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Preface

It is done! I am very pleased to deliver the second volume of the series on
“Molecular, Clinical and Environmental Toxicology” to the public today. All
authors, the editorial office of Birkhäuser and I have been working very hard
during the past months to get the promise made at the end of last year into real-
ity. After the first volume on molecular toxicology, this second part is dedicat-
ed to clinically relevant aspects of toxicology and thus focused on more imme-
diate (acute) and fatal effects of compounds and preparations that people might
be exposed to under certain circumstances. For this reason the aim of this vol-
ume is not only to discuss highly toxic synthetic chemicals, metals and phar-
maceuticals but also to cover the field of naturally occurring (biogenic) toxins
produced in particular organisms distributed across the entire biosphere; the
scientific area dealing with the latter is usually referred to as toxinology. 

As a medical discipline, toxicology has developed over time from the early
observations and appreciation of the allegedly healing, but sometimes also
toxic effects of extractions and preparations made from plants, mushrooms or
animals. Since nature in general formed a much greater part of regular life of
human beings in the pre-industrialized era, in those days natural sources em-
bodying rich and complex chemistries and assumed to possess inherent (“God-
given”) advantageous properties were sought and collected in the organismic
world right beyond the doorstep, ultimately with the goal of utilizing these to
ease (or cease) tough and arduous living conditions and destiny. The belief in
the positive, health and well-being promoting effects of everything that comes
from “mother nature” has been conserved throughout the centuries up to the
present time where people still place most trust, confidence and favor in “nat-
ural products”, while synthetically produced chemicals or pharmaceuticals are
usually perceived with suspicion, mistrust and sometimes irrational fear. 

Given this view, however, an extremely compelling and contradictory
awareness might come from the comparison of acute toxicities between certain
biogenic toxins and those particular kinds of small molecules synthetically
designed and created in the chemist’s lab and supposed to effectively eradicate
human life within minutes through an irreversible block of neuromuscular
transmission, i.e., chemical warfare agents such as VX or soman. Applying the
mouse bioassay that has been established in the 1930s by Sommer and Meyer,
and which determines the particular dose necessary to kill one out of two of
those poor animals treated (lethal dose 50%, LD50), the most deadliest com-
pounds known today are actually proteins produced by bacteria belonging to
the genus Clostridium. Compared to the VX agent (LD50 of ~15 μg/kg body
weight), botulinum neurotoxin (LD50 ~ 0.001 μg/kg) or tetanus neurotoxin



(LD50 ~0.002 μg/kg) are no less than 15 000- (!) and 7500-fold more potent in
killing mice when injected intraperitoneally. This crude method also delivered
some kind of idea on the ranking of the most toxic compounds on earth. Here
it turns out that a wide range of biogenic compounds produced from bacteria,
algae (e.g., dinoflagellates), fungi (e.g., Aspergillus, Fusarium), invertebrates
such as cone snails or jellyfish, vertebrates such as snakes and poison dart
frogs, and lectin-producing plants (e.g., Abrus, Ricinus) are by far more toxic
than the most potent synthetic toxins artificially created in the lab. Interest-
ingly, among the “top 10” toxins, all of which are of biogenic origin, small mo-
lecules are scarce and actually only represented by two exceptionally sizeable
compounds, i.e., maitotoxin (LD50 ~ 0.1 μg/kg) and palytoxin (LD50 ~ 0.15
μg/kg), and by batrachotoxin (LD50 ~ 2 μg/kg). By contrast, the remaining,
usually well-known and more typical, small toxins (saxitoxin, tetrodotoxin,
ciguatoxins, etc.) are in general less toxic and displaced by proteinaceous or
polypeptic toxins such as those produced in bacteria, plants (abrin, ricin), cone
snails (conotoxins), scorpions (α- and β-toxins), or snakes (e.g., textilotoxin).

The second volume, in its final composition released today, encompasses a
very exciting journey starting from the fields of naturally occurring toxic prod-
ucts produced by bacteria (bacterial toxins), fungi (mycotoxins), algae (phy-
cotoxins), plants (phytotoxins), and animals (venoms, poisons). Later in the
volume the clinical management of intoxication and (if available) the applica-
bility of antidotes are discussed in the context of metals, pharmaceuticals,
drugs, or such chemicals that can be typically found in the household. Since
illicit drugs and psychedelic preparations represent an extremely important
concern in clinical toxicology and a life-threatening issue all over the world,
this topic is addressed further by two separate chapters in the course of this
book. The editor felt strongly convinced that any comprehensive work on clin-
ical toxicology should be enriched by special chapters on more general but
central themes such as those covering the fields of analytical toxicology,
inhalation toxicology, forensic toxicology, and – of course – the highly and
publicly debated topics of chemical and biological warfare agents. While ana-
lytical and forensic toxicology are key in detecting and elucidating compound-
induced tissue and organ damage or failure due to intoxication, poisoning and
envenomation in living and dead patients alike, the chapter on inhalation tox-
icology is meant to put more emphasis on the role of the (fast) inhalation expo-
sure route with respect to rapidly or immediately occurring fatalities based on
chemical-triggered failure of vital functions such as respiration, systemic (car-
diovascular) circulation and neuronal activity in the central nervous system.

