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Abstract: Botulinum neurotoxins (BoNTs) are some of the most poisonous natural toxins known
to man and are threats to public health and safety. Previous work from our laboratory showed
that both BoNT serotype A complex and holotoxin can bind and transit through the intestinal
epithelia to disseminate in the blood. The timing of BoNT/A toxin internalization was shown to
be comparable in both the Caco-2 in vitro cell culture and in the oral mouse intoxication models.
Probiotic microorganisms have been extensively studied for their beneficial effects in not only
maintaining the normal gut mucosa but also protection from allergens, pathogens, and toxins. In this
study, we evaluate whether probiotic microorganisms will block BoNT/A uptake in the in vitro cell
culture system using Caco-2 cells. Several probiotics tested (Saccharomyces boulardii, Lactobacillus
acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus reuteri) blocked BoNT/A uptake in a
dose-dependent manner whereas a non-probiotic strain of Escherichia coli did not. We also showed
that inhibition of BoNT/A uptake was not due to the degradation of BoNT/A nor by sequestration of
toxin via binding to probiotics. These results show for the first time that probiotic treatment can inhibit
BoNT/A binding and internalization in vitro and may lead to the development of new therapies.
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1. Introduction

Botulinum neurotoxins are produced by the ubiquitous, gram-positive, anaerobic spore-forming
Clostridium species and are the causative agent of botulism [1,2]. There are at least seven, possibly
eight, different serotypes of BoNTs (A–H) of which A, B, E, and F are known causes of botulism in
humans [3–7]. BoNTs are highly poisonous to humans with a parenteral lethal dosage of 0.1–1 ng/kg
and an oral dose of 1 µg/kg. They are classified by the Centers for Disease Control and Prevention
(CDC) as among the highest threats for bioterrorism (Tier 1 Category A agents). Additionally, BoNTs
remain a public health and safety threat in the form of foodborne, wound, and infant botulism. Due
to its mortality and morbidity, there is a significant economic burden associated with the long-term
management of intoxication.

BoNTs are A-B dimeric toxins synthesized as ~150 kDa holotoxin with a heavy chain ~100 kDa
linked by a disulfide bond to the light chain ~50 kDa. There are three functional domains: a receptor
binding domain (HC), translocation domain (HN), and a catalytic domain (LC) [7]. The preferential
target cells for BoNTs are the peripheral cholinergic neurons. Binding of HC to carbohydrate and
protein receptors on the presynaptic membrane results in BoNT endocytosis [8–10]. Internalization
of BoNTs leads to HN pore formation in the endosomal membrane resulting in the translocation
of the catalytic domain LC into the cytosol [11–14]. The catalytic domain LC is a zinc-dependent
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endopeptidase that cleaves proteins associated with intracellular vesicular transport such as SNAP-25
(synaptosome-associated protein of 25 kDa), VAMP (vesicle-associated membrane protein), or
syntaxin [15–17]. Due to the cleavage of these mediators of intracellular transport, exocytosis
of the neurotransmitter acetylcholine from neurons is inhibited causing flaccid muscle paralysis.
In foodborne illnesses caused by BoNTs, toxins must be able to survive initially in the lumen of
the gastrointestinal tract, then bind and translocate through the intestinal epithelium to reach the
bloodstream. Previous work from our laboratory showed that the BoNT/A complex, comprised of the
combination of holotoxin with neurotoxin-associated proteins (NAPs), binds and transits through the
intestinal epithelia to disseminate in the blood faster than BoNT/A holotoxin alone [18]. Therefore,
understanding the mechanism(s) in which BoNTs bind to and breach this epithelial barrier is of great
scientific interest because of the potential development of new therapeutics to inhibit this required first
step of oral intoxication.

The gastrointestinal tract (GI) has evolved as one of the largest barriers to segregate the
extracellular milieu from mammalian cells. Colonization of the gastrointestinal tract by a variety of
commensal bacteria aid in not only the digestion and absorption of nutrients but also the development
and regulation of the mucosal immune system [19]. There are anywhere between 1010 to 1012

colony-forming units per gram of intestinal content in the colon and 60% of all fecal matter mass
in humans is due to bacteria [20]. The colonization of the GI tract with microbes carries with it the
risk of infection and inflammation if the barrier between the microorganisms and hosts is damaged.
The intestinal epithelium acts as a physical and biochemical barrier to not only commensal and
pathogenic bacteria but also to all other luminal contents including other injurious matter such as
toxins. Specialized intestinal epithelial cells (IECs) are able to sense and respond to these stimuli
with appropriate responses such as increasing their barrier function to activation of anti-pathogenic
immune mechanisms [19].

Probiotics, as defined by the World Health Organization (WHO), are live microorganisms that
provide health benefits to hosts when ingested in adequate amounts. They have been shown to have
potential significant therapeutic value for a range of diseases such as H. pylori infection, irritable
bowel syndrome, and inflammatory bowel disease (ulcerative colitis and Crohn’s disease) as well as
boosting the immune system of healthy individuals [21–26]. The most common probiotic strains used
are Lactobacillus, Bifidobacteria, and the yeast strain Saccharomyces cerevisiae var boulardii (SB). Lactic
acid bacteria and bifidobacteria have been shown to remove heavy metals [27], cyanotoxins [28], and
mycotoxin from in vitro aqueous solutions [29,30]. The probiotic effects seen are both strain and species
dependent indicating that combinations of different strains and species may need to be tailored to the
specific issue at hand rather than having one “universal” probiotic therapy. Though some beneficial
effects of probiotics have been shown in both in vivo and in vitro studies, the exact mechanism(s) that
is responsible for these beneficial effects remains to be fully elucidated. The mechanisms that have
been attributed to probiotics are: (a) maintenance of the gut epithelial barrier, (b) competitive exclusion
of pathogenic organisms, (c) secretion of antimicrobial products, and (d) regulation of the mucosal
immune system in favor of the hosts.

Since probiotics have been shown to block pathogen internalization as well as remove heavy
metals and some toxins, we wondered if probiotics may block entry and subsequent internalization of
BoNT/A in an in vitro cell based assay system using Caco-2 cells.

2. Results

2.1. The Effect of Pre-Treatment with Saccharomyces Boulardii on BoNT/A Uptake in Caco-2 Cells

Previous work in our laboratory established two in vitro Caco-2 cell models to test the entry
and subsequent internalization of BoNT/A holotoxin and BoNT/A complex (AC) [18]. This study
showed that BoNT/A entry and internalization was enhanced by the presence of neurotoxin-associated
proteins in the BoNT/A complex. Significant internalization of toxin complex was achieved by 4 h
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post-intoxication whereas holotoxin was slightly delayed. Since some probiotics have been shown
to be important for inhibition of pathogens as well as toxin binding to host mammalian cells, we
wondered if pre-treatment with the probiotic yeast strain Saccharomyces boulardii (SB) would have a
negative effect on BoNT/A binding and internalization in Caco-2 cells.

We chose a simple Caco-2 cell model to study the effect of probiotics on BoNT/A entry. This
in vitro model was shown to mirror results found through the in vitro polarized Caco-2 epithelial
cell and in the mouse oral intoxication model [18]. Caco-2 cells were either pre-treated with
media (control) or SB low (104 CFU) or high (108 CFU) concentrations for 30 min at 37 ◦C before
removal of non-adherent SB and subsequent washing with 1× HBSS three times. Cells were
then incubated with 50 ng/mL of BoNT/A toxin complex at 37 ◦C for 4 h. At the end of this
incubation, cells were washed and fixed with 4% paraformaldehyde. Immunostaining was performed
to detect BoNT/A toxin using a polyclonal rabbit anti-BoNT/A antibody with detection using a goat
anti-rabbit-IgG-Alexa-488. Additionally, these coverslips were stained with Rhodamine-Phalloidin to
delineate the actin cytoskeleton in mammalian cells. DAPI was used to stain nuclear DNA. Images
were obtained throughout the depth of the cells to measure the internalization of BoNT/A. Mean
fluorescence intensities were measured throughout the depth of each field of cells (Z stack) containing
the same area. Mean intensity multiplied by area for each Z section was calculated and the sum of the
total fluorescence was defined as BoNT/A signal indicating cellular uptake. The mean of the BoNT/A
signal was calculated and the statistical significance was determined for each condition.

