
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12551-023-01100-6

LETTER TO THE EDITOR

Bacterial toxins and heart function: heat‑labile Escherichia coli 
enterotoxin B promotes changes in cardiac function with possible 
relevance for sudden cardiac death

Gonzalo Ferreira1   · Romina Cardozo1 · Santiago Sastre2 · Carlos Costa1 · Axel Santander1 · Luisina Chavarría1 · 
Valentina Guizzo1 · José Puglisi3 · G. L. Nicolson4

Received: 22 March 2023 / Accepted: 11 July 2023 
© International Union for Pure and Applied Biophysics (IUPAB) and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Bacterial toxins can cause cardiomyopathy, though it is not its most common cause. Some bacterial toxins can form pores 
in the membrane of cardiomyocytes, while others can bind to membrane receptors. Enterotoxigenic E. coli can secrete 
enterotoxins, including heat-resistant (ST) or labile (LT) enterotoxins. LT is an AB5-type toxin that can bind to specific cell 
receptors and disrupt essential host functions, causing several common conditions, such as certain diarrhea. The pentameric 
B subunit of LT, without A subunit (LTB), binds specifically to certain plasma membrane ganglioside receptors, found in 
lipid rafts of cardiomyocytes. Isolated guinea pig hearts and cardiomyocytes were exposed to different concentrations of 
purified LTB. In isolated hearts, mechanical and electrical alternans and an increment of heart rate variability, with an IC50 
of ~0.2 μg/ml LTB, were observed. In isolated cardiomyocytes, LTB promoted significant decreases in the amplitude and the 
duration of action potentials. Na+ currents were inhibited whereas L-type Ca2+ currents were augmented at their peak and 
their fast inactivation was promoted. Delayed rectifier K+ currents decreased. Measurements of basal Ca2+ or Ca2+ release 
events in cells exposed to LTB suggest that LTB impairs Ca2+ homeostasis. Impaired calcium homeostasis is linked to sud-
den cardiac death. The results are consistent with the recent view that the B subunit is not merely a carrier of the A subunit, 
having a role explaining sudden cardiac death in children (SIDS) infected with enterotoxigenic E. coli, explaining several 
epidemiological findings that establish a strong relationship between SIDS and ETEC E. coli.

Introduction

There are several bacterial toxins that can potentially cause 
cardiomyopathy, which is a disease affecting the heart mus-
cle (L'Heureux et al. 2020). However, it is important to note 
that bacterial toxins causing cardiomyopathy are relatively 
rare compared to other causes such as genetic factors, viral 
infections, or certain medications (Blauwet and Cooper 
2010). Some examples of bacterial toxins associated with 
cardiomyopathy are those from Corynebacterium diph-
theriae, Streptococcus (Group A), Staphylococcus dureus, 
Bacillus dnthracis, and Vibrio cholerae (Huang and Wong 
1989; Miller et al. 1987; Monticelli et al. 2018). The later 
one is linked to diarrhea and the gut, and it also shares a tight 
structural association with some toxins from Escherichia 
coli (E. coli), which is the main topic of this letter.

Escherichia coli is one of the most frequent and versa-
tile Gram-negative classes of bacteria in the Earth’s bio-
sphere. It is also one of the most important bacteria in the 
normal intestinal flora of multicellular organisms, especially 
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mammals. In general, it has a symbiotic commensal rela-
tionship with the organism in which it inhabits, but certain 
strains in humans and other mammals can also be deadly 
pathogens. For example, there are at least 6 strains of E. 
coli that can produce toxins that contribute to intestinal and 
extra-intestinal diseases (Kaper et al. 2004).

The enterotoxigenic (ETEC) strains are among the most 
common pathogenic strains of E. coli (Fleckenstein and 
Kuhlmann 2019). These strains are one of the main causes 
of diarrhea in children in the developing world and trave-
ler’s diarrhea in adults. These ETEC strains have also been 
linked to some forms of septic shock and sudden cardiac 
death in infants (Morris et al. 2009). The ETEC strains of 
E. coli produce different types of toxins, which are basically 
either heat-resistant (ST) or heat-labile (LT). The ST and LT 
enterotoxins target specific cell surface receptors that acti-
vate different intracellular pathways to alter cellular physi-
ology (Dubreuil et al. 2016). For example, LT enterotoxins 
are usually composed of one A subunit and a pentamer of 
B subunits that assemble to form an AB5 toxin structure 
(Beddoe et al. 2010; Fan et al. 2000). The AB5 toxins are 
important pathogenic factors produced by many bacteria, 
including Bordetella pertussis, Shigella dysenteriae, Vibrio 
cholerae, and no less than two strains of E. coli (Beddoe 
et al. 2010; Gill and Richardson 1980; Spangler 1992). The 
AB5 are also used as tools for studying cell signaling and 
physiology as well as potential drugs for the treatment of 
certain cancers and allergies (Beddoe et al. 2010). The heat-
labile enterotoxin from E. coli is a member of the AB5 toxin 
family, which comprises a single A subunit and five B subu-
nits with high resemblance to the B subunit of the cholera 
toxin (Sixma et al. 1993).

The A subunit of the AB5 enterotoxins has been identi-
fied as the main factor behind important changes in cells by 
altering the intracellular levels of cAMP through G-protein-
coupled receptors promoting diarrhea [4]. Thus, the A subu-
nit can stimulate G-proteins, thereby increasing intracellu-
lar concentrations of cAMP, which in turn can activate the 
CFTR chloride channel, leading to changes in water secre-
tion (Thiagarajah and Verkman 2005). This mechanism was 
originally described for the homologous toxin produced by 
V. cholera, which can cause severe diarrhea.

The B subunit toxin, which is usually formed into a 
pentamer, was regarded previously as mostly a carrier for 
the delivery of the A or catalytic toxin subunit into tar-
get cells. Evidence has shown that the B toxin subunit 
binds specifically to ganglioside receptors (Supp. Fig. 1, 
PDB ID 3CHB) (Merritt et al. 1998; Mudrak and Kuehn 
2010), and upon binding initiates subsequent cellular 
changes in target cells. It is known that Cholera and E. 
coli enterotoxins are highly homologous structurally, func-
tionally, and immunologically (Dallas and Falkow 1980). 
Cholera enterotoxin can increase cardiac arrhythmias and 

ventricular fibrillation, thereby promoting sudden cardiac 
death (Huang and Wong 1989). By its specific binding and 
subsequent activity in target cells, the B toxin is also a vir-
ulence factor of the ETEC E. coli strains and can produce 
systemic pathogenic symptoms (Duan et al. 2019; Patry 
et al. 2019). Since the heat-labile-B-pentamer plays a role 
in ETEC pathogenesis, recent efforts have been made to 
inhibit its action (Xu et al. 2020; Zhu et al. 2017).

The B fraction or LTB toxins target specialized ganglio-
sides and glycosphingolipids composed of ceramide, and 
oligosaccharides containing sialic acid. These specialized 
gangliosides can accumulate in cholesterol/glycosphin-
golipid-enriched membrane domains, also described as 
lipid rafts or glycosynaptic domains, which constitute 
extracellular receptor platforms for important signal trans-
duction pathways (Mahfoud et al. 2010; Smith et al. 2004).

Common gangliosides, such as GM1, contain one sialic 
acid moiety (monosialotetrahexosylganglioside (Lloyd 
and Furukawa 1998)) and are involved in many impor-
tant physiological events, such as signal transduction, 
cell adhesion, motility, and other functions (Zeller and 
Marchase 1992). It has been established that toxins con-
taining B subunits bind specifically to GM1 receptors on 
many cell types and are also commonly found in lipid rafts 
(Dawson 2005; Fishman et al. 1993). The IC50 reported 
for B-subunit toxin binding to GM1 in vitro and in vivo are 
both close to 0.15 μg/ml (Hedges and Hardy 1996). Upon 
binding of the B-toxin to its cell surface receptor, a series 
of changes occur in these cells (Mudrak and Kuehn 2010). 
Several bacterial toxins act by initially binding to GM1 
(Smith et al. 2004). Ganglioside localization in lipid rafts 
is also important in calcium (Ca2+) signaling and modify-
ing intracellular Ca2+ concentrations in several cell types 
(Pani and Singh 2009; Simons and Toomre 2000).

The binding of cholera B-toxin subunit to GM1 in 
sensory neurons and cultured cerebellar granule neurons 
has been reported to increase intracellular Ca2+ levels by 
approximately 10-fold (Milani et al. 1992; Wu et al. 1996). 
Similar results were obtained in rat lymphocytes, astro-
cytes, Jurkat cells, and 3T3 fibroblasts (Dixon et al. 1987; 
Gabellini et al. 1991; Spiegel and Panagiotopoulos 1988). 
These effects have been described as toxin-induced Ca2+ 
oscillations (Soderblom et al. 2002). Some Ca2+ effects 
occur in the absence of toxin-ganglioside binding, and 
even changes in ganglioside amounts by themselves have 
been shown to alter basal intracellular Ca2+ concentrations 
in pC12 cells (Hilbush and Levine 1992). Gangliosides 
regulate tyrosine kinases (PTK) (Julien et al. 2013). PTK, 
in turn, can modulate Ca2+ release in many cells by mecha-
nisms that are not well understood (Mergler et al. 2003).

Gangliosides have been found to be important in several 
tissues, such as in the development, maturation, and main-
tenance of the myelin covering nerves in the nervous system 
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(Bremer et al. 1984; Posse de Chaves and Sipione 2010; Sch-
naar 2010). In the heart, gangliosides have a critical role in 
maintaining heart function, and this has been demonstrated 
in many types of metabolic cardiomyopathies (Guertl et al. 
2000). Certain diseases, such as GM1 gangliosidosis type 
1, can be caused by a deficiency in beta-galactosidase that 
results in reduced amounts of GM1. Alternatively, plasma 
and intracellular membranes can be altered in cells due to 
ganglioside accumulation, such as in cells of the nervous 
and cardiovascular systems, leading to an accumulation of 
ganglioside-containing intracellular vacuoles. In this case, 
the normal levels of GM1 are augmented, and as a result, 
there is a reduction in cardiac contractibility, followed by 
cardiac failure. However, this can be partially compensated 
for by dilatation and hypertrophy (Guertl et al. 2000).

The presence of ganglioside-enriched lipid rafts and sialic 
acid content play critical roles in determining intracellular 
Ca2+ levels (Marengo et al. 1998). Normal cardiac function 
requires specific controls on intracellular Ca2+ dynamics 
(Wang et al. 2004). Patterns of heartbeat waveforms, heart 
excitability, and tension levels have been related to intracel-
lular Ca2+ concentrations, and these are collectively impor-
tant factors that can determine if arrhythmias occur and can 
eventually give rise to sudden cardiac arrest (Laurita and 
Rosenbaum 2008).

