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Abstract: Shiga toxins consist of an A-moiety and five B-moieties able to bind the neutral
glycosphingolipid globotriaosylceramide (Gb3) on the cell surface. To intoxicate cells efficiently,
the toxin A-moiety has to be cleaved by furin and transported retrogradely to the Golgi apparatus
and to the endoplasmic reticulum. The enzymatically active part of the A-moiety is then translocated
to the cytosol, where it inhibits protein synthesis and in some cell types induces apoptosis. Protection
of cells can be provided either by inhibiting binding of the toxin to cells or by interfering with any of
the subsequent steps required for its toxic effect. In this article we provide a brief overview of the
interaction of Shiga toxins with cells, describe some compounds and conditions found to protect cells
against Shiga toxins, and discuss whether they might also provide protection in animals and humans.
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1. Introduction
Shiga toxins (Stxs) comprise a family of related bacterial protein toxins that are similar in structure
and mechanism of action, but are produced by different types of bacteria. Shiga toxin is secreted by
Shigella dysenteriae, whereas Shiga-like toxin 1 (Stx1) and Shiga-like toxin 2 (Stx2) are produced by
certain strains of Escherichia coli (Shiga toxin-producing E. coli (STEC)) and some other bacteria [1].
Prototypic Stx1 (Stx1a) differs from Shiga toxin only in one amino acid residue in the catalytic A-moiety
of the toxin, whereas Stx2 shares only ~60% sequence similarity with Shiga toxin and defines an
immunologically distinct subgroup comprised of at least seven subtypes of Stx2 [2]. Stx2 is more lethal
than Stx1 in animal models [3,4] and is thought to be the main cause of life-threatening infections
in humans. Some STEC produce only one toxin type, either Stx1 or Stx2, while others express a
combination of both types and different subtypes [5]. For simplicity, we will use the abbreviation Stx to
refer to the whole family of Shiga toxins when discussing general facts about the toxin and/or where
the exact type or variant is not known.
Infection with enterohemorrhagic STEC may cause hemorrhagic colitis, hemolytic uremic
syndrome (HUS), and death [6]. There is no approved treatment of STEC-induced HUS, and the
use of antibiotics may worsen the disease by increasing toxin formation and release by the bacteria [7].
In general, HUS occurs in 5%–15% of cases with STEC infection, with children having the highest
risk [8], although the large outbreak with a Stx2a-producing enteroaggregative STEC strain in Northern
Europe in 2011 demonstrated that there are bacterium-toxin combinations that can be as dangerous
to adults as to children [9]. HUS will most often occur 5–13 days after the onset of diarrhea, with a
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mortality of 3%–5% [10,11]. In addition to direct renal damage, neurological complications may also
occur in HUS patients and are important determinants of severity of the condition and mortality
rate [12–15]. Neurological symptoms may be caused by fatigue, cerebral microvascular thrombi,
ischemia-hypoxia, or the direct neuronal effects of Stxs [12,14,16].
One of the first specific therapeutic approaches against infections with Stxs was the idea of
sequestering the toxin once it is released in the gut. In this regard, a novel agent composed of
silicon dioxide particles covalently linked to the trisaccharide moiety of the globotriaosylceramide
molecule that mediates Stx binding (Synsorb® Pk, Synsorb Biotech) was developed. However, although
Synsorb® Pk was shown to bind and neutralize Stx1 (and Stx2, but less efficiently) in vitro [17], it failed
to improve the clinical course of diarrhea-associated HUS in pediatric patients when tested in a
randomized clinical trial [18]. The main drawback of neutralization of Stxs in the intestine for the
prevention of HUS is that only trace amounts of the toxin reaching circulation are sufficient to induce
HUS, and thus a more systemic treatment is required. Taking this into account, analogues of the
globotriaosylceramide (Gb3) receptor and Stx antibodies for systematic administration have been
developed and proven promising in in vivo models [19–21]. In addition, human serum amyloid
component P (HuSAP) has been found to neutralize Stx2, but not Stx1, in vitro [22], and to protect mice
against a lethal dose of Stx2 [23]. Moreover, eculizumab, an antibody directed against the complement
protein C5, was used in patients with HUS during the outbreak in Northern Europe in 2011 [24] in
order to counteract the activation of complement by the toxin [25]. These novel strategies based on
direct neutralization of Stx in the intestine and/or circulation and the inhibition of complement have
been well described in a recent review by Melton-Celsa and O’Brien [26] and thus are not further
discussed here. In this review we will first provide a short overview of the toxin structure, toxin
binding to the glycosphingolipid Gb3, and the intracellular transport, before we focus on the potential
therapeutic agents for treatment of STEC infections and HUS that target specific cellular functions and
protect cells against Stx by inhibiting toxin binding and/or intracellular trafficking.
1.1. Stx Structure
Stxs belong to the AB5 class of protein toxins and consist of an A-moiety (~32 kDa), which is
non-covalently attached to a homo-pentameric B-moiety (7.7 kDa per monomer) (Figure 1) [27,28].
Nearly all Stxs bind exclusively to the globotriaosylceramide Gb3 [29–31] with the exception of one Stx2
subtype, Stx2e, which has been shown to bind to Gb4 [32]. Each B subunit harbors three Gb3 binding
sites [33], making the toxin capable of binding up to 15 Gb3 molecules on the cell surface (Figure 1C).
However, not all binding sites have equal affinity for the carbohydrates of Gb3 [34,35] and, therefore,
not all sites might be required for binding to the cell surface, but might rather mediate additional
recognition. The B-moiety alone is not toxic to cells (with the exception of B cells, where it may induce
apoptosis [36]) and functions as a delivery tool for the enzymatically active A-moiety. It is still not
clear why Stx2 is more lethal to humans than Stx1, but crystallographic studies and investigations of
