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Cell death mechanisms induced by pore forming toxins with 
special focus on actinoporins 

Mecanismos de muerte celular inducidos por toxinas formadoras de poros con 
especial enfoque en actinoporinas  

ABSTRACT 

Pore-forming toxins (PFTs) are one of the weapons used by living beings to 
attack or self-defend. These proteins are secreted in soluble form but they 
undergo conformational changes, creating a pore in the host membrane. 
PFTs are distributed from bacteria to mammals. Their binding to mem-
brane leads to cell swelling, imbalance of ionic gradients and cell death. 
The cell death mechanisms induced by bacterial PFTs are the best charac-
terized; by contrast, eukaryotic PFTs have been less studied than their bac-
terial counterparts, perhaps due to their lower impact on human health. 
Among eukaryotic PFTs, actinoporins (APs) constitute a particular family 
produced by sea anemones. The interest in actinoporins has risen due to 
their high cytotoxicity that can be used to design immunotoxins against 
tumor cells and molecule delivery systems to cell cytosol. In this review we 
describe the main cell death mechanism induced by PFTs with particular 
focus on sticholysins I and II (Sts, StI/StII) two APs thoroughly studied in our 
laboratory. Understanding the death cell mechanisms triggered by Sts and 
other APs is of the utmost importance due to their potential applications to 
treat several pathological conditions in humans. Work is in progress in our 
Center with these toxins in this direction. 

Keywords:   pore-forming toxins, cell death mechanism, actinoporin  

RESUMEN 
Las toxinas formadoras de poro (PFTs) son una de las armas usadas por los 
seres vivos para atacar o autodefenderse. Estas proteínas se secretan en 
forma soluble, pero sufren un cambio conformacional al crear un poro en 
la membrana diana.  Las PFTs se distribuyen desde las bacterias hasta los 
mamíferos. Su unión a la membrana provoca un incremento del volumen 
celular, el desequilibrio de los gradientes iónicos y la muerte de la célula. 
Los mecanismos de muerte celular inducidos por las PFTs de origen bacte-
riano son los mejor caracterizados; en contraste, los desencadenados por 
las PFTs eucarióticas han sido menos estudiados, quizás debido a su menor 
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oping treatments or biotechnological tools, this re-
view aims at summarizing the main cell death mecha-
nism induced by PFTs with particular focus on APs 
sticholysins I and II (Sts, StI/StII) two APs thoroughly 
studied by CEP. 

 

Pore forming toxins (PFTs) 

General characteristics of pore formation 

PFTs have a broad taxonomy distribution from bac-
teria to mammals (Bischofberger et al., 2012). Secret-
ed in a monomeric soluble form, they can assemble 
into oligomeric structures with the ability to insert in 
the membrane via specific receptors leading to pore 
formation and as a consequence occurs the mem-
brane permeabilization (Bischofberger et al., 2012). 
Membrane perforation by PFTs leads to changes in 
ion concentration in the cytosol of the target cell. 
These pores can be either lytic to the target cell, for 
example by creating an osmotic imbalance, or can 
mediate the translocation of proteins, namely toxins, 
into the cytoplasm (Lesieur et al., 1997). 

The multiple outcomes of pore formation by a PFT 
depend on its concentration, the pore diameter, the 
number of pores/cell and the stability of the pore 
(Hotze and Tweten, 2012). Consequently, the cellular 
response to PFTs will also depend on the above-
mentioned factors. Calcium and potassium have been 
identified as the main mediators in the cellular re-
sponse to cell membrane damage by these proteins 
(Bischofberger et al., 2012).  

PFTs are classified in two broad groups depending 
on the elements of secondary structure used to span 
the cell membrane (Lesieur  et al., 1997).  α-PFTs uti-
lize amphipathic α-helices to pierce the membrane 
whereas β-PFTs form amphipathic β-barrel pores (Dal 
Peraro and van der Goot, 2016). Three families of α-
PFT (colicins, actinoporins, and cytolysin A) and three 

INTRODUCTION 

Pore forming toxins (PFTs) are one of the tools used 
by living organisms to attack or self-defend 
(Bischofberger et al., 2012). These proteins are syn-
thesized in soluble form and in response to various 
stimuli undergo conformational changes that lead to 
pore formation on the plasma membrane (PM) of 
target cells. Pore formation impairs cell membrane 
permeability inducing the uncontrolled passage of 
solutes and ions across the membrane (Cosentino et 
al., 2016). This non-regulated movement leads to an 
ionic and osmotic imbalance and finally to cell death 
(Maček et al., 1994). Cell death is characterized by an 
irreversible loss of cell vital functions and may occur 
in response to different stressors including PFTs ac-
tion (Galluzi et al., 2015; Tang et al., 2019).  

Most of the studies on cell death mechanisms and 
intracellular pathways activation induced by PFTs 
have been carried out with bacterial PFTs (Cancino-
Rodezno et al., 2009). However, there is limited infor-
mation on cell death mechanisms or signaling path-
ways triggered by eukaryotic PFTs.  

PFTs from sea anemones are called actinoporins 
(APs) and represent a quite interesting family of PFTs 
due to their significant membranotropic action and 
high cytolytic activity. For these reasons, APs consti-
tute promising therapeutic agents against tumor cells 
and attractive molecules for other biomedical and 
biotechnological applications (reviewed in Alvarez et 
al., 2020). Cell death mechanisms induced by APs have 
been poorly explored; indeed, only a few studies have 
been documented with non-consistent results 
(Fedorov et al., 2010; Soletti et al., 2010; Soto et al., 
2018). A common aspect in the mechanism involved 
in cell death by PFTs is its dependence on cellular 
type, cell metabolic condition and toxin concentration 
(Katayama et al. 2007, Cancino-Rodezno et al., 2009; 
Soto et al., 2018). Due to their importance for devel-
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impacto en la salud humana. Entre las toxinas formadoras de poro eucarióticas, las actinoporins (APs), produci-
das por las anémonas marinas, constituyen una familia particular. El creciente interés en las APs se debe a su 
elevada citotoxicidad que puede usarse para diseñar inmunotoxinas contra células tumorales y sistemas de libe-
ración de moléculas al citosol celular. En esta revisión describimos los principales mecanismos de muerte celular 
inducidos por las PFTs con un enfoque particular en las sticholisinas I y II (Sts, StI/StII), dos APs ampliamente estu-
diadas en nuestro laboratorio. El conocimiento de los mecanismos celulares involucrados en la muerte inducida 
por las Sts y otras APs es de suma importancia debido a sus aplicaciones potenciales en el tratamiento de varias 
condiciones patológicas en humanos. En esta dirección, se encamina parte del trabajo con estas toxinas en nues-
tro Centro. 
Palabras claves: toxinas formadoras de poro, mecanismo de muerte celular, actinoporina  
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They are secreted as monomeric and soluble pro-
teins that can diffuse toward target cells to which 
they bind via specific receptors (Gonzalez et al., 
2008). The receptors include transmembrane or gly-
cosylphosphatidyl inositol–anchored proteins (GPI-
anchored proteins), lipids or cluster of lipids (Coskun 
and Simons, 2011; Skocaj et al., 2014), generally asso-
ciated with lipid rafts (Coskun and Simons, 2011). In-
deed, cholesterol is the receptor of CDCs such as 
perfringolysin O (PLO) or streptolysin O (SLO) whereas 
GPI-anchored proteins are the receptors for Aer-
omonas aerolysin and Clostridium septicum α-toxin 
(Abrami et al., 2002). In addition, other receptors 
such as claudins, components of tight junctions (Van 
Itallie and Anderson, 2013), are receptors for Clostrid-
ium perfringens enterotoxin (CPE) (Shinoda et al., 
2016), and the metalloproteinase domain-containing 
protein 10 (ADAM10) was proposed to be a receptor 
for Staphylococcus aureus α-hemolysin on epithelial 
cells (Berube and Bubeck, 2013) (Table 1).  

of β-PFT (hemolysins β, aerolysin β and Cholesterol 
Dependent Cytolysins (CDC)) have been identified (Dal 
Peraro and van der Goot, 2016). 