A statistically significant cellular uptake of BoNT/A after 4 h incubation of BoNT/A toxin
complex as compared to the control treated with media alone (BoNT/A vs. control, p = 0.0004) is seen
in Figure 1A. BoNT/A present in Caco-2 cells was visualized with bright green fluorescence while
the actin cytoskeleton was stained in red and DAPI stained the cellular nuclei blue. Signal intensity
for the different conditions were quantified in Figure 1B. Figure 1 shows that pre-treatment with SB
30 min prior to toxin addition has a negative effect on BoNT/A uptake. The addition of 108 CFU of SB
reduces the BoNT/A fluorescence signal (decrease in green fluorescence) even more than 104 CFU,
indicating that there is a dose-dependent effect on internalization and that it is statistically significant
(BoNT/A vs. BoNT/A + Low SB, p = 0.0181; BoNT/A vs. BoNT/A + High SB, p = 0.0013).
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Figure 1. Internalization of BoNT/A into Caco-2 cells is significantly reduced in a dose-dependent
manner by pre-treatment with the probiotic Saccharomyces boulardii. (A) Caco-2 cells were treated with
media (control) or BoNT/A complex for 4 h at 37 ◦C. Some Caco-2 cells were either pre-treated with
Saccharomyces boulardii (SB) for 30 min at 37 ◦C at either high SB (108 CFU) or low SB (104 CFU) before the
addition of BoNT/A. Cells were fixed and stained with Alexa-488 labeled antibodies to BoNT/A, DAPI
(nuclear), and Rhodamine-Phalloidin (actin cytoskeleton). Representative images at 40× magnification
are shown; (B) The cellular uptake of BoNT/A was quantified by determining the mean fluorescence
of three randomly chosen optical fields from each of four coverslips per experiment using ImageJ
software. Values represent means of four independent experiments ± SEM. Statistical significance was
determined using two-way ANOVA followed by the Tukey-Kramer test where multiple groups that
are compared with p-values < 0.05 are taken to indicate significant differences between groups (*).

2.2. The Effect of Pre-Treatment with Escherichia coli MG1655 on BoNT/A Uptake in Caco-2 Cells

Since we see a significant reduction on the internalization of BoNT/A into Caco-2 cells with SB in
a dose-dependent manner, one can argue that this decrease in cellular uptake may be inherently due to
non-specific interactions between any microorganism given in sufficient quantities. To assess whether
this hypothesis was true, we asked whether a non-probiotic strain of Escherichia coli K12 MG1655 (EC)
can reduce the uptake of BoNT/A in Caco-2 cells. As seen in Figure 2A,B, we show that EC does
not have any statistically significant effect on BoNT/A uptake either at a low dose (104 CFU) or a
high dose (108 CFU) unlike SB (Figure 1A,B). However, a statistical difference was seen between the
control media alone compared to the sample treated with BoNT/A complex (control vs. BoNT/A,
p < 0.0001). These results support the hypothesis that probiotics can have a beneficial effect on blocking
the internalization of the foodborne toxin botulinum neurotoxin serotype A.

2.3. The Effect of Pre-Treatment with Lactobacillus Acidophilus, Lactobacillus rhamnosus LGG, and
Lactobacillus Reuteri on BoNT/A Uptake in Caco-2 Cells

We showed in Figure 1 that the probiotic yeast strain SB has a beneficial effect on decreasing
the uptake of BoNT/A in our in vitro cell culture system. We wanted to ask if other probiotic strains
such as Lactobacilli would have a similar effect because some Lactobacilli strains such as Lactobacillus
acidophilus (LA), Lactobacillus rhamnosus (LGG), and Lactobacillus reuteri (Lr) have been shown to have
beneficial effects on host physiology against pathogen and toxin injuries.

Lactobacilli treatment severely reduces BoNT/A uptake into Caco-2 cells (Figure 3A,B). This
severe inhibition of BoNT/A internalization by LA, LGG, and Lr is more dramatic than with SB
(Figure 3A,B vs. Figure 1A,B). Additionally, the dose-dependent BoNT/A uptake decrease seen with
SB does not seem to happen with LA, LGG, or Lr. A low dose (104 CFU) of LA, LGG, and Lr is sufficient
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to almost completely block BoNT/A internalization to the levels seen in control cells which have not
seen toxin (BoNT/A vs. LA Low, p = 0.0018; BoNT/A vs. LGG Low, p = 0.0019; BoNT/A vs. Lr Low,
p = 0.0007). These results suggest that there may be differences in the ability of various probiotic strains
to efficiently block some foodborne toxins such as BoNT/A.Toxins 2016, 8, 377  5 of 16 
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Figure 2. Pre-treatment with Escherichia coli MG1655 does not affect the internalization of BoNT/A
into Caco-2. (A) Caco-2 cells were treated with media (control) or BoNT/A complex for 4 h at 37 ◦C.
Some Caco-2 cells were either pre-treated with Escherichia coli (EC) for 30 min at 37 ◦C at either
high EC (108 CFU) or low EC (104 CFU) before the addition of toxin. Cells were fixed and stained
with Alexa-488 labeled antibodies to BoNT/A, DAPI (nuclear), and Rhodamine-Phalloidin (actin
cytoskeleton). Representative images at 40× magnification are shown; (B) The cellular uptake of
BoNT/A was quantified by determining the mean fluorescence of three randomly chosen optical
fields from each of three coverslips per experiment acquired using a Zeiss Axio Observer.Z1 with
Apotome.2 and analyzed with Zeiss Zen Pro 2012 software. Values represent means of four independent
experiments ± SEM. Statistical significance was determined using two-way ANOVA followed by the
Tukey-Kramer test where multiple groups that are compared with p-values < 0.05 are taken to indicate
significant differences between groups (*). There is no statistical significance with pretreatment with EC.



Toxins 2016, 8, 377 6 of 15

Toxins 2016, 8, 377  6 of 16 

 

Lactobacilli  treatment  severely  reduces BoNT/A uptake  into Caco‐2  cells  (Figure 3A,B). This 

severe  inhibition of BoNT/A  internalization by LA, LGG,  and Lr  is more dramatic  than with SB 

(Figure 3A,B vs. Figure 1A,B). Additionally, the dose‐dependent BoNT/A uptake decrease seen with 

SB does not seem  to happen with LA, LGG, or Lr. A  low dose  (104 CFU) of LA, LGG, and Lr  is 

sufficient to almost completely block BoNT/A internalization to the levels seen in control cells which 

have not seen toxin (BoNT/A vs. LA Low, p = 0.0018; BoNT/A vs. LGG Low, p = 0.0019; BoNT/A vs. 

Lr Low, p = 0.0007). These  results  suggest  that  there may be differences  in  the ability of various 

probiotic strains to efficiently block some foodborne toxins such as BoNT/A. 

 

Toxins 2016, 8, 377  7 of 16 

 

 

Figure  3.  Pre‐treatment  with  the  probiotic  Lactobacillus  acidophilus,  Lactobacillus  rhamnosus,  and 

Lactobacillus reuteri blocks internalization of BoNT/A into Caco‐2 cells. (A) Caco‐2 cells were treated 

with media (control) or with BoNT/A for 4 h at 37 °C. Some Caco‐2 cells were either pre‐treated with 

Lactobacillus acidophilus (LA), Lactobacillus rhamnosus (LGG), or Lactobacillus reuteri (Lr) for 30 min at 

37°C at either high (108 CFU) or low (104 CFU) before addition of BoNT/A complex. Cells were fixed 

and  stained  with  Alexa‐488  labeled  antibodies  to  BoNT/A,  DAPI  (nuclear),  and  Rhodamine‐

Phalloidin (actin cytoskeleton). Representative images showing BoNT/A fluorescence are shown; (B) 

The  cellular  uptake  of  BoNT/A was  quantified  by  determining  the mean  fluorescence  of  three 

randomly  chosen  optical  fields  from  each of  the  four  coverslips per  strain per  experiment using 

ImageJ  software.  Values  represent  means  of  four  independent  experiments  ±  SEM.  Statistical 

significance was determined  using  two‐way ANOVA  followed  by  the Tukey‐Kramer  test where 

multiple  groups  are  compared with  p‐values  <  0.05  are  taken  to  indicate  significant  differences 

between groups (*). 

