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La toxine stable à la chaleur de type b (STb) est une des toxines produites par 

les souches Enterotoxigenic Escherichia coli (ETEC) impliquée dans le 

développement de la diarrhée. Une étude antérieure par Goncalves et al. 

(2009) a démontré que les cellules ayant internalisé la toxine STb 

démontraient une morphologie qui rappelle l’apoptose.  Le changement du 

potentiel membranaire observé par Goncalves et al. (2009) nous a incité à 

vérifier la capacité de la toxine STb à induire l’apoptose des cellules HRT-18 

et IEC-18 par la voie intrinsèque.  Les cellules HRT-18 et IEC-18 ont été 

traitées avec de la toxine purifiée pour une durée de 24 heures puis ells ont été 

récoltées et examinées pour des caratéristiques de l’apoptose.  L’activation des 

caspases-9 et -3, mais pas de la caspase-8, a été observée dans les deux lignées 

cellulaires à l’aide des substrats fluorescents spécifiques pour chaque caspase.  

L’ADN extrait des cellules HRT-18 et IEC-18 a révélé une fragmentation 

lorsque migré sur gel d’agarose. La condensation et la fragmentation des 

noyaux ont été observées en microscopie à fluorescence suite à une coloration 

de l’ADN au Hoechst 33342.  Les indices apoptotiques des cellules HRT-18 et 

IEC-18 traitées avec des quantités croissantes de STb montrent une dose-

réponse pour les deux lignées.  L’activation de la caspase-9 est une indication 

que la voie intrinsèque de l’apoptose est activée dans les cellules HRT-18 et 

IEC-18.  L’absence de l’activation de la caspase-8 démontre que la voie 

extrinsèque n’est pas impliquée dans la mort cellulaire médiée par STb.   
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Heat-stable toxin b (STb) is one of the toxins produced by Enterotoxigenic 

Escherichia coli (ETEC) strains implicated in the development of diarrhea.  A 

previous study conducted by Goncalves et al. (2009) showed that cells having 

internalized STb toxin demonstrated apoptotic-like morphology. The change in 

the mitochondrial membrane potential observed by Goncalves et al. (2009) 

prompted us to verify the ability of STb toxin to induce apoptosis via the 

intrinsic pathway in HRT-18 and IEC-18 cells.  Both cell lines were treated 

with purified STb toxin for a period of 24 hours, harvested, and examined for 

apoptotic features. Activation of caspases-9 and -3, but not -8, was observed in 

HRT-18 and IEC-18 cells as determined with the use of fluorescent substrates 

specific to each caspase.  Extracted DNA revealed DNA laddering when 

migrated on agarose gels.  Nuclear condensation and fragmentation of Hoechst 

33342 stained DNA of HRT-18 and IEC-18 cells were visualized by 

fluorescence microscopy.  Apoptotic indexes of HRT-18 and IEC-18 cells 

treated with increasing amounts of STb toxin revealed dose-dependent 

responses in both cell lines.  The activation of caspase-9 is an indication of the 

intrinsic pathway being activated in HRT-18 and IEC-18 cells by STb toxin.  

The lack of caspase-8 activation demonstrates that the extrinsic pathway of 

apoptosis is not involved in the programmed cell death mediated by STb.   

 

Key words: apoptosis, caspase, cell death, DNA laddering, ETEC, nuclear 

fragmentation, STb toxin. 
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Enterotoxigenic Escherichia coli (ETEC) bacteria constitute an important 

cause of diarrhea in children under the age of 5 years old residing in 

developing countries.  Tourists from industrialized nations visiting these 

countries are also susceptible to the diarrhea mediated by ETEC strains (Okoh 

et al., 2008).  In addition to inducing diarrhea in Man, ETEC causes diarrhea 

in animals, particularly in swine (Nagy et al., 2005). 

 

The virulence factors produced by ETEC are mainly adhesins and 

enterotoxins.  Heat-stable enterotoxin b (STb) is one of the toxins produced by 

ETEC and is most commonly associated with porcine diarrhea (Dubreuil, 

2008).  Aside from causing diarrhea, STb induces morphological changes at 

the histological and cellular levels.  Intestines exposed to STb toxin revealed 

shortening and atrophy of villi as well as a reduction of mucosal surfaces 

(Rose et al., 1987).  The formation of non-specific pores has been observed in 

brush border membrane vesicles treated with pure toxin (Goncalves et al., 

2007). Cultured cells having internalized STb displayed apoptotic-like 

morphology (Goncalves et al., 2009). 

 

The induction of apoptosis of intestinal epithelial cells by toxins produced by 

enteric pathogens such as Clostridium perfringens (Chakrabarti et al., 2005), 

Clostridium difficile (Carneiro et al., 2006), and Vibrio cholerae (Saka et al., 

2008) has been reported.   
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Programmed cell death has been proposed as a mechanism to gain access to 

underlying mucosa (Hausmann, 2010) to promote colonization of the gut by 

enteric pathogens (Lupp et al., 2007), thus contributing to the development of 

infection mediated by enteric pathogens. 

 

The thesis presented here describes the mechanism employed by STb toxin to 

induce apoptosis in intestinal epithelial cells and the implication of this 

phenomenon in the pathogenesis of STb
+
 ETEC strains. 
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1. PATHOGENIC E. COLI 

 

Pathogenic E. coli are commensal strains which have acquired genes coding 

for virulence factors responsible for the induction of illnesses and the 

adaptation of E. coli to broader ecological niches. The virulence factors 

allowing E. coli to modulate the development of illnesses consist of adhesins, 

toxins, secretion systems, invasins, and iron acquisition systems (Johnson et 

al., 2009). Genes coding for these virulence factors are usually carried on 

mobile genetic elements such as transposons, plasmids, and pathogenicity 

islands which are transmitted by DNA transfer mechanisms such as 

conjugation, transformation, and transduction (Kaper et al., 2004).  Pathogenic 

E. coli constitute important causes of extra-intestinal and intestinal infections. 

Meningitis, urinary infections, septicemia, and pneumonia are examples of the 

extra-intestinal ailments caused by extra-intestinal pathogenic E. coli Neonatal 

Meningitis Escherichia coli (NMEC) and Uropathogenic Escherichia coli 

(UPEC). Intestinal infections mediated by pathogenic E. coli consist in the 

development of diarrhea (Croxen et al., 2010).  The six pathotypes implicated 

in the promotion of diarrhea are classified according to the combination of 

virulence factors they express and can be regrouped as follows: 

Enteroaggregative Escherichia coli (EAEC), Enteroinvasive Escherichia coli 

(EIEC), Enterohemorrhagic Escherichia coli (EHEC), Enteropathogenic 

Escherichia coli (EPEC), Diffusely Adherent Escherichia coli (DAEC), and 

Enterotoxigenic Escherichia coli (ETEC) (Johnson et al., 2009).   
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EAEC possess the particularity of forming aggregates appearing as stacked 

bricks while adhering to intestinal cells.  The formation of aggregates is 

mediated by the Aggregative adherence fimbriae (AAF), an adhesin type 

which is also implicated in the formation of biofilms with intestinal mucin.  

Aside from AAF, the EAEC pathotype secretes toxins such as Plasmid-

encoded toxin (Pet), Shigella enterotoxin 1 (ShET1), and Enteroaggregative 

heat-stable toxin 1 (EAST-1), all of which are implicated in the secretion of 

electrolytes and water (Harrington et al., 2006). 

 

The EIEC pathotype is similar to Shigella and distinguishes itself from the 

other intestinal pathotypes by its ability to invade host cells due to the 

expression of Ipa invasins, effector proteins secreted by the Type 3 Secretion 

System (T3SS).  Invasion of host cells is followed by vacuole lysis, 

intracellular multiplication, and colonization of adjacent cells.  In addition to 

invasins, EIEC possesses other virulence factors such as the serine-protease 

autotransporter (SepA) and ShET1 which contribute to the cytotoxicity caused 

by these bacteria.  As EIEC is similar to Shigella, the diarrhea mediated by this 

pathotype can be likened to the shigellosis elaborated by Shigella sp. (Parsot, 

2005). 

 

EHEC bacteria produce attaching and effacing (A/E) lesions and carry the 

locus of enterocyte effacement (LEE) pathogenicity island similarly to the 
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EPEC pathotype.  The production of Stx toxins by EHEC, however, is a 

characteristic which distinguishes this pathotype from EPEC.  The bloody 

diarrhea development by EHEC is dependent on the expression of the AB 

Shiga-like toxin (also called verocytotoxin). EHEC bacteria are also 

responsible for the induction of hemolytic-uremic syndrome (Schmidt, 2010).   

Serotype O157 is the most common member of the EHEC pathotype 

implicated in the development of diarrhea (Pennington, 2010). 

 

As previously stated, EPEC carry the LEE and produce A/E lesions in the 

intestine.  The histopathology of A/E lesions is the result of intimate bacterial 

adherence, microvilli effacement, and the accumulation of polymerized actin 

beneath adherent bacteria giving rise to pedestal formation.  Pedestal 

formation is mediated by the expression of intimin, which is implicated in 

intimate adherence of EPEC to host cells, Tir, the translocated receptor of 

intimin, and Escherichia coli secreted proteins (Esp), effector proteins secreted 

by T3SS responsible for disrupting the epithelium (Garmendia et al., 2005). 

 

DAEC are characterized by the diffuse adherent pattern they exhibit on Hep-2 

and HeLa cells (Nataro et al., 1987). Diffuse adherence is mediated by the 

expression of F1845, afimbriae adhesins (Afa), and Adhesin Involved in 

Diffuse Adherence (AIDA-I).  The fimbriae F1845 interacts with its receptor 

Decay Accelerating Factor (DAF) causing the formation of long cellular 

extensions of the host cell around the bacteria (Servin, 2005).   
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2. ETEC 

 

ETEC bacteria are an important cause of diarrhea in children under the age of 

5 years residing in developing countries as well as in travelers from 

industrialized countries (Nagy et al., 2005).  ETEC strains are responsible for 

210 million cases of diarrhea annually in Man (Kaper et al., 2004). Poor 

sanitation practices and an inadequate clean water supply in developing 

countries are responsible for the high contamination level of water with 

pathogenic bacteria such as ETEC, thus explaining the prevalence of ETEC-

mediated diarrhea in Man in these countries. Bangladesh, Mexico, Peru, 

Egypt, Argentina, and Nicaragua are among the developing countries plagued 

by ETEC-mediated diarrhea (Qadri et al., 2005). In addition to targeting Man, 

ETEC bacteria also induce diarrhea in farm animals such as swine and calves 

(Nagy et al., 2005). The susceptibility of swine to ETEC will vary according 

to age: piglets younger than one week experience higher mortality rates than 

piglets older than one week.  Moreover, ETEC triggers weight loss and growth 

retards in piglets older than one week indicating the age of the animal 

influences on the outcome of the disease developed (Dubreuil, 2008).  As the 

swine commonly infected with ETEC are destined to the porcine industry, 

morbidity and mortality in these animals caused by ETEC constitute an 

important source of financial losses in the porcine industry (Nagy et al., 1999). 

 

The development of diarrhea by ETEC depends on the expression of both 

colonization factors and toxin.  The ingestion of ETEC bacteria through 
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contaminated food and water is the first step in the mediation of diarrhea 

(Okoh et al., 2008), and is followed by bacterial adhesion to the intestine 

resulting from the interaction between colonization factors and their receptors 

at the surface of enterocytes. Bacteria colonize the intestine and produce, in 

proximity to enterocytes, heat-labile (LT) and heat-stable (ST) toxins 

responsible for the induction of diarrhea characterized by the secretion of 

electrolytes and water (Okoh et al., 2008) (Figure 1).   

 

 

Figure 1: Mode of action of ETEC bacteria. 1. ETEC bacteria are ingested via 

contaminated food and water. 2. ETEC colonize the intestine with the help of 

adhesins, this is step is followed by the production of toxins. 3. Toxins 

stimulate the secretion of water and electrolytes. 4. Diarrhea, weight loss, and 

death of piglets ensue. (www.ecl-lab.ca)  

 

 

 

 

http://www.ecl-lab.ca/
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2.1 ETEC VIRULENCE FACTORS 

 

Colonization factors and enterotoxins are the virulence factors associated with 

the ETEC pathotype.  The genes coding for these virulence factors are carried 

on plasmids which also carry antibiotic resistance genes (Fairbrother et al., 

2005). 

 

2.2 COLONIZATION FACTORS 

 

Colonization factors are protein structures expressed at the bacterial surface 

which play a role in the development of the pathogenesis caused by ETEC. 

Abolishment of colonization factors results in bacteria being unable to attach 

and colonize the intestine suggesting that colonization factors are essential to 

the progression of the diarrhea mediated by ETEC.  Fimbriae constitute the 

most common colonization factor expressed by ETEC bacteria, however, the 

presence of afimbriae colonization factors has also been reported (Gaastra et 

al., 1996). 

 

2.2.1 FIMBRIAE 

 

ETEC fimbriae are proteinaecous filaments composed of minor and major 

subunits, the latter being of variable molecular masses and essential to the 

function of adhesion (Gaastra et al., 1996).  The operons coding for fimbriae 

are generally carried on large plasmids and are composed of genes coding for 
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the major and minor subunits of the fimbriae as well as the proteins implicated 

in their transport and assembly (Turner et al., 2006).  The expression of 

fimbriae is regulated by phase variation mechanisms reflecting changes in 

environmental conditions such as pH and temperature, thus, allowing ETEC 

bacteria to adapt to such changes (Nagy et al., 1999). 

 

The naming nomenclature of colonization factors is based on host tropism: 

animal colonization factors are assigned “F”  (Turner et al., 2006) while 

human colonization factors are called Colonization Factor Antigen I (CFA/I) 

and coli surface antigens (CS) (Gaastra et al., 1996). The fimbriae F4 (K88), 

F5 (K99), F6 (987P), F41, F42, F165, F17 and F18 are commonly associated 

with animal strains (Nagy et al., 1999), with F4 and F18 being most prevalent 

in post-weaning diarrhea in piglets (Fairbrother et al., 2005).   

 

2.2.2 AFIMBRIAE 

 

The Adhesin Involved in Diffuse Adhesion (AIDA-I) belongs to the family of 

autotransporters anchored to the external membrane of bacteria (Benz et al., 

1992) and is responsible for diffuse adherence of bacteria to host cells (Benz et 

al., 1989).  AIDA-I has been identified as a potential adhesin in porcine ETEC 

strains (Ravi et al., 2007) expressing the fimbriae F18 associated with post-

weaning diarrhea (Niewerth et al., 2001).  The gene coding for AIDA-I is 

prevalent in diarrheagenic strains carrying the gene coding for STb toxin 
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(Ngeleka et al., 2003).  Thus far, AIDA-I has not been isolated from strains 

originating from animals other than swine (Niewerth et al., 2001).    

 

2.3 TOXINS 

 

Toxins elaborated by ETEC strains are classed according to their resistance to 

heat and their molecular masses. Heat-labile toxins (LT) are sensitive to 

treatments to heat and possess high molecular masses.  Heat-stable toxins 

(ST), on the other hand, are resistant to treatments to heat and have low 

molecular masses. LT toxins are subdivided as LT-I and LT-II toxins while ST 

toxins consist of STa, STb, and EAST-1.  Toxins are produced at a later stage 

in the development of diarrhea and are responsible for the secretion of water 

and electrolytes. 

