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a b s t r a c t

Shiga toxin-producing Escherichia coli (STEC) have been implicated as the cause of enterotoxemias, such
as hemolytic uremic syndrome in humans and edema disease (ED) of pigs. Stx1 and Stx2 are the most
common types found in association with illness, but only Stx2e is associated with disease in the animal
host. Porcine edema disease is a serious affection which can lead to dead causing great losses of weaned
piglets. Stx2e is the most frequent Stx variant found in porcine feces and is considered the key virulence
factor involved in the pathogenesis of porcine edema disease. Stx2e binds with higher affinity to Gb4
receptor than to Gb3 which could be due to amino acid changes in B subunit. Moreover, this subtype also
binds to Forssman glycosphingolipids conferring upon Stx2e a unique promiscuous recognition feature.
Manifestations of edema disease are caused by systemic effects of Stx2e with no significant morphologic
changes in enterocytes. Endothelial cell necrosis in the brain is an early event in the pathogenesis of ED
caused by Stx2e-producing STEC strains. Further studies are needed to generate techniques and tools
which allow to understand the circulation and ecology of STEC strains in pigs even in resistant animals
for diagnostic and epidemiological purposes.
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1. Introduction

Shiga toxins (Stx) of Escherichia coli were first described in the
late 1970s when it was noted that filtrates from certain E. coli
strains were toxic to Vero cells (derived from the kidney of African
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green monkeys) in vitro and they were originally designated as
verocytotoxins (Konowalchuk et al., 1977). Verocytotoxins were
subsequently recognized for their structural and functional simi-
larity to Shiga toxin of Shigella dysenteriae type I and were desig-
nated Stx1 and Stx2 (O'Brien et al., 1992). Therefore, E. coli strains
producing toxins are designated Shiga toxin-producing E. coli
(STEC) and have been implicated as the cause of enterotoxemias,
particularly edema disease (ED) of pigs and hemolytic uremic
syndrome in humans. Toxin subtypes are recognized by sequencing
and by differences in biological activity and/or immunoreactivity
(Scheutz et al., 2012). Regarding Stx1a, only two variants have been
identified: Stx1c and Stx1d (Ohmura-Hoshino et al., 2003; Zhang
et al., 2002). Respect to Stx2a subtypes, it has been described that
Stx2c and Stx2d are more closely related to Stx2a than Stx2b and
Stx2e, Stx2f and Stx2g (Scheutz et al., 2009).

Shiga toxins are encoded by the late genes of lambdoid pro-
phages integrated in the bacterial chromosome. These toxins have
an AB5 structure non-covalently linked, with an enzymatically
active A subunit that inhibits protein biosynthesis at ribosomal
level and the pentameric B subunit which binds to glyco-
sphingolipid receptor (Beddoe et al., 2010). Stx1a recognizes glo-
botriaosylceramide (Gb3Cer) and also globotetraosylceramide
(Gb4Cer) to a considerable extent, whereas Stx2a preferentially
binds to Gb3Cer and to a lesser extent to Gb4Cer. Advances in
glycolipid biology indicate that Gb3 is localized to lipid rafts rich in
cholesterol (Falgui�eres et al., 2001; Müthing et al., 2009) and that
not all Gb3 in the plasma membrane is bioavailable (Johannes and
R€omer, 2010; Lingwood et al., 2010; Mahfoud et al., 2010).

Stx1 and Stx2 have the same mode of action (Strockbine et al.,
1986). After binding of Stx to lipid raft-associated Gb3, Stx is
delivered to the cytoplasmwhere A subunit is cleaved by furin into
an active A1 subunit and an A2 fragment associated with the B
pentamer (Garred et al., 1995). A1 binds to the large ribosomal
subunit and inhibits protein synthesis by cleaving off a single
adenine residue from the 28S rRNA (Endo et al., 1988). Although
inhibition of protein synthesis itself does not kill the host cell, it
triggers a ribotoxic stress response which eventually leads to
apoptosis. Retrograde Stx transport to the endoplasmic reticulum
and nucleus has been linked to cytotoxicity as toxin trafficking is
different in Stx resistant cells. In macrophages and dendritic cells,
Gb3 is not associated with lipid rafts and Stx is transported along
the endosomal/lysosomal pathway and ultimately degraded in ly-
sosomes (Falgui�eres et al., 2001).