Figure 3. Pre-treatment with the probiotic Lactobacillus acidophilus, Lactobacillus rhamnosus, and
Lactobacillus reuteri blocks internalization of BoNT/A into Caco-2 cells. (A) Caco-2 cells were treated
with media (control) or with BoNT/A for 4 h at 37 ◦C. Some Caco-2 cells were either pre-treated with
Lactobacillus acidophilus (LA), Lactobacillus rhamnosus (LGG), or Lactobacillus reuteri (Lr) for 30 min at
37 ◦C at either high (108 CFU) or low (104 CFU) before addition of BoNT/A complex. Cells were fixed
and stained with Alexa-488 labeled antibodies to BoNT/A, DAPI (nuclear), and Rhodamine-Phalloidin
(actin cytoskeleton). Representative images at 40× magnification showing BoNT/A fluorescence are
shown; (B) The cellular uptake of BoNT/A was quantified by determining the mean fluorescence
of three randomly chosen optical fields from each of the four coverslips per strain per experiment
using ImageJ software. Values represent means of four independent experiments ± SEM. Statistical
significance was determined using two-way ANOVA followed by the Tukey-Kramer test where
multiple groups are compared with p-values < 0.05 are taken to indicate significant differences between
groups (*).
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2.4. Evaluation of the Mechanism Used by Probiotic Strains to Block BoNT/A Internalization

We have shown that treatment with SB, LA, LGG, and Lr strains prior to the addition of
BoNT/A complex reduced the internalization of BoNT/A toxin in a colonic adenocarcinoma cell
model. However, the mechanism(s) used by probiotics to block BoNT/A internalization is still unclear.
One potential mechanism of action would be for these probiotics to secrete proteases that could
degrade BoNT/A and hence there would be less BoNT/A to bind to and be internalized into the cells.
Another mode of action would be for non-specific binding of BoNT/A to the probiotics themselves
(i.e., cell walls) thus sequestering BoNT/A from its cellular receptors and not allowing for binding and
subsequent internalization. A third potential mechanism is for the probiotics to compete for binding
with BoNT/A to its cellular receptors, thus blocking binding and internalization.

We sought to answer this important question using a co-precipitation assay with the results
detected using an antibody that recognizes BoNT/A in Western blots. BoNT/A (2 µg/mL) was
added to an aliquot of washed overnight bacterial cultures (EC, SB, LA, LGG, and Lr) in 1× HBSS
and then incubated for 4 h at 37 ◦C. The samples were centrifuged to fractionate BoNT/A into
soluble supernatant (unbound) and insoluble pellet (bound). Protein samples from each fraction were
TCA-precipitated, solubilized in protein sample buffer, and prepared for SDS-PAGE electrophoresis.
Proteins were transferred onto PVDF membrane and immunoblotting was performed. A rabbit
polyclonal anti-BoNT/A was used to bind to BoNT/A and detection was enabled by the addition of a
goat anti-rabbit IgG conjugated to horseradish-peroxidase. Chemiluminescent substrate was added
and signal was detected using an AlphaImager. Densitometry was used to detect signal intensity using
the FluorChemSP.

In Figure 4B, full length BoNT/A is predominately detected in Western blots at the expected size
of ~150 kDa whether treated with EC, SB, LA, LGG, or Lr. This result suggests that the mechanism of
action with any of the probiotics to decrease BoNT/A internalization is not due to the degradation of
BoNT/A by secreted probiotic proteases (Figure 4A,B). As expected, treatment with EC, a non-probiotic
strain that does not decrease BoNT/A uptake in cells, fractionates the BoNT/A mainly in the soluble
supernatant unbound fraction ~83% with ~17% found in the insoluble bound pellet. BoNT/A is found
exclusively in the soluble supernatant fraction and not bound to SB in the pellet (EC pellet vs. SB pellet,
p = 0.0272). LA, LGG, and Lr were found to be even more efficient than SB in inhibiting BoNT/A
uptake and all three show BoNT/A is present predominately in the soluble supernatant fraction similar
to EC. These results suggest that probiotics themselves are not non-specifically sequestering toxins
from mammalian cells. Thus, the most likely mechanism of action is due to competition between the
probiotics and BoNT/A for the same cellular receptors either directly or via steric-hindrance.
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Figure 4. Decreased cellular uptake of BoNT/A complex is not due to the proteolytic degradation of
holotoxin nor binding of toxin to probiotics. BoNT/A was added to either Escherichia coli MG1655,
or probiotics and incubated for 4 h at 37 ◦C. Soluble supernatant (S) and insoluble pellet (P) fractions
were precipitated with trichloracetic acid (TCA). Precipitates were solubilized with sample loading
buffer and loaded onto 10% Bis-Tris NuPage gels. Gels were transferred onto PVDF membranes
and incubated with primary polyclonal antibody to BoNT/A (Metabiologics) and secondary goat
anti-rabbit-HRP. Western blot was developed using Pierce SuperSignal ECL substrate. (A) Mean
percent signal of BoNT/A in each fraction was quantified from four independent experiments ± SEM
using FluorChem SP (Alpha Innotech); (B) Representative Western depicting the presence of full length
BoNT/A. Statistical significance was determined by a two-tailed unpaired Student’s t-test, (*) p < 0.05.

3. Discussion

Botulinum neurotoxins, with their potential contamination of food, are bioterror threats as
well as public health hazards. Consumption of botulinum neurotoxins from food sources leads to
muscle paralysis and/or death for humans. There is a significant economic burden due to botulinum
intoxication because of the need for long term supportive care and intensive hospitalization associated
with this disease. Therefore, studies to elucidate the initial entry and internalization process of the
toxin in the gut is of critical importance because of the potential development of new therapies to
proactively block intoxication or in ameliorating the function of the toxin after ingestion.

BoNTs also cause infant botulism, which is usually associated with the ingestion of foods
contaminated with Clostridia spores. Ingestion and subsequent germination of these spores into
viable neurotoxigenic bacteria that are able to colonize the infant gastrointestinal system due to the lack
of a robust gut microbiota to outcompete Clostridia [1,31]. BoNTs after ingestion or in situ production
from bacteria must be able to survive in the lumen of the gastrointestinal tract and then traverse the
intestinal epithelium from the apical to the basolateral side to reach its target cells.

The mechanism(s) as to how this occurs has been a major focus in the field. Previous work
showed that the majority of toxin absorption occurs in the mouse upper small intestine [7,32]. One
model for the transit of BoNTs suggests that the holotoxin itself can transcytose through the intestinal
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epithelium [33–35]. A second model for the BoNT absorption from the epithelium implicates the
hemagglutin proteins (HA) in this process by binding cell surface receptors on the apical side,
transcytosis, and potential disruption of the epithelial barrier at the basolateral side to allow for
paracellular transport of the toxins in certain situations [33,36]. Our lab has shown in in vitro and
in vivo intoxication models that neurotoxin-accessory proteins enhanced the rate of entry of BoNT/A
in comparison to holotoxin alone, and entry was localized first to intestinal villi and subsequently to
the intestinal crypts [18].