Their common functional feature is the ability to 
penetrate cell membranes eventually leading to cell 
death. This is carried out through a variety of molecu-
lar strategies for assembly into the lipid bilayer that 
are not very clear yet.  

Since PFTs kill cells, they are potential candidates for 
targeted toxin therapy for the treatment of cancer 
and immune diseases, as well as other biotechnologi-
cal applications (Li et al., 2017). 

Bacterial PFTs 

Many pathogenic bacteria produce PFTs being im-
portant components of their virulence arsenal. In 
spite of sequence and structural diversity, all bacterial 
PFTs follow the same mode of action (Gonzalez et al., 
2008).  
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Table 1.  Some representative examples of bacterial PFTs 
Table 1.  Algunos ejemplos representativos de PFTs bacterianas 

Type of 
PFT Family Organism Examples Receptor References 

  
  
  
  

α-PFT 

Colicins Escherichia coli 

Colicin A 
Colicin Ia 
Colicin E1 
Colicin N 

At IM/OM Lackey et al., 1994 

Cytolysin A 

Escherichia coli 
  Cytolysyin A (ClyA) Chol Eifler et al., 2006 

Bacillus cereus 
  

Non-haemolytic tri-
partite enterotoxin 

(Nhe) 
Chol Ganash et al., 2013 

Haemolysin BL (Hbl) Chol Madegowda et al., 2008 

Repeats-in-toxin 
(RTX) Escherichia coli HlyA N.D Welch, 2001 

  
  
  
  
  
  
 
 

β-PFT 

Cholesterol-
dependent cytoly-

sins (CDC) 

Listeria monocytogenes Listeriolysin (LLO) 

  
  

Chol 
  

Koster et al., 2014 

Clostridium perfringens Perfringolysin O (PFO) Feil et al., 2012 

Streptococcus pyogenes Streptolysin O (SLO) Sierig et al., 2003 

Bacillus anthracis Anthrolysin (ALO) Bourdeau et al., 2009 

Staphylococcus pneu-
moniae Pneumolysin (PLY) Braun et al., 2007 

Haemolysins β Stapylococcus aureus 

Panton–Valentine 
leukocidin 

C5a receptors 
(C5aRs) Spaan et al., 2013 

α-haemolysin (HlA) PC/ADAM10/
disintegrin 

Wilke and Bubeck Wan-
derburg, 2010 

Aerolysin Aeromonas hydrophila Aerolysin GPI-anchored 
proteins Abrami et al., 2000 

Aerolysin-like β-PFT Clostridium  
perfringens Enterotoxin (CPE) Claudin Shinoda et al., 2016 

At IM/OM:  inner membrane/outer membrane, Chol: cholesterol, N.D: Non-determined, PC:phosphatidylcholine, ADAM10: 
metalloproteinase domain-containing protein 10, GPI-anchored proteins: glycosylphosphatidyl inositol–anchored proteins 
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Particularly, StI and StII exhibit high sequence simi-
larity (99%) and identity (93%) (Huerta et al., 2001; 
Lanio et al., 2001). These toxins bind to membranes, 
leading to the formation of pores both in cell and 
model membranes. The transmembrane α-helical 
barrel pores disturb cellular ionic gradients, cause 
osmotic swelling and finally lead to cell death (Tejuca 
et al., 1996; 2001). 

The three-dimensional (3D) solution structures of 
four APs have been solved: StI (García-Linares et al., 
2013), StII (Mancheño et al., 2003), EqtII (Athanasiadis 
et al., 2001; Hinds et al., 2002) and FraC (Tanaka et 
al., 2015). The comparison of these structures in solu-
tion reveals a similar 3D fold formed by a central rigid 
and compact core consisting of two β sheets. On the 
opposite sides of this β-core, two α-helices are orient-
ed perpendicularly to each other (Figure 1). The first α
-helix located close to the N-terminus is amphipathic 
in nature, mobile and flexible and is involved in pore-
formation (Hong et al., 2002; Mancheño et al., 2003; 
García-Linares et al., 2013). Soluble StII complexed 
with phosphocholine (POC) structure revealed a phos-
pholipid headgroup binding site (Figure 1), which is 
located in a region with an unusually high abundance 
of aromatic amino acid residues. The residues in-
volved in the POC binding site are strictly conserved in 
APs, suggesting that the same mechanism of lipid 
headgroup recognition is followed by other members 
of AP family (Bakrac et al., 2008). In the case of the 
nigrelysin (Ng), the most recently described AP from 
the Costa Rica´s Pacific coast anemone Anthopleura 
nigrescens, only two amino acid residues in the POC 
binding site (N78 and Y108) involved in protein-lipid 
interaction are not conserved respect to StII (D76 and 
F106). However, these changes do not compromise 
the order of permeabilizing activity of Ng (Alvarado-
Mesén et al., 2019). 

This binding site together with the aromatic amino 
acid cluster forms an essential structural assembly for 
binding of these toxins to membranes known as the 
interfacial binding site (Bakrac et al., 2008). Recently, 
the crystallographic structure of FraC has been solved.  
This study revealed the existence of multiple sites for 
lipid binding (Tanaka et al., 2015); in fact, two of these 
sites (L2 and L3) were considered similar to the POC 
binding site initially described for StII, while L4 and L5 
were hypothesized to be sites of low affinity for POC 
or perhaps high affinity binding sites for lipids with 
headgroups other than POC (Tanaka et al., 2015). 

On the other hand, the stoichiometry, and the pore 
diameter, depends on the toxin and its concentration 
in the vicinity of the target cell (Hotze and Tweten, 
2012). These differences lead to a large diversity in 
the cellular responses such as cell death, membrane 
repair or cellular survival (Hotze and Tweten, 2012). 

Bacterial PFTs have been used with different bio-
medical and biotechnology purposes.  These toxins 
can destroy tumors and can also be used for PFT‐
based cancer vaccines (Patyar et al., 2010). In spite of 
their potential exhibited for the construction of im-
munotoxins, only one from Pseudomonas has been 
approved by the FDA for application in B-cell cancer 
(Kreitman et al., 2018). Currently it is necessary to 
develop novel immunotoxins from other sources due 
to the immunogenicity and limited penetration of 
some bacterial PFT-based immunotoxins (Tejuca et 
al., 2009). In addition, PFTs have been also used for 
the design of biosensors based on protein nanopores 
for sequencing of polypeptides and nucleic acids 
(Zhao et al., 2009; Robertson and Reiner, 2018). 

 

APs 

Among PFTs, APs,  produced by sea anemones, are 
extremely interesting due to their biomedical or bio-
technological potential to build immunotoxins (Tejuca 
et al, 2009; Pentón et al, 2011; Mutter et al, 2018), 
vaccine platforms (Lanio et al, 2014; Laborde et al, 
2017), biosensors (Watanabe et al, 2017; Huang et al, 
2019) or even as a component of their defense or 
attack molecular arsenal. APs are monomeric, soluble, 
α-helical PFTs with Mr of around 20 kDa and most of 
them exhibit highly basic pI. They oligomerize and 
integrate into natural and model sphingomyelin (SM)-
containing membranes where they form pores of ~2 
nm diameter (Maček et al., 1994; Tejuca et al., 1996; 
Tejuca et al., 2001; Anderluh and Macek, 2002; Alva-
rez et al., 2009). They are extremely cytotoxic and 
lytic to a variety of cells in the nM range (Fedorov et 
al., 2010; Soletti et al., 2010; Cabezas et al., 2017; 
Soto et al., 2018; Alvarado-Mesén et al., 2019). 