In this letter, we examine the current knowledge of 
bacterial toxin effects in the heart focusing on the effects 
of LTB from E. coli in the heart. For the later, given the 
absence of data, we show original research using purified 
LTB toxin from E. coli. The effects were tested by apply-
ing extracellularly LTB to isolated guinea pig hearts and 
cultured heart cells. We monitored heart functioning upon 
extracellular binding of LTB to isolated guinea pig hearts 
as well as to isolated guinea pig cardiomyocytes. We found 
that LTB binding to GM1 causes modulation of heart and 
heart-cell functions, and we generated dose-response curves 
for some of these responses. At LTB concentrations near 
the IC50 binding to GM1 (0.13 to 0.18 μg/ml) (Spangler 
1992), an alternans pattern of contraction was observed 
in isolated hearts, while in isolated cardiac myocytes, 
changes in action potential (AP) duration, ionic currents, 
and intracellular Ca2+ imaging were observed. The results 
suggest that (i) LTB binding to ganglioside in lipid rafts is 
an important modulator of intracellular Ca2 concentrations 
in cardiac myocytes, (ii) LTB binding to gangliosides can 
promote cardiac dysfunction in isolated hearts, and (iii) LTB 
binding disturbs Ca2+ homeostasis significantly, explaining 
the alternans pattern observed. It is known that impaired 
Ca2+ homeostasis leads to sudden cardiac death (Tzimas 
et al. 2017). This may contribute to explaining the implica-
tion of pathogenic E. coli in sudden cardiac infant deaths 
(Bettelheim et al. 1990; Blackwell et al. 2002). These results 
are consistent with the recent view that the B subunit is not 

merely a carrier of the A subunit, having an important role 
in the pathogenesis of E. coli (Duan et al. 2019).

Bacterial toxins and heart function

There are several ways in which bacterial toxins may impact 
heart function at the cellular level. Toxins may have differ-
ent targets in most compartments of eukaryotic cells and a 
rough division can be made according to this (Masignani 
et al. 2006). The three main categories are as follows:

A)	 Those that act on the cell membrane of eukaryotic cells 
either through binding to receptors or forming pores. 
Both types can regulate indirectly or directly membrane 
permeability. In this letter, we will discuss this type and 
particularly the ones that exert their effect indirectly.

B)	 Those with an intracellular target that have to cross the 
cell membrane.

C)	 Those that have an intracellular target and are directly 
delivered by the bacteria into eukaryotic cells (Masig-
nani et al. 2006).

As we have mentioned, one of them is through toxins that 
form a pore in the membrane such as streptolysin O (SLO), 
produced by group A Streptococcus such as Streptococcus 
pyogenes, in toxic shock syndromes (Bolz et al. 2015), or 
pneumolysin (PLY) produced by Streptococcus pneumo-
niae (Wang et al. 2017). Both toxins can be inserted into the 
membrane leading to a marked influx of Ca2+ through their 
pores yielding hypercontractility and pacing anomalies, pro-
ducing dysfunctional cardiomyocytes and cardiomyopathy in 
the heart (Bolz et al. 2015). In zebrafish, Clostridium difficile 
toxin B produced cardiovascular damage with a reduction 
in blood flow and heart rate (Hamm et al. 2006). The action 
seems to involve caspase 3 (Hamm et al. 2006). Bacterial 
exotoxins from uncommon pathogens such as Corynebac-
terium dyphteriae and Bacillus anthracis can produce car-
diomyopathy affecting cardiomyocytes. Myocarditis is a 
toxin complication that happens 1 week after the respira-
tory illness in diphtheria (Singh et al. 2020). The heparin-
binding (EGF-like) growth factor is the blood receptor for 
the toxin, which in turn undergoes endocytosis and binds to 
specific membrane receptors changing expression patterns 
(Iwamoto et al. 1994). Bacillus anthracis produces the lethal 
toxin (LT), that induces cardiac dysfunction by mechanisms 
not well understood (Suffredini et al. 2015). Finally, Staphy-
lococcus aureus, a bacterium commonly found on the skin 
and nasal passages, can produce pore-forming toxins like 
the α-toxin, that can damage the heart muscle (Grandel et al. 
2009). These toxins can lead to toxic shock syndrome, a 
severe condition that can result in cardiac dysfunction and 
cardiomyopathy in some cases (Silversides et al. 2010).
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Several bacterial toxins from the gut can have a direct 
impact on the function of the heart (Olson et al. 1989; Rob-
ert et al. 2012). E. coli strains, such as 0157:H7, have been 
reported to produce gastroenteritis and toxins that could 
be implicated in cardiovascular disease (Hizo-Abes et al. 
2013). The gut microbiota has been recently found to be 
implicated in various cardiovascular disorders (Rahman 
et al. 2022; Witkowski et al. 2020), and toxins from the gut 
microbiota have been tightly associated with cardiovascular 
disease, particularly pro-inflammatory lipopolysaccharides, 
derived from Gram-negative bacteria, and trimethylamine 
N-oxide (Yamashita et al. 2021). Sudden cardiac death has 
been also reported in pediatric patients with E. coli-produc-
ing Shiga-like toxin (STEC) (Yesilbas et al. 2020). Some 
of those toxins may impact the intestine promoting diar-
rhea primarily, because they promote changes in membrane 
transport, either by a direct or indirect impact (Laohachai 
et al. 2003). Some of those bacteria are Vibrio cholerae and 
E. coli. Cholera toxins are similar to the ETEC E. coli toxins 
(Spangler 1992). The crystal structure of the cholera toxin 
B-pentamer bound to the receptor GM1 has been obtained 
(Merritt et al. 1994). It has been found in the hearts from iso-
lated rats, that Cholera enterotoxin promotes arrhythmias in 
the presence of ischemia (Huang and Wong 1989). However, 
this has not been tested with the LTB fraction from ETEC 
E. coli, so far. We suppose that given the similarity between 
the toxins, an impact of LTB in the heart might be found. 
It is known that the B-subunit of ETEC E. coli binds with 
specificity and an affinity with an IC-50 of ~ 0.2 or 0.18 μg/
ml to the GM1 receptor of cardiac cells (Minke et al. 1999), 
similarly to what it has been described for the cholera toxina 
B-pentamer.

Acute exposure of guinea‑pig isolated hearts 
to LTB enterotoxin from E. coli promotes 
electrical and mechanical alternans

To test if LTB promotes any changes in cardiac function, we 
isolated hearts from guinea pigs following approved ethical 
procedures (approval protocol number 071140-000467-09, 
CHEA) to further applied the toxin. Isolated hearts were 
maintained at 37 °C with perfusion of Tyrode 1.8 Ca2+ solu-
tion with oxygen at a flow rate between 14 and 18 ml/min. 
In the isolated guinea pig hearts, simultaneous recordings of 
tension/pressure and surface electrograms (with electrodes 
close to the papillary muscle) were obtained following the 
methods described in our previous works (Costa et al. 2014; 
Ferreira de Mattos et al. 2017). The control results were 
obtained before and after the addition of LTB and subse-
quent washout of the toxin, as shown in Fig. 1 a, b, and c. 
In the controls, there were regular patterns of contraction, 
such as similar beat-to-beat amplitudes and homogeneous 

spontaneous regular heart rates. Upon the addition of 0.2 μg/
ml LTB (which is the concentration reported to be near the 
IC50 of LTB-GM1 binding) (Minke et al. 1999), the patterns 
of contraction changed, such as the beat-to-beat character-
istics, adopting an alternans pattern every two successive 
contractions. The effects observed upon application of LTB 
could be reversed after a wash-out period of a few minutes 
by reperfusion with Tyrode 1.8 Ca2+ solution. The kinetics 
of change is shown in Fig. 1d and e, for different LTB con-
centrations. Tension records showing cardiac alternans are 
shown in Fig. 1d. In Fig. 1e, at concentrations of LTB of 0.3 
and 0.1 μg/ml, respectively, and using a fixed perfusion flow 
rate, the onset of action followed a sigmoidal time course 
with a time constant that varied between 1 and 2 min.

The steady-state dose-response curves for the mechan-
ical effects of pressure/tension are shown in Fig. 2. In 
Fig. 2a, isolated heart contraction traces are shown at dif-
ferent concentrations of LTB. Note that LTB concentra-
tions of 0.27 μg/ml and above show a clear mechanical 
alternans pattern when recorded in the isolated hearts. 
The ratios of the amplitude of two successive contrac-
tions during an alternans cycle were plotted against the 
toxin concentration, as shown in Fig. 2b. A Hill equation 
was fitted to the data in Fig. 2b, yielding an IC50 of 0.14 
μg/ml. This IC50 value was surprisingly similar to that 
established for the binding of LTB to GM1 (0.12 μg/ml), 
according to the Sigma Product Information datasheet (PI 
E8656, LTB). Toxin action exhibited little cooperativity 
since the Hill number was near a value of one. The final 
ratio between the amplitudes of the peaks was near 0.2. 
It is interesting that the ratio of the amplitude of the sec-
ond peak relative to the first peak diminishes with LTB 
increasing concentrations. Thus, by increasing the toxin 
concentration, the amplitude increased in the first peak 
of the tension transient compared with the second peak 
of the tension transient from the alternans cycle. The 
dependence of the ryanodine receptor type 2 (RyR 2) open 
probability with intracellular Ca2+ follows a bell-shaped 
curve (Balshaw et al. 1999). It has been reported that the 
bell-shape dependence with intracellular Ca2+ concentra-
tions and the refractiveness of the RyR 2 probability may 
explain the observed cardiac mechanical alternans (Alva-
rez-Lacalle et al. 2013). In our experiments, LTB may 
promote an increased Ca2+ release from the sarcoplasmic 
reticulum (SR), and thus, it might enhance Ca2+ currents 
through voltage-gated-calcium-channels (VGCC) and/or 
the sensitivity of RyR 2 to Ca2+ ions, during the first peak. 
Upon the massive release of Ca2+ from the SR, Ryr2 chan-
nels are inactivated by Ca2+, and hence, Ca2+ release is 
inhibited during the second peak and probably saturated 
at those LTB concentrations. As Ca2+ is removed from 
the sarcoplasm by SERCA, the inhibition is recovered for 
the next cycle to occur again. This is consistent with the 
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proposal from Wei et al. regarding cardiac alternans (Wei 
et al. 2021). In Fig. 2c, the ratio of the duration of the 
half-time of the first peak of the alternans contraction and 
the duration of the alternans cycle is plotted against the 
concentration of LTB. This ratio increases with increas-
ing doses of LTB, suggesting that alternans are more pro-
nounced and that the first event becomes predominant in 

the alternans cycle with increasing LTB concentrations. 
This estimates the relative duration of the secondary event 
during the alternans cycle. Thus, we measured the dura-
tion of the mechanical response at 50% of the peak tension 
value during the first peak (T1/2) and the duration of the 
total alternans cycle (TAtot), and then we calculated their 
ratio. Such a plot versus the concentration of LTB is shown 