deletion mutants reveal important differences when it comes to the role of the C-terminal end of the
A-subunit for retrograde transport and complex stability [28,37,38].
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the expression and composition of Gb3 in the target cells and in turn lead to different susceptibility
to the toxin between individuals [53]. In addition, the turnover time of Gb3 in the cells depends on
its species, with longer fatty acyl chain-containing species having a longer half-life than the species
with short fatty acyl chain [54]. Thus, inhibition of Gb3 synthesis will primarily lead to changes in Gb3
species composition in cells [43,50]. Studies based on artificial systems, where Gb3 was immobilized
on thin layer chromatography (TLC) or ELISA plates, have shown that Stx1 and Stx2 have different
binding preferences for different Gb3 species [44,55], although a mixture of various Gb3 species was
required for the highest binding affinity [45]. Stx1 binding to Gb3 has also been shown to depend on
cholesterol levels in the membrane [56,57]. Stx2 has been shown to be more potent in mice [3] and
is more often associated with disease in humans [58], although the binding affinity of Stx2 to Gb3 is
lower than that of Stx1, when measured using Gb3 adsorbed on a microtiter plate [59], and Stx2 is less
toxic to Vero cells than Stx1 [60]. The different pathology observed for Stx1 and Stx2 might be caused
by differences in receptor binding and thus differential targeting to susceptible tissues [61–63], as well
as differences in intracellular transport of the toxins [37,64–66].
In the human body, the expression of Gb3 is restricted to only certain tissues. Normally, the highest
Gb3 content is found in the microvascular glomeruli and proximal tubule cells of the kidney, consistent
with the renal pathology of HUS [63,67–69]. Gb3 is also found in microvascular endothelial cells,
and during infection with STEC, main Stx-target sites are the vascular endothelium of the colon [70,71]
and the central nervous system [16,72]. Moreover, Gb3 is expressed in platelets [73,74], and in the
carbohydrate defined P histo-blood group system, Gb3 constitutes the rare Pk antigen present on
erythrocytes [75]. In the immune system, Gb3 represents a lymphocyte differentiation antigen, termed
CD77, which is expressed in a subset of germinal center B lymphocytes [76]. It should also be noted
that Gb3 expression is frequently increased in cancer cells [77]. However, the physiological role of
Gb3 is still unclear, and it is not known why Gb3 expression is restricted to certain tissues. In vivo
studies of Gb3 synthase knock-out mice, which displayed a total loss of Gb3 and other globo-series
glycosphingolipids, showed no changes in birth-rates and no apparent abnormalities over a year of
nurturing, with the exception of total loss of sensitivity to Stx1 and Stx2 as compared to wild-type
mice [78].
1.3. Intracellular Transport of Stx
Upon binding to cells, the toxin has been found to activate a number of tyrosine kinases, including
Syk [79], and the Src kinases Yes [80] and Lyn [81], as well as the serine/threonine protein kinase
Cδ (PKCδ) [82] and the mitogen-activated protein kinase (MAPK) p38α [83]. Although the exact
mechanism of how Stx mediates these signaling events is not yet fully understood, a recent study
from our group have shown that the activation of Syk depends on the multivalent cross-linking of
Gb3 at the plasma membrane, which in turn leads to an increase in cytosolic calcium levels and
phosphorylation of Syk [84]. In addition, StxB binding to the cells has been shown to induce the release
of cytoplasmic phospholipase A2 (cPLA2) from a cPLA2-annexin A2 complex, thereby facilitating
Golgi transport, which has been found to be dependent on cPLA2 [85]. Furthermore, binding of the
Stx B-moiety has been reported to stimulate remodeling of cytoskeleton components, such as actin,
ezrin and dynein [86–88]. Thus, Stx is able to induce cell signaling and to modulate various cellular
components to favor its uptake and intracellular transport.
Receptor-bound Stx becomes internalized by different endocytic mechanisms, including both
clathrin- and dynamin-dependent and independent pathways [1]. After internalization, the toxin is
transported from early/recycling endosomes directly to the Golgi apparatus [89] and then further to
the endoplasmic reticulum (ER) [90–93]. During the transport, the A-moiety is cleaved by the protease
furin, leaving two fragments, A1 and A2 (Figure 1), which remain linked to each other by a disulfide
bridge [39]. Cleavage of Stx is optimal at low pH [94], indicating that it can occur early in the transport
pathway. However, cells that lack furin can also cleave Stx, but less efficiently and at a later stage of
the transport [39,95]. In the ER, the disulfide bond between the A1 and A2 subunits is reduced and the
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A1 -subunit is released from the toxin. Finally, the A1 -subunit is translocated across the ER membrane
and inhibits protein synthesis by cleaving one adenine residue from the 28S RNA of the 60S ribosomal
subunit [1]. However, the action of Stx in the cells is not limited to the inhibition of protein synthesis,
and other cellular responses, such as cytokine expression and apoptosis, are triggered by the toxin
(for review see [96,97]). Thus, efficient intracellular Stx transport depends on various cellular proteins
and kinases, ER chaperones and other factors (for review see [1]). Drugs that affect any of these factors
might interfere with proper intracellular transport of Stx and protect cells against the cytotoxic action
of the toxin. In the next sections we will give an overview of compounds shown to protect cells against
Stx, and we will discuss mechanisms responsible for the protection against the toxin, as well as the
potential applicability of these drugs in vivo. An overview of the compounds discussed here and how
they might act against Stx is given in Table 1. The intracellular transport of Stx and which steps of the
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2.1. Chloroquine
Chloroquine (CQ; N′‐(7‐chloroquinolin‐4‐yl)‐N,N‐dietyl‐pentane‐1,4‐diamine) is a weak base
that in its unprotonated form easily can diffuse across membranes and accumulate in acidic
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Table 1. Compounds that protect cells against Stx.
Compound

