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Abstract — Weaned pigs are susceptible to frequent infectious diseases. Antibiotics have been used
over decades to reduce pathogen infections, but many microorganisms are becoming resistant to anti-
biotics. Thus, there is an urgent need to find alternatives to in-feed antibiotics. Up to now, various
compounds have been used as alternatives, giving promising but sometimes contrasting results. In
recent years, the in vitro models of cell culture have been proposed for the screening of various com-
pounds and understanding their mechanisms of action. The intestine is a complex system with a con-
tinuous cross-talk among epithelial cells, the local immune system and microflora. Alternatives to
in-feed antibiotics may interact with any of these constituents. This review presents data on the pro-
tective effects of probiotics, zinc salts and organic acids, used as alternatives to in-feed antibiotics,
against pathogen induced damage and inflammatory processes in the intestinal cells and the under-
lying mechanisms, with an attempt to compare in vitro and in vivo results. All the alternatives tested
resulted in effective protection against pathogens by a series of interactions with intestinal cells and
pathogens, including the inhibition of adhesion and invasion of pathogens, interference in signalling
pathways induced by pathogenic bacteria, maintenance of the epithelial cell cytoskeleton and junc-
tional structure and modulation of the host immune response.

antibiotic alternative / intestinal cell culture / probiotic / zinc oxide / organic acid

Résumé — Alternatives aux antibiotiques additifs alimentaires chez le porc : évaluation des
probiotiques, sels de zinc ou acides organiques comme agents protecteurs de la muqueuse
intestinale. Comparaison des résultats in vitro avec les observations in vivo. Le porcelet est
sensible aux infections gastro-intestinales au moment du sevrage. Les antibiotiques additifs
alimentaires ont été utilisés pendant des décennies pour réduire ces infections, mais de nombreux
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microorganismes sont devenus résistants a ces substances. Aussi, est-il urgent de trouver des
alternatives aux antibiotiques additifs alimentaires. Jusqu’a présent, diverses alternatives ont été
envisagées, certaines donnant des résultats prometteurs, d’autres des résultats variables. Au cours
des dernieres années, les modeles in vitro de cultures cellulaires ont été proposés pour cribler ces
substances et élucider leurs mécanismes d’action. L’intestin est un systtme complexe faisant
intervenir des communications permanentes entre les cellules épithéliales, le systéme immunitaire
local et la microflore. Les alternatives aux antibiotiques peuvent interagir avec n’importe lequel de
ces composants. Le présent article fait la synthese des effets protecteurs et des mécanismes d’action
des probiotiques, des sels de zinc et des acides organiques, utilisés comme alternatives aux
antibiotiques dans les processus inflammatoires et les altérations cellulaires épithéliales in vitro,
induites par des agents pathogenes. Elle tente de comparer ces résultats avec les observations in vivo.
Toutes les alternatives évaluées ont été efficaces contre les agents pathogenes, via des mécanismes
d’interaction cellules épithéliales-agents pathogenes. Ces mécanismes incluaient 1’inhibition de
I’adhésion et de l’invasion cellulaire par ces pathogenes, la modulation des mécanismes de
signalisation intracellulaire induits par les bactéries pathogenes, le maintien de la structure du
cytosquelette et des jonctions serrées des cellules épithéliales, et enfin la modulation des réponses
immunitaires de la cellule hote.

alternative aux antibiotiques / cellule épithéliale en culture / probiotique / oxyde de zinc / acide

organique

1. INTRODUCTION

The weaning period of pigs is frequently
associated with infectious disease and diar-
rhoea. Enterotoxigenic Escherichia coli
(ETEC) is the most common etiologic agent
of enteric disease in piglets, accounting for
the high mortality that occurs annually [27].
Antibiotics have been used over decades to
reduce pathogen infection, but many bacte-
ria are becoming resistant to antibiotics.
Thus, there is an urgent need to find alter-
natives to in-feed antibiotics, especially after
the full ban of antibiotic use from the Euro-
pean Community forecasted for early 2006.
Up to now, various compounds have been
used as in-feed antibiotic alternatives, such
as organic acids, probiotics and zinc salts,
that have given promising but sometimes
contrasting results.

A major concern in the development of
new strategies is the lack of knowledge of
the mechanisms through which the sub-
stances that are alternatives to antibiotics
can protect intestinal cells from the damage
induced by pathogens. The intestine is a
complex system in which three major com-
ponents, the mucosal barrier, microflora
and local immune system, provide defen-

sive means through permanent contact and
dialogue with each other. Alternatives to in-
feed antibiotics may interact with any of
these constituents. Thus, the better knowl-
edge of how the in-feed antibiotic alterna-
tives work is important in order to under-
stand their role in intestinal cell protection
and to finally select those able to provide
such protection in piglets.