2. Shiga toxin 2e and swine edema disease

Porcine edema disease, also called gut edema or bowel edema, is
a serious affection causing great losses of weaned piglets. Usually,
ED is considered a common cause of illness and death in swine and
it is mostly a weaned pig disease with signs occurring within two
weeks after weaning. However, the condition may develop in older
animals as in case of feeding medicated feed mixtures to piglets
immediately after weaning; isolated cases have been reported
(Alexa et al., 2004). It manifests as abruptly sporadic cases with
lethality rate from 50% to 90% last between 4 and 14 days. Recur-
rence of ED in the herd is frequent.

ED is clinically characterized by swelling of the eyelids, paralysis,
unusual squeal or snoring sound, neurologic signs such as ataxia,
incoordination and recumbency and/or subcutaneous and submu-
cosal edema in various tissues (Matise et al., 2000). Vascular
damage with resultant infarction and malacia in the brain stem is
the main cause of death in affected pigs. In addition, edema may
course with postweaning diarrhea because some E. coli strains can
produce both diseases (Fairbrother and Gyles, 2012). Susceptibility
of piglets depends on several variables, especially on genetic
resistance, diet, environmental factors (stress, transportation,
mixing animals) and immunity (Bertschinger et al., 1993; Smith and
Linggood, 1971).

Stx is considered the key virulence factor involved in the path-
ogenesis of porcine ED. The typical Stx produced by E. coli isolated
from pigs with ED is Stx2e (Marques et al., 1987) whose gene has
been found located in the chromosome since no Stx converting
phages could be isolated opportunely (Muniesa et al., 2000). Stx2e
and Stx2a show a high nucleotide and amino acid sequence ho-
mology of their A- and B-subunits of 94 and 84%, respectively
(Gyles et al., 1988; Pi�erard et al., 1998; Weinstein et al., 1988) and
less homology to Shiga toxin genes of S. dysenteriae type I and Stx1
from E. coli (55e60%) (Weinstein et al., 1988). Additionally, in
contrast to Stx1/2, Stx2e binds with higher affinity to Gb4 receptor
than to Gb3 which could be due to amino acid changes in B subunit
(DeGrandis et al., 1989; Karve and Weiss, 2014). Moreover, this
subtype also binds to Forssman glycosphingolipids that constitutes
a GalNAca3-elongated Gb4Cer structure conferring upon Stx2e a
unique promiscuous recognition feature (Müthing et al., 2012).

Stx2e is the most frequent Stx variant found in porcine feces
(Fratamico et al., 2008) and it was the second most common Stx2
variant in environmental STEC isolates (Vernozy-Rozand et al.,
2004). Although Stx2e, Stx2f and Stx2g are associated with ani-
mal STEC infection (Fratamico et al., 2008; Schmidt et al., 2000;
Leung et al., 2003), only Stx2e is associated with disease in the
animal host. Stx2e-producing STEC has been also isolated from food
(Beutin and Fach, 2014) and has been only occasionally isolated
from humans with uncomplicated diarrhea (Pi�erard et al., 1998;
Friedrich et al., 2003; Beutin and Fach, 2014). In pigs with ED,
most of the identified E. coli strains are assigned to O138, O139,
O141 and O147 serogroups with the fimbrial variants F18ab and
F18ac (DebRoy et al., 2009) while in humans with symptomatic
disease, STEC strains belonging to serotypes O157:H7, O145:H28,
O111:H8, O103:H2, and O26:H11 have been identified in different
countries worldwide but do not usually carry Stx2e genes.Whereas
Stx2e-producing E. coli isolates from humans and pigs were found
to differ in their virulence abilities and therefore allow them to
adapt to the hosts and cause several forms of disease (Sonntag et al.,
2005), the information about the interaction of Stx2e with target
cells is scanty. It is assumed that colonization in pigs develops be-
tween 3 and 6 days; furthermore, fimbrial antigens seem to be
essential for adherence to swine epithelial cells and to play a role in
specificity and adaptation to the host. By the way, differential
expression of adhesin receptors on the intestinal epithelium be-
tween adults and newborn animals could explain association to
postweaning diseases and age (Etcheverría and Padola, 2013). The
susceptibility to disease is determined by the presence of these
receptors on small intestinal epithelial cells and is inherited as a
dominant trait; resistance is present in a low percentage of pigs.
Clinical signs and lesions are largely the result of Stx2e activity and
the absence of circulating neutralizing antibodies against Stx in
serum is considered to be the decisive factor in disease pathogen-
esis (Gannon and Gyles, 1990).