Cellular Action

Targeted Step of Stx Intoxication

In Vivo Studies

Reference(s)

HEp-2

-

[98]

Transport to the Golgi

HEp-2

-

[98]

V-ATPase inhibitor

Transport to the Golgi

HEp-2

-

[98]

Nig

Ionophore that exchanges H+ for
monovalent cations

Not determined; later than Golgi

HEp-2

-

[98]

2DG

Inhibition of glycolysis and protein
N-glycosylation; Ca2+ release from
the endoplasmic reticulum (ER);
Inhibition of Gb3 synthesis

Release of A1 -moiety

HEp-2, HT-29, SW480, HeLa

-

[99]

FDG

Inhibition of glycolysis and protein
N-glycosylation; Ca2+ release from
the ER; Inhibition of GlcCer synthesis

Binding; Transport from Golgi to ER;
Release of A1 -moiety

HEp-2, HT-29, MCF-7, HBMEC

-

[48]

Relocalization of Syntaxins 5 and 6

Transport from endosomes to the Golgi

A459, HeLa

Reduction in mortality rate
from 70% to 40% in mice
infected with E. coli O104:H4

[100,101]

Mn2+

Induction of GPP130
oligomerization and its sorting
to lysosomes for degradation

Transport from endosomes to the Golgi
(no effect on Stx2 transport)

HeLa, Vero

Protection against lethal
doses of Stx1 in BALB/c mice;
No protection against either
Stx1 or Stx2 in CD-1 mice

[65,102–105]

PDMP

Inhibition of GlcCer synthesis

Binding and endocytosis; Transport
from endosomes to the Golgi

HEp-2

50% reduction in mortality
rate in rats injected with
supernatant from E. coli
expressing Stx2

CQ

Elevation of pH in
acidified organelles

Translocation of A1 -moiety to
cytosol (predicted)

Baf

V-ATPase inhibitor

ConA

Retro-2 substances

Cell Lines Tested

[43]

C-9

Inhibition of GlcCer synthesis

Not investigated

Human renal tubular epithelial
cells, Human glomerular
endothelial cells

HG

Ether lipid precursor

Transport from Golgi to ER

HEp-2, HMEC-1, HBMEC

-

[109]

Inhibition of cholesterol biosynthesis
and protein prenylation

Transport to the Golgi

ACHN

-

[110]

Inhibition of furin

Proteolytic cleavage of the A-moiety

HEp-2

-

[111,112]

Rosuvastatin
Furin inhibitors

[106–108]