The major defensive mechanism of the gut is thus the intestinal barrier, which maintains epithelial
integrity, and protects the host from the environment. In defense of this barrier, there are also the
mucous layer, antimicrobial peptides, secretory IgA, and the epithelial junction adhesion complex [37].
Disruption of this barrier allows for bacteria and food antigens to reach the submucosa, which can
induce an inflammatory response potentially leading to the intestinal disorders such as inflammatory
bowel disease [38,39]. Probiotic treatment has been shown to have many beneficial effects including:
(a) therapeutic treatment for human diseases, (b) inhibition of growth and toxin production for
pathogens, and (c) extraction of heavy metals and toxins (aflatoxin B1) from solution.

Studies have suggested that probiotics enhance the expression of genes involved in tight junction
signaling as a possible mechanism to reinforce the integrity of the intestinal epithelium [40]. An
example of this is that Lactobacilli treatment in a T84 cell barrier model modulates several genes such
as E-cadherin and β-catenin that affect adherence cell junctions. Lactobacilli treatment of intestinal cells
also differentially regulates the phosphorylation of adherence junction proteins and the abundance
of protein kinase C (PKC) isoforms, such as PKCδ, thereby positively reinforcing epithelial barrier
function [41]. Not only is the epithelial barrier reinforced before damage, work with the probiotic
Escherichia coli Nissle 1917 strain (EcN1917) suggests that it can initiate repair of the mucosal barrier
after damage by enteropathogenic E. coli in T84 and Caco-2 cells by enhancing the expression and
redistribution of tight junction proteins of the zonula occludens (ZO-2) and PKC [42,43]. Similar repair
mechanisms have been reported with treatment with Lactobacillus casei DN-114001 [44] and VSL3
(a pre- and probiotics mixture) [45].

Studies have also shown that probiotics are able to modify their environment to make it more
hostile to their potential competitors. The production of antimicrobial substances such as lactic and
acetic acid is one example of this modification. Lactobacillus cocultivation with E. coli O157:H7 in broth
culture produced organic acids which lead to a decrease in both pH and stx2A expression [46].

We have shown that pre-treatment with the yeast strain Saccharomyces boulardii significantly
decreased BoNT/A binding and internalization in Caco-2 cells after 4 h in a dose-dependent
and specific manner whereas the control non-probiotic strain E. coli did not (Figure 1A,B vs.
Figure 2A,B). Treatment with Lactobacillus acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus
reuteri demonstrated an even greater protective effect than Saccharomyces boulardii by almost completely
abolishing BoNT/A binding and internalization at the lower 104 CFU dose (Figure 3A,B vs.
Figure 1A,B). We have also tested the inhibition of BoNT/A binding using different commercial
probiotic supplements, most showed inhibitory effects (data not shown). These results suggest
that, consistent with other probiotic studies, the beneficial effects of probiotics are strain- and
species-dependent [47,48]. The probiotic E. coli strain Nissle 1917 was however not available in
the U.S. for use in comparison testing at the time of study. Further research using probiotic E. coli
or comparable strains are needed to elucidate the mechanism of inhibition. Future studies are also
needed to determine the right formulation or combination of probiotic strains for optimal toxin entry
inhibition and the specific mechanisms of toxin entry inhibition.

What role do probiotic organisms play in the defense of the intestinal epithelium against toxic
invader and block BoNT/A entry? One hypothesis would be that the toxin itself could be degraded by
the probiotics via secretion of proteases, thus rendering the toxin unable to bind its cellular receptors.
An alternative theory would be that the probiotics would non-specifically bind BoNT/A itself due
to some constituent of their cell walls, thus titrating the toxin from the host cells. A third potential
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mechanism would competitive inhibition between the probiotics and BoNT/A for binding to the host
cell either through direct exclusion of BoNT/A from binding to the host cell receptors or indirect
exclusion of BoNT/A due to steric hindrance from probiotic binding to the cell membrane. The
adhesive properties due to the interactions between surface proteins and mucins may be utilized
by some probiotic strains as an antagonistic mechanism against gastrointestinal pathogens as well
as some toxins. Since binding to the mucous layer and intestinal cells is required for entry and
colonization by many pathogens and toxins, mechanisms that will inhibit this first required step are
critical for disease prevention. To prevent enteric infections, approaches such as (a) the development of
synthetic oligosaccharide-based anti-infectives such as Synsorb (inert silica particles-linked to synthetic
oligosaccharides) have been developed against the following: Stx1/2-Gb3, Stx2e-Gb4, Ctx-GM1,
LT-GM1, epsilon toxin-GM2, TcdA-Lewis X and Lewis Y, botulinum neurotoxin- GD1a, GT1b, E. coli
K88 ad fimbriae-nLc4, and E. coli P pili- Gb3 and Gb4) and (b) recombinant receptor mimics against
STEC [49].

There are a variety of mechanisms used by bacterial species to exclude or reduce the growth of
another species such as creation of a hostile environment, blocking available receptor sites, production
and secretion of antimicrobial products and specific metabolites, and competitive depletion of essential
nutrients [50]. Lactobacilli and bifidobacteria have been shown to inhibit a broad range of pathogens
including E. coli, Salmonella, Helicobacter pylori, Listeria monocytogenes, and Rotavirus [21,51–57]. It
has been shown that some lactobacilli and bifidobacteria compete for binding to host cell receptors
because they share the same carbohydrate-binding specificities with some enteropathogens [58–60].
Lactobacillus rhamnosus has been shown to inhibit the internalization of enterohemorrhagic E. coli
(EHEC) [61]. Generally, the ability of probiotic strains to inhibit pathogen attachment relies on steric
hindrance of enterocyte pathogen receptors [62].

In Figure 4A,B, westerns blots indicate the presence of full-length BoNT/A in the presence of
all strains including the probiotics. This suggests that degradation of BoNT/A is not the mechanism
used by the probiotics strains to interfere with BoNT/A entry. Densitometry analysis indicates that
BoNT/A remains mostly soluble in the supernatant rather than sedimenting with the bacterial/yeast
insoluble pellet (Figure 4A). Thus, the non-specific binding of probiotic bacteria to cell wall constituents
therefore blocking the accessibility of BoNT/A receptors could be a likely mechanism that needs
further investigation.

Our results suggest that the BoNT/A internalization could be blocked by the probiotics strains
of SB and some lactobacilli species. For the first time, we show a potential beneficial role that some
probiotics may have in blocking the development and/or limiting the effects of human botulism. These
results may lead to the development of new therapeutics for food-borne but especially relevant in
regards to infant botulism. Development of a probiotic “cocktail” to initially seed the undeveloped
infant gut to establish an environment of beneficial gut microbiota may protect against both Clostridia
colonization and/or toxin absorption.

4. Conclusions

We show that probiotics may be beneficial in preventing the binding and internalization of
botulinum neurotoxin serotype A to mammalian cells. The data suggests that the mechanism involved
in this process is competitive inhibition between the probiotic strains and BoNT/A for host cell
membrane receptors rather than degradation of BoNT/A or non-specific binding of toxin to the
probiotics themselves.

5. Materials and Methods

5.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM) (containing 4.5 g/L D-glucose and GlutaMAX),
penicillin and streptomycin (100×), fetal bovine serum (FBS), TrypLE Select, Hanks’ balanced salt
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solution (HBSS), and phosphate buffer solution (PBS) (10×) were purchased from Life Technologies
(Carlsbad, CA, USA). The human colon carcinoma cell lines (Caco-2 cells, ATCC, Manassas, VA, USA)
were grown in DMEM. Cells after 50–70 passages were used in the uptake study. L. rhamnosus LGG
(ATCC 53103), L. reuteri (ATCC 23272), L. acidophilus (ATCC 4356), and Saccharomyces boulardii (ATCC
MYA-796) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). All
other chemicals and reagents used were obtained from Sigma-Aldrich (St. Louis, MO, USA). Escherichia
coli K12 MG1655 (EC) was obtained from Dr. Lisa Gorski at the Western Regional Research Center.