Fragaceatoxin C (FraC) from Actinia fragacea 
(Tanaka et al., 2015), equinatoxin II (EqtII) from Acti-
nia equina (Athanasiadis et al, 2001) and Sts produced 
by Stichodactyla helianthus (Lanio et al., 2001; 
Mancheño et al., 2003; Alvarez et al. 2009; García-
Linares et al., 2013) are the best characterized mem-
bers of this protein family.  

CELL DEATH MECHANISMS INDUCED BY PORE FORMING TOXINS  
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pressures, osmotic forces), chemical- (extreme pH 
changes) or mechanical- (shear forces) nature have 
been described (Galluzzi et al., 2015). They can elicit 
the immediate and catastrophic demise of cells 
known as accidental cell death. In contrast, regulated 
cell death (RCD) is characterized by the involvement 
of intracellular pathways that modulate cell death 
(Galluzzi et al., 2018) and is sensitive to pharmacolog-
ic agents and genetic manipulations (Galluzzi et al., 
2015). In this sense, when RCD takes place in the ab-
sence of external disruptions, it is named programed 
cell death which has relevant functions in tissue de-
velopment or turnover (Galluzzi et al., 2018). 

In addition to accidental or regulated, cell death 
mechanisms can be classified into different subclasses 
based on their molecular aspects. The main recog-
nized types are apoptosis, necroptosis and pyroptosis 
(Tang et al., 2019) (Table 2). 

Below we will describe the main features that char-
acterize apoptosis, necrosis, and necroptosis. 

The pores generated by APs in membranes result from 
a several stages-mechanism: attachment to membrane, 
oligomerization, detachment and insertion of the toxin N-
terminal region into the hydrophobic core of the mem-
brane, and eventually pore structuring (Mancheño et al., 
2003; García-Linares et al., 2013; Rojko et al., 2016). The 
first step in this sequence is binding of soluble monomers 
to membrane via the aromatic cluster and lipid binding 
sites. As this step does not involve significant protein con-
formational changes, the global structure of the mem-
brane-bound monomer is similar to that in solution 
(Alvarez et al., 2003; Alegre-Cebollada et al., 2007). Once 
the toxin binds to the membrane, the association of sev-
eral monomers and the transfer of the aminoterminal 
region from the body of the protein to the hydrophobic 
core of the bilayer must occur (Rojko et al., 2013).  

Main cell death mechanisms 

Cell death can be classified into accidental or regu-
lated. Several factors are considered as inducers of 
cell death; among them, insults of physical- (high 
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Figure 1. Superposition of the tridimensional structures of StII, StI, EqtII, FraC and Ng-model. A) Ribbon diagram of StII struc-
ture (PDB: 1O72) which shows the common structural elements of APs. Also, the POC binding site is showed. B) The 3D struc-
ture of StII (red color; PDB: 1O72) was compared with StI (blue; PDB: 2ks4), FraC (magenta; PDB: 3vwi), EqtII (yellow; PDB: 
1iaz) and Ng model (cyan). The resulting RMSD values were 1.185 Å (between118 atoms pairs) for the pair StII/StI; 0.532 Å 
(between 173 atoms pairs) for StII/FraC; 0.579 Å (between 171 atoms pairs) for StII/EqtII and 0.646 Å (between 173 atoms 
pairs) for StII/Ng model. For the construction of the Ng model, the SWISS-MODEL platform (https://swissmodel.expasy.org/) 
was used. Images were produced with the UCSF Chimera program for Windows (Pettersen et al., 2004). 

 Figure 1. Superposición de las estructuras tridimensionales de StII, StI, EqtII, FraC y el modelo de Ng A) Diagrama en cintas 
de la estructura de StII (PDB: 1O72) que muestra los elementos estructurales comunes de las APs. Además, se muestra el sitio 
de unión a POC. B) La estructura 3D de StII (rojo; PDB: 1O72) se comparó con StI (azul; PDB: 2ks4), FraC (la magenta; PDB: 
3vwi), EqtII (amarillo; PDB: 1iaz) y el modelo de Ng (azul claro). Los valores de RMSD resultantes fueron 1.185 Å (entre los 118 
pares de átomos) para el par StII/StI; 0.532 Å (entre 173 pares de los átomos) para StII/FraC; 0.579 Å (entre los 171 pares de 
los átomos) para StII/EqtII y 0.646 Å (entre 173 pares de los átomos) para modelo de StII/Ng. Para la construcción del modelo 
de Ng, se utilizó la plataforma SWISS-MODEL (https://swissmodel.expasy.org /). Las imágenes se obtuvieron con el programa 
UCSF Quimera para Windows (Pettersen et al., 2004). 
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(FasL), tumor necrosis factor (TNF) and TNF-related 
apoptosis inducing ligand (TRAIL) (Von Karstedt et al., 
2017). The complex induces trimerization and activa-
tion of the death receptor. Signaling from cell surface 
toward intracellular medium is mediated by Death 
Domain (DD) of the receptor´s cytoplasmic region. In 
addition, adaptor molecules that contain DD such as 
Fas Associated protein with Death Domain (FADD) (Fu 
et al., 2016), are sequestered to receptor DD. All of 
them constitute the molecular complex named Death 
Inducing Signaling Complex (DISC) (Koff et al., 2015). 
FADD protein contains a Death Effector Domain 
(DED), that participates in procaspase 8 sequester to 
DISC complex where it is activated (Koff et al., 2015) 
(Figure 2). On the other hand, the activation of the 
intrinsic pathway is caused by cell stress generated by 
hypoxia, DNA irreparable damage, Reactive Oxygen 
Species (ROS), microtubules alterations, Endoplasmic 
Reticulum (ER) stress and elevated concentrations of 
cytosolic calcium (Vitale et al., 2017). The outer mito-
chondrial membrane (OMM) permeabilization deter-
mines the irreversibility of the intrinsic apoptosis 
(Galluzzi, et al., 2016), which is favored by the 
proapoptotic members of the Bcl-2 protein family 
(Delbridge et al., 2016).  Bax and Bak are members of 
the proapoptotic protein family (Luna-Vargas and 
Chipuk, 2016) that predominate in the cytosol of 
healthy cells but during apoptosis undergo conforma-
tional changes, translocate to the OMM where oli-
gomerize and form a pore (Groose et al., 2016).  

Apoptosis  

Apoptosis is a RCD mechanism (Galluzzi et al., 2015) 
characterized by caspase activation (Mariño et al., 
2014), phosphatidylserine (PS) translocation from the 
inner PM monolayer toward the outer monolayer 
(Suzuki et al., 2016), DNA fragmentation (Mariño et 
al., 2014) and permeabilization of outer mitochondrial 
membrane (OMM) (Mariño et al., 2014). These bio-
chemical changes are responsible for morphological 
alterations such as cell volume reduction (Orrenius et 
al., 2011), chromatin condensation (Fink et al., 2005), 
nucleolus disintegration (Orrenius et al., 2011), nucle-
us fragmentation (Kerr et al., 1972; Burgess, 2013) 
and apoptotic bodies formation (Mariño et al., 2014) 
(Table 2).  

Caspases are a family of cysteine proteases, synthe-
tized as zymogens and activated by proteolysis 
(Shalini et al., 2015). These enzymes provoke the rup-
ture of peptide bonds when the carboxylic group of 
their substrate is an aspartate residue (McIlwain et 
al., 2013). Two types of caspases participate in apop-
tosis. Initiator caspases (i.e. caspases 2, 8, 9 and 10), 
that are activated in response to stress signals, cellu-
lar damage or a signal of cell death, and effector 
caspases (i.e. caspases 3, 6 and 7) (Julien and Wells, 
2017) activated by initiator caspases (Kumar, 2007).  