Toxins 2017, 9, 44

7 of 25

2. Compounds that Protect Cells against Stx
2.1. Chloroquine
Chloroquine (CQ; N 0 -(7-chloroquinolin-4-yl)-N,N-dietyl-pentane-1,4-diamine) is a weak base that
in its unprotonated form easily can diffuse across membranes and accumulate in acidic compartments
of the cell. There, CQ becomes protonated and trapped, leading to an elevated pH and swelling
of the compartments. CQ (first named resochin) was developed in 1934 by Bayer laboratories as a
synthetic antimalarial drug [113]. CQ was FDA-approved in 1949 and has proven to be one of the
most effective and best tolerated agents against malaria [113,114]. It was widely used throughout the
world in the 1950s and 1960s, and also later, but due to the emergence of the CQ-resistant malaria
parasites Plasmodium falciparum and Plasmodium vivax, CQ has been abandoned as a prophylactic drug
in most countries [115]. CQ and its analogues are also FDA-approved for the treatment of systemic
lupus erythematosus and rheumatoid arthritis, and are in clinical trials as an adjuvant for anti-cancer
chemotherapy and radiotherapy [115,116].
In short-term 3 h toxicity experiments in HEp-2 cells, a 2 h preincubation with 100 µM CQ gave a
15-fold increase in the Shiga toxin concentration needed to inhibit protein synthesis by 50% (IC50) [98].
In the retrograde pathway, the acidification decreases in the direction from early endosomes to the
Golgi and the ER, and one might therefore expect CQ to have the most prominent effect early in
the retrograde pathway. However, Shiga toxin transport to the Golgi apparatus was not affected by
CQ treatment, neither was release of the A1 -moiety of the toxin in the ER, suggesting that transport
to the ER was also normal [98]. Thus, CQ might interfere with StxA1 translocation into the cytosol.
Other compounds that disrupt the pH gradient, such as the V-ATPase inhibitors bafilomycin A1 (Baf)
and concanamycin A (ConA) and the ionophore nigericin (Nig), also protect against Shiga toxin [98].
In contrast to CQ, the V-ATPase inhibitors interfere with Shiga toxin transport to the Golgi [98].
Even though all the compounds inhibit acidification, they interfere with different toxin transport
steps, suggesting that also pH-independent processes are affected. The V-ATPase inhibitors show poor
selectivity in vivo [117,118], and are therefore not suitable for clinical application.
Shiga toxin is shown to interact with the Sec61 channel [119,120], and the knockdown of Sec61B
has been shown to protect cells against Shiga toxin [119], suggesting that the translocation of StxA1 into
the cytosol is dependent on the Sec61 channel. Interestingly, CQ has previously been shown to block
several channels, such as the inward rectifier potassium channel Kir2.1 [121], and the translocation
pores of the pore-forming toxins anthrax and C2 toxin [122,123]. One can speculate that CQ might also
interact with the Sec61 channel to block the translocation of Shiga toxin. Importantly, as shown here,
CQ also protects against Stx2 (see below).
For acute treatment of malaria, the recommended dose of CQ is 10 mg/kg/day. CQ is rapidly
distributed in the body and reaches a peak plasma concentration within 3–12 h after an oral dose [124].
In most cases, CQ is slowly eliminated with a half-life median value of 40 days, but there are
big differences between individuals and the half-life of CQ has been reported to range from 1 to
157 days [124]. The plasma concentration is strongly dependent on the administered dose and the
duration of the treatment [124]. The therapeutic concentration in blood of hydroxychloroquine
(HCQ), a less toxic analogue of CQ with similar pharmacokinetics, has been reported to be between
0.03 and 15 mg/L; the toxic and lethal concentration ranges were 3–26 mg/L and 20–104 mg/L,
respectively [125]. CQ at high concentrations has been reported to have a number of effects in
cell cultures, but clinically safe and achievable doses are in the low micromolar range [116]. Thus,
it has been suggested that for clinical relevance, the CQ concentrations should not exceed 10 mg/L
or 31 µM [116]. As shown in Figure 4, in long-term toxicity experiments (24 h with toxin), a 1 h
preincubation with a concentration of 25 µM CQ gave approx. 20 fold protection against Stx2, indicating
that CQ doses within the therapeutic window might be sufficient to protect against the toxin. HCQ also
protected cells against Stx2 to a similar degree as CQ (Figure 4).
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[18 F]FDG used in patients is the allowed maximal radiation dose. This is not the problem when using
stable nonradioactive FDG. There are no clinical studies describing maximal FDG doses that could
be safely achieved in human plasma/tissues, but there are several clinical studies that have analyzed
the safety of 2DG when used in combination with chemotherapy or radiation. Based on the study by
Raez et al. [146] the recommended daily dose of 2DG in combination with docetaxel was 63 mg/kg,
which resulted in a median maximum plasma 2DG concentration of 0.7 mM, and caused tolerable
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adverse effects. The tolerable concentration and adverse effects of FDG might differ from those shown
for 2DG and have to be assessed in the future, but if the achievable concentration is similar to that
shown for 2DG (0.7 mM), it is then in the same range as the concentration (1 mM) shown to protect
cells against Stx in vitro [48].
2.3. Retro-2 Substances
By performing a high-throughput screening of 16,480 drugs Stechmann et al. [100] identified
two low molecular weight substances that reduced sensitivity to Stx1, Stx2, and the plant toxin
ricin (which also follows a retrograde route to the ER), when added 30 min prior to challenge
with toxins in A459 and HeLa cells. These substances were called Retro-1 and Retro-2. They were
reported to inhibit retrograde transport of Stx1B from endosomes to the Golgi apparatus without
affecting compartment integrity and endogenous retrograde cargo transport [100]. Other compounds,
which may have similarities to the Retro compounds, have also been shown to block trafficking and
toxicity of Stx1 and ricin [147]. Both Retro-1 and Retro-2 have been found to relocalize the SNARE
proteins syntaxin 5 and, to a lesser extent, syntaxin 6 from their normal site of accumulation on
perinuclear Golgi membranes [100]. Thus, it has been suggested that the inhibition of Stx1B transport
by these compounds could be mediated by the relocalization of syntaxin 5 and 6, although additional
studies are required to confirm this. Retro-2 was found to be the most effective of these drugs,
and an intraperitoneal injection of 200 mg/kg Retro-2 given 1 h prior to toxin challenge completely