 

2.3.1 LT TOXIN 

 

LT toxin was first isolated from a pathogenic porcine strain in 1969 by Gyles 

and Barnum (Gyles et al., 1969) and has been shown to induce diarrhea in 

Man (Qadri et al., 2005) and in animals (Nagy et al., 2005). LT has also been 

associated with severe diarrhea and septicemia in piglets (Berberov et al., 

2004). LT toxin is an 84 kDa AB toxin composed of one A subunit and five B 

subunits linked to each other by a disulfide bonds (Sixma et al., 1991). The A 

subunit of the toxin is an ADP-ribosyl transferase implicated in the 
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development of diarrhea (Sixma et al., 1993). The B subunits are responsible 

for binding the ganglioside GM1 which constitutes the receptor of the toxin 

(Spangler, 1992).  The LT-I and LT-II forms of the LT toxin differ in the B 

subunits they possess: a homology of 57% has been reported between the B 

subunits shared by LT-I and LT-II (Pickett et al., 1987).  Of the two, LT-I is 

most commonly associated with animal and human ETEC strains. A homology 

of 55% has been reported between LT and cholera toxin (CT) suggesting they 

are conserved and possess similar modes of actions (Pickett et al., 1989).  

 

In order to cause diarrhea, LT first binds the GM1 ganglioside present at the 

surface of enterocytes via the B subunits (Griffiths et al., 1986, Tsuji et al., 

1985).  Receptor binding is followed by internalization of LT into vesicles 

which are retrograde transported to the Golgi apparatus and endoplasmic 

reticulum (Rappuoli et al., 1999).  Proteolytic cleavage of the A subunit into 

A1 and A2 domains (Lencer et al., 1997)  occurs and is followed by the 

translocation of the A1 domain into the cytosol.  The A1 domain ADP-

ribosylates the -unit of the Gs protein, the G protein regulating the activity of 

adenylate cyclase, resulting in the permanent activation of adenylate cyclase 

(Rappuoli et al., 1999) which in turn causes abnormal increases in cyclic AMP 

(cAMP) levels (Nataro et al., 1998). Augmented cAMP levels are followed by 

the activation of cAMP-dependent protein kinase A and the phosphorylation of 

chloride channels such as Cystic fibrosis transmembrane conductance 

regulator (CFTR).  This leads to chloride secretion from crypt epithelial cells 
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and the inhibition of sodium absorption by villous enterocytes resulting in 

secretory diarrhea (Spangler, 1992). 

 

2.3.2 ST TOXINS 

 

ST toxins are heat-stable toxins produced ETEC strains. EAST-1, STa, and 

STb are the toxins belonging to this group. 

 

2.3.2.1 EAST-1 

 

EAST-1 was first isolated from the strain EAEC 17-2 (Savarino et al., 1991) 

and later isolated from human and animal ETEC strains (Veilleux et al., 2006).  

EAST-1 causes an increase in cyclic GMP (cGMP) levels in enterocytes 

similarly to STa toxin (discussed below). As EAST-1 bears structural 

similarities to STa toxin, it is believed that EAST-1 possesses a similar mode 

of action (Savarino et al., 1993).  The gene coding for EAST-1, astA, is 

frequently isolated from porcine ETEC strains harbouring the genes for F4 and 

STa toxin (Choi et al., 2001).  The gene astA has also been isolated from 

healthy subjects, thus the ability of EAST-1 to induce diarrhea mediated by 

ETEC strains (Ngeleka et al., 2003) and to stimulate loss of electrolytes from 

intestines (Berberov et al., 2004) currently remains elusive. 
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2.3.2.2 STa TOXIN 

 

The STa toxin is coded by the gene estA located on the transposon Tn1681 

which is itself carried by plasmids (So et al., 1980). STa is first synthesized as 

a 72 amino acid pre-polypeptide which is translocated to the periplasm via the 

sec machinery (Okamoto et al., 1990). This pre-polypeptide then undergoes 

proteolytic cleavage yielding an intermediate 53 amino acid form of the toxin 

which is secreted in the extracellular milieu to be cleaved again, thus, giving 

rise to mature STa toxin, a toxin of 18 or 19 amino acids (Rasheed et al., 

1990).  STa is a structural analogue to guanyline, an endogenous peptide 

regulating the transport of water and electrolytes across the epithelium 

(Giannella, 1995). 

 

The pathogenesis mediated by STa toxin begins by the binding of the toxin to 

the trans-membrane guanylate cyclase type C receptor (GC-C) resulting in the 

activation of the guanylate cyclase in enterocytes. Stimulated guanylate 

cyclase, in turn, synthesizes cGMP from Guanosine triphosphate (GTP) 

resulting in the rise of cGMP levels (Vaandrager, 2002).  Increases in cGMP 

levels lead to cGMP-dependent protein kinase II phosphorylation of CFTR 

causing its activation. Secretion of chloride and water by osmosis and 

inhibition of sodium absorption ensues leading to the occurrence of diarrhea 

(Sears et al., 1996, Vaandrager, 2002). 
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3. STb TOXIN 

 

STb toxin was isolated by Burgess et al. in 1978 from the porcine ETEC strain 

P16 (Burgess et al., 1978).  Prior to the identification of STb, STa was the only 

known ST toxin associated with ETEC strains. Abnormalities observed during 

the purification process of the ST indicated the production of more than one 

ST toxin by the strain P16.  Indeed, this toxin revealed itself to be insoluble in 

methanol, a feature which clearly distinguishes it from methanol-soluble STa 

toxin. The activity of this new toxin was then evaluated in ligated intestines of 

newborn piglets, weaned piglets, rabbits, and calves.  This toxin was shown to 

be active in the intestines of weaned piglets and rabbits and inactive in the 

intestines of newborn piglets and calves, contrary to STa toxin.  The 

differences in the activities of the ST toxins in the intestines of newborn 

piglets and weaned piglets further confirmed the production of a toxin other 

than STa by the strain P16. The discovery of this new toxin could explain the 

variability of ST activity in ligated rabbit intestines and in mice leading to the 

speculation that ETEC strains produce more than one ST toxin.  As the 

variability observed arose from ST toxin, this new methanol-insoluble toxin 

was named STb enterotoxin (Burgess et al., 1978). 
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3.1 GENETICS 

 

The gene estB which codes for STb toxin was first shown to be carried on a 

transposon by Lee et al. (1985). This transposon, which itself is carried on the 

P307 plasmid, is flanked by defective IS2 elements yet is capable of 

transposing from one plasmid to another. Transposition assays conducted by 

Lee et al. (1985) demonstrated that the transposon carrying the gene estB uses 

a simple transposition mechanism to transpose from the pBR322 plasmid to 

the F plasmid.  As the sizes of pBR322, the F plasmid, and estB gene are, 

respectively, 14 kb, 4 kb, and 1 kb, the estimated the size of the transposon 

carrying the gene coding for STb was 9 kb (Lee et al., 1985).  The 

transposition of the gene estB seems to be a mechanism by which virulence 

factors are disseminated from one ETEC strain to another.  The gene coding 

for STb toxin from various clinical isolates appeared uniform in size, however, 

flanking sequences are heterogeneous suggesting that the estB gene can be 

found on heterogeneous transposons. Indeed, the plasmids carrying the 

transposon coding for STb are also heterogeneous as they carry genes coding 

for STa, LT, colonization factors, and colicin (Harnett et al., 1985). 

 

The transposon carrying the estB gene was designated Tn4521 (Hu et al., 

1987) and was further characterized in studies conducted by Hu et al. (1987; 

1988). Terminal regions were shown to be composed of IS2 sequences in an 

inverted position (Hu et al., 1987). Mutations of different regions of Tn4521 
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resulted in the finding that the right terminal area was required for 

transposition.  An ORF located within the right terminal area codes for a 159 

amino acid protein which was shown by frameshift mutation to be essential for 

transposition.  This suggested that this protein could be a possible transposase 

for the functional transposon Tn4521 (Hu et al., 1988). 

 

As STb toxin produced by ETEC strains is relatively low, the strength of the 

promoter controlling the expression of estB gene was assessed by Spandau and 

Lee (1987) (Spandau et al., 1987).  The promoter and the 5’ coding sequence 

of estB gene were fused to the lacZ gene such that the production of -

galactosidase was under the control of the estB gene promoter.  The strength of 

the promoter controlling estB gene expression was compared to the strength of 

the ompF and lac operons fused to the lacZ gene.  The mRNA transcript of 

each promoter was analyzed by Northern blot and in vitro transcription.  Low 

levels of the mRNA transcript of the lacZ gene were observed under the 

control of the promoter of the estB gene indicating a weak promoter.  

Quantification of the -galactosidase protein produced under the control of the 

estB gene promoter yielded low protein levels further confirming a weak 

promoter. 
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 3.2 SYNTHESIS 

 

Nucleotide sequencing of the estB gene revealed STb toxin is synthesized as a 

71 amino acid peptide. The presence of a peptide-like sequence in the amino 

terminal region suggests STb is synthesized as a pre-toxin and is subsequently 

transported across the bacterial membrane (Lee et al., 1983) (Figure 2).   

Indeed, amino acid sequencing of STb produced by ETEC cultures revealed a 

protein of 48 amino acids (Kupersztoch et al., 1990) while SDS-PAGE 

experiments determined the molecular mass of mature STb toxin to be 5.2 kDa 

(Lawrence et al., 1990).  The first 23 amino acids present in the pre-toxin were 

not observed in the extracellular form of STb suggesting that proteolytic 

cleavage plays a role in the maturation of STb (Kupersztoch et al., 1990). 

Cellular fraction experiments demonstrated that the same form of STb, 

confirmed by amino acid sequencing, is present in the periplasm and 

extracellularly. According to the authors, this suggested proteolytic cleavage 

yielding mature STb occurs in the periplasm.  As the secA gene is implicated 

in the conversion of periplasmic and outer membrane proteins from their 

precursor into the mature forms, the implication of secA in the conversion of 

STb pre-toxin into mature STb was investigated.  Bacteria mutated in the secA 

gene did not express mature extracellular STb indicating that the conversion of 

STb to its mature form is dependent on secA gene expression (Kupersztoch et 

al., 1990).  



20 

 

 

Figure 2: Synthesis of STb toxin.  1. STb is first synthesized in the cytoplasm 

as a pre-polypeptide. 2. Proteolytic cleavage occurs in the periplasm giving 

rise to mature STb.  3. DsbA assures the formation of disulfide bonds in the 

periplasm. Mature STb is then secreted into the extracellular medium via 

TolC.  (Taillon, 2010). 

 

Proteolytic cleavage is followed by the formation of disulfide bonds in the 

periplasm (Dreyfus et al., 1992).  Indeed, the presence of 4 cysteine residues 

observed by Burgess et al. (1978) pointed to the possibility of disulfide bonds 

being formed between these residues. Furthermore, the observation that 

treatment of STb toxin with a reducing agent caused a decrease in toxicity 

supported the hypothesis that disulfide bonds may be present in mature STb 

(Dreyfus et al., 1992).  STb peptides which became unlinked following DTT 

treatment were sequenced in order to determine the cysteine residues 

implicated in the formation of the disulfide bonds.  The cysteine residues at the 
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10-48 and 21-36 positions of mature STb formed disulfide bonds with each 

other.  Oligonucleotide-directed mutagenesis eliminating one or both disulfide 

bonds resulted in the inability of STb to translocate from the periplasm to the 

extracellular environment and  reduce the toxic activity of STb. Taken 

together, these findings indicate both of the disulfide bonds are essential for 

the translocation of STb from the periplasm to the extracellular environment 

and are necessary for STb to retain its toxic activity (Dreyfus et al., 1992).  A 

subsequent study confirmed the role of disulfide bonds in STb toxicity 

(Arriaga et al., 1995). 

 

The implication of Disulfide-bond A oxidoreductase (DsbA) in the formation 

of disulfide bonds of STb was verified by Okamoto et al. (1995).  Cellular 

fraction of DsbA mutants revealed STb is not present in either the periplasm or 

in culture supernatants. This suggested that DsbA is implicated in the 

maturation of STb toxin. Indeed, complementation of dsbA- strains with wild-

type strains resulted in the detection of STb in the periplasm and in culture 

supernatant. The role of DsbA in the formation of disulfide bonds in STb toxin 

was determined by substituting DsbA with Disulfide-bond C oxidoreductase 

(DsbC), another protein implicated in disulfide bond formation in E. coli.  

Substitution experiments revealed a lack of disulfide bonds in STb indicating 

that DsbA, but not DsbC, is involved in disulfide formation in STb. 
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The implication of Outer membrane channel protein (TolC) and DsbA in the 

secretion of mature STb from the periplasm to the extracellular environment 

has also been demonstrated (Foreman et al., 1995). Bacteria harboring TolC 

mutants were unable to secrete STb into the extracellular environment.  This 

indicates that TolC could act as channel permitting the passage of STb from 

the periplasm into the extracellular medium.  Although the protein DsbA is 

implicated in the formation of disulfide bonds between cysteine residues 

(Okamoto et al., 1995), Foreman et al. (1995) observed that STb was not 

detected in the extracellular environment of DsbA mutants.  Indeed, the 

absence of disulfide bonds renders STb susceptible to proteolytic cleavage 

and, thus, results in the absence of STb in the extracellular medium. 

 

3.3 BIOCHEMICAL STRUCTURE 

 

Nuclear Magnetic Resonance (NMR) studies revealed that mature STb toxin is 

composed of two antiparallel alpha-helices separated by a glycine-rich loop 

(Figure 3) (Sukumar et al., 1995).  The first -helix, located between the 

amino acid residues 10 to 22, is hydrophilic, explaining the exposure of the 

lateral chains of amino acids Asp8, His12, Gln15, Lys18, Glu19, Lys22, and Lys23 

to the solvent.  The second -helix ranges from amino acid residues 38 to 44 

and is hydrophobic.  The glycine-rich loop is located between residues 21 and 

36 and contains a cluster of hydrophobic residues.  The authors of this study 

also conducted Circular Dichroism (CD) experiments revealing loss of the 
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disulfide bridges results in loss of STb structure, which was associated with a 

loss of function (Sukumar et al., 1995), findings observed by Dreyfus et al. 

(1992) and Arriaga et al. (1995).  

  

 

Figure 3: Tertiary structure of STb toxin.  Mature STb is composed of an 

amphipathic -helix, a glycine-rich flexible loop, a hydrophobic -helix, and 

two disulfide bonds. (Sukumar et al., 1995) 

 

The -helix in the carboxy-terminal region has been shown to be implicated in 

the formation of oligomers by STb toxin.  Site-directed mutagenesis of 

residues located in this -helix identified the hydrophobic amino acids Phe37, 

Ile41, and Met42 as being indispensable to the formation hexamers and 

heptamers.  The effect of temperature on the formation of oligomers was also 

evaluated and revealed that temperature has no effect on oligomerization of 
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STb.  Treatment of STb with -mercaptoethanol, a reducing agent which 

prevents the formation of disulfide bonds, interferes with the formation of 

oligomers indicating proper structure is required for the formation of 

oligomers.  The influence of the presence or absence of sulfatide, the toxin’s 

receptor, was also investigated and demonstrated that oligomerization occurs 

independently of the presence of sulfatide (Labrie et al., 2001b). 

 

3.4 RECEPTOR OF STb TOXIN 

 

The chemical nature of the receptor of STb was first determined by Rousset et 

al. (1998a) who observed the attachment of STb to microvilli of frozen porcine 

tissue cuts.  Attachment assays conducted by Rousset et al. (1998a) revealed 

that attachment of STb to microvilli occurs rapidly with saturation occurring 

after 10 minutes. The optimum pH of this attachment has been reported to be 

5.8 while temperature has no effect on attachment.  Attachment of STb to all 

tissues tested (jejunum, duodenum, caecum, liver, spleen, and kidney) was 

reported. These observations suggest that the molecule acting as a potential 

receptor for STb is a surface molecule ubiquitously present on these tissues.  