Fig. 1   The application of extracellular LTB to ex  vivo guinea pig 
hearts promotes a pattern of mechanical and electrical alternans. a 
Simultaneous pressure/tension (upper panel) and surface electro-
gram records (lower panel) in control hearts. The pressure ampli-
tude is maintained from beat to beat, and the heartbeat is regular on 
a beat-to-beat basis. b Simultaneous pressure/tension (upper panel) 
and surface electrogram records (lower panel) of hearts exposed to 
an extracellular perfusion of ~0.2 μg/ml LTB in Tyrode 1.8 Ca2+. 
The pressure amplitude shows an alternating pattern that is not 
maintained in successive beats, in contrast to the control recordings. 
Concomitantly, the heartbeat is also altered and does not maintain a 
regular beat-to-beat pattern. c Wash-out of LTB-containing solution 
using 5 min of reperfusion with Tyrode 1.8 Ca2+ showing pressure/
tension (upper panel) and surface electrogram (lower panel). There 
is almost complete restitution of the normal pressure amplitude and 
heartbeat, similar to that obtained in the control. The figure shows 
that LTB promotes mechanical and electrical alternans near the IC50 

of binding of LTB to the GM1 receptor and its reversibility. d The 
kinetics of action of LTB on cardiac contraction at two different LTB 
concentrations in ex  vivo guinea pig hearts with records of tension 
versus time obtained at 0, 2, 4, 6, and 8 min after the application of 
LTB at 0.1 μg/ml or 0.3 μg/ml. Tension units are in force grams per 
square millimeters (gf/mm2). e The average plot of the ratio of the 
peak amplitudes (Amp 2/Amp 1) in alternans contractions during 
experiments similar to those reported in a is plotted versus time. Amp 
2 is the measurement of the weak contraction after Amp 1, which is 
the measurement of the strong contraction. The results are obtained 
using 0.1 μg/ml (open symbols) or 0.3 μg/ml (filled symbols) extra-
cellular LTB. The figure shows that the effect of LTB in promoting 
alternans contractions is dose and time-dependent. This is shown 
better at higher doses and times, as would be expected for a simple 
ligand-receptor binding dose-response. At both LTB concentrations, 
the effects can be fit reasonably well by a sigmoidal decay plot (solid 
line) (n=4)
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in Fig. 2c. The plot indicates that the duration of the sec-
ondary event decreases relative to the duration of a cycle 
with increasing LTB concentrations. The baseline level for 
tension was usually increased during the time course of the 
experiment. This result suggests increased Ca2+ release 
during the first peak and decreased Ca2+ reuptake during 
the second peak likely due to a change in the basal intra-
cellular Ca2+ levels surpassing the ability of removal of 
Ca2+ from the myoplasm by the sarcoplasmic–endoplas-
mic reticulum calcium pump (SERCA). Alternatively, it is 
also likely that increasing LTB promoted higher intracel-
lular Ca2+ levels promoting refractoriness or inactivation 
of RyR 2 during the second contraction in an alternans 
cycle. These hypotheses are not mutually exclusive. Car-
diac alternans arises from dynamic variabilities in the 
electrical and Ca2+ handling cycling systems of the heart, 
found previously to ventricular arrhythmias and sudden 
cardiac death (Qu and Weiss 2023). Because of that, the 
electrical responses had to be studied with the mechani-
cal responses in simultaneous recordings of tension and 
electrical response.

The pattern of modified mechanical alternans was also 
seen at the electrical level, after pairing the action potentials 
following the paired contractions during an alternans cycle. 

In Fig. 3a, the control experiment without alternans is shown 
to the left in the figure, and the experiment after the addition 
of 0.2 μg/ml LTB, with alternans, is shown to the right. The 
alternans cycles are shown in this figure for both mechanical 
and electrical responses. Although the electrophysiological 
changes seemed to be less marked or dramatic compared to 
the mechanical ones, they were also observed. The ampli-
tude of the second contraction in the mechanical alternans 
cycle was always of less amplitude than the one seen in the 
first contraction. In the electrical response, the duration of 
the first and second electrical changes in the surface elec-
trograms were always different as well. This was observed 
after measuring and comparing the ratio of the duration of 
the monophasic action potential at 80% of the amplitude 
during the first event of the alternans cycle (T80%), compared 
with the total duration of the alternans cycle (TAtot). APD80 
is suggested to be an equivalent measurement to T80%, and 
we define the duration of two successive events as the total 
duration or TAtot. To relate the duration of the first event in 
comparison with the duration of the total event we meas-
ured the ratio (T80%/TAtot). The higher its value indicates 
that the first electrical event has more weight concerning 
the total duration of the alternans cycle. We found that the 
ratio T80%/TAtot became higher with increasing alternans and 

Fig. 2   Dose-response curves of mechanical alternans promoted by 
extracellular LTB in ex vivo guinea pig hearts. a Records of tension 
versus time were obtained at different LTB concentrations (indicated 
below the records). b The average plot of peak amplitude ratios dur-
ing alternans at different LTB concentrations. Amp 2 is the peak 
amplitude of the weak contraction, whereas Amp 1 is that from the 
strong contraction. The solid line shows the best match of a Hill 
model to the results. The IC50 value from the Hill model fit (0.14 μg/
ml) is very similar to that reported for the LTB-GM1 binding (n=4). 
c The average plot of the alternans duration ratios versus LTB con-
centration. T1/2 is the duration of the first strong contraction at half of 

its amplitude. TAtot is the duration of the whole alternans cycle. T1/2/
TA tot represents the ratio of the duration of the first event at the half 
amplitude and total alternans cycle duration. The higher ratio indi-
cates that the closest relationship between T1/2 and TA tot and that the 
first contraction has more weight and representation in the total alter-
nans cycle duration. Only at high LTB doses does this ratio begin to 
slowly decrease, suggesting a saturation of the disrupting mechanism 
of the Ca2+ homeostasis. The solid line shows the best match of a Hill 
model to the results. The IC50 parameter is similar to that described 
for amplitudes found using 0.12 μg/ml LTB (n =4)
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LTB concentrations. It is worth noting that in some record-
ings, pro-arrhythmogenic events similar to delayed after-
depolarizations (DAD) that are related to the dysregulation 
of intracellular Ca2+ homeostasis were observed (see DAD 
and arrow in the figure) (Fink et al. 2011). Figure 3b shows 
the relationship between exposure to LTB and response on 
the electrical alternans. The dose-response curve is repre-
sented as a semi-log plot of the ratio between the first event 
and the total duration during an alternans cycle versus the 
concentration of LTB (in μg/ml). The solid line shows the 
best match of a Hill model to the results. The data showed 
a similar IC50 to that reported for the mechanical response 
(IC50 approximately 0.25 μg/ml). Together, these results 
suggest that the changes in responses to tension can be corre-
lated with electrophysiological phenomena. Thus, the effect 
of LTB in promoting alternans contractions appears to be 
in accordance at both the mechanical and electrical levels, 
suggesting a common mechanism may be responsible for 
the observed results. Finally, in Fig. 3c, it is shown that the 
beat-to-beat variability was highly increased by the toxin. To 

compute heart rate variability, and to plot histograms of the 
beat-to-beat time intervals variability, we used Kubios free-
ware from the University of Eastern Finland, Kuopio (Tar-
vainen et al. 2014). Histograms of the time intervals between 
beats at the beginning of the experiment (ctrl, left panel) 
during the administration of LTB (LTB, middle panel), and 
after the washout of the toxin (WashOut, right panel), are 
shown. The plots were obtained using Kubios software by 
plotting histograms of the number of events in a particular 
beat-to-beat time interval versus the duration of the time 
intervals between the amplitude or duration (between electri-
cal peaks, R to R, in ms). The range of variability of these 
events in the control was quite small, as shown by the peak-
to-peak duration in the range between 450 and 500 ms. The 
range of variability of the heart rate increased upon appli-
cation of LTB, from 500 to almost 2000. After washout, 
the range of variability of the duration of the peak-to-peak 
events decreased to a range between 500 and 600 ms or more 
similar to the control. This increase in variability in the beat-
to-beat ratio suggests a lack of coordination in the beating of 

Fig. 3   Dose-response curve of electrical alternans and variability 
of heartbeats promoted by extracellular LTB in ex  vivo guinea pig 
hearts. a Synchronous recordings of tension (up) and MAPs (down), 
in the papillary muscle. The left panel shows the control whereas the 
right panel shows LTB 0.2 μg/ml. The duration of the first electri-
cal alternans event at 80% of its peak amplitude (roughly APD80) 
and the total duration of an alternans cycle are indicated in the figure 
for LTB. The arrow indicates a delayed after-depolarization (DAD). 
b The average plot of the alternans duration ratio is plotted versus 
LTB concentration. T80% is the duration of the electrical event of the 
strong contraction at 20% from the baseline (80% from the peak, a 
similar notion to APD80, but here, it is done for monophasic action 
potentials, MAPs). TAtot is the duration of the entire alternans cycle. 

T80%/TAtot is the measurement of the alternans duration ratio (first 
event/cycle). The higher the value of T80%/TAtot, the more it repre-
sents the relative weight of T80% in TAtot. The solid line shows the 
best match of a Hill model to the results. The best-fit parameters of 
Hill’s equations in both cases are similar to the IC50 of LTB binding 
(0.25 μg/ml) (n =4). c Histograms of the instantaneous heart rate in 
control, upon application of ~ 0.2 μg/ml LTB, and washout of LTB. 
The instantaneous heart rate measured from the R-to-R interval upon 
application of LTB diminished, increasing dramatically in its variabil-
ity with time after application of LTB. The variability of the heartbeat 
was increased in the presence of the LTB toxin, and the effect was 
rapidly reversible after the washout of LTB
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the whole heart and a propensity to get anomalous rhythm 
centers that could potentially lead the heart to ventricular 
fibrillation and sudden cardiac death. With this uncoordi-
nated electrical signaling, the heart also lost its ability to 
contract synergistically on a beat-to-beat basis.

The presence of extracellular LTB at those concentrations 
promotes cardiac alternans in a reversible way, presumably 
by GM1 binding because of the specificity of LTB binding 
to this receptor, because of the concentrations found to have 
an effect promoting alternans are strikingly similar to those 
reported for LTB-GM1 binding, and, finally, because of the 
reversibility of the effect (Minke et al. 1999). The results 
reported in isolated hearts with acute exposure to LTB show 
that the toxin promotes cardiac alternans at doses like the 
IC50 reported for GM1 binding of this toxin. This was a 
correlated pattern of electrical and mechanical alternans 
observed with the extracellular application of LTB. GM1 is 
abundant, and it has several actions in the heart (Lodovici 
et al. 1993; Marengo et al. 1998). Cardiac alternans has been 
linked to arrhythmogenesis and sudden cardiac death (Cos-
tantini et al. 2000; Laurita and Rosenbaum 2008; Rosen-
baum et al. 1994; Walker and Rosenbaum 2005; Wilson and 
Rosenbaum 2007; Wilson et al. 2006). A beat-to-beat alter-
nans pattern was suspected to arise from changes in intra-
cellular Ca2+ cycling and alternatively from action potential 
duration restitution (Sarusi et al. 2014; Wilson et al. 2006). 
Several conditions that are able to promote heart failure 
either intrinsically such as hypothermia, hypo or hypercalce-
mia, hypercapnic acidosis, ischemia, hypertrophy, or extrin-
sically, such as β-adrenergic agonists, digitalis, and calcium 
channel antagonist, can elicit cardiac alternans (Euler 1999; 
Qu and Weiss 2023). The gut microbiome seems to play an 
essential role in the progression to disease of individuals 
infected with ETEC E. coli, especially in children in low- 
and middle-income countries (Higginson et al. 2022). These 
findings, joined to these particular results, indicate that the 
effect of LTB in GM1 cardiac gangliosides eliciting cardiac 
alternans being able to promote sudden cardiac death is a 
plausible hypothesis worthwhile to be explored.