protected mice that were given a lethal nasal instillation of ricin (animal experiments with Stx were
not performed) [100]. Later, this group and others published data for several substances similar to
Retro-2, and showed that it was a cyclic form (Retro-2cycl ) and not Retro-2 that was active [148–150].
Cyclization and modification of Retro-2 resulted in a compound with approx. 100-fold increased
efficacy in inhibiting Stx1, and only one enantiomer was found to be active with an EC50 value
(the concentration of the drug that gives 50% of its full inhibitory effect against the toxin) of approx.
300 nM in HeLa cells [149]. The most active of the Retro substances in counteracting the cytotoxicity of
Stx1 (named (S)-Retro-2.1) has been reported to have an EC50 value of 54 nM in HeLa cells [151].
Secher et al. has investigated whether Retro-2cycl could protect mice against the toxic effects
of infection with E. coli O104:H4, the strain that was responsible for the deadly outbreak in Europe
in 2011 [152,153]. The bacteria were given to mice by oral gavage, and on days 16 and 26 the mice
received intraperitoneal injections of 100 mg/kg of Retro-2cycl , which resulted in reduced mortality
rate in the treated group (29 and 16 mice were dead in control and treated group, respectively, out of
40 mice per group) [101]. The same authors recently published a review article about the use of
Retro-2 and similar compounds to protect against Stxs, ricin, multiple viruses, including different
polyomaviruses, Ebola virus and poxviruses, and intracellular parasites, such as Leishmania [154],
and we refer to this review for further discussions about these substances. The authors conclude that
these lead compounds now need to be developed as drugs for human use. As these drugs, as far as we
know, have not been given to humans or even been tested in formal preclinical drug safety studies,
that task will be ongoing for many years. Furthermore, it will be interesting to see which compound
will be selected for such a development as the most efficient compound may also be the most toxic.
Finally, it should also be investigated whether all of these compounds have similar effects on the
localization of syntaxin 5 as Retro-1 and Retro-2 [100], since targeting of a universal trafficking factor
such as syntaxin 5 may prove challenging in a clinical setting.
2.4. Manganese
Mn2+ -ions have been described by several groups to protect cells against Shiga toxin [105] and
Stx1 [103]. Mukhopadhyay and Lindstedt reported that the protection was due to redirection of the
toxin to the degradative pathway; they also reported that mice injected with a lethal dose of Stx1 could
be rescued by a nontoxic dose of Mn2+ that was injected five days before the toxin [103]. However,
Mn2+ failed to protect cells against Stx2 under the same conditions [65]. These authors also showed
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that elevated levels of Mn2+ resulted in a down-regulation of GPP130, which in turn led to inhibition of
retrograde transport of Stx1, but not Stx2 [65]. Furthermore, this group later showed that the increased
Mn2+ levels induced GPP130 oligomerization and its sorting to lysosomes for degradation [102].
The protective effect of Mn2+ against Stx toxicity was also studied by another group, and there the
authors failed to see any protective effect of Mn2+ against Stx1 and Stx2 in cultured Vero cells and CD-1
outbred mice at Mn2+ -doses that were not toxic to the cells and the animals [104]. They concluded that
the ability of Mn2+ to protect against Stx toxicity might be dependent on the cell line and mouse strain,
and that protection may be observed only at potentially toxic concentrations of Mn2+ . These authors
and others have discussed that Mn2+ -ions are neurotoxic; for reviews see [155,156]. Due to this
well-known toxic effect of Mn2+ , we believe that it is unlikely that Mn2+ can be developed as a drug
against Stx toxicity.
2.5. Inhibitors of GlcCer Synthesis PDMP and C-9
The glycosphingolipid Gb3 is the sole functional receptor for Stx in humans, which makes it a
potential target for preventing Stx toxicity to cell. The drawback of the approach directed towards the
receptor is the time required to deplete Gb3 from cells, and this might limit the therapeutic potential.
However, although the expression of Gb3 is a prerequisite for cell sensitivity to Stx, a specific Gb3
species composition [42–45] is required for efficient Stx binding and intracellular transport, meaning
that a complete depletion of Gb3 might not be necessary to prevent Stx intoxication. To our knowledge,
there are no compounds available that would specifically block Gb3 synthesis in the cells. However,
multiple substances have been developed for inhibiting glucosylceramide synthesis, and thus prevent
formation of more complex glycosphingolipids, including Gb3. Two such compounds, PDMP [43] and
C-9 [106], have been shown to reduce cell sensitivity to Stx, and are discussed in this section.
PDMP (1-phenyl-2-decanoyl-amino-3-morpholino-1-propanol) is a ceramide analogue first
developed in a search for drugs to treat individuals with Gaucher disease [157], which are deficient
of the lysosomal enzyme glucosylceramidase and thus accumulate GlcCer in certain tissues [158].
PDMP has been shown to inhibit the synthesis of GlcCer and specifically affect the content and
composition of glycosphingolipids, without perturbing other lipid profiles [43,159], and without
significantly affecting the synthesis of glycoproteins in cells [159]. Raa et al. showed that treatment
with 1 µM PDMP for 24 h had only a small (20%–30%) effect on Shiga toxin binding to HEp-2
cells, but led to an approx. 50% reduction in the toxin uptake and almost completely blocked
(by 90%) the transport of StxB into the Golgi [43]. These effects were accompanied by a 6.5-fold
increase in the IC50 value for Shiga toxin in HEp-2 cells. After 24 h incubation with 1 µM PDMP,
the cellular levels of Gb3 and its precursors were reduced by approx. 50% in treated HEp-2 cells,
and the Gb3 species with the fatty acyl group 16:0 were found to be degraded faster and to a larger
extent than the Gb3 with the fatty acid 24:1 [43]. Results from studies on butyric acid-mediated
cell sensitization to Shiga toxin, and comparison of cell lines with different sensitivities to Stx,
have indicated that Gb3 with certain fatty acyl groups might be important for endosome-to-Golgi
transport [49,91,160,161]. Thus, the changes in Gb3 species composition may play an important role in
the PDMP-induced protection against Stx, at least at shorter treatment times, when the total Gb3 is
not yet completely depleted from the cells. However, in addition to GlcCer synthase, PDMP has been