In this review, recent data on the protec-
tive effects of some currently used alterna-
tives to in-feed antibiotics, i.e. probiotics,
zinc and organic acids, against infectious
disease on the intestine are reported. A
focus is given on the results obtained on
in vitro cell culture models aimed at better
defining the underlying mechanisms of
alternative protection, such as the mainte-
nance of barrier integrity, inhibition of path-
ogen adhesion and modulation of immune
response, with an attempt of comparison
with in vivo studies. We also report our
recent studies conducted on two intestinal
cell lines, the human Caco-2 cells and the
porcine IPEC-1 cells, that express in culture
morphological and functional characteris-
tics of some of the differentiated cytotypes
of the intestinal mucosa. The Caco-2 cell
line, derived from a colon adenocarcinoma,
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undergoes a spontaneous process of differ-
entiation leading to the formation of a mon-
olayer of highly polarised cells, joined by
tight junctions, with well developed micro-
villi and digestive enzymes on the apical
membrane [52]. These cells can be grown
and differentiated on polycarbonate micro-
porous filters (Transwell®), allowing the
separation of apical from basolateral com-
partments, reproducing the in vivo organi-
sation of the intestinal mucosa, where the
apical surface corresponds to the intestinal
lumen, and the basolateral surface corre-
sponds to the surface of interstitial space
and the vascular and lymphatic systems
[70]. The IPEC-1 cell line is a newborn
swine intestinal cell line derived from the
small intestine of a newborn unsuckled pig-
let that can differentiate in culture and exhibit
enterocytic features, including microvilli and
tight junctions [6, 23]. They are less char-
acterised than Caco-2 cells and have been
less extensively used.

2. THE COMPLEX INTERACTION
AMONG EPITHELIAL CELLS,
INTESTINAL IMMUNE CELLS
AND MICROFLORA FOR GUT
PROTECTION

The intestine has an enormous surface
continuously exposed to a myriad of anti-
gens, toxic compounds and bacteria, and
thus is more susceptible to inflammatory
response. A continuous and fine interaction
between the enterocytes, microflora and gut
immune system is fundamental to maintain
correct cell functioning and to protect the
cells against aggression from the external
environment [84, 90]. Dysfunction of any
component of this highly integrated mucosal
system may lead to a disruption in commu-
nication and result in pathological inflam-
mation.

2.1. The intestinal epithelium
as a mucosal barrier

The intestinal epithelium constitutes the
major barrier that separates the external

from the internal environment and repre-
sents the first line of defence against path-
ogens and dangerous environmental agents.
The major role in regulating epithelial per-
meability and avoiding the entry of external
molecules is played by tight junctions. They
encircle the cells at the apical end of the lat-
eral membrane and are composed of an array
of proteins, including an integral membrane
protein, the occludin, and cytosolic periph-
eral membrane proteins, the zonula occlu-
dens proteins (ZO-1, Z0O-2). These proteins
are in close apposition to the actin and
myosin ring, in a dynamic adaptation to a
variety of developmental, physiological
and pathological circumstances [71]. The
mucosal barrier can be destroyed in some
diseases and by some pathogens, allowing
the indiscriminate passage of luminal anti-
gens across the epithelial junctions. The
mucus layer, composed of glycoconjugates
and intestinal mucins [22], is localised on
the cellular surface of the intestinal epithe-
lium and contributes to cell defence creat-
ing a physical barrier and avoiding bacterial
adhesion through glycoconjugates. Another
defence mechanism against toxic substances
and microorganisms is represented by
proteins produced by mucosal intestinal
cells, such as the “trefoil” proteins [14] and
defensins [91].

2.2. Mucosal immunity

The intestinal mucosa is provided with
one of the largest immunological organs of
the body which, through complex mecha-
nisms, is able to remove pathogens, elimi-
nate infected cells and develop an immuno-
logical memory to induce a more rapid
response against a subsequent exposure to
the same antigens. The gut-associated lym-
phoid tissue (GALT) comprises follicles or
groups of them defined as Peyer’s patches,
surrounded by specialised M cells, respon-
sible for the transport in the patches of anti-
gens and bacteria coming from the intesti-
nal lumen [44, 57, 77]. The GALT also
includes diffuse lymphoid tissue in the lam-
ina propria, intraepithelial lymphocytes,
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mesenteric lymph nodes and an appendix.
After antigen presentation by antigen pre-
senting cells, lymphocytes leave the Peyer’s
patches (inductive sites of the intestinal
mucosa), and migrate to effector sites, such
as the spleen, lungs, respiratory and urogeni-
tal tracts. Atintestinal sites, lymphocytes are
recruited and spread in the lamina propria
to produce antibodies (mainly IgA) or
migrate into the epithelium. The intestinal
immune system must protect the mucosa
against pathogens and noxious substances,
but has to be able to avoid hypersensitivity
reactions against food proteins, normal
microflora and innocuous macromolecules
present in the intestine. It is known that
reactions against food have an immunolog-
ical basis and can derive from a breakdown
of tolerance to microflora or food antigens
[20, 78]. This may lead to the development
of intestinal immune pathologies directed
against autoantigens and therefore to autoim-
mune diseases.