This set of results supports the view that bacterial toxins 
can have detrimental effects on the heart and contribute to the 
development of cardiac dysfunction, as we have stated before. 
Bacterial toxins can cause inflammation, vascular permeabil-
ity, and organ malfunctions, including the heart (Guichard 
et al. 2012). Cardiac alternans reflects some stages of heart 
failure that usually precedes more important arrhythmias 
(Kulkarni et al. 2019). In the context of heart failure, altered 
gut microbial communities can contribute to the disease 
through bacterial translocation or affecting metabolic pathways 
(Chen et al. 2019). Our results are consistent with previous 
findings showing that the composition of the gut microbiota in 
people with heart failure is different from those with a healthy 
status (Chen et al. 2019). Bacteria living in the gut secrete 

molecules that must penetrate the intestinal epithelium or the 
surface cells of the host. We suppose that LTB, like Cholera 
toxin, bind to GM1 gangliosides located on the outer leaflet 
of the apical membrane in intestinal epithelial cells (Wernick 
et al. 2010). Besides binding to membrane components like 
LTB, some bacterial toxins can form pores (Wang et al. 2017), 
while others may involve lipoprotein binding and inflamma-
tion modulation (Kilpatrick et al. 2007) or the promotion of 
autophagy in infected cardiac cells (Gurusamy et al. 2009). 
Whole cholera toxin (A and B fractions), injected into rat tails, 
promoted cardiac arrhythmias leading into ventricular fibril-
lation and an increment of cAMP through activation of gua-
nine nucleotide regulatory proteins (Huang and Wong 1989). 
Those experiments were performed with the whole toxin and 
not the B fraction. Regarding the whole cholera toxin, it has 
been also reported to change triacylglycerol lipase activity and 
cardiac metabolism when injected into heart rats (Miller et al. 
1987). Our set of experiments is different to those using chol-
era toxin, because we have used only the B fraction from E. 
coli, applying it extracellularly to guinea pig isolated hearts. 
The effects of LTB in isolated hearts have not been thoroughly 
explored, except for some global work in zebrafish, where it 
was reported that LTB was able cause systemic impairment 
of various organs, including the heart (Henrique et al. 2021). 
It is worth mentioning that the epidemiological association 
between ETEC E. coli and sudden cardiac death has been 
reported several times since the 1990s, but no phenomeno-
logical link was established (Bettelheim et al. 1989; Bettel-
heim and Goldwater 2015; Bettelheim et al. 1990; Murrell 
et al. 1993). It is interesting that the toxigenicity appeared to 
be relatively labile regarding the temperature (Bettelheim et al. 
1990). The results presented here might offer the phenomeno-
logical explanation that was lacking from the epidemiological 
studies mentioned above,

After reviewing and reporting experimental evidence in 
isolated hearts, regarding extracellular LTB-promoting car-
diac alternans, we examined the effects of increasing doses 
of LTB on action potentials and ionic currents in isolated 
cardiomyocytes.

LTB enterotoxin from E. coli promotes 
electrical and mechanical alternans 
and differentially affects the main ionic 
currents in isolated cardiomyocytes 
from guinea pigs

To test if the observations seen at the level of the whole 
heart were due to changes in conduction patterns and syn-
cytium functioning of the heart and to ascertain the main 
electrophysiological targets of LTB at the cellular level, 
we recorded action potentials and ionic currents from iso-
lated cardiomyocytes.
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Cardiomyocytes were isolated following the protocol 
developed by Ferreira et al. (Ferreira de Mattos et al. 2017; 
Ferreira et al. 1997a), which was adapted from Mitra and 
Morad (Mitra and Morad 1985).

Action potentials were recorded in a whole-cell configura-
tion following a similar procedure described by Kato et al. 
(1996), under the current-clamp configuration, as shown in 
Fig. 4a. The addition of 0.2 μg/ml of the LTB toxin in the 
extracellular solution changed the amplitude and duration 
of the action potentials. The amplitudes were reduced by 
an average of 20 ± 4%, and the duration was diminished by 
44 ± 4% or 6 ± 4% at APD20 or APD80, respectively. The 
duration was measured at 20% and 80% of its total amplitude 
(approximately 100 mV), and this was measured from the 
overshoot to the resting potential of 110 ± 10 ms and 270 
± 18 ms, respectively (APD20 and APD80, respectively). 
These findings indicated that the duration of the plateau was 
diminished by the application of LTB, although the duration 
of the repolarization of the action potential was only mildly 

affected. In the control experiments without the toxin, sin-
gle cardiomyocytes were used for comparisons between two 
successive contractions and action potentials. When a paired 
group of pulses were applied at 3–4 Hz to reproduce the 
normal heart rate of the guinea pig, in the presence of LTB, 
an electrophysiological pattern of alternans (amplitude and 
duration of the action potentials) occurred, similar to those 
reported for the whole heart (Fig. 4b). Action potentials and 
contractions using control cultures and cultures containing 
0.2 μg/ml LTB were compared in bar plots (Fig. 4c). The 
ratios of the action potential amplitudes between succes-
sive contractions in LTB-treated and control cultures were 
very similar (near 0.8 or 80 ± 15% in terms of percentage). 
This ratio is modified more when the comparison was done 
between contractions (near 0.6 or on a percentage basis, 60 
± 12%). This analysis demonstrates that the alternans pattern 
promoted by the toxin in the whole heart can be observed in 
individual isolated cardiomyocytes when exposed to similar 
concentrations of LTB toxin.

Fig. 4   Effect of 0.2 μg/ml extra-
cellular LTB on action poten-
tials and contractions recorded 
from isolated ventricular 
cardiomyocytes. a The applica-
tion of LTB toxin changed the 
amplitude of the action potential 
in single cells (APD20 and 
APD80 are shown). APD20 was 
more affected by the toxin than 
APD80 where the duration of 
the action potential is slightly 
changed, possibly due to an 
enhancement of the peak of ICa 
and/or partial inhibition of the 
Ito K+ current by the toxin. b 
The mechanical and electrical 
alternans phenomena are seen 
in isolated cardiomyocyte cells 
exposed to LTB when pulses 
were applied at a rate of 2–3 
Hz at a concentration of 0.2 μg/
ml LTB. c The average plot of 
the effect of LTB on single cells 
(action potential and contrac-
tion/shortening). The data 
were plotted as bars for each 
situation. The effect of the toxin 
on action potential amplitude 
(An+1/An) and the amplitude of 
shortening between consecutive 
pulses are shown for n=3 cells
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These results show that the alternans patterns of contrac-
tion seen at the level of the whole organ are a consequence 
of alterations promoted by the toxin in isolated cardiac cells 
because those patterns are also seen in isolated cardiomyo-
cytes exposed to LTB. This is consistent with the hypothesis 
that LTB binds to GM1 promoting the changes at the cellular 
level in cardiomyocytes, as gangliosides are known to be 
important modulators of function in excitable cells (Bus-
selberg et al. 1989), and that it was found that the perme-
ability to Ca2+ in cardiac cells can be modulated by sialic 
acid-containing gangliosides located in the sarcolemma 
(Marengo et al. 1998).

The decrement of action potential duration in the sec-
ond action potential in an alternans series promoted by LTB 
reported in Fig. 4 could be the result of changes in ion chan-
nel activity promoted directly or indirectly by the toxin. 
There is a tight relationship between heart failure and ion 
channel electrophysiology (Marbán 1999). Thus, to better 
understand the voltage changes, we studied the effects of 
LTB on ionic currents under a whole-cell patch clamp.

Figure 5 shows the results of applying extracellular LTB 
to the main ionic currents present in ventricular cardiomyo-
cytes. Figures 5 a, b, and c show the pulse protocol and Na+ 
currents (INa) obtained in control and in 0.2 μg/ml LTB. To 
avoid the spontaneous shift of Na channel voltage-dependent 
gating (availability), we choose a holding potential of −110 
mV (Hanck and Sheets 1992; Maltsev and Undrovinas 1997). 
Thus, if any decrease in Na amplitude in the presence of LTB 
is observed, it could not be explained by the time-dependent 
shift of the steady-state availability curve (Hanck and Sheets 
1992; Maltsev and Undrovinas 1997). To determine the effect 
of LTB on INa, NaCl was also reduced to 50 mM to obtain 
a better voltage clamp. We also substituted 90 mM extracel-
lular NaCl with TEACl. Though they are hard to get, INa 
has been recorded under extracellular Na+ concentrations 
of 50 mM or more with the whole-cell patch-clamp tech-
nique (Tanaka et al. 1994; Wang et al. 2009). Blocking of 
K+ channels was achieved by incorporating high intracellular 
Cs+, high extracellular TEA, and the addition of 5 mM 3,4 
diamino-pyridine (Jeevaratnam et al. 2018). The osmolarity 
of the intracellular solution was kept constant with 140 mM 
CsCl. The blocking of Ca2+ channels was achieved by the 
addition of 5 μM dihydropyridine. Capacitive currents were 
subtracted using a standard P/4 protocol. In Fig. 5 b and c, 
the INa IV curve traces and plots are shown in reference and 
LTB. Plots are shown in Fig. 5c showing a stable increment 
and not an abrupt rise of the peak INa with membrane volt-
age, to make sure we do not have “escape” clamp problems 
(Carmeliet 1987; Pásek et al. 2008; Wasserstrom and Vites 
1999). The data are consistent with a minor but significant 
effect of LTB on the gating mechanism of cardiac Na+ chan-
nels, similar to what it has been observed in hypercholes-
terolemia (C. C. Wu et al. 1995). It is interesting that GM1 

located through Cholera toxin (CTX) binding is preferen-
tially located in cholesterol-enriched membranes (Orlandi 
and Fishman 1998; Wolf et al. 1998). GM1 located through 
this method promotes a reorientation of the membrane cho-
lesterol that may change the physicochemical properties of 
the membrane and influence transmembrane proteins (Ron-
delli et al. 2012). The fast Na+ channels or Nav1.5 channels 
traffic together to the sarcolemma with the K+ inward recti-
fier Kir2.1 channel (Ponce-Balbuena et al. 2018), and it is 
associated with these lipid rafts enrichened in cholesterol 
through its β subunit (Cortada et al. 2021). Alternatively, 
these results, especially a slower inactivation rate, could be 
explained by phosphorylation through the PTK pathway 
stimulated by the GM1 toxin binding (Ahern et al. 2005). 
This effect may partially account for the changes in excitabil-
ity patterns and arrhythmogenesis observed after the extracel-
lular application of LTB, and it does not seem to be the main 
mechanism of LTB arrhythmogenesis. The time control of 
the course of action and washout of LTB on INa currents is 
shown in Supp. Fig. 2. To summarize, INa was decreased by 
extracellular LTB, consistent with the results showing that 
Na+ currents were greatly affected by LTB B subunits that 
reduced neuronal excitability and conduction in visceral and 
baroreceptor afferent nerve fibers (Qiao et al. 2008).

The effects of LTB on Ca2+ currents in myocardiocytes 
were also explored, and the results are presented in Fig. 5 
d, e, and f. To study the effects of LTB on Cav1.2 currents 
(ICa), a prepulse of −40 mV for 50 ms was used to modify 
the resting potential of −80 mV. This was done to inactivate 
sodium channels (Mangold et al. 2017). The application of 
0.2 μg/ml LTB promoted a change in the current peak and a 
change in the fast current inactivation rate of ICa (Fig. 5d). 
The increment observed at the current peak amplitude for 
pulses to −10 mV was greater by an average of 20 ± 4%, 
whereas an extension of inactivation for 250 ms pulses was 
augmented by 40 ± 5% (Fig. 5e). The IV curve normal-
ized for control and LTB is shown in Fig. 5f, and it looks 
like it is shifted ~20 mV towards more negative potentials, 
being consistent with some sort of charge screening effect 
(Bers and Peskoff 1991). Though the IV curve is normal-
ized in both cases, the amplitude is increased by approxi-
mately 5–10% in absolute terms by LTB. Because of this, the 
same voltage used in the figure will increase its current and 
enhance calcium-dependent inactivation when LTB is pre-
sent. Although these are subtle changes in ICa, they might 
explain the effects observed by altering intracellular Ca2+, 
and they may well also contribute to the alternans pattern of 
contraction, as it will promote a transient Ca2+ release from 
the RyR2 in the SR (Eisner et al. 2017). Subtle changes in 
ionic currents are known to correlate with Ca2+ release from 
the SR. Another important issue from this result is that ICa 
inactivation is significantly increased by LTB. Thus, ICa 
might be still partially inactivated and not fully recovered 
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from inactivation, if an AP is elicited closer to the previous 
one, contributing to an alternans pattern as well. This is con-
sistent with results reported by several groups (Hopenfeld 
2006; Lai et al. 2020; Mahajan et al. 2008).