found to target other lipid enzymes, such as ceramide glycanase and a lysosomal phospholipase A2
called 1-O-acylceramide synthase [162,163], which might limit the applicability of PDMP for specific
depletion of Gb3 in vivo. On the other hand, the development of PDMP has boosted the synthesis
of a variety of related compounds [162]. Some of these PDMP analogues exhibit a dramatic increase
in potency and specificity for the ceramide-specific glucosyl transferase [162], and have been tested
in β-galactosidase a-null mice (model of Fabry disease in which Gb3 accumulates in the vasculature
and kidneys) [164]. The mice were injected intraperitoneally with 2 mg/kg of the PDMP analogue
EtDO-P4 (D-threo-1-(3,4-ethylenedioxyphenyl)-2-(palmitoylamino)-3-(1-pyrrolidinyl)propanol) twice
a day for three days, which led to approx. 50% reduction in GlcCer levels in the kidney, liver, and heart.
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The reduction in Gb3 was little pronounced after three days of treatment, but following eight weeks
of treatment with 10 mg/kg of EtDO-P4 twice a day, the total levels of Gb3 were reduced by approx.
50% in the kidney, liver and heart. Importantly, the treatment did not show apparent toxicity to the
animals. However, a potential protection against Stx toxicity was not tested in this study.
The search for treatment of glycosphingolipid storage diseases has led to the development
of another ceramide analogue named C-9 [(1R, 2R)-nonanoic acid [2-(20 ,30 -dihydro-benzo
[1–4]dioxin-60 -yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt] (Genzyme
Corp., Waltham, MA, USA). Silberstein et al. has demonstrated that a 48 h pretreatment with 5 µM C-9
reduced cellular Gb3 levels by approx. 80% in human renal tubular epithelial cells (HRTEC), which was
accompanied by an almost complete cell protection against a 24 h challenge with 1 ng/mL Stx2 [106].
However, the drug had no effect on the cell sensitivity to Stx2 when added at the same time as the toxin
and a 24 h preincubation was required to obtain the protective effect [106]. Essentially similar protection
and reduction in Gb3 was also shown in human glomerular endothelial cells [108]. Silberstein et al.
also investigated the potency of C-9 against Stx2 in an in vivo model [107]. Rats received C-9 orally
two days prior and four days after the intraperitoneal injection of the supernatant from recombinant
E. coli expressing Stx2. The treatment reduced rat mortality by 50% and prevented intestinal and
renal tissue damage, which was observed in the group treated with Stx2 only. The failure of C-9 to
completely prevent rat mortality after Stx2 challenge was attributed to the possibility that C-9 does not
pass the blood- brain barrier, and thus the deaths in the C-9 group could be the outcome of neurological
injuries. However, no histological analysis was performed to support this [107].
A related compound, which differs from C-9 only in the fatty acid part (contains octanoic acid
instead of nonanoic acid), has been approved by FDA for treatment of Gaucher disease [165] and is now
sold under the name Cerdelga® (Eliglustat tartrate; Genzyme Corp., Cambridge, MA, USA). Eliglustat
tartrate (also called Genz-112638) is well tolerated and has a recommended dosing of 100 mg (contains
84 mg of eliglustat) twice daily in Gaucher patients [166,167]. When used at the recommended dosing,
the average concentration of free eliglustat in the plasma is 12–25 ng/mL (but there is a great variation
between individuals due to differences in the rate of metabolic degradation of eliglustat) (reviewed
in [165]). Thus, it would be interesting to see whether eliglustat provides similar protection against Stx
in cells and in animal models as C-9, and whether the tolerated dose leads to significant changes in
Gb3 levels and/or species, which would indicate its potential use for the treatment of STEC infections.
However, very little eliglustat is taken up into brain [164], which would limit its effect in the HUS
cases with neuronal damage.
2.6. HG
The alkylglycerol 1-O-hexadecyl-sn-glycerol (HG, also called chimyl alcohol) is a precursor for
ether-linked glycerophospholipids. HG enters the biosynthetic pathway of ether lipids after being
phosphorylated by alkylglycerol kinase [168]. Addition of HG was shown to alter the lipidome of
HEp-2 cells, with the most notable changes being an increase in the cellular level of ether-linked lipids
with 16 carbon atoms at sn-1 position, an increase in lysophosphatidylinositol (LPI) and a decrease in
all glycosphingolipid classes analyzed, amongst them the Stx receptor Gb3 [50].
We recently showed that a 24 h preincubation with 20 µM HG strongly protected HEp-2, HMEC-1
and HBMEC cells against Shiga toxin and Stx2, with an average 30-fold increase of IC50 [50]. There was
a moderate reduction in Stx1 binding to HEp-2 cells after HG treatment, presumably due to reduced
Gb3 levels, but this decrease was not sufficiently large to account for the strong protection against the
toxin. Immunofluorescence confocal microscopy revealed that HG treatment led to an accumulation
of Stx1 in the Golgi apparatus after 4 h of toxin challenge, while in control cells, the toxin clearly
colocalized with both the ER-marker PDI and the Golgi-marker TGN46 at the same time point,
suggesting that HG treatment inhibits Golgi-to-ER transport of Stx [50]. Thus, HG prevents Stx
intoxication primarily by interfering with the Golgi-to-ER transport of Stx, but also to some degree by
downregulating the Stx receptor Gb3.
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The 1-O-alkylglycerols, including HG, are naturally occurring ether lipids that are present in
human cells and body fluids, particularly in hematopoietic organs and in neutrophils and human
milk [169]. Alkylglycerols can also be obtained from the diet, with marine oils, especially shark liver
oil, being a good source [169,170]. Shark liver oil contains 9%–13% HG and has been used in traditional
medicine in the Nordic countries for beneficial health effects and for wound healing [169,170].
Shark liver oil and alkylglycerol supplementation have been reported to mediate several biological
effects, including the ability to boost the immune system and alleviate radiation therapy-induced
side effects [169,170]. However, to evaluate the potential of HG as an inhibitor of Stx intoxication,
further studies, first in animal models, are required.
2.7. Statins
Statins, also known as HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) reductase inhibitors,
are a class of compounds that inhibit cholesterol biosynthesis and prenylation of proteins (reviewed
in [171]). Statins are widely prescribed to lower serum cholesterol levels for the prevention of cardiac