5.2. Growth of Yeast and Bacterial Cultures

Escherichia coli K12 MG1655 (EC), L. rhamnosus (LGG), L. reuteri (Lr), L. acidophilus (LA), and
Saccharomyces cerevisiae var boulardii (SB) were grown overnight in growth broth (LB, YPD, and
MRS), washed two times with phosphate buffered saline (PBS) and resuspended in Hank’s balanced
salt solution (HBSS) at either 104 or 108 CFU/mL. The initial concentration was determined by
spectrophotometry at 600 nm and the numbers of bacteria were verified by pour-plate assay using (LB,
YPD, and MRS) agar and standard serial dilution techniques.

5.3. Caco-2 Culture and Pre-Treatment with Probiotic Cultures

Human colonic carcinoma Caco-2 cells were grown on acid-washed 25 mm glass coverslips
incubated in DMEM containing 10% FBS, 1× nonessential amino acid (NAA), and 1X penicillin and
streptomycin at 37 ◦C in a 90% humidity and 5% CO2 incubator (Sanyo, Osaka, Japan). Caco-2
cells were seeded at a density of 1.2 × 105 cells/well. The media was changed every two days.
After five days, the cell monolayers were observed by optical microscopy (Leica Microsystems,
Buffalo Grove, IL, USA) to ensure that the cells reached about 90% confluence. On the day of
experiment, Caco-2 cell monolayers were washed with 1X HBSS two times and pretreated either
with 104 or 108 EC, LGG, Lr, LA, or SC prepared in HBSS for 30 min. Non-adherent bacteria were
removed from the culture with three washes of HBSS. After pretreatment, glass coverslips containing
bacteria-bound Caco-2 monolayers were treated with BoNT/A complex, 50 ng·mL−1 (56 pM) in
HBSS for 4 h. After incubation, the coverslips were washed three times with 1X PBS and fixed in
4% paraformaldehyde (PFA, Affymetrix, Santa Clara, CA, USA) for 10 min and rinsed with 1X PBS
before immunofluorescence staining.

5.4. Immunofluorescence Staining

Fixed glass coverslips containing Caco-2 cells were rinsed twice with PBS and permeabilized
with 1% triton X-100 in PBS for 30 min. Cells were incubated with blocking solution (2% goat serum,
0.2% Triton X-100, and 0.1% Bovine Serum Albumin) for 1 h, and then incubated with 1:250 blocking
buffer diluted solutions of a polyclonal rabbit antibody against BoNT/A (2 mg·mL−1 of stock) and
Rhodamine-Phalloidin (actin stain, Molecular Probes; Life Technologies). After washing three times,
cells were incubated with Alexa Fluor 488 to rabbit IgG (1:500 dilution; Life Technologies) and mounted
onto glass slides using the hard-set DAPI mounting medium (Vector Laboratories). Fluorescence
signals from Z stacks representing the top to the bottom of optical fields were visualized with either the
Leica Microsystems confocal microscope (Leica TCS SP5) or with Zeiss Axio Observer.Z1 microscope
with Apotome.2 with the appropriate filters set at 40× magnification. Negative controls were prepared
by omitting the primary antibodies.

5.5. Western Blotting

Western blotting was performed to evaluate the probiotic mechanism of action with the BoNT/A
neurotoxin. E. coli, L. rhamnosus, L. reuteri, L. acidophilus, and Saccharomyces boulardii were grown
overnight in growth media (LB, YPD, and MRS). One mL of bacteria was washed three times with 1X
HBSS and resuspended in 1 mL of HBSS. Aliquots of 50 µL bacteria mixture were taken from each strain
and put in 1.5 mL Eppendorf Lo-bind tubes. Each tube containing bacteria was treated with 2 µL of
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1 mg/mL BoNT/A complex for 4 h at 37 ◦C in a 90% humidity and 5% CO2 incubator. After incubation,
the tubes were centrifuged at 2000 × g for 5 min and the supernatant and pellet were separated. Protein
samples were TCA precipitated and separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) with NuPAGE 10% Bis-Tris gels (Invitrogen) followed by Western blotting.
The resolved proteins were transferred to a PVDF membrane (Immobilon). The membrane was
blocked in 5% milk-Tris-buffered saline-0.05% Tween 20 buffer then probed with polyclonal rabbit
anti-BoNT/A antibody (2 mg·mL−1 of stock) diluted to 1:2000 with blocking solution followed by
secondary antibody (Horseradish peroxidase (HRP)-conjugated; 1:2000). The blot was incubated in
Pierce ECL Western Blotting Substrate solution (Thermo Scientific). Protein bands from peroxidase
activities to chemiluminescent substrates were developed and detected using the FluorChem SP
AlphaImager (Alpha Innotech, San Leandro, CA, USA). Molecular weight standards were purchased
from Invitrogen. Densitometry was performed using the FluorChem analysis software. Percent of
BoNT/A signal from the soluble and pellet was quantified from four independent experiments and
plotted using GraphPad Prism 6.

5.6. Statistics

For the cell culture studies, n = number of independent experiments, each independent experiment
contained triplicate culture wells with one coverslip per each study condition. BoNT/A signal,
representing the total fluorescence intensity in the cells calculated from area multiplied by mean
intensity, was quantified from at least 30 optical fields (Z stacks) taken from four independent
experiments. For quantification, the mean fluorescence was measured in at least three randomly
selected non-overlapping 40× fields with each containing approximately 100–150 Caco-2 cells. All data
were expressed as mean ± standard error of the mean (SEM) and assessed using two-way ANOVA
followed by the Tukey-Kramer test where multiple groups are compared with p values < 0.05 are taken
to indicate significant differences between groups. Western data was assembled from four independent
experiments and statistical significance was determined by two-tailed unpaired Student’s t-test.

Acknowledgments: This work was funded by the United States Department of Agriculture, Agricultural Research
Service, National Program project NP108, CRIS 5325-42000-049-00D. Larry H. Stanker was also funded by
interagency agreement IAA#40768.

Author Contributions: L.W.C., T.I.L., and C.C.T. conceived and designed the experiments; T.I.L. and C.C.T.
performed the experiments; L.W.C., T.I.L., and C.C.T. analyzed the data; L.H.S. contributed reagents; C.C.T.,
L.H.S., and L.W.C. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BoNTs Botulinum neurotoxins
NAPs neurotoxin-associated proteins
CFU colony forming unit
PBS phosphate buffered saline

References

1. Arnon, S.S.; Schechter, R.; Inglesby, T.V.; Henderson, D.A.; Bartlett, J.G.; Ascher, M.S.; Eitzen, E.; Fine, A.D.;
Hauer, J.; Layton, M.; et al. Botulinum toxin as a biological weapon: Medical and public health management.
J. Am. Med. Assoc. 2001, 285, 1059–1070. [CrossRef]

2. Center for Disease Control and Prevention. 2015 Annual Report of the Federal Select Agent Program; Center for
Disease Control and Prevention: Atlanta, GA, USA, 2016.