A possible explanation could be related to a shift towards 
more negative potentials promoted by screening of positive 
charges by the presence of GM1 toxin binding. We have 
made molecular dynamics simulation and analysis, that 
show that GM1, possibly increased with toxin binding, 

increases the amount of cation concentrations next to the 
membrane (see final interpretations at the end).

An alternative and non-exclusive explanation to the 
former one of the effects of LTB observed at the level of 
Cav1.2 currents could be explained if the toxin enhanced 
the activity of the calmodulin pathway. CaMKII is known to 
increase arrhythmia and cardiac function (Glynn et al. 2015). 
It can increase either ICa inactivation or facilitation (Bers 
and Morotti 2014; Peterson et al. 1999; Zhao et al. 2014). It 

Fig. 5   The main ionic currents from isolated guinea pig cardiomyo-
cytes are affected by the addition of extracellular 0.2 μg/ml LTB. a 
Pulses to explore INa, applied from a holding potential of −110 mV 
to avoid any spontaneous shift of INa (Hanck and Sheets 1992). 
b Current-voltage records of INa in reference (left, thin traces) and 
in 0.2 μg/ml LTB (right, thick traces) elicited by the pulse protocol 
shown in a. No escape clamp problems were observed in the records 
obtained. To avoid clamp problems, extracellular Na+ was lowered 
to at least 50 mM. Capacitive currents were eliminated by standard 
procedures (Ferreira 1997a, b; Ferreira et  al. 2003). c Normalized 
peak INa current-voltage curve in reference and LTB. The increment 
of INa towards a maximum peak around −30 mV is smooth and not 
abrupt indicating that the effects observed are not artifactual due to 
escape problems. LTB diminished slightly INa at all voltages (n=5). 
d ICa recorded after inactivation of INa and IK blockage in control 
(left panel) and after application of the toxin (right panel), using 
applied pulses from −40 to −10 mV. Both ICa peak and inactivation 
rates were increased by the extracellular application of 0.2 μg/ml LTB 
(upper trace). e The average plot of the ratio LTB/Ctrl observed on 
ICa peak amplitude and extension of inactivation for 300 ms pulses. 
In the presence of the toxin, there were increments in ICa peak ampli-
tude (25%), and the extension of inactivation was increased (42%). 
Both changes were significant (n=3, p=0.05). f Normalized IV curves 
of ICa in control and in LTB. Normalizations were done for each situ-

ation independently. In LTB, the curve seems to be shifted towards 
more negative potentials. The results indicate that calcium currents 
increase their peak and their inactivation rate after the application of 
0.2 μg/ml LTB in isolated ventricular cardiomyocytes. g The usual 
protocol to isolate both delayed outward currents was used follow-
ing published procedures (Heath and Terrar 1996; Jo and Lee 2010; 
Sanguinetti and Jurkiewicz 1990). The first repolarization measures 
IKr (hERG), while the second one estimates IKs (KCNQ). h The 
recordings for the protocol shown in a are displayed. The thick trace 
represents the recording with 0.2 μg/ml extracellular LTB, while the 
thin trace represents the recording in controls. LTB reduces both out-
ward currents (n=3). i IV curves for the peak of hERG current upon 
repolarization to −50 mV. The curves were obtained in control and 
in LTB. The line and arrow indicate the peak where the hERG cur-
rent was measured. The example was from a pulse from −10 mV. 
LTB reduces the hERG currents and shifts the curve to towards 
more depolarized potentials. The solid line represents the best fit of 
a Boltzmann equation to the data (n=3). The results suggest that the 
application of 0.2 μg/ml extracellular LTB promotes changes in slow 
outward K+ currents in isolated ventricular cardiomyocytes. The set 
of results reported in this figure indicate that LTB is able to promote 
changes in all major ionic currents responsible for cardiac action 
potentials and excitability
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also has effects especially on the late Na current shifting its 
activation towards more negative potentials (Ashpole et al. 
2012). In agreement with these results, calmodulin binds to 
the GM1 receptor, and the stimulation of the GM1 receptor 
increases calmodulin activity (Fukunaga et al. 1990; Higashi 
et al. 1992). These results were similar to those reported for 
butanedione, an oxime that dephosphorylates the L-type cal-
cium channel (Ferreira et al. 1997a, b). They also suggested 
that most of the effect on ICa was due to the fast inactivation 
mechanism related to calcium-dependent inactivation, even 
though there seems to be an interplay between calcium and 
voltage-dependent inactivation (Ferreira et al. 2003; Grandi 
et al. 2010). This view is also consistent with other series of 
experiments that we have performed with heavy metals in 
the heart (Ferreira de Mattos et al. 2017; Ferreira et al. 2022) 
and correlations between gating currents and ionic currents 
(Ferreira et al. 2001).

To summarize, ICa through Cav1.2 channels were also 
affected by LTB, but in a distinct way than INa. The peak 
of ICa was mildly increased upon the addition of extracel-
lular LTB, but the effects of promoting ICa inactivation were 
observed for most of the duration of ICa, especially for fast 
inactivation (Ferreira et al. 2003; Peterson et al. 1999). The 
effects of LTB and B-type toxins from the AB5 family on 
calcium channels have been reported in other cell types 
(Carlson et al. 1994; Hilbush and Levine 1992; Slomiany 
et al. 1992). The relativity mild effects of LTB on Cav1.2 
currents observed here were consistent with the results 
obtained in cardiomyocytes by Marengo et al. (1998) and 
in isolated preparations of Ca2+ channels by Slomiany et al. 
(Marengo et al. 1998; Slomiany et al. 1992). The results can 
be explained either by the charge screening effect and also 
by activation of the calmodulin pathway. From our experi-
ments, we cannot rule out the stimulation of Trp-like chan-
nels upon LTB binding, and this could contribute at least 
partially to the observed results.

Finally, to gain information about K+ currents, currents 
were recorded adding 30 μM extracellular TTX, 5 μM nifedi-
pine to block INa and ICa (guinea pigs do not have impor-
tant Ito K+ currents), respectively. Under these conditions, 
the remaining current is mostly a K+ current. We applied a 
voltage-clamp protocol using almost instantaneous voltage 
jumps to eliminate the capacitive currents with standard P/4 
protocols. Slow voltage-dependent potassium currents (IK) 
important for repolarization were recorded with 3-s pulses to 
−10 mV and after 1-s-long pulses to +40 mV from a hold-
ing potential of −50 mV. This holding potential was used 
to eliminate INa in addition to TTX, and we ended up with 
repolarization to the −50 mV holding potential after the 3-s 
pulse to −10 mV (see pulse protocol, Fig. 5g). To minimize 
the possible interference of inward rectifier K+ currents, 5 
mM CsCl was added to the extracellular solution. The extra-
cellular Ca2+ necessary to obtain the patch-clamp seal was 

lowered to 1 mM to avoid most of the interference caused 
by the very fast inward current tail that is mostly lost due to 
the low sampling rate we used to record the delayed K+ cur-
rents. Slow outward potassium currents at the end of the 1-s 
pulses and tails at −10 mV represent mostly currents passing 
through the fast delayed rectifier hERG channel (IKr). The 
slow outward currents after the 3-s pulses to −10 mV that 
returned to the holding potential represent mostly the slow 
delayed rectifier potassium currents (IKs) (Heath and Ter-
rar 1996; Jo and Lee 2010). The amplitude and kinetics of 
delayed rectifier K+ currents (IKr and IKs) were decreased 
upon the addition of extracellular LTB (see the thick black 
trace in Fig. 5h). The observed results in terms of potas-
sium currents were consistent with those reported for action 
potentials in single cells, having a longer AP in the first of 
two successive AP (see Fig. 4). In Fig. 5i, the IV curve for 
the peak of the hERG current was plotted versus the mem-
brane potential previous to the repolarization to −50 mV 
in control and in LTB. LTB diminishes the hERG currents 
shifting the IV currents to the right. The solid lines represent 
the best fit of a Boltzmann equation to the data. Note that the 
maintenance current for holding the potential at −50 mV is 
diminished by the toxin. This could imply that the inward 
rectifiers of the heart (Kir2.1) are also inhibited by LTB. If 
this occurs by down-regulation of PIP2, as Kir2.2 activity is 
critically dependent in PIP2, these finding would be consist-
ent with that work hypothesis as well (Huang et al. 1998).

In contrast with Na+ and Ca2+ currents, there are fewer 
reports and studies on the effects of LTB and gangliosides 
on K+ channels. In general, the outward currents carried by 
K+ channels were mildly diminished by LTB, presumably 
through the delayed rectifier channels (KCNQ or HERG). 
This may explain changes in alternans APD by toxin bind-
ing. The first AP in two successive alternans is longer and 
prone to long QT intervals due to this effect. This effect, 
in turn, could partially promote malignant arrhythmias that 
could lead to sudden cardiac death (Antoniou et al. 2017; 
Zareba and Cygankiewicz 2008). With our results, however, 
we cannot rule out additional effects on inward rectifier 
channels (Kir). It is known that the hERG channel is a direct 
or indirect target of many drugs, pathways, and infectious 
diseases that could lead to arrhythmogenesis (Ferreira et al. 
2021; Fossa et al. 2004). It is interesting that cholesterol 
and GM1 tend to be colocalized (Lozano et al. 2013). The 
hERG channel has been found at higher densities in domains 
containing cholesterol in neurons (Jiménez-Garduño et al. 
2014). Finally, cholesterol tends to down-regulate the activ-
ity of the channel making it pro-arrhytmic (Balijepalli et al. 
2007; Balijepalli and Kamp 2008; Chun et al. 2013). It is 
known that GM1 forces the redistribution of cholesterol in 
membranes (Rondelli et al. 2012). The effect of cholesterol 
in the hERG channels seems to be related to a down-regula-
tion of phosphatidyl-inositol-4,5-biphosphate (PIP2), which 
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in turn diminishes the current through these channels (Chun 
et al. 2010). It is conceivable that hERG and KCNQ currents 
could be affected by GM1 and toxin binding in a similar way 
to what we reported for INa in Fig. 5a.

The alterations in inward and outward currents may 
explain the pro-arrhythmogenic effects of extracellular LTB. 
The results obtained are consistent with what it has been 
experimentally reported for Na, Ca, and K currents during 
cardiac alternans (You et al. 2021). They are also consist-
ent with theoretical models proposed for alternans, where 
alternative uncoupling of Cav1.2 Ca2+ channels from Ryr 2 
subunits, due to inactivation, could explain these phenom-
ena (Hoang-Trong et al. 2021). The LTB toxin promotes 
an imbalance in the plateau and repolarization phase of the 
action potential where pro-arrhythmogenic events can arise. 
Because of its effects on the ionic currents, LTB should pro-
mote QT imbalance, which has also been statistically cor-
related with alternans and sudden cardiac death (Maury et al. 
2012; Panicker et al. 2012; Tse et al. 2017).