Apoptosis can occur by extrinsic or intrinsic path-
ways (Nagata and Tanaka, 2017). The extrinsic path-
way is mediated by a complex formed between death 
receptors of the PM and ligands such as Fas ligand 
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Table 2. Main types of regulated cell death 
Table 2. Principales tipos de muerte celular regulada 

Type of cell 
death 

Morphological  characteristics Biochemical characteristics Some inhibitors 

Apoptosis Cell volume reduction. 
Nuclear condensation. 

Apoptotic bodies formation. 

Caspase activation. 
DNA fragmentation. 

ΔΨm dissipation. 
PS exposure. 

Pan caspase inhibitors (Z-DEVD-
FMK,  Z-VDVAD-FMK). 

Necroptosis Cell swelling. 
Rupture of PM. 

Moderate chromatin conden-
sation. 

Activation of RIP1, RIP3, and 
MLKL. 

Necrosome formation. MLKL 
translocation to PM and pore 

formation. 

Necrostatin-1, GSK872, HS-1371, 
Necrosulfonamide. 

Pyroptosis Cell swelling. 
Rupture of PM. 

Moderate chromatin conden-
sation. 

Activation of caspase 1 or 11 
and gasdermin. 

Pore formation induced by 
gasdermin. 

Caspase 1 and 11 inhibitors. 

PM: Plasma membrane; ΔΨm: changes in mitochondrial membrane potential; PS: phosphatidylserine. Taken from Tang et al., 2019. 



7 

REVISTA CUBANA DE CIENCIAS BIOLÓGICAS 

RNPS: 2362 • ISSN: 2307-695X • VOL. 8 • N.o 2 • JULIO — DICIEMBRE • 2020  • pp. 1 - 22 

activation; moreover, ATP participates in the for-
mation of this complex, as well (Li, et al., 1997) 
(Figure 2). Caspases 8 and 9 activation allows the 
effector caspases activation, enzymes responsible of 
the morphological and biochemical changes observed 
during the apoptosis mechanism (Figure 2). 

 

This pore provokes an increase of OMM permeabil-
ity that leads to proapoptotic factors release such as 
Apoptosis-Inducing Factor (IAP) and cytochrome c and 
ATP from mitochondria to cytosol (Delbridge et al., 
2016). Cytochrome c and Apoptosis protease-
activating factor-1 (Apaf-1) are components of the 
apoptosome, complex responsible of procaspase 9 
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Figure 2. Schematic representation of apoptosis activation. Extrinsic pathway: After ligand binding to its receptor, the death 
receptor recruits adaptor proteins through its cytosolic death domains (DD). Besides DD, the adaptors contain death effector 
domains (DED) which recruit procaspase 8 to the complex resulting in Death Inducing Signalling Complex (DISC) formation. 
Thus procaspase 8 is activated which in turn activates effector caspases. Intrinsic pathway: the apoptotic stimulus produces 
the release of apoptogenic factors from the intermembranous space of mitochondria to the cytosol, such as cytochrome c and 
ATP, which induce the formation of the apoptosome and the activation of procaspase-9. Apaf-1 protein activates procaspase-
9 by proteolytic degradation. In turn, caspase-9 mediates the activation of effector caspases. Effector caspase activation leads 
to morphological and biochemical changes that occur during apoptosis. 

Figure 2. Representación esquemática de la activación de la apoptosis. Vía extrínseca: Después de la unión del ligando a su 
receptor, el receptor de muerte recluta a las proteínas adaptadoras a través de sus dominios citosólicos de muerte (DD). 
Además de DD, los adaptadores contienen los dominios efectores de muerte (DED) que reclutan a la procaspasa 8, lo que re-
sulta en la formación del complejo de señalización que induce la muerte (DISC). De esta forma, se activa la procaspase 8, la 
cual s su vez activa a las caspasas efectoras. Vía intrínseca: el estímulo apoptótico produce la liberación de factores apoptogé-
nicos tales como el citocromo c y el ATP, desde el espacio intermembranoso de la mitocondria hacia el citosol, los cuales in-
ducen la formación del apoptosoma y la activación de la procaspasae-9. La proteína Apaf-1 activa a la procaspasa-9 por 
degradación proteolítica. A su vez, la caspasa-9 media la activación de caspasas efectoras. La activación de caspasas efectoras 
conduce a los cambios morfológicos y bioquímicos que ocurren durante la apoptosis. 
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The interaction of executioner MLKL with mem-
brane lipids is essential for necroptosis (Weinlich et 
al., 2017). All RIPs are Thr/Ser kinases with a con-
served kinase domain located at the polypeptide ami-
no end; however, they differ in those domains with-
out functional kinase activity (Zhang et al., 2010). RIP1 
has a DD in its carboxyl end that interacts with some 
receptors and adaptor proteins, a polyubiquitinated 
intermediate domain and a RIP homotypic interaction 
motif (RHIM) (Newton, 2015). This later domain inter-
acts with RIP3 (Ofengeim and Yuan, 2013) which has a 
kinase and a RHIM domain (Mompean et al., 2018). 

TNFα binding to its receptor (TNFR1) elicits its oli-
gomerization. Subsequently, proteins such as Tumor 
Necrosis Factor 1 Receptor associated Death Domain 
Protein (TRADD), RIP1, apoptosis inhibited cellular 
proteins (cIAP) and Tumor Receptor Associated Factor 
2 (TRAF2) are recruited by the DD receptor. Upon 
stimulation of the TNFR 1, a signaling complex termed 
Complex I is formed containing TRADD, TRAF2, RIP1, 
and cIAP (Vandenabeele et al., 2010) (Figure 3). In this 
complex, RIP1 is modified by cIAP polyubiquitination 
(Goncharov et al., 2013) promoting MAPK activation 
and the NF-kB signaling pathway. In consequence, 
survival gene expression is increased (Newton et al., 
2014). If TNFR1 activation matches up with RIP1 
deubiquitination or lack of cIAP, RIP1 translocates to 
complex II formation. In turn, complex IIa is formed by 
RIP1, TRADD, FADD and procaspase 8 (Zhang et al., 
2020) (Figure 3).  

Caspase 8 activation promotes effector caspases 
activation leading to RIP1 and RIP3 proteolysis and 
therefore apoptosis is favored (Salvesen and Walsh, 
2014). However, if caspases are inactive, RIP3 inter-
acts with RIP1 by RHIM domain, resulting in RIP3 
phosphorylation, and necrosome formation also 
called complex IIb, the major molecular complex of 
necroptosis (Grootjans et al., 2017). Phosphorylated 
RIP3 phosphorylates MLKL (Chen et al., 2014) a hall-
mark of necroptotic death (Petrie et al., 2018) which 
in turn oligomerizes in the cytosol and translocates to 
the plasma membrane (Rodriguez et al., 2016) where 
interacts with phosphotidyl inositol phosphate and 
promotes pore formation (Figure 3). Pore formation 
leads to ion imbalance, water influx, release of 
DAMPs, increase in cellular size, plasma membrane 
rupture, release of intracellular content and cell death 
(Petrie et al., 2018). In addition, MLKL acts as platform 
for recruitment of Na+ or Ca2+ channels in PM (Cai et 
al., 2014).  

