgonoe is.
Chiicren sarted oo HAART wmbergo o seskoribion of immune
besss B B 1 s bated witfs praetmiios of seerr crypespond-
i HAART hus sbes bevs sbown i b alicutivg m sympe-
it a8l pathowts wath oy Pl il deitea T

2 1 3 Bacheng! Digrrispa

Bacierial dusrthen may be scvere i HIY - infeciod chilkdren and
should be tremed aggressively, Candelines om intestinal infections
cull for apgressive amiminobil ieaimen) & smminscsmmproenis-
el patieni ™" bl rndomized conirlled sodies w0 esiblish the
elficacy of antibiotics s nid feasibde for evhical reasons, Thiy nse
iof wpecific antibiaties (lable WF should be curefully comadersd
arven in children wha show o mild courss of the disease, pancolir-
Iy i those whi have mealenile-dicasen immune mpasment
Ickmaes X and 3 of the Ceniers i [ssmsg Conirol sl Prevemtion
cimagfation wysem o el HIY leciond Specific ann
miocisows dinegy o meloss e aprml. For ouvample me-
irmadarelr 5 effecine o wmall inirsdvial hacsos overgrowil
Boomary (roe amibws -mdssad dimiies » ponorally achsevod
with withdrawal of the nospomsaihile s, T soiorod cames.
wamgveEmcin or metnmsdaeals may be cffedctive lor Ieating poenas-
ten| diarrhen,
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FERY ]

Titere b ma sypifi g e for rorire. Hodceer, e
mbembrins of S s g kifhalin v@ e ord e
i gl dhond of Nmgli g of bulpwesgi. i a valid etapesic
optam. ™ Wy huve wacoesafully used passave mmundhenpy n
immunocorngeie «hilden wilk severs poavins diurhos sid sl
in theee children wiih HIY bfecrion and moavins Jdlarhea =1 s
mechanism of i is welaied 1w high specilc neumlizing Hiem
ihan ars soesistemly deigciid b all human immesscglobulin prepa-
falloas

A woccing apsens Polpvins e inteduced bul repdly with-
drarweri, because af & suspeciod (n never conclasively priveen)
pssocEtom wilth indewneplos 17 While swaising the develop
el off saler vaccings, sdawnidrmion of immanoglobolis, =l
& larpely wvailoblre in prdisn: hoegmab., mey be eaeg e
chikirs wdl wrvewe frian st e s

214 Criomagamv

Cymmegabovire way b tested sih minoiovir of with [os-
carned " Baodh dnigs procduce clinkcal smd hissologic improvemeni
in both adehs sed chilileen althoogh the e of rehpse is high
Treatmen shoald be cosmilenad in the Tight of najor ioescity ond
shiould B meserved (e sovere cascs,

Alvpical mycobacienis may be effectively besied  wanh
clarctromyrin, bl evonivmal gusiuple Semeps i olien
movded P91 Prophylavis apesd sypeal eyodiacion s
arihomywin wis mensely pedoemed o e pre HALRT e
The & e lonpe comadend Soewary for childnon reorivimg
HAART, el the's B0 g & wo o imisschy ivpasr el |2 hics § of
the Cemers for Dence Control aml Prevemtion classificaon
st i L

20 Empisc Deanmen i inr Dy

Bleranidazole may te wed for the empearle temmens of disr
e In o sotrtantin] namber of esilidees with dharhea of <o peci-
b inlectious origin, ni gisnlnpic npent s dewecied. B ket o he
initigd digprastic work-wp. Engens treamen may be considered
s hien syanpinms are @raliicien (o paify e v dogie.-
i appmaches. sch ay ondosops 7% In thess cases. me

huse aho boon proposed. incbakng luperamide, but their o m
childrem may be loadod wilh weene advene effects 'l

When diarmhe is persisient of severs dnd 0o enteric elinlogic
agent is devecied, HAART whowld be re-cvalwiled, Persistent
disethea muy be esociated with an isepnsed vial boad and be
gither the resull of HIY itelf or imvodve an os yet unidemidfied
upporiunistic agent. In thusg cimes, changing antisetroviral therapy
muty b an effecive oplios

3, Dyshunchion ol the
Digesliee- Absorpineg PIoCe e

Slalnatition and it Wil dapr, AL e warime.
S poeon Sl oo, bl sha n developel ogs-
trnes whaere HAART i widely avallable. In e LS. IV -gssncia-
il wanting has increased in relutive frequesy From the Fiflh o the
secomil most Frequene AJDS-refuted comphication ' Malnutrigom
cun he wn early manifestation of HIY infection aml is s
weith o rapid decrease in the U3 e cell cousn aml an ineneased raie
o eppriunisilc Infections !

A apecilie HiV-associated disease is ANDY emeropathy. This i
chanicterized by villous strophy withisit compessalany orep bn-
peririphy amd his been deieoed i oseveeely  HITV-infeosd
sl ™ b oot clear whether AIDS ameoguiby exiss in
shsldren. Alshopph the tipesl meepidars pacteer of vl
gty b ey deered, mger Sy of By dgpeane-
ety preortet ane fnogoostly cbervnd on < hiklen wuh HIY

indgcnion geud it mpltiphe ongaes, wch g0 the imigyane. pan-
wreas, anul Byer.

1.1 Féasling Dyshunciion

Intestimil dwsfuncien is a specific WY -reliled synilrome in
chibdran, The clinical manifesinions of inestisal dystunction may
e limniieal oo v 1 (s nist comisisiently assocmed wilh disirhes
lis mis) prunseenl feaiures are sicaloerhas, eduiction of the inies-
finul ubsorpilve sisface. aad incresed permeshality (able 000
The prevalenoe of iniccenal dysfunczion was o Bph s 68K s

Tmbis B Frovmieres o ey o avedne T dgad oD o
T T A e L

rmidlarole shone af he wecalbod ] coclitaT my be -
ord. which cemiss of Edieslasd 10-20 el beb
dhinar inra] prdnemacen M} mglpaley w thoer dividod dkes, il
colesyramme. Somatoadstm saskogs hisr sko beem comsadered
forr puirhs grei-fegatre e dhirries, ol may ke porticufarly elTectiee
o disarheen bos 2 secresory rather tham pamsic mechanizan '™ They
mary alao be offestive foe cheonic smdvasiory diurhea due o ther
ellect on mecstinad motiliny!**! (hher agenis miive on naoilicy
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HIY-mfeciod children in the jpre-HAART ora ™ with iron malsh-
snpims being the mast common featire (iabde 101, Dospite the
limived ar absent clinicsl mamifestations of inesting dysienscsom,
nutriem mikibsorption cenminly coserimes w weljght loss, and is
elinleal consequences may be expected in the long 1ens and
e imiel with progressive Fuiliing to ks,

One of the most Frequest festares of Impaired digesiive
precesses w chikdron with HIY infection i laosose mulabsaep-
tian. % This Finding is in keeping with & red i of the funcsion-
erg imecsbaral surface. which ks bevn deinoassraied by 1 high e
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Hipaiitis 8 and © virgs infocisons e more severe in M-
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