3. Barash, J.R.; Arnon, S.S. A novel strain of Clostridium botulinum that produces type B and type H botulinum
toxins. J. Infect. Dis. 2014, 209, 183–191. [CrossRef] [PubMed]

4. Tighe, A.P.; Schiavo, G. Botulinum neurotoxins: Mechanism of action. Toxicon 2013, 67, 87–93. [CrossRef]
[PubMed]

http://dx.doi.org/10.1001/jama.285.8.1059
http://dx.doi.org/10.1093/infdis/jit449
http://www.ncbi.nlm.nih.gov/pubmed/24106296
http://dx.doi.org/10.1016/j.toxicon.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23201505


Toxins 2016, 8, 377 13 of 15

5. Rummel, A. The long journey of botulinum neurotoxins into the synapse. Toxicon 2015, 107, 9–24. [CrossRef]
[PubMed]

6. Hill, K.K.; Xie, G.; Foley, B.T.; Smith, T.J. Genetic diversity within the botulinum neurotoxin-producing
bacteria and their neurotoxins. Toxicon 2015, 107, 2–8. [CrossRef] [PubMed]

7. Rossetto, O.; Pirazzini, M.; Montecucco, C. Botulinum neurotoxins: Genetic, structural and mechanistic
insights. Nat. Rev. Microbiol. 2014, 12, 535–549. [CrossRef] [PubMed]

8. Dolly, J.O.; Black, J.; Williams, R.S.; Melling, J. Acceptors for botulinum neurotoxin reside on motor nerve
terminals and mediate its internalization. Nature 1984, 307, 457–460. [CrossRef] [PubMed]

9. Dong, M.; Yeh, F.; Tepp, W.H.; Dean, C.; Johnson, E.A.; Janz, R.; Chapman, E.R. SV2 is the protein receptor
for botulinum neurotoxin A. Science 2006, 312, 592–596. [CrossRef] [PubMed]

10. Montecucco, C.; Tonello, F.; Zanotti, G. Stop the killer: How to inhibit the anthrax lethal factor
metalloprotease. Trends Biochem. Sci. 2004, 29, 282–285. [CrossRef] [PubMed]

11. Simpson, L.L. Identification of the major steps in botulinum toxin action. Annu. Rev. Pharmacol. Toxicol. 2004,
44, 167–193. [CrossRef] [PubMed]

12. Mahrhold, S.; Rummel, A.; Bigalke, H.; Davletov, B.; Binz, T. The synaptic vesicle protein 2c mediates
the uptake of botulinum neurotoxin A into phrenic nerves. FEBS Lett. 2006, 580, 2011–2014. [CrossRef]
[PubMed]

13. Blaustein, R.O.; Germann, W.J.; Finkelstein, A.; DasGupta, B.R. The N-terminal half of the heavy chain of
botulinum type A neurotoxin forms channels in planar phospholipid bilayers. FEBS Lett. 1987, 226, 115–120.
[CrossRef]

14. Fischer, A.; Montal, M. Single molecule detection of intermediates during botulinum neurotoxin translocation
across membranes. Proc. Natl. Acad. Sci. USA 2007, 104, 10447–10452. [CrossRef] [PubMed]

15. Schiavo, G.; Poulain, B.; Benfenati, F.; DasGupta, B.R.; Montecucco, C. Novel targets and catalytic activities
of bacterial protein toxins. Trends Microbiol. 1993, 1, 170–174. [CrossRef]

16. Montecucco, C.; Schiavo, G. Mechanism of action of tetanus and botulinum neurotoxins. Mol. Microbiol.
1994, 13, 1–8. [CrossRef] [PubMed]

17. Montecucco, C.; Papini, E.; Schiavo, G. Bacterial protein toxins and cell vesicle trafficking. Experientia 1996,
52, 1026–1032. [PubMed]

18. Lam, T.I.; Stanker, L.H.; Lee, K.; Jin, R.; Cheng, L.W. Translocation of botulinum neurotoxin serotype A and
associated proteins across the intestinal epithelia. Cell. Microbiol. 2015, 17, 1133–1143. [CrossRef] [PubMed]

19. Peterson, L.W.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis.
Nat. Rev. Immunol. 2014, 14, 141–153. [PubMed]

20. Stephen, A.M.; Cummings, J.H. The microbial contribution to human faecal mass. J. Med. Microbiol. 1980, 13,
45–56. [CrossRef] [PubMed]

21. Myllyluoma, E.; Veijola, L.; Ahlroos, T.; Tynkkynen, S.; Kankuri, E.; Vapaatalo, H.; Rautelin, H.;
Korpela, R. Probiotic supplementation improves tolerance to helicobacter pylori eradication therapy—A
placebo-controlled, double-blind randomized pilot study. Aliment. Pharmacol. Ther. 2005, 21, 1263–1272.
[CrossRef] [PubMed]

22. Kajander, K.; Hatakka, K.; Poussa, T.; Farkkila, M.; Korpela, R. A probiotic mixture alleviates symptoms in
irritable bowel syndrome patients: A controlled 6-month intervention. Aliment. Pharmacol. Ther. 2005, 22,
387–394. [CrossRef] [PubMed]

23. Olivares, M.; Diaz-Ropero, M.A.; Gomez, N.; Lara-Villoslada, F.; Sierra, S.; Maldonado, J.A.; Martin, R.;
Lopez-Huertas, E.; Rodriguez, J.M.; Xaus, J. Oral administration of two probiotic strains, Lactobacillus gasseri
CECT5714 and Lactobacillus coryniformis CECT5711, enhances the intestinal function of healthy adults. Int. J.
Food Microbiol. 2006, 107, 104–111. [CrossRef] [PubMed]

24. Kim, H.J.; Vazquez Roque, M.I.; Camilleri, M.; Stephens, D.; Burton, D.D.; Baxter, K.; Thomforde, G.;
Zinsmeister, A.R. A randomized controlled trial of a probiotic combination VSL# 3 and placebo in irritable
bowel syndrome with bloating. Neurogastroenterol. Motil. 2005, 17, 687–696. [PubMed]

25. Derikx, L.A.; Dieleman, L.A.; Hoentjen, F. Probiotics and prebiotics in ulcerative colitis. Best Pract. Res.
Clin. Gastroenterol. 2016, 30, 55–71. [CrossRef] [PubMed]

26. Bibiloni, R.; Fedorak, R.N.; Tannock, G.W.; Madsen, K.L.; Gionchetti, P.; Campieri, M.; De Simone, C.;
Sartor, R.B. VSL#3 probiotic-mixture induces remission in patients with active ulcerative colitis. Am. J.
Gastroenterol. 2005, 100, 1539–1546. [PubMed]

http://dx.doi.org/10.1016/j.toxicon.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26363288
http://dx.doi.org/10.1016/j.toxicon.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26368006
http://dx.doi.org/10.1038/nrmicro3295
http://www.ncbi.nlm.nih.gov/pubmed/24975322
http://dx.doi.org/10.1038/307457a0
http://www.ncbi.nlm.nih.gov/pubmed/6694738
http://dx.doi.org/10.1126/science.1123654
http://www.ncbi.nlm.nih.gov/pubmed/16543415
http://dx.doi.org/10.1016/j.tibs.2004.04.011
http://www.ncbi.nlm.nih.gov/pubmed/15276179
http://dx.doi.org/10.1146/annurev.pharmtox.44.101802.121554
http://www.ncbi.nlm.nih.gov/pubmed/14744243
http://dx.doi.org/10.1016/j.febslet.2006.02.074
http://www.ncbi.nlm.nih.gov/pubmed/16545378
http://dx.doi.org/10.1016/0014-5793(87)80562-8
http://dx.doi.org/10.1073/pnas.0700046104
http://www.ncbi.nlm.nih.gov/pubmed/17563359
http://dx.doi.org/10.1016/0966-842X(93)90086-7
http://dx.doi.org/10.1111/j.1365-2958.1994.tb00396.x
http://www.ncbi.nlm.nih.gov/pubmed/7527117
http://www.ncbi.nlm.nih.gov/pubmed/8988242
http://dx.doi.org/10.1111/cmi.12424
http://www.ncbi.nlm.nih.gov/pubmed/25640773
http://www.ncbi.nlm.nih.gov/pubmed/24566914
http://dx.doi.org/10.1099/00222615-13-1-45
http://www.ncbi.nlm.nih.gov/pubmed/7359576
http://dx.doi.org/10.1111/j.1365-2036.2005.02448.x
http://www.ncbi.nlm.nih.gov/pubmed/15882248
http://dx.doi.org/10.1111/j.1365-2036.2005.02579.x
http://www.ncbi.nlm.nih.gov/pubmed/16128676
http://dx.doi.org/10.1016/j.ijfoodmicro.2005.08.019
http://www.ncbi.nlm.nih.gov/pubmed/16271414
http://www.ncbi.nlm.nih.gov/pubmed/16185307
http://dx.doi.org/10.1016/j.bpg.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/27048897
http://www.ncbi.nlm.nih.gov/pubmed/15984978