Necrosis  

The term necrosis refers to the accidental cell death 
occurring in a non-regulated way (Belizário et al., 
2015). The main identified causes of necrosis are: 
hypoxia, the ischemic insult, ROS, extreme tempera-
ture changes, nutrient deficiency and toxin action 
(Orrenius et al., 2011). Necrosis is characterized by an 
ionic imbalance, increased water entry to the cell and 
consequently increase in mitochondria and cell size 
(Savva et al., 2013), ATP depletion, loss of membrane 
integrity (Nagahama et al., 2011) and the release of 
intracellular content to extracellular medium (Savva 
et al., 2013). The early phenomenon of cell swelling is 
named oncosis, a prelethal phase of this cell death 
mechanism (Orrenius et al., 2011). As results, the rup-
ture of cellular membrane and organelles, as well as 
the release of intracellular content take place 
(Kroemer et al., 2009). At present, necrosis is classi-
fied in accidental or regulated depending on the 
stressor and cell response (Galluzzi et al., 2018). 

 

Regulated necrosis  

The main regulated necrosis mechanisms induced 
by PFTs are necroptosis and pyroptosis (Table 2). 

 

Necroptosis.  

Necroptosis is a form of regulated cell death with 
morphological features of necrosis (Zhang et al., 
2020) (Table 2). Necroptosis can be initiated by the 
TNF superfamily receptors, Toll-like receptors (TLR3 
and TLR4), and interferon receptors. This type of cell 
death is classified into three categories: extrinsic, in-
trinsic and intrinsic mediated by ischemia. Extrinsic 
necroptosis is induced by TNFα and constitutes the 
most studied  mechanism (Berghe et al., 2016) while 
the intrinsic necroptosis is stimulated by ROS (Dhuriya 
and Sharma, 2018). Other stimuli related to necropto-
sis are viral diseases, interferons, antitumor drugs, 
cytoplasmic calcium increase and ceramide nanolipo-
somes (Huang et al., 2015; Galluzzi et al., 2018; Zhang 
et al., 2018; Choi et al., 2019).  

At molecular level, this type of cell death is depend-
ent on receptor-interacting proteins (RIP), RIP1 and 
RIP3 (Petrie et al., 2019) and the pseudokinase MLKL 
(Mixed Lineage Kinase Domain-like protein) (Table 2) 
(Petrie et al., 2019) not involved in accidental necrosis 
(Galluzzi et al., 2018; Zhang et al., 2018).  
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or the presence of the mitochondrial permeability transi-
tion pore can trigger a necroptotic mechanism of cell 
death (Wang et al., 2012). The mechanism by which the 
mitochondrial ROS production contributes to necroptosis 
induction is not clear, but it might include a redox sensing 
upstream of RIP1 activation and RIP3 recruitment (Zhang 
et al., 2017). In addition, some studies suggest a connec-
tion between aerobic metabolism and necroptosis be-
cause glutaminolysis and pyruvate dehydrogenase activi-
ty are regulated by RIP3 (Yang et al., 2018). In other stud-
ies, NADPH oxidase derived ROS have been implicated in 
necroptosis in neutrophils (Wang et al., 2018). The 
significance of different ROS sources in necroptosis and 
how they impact the signal transduction remain to be 
further investigated. 

Recently, differences have been observed between 
mouse and human MLKL oligomerization (Petrie et al., 
2018). In mouse cells, MLKL phosphorylation by RIP3 is 
sufficient to induce oligomerization and translocation to 
membranes (Tanzer et al., 2015). In contrast, the role of 
RIP3-mediated phosphorylation of MLKL in human cells is 
unclear, but promotes MLKL oligomer formation, reor-
ganization of these oligomers that promote cell death 
and/or the release of activated MLKL from the necro-
some to allow membrane translocation and permeabili-
zation (Petrie et al., 2018).  

On the other hand, some studies have revealed that 
mitochondrial ROS production, activation of the mito-
chondrial phosphatase PGAM family member 5 (PGAM5), 
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Figure 3. Schematic representation of the classical pathway of necroptosis via TNFα. After formation of the TNFα-TNFR1 
complex, a sequence of steps takes place and complex I, IIa or IIb are formed. Complex I containing RIP1 polyubiquitinated 
induces the NF-kB intracellular pathway activation resulting in cellular survival. In contrast, complex IIa or IIb leads to cell 
death. Complex IIb induces apoptosis when caspases are activated. However, in the absence of activated caspases, RIP3 and 
MLKL activation are essential to induce necroptosis. MLKL phosphorylation leads to its oligomerization and translocation to 
the plasma membrane generating a pore, ion imbalance and eventually cell death.  

Figure 3. Representación esquemática de la vía clásica de necroptosis a través del TNFα. Después de la formación del com-
plejo de TNFα-TNFR1, ocurre una serie de pasos y se forman en complejo I, IIa o IIb. El Complejo I que contiene a RIP1 poliubi-
cuitinada induce la activación de la vía intracelular del NF-kB que conduce a la supervivencia celular. En el contraste, en com-
plejo IIa o IIb conduce a la muerte celular. Cuando se activan las caspasas el complejo IIb induce apoptosis. Sin embargo, en la 
ausencia de caspasas activas, la activación de RIP3 y de MLKL son esenciales en la inducción de necroptosis. La fosforilación de 
MLKL conduce a su oligomerización y translocación a la membrana plasmática generando un poro, desbalance iónico y final-
mente la muerte celular 
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Intracellular pathways and cell death mechanisms 
induced by bacterial PFTs and APs 

Selected examples from bacterial PFTs 

Pore formation caused by PFTs leads to a decrease 
in intracellular potassium concentration and can pro-
voke a spectrum of events depending on the target 
cell, the type and concentration of PFT and the time 
of cell exposure to the toxin.  

At lytic concentrations, bacterial PFTs induce acci-
dental necrosis (Menzies and Kourteva, 2000; 
McClane and Chakrabarti, 2004; Cancino-Rodezno et 
al., 2009; Hernández-Flores and Vivanco-Cid, 2015).  

Pyroptosis.  

Pyroptosis is a RCD mechanism activated in re-

sponse to homeostasis perturbations (Jorgensen 

and Miao, 2015) and mediated by the activation of 

the inflammasome, a cytosolic multiprotein  com-

plex which recruits and activates caspase 1 (Fink 

and Cookson, 2005; Lu et al., 2014) (Table 2). This 

caspase mediates the proteolytic processing of pro

-IL1β and pro-IL18 into mature IL1β and IL18, re-

spectively. In mice, this type of inflammatory cell 

death can be triggered by the activation of caspase 

1 or 11 while in humans is related to caspase1, 4 

or 5 according to the cell type (Broz and Dixit, 

2016).  

Caspase 1 also activates the protein Gasdermin D 

(GSDMD) (Wang et al., 2017), which is the key ef-

fector of pyroptosis (He et al., 2015; Ding et al., 

2016; Liu and Lieberman, 2020) and is cleaved by 

caspase 1 or caspase 11 to produce Gasdermin C 

and a N-terminal fragment named Gasdermin N 

(He et al., 2015). Once formed, Gasdermin N trans-

locates to the inner layer of the PM where it binds 

phosphatidylinositol phosphates, phosphatidic 

acid, and PS.  

Ensuing, the protein undergoes conformational 

changes facilitating its oligomerization and mem-

brane insertion to generate a pore with inner di-

ameter of 10-15 nm (Lieberman et al., 2019). Pore 

formation elicits cellular ionic gradient dissipation, 

water influx (Fink and Cookson, 2006), cellular 

swelling, osmotic lysis (Van Opdenbosch and 

Lamkanfi, 2019) as well as proinflammatory cyto-

kine (e.g. IL1 β) (Liu et al., 2016) and damage-

associated molecular pattern (DAMPs) release (de 

Vasconcelos et al., 2018).   