2.3. Gut microflora

The intestinal microflora helps the host
to fight the colonisation of pathogenic bac-
teria and to protect against dangerous sub-
stances arriving in the colon. The embryo
intestine is sterile, and the gastrointestinal
colonisation starts after delivery. In one
year, the microflora becomes similar to the
adult one. During life, microflora composi-
tion can transiently change in response to
diet, health conditions and the environment
[2]. Enteric pathogens may cause several
damages to intestinal cells, including inter-
ference in the epithelial cell signalling that
controls both the transcellular and paracel-
lular secretion pathways [84]. Microflora
contributes to intestinal protection against
pathogens by competition for pathogen
binding sites, regulation of immune response,
competition for nutrients, production of
antimicrobial substances, such as bacteri-
ocins, generation of restrictive physiologi-
cal conditions, such as acidic pH caused by
lactobacilli fermentations and by short
chain fatty acid (SCFA) production [79].

3. ALTERNATIVES TO IN-FEED
ANTIBIOTICS

3.1. Probiotics

Recently, probiotics have been defined
as “a preparation or a product containing
viable, defined microorganisms in suffi-
cient number, which alter the microflora (by
implantation or colonisation) in a compart-
ment of the host, and by that exert beneficial
health effects on the host” [73]. This implies
that probiotics should be able to survive to
gastric juice and bile salts and that an ade-
quate dose is necessary to have beneficial
effects. The most known characteristics of
probiotics are the following: a capacity to
adhere to intestinal mucosa and to inhibit
pathogen adhesion, ability to transiently
colonise and proliferate in the intestine, pre-
vention of some intestinal diseases such as
diarrhoea, modulation of the immune sys-
tem of the host, anticancer activity, and a
capacity to lower cholesterol level and
reduce lactose intolerance [79].

The description of all these characteris-
tics is not the purpose of this review, which
will focus on the ability of probiotics to pro-
tect the intestinal cells against pathogens
and avoid inflammatory processes.

3.1.1. Prevention of intestinal disease

Infection by ETEC is one of the principal
causes of diarrhoeal disease in pigs during
the pre- and post-weaning period, and
among the different ETEC strains, those
expressing K88 fimbrial adhesins are the
most prevalent [27]. The pathogenic action
of ETEC is exerted through the binding of
K88 fimbriae to specific intestinal recep-
tors, allowing the release of enterotoxins
which induce massive fluid and electrolyte
secretion, resulting in diarrhoea. Diarrhoea
may also arise as a consequence of antibi-
otic treatment [81], which may cause an
imbalance in intestinal microflora, leading
to an increase of some pathogenic bacteria,
with consequent diarrhoea symptoms, due
to toxin release.
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Probiotics may represent an important
mean to overcome these problems. The
rationale for probiotic use is that probiotics
are able to restore normal microflora. Only
a few probiotics have been tested for their
capacity to prevent intestinal diseases in
pigs. Some authors have found that oral
administration of Streptococcus faecium to
gnotobiotic piglets challenged with various
pathogenic strains of E. coli induces an
increased weight gain, less severe diarrhoea
and a reduced colonisation of pathogenic
bacteria in the gut compared to control ani-
mals [82, 83].

A protective effectiveness of Bifidobac-
terium lactis has been found in piglets
where lower concentrations of fecal rotavi-
rus and E. coli and a lower severity of diar-
rhoea have been associated with probiotic
treatment [75]. Similarly, feed supplemented
with Bacillus toyoi or B. licheniformis,
reduce the incidence and severity of diar-
rhoea [36], as well the number of entero-
cocci and coliforms, especially ETEC in the
intestines [1, 36].

Beside these studies, there are no indica-
tions on how such effects were achieved. In
an attempt to understand some of the pos-
sible mechanisms involved in the beneficial
effect of probiotics, we have conducted
experiments on both human and porcine
intestinal cells treated with different strains
of probiotics. In a study on Caco-2 cells dif-
ferentiated on Transwell filters, we investi-
gated the protective effect of Bifidobacte-
rium animalis MBS and Lactobacillus casei
GG against the membrane damage induced
by ETEC K88 [67]. The integrity and func-
tional sealing of tight junctions were mon-
itored by measuring the transepithelial elec-
trical resistance (TEER) of the cell monolayer.
The results showed that these probiotics do
not affect the TEER nor prevent the ETEC-
induced permeability increase when added
together with ETEC.

In another study on porcine IPEC-1 cells,
we found that ETEC K88 induced a TEER
decrease and disruption of tight junctions as
well as adisorganisation of the cytoskeleton

and tight junction structure [Mengherietal.,
unpublished data]. The TEER alteration was
not prevented by treatment with two Lacto-
bacillus amylovorus strains: one belonging
to L. amylovorus-like strains [38], the pLAI
strain isolated from the pig small intestine
(Konstantinov et al., unpublished data) and
L. amylovorus DSMZ (commercial strain
isolated from cattle waste). However, pLAI
was able to protect the cytoskeleton and tight
junction organisation by maintaining a cor-
rect localisation of occludin and B-actin
suggesting that, despite the TEER decrease,
pLAI can protect the intestinal permeability
from the perturbation induced by ETEC
K88. Moreover, these data indicate a strain-
specific effect. Our results were partly in
agreement with those reported recently on
T84 or HT-29 cell lines where a mixture of
lactobacilli, bifidobacteria and streptococci
(VSL#3) or L. acidophilus were able to sta-
bilise tight junctions [49, 55].