Experimental induction of ED is very difficult. Several studies
have so far been performed in which pig tissues were analyzed for
their expression of Stx2e receptors. Thin-layer chromatography
overlay assays of glycosphingolipid extracts from a collection of pig
tissues indicated the presence of Gb3Cer and Gb4Cer mainly in red
blood cells, colon, spleen, stomach, lung and heart, but only small
quantities in the kidney (Boyd et al., 1993). In a more detailed study,
Stx2e was found to bind to Gb3Cer and Gb4Cer from microvillus
membranes of pig jejunum and ileum but not to crude mucus
(Waddell et al., 1996). The presence of Gb3Cer and Gb4Cer was also
reported for a porcine aortic endothelial cell line, indicating rela-
tionship between cell susceptibility and content of Gb4Cer
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(Valdivieso-Garcia et al., 1996). Considering that Gb4 expression is
age-dependent, it might affect susceptibility to F18þ E. coli disease,
as was suggested earlier for another toxin receptor (Grange et al.,
2006).

2.1. Intestinal effects

The rabbit small intestine has been extensively used as a model
to study the pathogenesis of STEC-associated intestinal and extra-
intestinal disease. The effects of Stxs in the small intestines of
rabbits of different ages have been well characterized (Fuchs et al.,
1986; Kandel et al., 1989; Keenan et al., 1986; Li et al., 1993;
Mobassaleh et al., 1989). In contrast to other Stxs, Stx2e alone
does not cause fluid accumulation in rabbits (MacLeod et al., 1991)
or local damage to the intestinal mucosa in ligated loops of the pig
small intestine (Waddell et al., 1996). The reason for the lack of
sensitivity of the pig intestine to luminal Stx2e is not clear since the
toxin is stable in pig intestinal washings (MacLeod et al., 1991), and
Gb3 and Gb4 receptors are present in pig intestinal mucosal
scrapings (Samuel et al., 1990). Differences in the nature of inter-
action of Stx2e with the intestines of the pig and the rabbit may
account for the propensity of Stx2e-producing E. coli to cause sys-
temic but not enteric disease in pigs. Stx2e was shown to bind to
intestinal microvillus membrane from the jejunum and ileum of
weaned pigs (Waddell et al., 1996) and to the small intestinal
microvillus membrane of 6-week-old rabbits which are also
responsive to the enterotoxic effects of Stxs and Stx2e (MacLeod
and Gyles, 1990). In contrast, the intestinal microvillus membrane
obtained from 1-week-old rabbits, which are not responsive to the
enterotoxic effects of Stxs (Keusch et al., 1991), did not bind Stx2e
(Waddell et al., 1996). The binding of Stx2e to intestinal microvillus
membrane from pigs and rabbits was correlated with the presence
of Stxs receptor glycolipids. In the pig, Stx2e binds to the enter-
ocytes at the base of the villi and not to the apical absorptive
enterocytes, as it does in the rabbit (Kandel et al., 1989). Although
Stx receptor glycolipids are present in the intestine of the pig, these
glycolipids apparently cannot mediate uptake of Stx2e to the sys-
temic vasculature since intraintestinal administration of Stx2e does
not result in toxemia (Waddell et al., 1996). Intestinal colonization
of pigs with ED strains of E. coli has been shown to decrease from
the tip to the base of the villi (Bertschinger and Pohlenz, 1983).
Significant morphologic changes to enterocytes are not reported to
occur (Methiyapun et al., 1984) and it is probably that much of the
toxin that enters in cells is degraded in the endocytic compartment.
However, systemic Stx2e absorption occurs soon after colonization