In this type of RCD, the presence of nuclear con-

densation coupled to cell swelling and the for-

mation of large bubbles at the PM that eventually 

break down are observed (Rathkey et al., 2018).  In 

summary, these events lead to the release of cyto-

solic content to the extracellular medium favoring 

the inflammatory response (Degterev et al., 2008) 

(Figure 4).  
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Figure 4. Schematic representation of pyroptosis. During 
pyroptosis caspase 1 is activated which induces DNA damage 
and cytokines processing. On the other hand, gasdermin 
activation occurs with the participation of caspase 1, gener-
ating pores in the plasma membrane. Pore formation leads 
to cellular ionic gradient dissipation, water influx, cellular 
swelling, osmotic lysis with proinflammatory cytokines and 
other cytosolic components release to the extracellular me-
dium, eventually favoring an inflammatory response and cell 
death.  
Figure 4. Representación esquemática de la piroptosis. Du-
rante la piroptosis se activa la caspasa 1 la cual induce daño 
al ADN y el procesamiento de las citosinas. Por otra parte, la 
activación de la gasdermina tiene lugar con la a participación 
de la caspasa 1, generando poros en la membrana plasmáti-
ca. La formación del poro conduce a la dispersión del gradi-
ente iónico celular, el influjo de agua, el hinchamiento celu-
lar, la lisis osmótica con la liberación de citosinas proinflama-
torias y otros componentes citosólicos hacia el medio ex-
tracelular, lo que favorece una respuesta inflamatoria y la 
muerte celular.  
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Several members of the CDC PFT family, such as 
SLO, vanginolysin (VLY) produced by Gardnerella 
vaginalis, anthrolysin O (AnlO) produced by B. an-
thracis, PLY, α-hemolysin, aerolysin, β hemolysin 
from Group B Streptococcus, β- toxin from C. 
perfringens, LLO at sublytic concentrations also 
induced p38 activation (Essmann et al., 2003; Huff-
man et al., 2004; Fick et al., 2005; Saenz et al., 
2010, Nagahama et al., 2013).  In Baby Hamster 
Kidney (BHK) cells the aerolysin at sublytic nano-
molar concentrations induced p38 activation with-
out cellular lysis (Huffman et al., 2004; Bischof et 
al., 2008). In the presence of SB 203580, a specific 
inhibitor of p38, cells were not capable to recover 
plasma membrane integrity (Husmann et al., 
2004). Moreover, p38 activation in HeLa cells by 
aerolysin induced an unfolding protein response 
(UPR), a type of stress response of endoplasmic 
reticulum (RE). This UPR is a complex reaction to 
different situations aiming at protecting the cell of 
the deleterious effect of unfolded proteins and it 
can be activated as a defense mechanism against 
the toxin effects  (Bischof et al., 2008).   

The activation of p38 is dependent of pore for-
mation, is triggered by potassium efflux (Kloft et al., 
2009), takes place rapidly and transiently (Porta et al., 
2011), might differ from one toxin to other (Aroian 
and van der Goot, 2007), and constitutes a defense 
mechanism against bacterial PFT-mediated damage in 
different mammalian cell lines (Hussmann et al., 2006, 
Gonzalez et al., 2011, Porta et al., 2011, Bischofberger 
et al., 2012, Nagahama et al., 2013).  

Besides the recognized involvement of p38 in the 
defense response against PFTs, lethal consequences 
of its activation by PFTs have also been documented. 
Thus, activation of p38 mediated the neuronal cell 
death upon exposition to pneumolysin (Stringaris et 
al., 2002). Pneumolysin also induced p38 activation 
which was related to neuroblastoma cell death 
(Guessan et al., 2005).  

JNK is the third type family of MAPKs. Both p38 and 
JNK regulate multiple downstream signals, which have 
been shown to be protective upon PFT intoxication 
in vivo. JNK is considered a regulator of PFT-induced 
transcriptional responses (Kao et al., 2011). For exam-
ple, C. perfringens β-toxin, β-hemolysin from GBS, 
SLO, PLY, LLO induce the JNK phosphorylation 
(Stassen et al., 2003; Aguilar et al., 2009; Gonzalez et 
al., 2011; Bebien et al., 2012; Nagahama et al., 2013). 

However, at sublyttic concentrations (those that do 
not cause cell death under certain conditions), cells 
respond to the aggression of PFTs by activating com-
plex regulatory mechanisms, involving intracellular 
signaling pathways, which can lead to cell survival or 
death (González et al., 2011).  Throughout this pro-
cess, many PFTs induce an increase in intracellular 
calcium which, in turn, triggers the activation of sev-
eral signaling cascades (Bischofberger et al., 2012)..  

In this sense, bacterial PFTs induce a regulated cell 
death mechanism that involves the activation of intra-
cellular signaling pathways such as Mitogen-Activated 
Protein Kinases (MAPKs) (Gonzalez et al., 2011; 
(Chakravorty et al., 2015). These enzymes are serine/ 
threonine kinases that largely respond to stress stimu-
li. Conventional MAPKs include the extracellular signal
-regulated kinases 1 and 2 (ERK1/2), p38 isoforms and 
c-Jun amino (N)-terminal kinases 1, 2, and 3 
(JNK1/2/3) (Brito et al, 2019). The ERK pathway (Ras-
Raf-MEK1/2-ERK1/2) is involved in cellular prolifera-
tion, differentiation, survival, migration and develop-
ment (McCubrey et al., 2006) as well as in cell death 
(Lu and Xu, 2006; Mebratu and Tesfaigzi, 2009). JNK 
and p38 pathways can be activated by cell stressors 
such as osmotic stress, cytokines, heat shock, potassi-
um efflux and are involved in apoptosis, inflammation 
and cellular differentiation (Wagner and Nebreda, 
2009). MAPKs carry out the regulation of a great vari-
ety of cellular process. Once activated, they phos-
phorylate a variety of intracellular proteins including 
transcription factors, membrane transporters, cyto-
skeleton elements and other kinases (Zhang and Liu, 
2002).  

In particular, bacterial PFTs, at sublytic concentra-
tions, activate the three families of MAPKs 
(Chakravorty et al., 2015). For instance, the PFT pro-
duced by C. septicum is toxic to many types of cells 
(Kennedy et al., 2009; Chakravorty et al., 2015). Ex-
perimental evidence showed that this toxin induces 
MAPK activation in a dose dependent manner both in 
vitro and in vivo (Chakravorty et al., 2015). Preincuba-
tion of cells with MAPK inhibitors provoked a de-
crease in the cytotoxicity induced by the toxin 
(Chakravorty et al., 2015), suggesting the involvement 
of these pathways in the cell death mechanism 
prompted by the toxin. Moreover, in the presence of 
the calcium chelator EGTA, MAPK activation and cell 
death induced by the toxin decreased, indicating the 
important role of this ion in toxin cytotoxicity 
(Chakravorty et al., 2015).  
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Recently, it was documented that α-toxin from S. 
aureus, hemolysin from E. coli and VaC also induce cell 
death by necroptosis (Radin et al., 2011; Kitur et al., 
2015). Toxin from Serratia marcescens induced 
necroptosis on A549 cells by a mechanism independ-
ent of death receptors and TLR but related to the in-
tracellular calcium and potassium imbalance 
(González-Juarbe et al., 2017).  

Pyroptosis is another cell death mechanism induced 
by sublytic concentrations of bacterial PFTs (Soong et 
al., 2012). PVL, LLO, SLO and the lethal toxin from B. 
anthracis activate caspase 1 (Fink et al., 2008; Shoma 
et al., 2008; Timmer et al., 2009) which promote the 
proinflammatory cytokines activation and the lysis 
mediated by gasdermin pore formation (Fink et al., 
2008). 