Using a model of pigs challenged with
the same strain of ETEC K88 used in our
in vitro experiments [8], Bosi et al. con-
firmed the beneficial effect of pLAI, since
the daily weight gain increased and there
was a trend towards an increase in ETEC
K88 shedding and total IgA in saliva and
serum [unpublished results].

3.1.2. Inhibition of pathogen adhesion

There is some evidence in pigs that pro-
biotics can inhibit pathogen adhesion.
Some authors have found that E. faecium,
one of the probiotic strains most frequently
found in swine intestine [17], is able to
inhibit the adhesion of ETEC K88 to the
intestinal mucus of piglets, where receptors
for adhesive fimbriae of ETEC K88 are
present [33]. They reported that ETEC and
E. faecium do not attach to the same domain
of the receptor, and therefore they conclude
that the inhibition of ETEC adhesion is
likely due to steric hindrance.

Other experiments using lactobacilli have
indicated that these bacteria reduce the
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adhesion of pathogenic bacteria in the intes-
tine of gnotobiotic piglets but only if mal-
todextrin was also administered [5].

The adhesion to intestinal cells has been
proposed as one of the main selection cri-
teria for probiotic strains since, throughout
this capacity, probiotics have been thought
to compete for pathogen adhesion. Several
studies have been conducted in vitro to test
the ability of different probiotic strains to
adhere to intestinal cells. A study on Caco-
2 cells reports the results relating the adhe-
sion of 30 strains of lactic acid bacteria of
the species Lactobacillus and Bifidobacte-
rium [51]. The bacteria adhered in a strain
dependent manner to the cells, and L. rham-
nosus strain GG exhibited the strongest
affinity for Caco-2 cells. Also L. casei,
B. bifidum and B. adolescentis showed a
relatively high affinity for Caco-2 cells.
Interestingly, contact with lactobacilli did
not result in the production of pro-inflam-
matory cytokines interleukin (IL)-6 and IL-8,
and bifidobacteria induced a slight produc-
tion of these cytokines, indicating that these
bacteria do not trigger an inflammatory
response after their adhesion to enterocytes.

The inhibition of adhesion of diarrhoe-
genic bacteria, such as Salmonella typhimu-
rium, Yersinia pseudotubercolosis, Listeria
monocytogenes and E. coli to Caco-2 and
HT-29 cells by the L. acidophilus strain LB
[13, 16] and strain LAl [3] has been
reported by some authors suggesting that
competitive exclusion is the cause of such
inhibition, since the heat killed-bacteria
maintained the inhibitory ability.

Other authors have suggested that steric
hindrance is not a mechanism of adhesion
inhibition [40]. They found an inhibition of
S. typhimurium adhesion to Caco-2 cells by
L. casei GG, but not when this probiotic was
incubated with Caco-2 cells before S. typh-
imurum addition. They suggested that
L. casei is unable to block the binding sites
for S. typhimurum adhesion by steric hin-
drance. They also found a reduced adhesion
with spent culture supernatant at low pH,
and suggested the importance of pH as an

inhibitory factor of pathogen adhesion. The
hypothesis that steric hindrance may account
for the inhibition of bacterial adhesion by
probiotics has also been argued by other
authors, reporting that the level of adhesion
of ETEC, enteropathogenic E. coli (EPEC)
and Klebsiella pneumoniae was much
higher than that of L. casei rhamnosus,
when the same number of bacteria were
added to the cells [21].

An antagonistic activity against adhe-
sion and invasion of ETEC on Caco-2 and
HT-29 cells by spent culture supernatant of
L. rhamnosus and B. lactis has also been
reported in other studies [24]. Since the
molecules secreted by these probiotics in
the medium were affected by lactate dehy-
drogenase, trypsin and proteinase K, the
results indicated a synergistic action of lac-
tic acid and proteinaceous substances.

Some authors, using the HT-29 cell-line
secreting mucus infected with EPEC, found
an inhibition in the attachment of bacteria
to the cells by L. plantarum and L. rhamno-
sus GG, which was associated with an
induction of mucin gene expression (MUC-2
and MUC-3). They proposed that the increase
in intestinal mucins is responsible for the
probiotic inhibitory activity [43]. Other
studies report an increase of MUC-2, MUC-
3 and MUC-5AC in HT-29 cells by VSL#3
[55] and an up-regulation of MUC-2
expression in Caco-2 cells by L. casei GG
[47].

In recent studies, we have found that
ETEC K88 adheres to Caco-2 cells and that
treament with B. animalis is able to reduce
this adhesion. Moreover, when B. animalis
and L. casei were assayed for their ability
to reduce ETEC invasivity, we found an
inhibition of ETEC internalisation [67].
These results indicate that, despite the lack
of protection on membrane permeability
described above, probiotics are able to pro-
tect cells against ETEC infection.