At this point, there is nothing left than expressing again my sincere appreci-
ation and gratitude to all authors who contributed to this volume with their
great work and their extreme efforts to nicely and comprehensively cover a spe-
cific topic in the field of clinical toxicology (resp. toxinology). The main goal
of this volume was to outline and to communicate the diversity in this field and
the great and exciting story of highly potent biogenic and synthetic toxins, as
well as the routine and advanced means applied in the clinics to battle against
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accidental or intended intoxication or poisoning. In this sense, I personally
think that it would be not inappropriate to argue that the current volume is
something very uncommon and special in terms of its composition and breadth.
As with volume 1, which was released at pretty much the same time last year,
I deeply hope that volume 2 will also be acknowledged and well circulated
throughout the scientific community. I am confident that it is appropriately
suited to serve as guide for students and professionals in medicine and natural
sciences, interested in gaining more insight into how potent toxins work in the
body and into the issue of adequate counteractions and remedies to be applied
in the clinics to help patients survive the imminent danger executed by poten-
tially deadly chemicals, peptides or proteins intruding into their body.

Last but not least, I want to express my special gratitude to the editorial
office of Birkhäuser. I am indebted to Beatrice Menz and Kerstin Tüchert, who
both provided the necessary constant guide and help to the editor, enabling him
to get this volume appropriately compiled on time. Through their extremely
hard work and dedication, two volumes of the series have now cleared all hur-
dles and have been successfully released onto the market. I am now very much
looking forward to the third and final volume of the series focused on envi-
ronmental toxicology to be published shortly.

Andreas Luch
Berlin, October 2009
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Toxins from bacteria

James S. Henkel1, Michael R. Baldwin2 and Joseph T. Barbieri1

1 Medical College of Wisconsin, Department of Microbiology and Molecular Genetics, USA
2 University of Missouri, Department of Molecular Microbiology and Immunology, USA

Abstract. Bacterial toxins damage the host at the site of bacterial infection or distant from the
site. Bacterial toxins can be single proteins or oligomeric protein complexes that are organ-
ized with distinct AB structure-function properties. The A domain encodes a catalytic activ-
ity. ADP ribosylation of host proteins is the earliest post-translational modification deter-
mined to be performed by bacterial toxins; other modifications include glucosylation and
proteolysis. Bacterial toxins also catalyze the non-covalent modification of host protein func-
tion or can modify host cell properties through direct protein-protein interactions. The B
domain includes two functional domains: a receptor-binding domain, which defines the tro-
pism of a toxin for a cell and a translocation domain that delivers the A domain across a lipid
bilayer, either on the plasma membrane or the endosome. Bacterial toxins are often charac-
terized based upon the secretion mechanism that delivers the toxin out of the bacterium,
termed types I–VII. This review summarizes the major families of bacterial toxins and also
describes the specific structure-function properties of the botulinum neurotoxins.

Introduction

Bacterial pathogens damage the host via invasive and toxic attributes. Invasion
involves the ability of the bacterium to grow in the host, in either an extracel-
lular or an intracellular environment. Invasive bacteria injure the host through
the production of extracellular enzymes that damage host tissue, or through the
modulation of the host response system such as the up-regulation of cytokine
expression. In contrast, bacterial pathogens that damage the host through the
action of toxins are often non-invasive and have limited capacity to dissemi-
nate in the host. Bacterial toxins often act at a distance from the site of infec-
tion. They are physically organized into distinct domains, termed A-B struc-
ture-function organization, that recognize receptors on the surface of sensitive
cells and possess enzymatic capacity to modulate the action of an intracellular
host target, often a protein (Fig. 1). The A domain, also described as an effec-
tor, is usually an enzyme or a factor that functions through protein-protein
interactions within the cell. The B domain comprises the receptor-binding
function, providing tropism to specific cell types through receptor binding
capacity. The B domain also includes a domain that translocates the A domain
across a lipid bilayer, either at the plasma membrane or within the endosomal
compartment. Translocation of the A domain across the lipid bilayer is hypoth-
esized in most cases to occur through a pore/channel formed by the B domain.
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The B domain can be a single subunit (B) or an oligomeric (B5) form. The A
and B domains may be linked by a disulfide bond or associated by non-cova-
lent interactions. This review presents an overview of the properties of the
major families of bacterial toxins and then describes in more detail the struc-
ture-function properties of the botulinum neurotoxins.

Heat-stable enterotoxins

Heat-stable enterotoxins (STs) are a family of conserved peptides expressed by
pathogenic strains of Escherichia coli. STs elicits fluid accumulation in the
intestine [1, 2], which is often responsible for diarrhea in travelers, young chil-
dren, and domesticated animals in developing countries. STs includes two sub-
families, STa and STb.

Figure 1. AB organization of bacterial toxins. Diphtheria toxin is an AB toxin where the N-terminal
A domain (black) encodes an enzyme activity, an ADP-ribosyltransferase activity (NAD + EF-2 →
ADP-r-EF-2 + nicotinamide + H+). The C-terminal B domain encodes a receptor binding function
(gray), which binds to a growth factor receptor and enters cells through receptor-mediated endocyto-
sis, and a translocation function (white), which undergoes a pH-dependent conformational change
where charged amino acids are protonated. This allows a pair of hydrophobic α helices to insert into
the endosome membrane, which is responsible for the delivery of the A domain into the host cytosol.
Structure is adapted from the Protein Databank (PDB): #1fol.