 

Studies on APs  

In contrast to bacterial PFTs, there are only a few 

studies on the cell death mechanisms induced by APs.  

The cytotoxic effects of StII and Nigrelysin (Ng) from 

the sea anemone Anthopleura nigrescens (Alvarado-

Mesén et al., 2019), take place at nanomolar concen-

trations (Table 3) in mammalian cells (Cabezas et al., 

2017; Soto et al., 2018; Alvarado-Mesén et al., 2019). 

Pore formation by lytic concentrations of StII leads 

to cellular swelling and membrane blebbing on Baby 

Hamster Kidney (BHK) cells a few minutes after toxin 

addition (Cabezas et al., 2017). Blebs have been ob-

served in other animal cells by the action of Eqt II 

(García-Sáez et al., 2011), and these structures are 

considered protrusions formed on the cell surface 

after intense membrane injury (García-Sáez et al., 

2011). Nevertheless, this mechanism against cell lysis 

do not seem to be effective at high toxin concentra-

tion at which the cell cannot recover and finally die by 

necrosis (Cabezas et al., 2017). 

In this sense, we demonstrated that StII (Soto et al., 

2018) and Ng (Alvarado-Masén et al., 2019) similarly 

to other actinoporins (Soletti et al., 2010) induce an 

increase in cellular size and the release of intracellular 

content in different cell types. Under StII treatment, 

cells such as A549 and L929 with fibroblast morpholo-

gy, adopt an oval shape most likely due to water entry 

into the cell (Figure 5).  

 

Beyond accidental necrosis, at sublytic concentra-
tions bacterial PFTs also induce regulated cell death 
such as apoptosis, necroptosis and pyroptosis 
(Bischofberger et al, 2012). Thus, the bacterial PFTs: α
-toxin, LLO, PLY, PVL, HlyA, parasporin-1 from B. thu-
ringiensis, SLO, α-hemolysin from E. coli, α-toxin from 
C. septicum, VacA, PFT from H. pylori, among others, 
induce apoptosis in different cell types (Nelson et al., 
1999; Genestier et al., 2005; Katayama et al., 2007; 
Wiles et al., 2008; Cancino-Rodezno et al., 2009; Tim-
mer et al., 2009; Imre et al., 2012; Akazawa et al., 
2013; Bielaszewska et al., 2013).  

Apoptosis induced by bacterial toxins is character-
ized by cell ATP depletion (Katayama et al., 2007), 
cytochrome c release (Labandeira-Rey et al., 2007), PS 
exposition in the outer monolayer of the PM (Carrero 
et al., 2004), activation of caspases 9, 3 and 7 
(Genestier et al., 2005; Bielaszewska  et al., 2013), 
increase in mitochondrial permeability (Bielaszewska  
et al., 2013; Nerlich et al., 2018), loss of mitochondrial 
membrane potential (Nerlich et al., 2018) and DNA 
fragmentation (Wiles et al., 2008). In particular, PLY 
toxin induces apoptosis in human endothelial and 
neuroblastoma cells through p38 and JNK MAPK acti-
vation. Inhibition of p38 and JNK phosphorylation 
reduced caspases activation and apoptosis (Guessan 
et al., 2005). The activation of p38 was related to cal-
cium influx through toxin pore, suggesting a role of 
this ion in the cell death induced by PLY (Stringaris et 
al., 2002). 

Necroptosis is induced by sublytic concentrations of 
β-toxin from C. perfringens in porcine endothelial 
cells (Autheman et al., 2013). Consistently, Lactate 
Dehydrogenase release, propidium iodide uptake, 
ATP depletion, potassium efflux, and cytosolic calcium 
increase from the external medium were observed. 
Interestingly, the release of the High Mobility Group 
Box 1 protein (HMGB1), a DAMPs associated with the 
immunogenic response induced by necroptosis, was 
also reported. In the presence of a calcium chelating 
agent and necrostatin-1 (Nec-1), an inhibitor of RIP1 
phosphorylation, the cytotoxic effect of the toxin was 
inhibited, suggesting that calcium and RIP1 are in-
volved in the cell death. Additionaly, in the presence 
of cyclosporin A, an inhibitor of the mitochondrial 
permeability transition pore formation, the cell death 
was also inhibited showing a role of mitochondria in 
the cytotoxicity induced by the toxin (Autheman et 
al., 2013).  
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Table 3. Cytotoxic activity of StII and Ng on cell lines  
Table 3. Actividad citotóxica de StII y Ng sobre líneas celulares 

C50: cytotoxic activity (mean concentration required for 50% reduction of cell viability. Values represent the mean ± SD (n = 3). 

a StII, b Ng, * Soto et al., 2018, ** Alvarado-Mesén et al., 2019, *** Cabezas et al., 2017, ****non published results 

Cell line Origin Toxicity (C50, nM) 

L1210 cmah-kd or SH44 Modified murine B lymphoma 1.2 ± 0.1a * 

L1210 Murine B lymphoma 
2.3 ± 0.1a* 
2.2 ± 0.1b** 

J774 Murine macrophages 0.9 ± 0.1a* 

MB16F10 Murine melanoma 20a**** 

L929 Murine fibrosarcoma 15a**** 

BHK Baby Hamster Kidney <10a *** 

Raji Human Burkitt B Lymphoma ± 0.2a* 

A459 Human non-small lung cancer cells 10a**** 

Lymphocyte from peripherical blood Human 2.5 ± 0.2a* 

Figure 5. Morphological changes of cells upon treatment with StII. A) Human lung cancer cells (A549) treated with 40 nM StII. 
B) Murine fibrosarcoma cells (L929) treated with 20 nM toxin, C) Murine macrophage J774 treated with 1 nM toxin. Cells were 
cultured without (control) or with StII for 30 min at room temperature. The cells were observed by phase contrast microscopy. 
In the case of J774, cells were stained with hematoxylin and eosin and were observed by optical microscopy. Examples of 
swollen cells are identified by white arrows. Non published results.  
Figure 5.  Cambios morfológicos de células tratadas con StII. A) Las células de cáncer de pulmón humano (A549) se trataron 
con StII 40 nM.  B) Células de fibrosarcoma murino (L929) se trataron con 20 nM de toxina, C) Macrófagos murinos (J774) se 
trataron con 1 nM de la toxina. Las células se cultivaron sin (control) o con StII durante 30 min a temperatura ambiente. Las 
células se observaron al microscopio de contraste de fase. En el caso de las células J774, las células se tiñeron con hematoxilina 
y eosina y se observaron al microscopio óptico. Los ejemplos de células hinchadas se señalan con flechas blancas. Estos resulta-
dos no han sido publicados.  
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uptake calcium (Bravo et al., 2011), it is tempting 

to speculate that the change in mitochondrial 

membrane potential in Raji cells upon StII treat-

ment (Soto et al., 2018) might be related to the 

increase of cytosolic calcium level.  

It has been described that eIF2α phosphorylation 

contributes to the immunogenicity of cell death 

caused at least by clinically chemotherapeutics. 

Indeed, eIF2α phosphorylation within cancer tis-

sues is related to DAMPs exposure which is favora-

ble to anticancer immune responses (Bezu et al., 

2018). StII induces eIF2α phosphorylation in tu-

moral cells, which contributes to their cytotoxic 

effect (Soto et al., 2018). 

Moreover, at sublytic concentrations, StII on tu-

moral cells, cause the activation of intracellular 

pathways related to cell death by regulated necro-

sis. StII cytotoxicity on Raji cells occurs without 

caspases activation in comparison with doxorubi-

cin-treated cells, a classical apoptosis inducer 

(Figure 6A). Consistently, the cytotoxicity is not 

affected by the broad-spectrum caspase inhibitor 

QVD-OPh indicating that caspases are not involved 

in StII-induced cell death in this and other cell lines 

such as MB16 F10 (murine melanoma) and A549 

(human lung cancer cells) (Figure 6B). Other apop-

totic markers such as DNA fragmentation or apop-

totic bodies formation were not observed as well 

(Soto et al., 2018).  