In order to determine the chemical nature of STb’s receptor, tissues were 

subjected to enzymatic and chemical treatments prior to attachment assays 

conducted with STb, identifying a glycosphingolipid as a potential receptor 

(Rousset et al., 1998a).   
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In a subsequent study by Rousset et al. (1998b), attachment of STb to various 

commercial glycolipids was tested revealing strong attachments to acidic 

glycosphingolipids and to certain gangliosides. Amongst the glycolipids 

tested, attachment of STb to sulfatide was the strongest and occurred in a dose-

dependent and saturable manner.  A lipid extracted from jejunum brush border 

epithelial cells was analyzed by thin layer chromatography revealing the 

presence of a molecule having the same migration distance as commercial 

sulfatide, an acidic glycosphingolipid abundantly present at the surface of 

intestinal epithelial cells.  In addition, this molecule was also recognized by an 

anti-sulfatide antibody.  These results permitted the identification of sulfatide 

as a functional receptor for STb toxin (Rousset et al., 1998b). Indeed, 

pretreatment of ligated rat intestine segments with either laminine, known to 

interact specifically with sulfatide, or sulfatase resulted in a decrease of STb 

activity supporting the finding that sulfatide could be the receptor of STb 

(Rousset et al., 1999).  Mass spectrometry would later confirm sulfatide as the 

receptor of STb toxin (Beausoleil et al., 2002b). 

 

The affinity and physical characteristics of the binding of STb to sulfatide was 

determined by microplate binding assays.  These experiments demonstrated 

that STb binds to sulfatide with a high specifity in a dose-dependent and 

saturable manner (Beausoleil et al., 2001).  However, the affinity of this 

interaction was described as weak as demonstrated by the kd value of 2-6 +/- 

1.5  and was partially inhibited by elevated concentrations of charged 
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carbohydrates.  The kd value obtained by the authors is in accordance with the 

value obtained by Chao and Dreyfus (1997) who studied the interaction of STb 

with intestinal epithelial cells such as T84 and HT29 cells.  The affinity of STb 

to sulfatide would be re-evaluated with the use of SPR (Surface Plasmon 

Resonance) technology obtaining a kd value of 2.4+/-0.6 nM indicating a 

higher affinity of STb to sulfatide (Goncalves et al., 2008) than that reported 

by Beausoleil and Dubreuil (2001).  The kd value obtained by Goncalves et al. 

(2008) was in accordance with values obtained for other toxins possessing 

glycolipid molecules as functional receptors. Carrageenan was shown to 

inhibit the interaction between STb and sulfatide as well as permeabilization of 

cell membranes caused by STb (Goncalves et al., 2008).  Thus, carrageenan 

could represent a molecule that could be used as a prophylactic agent to 

protect piglets against STb during the post-weaning period. 

 

3.5 INTERNALIZATION 

 

Internalization of STb toxin was first reported by Chao and Dreyfus (1997) 

who had observed that STb integrates within the membrane of cells following 

its attachment to epithelial cells. The internalization of STb occurred 

independently of temperature, cytoskeleton rearrangements, energy, and 

hypertonic conditions.  These results suggested that the processes of clathrin-

dependent and -independent, caveolae internalization or micropinocytosis 

were not implicated in STb uptake.  The authors of this study emitted the 



27 

 

hypothesis that the formation of a stable complex with lipids rather than 

internalization by a ligand could be the mode of STb internalization. As well, 

the authors suggested that the toxin associated to the membrane could directly 

penetrate the membrane to interact with regulatory proteins such as G proteins 

(Chao et al., 1997). 

 

The fate of STb following uptake was studied by Labrie et al. (2002) in vivo in 

rat intestinal epithelial cells using an anti-STb gold labeled assay and 

transmission electron microscopy revealing that STb does not seem to target a 

particular organelle as gold particles were observed dispersed throughout cells. 

Internalization of wild-type and the mutant I41E-M42R characterized by 

decreased hydrophobicity were compared and revealed diminished uptake of 

the mutant indicating these amino acids are essential to proper internalization 

of STb (Labrie et al., 2002).  Indeed, site-specific mutagenesis of the residues 

Phe37, Ile41 and Met42 demonstrated they are necessary to the binding of STb to 

its receptor as these mutations resulted in reduced binding (Labrie et al., 

2001a), thus supporting the decrease of the uptake of these mutants observed 

by Labrie et al. (2002).  The toxicity of these mutants was evaluated in the rat 

loop assay revealing decreased toxicity compared to the wildtype.  The 

contribution of the residues Gly22, Gly23, and Arg29 of the flexible loop was 

evaluated and also exhibited decreased binding and toxicity of STb toxin.  

Overall, these data suggested that hydrophobic and electrostatic interactions 

are important for STb binding and toxicity (Labrie et al., 2001a). 
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3.6 MODE OF ACTION 

 

A distinguishing characteristic of the colibacillosis mediated by STb in 

animals is the lack of adenylate cyclase and guanylate cyclase activation as 

observed in diarrhea induced by LT and STa toxins (Hitotsubashi et al., 1992, 

Peterson et al., 1995).  The binding of STb toxin is followed by uptake of the 

toxin resulting in the stimulation of a pertussis-sensitive G protein and in an 

increase of intracellular calcium levels.  Augmented calcium levels are the 

result of an influx of calcium ions inside cells as demonstrated by Dreyfus et 

al. (1993). Pretreatment of cells with inhibitors of calcium channels following 

STb treatment revealed a lack of increase of intracellular calcium levels 

indicating increases of calcium levels are the result of an influx from the 

extracellular medium.  Calcium influx leads to the activation of a calmodulin-

dependent kinase II protein as the activation was not observed in cells 

pretreated with calcium channel inhibitors (Fujii et al., 1997, Dreyfus et al., 

1993).  Calmodulin-dependent kinase II protein stimulates the opening of an 

ionic channel as well as the activation of a kinase C protein and of CFTR 

(Dreyfus et al., 1993).   

 

Augmented calcium levels also regulate the activities of the phospholipases A2 

and C and induce the release of arachidonic acid from membrane 

phospholipids which in turn leads to the production of prostaglandin E2 and 

serotonin (5-HT) (Peterson et al., 1995, Fujii et al., 1995).  Release of these 
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secretagogues occurs in a dose-dependent manner in response to increasing 

quantities of STb in the intestinal lumen.  Indeed, treatment of rats with 

ketanserin, an antagonist of serotonin receptors, results in decreased intestinal 

secretion by STb implying a role of serotonin in the mode of action of STb 

(Harville et al., 1995).  Moreover, Fujii et al. (1995) demonstrated serotonin 

release and fluid accumulation is proportional to the quantity of STb used to 

treat cells.  These results are in accordance with the observations made by 

Harville and Dreyfus (1995). 

 

 

Figure 4: Proposed mode of action of STb toxin. Oligomerized STb toxin 

binds to its receptor, sulfatide (blue), and is internalized presumably through 

the formation of pores.  Pores also permit an influx of calcium to occur 

resulting in the activation of a G protein and in an increase of intracellular 
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calcium levels.  Augmented calcium levels stimulate prostaglandin E2 and 

serotonin (5-HT) which in turn are responsible for stimulating the secretion of 

electrolytes and water. (Taillon, 2010).   

 

Stimulation of secretagogues is followed by the secretion of electrolytes, 

which include Na
+
, Cl

-
, and HCO3

-
, and water in the intestinal lumen (Figure 

4). Fluid accumulation caused by STb was evaluated in mouse intestinal loop 

assays by Hitotsubashi et al. (1992).  The authors observed fluid accumulation 

occurs as rapidly as 30 minutes following STb treatment and with maximum 

accumulation occurring at 3 hours (Hitotsubashi et al., 1992).  The diarrhea 

caused by STb was reported to be accompanied by histological damages 

characterized by shortening and atrophy of the villi as well as replacement of 

columnar epithelial cells with cuboidal or squamous cells (Whipp et al., 1986, 

Whipp et al., 1987).  The shortening and atrophy of the villi were subsequently 

confirmed using morphometric techniques (Rose et al., 1987).  Swine, lamb, 

and rabbit intestines exposed to STb-positive filtrates were measured and 

revealed reduction of villous epithelial surface area and mucosal volume in 

swine and lamb intestines. These data supports the hypothesis that a species 

ability to secrete in response to STb treatment is required for histological 

damages to occur (Whipp et al., 1986). The damages observed by Whipp et al. 

(1986) and Rose et al. (1987) have been attributed to loss of absorptive 

capacity as well as to the induction of net secretion caused by STb. 

 

The ability to form pores by STb in swine brush border membrane vesicles 

was evaluated by Goncalves et al. (2007). Brush border membrane vesicles 
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were treated with pure toxin followed by a treatment to valinomcyin, a potent 

membrane potential generator, which in turn results in an efflux of potassium 

ions. The membrane potential sensitive probe revealed a decrease in the 

membrane potential of the vesicles treated with STb and valinomycin 

indicating STb permeabilizes the membrane to ions other than potassium.  The 

lack of change in membrane potential of vesicles treated with STb but not 

valinomycin suggests the permeability of STb is nonspecific.  The ability of 

STb to form pores was also assessed in this study.  Vesicles treated with STb 

and valinomycin were placed in an isotonic solution of N-methyl-D-glucamine 

hydrochloride (NMDGCl). Fluorescence levels increased before leveling off 

with increasing quantities of STb toxin indicating pore formation depends on 

the interaction of STb with its receptor and occurs in a dose-dependent and 

saturable manner.  The pores formed by STb could be partially responsible for 

the loss of electrolytes and water observed during diarrhea mediated by STb 

(Goncalves et al., 2007). 

 

A subsequent study by Goncalves et al. (2009) evaluating the internalization 

mechanism of STb revealed STb induces apoptotic-like morphology of 

cultured cells characterized by cell shrinkage, membrane blebbing, granular 

cytoplasm, and enlarged nuclei. Cells labeled with PI revealed colocalization 

of FITC-labeled STb with mitochondrion which was observed by confocal 

microscopy after 6 hours and became more pronounced after 12 hours. Cells 

treated with STb demonstrated dose-dependent changes in mitochondrial 
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membrane potential, over time, as measured with the fluorescent probe JC-1 

and flow cytometry.  Though not proven by Goncalves et al., (2009) the results 

obtained by the authors suggest STb could possibly possess the ability to kill 

eukaryotic cells. 

 

3.7 IMMUNOGENIC POTENTIAL 

 

The capacity of STb to induce neutralizing antibodies was verified by 

immunizing rabbits with purified toxin isolated from ETEC porcine strains. 

ELISA assay was used to determine the level of antibodies present in the 

serum of immunized rabbits revealing low levels of antibodies.  A poor level 

of antibody production was also observed following the administration of 

booster shots suggesting that STb is a poor immunogen (Dubreuil et al., 1991). 

The low yield in antibodies was attributed to the small size of the toxin.  

Subsequent studies examined the production of neutralizing antibodies against 

STb in rabbits and mice immunized with the fusion proteins ompF-STb--

galacosidase (Lawrence et al., 1990) and STb-KLH (Urban et al., 1990), 

respectively, in an attempt to circumvent the small size of STb toxin. 

Immunization of animals with fusion proteins containing STb increased the 

production of antibodies against STb, measured by ELISA, in both of these 

studies.   
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Similarly, a subsequent study also revealed an augmentation in the production 

of anti-STb neutralizing antibodies in rabbits immunized with the fusion 

protein maltose binding protein-heat stable toxin b (MBP-STb) (Dubreuil et 

al., 1996).  The authors also evaluated the production of neutralizing 

antibodies following the immunization of rabbits with a fusion protein 

comprised of MBP and truncated STb revealing a lack of production of 

antibodies. This suggested that the conformation and each amino acid 

influenced the immunogenic properties of STb toxin.  However, neutralizing 

antibodies directed against STb are incapable of neutralizing STa or CT toxins 

indicating STb possesses distinctive immunogenic properties not shared with 

either STa or CT and pointing to the possibility of STb possessing a differing 

mode of action than STa or CT  (Hitotsubashi et al., 1992). 

 

4. APOPTOSIS 

 

The term apoptosis was first coined by Kerr, Wyllie, and Currie in 1972 to 

describe a form of programmed cellular death distinctive from necrosis (Kerr 

et al., 1972).  The term apoptosis originates from Greek (“falling off” as leaves 

fall from trees) and is used to describe a controlled physiological process of 

removing individual components of an organism without damage or 

destruction of the organism. Kerr and his colleagues observed that apoptosis of 

embryonic tissues was consistently accompanied by structural changes such as 

membrane blebbing, cell shrinkage, chromatin condensation, and nuclear 
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fragmentation which were visualized by electron microscopy. The structural 

changes of apoptosis occur in two phases: the first consisting of nuclear and 

cytoplasmic condensation followed by the breaking up of the cell into 

membrane-bound vesicles (Kerr, 1971), and the second consisting of the 

elimination of these apoptotic bodies by either phagocytosis or degradation by 

other cells (Kerr, 1972).   

 

The formation of apoptotic bodies is characterized by nuclei and cytoplasmic 

condensation, nuclear fragmentation, and detachment of cells from tissues 

(Kerr, 1971). Apoptotic bodies are condensed cell fragments harboring 

condensed chromatin and tightly-packed organelles (Kerr, 1972). The exact 

composition of apoptotic bodies will vary and depend on the cellular 

constituents present at the time of the formation of these bodies. The varied 

composition of apoptotic bodies also influences their size: small apoptotic 

bodies are composed of nuclear chromatin whereas large ones are composed of 

cytoplasmic components. The degree of condensation of apoptotic bodies is 

thought to be the result of water exclusion which also influences their size 

(Kerr et al., 1972). 

   

The presence of apoptotic bodies in intact cells suggested elimination of these 

bodies by phagocytosis. Kerr et al. (1972) believed these bodies were being 

engulfed by cells due to changes in the properties of their surface membranes.  

Ingested apoptotic bodies then undergo a process within phagosomes that is 
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similar to in vitro autolysis of whole cells (Trump et al., 1965).  The 

membranes of the apoptotic bodies inside phagosomes as well as the 

membranes of the organelles located within these apoptotic bodies are 

degraded, ribosomes become swollen and undistinguishable, and cessation of 

metabolic activities of the apoptotic bodies occurs. Lysosomal enzymes are 

then acquired as a result of the fusion of the phagosomes with lysosomes and 

contribute to the degradation of apoptotic bodies. The process of phagocytosis 

and subsequent elimination of apoptotic bodies usually occurs within a 24-

hour timeframe (Kerr, 1971).   

 

According to Kerr et al., (1972) the appearance of apoptotic bodies in healthy 

tissues indicates apoptosis occurs in healthy tissues as a result of normal cell 

turnover. Indeed, apoptosis is considered as a form of controlled cell death 

occurring in healthy adult mammalian tissues contributing to the maintenance 

of the cell population within these tissues. The occurrence of apoptosis in 

embryonic tissues at specific time points during development supported the 

notion of apoptosis being a form of controlled death responsible for the 

maintenance of cellular populations (Saunders, 1966). Kerr et al. (1972) had 

observed that the susceptibility of embryonic cells to apoptosis varies 

depending on the developmental stage in which they are. The developmental 

timing of apoptosis and the consistent accompanying morphological changes 

highlighted the possibility of apoptosis being genetically regulated (Kerr et al., 

1972). 
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4.1 GENETIC REGULATION OF APOPTOSIS 

 

The genetic regulation of apoptosis was confirmed by studies conducted by the 

team led by Horvitz using Caenorhabditis elegans (Yuan et al., 1993, Yuan et 

al., 1992, Conradt et al., 1998, Hengartner et al., 1992, Hengartner et al., 

1994) and will be discussed in greater detail below.  The nematode C. elegans 

was chosen by Horvitz and his team to study cell death due to its small size, 

cellular simplicity, easy handling, and rapid generation time (Wood et al., 

1988).  Moreover, as C. elegans is transparent, death of individual cells is 

relatively easy to observe in the living organism. Horvitz and his team created 

mutants by transposon insertion in order to identify genes implicated in the 

process of apoptosis.  Many of the genes subsequently identified were 

determined to possess a human counterpart and according to Horvitz and his 

team, suggested molecular mechanisms regulating cell death are conserved in 

nematodes and mammals (Figure 5). 
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Figure 5: Comparison of the cellular death pathway in C. elegans and in 

mammals.  Each protein implicated in cell death in C. elegans possesses a 

human homologue. (Degterev et al., 2008) 

 

Studies conducted on ced-3 (Yuan et al., 1993), ced-4 (Yuan et al., 1992), ced-

9 (Hengartner et al., 1992, Hengartner et al., 1994), and egl-1 (Conradt et al., 

1998) genes resulted in the inhibition of apoptosis, suggesting all four genes 

are essential to programmed cell death and that apoptosis is an active process. 