Toxins 2016, 8, 377 14 of 15

27. Halttunen, T.; Collado, M.C.; El-Nezami, H.; Meriluoto, J.; Salminen, S. Combining strains of lactic
acid bacteria may reduce their toxin and heavy metal removal efficiency from aqueous solution.
Lett. Appl. Microbiol. 2008, 46, 160–165. [CrossRef] [PubMed]

28. Nybom, S.M.; Salminen, S.J.; Meriluoto, J.A. Specific strains of probiotic bacteria are efficient in removal of
several different cyanobacterial toxins from solution. Toxicon 2008, 52, 214–220. [CrossRef] [PubMed]

29. El-Nezami, H.; Kankaanpaa, P.; Salminen, S.; Ahokas, J. Ability of dairy strains of lactic acid bacteria to bind
a common food carcinogen, aflatoxin B1. Food Chem. Toxicol. 1998, 36, 321–326. [CrossRef]

30. Oatley, J.T.; Rarick, M.D.; Ji, G.E.; Linz, J.E. Binding of aflatoxin B1 to bifidobacteria in vitro. J. Food Prot.
2000, 63, 1133–1136. [CrossRef] [PubMed]

31. Koepke, R.; Sobel, J.; Arnon, S.S. Global occurrence of infant botulism, 1976–2006. Pediatrics 2008, 122,
E73–E82. [CrossRef] [PubMed]

32. Sakaguchi, G. Clostridium botulinum toxins. Pharmacol. Ther. 1982, 19, 165–194. [CrossRef]
33. Fujinaga, Y. Interaction of botulinum toxin with the epithelial barrier. J. Biomed. Biotechnol. 2010, 210, 974943.

[CrossRef] [PubMed]
34. Couesnon, A.; Molgo, J.; Connan, C.; Popoff, M.R. Preferential entry of botulinum neurotoxin A Hc domain

through intestinal crypt cells and targeting to cholinergic neurons of the mouse intestine. PLoS Pathog. 2012,
8, e1002583. [CrossRef] [PubMed]

35. Connan, C.; Varela-Chavez, C.; Mazuet, C.; Molgo, J.; Haustant, G.M.; Disson, O.; Lecuit, M.; Vandewalle, A.;
Popoff, M.R. Translocation and dissemination to target neurons of botulinum neurotoxin type B in the mouse
intestinal wall. Cell. Microbiol. 2016, 18, 282–301. [CrossRef] [PubMed]

36. Matsumura, T.; Sugawara, Y.; Yutani, M.; Amatsu, S.; Yagita, H.; Kohda, T.; Fukuoka, S.; Nakamura, Y.;
Fukuda, S.; Hase, K.; et al. Botulinum toxin A complex exploits intestinal M cells to enter the host and exert
neurotoxicity. Nat. Commun 2015, 6. [CrossRef] [PubMed]

37. Ohland, C.L.; Macnaughton, W.K. Probiotic bacteria and intestinal epithelial barrier function. Am. J. Physiol.
Gastrointest. Liver Physiol. 2010, 298, G807–G819. [CrossRef] [PubMed]

38. Hooper, L.V.; Stappenbeck, T.S.; Hong, C.V.; Gordon, J.I. Angiogenins: A new class of microbicidal proteins
involved in innate immunity. Nat. Immunol. 2003, 4, 269–273. [CrossRef] [PubMed]

39. Hooper, L.V.; Wong, M.H.; Thelin, A.; Hansson, L.; Falk, P.G.; Gordon, J.I. Molecular analysis of commensal
host-microbial relationships in the intestine. Science 2001, 291, 881–884. [CrossRef] [PubMed]

40. Anderson, R.C.; Cookson, A.L.; McNabb, W.C.; Kelly, W.J.; Roy, N.C. Lactobacillus plantarum DSM 2648 is
a potential probiotic that enhances intestinal barrier function. FEMS Microbiol. Lett. 2010, 309, 184–192.
[CrossRef] [PubMed]

41. Hummel, S.; Veltman, K.; Cichon, C.; Sonnenborn, U.; Schmidt, M.A. Differential targeting of the
E-cadherin/beta-catenin complex by gram-positive probiotic lactobacilli improves epithelial barrier function.
Appl. Environ. Microbiol. 2012, 78, 1140–1147. [CrossRef] [PubMed]

42. Zyrek, A.A.; Cichon, C.; Helms, S.; Enders, C.; Sonnenborn, U.; Schmidt, M.A. Molecular mechanisms
underlying the probiotic effects of Escherichia coli Nissle 1917 involve ZO-2 and PKCzeta redistribution
resulting in tight junction and epithelial barrier repair. Cell. Microbiol. 2007, 9, 804–816. [CrossRef] [PubMed]

43. Stetinova, V.; Smetanova, L.; Kvetina, J.; Svoboda, Z.; Zidek, Z.; Tlaskalova-Hogenova, H. Caco-2 cell
monolayer integrity and effect of probiotic Escherichia coli Nissle 1917 components. Neuro Endocrinol. Lett.
2010, 31, 51–56. [PubMed]

44. Parassol, N.; Freitas, M.; Thoreux, K.; Dalmasso, G.; Bourdet-Sicard, R.; Rampal, P. Lactobacillus casei DN-114
001 inhibits the increase in paracellular permeability of enteropathogenic Escherichia coli-infected T84 cells.
Res. Microbiol. 2005, 156, 256–262. [CrossRef] [PubMed]

45. Otte, J.M.; Podolsky, D.K. Functional modulation of enterocytes by gram-positive and gram-negative
microorganisms. Am. J. Physiol. Gastrointest. Liver physiol. 2004, 286, G613–G626. [CrossRef] [PubMed]

46. Carey, C.M.; Kostrzynska, M.; Ojha, S.; Thompson, S. The effect of probiotics and organic acids on Shiga-toxin
2 gene expression in enterohemorrhagic Escherichia coli O157:H7. J. Microbiol. Methods 2008, 73, 125–132.
[CrossRef] [PubMed]

47. Rao, R.K.; Samak, G. Protection and restitution of gut barrier by probiotics: Nutritional and clinical
implications. Curr. Nutr. Food Sci. 2013, 9, 99–107. [PubMed]

48. Varankovich, N.V.; Nickerson, M.T.; Korber, D.R. Probiotic-based strategies for therapeutic and prophylactic
use against multiple gastrointestinal diseases. Front. Microbiol. 2015, 6, 685. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1472-765X.2007.02276.x
http://www.ncbi.nlm.nih.gov/pubmed/18028332
http://dx.doi.org/10.1016/j.toxicon.2008.04.169
http://www.ncbi.nlm.nih.gov/pubmed/18639912
http://dx.doi.org/10.1016/S0278-6915(97)00160-9
http://dx.doi.org/10.4315/0362-028X-63.8.1133
http://www.ncbi.nlm.nih.gov/pubmed/10945592
http://dx.doi.org/10.1542/peds.2007-1827
http://www.ncbi.nlm.nih.gov/pubmed/18595978
http://dx.doi.org/10.1016/0163-7258(82)90061-4
http://dx.doi.org/10.1155/2010/974943
http://www.ncbi.nlm.nih.gov/pubmed/20169001
http://dx.doi.org/10.1371/journal.ppat.1002583
http://www.ncbi.nlm.nih.gov/pubmed/22438808
http://dx.doi.org/10.1111/cmi.12502
http://www.ncbi.nlm.nih.gov/pubmed/26294282
http://dx.doi.org/10.1038/ncomms7255
http://www.ncbi.nlm.nih.gov/pubmed/25687350
http://dx.doi.org/10.1152/ajpgi.00243.2009
http://www.ncbi.nlm.nih.gov/pubmed/20299599
http://dx.doi.org/10.1038/ni888
http://www.ncbi.nlm.nih.gov/pubmed/12548285
http://dx.doi.org/10.1126/science.291.5505.881
http://www.ncbi.nlm.nih.gov/pubmed/11157169
http://dx.doi.org/10.1111/j.1574-6968.2010.02038.x
http://www.ncbi.nlm.nih.gov/pubmed/20618863
http://dx.doi.org/10.1128/AEM.06983-11
http://www.ncbi.nlm.nih.gov/pubmed/22179242
http://dx.doi.org/10.1111/j.1462-5822.2006.00836.x
http://www.ncbi.nlm.nih.gov/pubmed/17087734
http://www.ncbi.nlm.nih.gov/pubmed/21187838
http://dx.doi.org/10.1016/j.resmic.2004.09.013
http://www.ncbi.nlm.nih.gov/pubmed/15748992
http://dx.doi.org/10.1152/ajpgi.00341.2003
http://www.ncbi.nlm.nih.gov/pubmed/15010363
http://dx.doi.org/10.1016/j.mimet.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18328583
http://www.ncbi.nlm.nih.gov/pubmed/24353483
http://dx.doi.org/10.3389/fmicb.2015.00685
http://www.ncbi.nlm.nih.gov/pubmed/26236287