diseases [172–174]. Recently, statins were found to inhibit Stx1B transport to the Golgi apparatus
and to protect cells against Stx1 and Stx2 [110]. ACHN (epithelial carcinoma from renal tubular
adenocarcinoma pleural metastasis) cells were pretreated with rosuvastatin (5–20 µM) for 24 h prior
to addition of Stx1 or Stx2, and the number of surviving cells was measured after 72 h. Treatment
with rosuvastatin increased cell survival by approx. 25% in the group treated with 5 µM rosuvastatin
and then challenged with 1 pg/mL of Stx1 or Stx2, but there was essentially no improvement in cell
survival in the group challenged with 100 pg/mL of the toxins. On the other hand, cell treatment with
10 µM of rosuvastatin increased cell survival by approx 70% in the groups challenged with 1 pg/mL
of Stx1 or Stx2, and by approx. 25% in the groups challenged with100 pg/mL of the toxins. Although
increasing the concentrations of rosuvastatin to 20 µM showed even better protection, there seemed to
appear a difference in protection against Stx1 and Stx2, with the protection against Stx2 being lower
than that against Stx1, especially at high toxin doses. As previously mentioned, Stx2 is suggested to
exploit an additional transport pathway [65] which might not be blocked by rosuvastatin. In addition,
a protective effect by lovastatin has previously been shown for several other protein toxins, including
ricin, modeccin, Pseudomonas toxin, and diphtheria toxin, suggesting that statins might have a potential
to be used against several toxins [175].
Cell treatment with statins was found to increase the protein level and activity of GlcCer synthase,
which in turn led to increased cellular levels of GlcCer [110]. The fact that the cells were maintained in
a medium containing cholesterol during the treatment with statins, and that the isoprenol precursor
counteracted the upregulation of GlcCer synthesis induced by statins, indicated that the effects
observed, at least for the upregulation of GlcCer synthesis, were mediated by the inhibition of
isoprenylation rather than by depletion of cellular cholesterol. In addition, by the use of specific
inhibitors of different prenylation enzymes, the authors were able to show that it was only the
inhibition of geranylgeranyl transferase II, also known as Rab geranylgeranyl transferase, that led
to similar upregulation of GlcCer as statin treatment. Rab prenylation facilitates their membrane
association and activity [176,177]. Rab GTPases regulate intracellular vesicular trafficking events,
and several Rabs have also been implicated in Stx retrograde transport (reviewed in [1]), suggesting
that rosuvastatin-induced protection against Stx is mediated via aberrant Rab prenylation.
Importantly, although for the prevention of cholesterol-related cardiac diseases statins are
prescribed in relatively low doses (recommended daily dose of lovastatin is 20–40 mg per day [174])
the achievable safe serum values might be as high as 0.2–12 µM (shown for lovastatin at doses of
133–412 mg/m2 , which corresponds to approx. 200–650 mg) [178], and are within the dose range
found to protect cells against Stx1 and Stx2 [110].
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2.8. Furin Inhibitors
Furin is a type I transmembrane serine protease that activates precursors of different
physiologically important proteins. Although furin is mainly located in the Golgi and trans-Golgi
network, it also circulates through the endosomal system to the cell surface and back to the
Golgi [179], and may also be secreted as a soluble truncated active enzyme [180]. In addition
to its physiological role, furin activates numerous toxic proteins, including Stxs [95]. Moreover,
furin has been implicated in various human diseases, including cancer, osteoarthritis, atherosclerosis,
diabetes and neurodegenerative disorders [181–184]. Although the complete knockout of the fur gene,
which encodes furin, is embryonically lethal to mice, the specific inhibition of furin by polyarginine
inhibitors has been shown to be well tolerated in adult animals [185,186], indicating that short term
inhibition of furin might be exploited for treatment. Thus, various furin inhibitors have been developed
and investigated for their potential therapeutic applications during the last years [111,112,183,184,187].
For instance, the furin inhibitor hexa-D-arginine amide has been demonstrated to improve the survival
of mice challenged with Pseudomonas aeruginosa exotoxin A, which requires furin-mediated cleavage
for toxicity [185]. Later, the same compound was shown to delay anthrax toxin-induced toxemia both
in cells and in rats [186], supporting the therapeutic potential of furin inhibitors for the treatment of
infectious diseases.
A number of peptidomimetic furin inhibitors have been developed and optimized to improve
the activity and stability of the compounds [111], and some of these compounds have been
found to protect against Shiga toxin without showing significant toxicity to cells [111]. The most
effective analogue for the protection against Shiga toxin was 4-(guanidinomethyl)phenylacetylArg-Val-Arg-4-amidinobenzylamide (called No. 24 in the original article), which reduced HEp-2
cells sensitivity to Shiga toxin by approx. 6-fold, when added to the cells 30 min before a 4 h incubation
with unnicked Shiga toxin [111]. However, it has not yet been investigated whether cells are protected
against longer challenges with the toxin. It has been shown that the Shiga toxin may be processed by
other cellular proteases, but more slowly [39,95]. Thus, it is still not clear whether furin inhibitors help
to prevent or treat HUS in humans infected with Stx-producing bacteria.
3. Concluding Remarks
A number of compounds that protect cells against Stxs are known, and in some cases they have
also been found to protect animals against the challenge with purified toxin or toxic effects of infection
with STEC. Most of these compounds have not been used in humans and thus need to be carefully
evaluated for potential use in the clinic, and it is not clear to which extent one will be able to find
compounds that are safe in humans. There are, however, some exceptions, for instance chloroquine and
statins, which should be investigated for a possible protective effect in connection with Stx-induced
disease. In addition, there is an ongoing search for efficient inhibitors of glycosphingolipid synthesis
for the treatment of glycosphingolipid storage diseases [188] as well as cancer [189], meaning that new,
more potentially useful compounds will be investigated in the near future. Such new compounds
should not be overlooked for their potential in the treatment of STEC and Shigella infections.
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Abbreviations
ACHN
Baf
ConA
cPLA2