The Cell Death Protein 3 (CED-3) was shown to be similar to the human 

cysteine protease Interleukin-1 Converting Enzyme (ICE), suggesting it 

could be a caspase-like protein.  Indeed, both CED-3 and ICE are generated as 
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pro-proteins requiring proteolytic cleavage to be activated. CED-3 will then 

modulate cell death by activating downstream proteins responsible for cell 

death and by inactivating proteins which protect cells from death, similarly to 

caspase-3 in mammals (Yuan et al., 1993). Cleavage of CED-3 is mediated by 

Cell Death Protein 4 (CED-4), a protein bearing similar amino acid sequence 

to Apoptosis Protease Activating Factor-1 (APAF-1) (Yuan et al., 1992). The 

protein Egg-Laying Protein 1 (EGL-1)  contains a B-cell lymphoma 2 

homology domain 3-like domain (BH3) which allows it to interact with the B-

cell lymphoma 2-like  protein (BCL-2) Cell Death Protein 9 (CED-9) thereby 

suppressing the inhibition of apoptosis exerted by CED-9 (Conradt et al., 

1998). 

 

Decreased or elimination of CED-9 resulted in cells undergoing apoptosis 

instead of surviving.  Conversely, over-expression of CED-9 causes cell 

survival (Hengartner et al., 1992).  Amino acid sequencing of CED-9 revealed 

that it is similar to the human proto-oncogene BCL-2, a protein which 

suppresses cell death.  Expression of cloned human BCL-2 in C. elegans 

caused cell survival in cells destined to die as well as in ced-9 deficient cells.  

These results suggest CED-9 and BCL-2 are functional homologues and 

support the idea of the conservation of molecular mechanisms regulating cell 

death in both nematodes and mammals (Hengartner et al., 1994).  
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4.2 BCL-2 FAMILY PROTEINS 

 

B cell lymphoma 2 (BCL-2) family proteins have been shown to play essential 

roles in the regulation of apoptosis (Youle et al., 2008). The first protein 

discovered in this family was BCL-2 which was defined as the key oncogene 

in follicular lymphomas (Tsujimoto et al., 1985).  Non-cancerous cells 

introduced with the BCL-2 protein demonstrated an increased capacity to 

survive in the absence of growth factors and showed a suppression of the 

expression of morphological features associated with apoptosis such as 

membrane blebbing, nuclear condensation, and DNA cleavage.  These 

findings suggested that BCL-2 can both promote proliferation and actively 

block cell death in cancer cells which, unlike other known oncogenes at the 

time, were strictly attributed to the proliferation of cancer cells. Hence, BCL-2 

was classed as an anti-apoptotic protein (Vaux et al., 1988, McDonnell et al., 

1989).  

  

Amino acid sequencing of BCL-2 family proteins revealed that these are 

structurally diverse yet share up to four BCL-2 homology domain (BH 

domains) and one transmembrane domain (TM) (Figure 6).  Anti-apoptotic 

members possess all four BH domains while pro-apoptotic members possess 

up to three BH domains.  Pro-apoptotic BCL-2 family proteins can be further 

subdivided into two categories: the first consisting of proteins harboring the 

BH3 domain in combination with BH1 and BH2 while the second class of 

proteins carry only the BH3 domain.  The proteins carrying BH3 and another 
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BH domain are known as BH1-3 proteins whereas proteins carrying solely the 

BH3 domain are known as BH3-only proteins (Degterev et al., 2008, 

Lomonosova et al., 2008).   

 

 

Figure 6: BCL-2 family proteins. Anti-apoptotic proteins are characterized by 

the presence of all four BH domains. Pro-apoptotic members harbor domains 

BH1-BH3 or only the BH3 domain.  The BH3 domain is the core domain of 

all BCL-2 family proteins. (Lomonosova et al., 2008) 

 

4.2.1 BH3 DOMAIN 

 

The BH3 domain is the only domain present in all BCL-2 family proteins, and 

thus, considered the core-defining domain of this family of protein (Figure 6) 

(Youle et al., 2008).  Consequently, this domain has been more extensively 

studied than the other domains associated with the BCL-2 family proteins. The 

confirmation that the BH3 domain is implicated in apoptosis comes from 

studies conducted on Bcl-2-interacting killer (BIK) and BCL-2 homologous 

antagonist/killer (BAK).  Mutations of this domain in BAK and BIK resulted 
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in the inability of these proteins to initiate apoptosis. Moreover, neither 

mutated BIK nor BAK is able to interact with the anti-apoptotic proteins of the 

BCL-2 family proteins to neutralize their anti-apoptotic effect exerted by BH4 

suggesting the BH3 domain played a role in the induction of apoptosis (Boyd 

et al., 1995, Zha et al., 1996).  The requirement of the BH3 domain to interact 

with anti-apoptotic BCL-2 family members in order for apoptosis to occur was 

subsequently studied in the yeast using the two-hybrid system. Mutations of 

the BH3 resulted in the absence of interactions of BH3-only proteins with anti-

apoptotic BCL-2 proteins and subsequent apoptosis further supporting a role 

for the BH3 domain in the induction of apoptosis (Sattler et al., 1997). 

 

The in vivo contribution of the BH3 domain to apoptosis was confirmed in 

studies conducted on the C. elegans protein EGL-1, discussed above, and in 

knock-out mouse models for the BH3-only proteins BH3 interacting-domain 

death agonist (BID) and BCL-2-like protein 11 (BIM). Hepatocytes of knock-

out BID mice were shown to be resistant to apoptosis (Yin et al., 1999) as 

were lymphocytes of BIM-deficient mice (Bouillet et al., 1999). According to 

Bouillet and Strasser (2002) (Bouillet et al., 2002), this further supported the 

role of BH3 being essential during apoptosis and demonstrated the cell-type 

specific implication of BH3-only proteins.  
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4.3 CASPASES 

 

Caspases are a family of cysteine-aspartate proteases which play an integral 

role in apoptosis. The elegant study conducted by Thornberry and her team in 

1992 (Thornberry et al., 1992) would allow the authors to identify ICE, an 

enzyme responsible for the cleavage of the membrane-bound precursor of 

interleukin-1 into its active cytokine form (Kostura et al., 1989, Black et al., 

1989), as the first caspase. Thornberry et al. (1992) purified ICE using RP-

HPLC and subjected peak fractions to SDS-PAGE revealing one protein of 22 

kDa and one of 10 kDa. Mass spectral analysis determined the actual 

molecular masses of these proteins to be 19,866 and 10,248 Da which were 

designated p20 and p10, respectively.  Affinity chromatography purification of 

ICE revealed the presence of p20 and p10 in an equimolar ratio suggesting 

both subunits are required for the catalytic activity of ICE (Thornberry et al., 

1992).   

 

As cleavage by ICE occurred at Asp116-Ala117 to yield mature IL-1 and at 

Asp27-Gly28 to produce a 28 kDa protein, it seemed that the preferred cleavage 

site of ICE begins with an aspartic acid residue (Kostura et al., 1989, Black et 

al., 1989). Indeed, any substitution of the aspartic acid residue in the precursor 

of IL-1 results in a sharp reduction in the catalysis rate of ICE (Howard et al., 

1991).  Peptides spanning the cleavage site of the precursor of IL-1 were 

used to demonstrate ICE’s minimum recognition sequence revealing Ac-Tyr-
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Val-Ala-Asp-NH-CH3 (Ac: acetyl) to be this sequence. These findings 

suggested the requirement of at least four amino acids to the left of the 

cleavage site with aspartic acid being the last residue followed by the presence 

of at least one amino acid after the aspartic acid residue.  

 

Amino acid sequencing revealed ICE is not homologous to any other known 

cellular cysteine proteases.  The inhibition of ICE by diazomethylketones and 

iodoacetate (Rich, 1986), as well as peptide aldehydes (Wolfenden, 1969), 

potent inhibitors of cysteine proteases, was verified. In the presence of each 

these inhibitors, ICE was unable to cleave the sequence identified in the 

current study.  The inhibition of ICE by cysteine protease inhibitors coupled 

with the catalytic mechanism of ICE allowed Thornberry et al. (1992) to 

definitely class ICE as a cysteine protease in spite of ICE not being 

homologous to other cysteine proteases known at the time. As cysteine 

proteases possess the common characteristic of cleaving substrates after 

specific aspartate residues, they were named caspases (cysteine-aspartate 

protease) (Alnemri et al., 1996). ICE, being the first identified caspase, was 

therefore renamed caspase-1. 

 

Subsequently identified caspases were either classed as initiator or effectors 

caspases based on the substrate they cleave.  Initiator caspases-8 and -9 

demonstrate a preference for the substrate LExD, with x being a T or H residue 

recognized by caspases-8 or -9, respectively. These types of caspases are 
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responsible for the activation of effector caspases such as caspases-3 and -7 

which cleave the substrate DEVD (Thornberry et al., 1997).  Both initiator and 

effector caspases are composed of a prodomain in the amino terminal region 

and the two catalytic units. The size of the prodomain, however, will vary 

according to the type of caspase:  initiator caspases possess a long prodomain 

while effector caspases possess a short prodomain.  The long prodomain of 

initiator caspases contains the Caspase Activation and Recruitment Domain 

(CARD), the domain which is responsible for the activation of the initiator 

caspase and the recruitment of adapter molecules (Fink et al., 2005). 

 

The role of caspases in apoptosis was confirmed by studies using knock-out 

mice for different caspases.  Caspase-8 deficient mice result in embryonic 

lethality and developmental abnormalities in cardiac tissues characterized by 

thin ventricular myocardium.  Knock-out mice for caspase-8 also demonstrate 

hyperaemia in the abdominal cavity and blood vessels coupled with 

pronounced erythrocytosis in the liver (Varfolomeev et al., 1998).  Mice which 

do not express either caspase-9 or -3 demonstrate abnormal development of 

the central nervous system resulting from a lack of apoptosis which is 

characterized by ectopic cell masses, defects in neural tube closure, and 

protrusion of cranial  brain tissue (Kuida et al., 1996, Kuida et al., 1998). 

Caspase-3 remains inactivated in caspase-9 deficient mice (Kuida et al., 1998).  

Taken together, these results clearly demonstrate the implication of caspases in 

apoptosis in vivo. 
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4.4 EXTRINSIC APOPTOSIS 

 

Extrinsic apoptosis is triggered following the interaction of ligands such as 

Tumour Necrosis Factor Ligands (TNFL) or Fas Ligand (FasL) with their 

respective transmembrane Tumour Necrosis Factor Receptors (TNFR) or Fas 

Receptor (FasR) (Figure 7).  TNFR are composed of cysteine-rich extracellular 

domains and a cytoplasmic death domain that is responsible for the 

transmission of signals from the cell surface to signaling pathways (Duprez et 

al., 2009).  The interaction between a ligand and its TNFR results in the 

recruitment of cytoplasmic adaptor proteins TNF Receptor-Associated Death 

Domain (TRADD) and Fas Associated Death Domain (FADD) to the death 

domain of the receptor.  This is followed by the recruitment of procaspase-8 to 

FADD via CARD of procaspase-8 to form the Death-Inducing Signaling 

Complex (DISC) (Elmore, 2007).  Procaspase-8 is then cleaved resulting in the 

generation of caspase-8, the initiator caspase of the extrinsic pathway, which is 

responsible for the activation of downstream targets procaspase-3 and BID.  

Caspase-3 will then activate caspases-6 and -7, DNA Fragmentation Factor 

(DFF), and inactivate Poly [ADP-ribose] polymerase 1 (PARP-1). Caspase-8 

cleaves BID to yield truncated BID (tBID), a BH3-only protein capable of 

activating BAX and BAK, pro-apoptotic members of the BCL-2 family, 

responsible for the permeabilization of the mitochondrion outer membrane 

during apoptosis.  The activation of BAX and BAK is also observed during 
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intrinsic apoptosis and thus, represents a convergence point between intrinsic 

and extrinsic apoptosis (Rudel et al., 2010). 

 

4.5 INTRINSIC APOPTOSIS 

 

Contrary to extrinsic apoptosis which results from the interaction of a ligand 

and its receptor, intrinsic apoptosis is mediated by the mitochondrion 

following intracellular stress (Elmore, 2007) (Figure 7).  This form of 

apoptosis is regulated by the pro-apoptotic proteins of the BCL-2 family. 

Intracellular stress will activate BH3-only effector proteins which will interact 

with the BH3 domains of BAX and BAK. This will cause the recruitment of 

cytosolic BAX to the outer membrane of the mitochondrion and the 

stimulation the pore-forming ability of BAK, a protein anchored in the 

mitochondrial outer membrane. Oligomerization of BAX and BAK follows 

and results in the permeabilization of the mitochondrial membrane which 

causes a change in mitochondrial potential and release of pro-apoptotic 

proteins such as cytochrome C and second-mitochondrion derived activator of 

caspase (SMAC/Diablo) (Rudel et al., 2010). The amino acid residue Lys72 of 

the cytochrome C will interact with the WD40 domain of the cytosolic protein 

apoptosis protease activating factor 1 (APAF-1) thus exposing the 

oligomerization AAA
+
 domain of APAF-1. APAF-1 also contains a CARD, 

which following oligomerization of APAF-1, interacts with the CARD of 

procaspase-9. The complex comprised of the cytochrome C, oligomerized 
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APAF-1, and procaspase-9 is called the apoptosome. The formation of the 

apoptosome results in the activation of caspase-9, the initiator caspase of the 

intrinsic pathway, which in turn, cleaves procaspase-3 (Ow et al., 2008).  

Caspase-3 will then activate downstream targets resulting in cell death.  

SMAC is also capable of activating caspases-9 and -8 by relieving the 

inhibitory effect of inhibitor of apoptosis protein (IAP) on them (Rudel et al., 

2010). Caspases-9 and -8 are both capable of cleaving procaspase-3 into its 

active form, thus, the activation of caspase-3 represents a convergence point 

between the intrinsic and extrinsic pathway. 
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Figure 7: Extrinsic and intrinsic apoptotic pathways. Extrinsic apoptosis is 

stimulated following the interaction of a ligand and a receptor of the TNFR 

family leading to the formation of DISC.  Caspase-8 is then activated and 

activates downstream targets such as caspases-3 and -7.  Intrinsic apoptosis is 

triggered as a result of intracellular stress activating BH3-only proteins such as 

BAX and BAK who in turn permeabilize the mitochondrion.  Released 

cytochrome C binds with APAF-1 leading to the formation of the apoptosome 

and activation of caspase-9.  Caspase-9 activates caspase-3 resulting in the 

activation of downstream targets and eventual cell death.  Extrinsic and 

intrinsic apoptosis converge at different points.  Caspase-8 can activate BH3-

only proteins responsible for mitochondrion membrane permeabilization.  The 
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mitochondrial pro-apoptotic protein SMAC relieves the inhibition of IAP 

allowing caspase-8 activation.   (Rudel et al., 2010) 

 

5. IMPLICATION OF IONS IN APOPTOSIS 

 

5.1 POTASSIUM 

 

Apoptotic volume decrease (AVD) is the term used to describe cell shrinkage 

occurring during apoptosis resulting from ion and water efflux (Maeno et al., 

2000).  Potassium was the ion first shown to be involved in AVD by Bortner et 

al. (1997) (Figure 8).  The authors verified the implication of potassium in 

apoptosis following the observation made by Beauvais et al. (1995) that 

cytokine withdrawal from cultured eosinophils resulted in cell shrinkage which 

could be blocked by the potassium channel inhibitor 4-aminopyridime 

(Beauvais et al., 1995). However, the entire cell population, which consisted 

of mainly non-apoptotic cells, was examined by Beauvais et al. (1995), leading 

to a possible underestimation of the actual ion content change occurring in the 

apoptotic population. In order to circumvent this situation, Bortner et al 

(1997). investigated the change in potassium levels specifically in apoptotic 

cells using a fluorescent ion probe and flow cytometry. Apoptotic cells 

demonstrated a marked decrease in fluorescence compared to their non-

apoptotic counterparts which indicated an important decrease in potassium 

levels in apoptotic cells.  These shrunken cells also revealed caspase activation 

and DNA fragmentation when analyzed by flow cytometry. Treatment of cells 
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with anti-Fas antibody, an inducer of apoptosis, in the presence of a potassium 

channel inhibitor abolished the occurrence of apoptosis indicating potassium 

efflux plays a role in the cell death. 