A protection against the adhesion of
ETEC K88 was also observed on IPEC-1
cells treated with the two L. amylovorus
strains, mentioned above. We found that
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the ETEC adhesion was reduced only by
pLAIand notby L. amylovorus DSMZ, sug-
gesting again a strain-specificity, in agree-
ment with the results observed on cytoskel-
eton and tight junction proteins, where a
protection was found only with pLAI
[Roselli et al., unpublished data].

3.1.3. Immunomodulation

Probiotics are able to prevent intestinal
diseases through, both humoral and cell-
mediated immune modulation [19]. Indeed,
it has already been shown that probiotics
may lead to an increased IgA production
[59] and stimulation of macrophage and NK
activity [15, 46]. Moreover, several studies
have reported that probiotics are able to reg-
ulate both anti- and pro-infammatory cytokine
production. However the results are quite
conflicting and the mechanisms of action of
probiotics on cytokine expression are still
not understood.

In pigs, weaning is associated with a
transient inflammatory response in the gut,
as indicated by the up regulation of several
inflammatory cytokines, such as IL-1[,
tumour necrosis factor (TNF)-o and IL-6
[60], which might be implicated in the
development of post-weaning diarrhoea.
Some studies reported that treatment of pig-
lets with B. lactis increases blood leukocyte
phagocytic and T-lymphocyte proliferative
responses [75]. Similar results have been
observed with gnotobiotic piglets, where
feeding with L. acidophilus increases the
white blood cells [61] and the antibody level
[41].

In vitro experiments have put some light
on the molecular basis for the reduction of
inflammation by probiotics. Indeed, some
authors have indicated that the VSL#3 mix-
ture of probiotics ameliorates inflammatory
responses in HT-29 cells by reducing IL-8
expression [55]. A reduction of IL-8 has
also been found in HT-29 cells in response
to Salmonella dublin stimulus by using
VSL#3 DNA, suggesting that the DNA of
probiotic bacteria is responsible for such
activity [32].

Some authors, using a co-culture of
Caco-2 cells with peripheral blood lym-
phocytes, have indicated that the reactivity
of intestinal cells to probiotics is depend-
ent on the presence of immunocompetent
cells. Indeed, they found that Caco-2 cells
alone are hyporesponsive to challenge with
non-pathogenic E. coli and L. sakei. On the
contrary, when cultured with leukocytes,
Caco-2 cells produce TNF-o and IL-1B3
after treatment with L. sakei, but also the anti-
inflammatory transforming growth factor
(TGF)-P after L. johnsonii treatment [26].

To clarify the mechanisms by which pro-
biotics can prevent or reduce the develop-
ment of inflammatory processes, we inves-
tigated whether the recruitment of neutrophil
migration to inflammatory sites, as well as
the expression of chemokines involved in
neutrophil infiltration and that of pro- and
anti-inflammatory cytokines were regulated
by probiotic treatment. We have shown that
the inflammatory response induced by ETEC
involves a strong increase of neutrophil
transmigration, as tested on Caco-2 cells
differentiated on inverted monolayers. This
migration was markedly reduced when
B. animalis or L. casei GG were added
together with ETEC, and this was associ-
ated with a decreased expression of chem-
okines IL-8, growth related oncogene
(GRO)-o. and epithelial neutrophil-activat-
ing protein (ENA)-78 [68]. Moreover, we
have also found that probiotics are able to
reduce the ETEC-induced increased expres-
sion of pro-inflammatory IFN-yand TNF-a,
and to increase that of anti-inflammatory
TGF-B [67]. All these results suggest that
probiotics interfere with different steps of
the inflammatory pathway, either on cytokines
that can regulate the balance between Thl
and Th2 lymphocyte populations, or on
chemokines involved in the recruitment of
inflammatory cells.

3.2. Zinc

Zinc is an abundant trace element in the
body that is involved in a variety of general
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cellular functions, including replication, tran-
scription and signal transduction [85]. It is
important for the formation of biomem-
branes and zinc finger motifs found in DNA
transcription factors and exerts catalytic
function in metalloenzymes. Thus, zinc reg-
ulates the homeostatic balance of multiple
physiological processes. The daily zinc
requirement is mainly provided by food
intake and the gastrointestinal tract is the
primary absorptive and secretory site for
zinc. Dietary inadequacy or conditions that
alter zinc absorption in the gastrointestinal
tract may quickly cause zinc deficiency, due
to the limited availability of rapidly exchange-
able zinc pools [39]. The unique role of the
gastrointestinal system in zinc metabolism
places it at a critical position to control zinc
homeostasis.

3.2.1. Maintenance of barrier integrity

The importance of zinc in maintaining
the epithelial barrier integrity and function
has already been established [85]. Previous
in vivo and in vitro studies have shown that
zinc deficiency induces ulcerations to intes-
tinal villi [53] and alters the barrier function
of porcine endothelial cells [28], whereas
treatment of these cells with zinc gives pro-
tection against TNF-o induced disruption
of the cell monolayer [29].