In contrast, it was claimed that actinoporin RTX-

A produced by the anemone Radianthus macro-

dactylus, at nM concentrations, elicited cell death 

by apoptosis in mouse epidermic cells JB6P+Cl41. 

This conclusion was drawn from the demonstra-

tion that StII triggered the translocation of PS from 

PM inner to outer monolayer (Fedorov et al., 

2010). This is the only record of apoptosis induced 

by an AP. In the same year, Soletti et al. (2010) 

concluded that Eqt II from Actinia equina induced, 

at sublytic concentrations, a mechanism similar to 

necrosis that involved the activation of some intra-

cellular pathways in the light of our current 

knowledge of the complexity and diversity of cell 

death mechanisms, it is possible to catalogue the 

cell death caused by RTXA as regulated necrosis 

given the participation of intracellular pathways.  

 

At sublytic concentrations in BHK cells, StII caus-

es a decrease in intracellular potassium which is 

related to p38 and ERK1/2 activation, indicating 

that their activation upon membrane injury by StII 

is crucial to restore the intracellular concentration 

of this ion (Cabezas et al., 2017). This result sug-

gests that p38 and ERK1/2 are the main kinases 

participating in the mechanism of cell defense 

against AP action. In addition, ERK1/2 phosphory-

lation was inhibited when cells were treated with 

U0126, a specific MEK1/2 inhibitor (Favata et al., 

1998), before StII addition (Cabezas et al., 2017) 

indicating that their activation occurred via 

MEK1/2. The pre-incubation of cells with U0126 

and with the p38 inhibitor (SB203580) (Husmann 

et al., 2006), significantly impaired the intracellu-

lar potassium recovery (Cabezas et al., 2017).  

On the other hand, StII induced the ERK1/2 acti-

vation on B-cell lymphoma (Raji) cells, but in con-

trast to BHK cells, in the presence of PD98059, 

another inhibitor of MEK1/2, the cytotoxic effect 

of the toxin was reduced, suggesting an involve-

ment of this pathway in the cell death mechanism 

induced by the toxin (Soto et al., 2018). In addi-

tion, KN62, an inhibitor of Ca2+/CaMKII reduced 

cell death in Raji cells demonstrating its contribu-

tion to the cytotoxicity induced by StII (Soto et al., 

2018). In correspondence with these results, the 

cell death induced by EqtII and Bc2 (from the sea 

anemone Bunodosoma caissarum) on human glio-

blastoma U87, involves the activation of Ca2+/

CaMKII and ERK1/2 MAPK (Soletti et al., 2010) In-

terestingly, members of CAMKII cascade are impli-

cated in ERK1/2 activation (Zhong and Su, 2002). 

In Raji cells, at sublytic concentrations, StII in-

duced calcium release mainly from the Endoplas-

mic Reticulum (ER), the primary storage site for 

intracellular Ca2+. To examine the involvement of 

ER on cell death mechanism induced by StII, we 

analyzed the effect of salubrinal, an inhibitor of 

eukaryotic initiation factor 2α (eIF2α) dephosphor-

ylation (Methippar et al., 2009). In the presence of 

salubrinal, cytosolic calcium concentration was 

reduced suggesting the involvement of ER in this 

process (Soto et al., 2018).  

Taking into account, the relation between ER-

mitochondria and the ability of mitochondria to 
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Figure 6. StII does not induce apoptosis markers. A) Caspases- 3 and 7 activation in Raji cells treated with sublytic concentra-
tions of StII for 24 h as determined by fluorescence microscopy. StII: 0.1 nM, doxorubicin (Dox): 0.5 µM. Left panels: Morphol-
ogy of cells under optical microscopy. Non treated cells are considered control. Cells treated with Dox are considered apopto-
sis positive control. Cells treated with StII show swelling and death cells are observed as ghost cells. Right panels: caspases 3 
and 7 activation estimated by fluorescence microscopy. Positive cells to caspase-3 and 7 appear as red cells as a consequence 
of binding of activated caspases to the caspase inhibitor DEVD-FMK (L-Asp-Glu-Val-Asp-fluoromethylketone) coupled to fluor-
ophore sulforodamin. In all cases the magnification was 400X. B) Cellular viability estimated by MTT assay after treatment 
with QVD-POh and StII for 24 h in different cell types: Raji cells, murine melanoma (MB16F10) and human lung cancer cells 
(A549). Data represents media and standard deviation. No differences were observed among treatments. Non published re-
sults.  
Figure 6. StII no induce marcadores de apoptosis. A) Activación de caspasas 3 y 7 en células Raji tratadas con concentra-
ciones sublíticas de StII durante 24 h determinadas por microscopía de fluorescencia. StII: 0.1 nM, doxorrubicina (Dox): 0.5 µM. 
Paneles izquierdos: Morfología de las células al microscopio óptico. Las células no tratadas se consideran control. Las células 
tratadas con doxorrubicina se consideraron el control positivo. En las células tratadas con StII se observa hinchazón celular y 
células muertas aparecen como fantasmas celulares. Paneles derechos: Activación de caspasas 3 y 7 estimada mediante mi-
croscopía de fluorescencia. Las células positivas a las caspasas-3 y 7 aparecen como células rojas debido a la unión del inhibi-
dor de caspasas DEVD-FMK (L-Asp-Glu-Val-Asp-fluorometilcetona) acoplado al fluoróforo rodamina a la caspasa activa. En 
todos los casos la amplificación fue de 400X. B) Viabilidad Celular estimada por el ensayo de MTT después del tratamiento con 
QVD-POh y StII para 24 h en los distintos tipos celulares: células Raji, melanoma murino (MB16F10) y células de cáncer de 
pulmón humano (A549). Los datos representan la media y la desviación estándar. No se observaron diferencias entre los trata-
mientos. Estos resultados no han sido publicados 
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On the one side, bacterial PFTs, besides a lipidic 
receptor like cholesterol can require a protein recep-
tor that has not been described for any AP. Bacterial 
toxins have suffered a higher selection pressure due 
to their co-evolution with humans and the interplay 
between the human immune system and the bacterial 
infective and survival arsenal. This has probably led to 
more specialized infective mechanisms to survive in-
volving protein receptors and escape mechanisms. In 
contrast, sea anemone toxins whose encounters with 
humans are quite rare and, in terms of space and evo-
lutionary time, probably insignificant, have rely their 
toxin action on an ancient and global mechanism of 
interaction with the lipidic bilayer. On the other side, 
experimentally, the cellular type studied in one or 
other cases could explain at least partially different 
responses. Moreover, we should keep in mind that in 
contrast to bacterial PFTs, there are much fewer stud-
ies on the cell death mechanisms induced by AP, par-
ticularly at sublytic concentrations where the problem 
is more interesting. Therefore, we still have time to 
discover novel death mechanisms induced by AP PFTs 
and their control.  

Due to their highly cytotoxic activity APs constitute 
attractive tools for the construction of membrane-
acting immunotoxins or molecule delivery systems to 
cell cytosol, alternatively to their per se killing activity. 
In addition, these molecules after a rational modifica-
tion could be used to strengthen the effects of 
chemotherapeutic agents and common anti-cancer 
drugs by facilitating their access into the cell cytosol. 
A profound understanding of the molecular mecha-
nisms involved in toxin-cell interaction and the impli-
cations for cell functioning as described in this contri-
bution would facilitate the rational design of their 
applications.  
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