 

Bortner and his team (1997) continued by determining if potassium efflux 

alone is sufficient to induce apoptosis.  Cells were subjected to hypotonic 

conditions in the absence or presence of anti-Fas antibody.  A lack of 

apoptosis was observed in cells exposed to hypotonic conditions in the absence 

of the anti-Fas antibody. On the other hand, cells exposed to hypotonic 

conditions and the anti-Fas antibody underwent apoptosis suggesting that 

potassium depletion alone does not induce apoptosis. However, cells subjected 

to hypotonic conditions and the anti-Fas antibody revealed higher levels of 

DNA fragmentation than cells treated with the anti-Fas antibody alone.  

According to the authors, this suggested that, in the presence of an apoptosis 

inducer, potassium efflux contributes to the progression of apoptosis (Bortner 

et al., 1997). 

 

The role of potassium ions in apoptosis was demonstrated by Cain et al. (2001) 

who evaluated the effect potassium ions had on apoptosome formation and 

caspase activation.  Physiological concentrations of potassium ions during 

non-apoptotic conditions have an inhibitory effect on caspase activation 

(Hughes et al., 1997). To verify this fact, cell lysates were incubated with 

dATP to trigger the activation of effector caspases-3 and -7 which was 
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followed by exposure to increasing concentrations of potassium ions.  

Activation levels decreased sharply in the presence of increasing potassium 

ions indicating that potassium negatively impacts caspase activation. In order 

to determine if decreased activation levels was a result of structural changes in 

the caspases or a result of upstream molecules being inactivated, Western blots 

were conducted to determine the presence or absence of APAF-1 in cell 

lysates exposed to potassium ions. Western blots revealed a lack of APAF-1 in 

cell lysates exposed to potassium ions. This pointed to the possibility of 

inhibition of the formation of the apoptosome in the presence of elevated 

potassium levels (Cain et al., 2001). The authors verified this hypothesis by 

examining the oligomerization of purified APAF-1 in the presence of 

potassium ions and observed a lack of oligomerization. The inhibition of the 

formation of the apoptosome and lack of caspase activation in the presence of 

potassium ions observed by Cain et al. (2001) was also observed in a 

subsequent study (Beem et al., 2004).  Taken together, the results obtained by 

Bortner et al. (1997), Cain et al. (2001), and Beem et al. (2004) demonstrate 

the involvement of potassium ions in apoptosis. 

 

5.2 CHLORIDE 

 

As potassium is the most abundant cation in cells and whose role in apoptosis 

has been described, speculation about the possible implication of chloride, the 

most abundant anion in cells, in cell death arose. Maeno et al. (2000) were 
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interested in determining the involvement of chloride in cell death as a 

previous study revealed stimulation of Fas receptors resulted in the activation 

of chloride channels causing chloride efflux (Szabo et al., 1998). Cells treated 

with staurosporine demonstrated a decrease of intracellular levels of chloride 

ions measured using a fluorescent dyes specific to this ion resulting in cell 

shrinkage as determined by a Coutler-type cell size analyzer.  The use of 

chloride channel inhibitors prevented the efflux of chloride ions as well as cell 

shrinkage, suggesting chloride efflux contributed to cell shrinkage.  As cell 

shrinkage is a characteristic of apoptosis, Maeno et al. (2000) next verified the 

occurrence of apoptosis of cells exposed to staurosporine in the presence or 

absence of chloride channel inhibitors. Cells exposed to chloride channel 

inhibitors in the presence of staurosporine demonstrated a lack of apoptosis, 

characterized by the absence of caspase activation, whereas cells exposed to 

staurosporine but not to the channel inhibitors underwent apoptosis (Maeno et 

al., 2000).  These results revealed for the first time that chloride efflux, like the 

potassium efflux observed by Bortner et al. (1997), is involved in cell death 

(Figure 8). 

 

The time frame of cell shrinkage and apoptosis was then assessed by treating 

cells with staurosporine for different amounts of time and then examining cells 

for the occurrence of these events.  Maeno et al. (2000) observed apoptotic 

volume decrease but not apoptosis after a two-hour treatment of cells with 

staurosporine.  Caspase activation, accompanied by extensive cell shrinkage, 
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was only detected after a six-hour treatment.  These findings suggest that 

apoptotic volume decrease is an event occurring upstream of apoptosis and 

indicates that apoptotic volume decrease could be a requirement in the 

induction of apoptosis. Indeed, the studies conducted by Cain et al. (2001) and 

Beem et al. (2004) both demonstrated the requirement of the reduction of 

potassium levels in order for apoptosome formation and caspase activation to 

occur, suggested that cell shrinkage occurs first and is followed by the 

induction of apoptosis.  

 

 

Figure 8: Cell shrinkage during apoptosis. Apoptotic cell shrinkage is the 

result of potassium, chloride, and water effluxes occurring following apoptotic 

stimuli. Cell shrinkage occurs upstream of nuclear condensation, DNA 

fragmentation, and apoptosis. Apoptotic bodies are eliminated via 

phagocytosis by macrophages. (Remillard et al., 2004) 
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5.3 CALCIUM 

 

Calcium is a secondary messenger essential to the survival of eukaryotes 

implicated in the regulation of processes such as apoptosis and autophagy 

(Harr et al., 2010).  Intracellular homeostasis of calcium is maintained by 

storing calcium ions in the endoplasmic reticulum and mitochondria (Rizzuto 

et al., 2006) as increases in intracellular calcium levels are detrimental to cell 

survival (Orrenius et al., 2003). A study conducted by Choi (1985) 

demonstrated that elevated intracellular calcium levels result in neurotoxicity.  

Neurons treated with glutamate, an amino acid capable of stimulating neuronal 

death, and placed in an extracellular medium void of calcium resulted in the 

absence of cell death.  On the other hand, neurons treated with glutamate and 

placed in an extracellular medium containing calcium entered cell death.  

According to the author, these observations suggested that glutamate toxicity 

is dependent on the influx of calcium (Choi, 1985).  These findings were 

confirmed in a subsequent study demonstrating that the N-methyl-d-aspartate 

(NMDA) class of receptors is responsible for the calcium influx leading to the 

toxicity of neurons causing their death (Choi, 1988). 

 

Elevated intracellular levels leading to apoptosis has also been reported in 

prostate cancer cells (Martikainen et al., 1991) and in breast cancer cells 

(Jackisch et al., 2000) suggesting that programmed cell death arising from 

increased calcium levels occurs independently of cell type.  Martikainen et al. 
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(1991) observed that increases in cytosolic calcium levels in prostate cancer 

cells induced by a treatment with ionomycin, a calcium ionophore, led to the 

activation of an endonuclease resulting in DNA fragmentation and eventual 

cell death.  Moreover, Jackish et al. (2000) also observed endonuclease 

activation in breast cancer cells treated with thapsigargin, an inhibitor of the 

endoplasmic reticulum Ca-ATPase pump which causes increases in cytosolic 

calcium levels, resulting in apoptosis.  According to Jackish et al. (2000), this 

suggested that endonuclease activation is a result of increases in intracellular 

calcium levels.  The activation of endonucleases following increases in 

intracellular levels of calcium observed by Martikainen et al. (1991) and by 

Jackish et al. (2000) demonstrated a role for calcium in programmed cell 

death. 

 

Aside from activating endonucleases, calcium is also implicated in the 

permeabilization of the outer mitochondrial membrane (OMM) (Orrenius et 

al., 2003).  Opening of the permeability transition pore (PTP) of the 

mitochondria was observed in hepatocytes treated with thapsigargin and 

resulted in changes in the permeabilization of the OMM (Hoek et al., 1997).  

The involvement of the PTP during apoptosis was demonstrated in a study by 

Petronilli et al. (2001).  The authors revealed that the treatment of hepatocytes 

with cyclosporin A, an inhibitor of the PTP, prevented the release of pro-

apoptotic proteins such as the cytochrome C and AIF from the mitochondrion, 

thus inhibiting programmed cell death (Petronilli et al., 2001).  A subsequent 
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study also demonstrated the role of PTP in the release of cytochrome C leading 

to mitochondrion-mediated apoptosis in hepatocytes (Morin et al., 2004). 

 

6. TOXINS INDUCING APOPTOSIS 

 

The ability of different types of toxins to induce apoptosis of eukaryotic cells 

has been documented by numerous studies in the literature.  As STb is an 

enterotoxin and a pore-forming toxin, examples cited below will pertain to 

these types of toxins. 

 

6.1 ENTEROTOXINS 

 

6.1.1 CLOSTRIDIUM DIFFICILE TOXIN A 

 

Apoptosis modulated by toxin A (TxA) was investigated in a study by Brito et 

al. (2002) which revealed that TxA is capable of inducing cell death in T-84 

cells.  The involvement of caspases in the apoptosis mediated by TxA was 

verified with the use of fluorescent substrates specific to caspases-3, -6, -8, and 

-9.  All of these caspases were activated by TxA suggesting this toxin 

modulates apoptosis by more than one pathway.  The implication of caspases 

was confirmed by the lack of apoptosis observed in cells treated with the pan 

caspase inhibitor, an inhibitor of all caspases, prior to being treated with TxA.   

Apoptosis induced by TxA also resulted in DNA fragmentation, cytochrome C 
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release, and changes in mitochondrial membrane potential.  The activation of 

caspase-9, cytochrome C release, and changes in mitochondrial membrane 

potential indicate TxA stimulates the intrinsic pathway of apoptosis. The 

implication of the extrinsic pathway was also confirmed by the activation of 

caspase-8 and BID (Brito et al., 2002).  The findings obtained by Brito et al. 

(2002) were subsequently confirmed by Carneiro et al. (2006) under both in 

vitro and in vivo conditions. 

 

6.1.2 ESCHERICHIA COLI LT TOXIN 

 

LT toxin has been reported to induce apoptosis in lymphocytes in a mouse 

model by Tamayo et al. (2009).  The implication of the extrinsic pathway was 

confirmed with the use of mice expressing Fas-deficient lymphocytes which 

were treated with LT toxin and failed to undergo apoptosis.  Lymphocytes 

expressing Fas, on the other hand, entered extrinsic apoptosis following 

exposure to LT toxin.  Activation of the intrinsic pathway was verified by 

evaluating the involvement of caspase-3, PARP-1 cleavage, and annexin-V.  

Indeed, lymphocytes intoxicated with LT toxin demonstrated activation of 

caspase-3, cleavage of PARP-1, and positive binding of annexin-V, which 

according to the authors, suggested the involvement of the intrinsic pathway 

(Tamayo et al., 2009).  The findings obtained by Tamayo et al. (2009) confirm 

the results obtained in a previous study (Tamayo et al., 2005).  
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6.2 PORE-FORMING ENTEROTOXINS 

 

6.2.1 VIBRIO CHOLERAE CYTOLYSIN 

 

The apoptogenic potential of the pore-forming enterotoxin cytolysin was first 

demonstrated by Saka et al. (2008) in Caco-2 cells and in rabbit ileal loops.  

The activation of caspase-3 and DNA fragmentation, determined with the use 

of a fluorescent substrate and by agarose gel electrophoresis, respectively, was 

reported in Caco-2 cells treated with Vibrio cholerae strains positive for 

cytolysin (VCC) but negative for cholera toxin and with purified toxin. Caco-2 

cells treated with VCC and pure cytolysin displayed morphological changes 

associated with apoptosis such as chromatin condensation, nuclear 

fragmentation, and membrane blebbing when observed by transmission 

electron microscopy. Rabbit intestines treated with VCC revealed DNA 

fragmentation as determined by TUNEL assay further confirming the ability of 

cytolysin to stimulate cell death (Saka et al., 2008) 

 

6.2.2 CLOSTRIDIUM PERFRINGENS ENTEROTOXIN 

 

The capacity of Clostridium perfringens enterotoxin (CPE) to mediate 

apoptosis of Caco-2 cells was evaluated by Chakrabarti and McClane (2005).  

Treatment of Caco-2 cells with pure CPE resulted in monolayer disruption, 

cell rounding, and membrane blebbing, when observed by electron 
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microscopy, these morphological changes being associated with apoptosis.  

Intoxication of Caco-2 cells with enterotoxin also resulted in DNA laddering 

and activation of caspases -3 and -7, as revealed by gel electrophoresis and the 

use of fluorescent substrates, respectively, hence, demonstrating the apoptotic 

potential of CPE.  Changes in mitochondrial membrane potential of Caco-2 

cells were also detected using flow cytometry, indicating apoptosis occurs 

through the intrinsic pathway (Chakrabarti et al., 2005).  

 

6.3 PORE-FORMING TOXINS 

 

 6.3.1 STAPHYLOCOCCUS AUREUS -TOXIN 

 

Bantel et al. (2001) demonstrated the ability of -toxin to induce apoptosis in 

Jurkat cells.  Cell treatment of Jurkat cells with -toxin resulted in the 

activation of caspase-3 and DNA laddering determined with the use of a 

fluorescent substrate and by gel electrophoresis, respectively.   The activation 

of caspase-9 and release of cytochrome C was also reported following 

intoxication of Jurkat cells with -toxin indicating the activation of the 

intrinsic pathway of apoptosis.  The involvement of caspase-8 was also 

verified revealing a lack of activation of this caspase suggesting the extrinsic 

pathway is not implicated in the cell death modulated by -toxin (Bantel et al., 

2001).  The findings obtained by Bantel et al. (2001) would later be confirmed 
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in another study demonstrating the involvement of the intrinsic pathway in the 

cell death of monocytes and Jurkat cells (Haslinger et al., 2003). 

 

6.3.2 HELICOBACTER PYLORI VACA 

 

The ability of VacA to modulate apoptosis in AGS cells was assessed in a 

study undertaken by Manente et al. (2008).   AGS cells treated with pure VacA 

revealed activation of caspases-9, -8, and -3 determined with the use 

fluorescent substrates indicating VacA stimulates the extrinsic and intrinsic 

apoptotic pathways. Activation of caspase-3 was also verified by Western blot 

as was cleavage of Retinoblatoma (Rb).  Flow cytometry analysis of cells 

treated with VacA toxin revealed cell cycle inhibition at the G1/S phases 

(Manente et al., 2008). 

 

7. PROJECT DESCRIPTION 

 

As stated above, some toxins possess the ability to kill eukaryotic cells via 

apoptosis.  A previous study conducted in our laboratory by Goncalves et al. 