Toxins 2016, 8, 377 15 of 15

49. Paton, A.W.; Morona, R.; Paton, J.C. Designer probiotics for prevention of enteric infections. Nat. Rev.
Microbiol. 2006, 4, 193–200. [CrossRef] [PubMed]

50. Greenberg, B. Salmonella suppression by known populations of bacteria in flies. J. Bacteriol. 1969, 99, 629–635.
[PubMed]

51. Rd, R. Population dynamics of the intestinal tract. In Colonization Control of Human Bacterial Enteropathogens
in Poultry; Blankenship, L.C., Ed.; Academic Press Inc.: San diego, CA, USA, 1991; pp. 59–75.

52. Chenoll, E.; Casinos, B.; Bataller, E.; Astals, P.; Echevarria, J.; Iglesias, J.R.; Balbarie, P.; Ramon, D.;
Genoves, S. Novel probiotic Bifidobacterium bifidum CECT 7366 strain active against the pathogenic bacterium
Helicobacter pylori. Appl. Environ. Microbiol. 2011, 77, 1335–1343. [CrossRef] [PubMed]

53. Sgouras, D.; Maragkoudakis, P.; Petraki, K.; Martinez-Gonzalez, B.; Eriotou, E.; Michopoulos, S.;
Kalantzopoulos, G.; Tsakalidou, E.; Mentis, A. In vitro and in vivo inhibition of Helicobacter pylori by
Lactobacillus casei strain Shirota. Appl. Environ. Microbiol. 2004, 70, 518–526. [CrossRef] [PubMed]

54. Todoriki, K.; Mukai, T.; Sato, S.; Toba, T. Inhibition of adhesion of food-borne pathogens to Caco-2 cells by
lactobacillus strains. J. Appl. Microbiol. 2001, 91, 154–159. [CrossRef] [PubMed]

55. Chu, H.; Kang, S.; Ha, S.; Cho, K.; Park, S.M.; Han, K.H.; Kang, S.K.; Lee, H.; Han, S.H.; Yun, C.H.; et al.
Lactobacillus acidophilus expressing recombinant K99 adhesive fimbriae has an inhibitory effect on adhesion
of enterotoxigenic Escherichia coli. Microbiol. Immunol. 2005, 49, 941–948. [CrossRef] [PubMed]

56. Tsai, C.C.; Lin, P.P.; Hsieh, Y.M. Three Lactobacillus strains from healthy infant stool inhibit enterotoxigenic
Escherichia coli grown in vitro. Anaerobe 2008, 14, 61–67. [CrossRef] [PubMed]

57. Munoz, J.A.; Chenoll, E.; Casinos, B.; Bataller, E.; Ramon, D.; Genoves, S.; Montava, R.; Ribes, J.M.; Buesa, J.;
Fabrega, J.; et al. Novel probiotic Bifidobacterium longum subsp. infantis CECT 7210 strain active against
rotavirus infections. Appl. Environ. Microbiol. 2011, 77, 8775–8783. [PubMed]

58. Neeser, J.R.; Granato, D.; Rouvet, M.; Servin, A.; Teneberg, S.; Karlsson, K.A. Lactobacillus johnsonii La1 shares
carbohydrate-binding specificities with several enteropathogenic bacteria. Glycobiology 2000, 10, 1193–1199.
[CrossRef] [PubMed]

59. Fujiwara, S.; Hashiba, H.; Hirota, T.; Forstner, J.F. Inhibition of the binding of enterotoxigenic Escherichia
coli Pb176 to human intestinal epithelial cell line HCT-8 by an extracellular protein fraction containing
BIF of Bifidobacterium longum SBT2928: Suggestive evidence of blocking of the binding receptor
gangliotetraosylceramide on the cell surface. Int. J. Food Microbiol. 2001, 67, 97–106. [PubMed]

60. Mukai, T.; Asasaka, T.; Sato, E.; Mori, K.; Matsumoto, M.; Ohori, H. Inhibition of binding of helicobacter
pylori to the glycolipid receptors by probiotic Lactobacillus reuteri. FEMS Immunol. Med. Microbiol. 2002, 32,
105–110. [CrossRef] [PubMed]

61. Hirano, J.; Yoshida, T.; Sugiyama, T.; Koide, N.; Mori, I.; Yokochi, T. The effect of Lactobacillus rhamnosus on
enterohemorrhagic Escherichia coli infection of human intestinal cells in vitro. Microbiol. Immunol. 2003, 47,
405–409. [CrossRef] [PubMed]

62. Coconnier, M.H.; Bernet, M.F.; Chauviere, G.; Servin, A.L. Adhering heat-killed human Lactobacillus
acidophilus, strain LB, inhibits the process of pathogenicity of diarrhoeagenic bacteria in cultured human
intestinal cells. J. Diarrhoeal Dis. Res. 1993, 11, 235–242. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrmicro1349
http://www.ncbi.nlm.nih.gov/pubmed/16462752
http://www.ncbi.nlm.nih.gov/pubmed/4984172
http://dx.doi.org/10.1128/AEM.01820-10
http://www.ncbi.nlm.nih.gov/pubmed/21169430
http://dx.doi.org/10.1128/AEM.70.1.518-526.2004
http://www.ncbi.nlm.nih.gov/pubmed/14711683
http://dx.doi.org/10.1046/j.1365-2672.2001.01371.x
http://www.ncbi.nlm.nih.gov/pubmed/11442725
http://dx.doi.org/10.1111/j.1348-0421.2005.tb03687.x
http://www.ncbi.nlm.nih.gov/pubmed/16301804
http://dx.doi.org/10.1016/j.anaerobe.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/18182312
http://www.ncbi.nlm.nih.gov/pubmed/22003027
http://dx.doi.org/10.1093/glycob/10.11.1193
http://www.ncbi.nlm.nih.gov/pubmed/11087711
http://www.ncbi.nlm.nih.gov/pubmed/11482574
http://dx.doi.org/10.1111/j.1574-695X.2002.tb00541.x
http://www.ncbi.nlm.nih.gov/pubmed/11821231
http://dx.doi.org/10.1111/j.1348-0421.2003.tb03377.x
http://www.ncbi.nlm.nih.gov/pubmed/12906100
http://www.ncbi.nlm.nih.gov/pubmed/8188996
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Effect of Pre-Treatment with Saccharomyces Boulardii on BoNT/A Uptake in Caco-2 Cells 
	The Effect of Pre-Treatment with Escherichia coli MG1655 on BoNT/A Uptake in Caco-2 Cells 
	The Effect of Pre-Treatment with Lactobacillus Acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus Reuteri on BoNT/A Uptake in Caco-2 Cells 
	Evaluation of the Mechanism Used by Probiotic Strains to Block BoNT/A Internalization 

	Discussion 
	Conclusions 
	Materials and Methods 
	Materials 
	Growth of Yeast and Bacterial Cultures 
	Caco-2 Culture and Pre-Treatment with Probiotic Cultures 
	Immunofluorescence Staining 
	Western Blotting 
	Statistics 