Several studies conducted on piglets have
shown that supplementation of high doses
of ZnO (3000 mg per kg) improves small
intestine morphology, by increasing the vil-
lous height to crypt depth ratio, compared
to pigs fed the same diet without ZnO sup-
plementation [11,42]. The positive effect of
ZnO on villous height was also observed
when weaning pigs were orally challenged
with ETEC [11, 42] or with transmissible
gastroenteritis (TGE) virus [76].

The rationale of all these studies was that
ZnO is the best zinc source for improving
pig growth and performance [25], and that
ZnO may inhibit the growth of some bacte-
rial species [72]. However, these studies did
not investigate whether the effect of zinc

M. Roselli et al.

supplementation is dependent on the phys-
iological conditions of the cells and on the
presence of inflammation induced by bac-
teria, and whether this effect is associated
with a decrease of bacterial infection.
Indeed, some authors did not find a reduced
number of E. coli in the faeces of pigs
treated with ZnO [31, 35].

In recent studies, we have shown that
treatment of Caco-2 cells with ZnO is able
to protect enterocytes from the membrane
damage induced by ETEC K88 infection
through mechanisms that are not ascribable
to an antibacterial activity of ZnO [69]. We
have reported that various concentrations of
ZnO (from 0.01 to 5 mM) did not affect tight
junction permeability of Caco-2 cells,
measured as TEER and '4C-inulin transfer,
after several hours and even days of culture.
On the contrary, treatment of cells with
ETEC increased tight junction permeability
and ZnO was able to inhibit the ETEC-
induced membrane damage, in a time and
dose dependency, and was effective already
at a low level (0.2 mM, that is 20 times
higher than that of the culture medium). To
understand whether the protective effect of
ZnO was due to killing of bacteria, the
growth of ETEC in the presence of several
concentrations of ZnO was tested. The
resulting bacterial growth was unaffected
by ZnO, indicating that the protective action
of ZnO was not due to its supposed antibac-
terial activity. It has been hypothesised that
the modulation of inflammatory cytokines
by ZnO could play a role in maintaining
tight junction function and structure [54].
Indeed, it has been shown that TNF-o, can
act synergistically with IFN-y to induce
structural changes in tight junctions, whereas
TGF-B upregulates barrier function and
counteracts the IFN-y effect [88]. Moreo-
ver, itis known that cytokines are extremely
sensitive to the amount of zinc present in the
cells [9, 62]. The findings that ZnO prevents
the ETEC-induced increase of inflamma-
tory cytokines in Caco-2 cells, as described
below (see Zinc and intestinal immune
response), support this new role of zinc in
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regulating the tight junction function through
the regulation of cytokines.

In agreement with these findings, in
experiments conducted in vivo on piglets
challenged with ETEC K88, Bosi et al. [7]
have indicated that supplementation with
ZnO at low and high doses of zinc (200 and
2500 mg per kg), induces a positive effect
on the villous height of the jejunum, which
is independent of the dose of zinc. They
have also found that supplementation with
zinc chelated with glutamate at the same
low and high dose of ZnO, induces similar
morphological effects. Further experiments
should be done to better investigate the
potential benefits of zinc glutamate.

3.2.2. Protection against pathogens

Zinc is essential in the prevention of
pathogen infection [74]. A condition of zinc
deficiency, which causes an impairment of
immune response [62], is associated with a
great incidence of infectious diseases, includ-
ing diarrhoea [89], in a synergistic and self
perpetuating manner. Indeed, nutrient absorp-
tion is reduced during diarrhoea, due to the
deterioration of absorptive mucosa. More-
over, the increase of intestinal bacteria or
the undigested solids generated during the
disease can absorb minerals, including zinc,
reducing their bioavailability. Thus, zinc
canbe insufficient for mucosal regeneration
perpetuating the pathology.

Zinc supplementation has been shown to
prevent or alleviate diarrhoea in piglets [30,
31, 56], to maintain stable levels of the
intestinal flora and diverse coliforms that
may compete with diarrhoegenic strains for
colonisation sites [35] and to reduce trans-
location of pathogenic bacteria from the
small intestine to the mesenteric lymph
nodes [30]. However, Li et al. [41] did not
observe any effect on the microflora col-
lected from the digesta and faeces of piglets
after 11 days of high dose ZnO supplemen-
tation. Moreover, Mores et al. [50] regis-
tered an improvement of diarrhoea index in
E. coli K85 infected pigs fed 2400 mg per

kg zinc from different commercial sources
of ZnO, but did not observe any reduction
of faecal shedding of the strain used for the
challenge. Despite the controversial results
on the reduction of diarrhoea associated
with the growth promoting effect of ZnO,
there is sufficient evidence for a protective
activity of ZnO against pathogens.

In an attempt to understand whether the
inhibition of bacterial adhesion by zinc
would be fundamental for preventing the
development of bacterial disease, inarecent
study, we investigated whether ZnO could
reduce ETEC K88 adhesion in Caco-2 cells
[69]. We found that the addition of 0.2 and
1 mM ZnO induced a significant reduction
of bacterial adhesion as compared to infected
cells, but 0.05 mM ZnO was ineffective. We
suggest that the reduction of ETEC adhe-
sion by ZnO treatment could be due to the
binding of this metal to bacterial fimbriae,
that interfers with ETEC recognition by the
specific receptors on intestinal cells, since
ithas been shown that the fimbriae of E. coli
are able to exclusively bind the oxide form
of zinc [33].