(2009) on the internalization process of STb toxin demonstrated that cultured 

cells having internalized STb displayed apoptotic-like morphology.  Indeed, 

cell shrinkage, an alteration in the mitochondrial membrane potential, and 

membrane blebbing were the effects observed following STb uptake.  
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However, DNA fragmentation was not observed by Goncalves et al. (2009) 

under the conditions tested. 

 

The alteration of the mitochondrial membrane potential is a characteristic 

associated with the induction of the intrinsic pathway of apoptosis (Rudel et 

al., 2010).  Moreover, Goncalves et al. (2009) observed colocalization of STb 

toxin with the mitochondrion in cells having internalized STb (Goncalves et 

al., 2009).  Colocalization with the mitochondrion has also been reported for 

other toxins stimulating intrinsic apoptosis such as VacA of Helicobacter 

pylori (Galmiche et al., 2000) and PorB of Neisseria gonorrhoeae (Muller et 

al., 2000).   

 

The colocalization of STb with the mitochondrion and the subsequent change 

in mitochondrial membrane potential and apoptotic-like morphology observed 

by Goncalves et al. (2009) allowed us to formulate the hypothesis that STb 

toxin could induce apoptosis via the intrinsic pathway.  Our research objective, 

thus, consisted of verifying the ability of STb to induce intrinsic apoptosis. As 

STb is an enterotoxin, we selected the intestinal epithelial cells, HRT-18 and 

IEC-18 cells, as our cellular models of study.  HRT-18 cells are human colon 

cancer cells used in apoptosis studies (Din et al., 2004).  IEC-18 cells are rat 

ileum epithelial cells and were chosen since in vivo studies on STb are 

conducted in a rat model (Labrie et al., 2002).  The results obtained during our 

study are presented in the next section. 
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Abstract 

 

A previous study conducted in our laboratory demonstrated that cells having 

internalized Escherichia coli heat stable toxin b (STb) toxin display apoptotic-

like morphology.  We therefore investigated if STb induces programmed cell 

death in both a human and an animal intestinal epithelial cell lines. HRT-18 

(Human Colon Tumour) and IEC-18 (Rat Ileum Epithelial Cells) cell lines 

were used. As STb is frequently tested in a rat model, the IEC-18 cell line was 

most relevant to our work. The cell lines were treated with various amounts of 

purified STb (nanomole range) for a period of 24 hours after which cells were 

harvested and examined for apoptotic characteristics. Caspase-9, the initiator 

of mitochondrion-mediated apoptosis, and caspase-3, an effector of caspase-9, 

were both activated following STb intoxication of HRT-18 and IEC-18 cells 

whereas caspase-8, the initiator caspase of the extrinsic pathway, was not 

activated. For both cell lines, agarose gel electrophoresis of the cell DNA 

content reveals laddering of DNA, resulting from DNA fragmentation, a 

characteristic of apoptosis.  Hoechst 33342-stained DNA of STb-treated cell 

lines, observed using fluorescence microscopy, revealed condensation and 

fragmentation of the nuclei. Apoptotic indexes calculated from fragmented 

nuclei of Hoechst 33342-stained DNA for HRT-18 and IEC-18 cells showed a 

STb dose-dependent response.  Overall, these data indicate that STb toxin 

induces a mitochondrion-mediated caspase-dependent apoptotic pathway. 
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Highlights 

• Cell death induced by STb was revealed by DNA and nuclear  

 fragmentation. 

• STb-mediated death involves caspases-9 and -3, but not caspase-8. 

• Intoxication of human and rat cells with STb results in cell death. 

 

 

Introduction 

 

Enterotoxigenic Escherichia coli (ETEC) represents an important cause of 

watery diarrhea in animals and in Man following the ingestion of contaminated 

food and water.  ETEC is a common cause of travellers’ diarrhea and can be 

fatal for children younger than 5 years old residing in developing countries [1].  

Neonatal and suckling piglets less than one week old are particularly 

susceptible to diarrhea caused by ETEC bacteria [2]. ETEC-mediated diarrhea 

in young piglets is often sudden and severe, frequently resulting in death.  

Expression of both colonization factors and toxins is required for diarrhea to 

occur [3]. Heat-stable enterotoxin b (STb) is one of the toxins produced by 

ETEC strains responsible for the induction of diarrhea and is most commonly 

associated with post-weaning diarrhea in piglets aged over one week [3, 4].  

STb is synthesized as a pre-polypeptide of 71 amino acids [5, 6]  which is 
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cleaved in the periplasmic space to yield a mature peptide of 48 amino acids 

with a molecular weight of 5.2 kDa [7].  Mature STb is comprised of two -

helices [8] joined by two disulfide bonds [9], a glycine-rich extended coil 

region [10], and a C-terminal oligomerization domain [11].  

 

STb-mediated diarrhea begins by STb binding to its receptor, sulfatide, an 

acidic glycosphingolipid found at the surface of intestinal epithelial cells [12].  

STb is then internalized by cells resulting in the stimulation of a pertussis 

toxin-sensitive GTP-binding regulatory protein [13].  This causes an influx of 

extracellular calcium ions [13] through a receptor-dependent ligand-gated 

calcium channel activating calmodulin-dependent kinase II [14].  The 

increased calcium level is believed to stimulate the activities of phospholipases 

A2 and C and cause the release of arachidonic acid from membrane 

phospholipids leading to the formation of PGE2 and 5-HT.  These molecules 

are responsible for the secretion of electrolytes such as HCO3
-
, Na

+
, and Cl

-
, 

and water from enterocytes resulting in watery diarrhea [15-17].   

 

Diarrhea mediated by STb was shown to be accompanied by histological 

damages of the intestine characterized by shortening and atrophy of the villi 

and reduced mucosal surface [18-20].  According to Rose et al. [20], these 

damages are responsible for fluid and water secretion and have been attributed 

to a diminished absorptive ability of the small intestine.  As STb enterotoxin 

has been shown to induce the formation of non-specific pores in brush border 
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membrane vesicles, STb could also be considered a pore-forming toxin [21].  

Moreover, a previous study conducted in our laboratory demonstrated that 

cells in culture having internalized STb displayed apoptotic-like morphology 

such as cell shrinkage and a change in mitochondrial membrane potential [22] 

suggesting STb could have the capacity of inducing apoptosis.  Indeed, the 

ability of enterotoxins [23] and pore-forming toxins [24] to induce apoptosis is 

well documented. 

 

Apoptosis is a form of programmed cellular death characterized by cell 

shrinkage, preserved membrane integrity, caspase activation, and DNA 

fragmentation, which can be activated either through the extrinsic or intrinsic 

pathways [25]. Extrinsic apoptosis is triggered by the interaction of death 

ligands Fas Ligand (FasL) and Tumour Necrosis Factor Alpha (TNF-) with 

their respective death receptors, Fas Receptor (FasR) and Tumor Necrosis 

Factor Receptor (TNFR), members of the TNF receptor family [26].  The 

binding of TNF- to TNFR results in the binding of TNF receptor-associated 

death domain (TRADD) which in turn recruits Fas Associated Death Domain 

(FADD) [25].  FADD associates with the Caspase Activation and Recruitment 

Domain (CARD) of procaspase-8, leading to the recruitment of this procaspase 

which results in the formation of Death-Inducing Signaling Complex (DISC).  

Proteolytic cleavage of procaspase-8 then occurs giving way to caspase-8, the 

executioner caspase of extrinsic apoptosis.  Caspase-8 then cleaves 
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procaspase-3 into caspase-3, which activates downstream targets leading to 

cell death [26, 27].  

 

Intrinsic apoptosis occurs independently of the binding between a ligand and 

its transmembrane receptor [25].  This form of apoptosis is initiated by 

apoptotic stimuli activating BH3-only proteins which relieve the inhibition of 

proteins BCL-2–associated X protein (BAX) and BCL-2 homologous 

antagonist/killer (BAX) and allow their oligomerization. BAX and BAK then 

induce mitochondrial outer membrane permeabilization (MOMP) resulting in 

the release of the cytochrome C and other mitochondrial proteins [28]. 

Cytochrome C will associate with the WD40 domain of monomeric Apoptosis 

Protease Activating Factor-1 (APAF-1) exposing its AAA
+
 oligomerization 

domain. APAF-1 oligomerizes into heptamers and then recruits procaspase-9 

through its CARD, resulting in the formation of the apoptosome, the signalling 

platform of intrinsic apoptosis [27]. Procaspase-9, the initiator caspase of the 

mitochondrion pathway, is cleaved into caspase-9, which activates procaspase-

3. Caspase-3 will activate endonucleases responsible for DNA degradation 

leading to eventual cell death [26]. 

 

In this study, we sought to determine if STb toxin induces apoptosis in human 

and animal intestinal epithelial cell lines. As STb induced an alteration in 

mitochondrial membrane potential [22], our efforts were focused on 

determining if STb induced a mitochondrion-mediated apoptosis.   
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Materials and Methods 

 

Culture Media and Reagents. Roswell Park Memorial Institute (RPMI) 

medium, Dulbecco’s Modified Eagle Medium (DMEM), Phosphate Buffered 

Saline (PBS), Fetal Bovine Serum (FBS), Penicillin/Streptomycin (Pen/Strep) 

and Trypan Blue were all purchased from Invitrogen (Burlington, Ontario, 

Canada). Bovine insulin was purchased from Alpha Diagnostics International 

(San Antonio, TX). Staurosporine was obtained from Sigma Aldrich (Oakville, 

Ontario, Canada). Caspases-9, -8 and-3 fluorescent substrates were purchased 

from Enzo Life Sciences (Farmingdale, NY).  

 

Cell Lines.  HRT-18 (Human Colon Tumour) cells were a kind gift from Dr. 

Carl Gagnon, Université de Montréal, and maintained in high-glutamine RPMI 

1640 supplemented with 10% FBS and 1% Pen/Strep. IEC-18 (Rat Ileum 

Epithelial Cells) cells were purchased from ATCC (American Type Culture 

Collection) and cultivated in high-glucose and high-glutamine DMEM 12430 

supplemented with 5% FBS and 0.1% insulin. HRT-18 and IEC-18 cells were 

grown in T-75 culture flasks at 37
o
C, 5% CO2 in a humidified incubator. Cell 

viability of both cell lines was measured using Trypan Blue. Tissue culture 

flasks (T-25 and T-75) were obtained from Sarstedt (St-Léonard, Québec, 

Canada). 
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Production and purification of STb toxin.  Recombinant STb toxin was 

produced using a HB101 strain harboring the plasmid pMAL-STb which codes 

for the fusion protein MBP-STb and is under the control of the promoter Ptac 

[29]. Ampicillin, at a final concentration of 50 g/ml, was used as the selection 

agent for bacteria carrying the plasmid pMAL-STb. Bacteria were grown in 

Rich Medium (10 g tryptone, 5 g yeast extract, 5 g NaCl, 2 g dextrose per liter, 

containing 50 µg/ml of ampicillin) for 18 hours in an orbital shaker set at 

37
o
C, 180 rpm. A volume of 5 ml of an overnight bacterial culture was 

transferred to 500 ml of fresh Rich Medium and returned to the orbital shaker 

for 2.5 hours.  At a DO600 of 0.5, Ptac promoter was induced by the addition of 

the lactose analogue, IPTG, at a final concentration of 0.3 mM. The induction 

was allowed to proceed for 3 hours in the orbital shaker. Bacteria were then 

harvested by centrifugation at 4 000 x g for 15 minutes at 4
o
C.  Cells were 

washed in a volume of 250 ml of 30 mM Tris-HCl, (pH 8), 20% sucrose, and 1 

mM EDTA and were then centrifuged at 8 000 x g for 20 minutes at 4
o
C.  An 

osmotic shock of bacteria was induced using a solution of 5 mM MgSO4 

containing 0.4 mM PMSF and then centrifuged at 8 000 x g for 20 minutes at 

4
o
C. The 250 ml supernatant, called osmotic shock fluid, was filter sterilized 

using a 0.22 µm tangential flow filter (VacuCap, Pall Life Sciences, Port 

Washington, NY) and then loaded onto a 30 ml amylose chromatography 

affinity column (NewEngland BioLabs, Pickering, Ontario, Canada) for 15 

hours at a flow rate of 0.2 ml/min at 4
o
C. A solution of 10 mM maltose was 

used to elute the fusion protein which was then dialyzed against MilliQ water 
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using a 12,000-14,000 Da membrane (Spectrum, Rancho Dominguez, CA). 

Dialyzed material was then concentrated and cleaved using the Xa enzyme in a 

cleavage buffer consisting of 100 mM NaCl, 50 mM Tris-HCl, 1 mM CaCl2, 

(pH 8).  Cleaved material was separated using reverse-phase high performance 

liquid chromatography with a C8 microbore column (Perkin Elmer, Montréal, 

Québec, Canada) and an AKTA-10 purifier system (GE Healthcare, Baie 

d’Urfé, Québec, Canada). The purity of the STb recombinant toxin was 

verified with SDS-PAGE and the identity of the toxin was confirmed by 

protein dot blots. 

 

Apoptosis assays. Cells were seeded in T25 culture flasks and grown to 70% 

confluence prior to treatment with various amounts of pure STb toxin ranging 

from 0.05 to 1 nmol (nanomoles).  Cells treated with 2 µM of staurosporine 

were our positive control for apoptosis whereas our negative control consisted 

of untreated cells. For gel electrophoresis experiments, cells treated with 1 mM 

of hydrogen peroxide served as a positive control for necrosis. Following 

treatment, cells were washed with PBS, trypsinized, centrifuged at 6 000 x g 

for 10 minutes, and used for the experiments described below. 

 

Gel Electrophoresis. Electrophoresis was carried out according to a modified 

version of McGahon’s method [30]. Briefly, cells were harvested and lysed in 

2 mM EDTA, 100 mM Tris-HCl, (pH 8.0), and 0.8% SDS. Samples were then 

treated with 50 mg/ml RNase A for 1 hour at 37
o
C and then with 20 mg/ml 
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Proteinase K for 1.5 hours at 50
o
C.  A DNA loading buffer (4X TBE buffer 

containing 40% sucrose and 0.25% bromophenol blue) was added to samples 

to a final concentration of 1X which were loaded onto 1.8% agarose gels 

prepared in 1X TBE buffer (89 mM tris base, 89 mM boric acid, and 2 mM 

trisodium EDTA) and were then pre-stained with 10 mg/ml ethidium bromide. 

Migration of samples was carried out at 100V for 75 minutes using a GNC-

100 apparatus (Pharmacia Biotech Piscataway, NJ). Gels were then visualized 

under a UV lamp at 260 nm. 

 

Hoechst Staining. Treated cells were harvested and fixed in 4% 

paraformaldehyde prepared in PBS, (pH 7.4).  Samples were transferred onto 

microscope slides and allowed to air dry.  A 10 µg/ml working solution of 

Hoechst 33342 was used to stain samples.  Staining was allowed to proceed 

for 10 minutes at room temperature in the dark.  Slides were washed with 

water and allowed to air dry in the dark at room temperature.  Samples were 

rehydrated in PBS and visualized by fluorescence microscopy at 460 nm. 