Bacterial toxins can modulate membrane properties 
through direct or indirect mechanisms (Eidels et al. 1983; 
Lesieur et al. 1997; Ostolaza et al. 2019). Pore-forming tox-
ins (PFT) are a way to get direct interference with mem-
brane permeabilization properties (Dal Peraro and van der 
Goot 2016). They have analogous proteins in vertebrates and 
other eukaryotes, with very similar structures, termed, pore-
forming toxins (PFT) (Dal Peraro and van der Goot 2016). 
Usually, they can be classified into two large groups, α barrel 
and β barrel, according to the predominant secondary struc-
ture of their transmembrane regions (Iacovache et al. 2010; 
Lesieur et al. 1997). All of them have before reaching their 
target cells, inactive monomeric, water-soluble structures, 
that when they reach the target cell membrane, interacting 
with sugars, lipids, and proteins receptors, undergo a change 
to a transmembrane protein, permeable to several cations 
and other molecules (Dal Peraro and van der Goot 2016). 
This interaction needs receptors that are usually placed in 
lipid rafts rich in cholesterol or sphingomyelin (Dal Per-
aro and van der Goot 2016; DuMont and Torres 2014; Los 
et al. 2013). Then, toxin oligomerization takes place, form-
ing a ring-shaped pore that finally communicates intracel-
lular with extracellular media (Dal Peraro and van der Goot 
2016). In this way, they alter membrane permeability and 
action potentials of excitable cells because they are permea-
tion pathways themselves.

Bacterial toxins that form pores in the heart can have 
detrimental effects on cardiac function and contribute to 
various cardiac diseases. One such toxin is pneumolysin 
(PLY), which is produced by Streptococcus pneumoniae 
(Boulnois et al. 1991). PLY is a member of the β barrel 
family described previously and the main virulence fac-
tor of Streptococcus pneumoniae (Anderson et al. 2018). 
It is a cholesterol-dependent pore-forming toxin that kills 

cardiomyocytes in vitro and disrupts cardiomyocyte con-
tractility because of alterations in membrane permeability 
by direct mechanisms, so circulating PNY is a potent inducer 
of cardiac injury during infections by Streptococcus pneu-
moniae, which are unfortunately common (Alhamdi et al. 
2015; Zivich et al. 2018). Some of these PFT toxins may be 
associated with sepsis (a systemic inflammatory response 
following bacterial infections), having a significant role 
in the damage of multiple organs, among them, the heart 
compromised (Abrams et al. 2022). Though there are varia-
tions, most of the clinical presentations of these PFTs alter-
ing membrane permeability in cardiac myocytes tend to be 
more dramatic than those from toxins that indirectly affect 
membrane permeability (Eidels et al. 1983; Los et al. 2013).

Our results are consistent with those of bacteria that 
indirectly alter membrane permeability through receptor 
binding, and that, in turn, may impact cell excitability in 
the case of the heart, at various levels. It is interesting that 
though not common, some reports of cardiomyopathy due 
to Clostridium infections have been made (Virk and Inayat 
2016). The Rho kinase pathway is inhibited by Clostridium 
toxins (Popoff and Poulain 2010). This pathway is of high 
relevance to cardiac physiology (Dai et al. 2018). Besides 
promoting a regulation of the contractile machinery, the 
Rho pathway is also important in modulating membrane 
permeability through several ion channels (Jin 2009). The 
amount of GM1 in membranes can change dramatically the 
responses of the membranes. In fact, in hereditary diseases 
known as gangliosidosis, there is a lipid storage disorder 
where they get accumulated in the lysosomes from neurons 
mostly, leading to developmental anomalies of the affected 
individuals (Nicoli et al. 2021). GM1 is prominent especially 
in membrane lipid microdomains. The binding of B subunit 
from cholera toxin diminishes INa in neurons, consistent 
with our findings (Qiao et al. 2008). Interestingly, there are 
reports that the B subunit of cholera toxin activates L-type 
Ca2+ currents in neuroblastoma cells, consistent with our 
report (Carlson et al. 1994). Besides local perturbation upon 
binding to toxins, there could be several downstream path-
ways that are changed that in turn can affect ionic perme-
abilities of the membrane at multiple levels, like the ones 
reported in this paper (Ledeen and Wu 2015).

We did not evaluate the effects of LTB on other known 
currents in ventricular myocytes, which can contribute in a 
smaller way to the observed effects on the function of the 
organ. For example, using our general current recording 
procedure, we did not evaluate the possible effect of LTB 
binding to Trp or SOC Ca2+ permeable channels or chloride 
currents as well as aquaporins, gap junctions, NCX trans-
porters, and pumps. The differences in the currents recorded 
in control and LTB-treated samples, with the more obvious 
channels blocked by ion substitution, prepulse, or channel 
blockers, suggested that Trp/SOC channels are also affected, 
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though not eliminated, by LTB. We finally explored if LTB 
promoted changes in intracellular Ca2+ dynamics in isolated 
cardiomyocytes.

LTB changes intracellular Ca2+ dynamics 
in isolated cardiomyocytes

The results reported here on the currents and channels of 
cardiomyocytes are due to LTB B-subunit-GM1-binding 
that directly or indirectly affects cells. In the alternans 
pattern, there is usually an alteration of the dynamics and 
management of intracellular Ca2+ that, in turn, can affect 
cellular currents (Wagner et al. 2015). Thus, we explored 
the effects of LTB on intracellular Ca2+ concentrations and 
distribution with fluorescent Ca2+ dyes. It is well known 
in neurons and other cell systems that GM1 ganglioside 
can regulate transmembrane signaling, which in turn can 
alter intracellular calcium dynamics (Ravichandra and 
Joshi 1999). Acute exposure of LTB to cardiac cells might 
affect transmembrane signaling, leading to a loss of coor-
dination of intracellular Ca2+ dynamics. It has also been 
established that GM1 gangliosides and drug binding to 
these receptors are important modulators of PTK activity 
and Ca2+-dependent protein kinases (Bremer and Hako-
mori 1984; Bremer and Hakomori 1984; Hilbush and Lev-
ine 1992; Kim et al. 1986). In addition, PTK activity and 
Ca2+-dependent protein kinases are important modulators 
of ion channels and transporters in the plasma membrane 
as well as intracellular Ca2+ dynamics from intracellular 
stores (Lu et al. 1994; Marks 1997; Nie et al. 2007). Taking 
the above into account and also that alternans mechanisms 
are likely due to disturbances in the modulation of intra-
cellular Ca2+ dynamics (Weiss et al. 2006), we explored 
the consequences of acute exposure to LTB on intracellular 
Ca2+ concentrations and distributions in isolated cardiac 
myocytes. An increment in intracellular Ca2+ may in turn 
promote another pro-arrhythmogenic event like delayed 
afterdepolarizations (DAD) (Tveito et al. 2012).

Since intracellular Ca2+ dynamics are critical for cardio-
myocyte functioning, and they are also highly modulated by 
cardiomyocyte electrophysiology, we studied the effects of 
the extracellular application of LTB on global intracellular 
Ca2+ concentrations using imaging with Ca2+-sensitive fluo-
rescent dyes limited to the isolated cardiomyocyte bounda-
ries over time (see Supp. Fig. 3). Ca2+ imaging was obtained 
from single isolated cardiomyocytes loaded with Fluo-3-AM 
or Fluo-4-AM (Molecular Probes, Invitrogen, Carlsbad, CA, 
USA and AAT, Sunnyvale, CA, USA) in a confocal micro-
scope, following standard procedures described by Guati-
mosim et al. (2011).

Figure 6a shows the intracellular Ca2+ distribution in iso-
lated cardiomyocytes visualized with a confocal microscope 

without extracellular stimulation (resting) in a control cul-
ture and culture after treatment with 0.2 μg/ml LTB. The 
green fluorescence in the transillumination image of the 
cardiac myocyte represents higher concentrations of intra-
cellular Ca2+. Below the transilluminated images are only 
the Fluo-3AM images corresponding to those images above. 
In Fig. 6b, the relative fluorescence of Fluo-3AM bound to 
Ca2+ (ΔF/F)+ is plotted for the control and LTB-treated cells 
shown in Fig 6a. Occasionally, spontaneous Ca2+ release 
was observed, though this situation was more frequently 
observed in those cells exposed to the toxin. The addition 
of 0.2 μg/ml extracellular LTB increased the average basal 
intracellular Ca2+ concentration (Fig. 6b). The amplitude 
of the intracellular Ca2+ spontaneous oscillations is higher, 
and the variability between the amplitude of the oscillations 
was larger in the LBT-treated than in the control cells. The 
levels of intracellular Ca2+ in LTB were high enough above 
control levels to occasionally observe a contraction by the 
cardiac myocyte (Fig. 6b). These spontaneous local Ca2+ 
oscillations happened around an average resting level of 
Ca2+ for the whole cell which was bigger in LTB than in 
control. This result, in general, follows classical works such 
as Cheng et al. (1996) and Lopez et al. (1995). The global 
intracellular Ca2+ reports rely on the existence of local 
events such as spontaneous calcium sparks and/or waves in 
diastolic cardiomyocytes like those shown in Fig. 6a. They 
produce changes in the measured average intracellular Ca2+ 
bound to Fluo-3AM, observed as fluorescence peaks above 
an average (Cheng et al. 1996; Lopez et al. 1995). Thus, 
the addition of 0.2 μg/ml extracellular LTB dysregulated 
the normal homeostatic concentration levels and oscilla-
tions of intracellular Ca2+ under resting conditions with-
out extracellular stimulation (see resting in Fig. 6 a and b), 
resulting in increased concentration of basal intracellular 
Ca2+, as well as more pronounced local Ca2+ release. The 
same experiment was performed with extracellular stimu-
lation using voltage pulses at an amplitude that can elicit 
the contraction of the isolated cells without EGTA-AM. To 
get better calcium imaging without contraction of the cells, 
we added low levels of EGTA-AM (50–200 μM) following 
Kornyeyev et al. (2010). Cells being stimulated for transil-
luminated overlayed and just fluorescence images are shown 
in Fig. 6c for control and LTB 0.2 μg/ml. The Ca2+ oscil-
lations over time were plotted and are shown in Fig. 6d. At 
variance with the control, upon stimulation higher levels 
of the local events were observed for the same pulses (see 
arrows and peaks in Fig. 6d). As it happened without extra-
cellular stimulation, the amplitudes and variability of Ca2+ 
oscillations after the addition of 0.2 μg/ml LTB were also 
increased. As expected, the average basal levels of Ca2+ and 
fluorescent signals upon stimulation are both increased by 
applying the same extracellular stimulation. This experi-
ment showed that LTB promotes the dysregulation of Ca2+ 
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Fig. 6   LTB effects on basal global Ca2+ and intracellular Ca2+ release 
events in resting and extracellularly stimulated ventricular cardiomyo-
cytes. a Images of resting non-stimulated cardiomyocytes in control 
culture and after 5 min of acute exposure to 0.2 μg/ml LTB (right 
panel). The images above correspond to the overlayed transillumi-
nated images in both conditions. Below are the corresponding images 
only with the Fluo-3AM fluorescence. The green fluorescence in the 
isolated cardiomyocyte represents intracellular Ca2+. b Recordings of 
global Ca2+ signals measured as ΔF/F from Fluo-3AM cell images 
versus time in control (thin trace) and LTB toxin-treated (thick trace) 
non-stimulated myocytes. The acute exposure of the myocytes to 0.2 
μg/ml LTB toxin increased the basal fluorescence of the dye bound 
to intracellular Ca2+ after 5 min. In LTB, intracellular Ca2+ sponta-
neous oscillations appeared between 23 and 33 ΔF/F (fluorescence 
per background fluorescence ratio). Moreover, at rest, the variabil-
ity between the amplitude of the oscillations was larger in the LBT-
treated than in the control cells (14.29 ± 0.39 compared with 22.93 
± 2). A t-test comparing the measurements of Fluo-3AM in the 
same cells, for 72 different frames in control and LTB, showed that 
the difference in the mean values between the two groups is greater 
than would be expected by chance, with a statistically significant dif-
ference (n=3, p<0.001). The local Ca2+ release events seemed to be 
larger in the presence of LTB than in control, suggesting dysregula-
tion of intracellular Ca2+. c Images of cardiomyocytes after extra-