The STa subfamily that intoxicates humans (STah) and porcine (STap) [3,
4] comprises ~18-amino acid peptides, including an N-terminal α-helix, a type
I β-turn in the central region, and a type II β-turn at the C terminus of the pep-
tide [5]. STa binds the guanylate cyclase C (GC-C) receptor on the surface of
epithelial cells of the small intestine and colon. STa binding to the GC-C
receptor mimics guanylin, a protein ligand of GC-C, where residues between
Cys5 and Cys17 (termed the central region) of STa are essential for binding.
These residues are conserved within the STa subfamily, and comprise three
disulfide bonds within the central region that are necessary for functional bind-
ing [6]. The central β-turn (Asn11–Cys14) interacts with three residues (Thr389,
Phe390, Trp392) of the extracellular domain of the GC-C receptor [7–9]. Pept-
ides comprising residues 5–17 and 6–18 possess equivalent biological and
immunological activities as native STa, showing that the central region is nec-
essary and sufficient to elicit toxicity [10, 11]. STa-bound GC-C activates pro-
tein kinase G (PKG) and protein kinase C (PKC), increasing IP3-mediated cal-
cium to elevate intracellular cyclic GMP (cGMP) [12]. Increased cGMP acti-
vates phosphorylation of the Cl– ion channel, the cystic fibrosis transmem-
brane regulator, increasing the concentration of Cl– ions in the extracellular
space and causing fluid accumulation within the lumen of the intestine [3, 13].

STb is a 48-amino acid peptide that causes diarrhea in porcine and humans
[14, 15]. Despite the similarity of nomenclature, STb does not have primary
amino acid homology with STa. STb is composed of two anti-parallel α-helices
connected by a glycine-rich loop. It is stabilized by two disulfide bonds that are
necessary for cellular intoxication [16–18]. STb binds to sulfatide, a glycosph-
ingolipid on epithelial cells [19], and internalization is required for intoxica-
tion. While the molecular mechanism remains to be determined, STb does not
cause cGMP elevation as observed with STa [20]. STb stimulates fluid accu-
mulation through a pertussis toxin-sensitive GTP-binding regulatory protein,
which has been proposed to stimulate the elevation of intracellular calcium
through an unidentified ligand-gated Ca2+ channel [21]. Recent studies obser-
ved that STb forms multimeric complexes and enhances membrane permeabil-
ity, implicating a pore-forming toxin-like activity [14, 17].

While details of the structure-function properties of the STs were resolved
shortly after the identification of this family of toxins, recent studies address
how ST peptides contribute to the pathology of the enterotoxigenic E. coli
(ETEC). For example, Moxley and co-workers [22] utilized isogenic strains of
ETEC to address the role of STb and other virulence factors in gnotobiotic
piglets, while Lucas et al. [23] recently addressed the role of STa in the elici-
tation of distanced effects on fluid absorption in the intestine of rats.

Pore forming toxins

Bacterial pore-forming toxins (PFTs) are a large group of protein toxins that
form pores in the membranes of bacteria, plants, and mammals, causing mem-
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brane permeability and ion imbalance. Bacteria release PFTs as soluble sub-
units that form stable multimeric complexes on the membranes of various tar-
get membranes, and translocate across lipid membranes through several mech-
anisms. PFTs are classified into two groups based on the multimeric structure
involved in membrane insertion. α-PFTs describe those PFTs that insert into
membranes as an α-helix, while β-PFTs insert into the membrane as β-sheets
[24, 25].

Examples of α-PFTs are colicins, which are produced in E. coli and share
structural organization with diphtheria toxin. Colicins are cytotoxic for E. coli
and other closely related species. Colicins encode α-helices that are utilized
for translocation of the catalytic domains across a bacterial outer membrane.
The mechanism of membrane insertion and translocation of the colicin cata-
lytic domain has been proposed from early biochemical studies, the crystal
structure of colicin E (ColE) bound to the BtuR receptor [26], and the crystal
structure of OmpR, the putative pore utilized for translocation of the catalytic
domain across the outer membrane [27]. ColE3 has 551 amino acids with an
internal receptor binding domain, an N-terminal translocation domain, and an
~96-amino acid C-terminal sequence that functions as an endoribonuclease.
Entry of ColE into the bacterial cell involves the binding of the internal recep-
tor binding domain to the ButR protein, which concentrates into the outer
membrane to coordinate the subsequent binding of the translocation domain
into the translocator, OmpF. Translocation involves the association of residues
within an α-helix of the translocation domain with internal regions of OmpF
[27], and the subsequent movement of the nicked catalytic domain across the
bacterial inner membrane via a TonB-dependent mechanism.