and vascular lesions characteristic of Stx2e are evident by two days
post-inoculation (Methiyapun et al., 1984). In experimental models
of infection, local production of Stx2e within the intestinal lumen
occurs as early as 1 day post-inoculation and Stx2e fecal titers peak
at 4e6 days post-inoculation (Cornick et al., 2000). Therefore, a
local environment at the villus tip lacking specific Stx2e receptors
may allow toxin to traverse the gut barrier by a nonspecific
mechanism. It should be considered that ED strains that elaborate
one or more enterotoxins, excluding Stx2e, may cause diarrhea
prior to clinical edema signs. In experimental ED, absorption of
Stx2e occurred without visible damage to the intestinal epithelium
in pigs whose intestines had been colonized with a Stx2e patho-
genic strain of E. coli (Bertschinger and Pohlenz, 1983; Methiyapun
et al., 1984). Also, the intraintestinal inoculation of pigs with a
relatively high dose of Stx2e alone was not able to reproduce ED
(Waddell et al., 1996). Normally, the intestine of the postweaning
pigs prevents the transmucosal passage of macromolecular pro-
teins (Westr€om et al., 1984), but the intestinal absorption of toxin
can be increased experimentally with sodium deoxycholate,
reproducing signs of ED. Sodium deoxycholate is an unconjugated
bile salt that causes increased permeability of the intestinal mucosa
to macromolecules (Waddell and Gyles, 1995). It is likely that
higher toxin would be necessary or that particular conditions are
required for the transport of toxin from the gut to the systemic
vasculature, including increased intestinal permeability due to
changes in the intestinal microflora or diet. Indeed, postweaning
pigs present modified intestinal cells related with malabsorption
and high protein feed contribute to a rapid proliferation of E. coli.
The possible mechanisms of absorption of Stx2e from the intestine
of the pig include specific receptor-mediated transcytosis,
nonspecific transcytosis through enterocytes, paracellular trans-
cytosis and antigenic sampling throughM cells. Strains of STECmay
pass from intestine to the mesenteric lymph nodes and produce
toxin there, providing another mechanism for absorption of Stx2e
into the blood (Fairbrother and Gyles, 2012).

2.2. Systemic effects

Following intestinal absorption, Stx2e is presumed to travel in
the systemic circulation bound to the surface of erythrocytes,
which express high levels of its preferred ligand, Gb4. Because of
the interaction of Stx2e and erythrocytes, the distribution of Stx2e
in vivo was affected by tissue blood flow, unlike Stx1 or the GT3
mutant, which did not bind significantly to erythrocytes (Fuller
et al., 2011).

Clinical manifestations of ED are caused by systemic effects of
Stx2e and despite the fact that they depend of the presence or
absence of Stx2e receptor, there are additional factors conditioning
if toxin leads to intoxication (Paton and Paton, 1998). The disease is
clinically characterized by neurologic signs such as ataxia, incoor-
dination and recumbency and/or subcutaneous and submucosal
edema in various tissues (Matise et al., 2000); usually no diarrhea
or fever is presented. A spectrum of clinical signs is reported
although sudden death without apparent clinical signs could result
from severe infections. In this presentation a subclinical edema
may occur and pigs did not show characteristic neurologic signs.
However, animals decreased growth rate and develop vascular le-
sions with no subcutaneous edema. Chronic disease occurs from
acute episodes of edema or diarrhea caused by strains that also
produce Stx2e.