Since we have found that ETEC K88
induces adisruption of the epithelial barrier,
as described above, we have hypothesised
thatin this condition ETEC could invade the
cells and that ZnO could be able to protect
the cells from this invasion. Indeed, we
found an internalisation of ETEC into the
Caco-2 cells after 2 h of infection, when the
tight junctions were damaged, and an inhi-
bition of bacterial entry by 0.2 and 1 mM
ZnO treatment [69].

The studies conducted by Bosi et al. [7]
on piglets challenged with ETEC K88 have
confirmed a protective effect of ZnO against
this bacterium, since supplementation with
high doses of ZnO (2500 mg Zn per kg) was
able to reduce the number and faecal excre-
tion of ETEC K88, but there was only a
trend towards a reduction of diarrhoea
score. Similar effects were also found after
zinc-glutamate supplementation. Thus, there
is the possibility that other chemical forms
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of zinc can protect the intestine from ETEC
infection.

3.2.3. Regulation of the intestinal
immune response

There is large evidence that zinc plays a
fundamental role in the regulation of immune
response. This evidence comes from several
studies showing that zinc deficiency affects
both humoral and cellular immunity. Zinc
supplementation has, however, been shown
to improve the immune response in some
conditions [62].

The effect of zinc supplementation has
been studied in piglets by some authors who
reported an enhanced macrophage function
with a combination of zinc lysine and zinc
methionine and with 160 ppm of zinc from
zinc sulphate [86].

In other studies it has been demonstrated
that dietary zinc over the minimal require-
ments (50 to 150 ppm) stimulated an enhanced
fever response to LPS [66]. This could be
related to an increased release of inflamma-
tory cytokines. Indeed, the activity of mono-
cytes, that are important producers of TNF,
is strongly stimulated at high plasma zinc
concentrations [64].

Inarecent study on Caco-2 cells infected
with ETEC, we investigated whether a dys-
regulation of cytokines contributes to the
damage induced by this bacterium, and
whether treatment with ZnO could prevent
these alterations [69]. The results showed
that ETEC induce a dramatic increase in IL-8,
GRO-o and TNF-o. mRNA and a decrease
of TGF- mRNA, whereas the expression
of these cytokines after ZnO treatment were
at a normal level. Since ZnO was able to
only partially inhibit bacterial adhesion (see
above), these results suggest that ZnO affected
the synthesis of cytokine mRNA by likely
interfering with the stimulus of the adhered
bacteria to induce cytokine synthesis.

However, studies on pigs challenged
with ETEC K88 and supplemented with
ZnO or zinc glutamate did not indicate any
change on the cytokines of mesenteric lym-
phocytes between zinc treated and untreated

pigs [Roselli et al., unpublished data]. A
possible explanation for the different results
obtained in vitro and in vivo on cytokine
regulation can be that mesenteric lym-
phocytes are not the target for zinc supple-
mentation, whereas the enterocytes may
have been influenced by zinc supplementa-
tion with a consequent cytokine modula-
tion.

Bosietal. [7] have found that in weaning
pigs challenged with ETEC K88, zinc sup-
plementation (2500 mg Zn per kg) did not
change total IgA in saliva, blood and intes-
tinal secretion. However, a trend towards a
reduction of K88-specific IgA was observed
in serum and in saliva after ZnO and zinc
glutamate supplementation. These data indi-
cate that zinc treatment did not affect the
IgA secretory response, and that the recruit-
ment of specific immune cells is reduced,
likely due to a diminished presence or activ-
ity of ETEC.

3.3. Organic acids

Hydrochloric acid secreted by the stom-
ach acts as an antimicrobial molecule and
contributes to the gut barrier against path-
ogens. However, at weaning, natural acid-
ification is reduced after the interruption of
milk suckling and acid secretion is slightly
increased after the first contacts with the
creep feed. Furthermore, the standard sources
of minerals used in high quantity to satisfy
the requirements of very young pigs have
high acid buffering capacity [4]. If acid
secretion cannot be improved by the diet,
dietary addition of organic acids may help
to increase the control of microorganisms in
the stomach and, afterwards, in the intestine.

However, some caution is required for
the use of acidifiers, since there are some
indications of development of acidic resist-
ance of S. typhimurium and E. coli after
exposure to SCFA [63].

3.3.1. Protection from intestinal damage

Some authors showed that during an out-
break of post-weaning diarrhoea, various
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organic acids were able to reduce the inci-
dence and severity of diarrhoea and exclude
the presence of ETEC K88 in the intestine
at the end of the experiment [80]. On the
contrary, other authors did not observe any
positive effect of feeding organic acids on
diarrhoea score in ETEC K88 challenged
pigs [65]. A meta-analysis of growth per-
formance of piglets from 35 published exper-
iments, predicted that formic acid, formate
salts, fumaric acid and citric acid (in the
range 80—400 mEquiv per kg) improved
growth and feed efficiency [58]. Knarreborg
etal. [37], using a batch culture system con-
taining intestinal contents from the pig,
showed an inhibitory effect of an organic
acid (K-diformate) on the growth of colif-
orm bacteria, independent of the pH used,
and a small reduction in growth rate of lactic
acid bacteria at pH 5.