While not considered a PFT, the delivery mechanism that diphtheria toxin
utilizes to translocate the catalytic subunit across the endosome membrane
and into the host cytosol has properties that are analogous to those of the
α-PFTs. Diphtheria toxin is a single chain protein that elicits a lethal pheno-
type in humans through the ADP-ribosylation of elongation factor-2.
Diphtheria toxin is a 535-amino acid AB toxin; the N terminus encodes the
ADP-ribosyltransferase activity and the C terminus comprises a translocation
domain and a C-terminal receptor binding domain. Diphtheria toxin binds to
a growth factor receptor to traffic into early endosomes via receptor-mediated
endocytosis where hydrophobic α-helixes of the translocation domain insert
into the endosomal membrane by a pH-dependent mechanism [28]. Insertion
of these helices into the bilayers opens a channel, analogous to the channel
formed by the α-PFTs, that facilitates the translocation of an extended form
of the N-terminal catalytic domain across the membrane. The catalytic
domain refolds within the cytosol, and ADP-ribosylation of elongation fac-
tor-2 occurs, which inhibits protein synthesis. Recent studies have implicated
a role for host chaperones in the A domain translocation event [29]. The crys-
tal structure of native diphtheria toxin, along with biophysical studies, pro-
vides a model describing the molecular basis for the translocation of the cata-
lytic domain of diphtheria toxin across the endosome membrane, where
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hydrophilic loops, containing several charged amino acids with pH-sensitive
ionizable R-groups, stabilize hydrophobic α-helices within the B domain of
diphtheria toxin (Fig. 1).

β-PFTs are produced as soluble proteins that oligomerize into multimeric
complexes on the mammalian plasma membrane; there, one or two amphi-
pathic β-hairpins on a monomeric subunit contribute to the organization of the
pore [30]. These β-hairpins contain a hydrophobic outer surface, which favors
insertion into the membrane [31, 32]. The pores are organized in a variety of
subunit numbers (7–50) and sizes (2–50 nm) [33–35]. The largest group of
β-PFTs are the cholesterol-dependent cytolysins (CDCs), which are primarily
produced by Gram-positive, pathogenic bacteria such as Listeria sp., Strepto-
coccus pneumoniae, and Bacillus anthracis, but are also found in the mam-
malian immune system [36–38]. CDC pore complex formation occurs before
protein insertion into the membrane and is pH independent [39]. The mecha-
nism of pore insertion includes steps that involve soluble monomer association
with the plasma membrane, lateral diffusion of monomers with the membrane,
pre-pore monomer oligomerization, pore formation, and insertion of the
oligomer into the membrane [39]. CDC monomers are organized into four dis-
tinct domains (termed D1–D4), which control monomer-receptor binding,
monomer to oligomer association, and membrane interactions. For most
CDCs, the D4 domain is responsible for interactions with cholesterol through
a tryptophan-rich area called the undecapeptide, which inserts a short distance
into the membrane. Cholesterol-bound monomers concentrate and then asso-
ciate through lateral diffusion on the membrane surface. A conformational
change in D3, triggered by D4 domain-membrane interaction, exposes
β-strand 4 of D3 domain, and hydrogen bonding between β-strand 4 of D3
domain with the β-strand 1 of D3 domain in the adjacent monomer initiates
pre-pore formation [40–43]. The D3 domain also undergoes a second confor-
mational change that causes rearrangement of three α-helices into two β-hair-
pins for each monomer, which represents the transmembrane component of the
pore. These β-hairpins stabilize interactions with neighboring β-hairpins
through π-bond stacking with tyrosine and phenylalanine residues. Once the
pre-pore complex has assembled on the membrane, a conformational change
occurs in which the complex inserts into the membrane due to β-barrel pore
formation.

Superantigens

Superantigens (SAgs) are a group of secreted protein toxins produced by an
increasing number of bacteria, including Staphylococcus aureus, Strepto-
coccus sp., Mycoplasma arthritidis, and Yersinia pseudotuberculosis [44, 45].
SAgs bind to major histocompatibility complex II (MHC II) and stimulate
peptide-independent MHC II/T cell receptor (TCR) interaction and immune
activation. SAgs are responsible for the toxic shock syndrome (TSS) and food
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poisoning [46]. A second group of SAgs are the SAg-like toxins (SSLs), which
possess much of the conserved domain structure of the SAgs, but do not bind
MHC II or activate T cells, but do target the innate immune system [47]. SAgs
and SSLs contain two conserved structures at the N-terminal and C-terminal
domains. The N-terminal domain contains a conserved oligonucleotide-OB
fold, whereas the C-terminal domain contains a β-grasp fold. The OB-fold and
the β-grasp fold are closely packed, which contributes to protein stability upon
heating, a property of SAgs. Within the family of SAgs, the N terminus
includes a groove formed between the OB-fold and the β-grasp fold that com-
prise the TCR binding domain [47]. Members of the SAg family possess a
variety of structures that bind MHC II. Yersinia SAgs (YPM-A, YPM-B, and
YPM-C) are unique and contain a single domain that comprises a jelly-roll
motif consisting of two β-strands [48]. The SAg of M. arthritidis (MAM) cre-
ates an ‘L’ structure through the assembly of ten α-helices. While the SSL tox-
ins show an overall conserved structure relative to the SAgs, the surfaces for
MHC II and TCR binding are altered [49–51]. In contrast to SAgs, SSLs do
not bind to the MHC II complex or TCR. Binding sites and function vary
among SSLs, demonstrated by SSL 11 binding sialyllactosamine and SSL 7
binding C5 and IgA [51, 52]. Crystallized SSL 11 has an elongated β-strand
within the β-grasp fold that allows dimerization to occur, to presumably
increase affinity for cellular glycoproteins [51].