The classical lesion is vascular necrosis of arterioles, commonly
in the brain (brainstem, meninges, and cerebrum) and intestinal
tract (submucosa of stomach, intestine and mesentery). Rarely,
vascular lesions can be identified in other organs including
pancreas, liver, and kidney (Kausche et al., 1992). Vascular damage
with resultant infarction and malacia in the brain stem is the main
cause of death in affected pigs. An increase of blood pressure was
observed after injection of a partial purified Stx2e preparation as a
result of edema and vessels damage could be exacerbated by
resultant hypertension (Clugston et al., 1974).

A post mortem examination determined pathological changes
in various parts of the body including subcutaneous edema, which
is typically most pronounced on the eyelids, in the submandibular,
thoracic and abdominal areas including the mesocolon (Imberechts
et al., 1992). Histological examinations revealed vascular edema in
the brain. In piglets, a determined dose of intravascular Stx2e
induced characteristic lesions of clinical ED such as necrosis of ar-
terioles and brain hemorrhage, and higher doses of Stx2e resulted
in surface epithelial necrosis of colon and lesions of kidney (Gannon
and Gyles, 1990). Endothelial cell necrosis in the brain is an early
event in the pathogenesis of ED caused by Stx2e-producing STEC
strains suggesting weakening and leakage of the endothelial
bloodebrain barrier, which might explain severe brain tissue le-
sions during the disease (Matise et al., 2000). Stx2e exhibited
strong cytotoxic effects on the endothelial monolayer and a rapid



N.A. Casanova et al. / Toxicon 148 (2018) 149e154152

Author's Personal Copy
collapse of the bloodebrain barrier in an in vitro model (Meisen
et al., 2013). It has been hypothetized that the rapid decline of
the transepithelial electrical resistance of the bloodebrain barrier
model is the initiation process that may end up in severe endo-
thelial damage as a result of necrotic processes as shown by the
in vivo observation of Matise et al. (2000). These data suggest the
involvement of Stx2e in cerebral vascular damage with resultant
neurological disturbance, characteristic of ED. The comparative
effects of Stx2e with those of other Stx-like toxins in pigs and in
other experimental animals show some differences. For all Stx-like
toxins, the underlying mechanism is damage to the vascular
endothelium. There is, however, a variation in the organs affected.
In hemolytic uremic syndrome associated with Stx producing
E. coli, the kidneys are affected. In contrast, the kidneys are not
affected in experimentally reproduced ED in pigs.

3. STEC prevalence in swine population and production chain
in Argentina

The prevalence of STEC in swine has been reported in numerous
studies in multiple regions of the world indicating that strains are
widely distributed and their frequency can vary from one region to
another and over time (Tseng et al., 2014). The presence of STEC in
swine populations has also been documented in Argentine. Cicuta
et al. (1999) studied diarrheic or asymptomatic piglets from
intensive farms in several regions of the country (Corrientes, Chaco,
Santa Fe, Buenos Aires) and detected 2.1% Stx2e positive samples. In
2000, Parma et al., described the existence of porcine toxigenic
E. coli in farms from central and northeast region of the country in
5% of the piggeries analyzed. Samples were derived from animals
with or without diarrhea. Although no toxin gene (Stx1, Stx2a,
Stx2e) was detected in healthy pigs they were found in animals
showing delayed growth and, as expected, in those with diarrhea.
Another group from Santa Fe suggested that healthy pigs are a
reservoir of STEC due to they found a high percentage of STEC and
the presence of human infection-associated serogroups (Notario
et al., 2000). In contrast, isolates from nondiarrheic animals from
central region of Argentina (Buenos Aires) had not genes related
with human illness such as intimin (eae) or STEC autoagglutinating
adhesin (saa), among others. Most of them had combination of
genes indicators of pathogenicity for pigs (aidA, fedA and astA).
STEC serogroups/stx2e detected were not those commonly associ-
ated with post-weaning diarrhea or edema (O138, O139, O141, and
O149) diseases (Moredo et al., 2012). In the same year, another
group updated information about presence of E. coli among
newborn piglets in an intensive farm from C�ordoba (central region
of the country) concluding that in spite of the application of strict
sanitary measures, virulence factors of E. coli are still detected
(Alustiza et al., 2012).