The effect of acidifiers on microflora is
usually similar in the stomach and in the
small intestine [ 10]. Thus, it can be difficult
to assess whether the control of microflora
observed in the small intestine is indeed a
result of the effect of organic acid in the
stomach. The use of slow release acidifiers
may avoid the effects of a gastric environ-
ment. Mazzoni et al. [48] found that feeding
fat-coated calcium formate did not reduce
the number of gastric parietal cells of pig-
lets, as did the same quantity of supplemen-
tation with free calcium formate. They
found, however, that in ETEC K88-chal-
lenged weaning pigs the incidence and
severity of diarrhoea was reduced with both
forms of calcium formate. Furthermore, the
average villous height of the small intestine
increased with both formate additions. How-
ever, the improvement of growth perform-
ance was stronger with free formate than with
a protected acidifier. It cannot be excluded
that fat coating formate was unsufficiently
digested and thus the formate not fully
available.

In experiments on Caco-2 and IPEC-1
cells, we tested the protective effect of some
organic acids against ETEC K88 [Mengheri
et al., unpublished data]. We found that

Ca-formate (30 mM) was able to protect
Caco-2 cells from the TEER decrease induced
by the pathogen. Moreover, we found that
treatment of undifferentiated IPEC-1 cells
with Na-butyrate (2 mM) induced a TEER
increase and established a tight junction
structure, as indicated by the fluorescence
localisation of occludin and ZO-1 proteins.
These data are in agreement with previous
studies showing that butyrate can induce a
differentiation status on some cell lines
[45]. However, we found that this treatment
did not protect the cells from the membrane
damage induced by ETEC K88.

3.3.2. Immune response

SCFA, such as propionate and butyrate,
seem to modulate the expression of genes
that favour the invasion of various Salmo-
nella spp. in the enterocyte [18, 87]. It has
not yet been verified if other pathogens are
sensitive to these organic acids and if other
acidifiers have these specific properties.

Bosi et al. [unpublished results] reported
that in ETEC K88-challenged weaning pigs,
total IgA in saliva was reduced by dietary
calcium formate, suggesting that the organic
acid was able to reduce the number of local
bacteria. This effect was not confirmed for
total IgA blood serum and jejunum secre-
tions. This could be explained by a different
composition of intestinal microflora, com-
pared to mouth microflora. Further experi-
ments are necessary to clarify why these
organic acids gave different responses.

An immunomodulatory effect by SCFA
has been reported by some authors in HT-29
and Caco-2 cells. They found that butyrate,
acetate and propionate induces an up-regu-
lation of IL-18 expression, which is impli-
cated in Th1 cell-mediated chronic inflam-
mation [34]. Contrasting results have been
found by other authors, reporting that a
combination of butyrate, acetate and propi-
onate causes a shift in the T helper lym-
phocyte phenotype towards the anti-inflam-
matory phenotype [12].



214 M. Roselli et al.

4. CONCLUSIONS

Although some results are controversial,
itappears from the data presented that all the
alternatives to in-feed antibiotics consid-
ered may exert protective effects on intes-
tinal cells from the damage induced by path-
ogenic bacteria. The in vitro results have
highlighted some mechanisms underlying
the activities of these alternatives. For exam-
ple, they indicate that the protective activity
of probiotics against pathogens are not
merely due to inhibition of adhesion, that
for a long time it has been considered one
of the principal causes of this protection.
Furthermore, they show that the protection
of ZnO is not due to its supposed antibac-
terial activity. The studies reported here
suggest thatin-feed alternatives may protect
the cells against the pathogenic attack
through a series of mechanisms, including
the inhibition of adhesion and invasion of
pathogens, interference of the signalling path-
way of pathogenic bacteria, maintenance of
epithelial cell cytoskeleton and junctional
structure and modulation of the host
immune response.

The better knowledge of the mechanisms
of action of alternatives to in-feed antibiot-
ics is clearly important in order to establish
theirimpacton intestinal cells, and may thus
be useful to select those that can have a pro-
tection on weaning pigs.

A reduction of high dose supplementa-
tion of heavy metals, such as zinc, has been
recommended by the European Commu-
nity. The studies reported here indicate that
ZnO remains a valid alternative to in-feed
antibiotics and that it may exert a protective
effect even at moderate doses, as supported
by some in vivo data. Considering the var-
ious mechanisms of action of ZnO, our find-
ings suggest that further in vivo experi-
ments may be done to find a low dose of
ZnO supplementation able to induce bene-
ficial effects in piglets, as proven by a wider
array of health status parameters than those
used up to now. This may contribute to
reduce environmental pollution by high
doses of zinc in the nature.
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