SAgs can bind MHC II by several mechanisms and are classified by how
each binds MHC II. TSST-1 binds the MHC II α-chain and a region of the
β-chain by extending over the presented peptide (class I) [53]. Staphylococcus
and Streptococcus SAgs bind the MHC II α-chain through the OB domain and
do not contact the peptide (class II) [53]. Classes IV and V SAgs bind through
the C-terminal domain to the β-chain of MHC II, utilizing a coordinated zinc
site as well as the presented peptide [54, 55]. MAM binds in a different fash-
ion by binding the MHC II α1-helix and β1-helix, causing the dimerization of
the two MHC II molecules [56].

Binding to MHC II and TCR by SAgs appears to be sequential, based on
kinetic binding data [47]. SAgs affinity to MHC II is between 10- and 100-fold
higher than to TCR proteins [57]. This determined in vitro affinity is most like-
ly a low estimation, since antigen-presenting cells bind SAgs in a stable con-
formation for over 30 hours [58]. SAg binding to TCR molecules for non-pep-
tide-specific activation occurs through the β-chain, via diverse mechanisms
that include binding to the CDR2 loop of TCR Vβ [59]. This interaction is suf-
ficient to activate up to 20% of T cells [60]. Most SAgs, however, have an
increased specificity to TCR that is defined by specific interactions with the
TCR hypervariable areas surrounding the CDR2 loop (Fig. 2) [59]. Another
action of SAgs is to directly block TCR interaction with the presented peptide,
keeping the TCR and MHC II dimers physically separated; SAgs wedge
between the two receptors (class II), allowing only minimal contact (TCR
α-chain and MHC II β-chain), and physically block peptide interaction (class
I), or bind to cause a sharp angle in between TCR and MHC II/peptide inter-
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face (class V) [57]. Current studies on SAgs involve development of structur-
al mimics to neutralize pathology in animal models [61] and to determine the
specificity of immune stimulation by SAgs of clinical bacterial isolates [62].

Secretion of toxins from the bacterium

Bacterial toxins are transported across the bacterial membranes through co-
translational and post-translational mechanisms to reach their targets. Toxin
transport occurs by multiple mechanisms, which have been characterized in
Gram-negative and Gram-positive bacteria. Most secretion systems utilize
active transport, needing at least one energy-requiring step. For example,
Types II, III, and IV secretion systems contain an oligomeric ring of ATPases
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Figure 2. Binding of superantigen SEC3 to TCR β. Staphylococcus aureus superantigen SEC3 binds
to the β chain of TCR through the hypervariable domain 4 (HV4), acting as a wedge to encourage
TCR and MHC II interaction and activation lacking foreign peptide. Arrow indicates HV4 loop on
TCR β. Structure: PDB: #1jck.



on the cytoplasmic side of the secretion system’s inner membrane complexes.
While signal sequences often coordinate the secretion process, signal
sequences are not universal. The following section describes the general prop-
erties of the Type I–VII secretion systems as related to the secretion of bacte-
rial toxins.

Type I secreted toxins

Type I secretion is observed in Gram-negative and Gram-positive bacteria and
transports a variety of proteins across the bacterial inner membrane into the
periplasmic space in an active, single-step process. Proteins secreted via the
Type I pathway contain glycine-rich repeats, usually at the C terminus, which
bind calcium [63–65]. The organization of the Type I secretion complex is
similar to the ABC family of membrane transporters, composed of a tripartite
protein complex that includes an inner membrane transporter, a membrane
fusion protein within the periplasm, and an outer membrane pore protein [65].
Central to Type I secretion is the inner membrane transporter that is a trans-
membrane protein and encodes an ATP-binding domain for recognition of the
secretion signal. The membrane fusion protein exists within the periplasmic
space and also contains a region that spans the inner membrane. This is
exposed to the cytoplasm [66, 67] and links inner and outer membrane-span-
ning proteins. The outer membrane pore protein is a trimer that forms a chan-
nel for direct access of the extracellular space. This trimer assembles into the
secretion complex when the ATP-binding domain recognizes a signal sequence
contained by the secreted protein [67]. Current studies on Type I secretion
address the physical link between energy utilization (ATP) and protein trans-
port [62].