In relation to Stx2e in pig retail, data is not consistent; differ-
ences are derived from multiple factors including types of product
and technical protocols (sampling, isolation, diagnostic test).
Regarding to STEC e Stx2e, it had been isolated from pork products
and detected from human hosts with diarrhea, hemolytic uremic
syndrome or uncomplicated diarrhea (Sonntag et al., 2005;
Kaufmann et al., 2006; Trotz-Williams et al., 2012). Although out-
breaks associated with pigs have been rarely reported, these ani-
mals cannot be excluded as source of STEC (Baranzoni et al., 2016).
Numerous STEC genotypes coexist in swine population without
clinical manifestation of neonatal or postweaning diarrhea or ED in
different production stages (Moredo et al., 2015). Recently, Colello
reported the prevalence and characterization of STEC throughout
the pork production chain in Argentina (2016). They suggested the
vertical transmission from farm to market even when the preva-
lence of Stx2e decreased from animals to products. However, it is
unknown if the contamination occurs during the processing or by
cross contamination (Tseng et al., 2014). Considering that ED causes
economic losses in pork production (Kaufmann et al., 2006) this
work emphasizes the need to improve a STEC control system in
production.

4. Control and perspective

Edema disease management is arduous; actually, few commer-
cial vaccine or effective treatments are available. Several experi-
mental approaches have been shown to be effective, but none are
economical. Modifications of feed (high fiber and low protein diet),
limiting the amount of feed or ad libitum feeding of fiber modulate
fimbrial receptors (Kelly et al., 1994) which may be involved in a
reduced colonization by E. coli after weaning (Bertschinger et al.,
1993) and might decreased production of toxic protein metabo-
lites (Halas et al., 2007). Furthermore, it seems that these strategies
might prevent new cases during outbreaks of disease. Inclusion of
organic and inorganic acids in the feed did not alter lethality rate
due to ED (Johansen et al., 2000). Some promising results related
with minor incidence of clinical signs were obtained using pre and
probiotic supplementation (Konstantinov et al., 2008; Tsukahara
et al., 2007). Supplementation of piglets diet with ZnO might re-
duces postweaning diseases through reducing E. coli adhesion and
intestinal permeability, and modulation of cytokine gene expres-
sion instead of growth modulation (Roselli et al., 2003; Kim et al.,
2012). However, this practice is not fully accepted due to environ-
mental accumulation of minerals.

Control of bacterial proliferation in ED is difficult due to the
toxin has already been absorbed into the circulation and bound to
receptors when clinical is clear. Antimicrobial therapy, often used to
protect unaffected animals, may increase antibiotic-resistant iso-
lates of healthy pigs or with clinical signs non-compatible with
diarrhea (Moredo et al., 2007). Indeed, isolates from E. coli edema
disease show the highest rate of resistance within porcine E. coli
(Fairbrother and Gyles, 2012). Moreover, due to the rapid course of
the illness, treatment comes too late for piglets with clinical signs.

Immunoprophylaxis has been also employed in EDmanagement
including vaccinating pregnant sows and piglets with purified/
detoxified wild and recombinant toxin or Stx2e preparations
(Johansen et al., 1997; MacLeod and Gyles, 1990; Oanh et al., 2012)
with inactivated E. coli strains (Cicuta et al., 1999), purified F18
fimbriae (Verdonck et al., 2007) or passive systemic immunization
with antitoxin (Johansen et al., 2000) or specific antibodies
(Imberechts et al., 1997; Owusu-Asiedu et al., 2002). The best re-
sults in edema prevention and reduction of mortality were ach-
ieved with vaccination with toxin preparations.

Further studies are needed to generate techniques and tools
which allow to understand the circulation and ecology of STEC
strains in pigs even in resistant animals for diagnostic and epide-
miological purposes.
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