cellular stimulation pulses in control (left panel) and after 5 min 
exposure to 0.2 μg/ml LTB (right panel). The images above are tran-
silluminated overlayed images with fluorescent signals. The images 
below correspond to the fluorescence channel for calcium signaling. d 
Plot of the relative fluorescence intensity of Fluo-3AM bound to cal-
cium versus time from the images shown in c. Plots are from global 
Ca2+ signals from the isolated cells in control (thin trace) and LTB 
toxin-treated stimulated myocytes (thick traces). After 5 min in 0.2 
μg/ml LTB and extracellular stimulation, the myocytes showed a sig-
nificant increase in both the basal fluorescence of Fluo-3AM bound 
to intracellular Ca2+ and the intensity of intracellular local Ca2+ 
release events upon stimulation (see arrows). In the stimulated myo-
cytes, the basal intracellular Ca2+ concentration and Ca2+ increment 
when pulses were applied are significantly increased by LTB. As it 
happened without extracellular stimulation, the amplitudes and vari-
ability of Ca2+ oscillations after the addition of 0.2 μg/ml LTB were 
also increased (16.5 ± 2.68 compared with 26.5 ± 4.7). A t-test com-
paring the measurements of Fluo-3AM in the same stimulated cells, 
for 72 different frames in control and LTB, showed that the difference 
in the mean values between the two groups is greater than would be 
expected by chance, having a statistically significant difference (n=3, 
p = <0.001). Both basal values (control and LTB) are also increased 
in stimulated myocytes in comparison with cardiomyocytes in the 
resting state
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homeostasis either in non-stimulated or stimulated cells, and 
this is more severe in situations where the functional reserve 
of the cardiac myocytes has been compromised (using extra-
cellular stimulation compared to no stimulation). Thus, LTB 
promotes not only alterations in the pattern of excitability 
of cardiac myocytes but also their intracellular Ca2+ homeo-
stasis. This latter finding is consistent with previous results 
here where LTB altered the pattern of contraction in iso-
lated hearts, releasing more than the usual Ca2+ in the first 
contraction and releasing less Ca2+ in the second contrac-
tion. In summary, LTB promoted an incremental change in 
intracellular Ca2+ concentration. Extracellular stimulation 
of the cardiac myocytes promoted a faster and additional 
increment of intracellular Ca2+ concentration that remained 
high in between successive alternans pulses.

Intracellular Ca2+ is often altered in the pathogenic mecha-
nisms of bacterial toxins. Whereas some bacteria can produce 
toxins that compromise cell membrane integrity or permeabil-
ity leading to Ca2+ fluxes (Bouillot et al. 2018), others have 
evolved factors termed effectors that can either promote or 
inhibit Ca2+ fluxes in the absence of membrane permeabiliza-
tion, usually requiring multiprotein complexes for their effect 
in Ca2+ fluxes in the cells (Wanford and Odendall 2023). In 
the case of bacterial pore-forming toxins, those changes can 
be fast and quite dramatic, leading eventually to cell death 
(Bouillot et al. 2018). Cells have developed during evolution 
protection mechanisms characterized by membrane repair 
and Ca2+ efflux mechanisms in order to survive these changes 
(Babiychuk and Draeger 2015; Cooper and McNeil 2015). 
PTFs can promote Ca2+ influx directly within the phagosome 
formed in the cell membrane (Shaughnessy et al. 2006) or 
through Ca2+ induced Ca2+ release from organelles enriched in 
Ca2+, like the endoplasmic reticulum or the lysosomes (Krause 
et al. 1998), or through activation of Ca2+ permeable chan-
nels from the membrane (Staali et al. 1998). The Ca2+ influx 
through PTFs usually is massive and displays a monophasic 
kinetics, but multiphasic kinetics can be observed in the pro-
cess of cell repair mechanisms or the progression of the cells 
towards death (Bouillot et al. 2018). However, though they are 
less frequent, Ca2+ oscillations, similar to the ones described 
in this section, have also been reported, for example, for strep-
tolysin O (SLO) from Streptococcus pyogenes and hemolysin 
from Staphylococcus aureus which induce the release of Ca2+ 
from the endoplasmic reticulum activating inositol triphos-
phate receptors (IP3 receptors), having transient Ca2+ oscilla-
tions in the cells (Krause et al. 1998).

Many Gram-negative enteropathogens, like Shigella 
flexneri (producing hundreds of millions of cases of dysenteria 
worldwide (Musher and Musher 2004), produces alterations 
of intracellular Ca2+ through effectors. Effector proteins are 
injected into the host cytosol-enhancing Ca2+ transients that 
involve the IP3 receptors, eliciting Ca2+ oscillations (Kon-
radt et al. 2011; Tran Van Nhieu et al. 2013; TranVan Nhieu 

et al. 2004). The enteropathogenic (EPEC) E. coli strain also 
behaves in a similar way, promoting Ca2+ oscillations in the 
host cells through effectors (Zhong et al. 2020). In neurons, it 
has been shown that the B subunit of the cholera toxin bound 
to the GM1 receptor increases intracellular Ca2+ (Milani et al. 
1992). GM1 activation by the B subunit seems to be important 
to have a trophic effect in cerebellar granular neurons, pro-
moting these Ca2+ oscillations (Wu et al. 1996). An increase 
in Ca2+ oscillations using the B subunit of the cholera toxin 
has been reported when the toxin is bound to GM1 in human 
Jurkat T-cell lines (Gouy et al. 1994). The modulation of Ca2+ 
signaling seems to be tightly related to the oligo-saccharide 
portion of the GM1 receptor (Lunghi et al. 2020). Interest-
ingly, an augmentation of Ca2+ influx has also been reported 
for the heat-stable enterotoxin in the intestine (Dreyfus et al. 
1993). Work performed in the 1980s suggested that the heat-
labile enterototoxin (LTB) from E. coli also increases intra-
cellular Ca2+, interfering with the Ca2+-calmodulin pathway 
(Goyal et al. 1989). The GM1 ganglioside modulates the 
Ca2+-calmodulin pathway (Benfenati et al. 1991). Actually, 
calmodulin is a ganglioside-binding protein, whose binding 
properties can be altered by the presence of Ca2+ or molecules 
bound to the gangliosides (Higashi et al. 1992). It has recently 
been shown that Ca2+-calmodulin-dependent inactivation of 
Ryr2 may explain Ca2+ alternans in intact heart (Wei et al. 
2021). The results obtained with the B subunit of the cholera 
toxin which is highly similar to LTB from E. coli, in Ca2+ tran-
sients and Ca2+ oscillations from several cells, are completely 
consistent with the results reported here.

A possible interpretation of the results 
from molecular dynamics to virtual heart 
simulations

A molecular dynamics simulation of the GM1 ganglioside 
bound to LTB was made to understand the biophysical 
changes promoted by LTB that could help understand 
the various effects observed in ion channels (Fig.  7). 
The crystal structure of LTB protein was obtained using 
PDB 1PZI (Mitchell et al. 2004), which was embedded 
in a (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 
(POPC) membrane containing 30% GM1 with a KCl con-
centration of 0.15 M by using the CHARMM-GUI soft-
ware (Jo et al. 2008; Lee et al. 2016) and the charmm36 
force field for lipid (Klauda et al. 2010), protein, and car-
bohydrates (Guvench et al. 2008). Molecular dynamics 
simulation was employed with the AMBER18 software 
(Case et al. 2018), under NTV conditions for a duration 
of 1000 ns. Temperature control was maintained using the 
Langevin thermostat (Hünenberger 2005). Non-bonded 
interactions were truncated at 10 Å, and long-range elec-
trostatics were handled using the particle-mesh Ewald 
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(PME) under periodic boundary conditions (PBC) (Ess-
mann et al. 1995). Additionally, we applied the SHAKE 
protocol (Ryckeart et al. 1977) to hydrogen atom bonding 
and the hydrogen mass-repartition to use an integration 
time step of 4 fs (Gao et al. 2021). The analysis of the sim-
ulation results was performed using an AMBERTOOLS 
program (Case et al. 2018). The initial structure of the 
LTB protein embedded in a membrane POPC contain-
ing 30% is presented in Fig. 7a. Figure 7b shows that the 
main interaction with GM1 occurs mostly in three LTB 
protomers, being quite similar to what it has been reported 
for the Cholera Toxin (Basu and Mukhopadhyay 2014). 
In Fig. 7c, the electron density profile of each membrane 
component is shown alone, revealing a proximal thicken-
ing of the membrane of 0.4 nm with POPC and that GM1 
is a particular component of the membrane whose density 
profile complements the POPC inner left. This analysis 
works as a control showing that the model is suitable as a 
representation for both POPC membranes and GM1 gan-
gliosides, alone or together. Lipid order parameters such 
as sn1 (measuring the correlation of the lipid tails in PC 
from POPC, closer to 1 implying higher order) are rep-
resented in Fig. 7d. The lipid parameter sn-2 (measures 
the correlation of the lipids of PO in POPC) is shown in 
Fig. 7e. Figures 7 d and e show that near GM1, lipids gain 
order and that they likely become less fluent. The lipid 
tails within an 8 Å sphere of LTB exhibit increased order 
parameters. This is crucial for understanding the physi-
cal properties of the membrane in the presence GM1, and 

this might change with toxin binding, as it usually hap-
pens. Finally, we have also analyzed the density profile 
of K+ that is incremented in the region where GM1 and 
the toxin are present. This is not a specific binding for 
K+, and it might occur probably for all cations because 
of this reason. This is shown in Supp. Fig. 4. This result 
shows that the GM1-LTB binding could have a screening 
effect related to the membrane potential of the surround-
ing molecules nearby. These results show that the binding 
of LTB alters the biophysical properties and organization 
of the membrane. This is consistent with previous studies 
that have shown that ganglioside GM1 can enhance the 
function of multiple proteins, including PKC, by modi-
fying the biophysical properties of the membrane (Pei 
et al. 2002) or voltage-dependent Ca2+ channels (Carlson 
et al. 1994; Lunghi et al. 2020; Marengo et al. 1998), by 
accumulating positive ions on the outer membrane. To 
summarize, Fig. 7 illustrates with molecular dynamics 
simulations and analysis, that the binding of LTB to GM1 
on the membrane, in addition to activation of the PTK 
and Extracellular Signal-Regulated Kinase (Erk) path-
ways (Duchemin et al. 2002), can also modify the lipid 
bilayer physicochemical properties, potentially leading to 
the changes described previously (including changes in 
the the Ca2+-calmodulin pathway with calmodulin linked 
to GM1), leading to the observed cardiac alternans pattern 
that may lead to arrhythmogenesis and sudden cardiac 
death (Costantini et al. 2000; Wilson et al. 2009; Wilson 
and Rosenbaum 2007).