The adenylcyclase-hemolysin (CyaA) of Bordetella pertussis is a Type I
secreted toxin [68]. Entry into the host cell, via the α(M)β(2) integrin
(CD11b/CD18) cell receptor [69], involves a two-step process with insertion
into the membrane and calcium-dependent unfolding of the N terminus of
CyaA [70–72]. Upon entry into the cytosol of a host cell, CyaA is activated
by the cofactor, calmodulin, and catalyzes the conversion of ATP to cAMP.
Elevated intracellular cAMP disrupts signaling events within the cell and
inhibits the ability of phagocytes to respond to B. pertussis infections [70].
Specifically, de-regulation of cell signaling by CyaA affects protein kinase A,
which modulates neutrophil migration, cytokine synthesis, oxidative bursts
and organization of the actin cytoskeleton [73, 74]. CyaA is an ~200 kDa pro-
tein with two functional domains, a 400-amino acid N-terminal domain that
expresses adenylate cyclase activity, and a C-terminal domain that contains
the hemolytic activity [75]. Current studies on CyaA involve characterization
of structural organization [76] and functional properties [77] of the protein’s
multiple activities.
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Type II secreted toxins

Type II secretion is facilitated by the Sec system and comprises protein com-
plexes that span the bacterial inner and outer membranes. Sec secretion
includes three groups of proteins, a protein complex that spans the inner mem-
brane, a periplasm-spanning protein complex, and outer membrane-associated
proteins. Type II secretion involves recognition of an N-terminal signal peptide
on the nascent protein within the sequence recognition particle, which is anal-
ogous to eukaryotic protein secretion in the endoplasmic reticulum [78]. Upon
recognition and docking, the growing polypeptide undergoes co-translational
secretion and folding to a mature state in the periplasm where the protein is
then translocated through the outer membrane [79]. The signal sequence con-
sists of positively charged N-terminal amino acids, internal hydrophobic
amino acids, and a C-terminal domain with prolines and glycine [80, 81]. Type
II secretion is an active process, requiring a hexameric ATPase associated with
the cytoplasmic portion of the inner membrane protein complex and periplas-
mic proteins that link the inner membrane complex with the outer membrane-
associated proteins. One group of periplasmic proteins is homologous to pilin-
like structures (known as pseudopilins) and regulatory proteins of the Type IV
secretion system, suggesting that these proteins interact to make a tube span-
ning the periplasmic space [82] and may be involved in the transfer of the
secreted protein to the outer membrane complex.

Cholera toxin (CT) of Vibrio cholerae is a Type II secreted toxin. CT is an
AB5 toxin, where the A domain (~27.4 kDa) consists of two components, CT-
A1 and CT-A2, and the B domain (~58 kDa) is a homo-pentameric protein
complex [83]. CT-A1 ADP-ribosylates the Gα-subunit of the heterotrimeric
protein Gs. CT-A1 associates with the CT-A2 via a disulfide bond where CT-A2

inserts into the channel within the center of the B5. The B5 domain binds
specifically to the ganglioside GM1a on the surface of intestinal epithelial cells
[84]. Once bound, CT enters the cell through both clathrin-dependent and non-
clathrin-dependent vesicle mechanisms involving lipid rafts [85]. After inter-
nalization, CT traffics to the endoplasmic reticulum (ER) via a KDEL-like
sequence on the C terminus of A2 (note the KDEL sequence is not absolutely
required for the intracellular trafficking of CT). The A1 subunit utilizes a retro-
translocation mechanism to cross the ER membrane through a degradation
pathway that recycles misfolded host proteins called ERAD [86]. Cytosolic
CT-A1 binds the ADP-ribosylation factor (ARF), and the activated CT-A1

mono-ADP-ribosylates Arg201 of Gsα, which blocks intrinsic GTPase activity
and constitutively activates Gsα [87, 88]. Gsα is a positive regulator of adeny-
late cyclase. Increased intracellular cAMP activates protein kinase A (PKA),
which phosphorylates the cystic fibrosis transmembrane conductance regula-
tor (CFTR), increasing active secretion of chloride ions [89]. Inhibition of the
Na+/K+/2Cl– co-transporter at the same time increases the unidirectional flow
of chloride into the gut lumen, causing osmotic water flow into the gut lumen,
the pathological outcome of cholera [90]. Current studies on CT involve the
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utilization of the toxin as an adjuvant in vaccine development [91] and as a tool
to study intracellular protein trafficking [85].

Type III secreted toxins

The Type III secretion system (TTSS) is a bacterial virulence factor that
injects cytotoxins (also termed effectors) in an unfolded or semi-folded state
into a host cell. Like Type II secretion, TTSS comprises inner and outer mem-
brane protein complexes, but includes a hollow, pilin-like structure that
extends beyond the outer membrane ring complex. The genetic material
encoding the TTSS is a gene duplication of the inner and outer membrane ring
complexes of the bacterial flagella protein complex [92]. The inner membrane
complex is comprised of two interacting ring structures, each composed of a
different oligomeric protein [93]. Like Type II secretion, the cytoplasmic
domain of the inner membrane complex associates with an ATPase, which
assembles in a hexameric ring to provide the energy for the unfolding and
secretion of cytotoxins. The outer membrane structure is also similar to the
Type II secretion system outer membrane ring and the Type IV pilus. Extra-
cellular components of the TTSS include a needle, needle extension, and
translocation pore, which deliver cytotoxins into the cytoplasm of host cells.
The needle is a single protein oligomer that forms a hollow tube. This has
direct interactions between the head and tail of the protein subunits and has
been implicated in the secretion process upon conformational changes [94].
The needle tip proteins appear to be adaptors that link the translocator proteins
within the host membrane to the needle body for efficient transfer of cytotox-
ins. Translocator proteins form a host membrane-spanning pore for the TTSS
effectors [95]. The translocon protein complex prevents cytotoxin secretion
before contact with the host cell by physically blocking the hollow channel of
the needle complex [96].