epithelial carcinoma from renal tubular adenocarcinoma pleural metastasis
bafilomycin A1
concanamycin A
cytoplasmic phospholipase A2
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CQ
C-9
EC50
FDG
Gal
Gb3
Glc
GlcCer
GPP130
HBMEC
HCQ
HG
HRTEC
HUS
HuSAP
IC50
LacCer
LPI
Nig
PDMP
PET
Retro-2cycl
STEC
Stx
StxB
Stx1
Stx2
TLC
UDP
[18 F]FDG
2DG
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chloroquine
(1R, 2R)-nonanoic acid [2-(20 ,30 -dihydro-benzo [1–4]dioxin-60 -yl)-2-hydroxy-1pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt
the concentration of the drug that gives 50% of its full inhibitory effect against the toxin
2-fluoro-2-deoxy-D-glucose
galactose
globotriaosylceramide
glucose
glucosylceramide
Golgi phosphoprotein of 130 kDa
human brain microvascular endothelial cells
hydroxychloroquine
alkylglycerol 1-O-hexadecyl-sn-glycerol
human renal tubular epithelial cells
hemolytic-uremic syndrome
human serum amyloid component P
Stx concentration needed to inhibit protein synthesis by 50%
lactosylceramide
lysophosphatidylinositol
nigericin
1-phenyl-2-decanoyl-amino-3-morpholino-1- propanol
positron emission tomography
cyclic form of Retro-2
Shiga toxin-producing E. coli
Shiga toxins (when referring to the whole family and common features)
B-moiety of Stx
Shiga-like toxin 1
Shiga-like toxin 2
thin layer chromatography
uridine diphosphate
FDG which contains the 18 F radioisotope
2-deoxy-D-glucose
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