Fig. 7   Structural and biophysical analysis of GM1-LTB protein bind-
ing with the membrane using computational analysis. a The initial 
structure of the LTB protein embedded in a POPC membrane con-
taining 30% GM1. b Healing map of the Interaction between LTB 

protomers and GM1 along the simulation time. c Electron density 
profile of each membrane component. d Lipid order parameters of 
sn-1 and e lipid order parameters of sn-2
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A general scheme and simulation of the results with a 
virtual heart model using a modified model of the LabHeart 
model (Puglisi and Bers 2001) are summarized in Fig. 8. 
The figure explains the main results obtained in this report 
regarding the mechanism of action of LTB in the heart. LTB-
GM1 binding increases the release of Ca2+ through RyR 
2, resulting in the first peak of contraction in a mechanical 
alternans cycle (thick arrow from RyR 2 in Fig. 8). The Ca2+ 
release through RyR 2 is less during the second contraction 
in a mechanical alternans cycle due to the presence of less 
Ca2+ inside the SR, as SERCA could not refill the SR with 
Ca2+ at levels like the first contraction (dash arrow from 
RyR 2 in Fig. 8). This interpretation is consistent with a 
recent report from the group of Dr. Escobar that states that 
SERCA plays a central role in generating alternans patterns 
of contraction in the heart (Millet et al. 2021; Short 2021). 
LTB binding also has consequences in terms of ion channel 
activity. The Na+ channel is inhibited by LTB, while the 
slow K+ delayed rectifier channels, hERG (IKr) and KCNQ 

(IKs), are mildly enhanced. The ICa currents through Cv1.2 
inactivated and might not recover enough from inactivation 
for the 2nd AP. The Ca2+ release from the SR could also 
contribute to the inhibition of ICa through Ca2+-dependent 
inactivation during the 2nd AP. All these effects may result 
in electrical alternans of the action potentials. The extra 
Ca2+ release from the SR during the first contraction of an 
alternans cycle or the leak of Ca2+from the SR could impact 
the Na+-Ca2+ exchanger (NCX) leading to cardiac dysfunc-
tion or another pro-arrhythmogenic effect of LTB, such as 
DAD (Bers 2014). The inset in Fig. 8 with red solid lines is 
a simulation obtained with a modified version of LabHeart 
(Puglisi and Bers 2001). The simulation shows in thin lines 
the alternans pattern for AP, intracellular Ca2+, and tension. 
All the experimental results reported here have been intro-
duced in LabHeart, being the only difference between the 1st 
and 2nd AP, the inactivation of ICa produced by the toxin 
and enhanced release by RyR 2, and a minor change towards 
less Ca2+ release and less Ca2+ uptake by the SR. The main 

Fig. 8   Summary of the effects of LTB-GM1 binding on heart cells. 
a The mechanical alternans are caused by enhancing Ca2+ release 
through the first contraction during an alternans cycle. However, it is 
crucial to explain our observations that the refill of Ca2+ by SERCA 
is not enough to get a strong second Ca2+ release for the second con-
traction. Overall, this leads to Ca2+ homeostasis dysregulation. The 
electrical alternans might be caused by the multiple effects on Na+, 
K+, and Ca2+ (Cav1.2) channels (created with BioRe​nder.​com). The 
LTB-GM1 binding will impact in all the membranes from the car-
diomyocyte in particular microdomains or lipid rafts. b Simulation 
of action potentials, calcium, and tension alternans in two consecu-
tive beats, obtained using a modified version of Labheart. The main 
experimental features were reproduced assuming the effects observed 
on ICa, INa, IK (hERG), and only a mild increase in the release by 
RyR 2 channels. The uptake was slightly diminished. The simulated 
traces are all in red. The upper traces correspond to electrical alter-

nans. The dashed blue line represents the duration of the AP at the 
first beat. For comparison, it was copied in the second beat. The 
arrow indicates the difference observed. The middle traces corre-
spond to Ca2+ alternans. The red dashed line indicates the zero level 
of Ca2+. Note that after the first beat, Ca2+ levels do not return to zero 
(indicated by the blue arrow between traces). This might condition 
Ca2+ reuptake by SERCA affecting the Ca2+ pool inside the SR to be 
released during the 2nd beat. The dashed vertical blue line indicates 
the height of the Ca2+ transient during the first beat. Note that there is 
a significant reduction of the release during the 2nd beat. The bottom 
traces represent the mechanical alternans. The dashed vertical blue 
line represents the height of the amplitude of tension during the first 
beat. For comparison, it was placed in the second beat, and the arrow 
indicated that the height in this condition is significantly lower getting 
a mechanical alternans

464 Biophysical Reviews (2023) 15:447–473

http://biorender.com


1 3

experimental features reproduced by the simulation with 
these assumptions are indicated in the figure.

Further research will be needed to elucidate the precise 
molecular mechanism by which the toxin promotes cardiac 
alternans.

Concluding remarks

In this letter, we have shown that many bacterial toxins can 
have detrimental effects on the heart. From those that act on 
the membrane, we have shown that both pore-forming toxins 
(PFTs) and toxins that exert their effects through membrane 
receptors may change heart function altering membrane per-
meability and excitability, leading to Ca2+ influx and a loss 
of Ca2+ homeostasis, critical for normal heart functioning. 
Usually, PFTs’ effects in the heart are more dramatic and 
have been also more characterized and well-established for 
multiple toxins and multiple bacteria. Related to toxins bind-
ing to membrane receptors, because of their greater diver-
sity, less is known. However, there is intriguing information 
related to the close statistical association between heat-labile 
enterotoxin (LTB) from children infected with ETEC E. coli 
and sudden cardiac death in those (Bettelheim et al. 1989; 
Morris et al. 2009; Murrell et al. 1993). LTB binds to GM1 
gangliosides that are abundant in the heart. We tested the 
effects of LTB on isolated hearts and cardiomyocytes to 
know if, in the scope of this letter, this could be a plausible 
explanation for the statistical association mentioned above.

The results we obtained have several implications: (i) The 
binding of LTB to its presumed receptor GM1 resulted in 
profound alterations in heart and cardiac cell function pro-
moting disturbances in the form of alternans. This occurred 
even at very low doses of LTB. In several cell types, GM1 
ganglioside responses caused by ligand binding are closely 
linked to intracellular Ca2+ concentrations, localizations, and 
their variabilities (Ledeen and Wu 2002). Since most gan-
gliosides are localized at the plasma membrane in lipid rafts 
(Blank et al. 2007), the B subunits from AB5 toxins can be 
used to bind specifically to these gangliosides, and such bind-
ing and subsequent events can be used to study the effects of 
B-subunit toxins on cells (Beddoe et al. 2010). As a model for 
this process, we used ventricular cardiomyocytes, which have 
plasma membrane lipid rafts with ample numbers (Bers and 
Morotti 2014) of GM1 receptors (Maguy et al. 2006). It has 
been reported that ventricular cardiomyocytes can be altered 
in their cellular properties by the binding of LTB (Montpetit 
et al. 2009). Our results with ex vivo guinea pig hearts also 
confirmed that the binding of LTB caused changes in surface 
electrograms and tensions. The altered patterns of electri-
cal and tension recordings appeared at LTB concentrations 
near the IC50 for cholera toxin B subunit-GM1 binding. In 
summary, we found that LTB binding to GM1 receptors in 

cardiomyocytes was correlated with mechanical and electri-
cal alternans. In particular, because of alternans, they can 
be related to rate changes in the molecules critical for Ca2+ 
dynamics and release/uptake from intracellular stores (Wilson 
et al. 2006).

The possibility that infections by some E. coli strains 
resulting in the delivery of enterotoxins into the blood cir-
culation can affect cardiac function should be considered 
based on our results. Elsewhere, it has been shown that dis-
cordant alternans are a manifestation of sudden cardiac death 
in animal models and clinical trials (Kim et al. 2014; Verrier 
and Nearing 1994). In our experiments, we observed a pat-
tern of alternans at low doses of extracellular LTB up to its 
IC50. Increasing concentrations of LTB promoted a change 
in the electrical and tension patterns, which could yield ven-
tricular fibrillation in vivo (Hastings et al. 2000; Skardal and 
Restrepo 2014). Ventricular fibrillation is a common mani-
festation in sudden cardiac death syndromes (Israel 2014). 
The results presented here support the notion reported previ-
ously that cardiac function is impaired by enterotoxins and 
that this could result in sudden cardiac death (Bettelheim 
et al. 1990). This issue might be particularly relevant for 
sudden cardiac death in infants, where the causes of demise 
have not yet been established (Panicker et al. 2012). Our 
results support the hypothesis that at least a fraction of these 
lethal cases might be due to bacterial infections and the coro-
nary alterations reported here.

Do LBT toxins from enterotoxigenic bacteria play a 
role in sudden cardiac death? Here, we found that the 
results using ex vivo hearts compared to isolated heart 
cells were consistent. In vivo, patients may have diarrhea 
with different levels of toxins in the blood. The passage 
of the toxins to the blood is related to the transport and 
damage of toxins by intestinal epithelial cells. The results 
point to a critical role for ganglioside signaling in keep-
ing the correct homeostasis of cardiac cells through the 
modulation of intracellular Ca2+ dynamics. The binding 
of LTB to GM1 ganglioside receptors and subsequent 
intracellular events disrupted this precise control, gen-
erating alterations in Ca2+ release and uptake promoting 
alternans contractions. The findings reported in this paper 
may be of relevance to the mechanism of sudden cardiac 
death where a critical role of alternans in the process of 
cardiac failure has been established (Rubenstein and Lip-
sius 1995; Sarusi et al. 2014). Sudden infant cardiac death 
or sudden infant death syndrome (SIDS) is a worldwide 
problem whose causes have remained elusive. Several 
events have been proposed as playing a role in SIDS. For 
example, it has been known for some time that enterotoxi-
genic strains of E. coli have been found in the intestines 
of children with SIDS (Bettelheim et al. 1990; Siarakas 
et al. 1999). Moreover, a connection between bacteremia 
and cardiac arrhythmias has also been proposed (Morris 
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et al. 2009). The results presented here are consistent 
with the hypothesis of Bettelheim et al., that a fraction of 
SIDS is due to toxins released from bacteria (Bettelheim 
and Goldwater 2015; Bettelheim et al. 1990; Morris et al. 
2009). From our results, we propose an elaboration of this 
mechanism that could explain why enterotoxin B-subu-
nits can lead to SIDS. However, we cannot rule out other 
causes as additional contributing factors to SIDS. Further 
experiments are needed to clarify to which extent ETEC is 
a cause of SIDS and more details regarding the molecular 
interactions involved in the mechanisms reported here.

In summary, we have shown that bacterial toxins can 
have a profound impact on heart function, and we have 
presented evidence of a new mechanism of cardiac damage 
that could lead to arrhythmias and sudden cardiac death, 
promoted by another bacterial toxin, explaining epidemio-
logical findings found by several groups. The binding of 
B-subunits of LTB to cardiac cell surface gangliosides can 
lead to alterations of cellular functions that can have reper-
cussions to the entire heart leading to arrhythmogenesis 
and sudden cardiac death. Among the effects of LTB were 
alterations in the activities of ion channels and a pattern 
of alternans contractions. Thus, our results may ultimately 
help to explain the contributions of ETEC to SIDS.
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