ExoS is a Type III secreted cytotoxin. ExoS is a 453-amino acid protein pro-
duced by Pseudomonas aeruginosa and is a dual function toxin, containing a
Rho GTPase activating protein (Rho GAP) activity in the N terminus (96–219)
and an ADP-ribosylation domain in the C terminus (234–453) (Fig. 3). The
ExoS Rho GAP domain increases γ-phosphate hydrolysis of GTP bound to
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Figure 3. Functional organization of the type III cytotoxin of Pseudomonas aeruginosa. ExoS is a bi-
functional toxin and is organized into discrete functional domains (amino acids): secretion domain
(1–15), chaperone binding domain (16–51), membrane localization domain (51–77), Rho GAP
domain, active site residue R146 (96–219), and ADP-ribosyltransferase domain; active site residues
E379, E381 (234–453).



Rho GTPases, and inactivates RhoA, Rac1, and Cdc42 [97, 98]. Structural
studies showed that the ExoS Rho GAP domain is a molecular mimic of the
host Rho GAP, implicating a convergent mechanism of protein evolution for
ExoS and their mammalian counterparts [99]. The C-terminal ADP-ribosyla-
tion domain of ExoS has the capacity to ADP-ribosylate multiple substrates
including Ras at Arg41, which blocks association with the guanine nucleotide
exchange factor leading to an inactivation of Ras signaling [100]. Recently,
ExoS has also been shown to ADP-ribosylate Rab proteins, such as Rab5,
where the ADP-ribosylation of Rab5 uncoupled clathrin-mediated endocytosis
[101] and ADP-ribosylation of ezrin/radixin/moesin caused cytoskeletal
defects [102]. ExoS binds a cellular cofactor to express ADP-ribosyltrans-
ferase activity. The factor was termed ‘factor activating exoenzyme S’ (FAS)
and later identified as a 14-3-3 protein [103]. Activation of a cytotoxin upon
binding to a host protein is becoming a common feature of toxin action.
Current studies on ExoS involve characterization of how ExoS traffics within
host cells to efficiently target intracellular substrates [104], the determination
of the role of ExoS and other Type III cytotoxins in P. aeruginosa pathogene-
sis [105], and the development of diagnostics for clinical therapy based upon
the seroconversion of cystic fibrosis patients to components of the TTSS upon
initial infection by P. aeruginosa [106].

Type IV secreted toxins

The Type IV secretion system is a multi-functional protein complex, which
transfers DNA between bacteria through conjugation (Type IVA), and trans-
ports effector proteins into host cells to regulate host responses to bacterial
infection (Type IVB). Type IV transport of effectors across the inner and outer
bacterial membranes can follow a single- or two-step process [107]. DNA is
transferred as a complex bound to transfer proteins, which bind by a C-termi-
nal signal to DNA [108]. The VirT IVA secretion system in Agrobacterium
tumefaciens is the best characterized Type IV secretion system; this transfers
DNA and proteins into plants to cause disease. VirB contributes to the transfer
of effectors into the host cell through the Type IV secretion apparatus [109].
DNA transfer requires a protein relaxase, which binds covalently to the 5' end
of ssDNA and causes secretion specifically in a 5' to 3' direction. VirB11 is an
ATPase that provides energy for the secretion process analogous to other
secretion systems [110, 111]. Pilin homologs form an outer connecting trans-
fer tube between the bacteria and the target cell or other bacteria [108]. Recent
structural studies suggest that the inner membrane protein complex spans the
majority of the periplasmic space [112]. In addition, Type IV secretion con-
tributes to the pathogenesis of several intracellular bacterial pathogens, includ-
ing Legionella, Brucella and Coxiella [113, 114].

SidC is a Type IV effector of Legionella pneumophila, the causative agent
of Legionnaire’s disease [115]. SidC localizes to legionella-containing vesicles
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via phosphatidylinositol-4 phosphate; deletion of SidC interferes with the re-
cruitment of ER-derived vesicles to the legionella-containing vesicles. This is
required for the maturation of the legionella-containing vesicles with lysoso-
mal marker proteins.

Type V secreted toxins

The Type V secretion system, also termed the autotransporter secretion group,
includes three transport secretion mechanisms: termed Va, Vb, and Vc. Va
group autotransporters are translated as a single protein composed of an N-ter-
minal signal peptide sequence for transport by the Sec system, the effector
domain, and a C-terminal outer membrane translocation domain [116]. The
N-terminal secretion signal utilizes Sec for transport into the periplasm, where
the inner membrane secretion signal is cleaved by a periplasmic peptidase.
While early models predicted that transported protein folded in mature con-
figuration, recent studies suggest that an unfolded conformation is necessary
for transport of the effector across the outer membrane [117]. The C-terminal
translocation domain forms a β-barrel [118, 119] that utilizes a co-secreted
chaperone protein to protect against proteases and premature folding and to
fold effectors upon secretion [120]. A role for ATP has not been determined. A
detailed investigation of effector transport through the Type V secretion sys-
tem is underway [121–123]. The Vb two-partner secretion subgroup follows a
mechanism similar to that for Va, involving a Sec-dependent pathway of two
distinct proteins [124, 125] in which the translocation protein is predicted to
contain β-strands and to interact with effector proteins for efficient transloca-
tion across the outer membrane [126–128].