 

Dose-Response Assay. Cells were treated with 0.05, 0.1, 0.25, 0.5 and 1 nmol 

of pure STb toxin for 24 hours.  Harvested cells were then fixed, stained, and 

visualized as described in the Hoechst 33342 staining procedure.  Fragmented 

nuclei were counted and divided by total number of nuclei and then multiplied 

by 100 to obtain the apoptotic indexes.  
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Fluorometric Assay of Caspase Activation. Enzymatic activity of caspases-9, -

8, and -3 was measured using fluorescent substrates specific for each of these 

caspases.  Following cell treatment, cells were harvested and lysed in ice-cold 

buffer (50 mM HEPES, 100 mM NaCl, 0.1% CHAPS, 1 mM DTT, (pH 7.4)) 

for 15 minutes and then pulse-sonicated with a  microtip for 10 seconds 

(Branson Sonifier 450, Danbury, CT) until cells were lysed. Samples were 

then centrifuged at 5 800 x g for 15 minutes.  Protein content of the 

supernatant was dosed using the Bradford method (BioRad, Hercules, CA) 

with bovine serum albumin (BSA) as the reference protein.  A total of 50 µg of 

protein was loaded into a well of a 96-well flat-bottomed microplate (Linbro, 

McLean, VA) in assay buffer (50 mM HEPES, 100 mM NaCl, 0.1% CHAPS, 

10% glycerol, (pH 7.4)). The substrate was added at a final concentration of 

200 M. The final volume in the wells was adjusted to 100 µl by adding the 

appropriate volume of assay buffer.  The enzymatic reaction was allowed to 

proceed for 3 hours at room temperature in the dark.  The fluorescence emitted 

from the cleaved substrates was then measured using a fluorescence 

microplate reader (Biotek, Winooski, VT) and the Gen5 program using 400 

nm and 500 nm excitation and emission filters, respectively. 

 

Statistical Analysis. A one-way ANOVA with dose as the factor was done. A 

priori contrasts were used to compare dose means with respect to the lowest 

dose. Comparisonwise error rates were calculated using the sequential 
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Bonferroni procedure. The familywise error rate was set at 0.05. SAS v 9.2 

(Cary, NC) was used for the statistical analyses. 

 

Results 

 

Activation of caspases-9 and -3 but not -8 is involved in STb-mediated 

apoptosis   

 

Caspases-8 and -9 are initiator caspases associated with the extrinsic and 

mitochondrion-mediated apoptotic pathways, respectively, and are responsible 

for the activation of caspase-3 [31].  Thus, the evaluation of the activation of 

initiator caspases can be used to determine the apoptotic pathway(s) involved.  

HRT-18 cells and IEC-18 cells treated with 0.05 and 0.5 nmol of STb toxin 

revealed activation of caspases-9 and -3, as well as staurosporine, our positive 

control for apoptosis (Fig. 1 and 2). On the other hand, levels of caspase-8 

observed were similar to our negative control which consisted of untreated 

cells indicating the lack of activation of caspase-8 in both cell lines (Fig. 1 and 

2). 

 

STb induces DNA fragmentation 

 

DNA Fragmentation Factor (DFF) is a key endonuclease activated by caspase-

3 during apoptosis responsible for the degradation of internucleosomal DNA 
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[32] into fragments multiples of 180 to 200 bp [33].  The DNA extracted from 

HRT-18 and IEC-18 cells following treatment with STb revealed DNA 

laddering when migrated in agarose gel as observed with staurosporine, our 

positive control for apoptosis (Fig. 3).  The DNA fragments observed ranged 

in sizes from 500 to 1000 bp, these being approximate multiples of 180 to 200 

bp, and appeared evenly distributed in the gel. These results were confirmed 

using fluorescence microscopy. In fact, cells stained with the DNA-specific 

Hoechst 33342 stain revealed condensed and fragmented nuclei while the 

negative control, consisting of untreated cells, showed normal nuclei 

morphology (Fig. 4). 

 

Dose-dependent effect of STb 

 

Treatment of cells with increasing amounts of STb toxin ranging from 0.05 to 

1 nanomol revealed a dose-dependent response as determined by the apoptotic 

indexes recorded (Fig. 5).  The apoptotic indexes of HRT-18 cells treated with 

STb toxin increased and leveled to approximately 14% (p<0.001).  For IEC-18 

cells, indexes leveled at 13% (p<0.001).  Although the apoptotic indexes 

attained with both cell lines are similar, HRT-18 cells seemed more responsive 

to lower amounts of STb toxin than IEC-18 cells.  
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Discussion 

 

The results presented in the current study show the ability of STb toxin to 

induce apoptosis in both a human and an animal intestinal epithelial cell lines.  

The ability of enterotoxins to cause apoptosis using the mitochondrion-

mediated pathway has been shown with LT of Escherichia coli [34] and toxin 

A of Clostridium difficile [23]. Aside from enterotoxins, pore-forming toxins 

such as Staphylococcus aureus -toxin [35] and PorB of Neisseria 

gonorrhoeae [36] also induce intrinsic apoptosis. HRT-18 cells were chosen as 

they are extensively used in apoptosis studies [37, 38].  IEC-18 cells, on the 

other hand, were chosen since in vivo studies conducted on STb are often 

undertaken using a rat model as an alternative to the pig.  The use of two cell 

lines also allowed us to verify if the ability of STb to induce apoptosis is a cell 

type-specific phenomenon and to demonstrate that human cell lines could also 

possibly respond to STb. 

 

The activation of caspase-9 in cellular extracts of HRT-18 and IEC-18 cells 

treated with STb (Fig. 1 and 2) and the alteration of the mitochondrion 

membrane potential observed by Gonçalves et al. [22] in cells treated with STb 

were  strong indications of STb targeting the mitochondrion-mediated death 

pathway. The activation of caspase-9 and -3 observed in HRT-18 and IEC-18 

cells indicates that 0.05 nmol is sufficient for caspase activation by STb. The 

activation of both the extrinsic and intrinsic pathways by Helicobacter pylori 
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VacA has been reported [39] prompting us to verify the implication of the 

extrinsic pathway in STb-mediated apoptosis.  Both cell lines treated with STb 

toxin revealed a lack of caspase-8 activation (Fig. 1 and 2), thus excluding the 

involvement of the extrinsic pathway for STb. Taken together, the activation 

of caspase-9 but lack of caspase-8 activation implies that STb mediates 

apoptosis solely through the intrinsic pathway. 

 

Caspase-3 is the first effector caspase activated by initiator caspases during 

apoptosis, hence, its activation following STb treatment confirms the 

implication of caspases during STb-mediated apoptosis. Caspase-3 is a key 

caspase activated during caspase-dependent apoptosis which possesses 

multiple targets such as DFF, Ca-ATPase [40], Poly (ADP-ribose) polymerase 

(PARP), and proteins of the cytoskeleton [41].   

 

DNA extracted from STb-treated human and rat cell lines revealed fragments 

multiples of 180 to 200 bp (Fig. 3). The even distribution of fragments 

suggests cleavage is occurring at regular intervals. Indeed, the endonuclease 

DFF cleaves internucleosomal DNA yielding evenly distributed fragments. 

Thus, it appears that the fragmented DNA observed by gel electrophoresis 

during STb-mediated apoptosis is the result of cleavage by DFF.  Supporting 

this observation, Hoecsht 33342-stained DNA of STb-treated cells revealed 

fragmented nuclei (Fig. 4). Overall, the DNA laddering and the condensation 
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and fragmentation of nuclei observed support that DNA damage occurs as a 

result of STb-mediated apoptosis. 

 

Maximal apoptotic indexes of 14% and 13% were obtained for HRT-18 and 

IEC-18 cells, respectively (Fig. 5).  However, the smaller quantity of toxin 

required for the induction and the attainment of a plateau in HRT-18 cells 

suggests that these cells could be more susceptible to apoptosis. A dose-

dependent response towards STb was observed in both cell lines.  

 

As previously stated, caspase-3 cleaves the Ca-ATPase pump during apoptosis 

causing a deregulation of calcium homeostasis manifested by an influx of 

calcium ions [41, 42].  The activation of caspase-3 observed in our study could 

therefore be partially responsible for the influx of calcium observed during 

STb-mediated diarrhea [13] suggesting a link between the diarrheagenic and 

apoptotic pathways stimulated by STb. Indeed, studies conducted on 

Clostridium perfringens enterotoxin revealed that this toxin is capable of 

increasing intracellular calcium levels during both diarrhea [43] and apoptosis 

[44] and of inducing histological damages to the intestine [43] similar to the 

ones observed for STb [20]. Contrary to calcium levels which rise during 

apoptosis, chloride levels decrease. Chloride efflux has been shown to be 

essential for caspase activation to occur during intrinsic apoptosis [45]. Thus, 

the chloride secretion characteristic of STb-induced diarrhea could play a role 

in the activation of caspases observed in the current study.  Cytolysin of Vibrio 
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cholerae, like enterotoxin, possesses the capacity of inducing apoptosis and 

histological damages during diarrhea [46]. Furthermore, the inhibition of the 

apoptosis mediated by toxin A of Clostridium difficile resulted in reduced fluid 

accumulation and mucosal disruption of  rabbit intestinal loops [23] providing 

additional evidence of diarrhea and apoptosis relationship.  Thus, the apoptosis 

described in this study could be partially responsible for the loss of absorptive 

capacity of intestinal cells following STb treatment. 

 

Conclusions 

 

We have shown, for the first time, that STb induces intrinsic apoptosis in both 

a human and an animal epithelial cell lines. This indicates that in vivo rat cells, 

our model, as well as human cell lines can be intoxicated by STb, thus 

representing a new argument to consider STb as a toxic molecule responsible 

for diarrhea in humans [47]. The cell death reported here can be partially 

responsible for the loss of absorptive capacity and fluid accumulation observed 

in ligated intestinal loops during diarrhea indicating that diarrhea and 

apoptosis could be linked. 
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Figure Legends 

 

Figure 1: Caspase activation in HRT-18 cells treated with STb. Activation of 

caspases-9 and -3, but not -8, was observed in HRT-18 cells treated with 0.05 

and 0.5 nmol of pure STb for 24 hours. The negative control consisted of 

untreated cells while the positive control consisted of cells treated with 2 µM 

of staurosporine. Mean ± standard error of 2 independent experiments. 

 

Figure 2: Caspase activation in IEC-18 cells treated with STb. Activation of 

caspases-9 and -3, but not -8, was observed in IEC-18 cells treated with 0.05 

and 0.5 nmol of pure STb for 24 hours. The negative control consisted of 

untreated cells while the positive control consisted of cells treated with 2 µM 

of staurosporine. Mean ± standard error of 2 independent experiments. 

 

 

Figure 3: Gel electrophoresis of DNA extracted from HRT-18 (A) and IEC-18 

(B) cells treated with STb for 24 hours demonstrates DNA laddering. A: 

untreated cells (negative control) (lane 1), cells treated with staurosporine 

(apoptosis control) (lane 2), 1 nmol of STb (lane 3), and hydrogen peroxide 

(necrosis control) (lane 4), respectively. B: untreated cells (lane 1), cells 

treated to 0.25 and 0.5 nmol of STb, respectively, (lanes 2 and 3), and cells 

treated with staurosporine (lane 4). M denotes the molecular weight markers 

for both gels. Their size is shown in bp at the left of the gels. The band 
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506,517 in the molecular weight markers denotes a band composed of two 

bands, one of 506 bp and the other of 517 bp. 

 

 

Figure 4: Condensed and fragmented nuclei are observed in HRT-18 cells (B) 

and IEC-18 cells (D) treated with 1 and 0.5 nmol of STb, respectively. Nuclei 

of untreated HRT-18 cells (A) and IEC-18 cells (C) are also shown. Pictures 

were taken at 40x. 

 

 

Figure 5: STb induces dose-dependent apoptosis in HRT-18 cells (p<0.001; 

one-way ANOVA) and IEC-18 cells (p<0.001; one-way ANOVA).  Apoptotic 

index is expressed as percentages of the number of fragmented nuclei divided 

by the total number of nuclei.  Mean ± standard error of 2 independent 

experiments. 
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Figure 3 
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Figure 4 
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Figure 5 
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1. CELL TYPE AND APOPTOSIS 

 

The goal of this study consisted in evaluating the ability of STb toxin to induce 

apoptosis in HRT-18 and IEC-18 cell lines. The HRT-18 cell line is a human 

colon carcinoma cell which is extensively used in apoptosis studies (Din et al., 

2004).  The IEC-18 cell line is a rat ileum epithelial cell line which has been 

used in previous studies in our laboratory, hence, this cell line was selected 

due to its susceptibility to STb toxin.  The results obtained in this study clearly 

demonstrate the induction of apoptosis in HRT-18 and IEC-18 cells indicating 

that apoptosis mediated by STb occurs independently of the cell type used.  In 

addition, this indicates that human intestinal epithelial cells respond in the 

same way as rat cells, our model for carrying out in vivo studies on STb. 

 

The induction of intrinsic apoptosis requires the internalization of the 

virulence factors or intracellular pathogens and the interaction with the 

mitochondrion in order for this cell death pathway to be triggered (Rudel et al., 

2010).  A study evaluating the internalization process of STb in NIH-3T3 

cells, demonstrated that cells having internalized STb displayed apoptotic-like 

morphology characterized by an alteration of the mitochondrial membrane 

potential, cell shrinkage, and membrane blebbing (Goncalves et al., 2009). The 

lack of DNA fragmentation observed by Goncalves et al. (2009) could be 

attributed to NIH-3T3 cells being less susceptible to STb than HRT-18 and 

IEC-18 cells. NIH-3T3 cells are murine fibroblasts and therefore do not 
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represent the natural target of STb toxin, the intestine, as do the HRT-18 and 

IEC-18, intestinal epithelial cell lines.  Moreover, the decreased susceptibility 

of murine cells to STb compared to rat cells has been observed in a previous 

study (Whipp, 1990) and could partially explain the occurrence of apoptosis in 

IEC-18 cells but not in NIH-3T3 cells. 

 

The apoptosis of HRT-18 cells induced by STb toxin predicts a greater role for 

STb than previously assumed in the virulence of ETEC bacteria. As previously 

shown, strains expressing STb do not necessarily cause diarrhea in humans 

(Echeverria et al., 1985).  The lack of diarrhea has been attributed to the lack 

of presence of fimbriae required for adhesion to the intestinal mucosa (Lortie 

et al., 1991, Gaastra et al., 1996).  The role of STb in swine diarrhea was 

demonstrated in a study by Berberov et al. (2004) who revealed that 60% of 

piglets inoculated with an ETEC STb
+
 EAST1

+
 LT

-
 strain developed diarrhea 

(Berberov et al., 2004).  This finding was confirmed by Zhang et al. (2006) 

who observed fluid accumulation in piglets injected with F4
+
 STb

+
 positive 

strains.  Fluid accumulation decreased substantially in piglets injected with F4
+
 

STb
-
 negative strains.  According to the authors, this proved that STb 

contributes to the virulence associated with ETEC bacteria (Zhang et al., 

2006).  Taken together, the findings obtained by Berberov et al. (2004) 

(Berberov et al., 2004) and Zhang et al. (2006) as well as the cell death of 

HRT-18 cells reported here shed new light on the contribution of STb to ETEC 

pathogenesis.  
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  2. CASPASE INVOLVEMENT IN STb-MEDIATED APOPTOSIS 

 

The implication of caspases in the apoptosis induced by STb in HRT-18 and 

IEC-18 cells was verified as caspase activation is a key event in cell death.  

Caspases-9 and -3 were both activated in these cells following treatment with 

STb toxin.  The activation of caspase-9 we observed as well as the change in 

mitochondrial potential observed by Goncalves et al. (2009) are indications of 

STb mediating apoptosis via the intrinsic pathway.  Studies conducted on the 

pore-forming -toxin of Staphylococcus aureus (Bantel et al., 2001) and on 

toxin A of Clostridium difficile (Carneiro et al., 2006) have demonstrated 

changes in mitochondrion membrane potential and activation of caspase-9.  

Thus, STb appears to trigger apoptosis in a similar way.  The implication of 

extrinsic apoptosis by VacA of Helicobacter pylori (Manente et al., 2008) and 

LT of Escherichia coli (Tamayo et al., 2009) has been reported prompting us 

to verify the involvement of this pathway following STb intoxication.  The 

lack of caspase-8 activation observed in these cell lines demonstrates that the 

extrinsic pathway is not involved in the apoptosis induced by STb under our 

experimental conditions. 

 

The activation of caspases during intrinsic apoptosis depends on the reduction 

of the intracellular level of chloride ions.  Chloride secretion and histological 

damages of the intestines have been observed in the diarrhea caused by CPE 

(McDonel, 1974) and VCC (Debellis et al., 2009) as is observed during STb-



98 

 

mediated diarrhea (Dreyfus et al., 1993). Moreover, both CPE (Chakrabarti et 

al., 2005) and VCC (Saka et al., 2008) have the capacity to activate the 

caspase cascade during intrinsic apoptosis. Thus, the chloride secretion 

observed during diarrhea caused by STb could be partially responsible for the 

caspase activation obtained in this study indicating a link between diarrhea and 

apoptosis.   

 

Aside from chloride secretion, the processes of diarrhea and apoptosis can be 

linked through increases in the levels of intracellular calcium.  Indeed, 

caspase-3 is a key effector caspase activated during apoptosis responsible for 

the cleavage of the Ca-ATPase pump resulting in an influx of calcium ions 

(Schwab et al., 2002).  Increased calcium intracellular levels is observed 

during diarrhea and apoptosis mediated by CPE (Chakrabarti et al., 2005). 

Thus, the increases in intracellular calcium levels observed during diarrhea 

stimulated by STb (Dreyfus et al., 1993) could be another link between 

diarrhea and apoptosis. 

 

Increased intracellular calcium levels during apoptosis can lead to the 

activation of the protease calpain (Orrenius et al., 2003).  The study conducted 

by Chakrabarti and McClane (2005) evaluating the apoptogenic potential of 

CPE also demonstrated the implication of calpain in the cell death modulated 

by this toxin.  Similarly, the involvement of calpain has been reported in the 

cell death stimulated by Shiga toxin, a toxin known to increase intracellular 
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calcium levels during apoptosis (Johannes et al., 2010).  Though not verified 

in the present study, the cell death mediated by STb could also be the result of 

calpain activation following augmentation in intracellular calcium levels 

during diarrhea, again implying the processes of diarrhea and apoptosis could 

be linked. 

 

3. FRAGMENTATION OF DNA AND NUCLEI BY STb 

 

DNA extracted from HRT-18 and IEC-18 cells following STb treatment 

revealed laddering as observed by gel electrophoresis. DNA fragmentation is a 

distinctive feature associated with the process of apoptosis and is the result of 

the cleavage of internucleosomal DNA by DFF, an endonuclease activated by 

caspase-3 which generates fragments multiples of 180 bp – 200 bp (Liu et al., 

1997).  The fragments observed by gel electrophoresis are approximate 

multiples of 180 bp – 200 bp and are evenly distributed on the gels.  Hence, 

fragmentation of DNA occurs at regularly spaced intervals and appears to be 

the result of cleavage by DFF.  Hoechst 33342-stained DNA of HRT-18 and 

IEC-18 cells treated with STb revealed condensed and fragmented nuclei when 

observed by fluorescence microscopy confirming the results observed by gel 

electrophoresis. Taken together, these results confirm that apoptosis is 

mediated by STb.  Indeed, DNA laddering has also been observed in apoptosis 

stimulated by VCC (Saka et al., 2008).  
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4. APOPTOSIS INDUCED BY STb IS DOSE-DEPENDENT 

 

Apoptotic indexes based on fragmented nuclei of HRT-18 and IEC-18 cells 

treated with increasing amounts of STb toxin revealed cell death occurs in a 

dose-dependent manner. An apoptotic index of 14% was obtained for HRT-18 

cells treated with 0.1 nmol of STb whereas a 13% index was reported for IEC-

18 cells treated with 0.25 nmol of toxin. This suggests that 0.1 and 0.25 nmol 

of STb are sufficient quantities to saturate HRT-18 and IEC-18 cells, 

respectively.  The dose-dependent response obtained in the current study is in 

accordance with previous studies conducted by Goncalves et al. (2007; 2009) 

demonstrating STb induces changes in mitochondrial membrane potential in a 

dose-dependent manner.  Moreover, the quantities of 0.1 and 0.25 nmol of STb 

used in our study to attain a plateau of apoptosis occurrence, are higher than 

the 0.8 nmol used in a previous study to demonstrate CHO cells remain viable 

after intoxication by STb (Beausoleil et al., 2002a).  We believe the viability 

of CHO cells following STb treatment results from the short duration of the 

treatment, a period of 2 hours, compared to the 24-hour treatment of HRT-18 

and IEC-18 cells used in our study. 

 

The apoptotic indexes of HRT-18 and IEC-18 cells obtained in our study, 

though similar, indicate HRT-18 cells are slightly more susceptible to STb 

toxin than IEC-18 cells which represent our in vivo model.  These observations 

contrast with the findings obtained by Beausoleil et al. (2002a) who had 
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evaluated the susceptibility of various cell lines to STb and demonstrated that 

IEC-18 cells were more susceptible to STb than HT-29 cells, the human cell 

line tested by the authors.  The receptor for STb toxin, sulfatide, is an 

ubiquitous molecule present at the surface of many different cell types.  It is 

tempting to speculate about the possibility that HRT-18 cells express a greater 

number of sulfatide molecules at their surface than IEC-18 cells which could 

render them more susceptible to STb.  However, a study by Albert et al. (2011) 

demonstrated that the presence of sulfatide at the cell surface has no effect on 

the internalization of STb by different cell types (Albert et al., 2011), an 

essential step in STb pathogenesis.  As such, the presumed differences in the 

presence of sulfatide molecules at the cell surface of HRT-18 and IEC-18 cells 

could not explain the greater susceptibility of HRT-18 cells to STb toxin.   

 

5. APOPTOSIS INDUCTION BY ENTERIC PATHOGENS 

 

Infection of intestinal epithelial cells with enteric pathogens, either invasive or 

noninvasive, results in these cells undergoing apoptosis.  The reasons for the 

occurrence of apoptosis following bacterial infection of epithelial cells are 

currently being debated.  Nonetheless, one of two divergent reasons for cell 

death have been purposed: 1) elimination of infected cells by the host or 2) 

gaining deeper access to the mucosa to prolong colonization by pathogens 

(Hausmann, 2010).  In the first case, programmed cell death is a strategy 

employed by the host to eliminate cells infected with invasive enteric 
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pathogens.  Apoptosis limits the intracellular replication of such pathogens 

thus inferring with the pathogenesis of invasive enteric pathogens (Kim et al., 

1998).  As ETEC bacteria are not invasive, it seems unlikely that the apoptosis 

of intestinal epithelial cells induced by STb is an attempt of the host to 

eliminate infected cells.  

 

As stated above, apoptosis of intestinal epithelial cells has also been suggested 

as a way of enteric pathogens of gaining deeper access to the mucosa 

(Hausmann, 2010). Indeed, intestinal epithelial cells produce mucin 

(McGuckin et al., 2011) and express Toll-Like Receptors 4 (TLR-4) (Gribar et 

al., 2008), both of which are implicated in the prevention of the spread of 

infections caused by enteric pathogens.  As such, the apoptosis of these cells 

abolishes the prevention of the spread of enteric pathogenic and results in 

these pathogens gaining a deeper access to underlying mucosa.  The gut 

mucosa is considered an attractive target for enteric pathogens as infection of 

the mucosa results in the induction of an inflammatory response.  This 

inflammatory response renders colonization of the mucosa by commensal 

strains difficult (Stecher et al., 2011) and leads to increased colonization by 

pathogenic Enterobacteriae contributing to the pathogenesis of these 

microorganisms (Lupp et al., 2007).   

 

Furthermore, the replacement of columnar intestinal epithelial cells by 

cuboidal or squamous cells following STb action (Rose et al., 1987) seems to 
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support the idea of STb
+
 ETEC strains gaining access to the mucosa.  

Columnar cells are implicated in the secretion of mucin (McGuckin et al., 

2011) which has been shown to possess the capacity of binding enteric 

pathogens such as Citrobacter rodentium to limit their spread (Linden et al., 

2008).  The replacement of columnar cells with cuboidal or squamous cells 

results in reduced mucin secretion as these cell types do not produce mucin 

(McGuckin et al., 2011).  Mucin depletion confers an advantage to pathogens 

seeking access to the mucosa.  Thus, it seems that the apoptosis of intestinal 

epithelial cells caused by STb as well as the replacement of columnar cells 

with cuboidal or squamous cells could be a strategy used by STb
+
 ETEC 

strains to gain access to the mucosa. 
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The results presented in this thesis demonstrate the ability of STb toxin to 

induce apoptosis in human and rat intestinal epithelial cells.  The apoptosis 

modulated by STb is a caspase-dependent phenomenon as activation of 

caspases-9 and -3 were observed in HRT-18 and IEC-18 cells.  The 

implication of caspase-9 demonstrates the stimulation of the intrinsic pathway 

as has been observed by other enterotoxins and pore-forming toxins indicating 

that STb induces cell death similarly to other toxins.  DNA laddering and 

nuclear condensation and fragmentation were also observed in HRT-18 and 

IEC-18 cells following STb treatment implying STb causes DNA damage 

responsible for cell death.  Apoptotic indexes revealed dose-dependent 

responses. 

 

The apoptosis observed in HRT-18 cells is an exciting finding as it indicates 

human cells can be intoxicated by STb and respond in a similar way to STb as 

rat cells, our in vivo model for studying STb.  Thus, this result represents a 

new argument to consider STb as a toxic molecule responsible for the 

development of diarrhea in humans and demonstrates a more important role 

for STb in the pathogenesis of ETEC in humans than previously assumed 

(Albert et al., 2008). As well, the apoptosis in HRT-18 cells induced by STb 

encourages the assessment of the effects of STb in other human cell lines and 

in human tissues. 
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The results presented here demonstrated the apoptogenic potential of STb 

toxin in both human and rat intestinal epithelial cells in in vitro conditions.  

This constitutes an important limitation of our study as in vitro conditions do 

not fully mimic in vivo conditions. However, the use of in vitro conditions 

simplified data interpretation and allowed us to verify our hypothesis before 

proceeding to the more complicated step of using in vivo models.   

 

The programmed cell death presented here could be partially responsible for 

the fluid accumulation observed in ligated intestinal loops as well as the loss of 

absorptive capacity associated with diarrhea induced by STb.  Thus, the 

evaluation of the apoptosis mediated by STb in in vivo conditions would allow 

us to determine a link between the diarrhea and apoptosis caused by STb.  
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1. CELL CYCLE ANALYSIS 

 

The processes of apoptosis and cell cycle progression are linked by 

mechanisms which currently remain elusive (Clarke et al., 2009).  Bacterial 

toxins and effectors capable of modulating cell cycle progression are known as 

cyclomodulins (Nougayrede et al., 2005).  Helicobacter pylori VacA toxin 

(Manente et al., 2008) and TxA (Carneiro et al., 2006, Nottrott et al., 2007) 

are toxins which cause intrinsic apoptosis and interfere with cell cycle 

progression.  Moreover, Goncalves et al. (2009) reported the observation of 

enlarged nuclei in NIH-3T3 cells treated with STb, a characteristic associated 

with cell cycle inhibition at the G2/M phases (Lin et al., 2004). However, 

interference with cell cycle progression by STb was not evaluated in the study 

conducted by Goncalves et al. (2009).  Hence, the ability of STb to act as a 

cyclomodulin requires further investigation. 

 

Indeed, both EHEC and EPEC produce a cyclomodulin known as cycle 

inhibiting factor (Cif) which arrests the process of mitosis thus resulting in the 

inhibition of the cell cycle progression at the G2/M phases (Marches et al., 

2003).   Additionally, the cytolethal distending toxin produced by pathogenic 

E. coli  has been shown to interfere with cell cycle progression also at the 

G2/M phases (Elwell et al., 2001).  Cell cycle inhibition at the G2/M phases 

has been proposed as a mechanism which disrupts cell renewal and 

developmental processes of the intestinal epithelium.  Consequently, cell 
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shedding fails to occur therefore allowing prolonged colonization and invasion 

by pathogenic bacteria (Nougayrede et al., 2005).  Furthermore, subsequent 

studies revealed the induction of apoptosis by both Cif (Samba-Louaka et al., 

2009) and cytolethal distending toxin (Jinadasa et al., 2011). Thus, it seems 

that the induction of apoptosis and the interference with the progression of the 

cell cycle appear to be linked in their contribution to the pathogenesis of 

enteric bacteria as both promote colonization and are executed by the same 

virulence factors. 

 

2. INVOLVEMENT OF OLIGOMERIZATION IN APOPTOSIS INDUCTION 

 

The capacity to form oligomers is a common characteristic shared by pore-

forming toxins mediating apoptosis through the intrinsic pathway such as 

Staphylococcus aureus -toxin (Bhakdi et al., 1991) and Helicobacter pylori 

VacA (Adrian et al., 2002).  Indeed, Labrie et al. (2002) demonstrated STb 

mutants in the C-terminal region, the domain responsible for oligomer 

formation, exhibited reduced enterotoxicity.  Thus, the implication of oligomer 

formation in the modulation of cell death by STb could be evaluated in a 

future study and would permit a greater understanding of the structure-

function relationship required for STb toxicity. 
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3. APOPTOSIS IN IN VIVO CONDITIONS 

 

The induction of apoptosis by STb toxin was studied here in in vitro 

conditions.  Fluid accumulation and histological damages occurring during 

diarrhea mediated by STb, on the other hand, have been observed in in vivo 

conditions with the use of ligated animal intestines. CPE (Chakrabarti et al., 

2005, McDonel, 1974) and VCC (Saka et al., 2008) are enterotoxins capable 

of modulating apoptosis and of causing histological damages similar to the 

ones observed during STb-mediated diarrhea.  Additionally, the inhibition of 

apoptosis modulated by TxA resulted in decreased fluid accumulation 

(Carneiro et al., 2006), suggesting a link between diarrhea and apoptosis. The 

evaluation of apoptosis in in vivo conditions would permit to establish and/or 

confirm a link between diarrhea and apoptosis. 

 

4. DEVELOPMENT OF A LOCAL APOPTOSIS INHIBITOR 

 

Glutamine is considered essential to the maintenance of the proper 

development and functioning of the intestinal epithelial cells in the gut.  

Indeed, glutamine has been shown to be implicated in acid-base homeostasis, 

gluconeogenesis, nitrogen transport, and synthesis of proteins and nucleic 

acids of intestinal epithelial cells (Roth et al., 2002).  Moreover, glutamine has 

also been shown to exert a beneficial effect on gut mucosa by reducing 

apoptosis of intestinal epithelial cells (Ban et al., 2010) induced by oxidants 
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(Jones, 2002).  Glutamine is also beneficial to the improvement of gut barrier 

function and gut immune responses (Roth et al., 1996).  Glutamine starvation, 

on the other hand, is associated with the occurrence of apoptosis of intestinal 

epithelial cells (Larson et al., 2007), villous atrophy and mucosal ulcerations 

(Labow et al., 2000). 

 

As glutamine has been shown to protect intestinal epithelial cells from 

oxidant-induced apoptosis, Carneiro et al. (2006) investigated the ability of 

glutamine to inhibit apoptosis induced by TxA.  Indeed, glutamine treatment 

of intestinal epithelial cells prior to intoxication with TxA resulted in the lack 

of caspase activation both in vitro and in vivo.  Fluid secretion and mucosal 

disruption associated with TxA were also reduced by glutamine treatment 

(Carneiro et al., 2006) indicating glutamine inhibits apoptosis and reduces the 

effects of diarrhea mediated by TxA.   As STb toxin induces apoptosis of 

intestinal epithelial cells as well as fluid secretion and reduction in mucosal 

surfaces during diarrhea, glutamine could represent a potential prophylactic 

treatment for the prevention of apoptosis and the resulting histopathologies 

caused by STb.   
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