IgA1 protease is a Type V secreted protein that is produced by several gen-
era of bacteria that cleave mammalian IgA [129]. The IgA1 protease group
contains a general structure containing a protease and a β-barrel-forming
domain. This protease group cleaves proline-threonine and proline-serine
bonds in the hinge region of human IgA1 [130].

Type VI and Type VII secretion systems

A Type VI secretion system has been proposed in V. cholerae [131] and P.
aeruginosa [132]. Type VI effectors do not possess N-terminal signal peptides
and are Sec secretion independent, implicating a unique mechanism for effec-
tor transport relative to the Type I–V secretion systems. Recently, a secretion
system was identified in mycobacteria, which was classified as the Type VII
secretion for Gram-positive bacteria [133]. Current studies are addressing the
identification of mechanisms for effector protein secretion by these new secre-
tion systems.
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Botulinum neurotoxin

The botulinum neurotoxins (BoNTs) are the most toxic proteins for humans
and have been characterized as Category A agents by the Center for Disease
Control and Prevention (CDC). BoNTs block neurotransmitter signal trans-
duction in peripheral α-motor neurons, causing flaccid paralysis, termed bot-
ulism [134]. Botulism poisoning in humans is typified by slurred speech, dry
mouth, blurred or double vision, peripheral muscle weakness and paralysis.
There are seven serotypes of the BoNTs, termed A–G.

Three types of human botulism include wound, ingestion, and infant. Wound
botulism occurs upon the delivery of clostridial spores into a deep, anaerobic
wound where the spores germinate into vegetative cells that produce BoNT.
BoNT circulates in the bloodstream to target α-motor neurons. Food botulism
results from the ingestion of preformed toxin in improperly cooked or stored
food that allows growth of clostridial and subsequent production of BoNT.
Ingested BoNT transcytoses across endothelial cells of the small intestine and
migrates to the α-motor neurons. Infant botulism is caused by ingestion of
clostridial spores by a child with an underdeveloped intestinal microbiota sys-
tem. This provides a metabolic niche for the spores to germinate to vegetative
cells that produce BoNT, which transcytoses epithelial barrier to cause paraly-
sis. One potential source of clostridial spores for infant botulism appears to be
raw or pasteurized honey in children <2 years of age [135]. A medically impor-
tant characteristic of botulism intoxication is the extended duration of the toxin
within neuron cells. The recommended treatment for botulism poisoning is a
trivalent (ABE) equine antitoxin serum, obtainable through the CDC.

BoNT as a clinical therapeutic agent

BoNT/A holotoxin is also a clinically useful reagent, commercially available
as BoTox®. The medical importance of BoTox transcends superficial cosmet-
ic treatments and is used for a large range of muscle-induced impairments, as
well as pain management [136]. Myobloc® is the commercial version of
BoNT/B, which can be utilized as an alternative to BoTox treatment [137].
Despite the low immunoreactivity, there are reports of α-BoNT/A and
α-BoNT/B antibodies developing in patients after long-term use of the toxin
[138, 139]. Determining the antigenic epitopes in medically relevant BoNT
and how these epitopes affect toxin action is an important area of research for
development of non-reactive clinical BoNT therapies in the future.

BoNT-producing clostridial species

BoNT is produced by a heterogeneous group of clostridial species. While anti-
genic nomenclature separates the BoNTs by antibody cross-neutralization,
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clostridia that produce BoNT are differentiated into four groups based on
physiology, Groups I–IV [140]. Clostridium botulinum, C. butyricum, C.
baratii, and C. argentinense all produce BoNTs. BoNT genes are found on a
variety of genetic elements with BoNT/A, B, E, and F encoded on the chro-
mosome, plasmids, and bacteriophages in various clostridia. BoNT/C and D
are found primarily in bacteriophage elements [141].

BoNT operon organization and secretion

BoNT is transcribed and translated as a single ~150 kDa protein with little pro-
teolytic activity. BotR is a positive regulator of BoNT and an associated gene
cluster, which is often transcribed as a set of three polycistronic transcripts
[142]. BoNT forms complexes with non-toxinogenic proteins transcribed and
translated together with the BoNT gene. These proteins include hemagglu-
tinin-active components, which associate with BoNT as a noncovalent, pH-sta-
ble complex, but are not necessary for full toxicity [143–145]. The most basic
BoNT protein complex is the M complex (~300 kDa), consisting of BoNT and
a non-hemagglutinin protein, which is found in BoNT-producing strains
except BoNT/G [146]. Other BoNT-containing protein complexes include the
L complex (~500 kDa), which encodes a number of proteins associated with
BoNT, and hemagglutinin activity. The genes encoding the hemagglutinin-
active proteins are located upstream of the non-hemagglutinin protein, and are
found in clostridia producing BoNT serotypes A, B, C, D and G [146]. The
gene encoding the non-hemagglutinin protein is located upstream of the BoNT
gene [147]. The hemagglutinin-active proteins were once hypothesized to pro-
tect the BoNT against acid damage during passage through the stomach, but
ingested holotoxin without accessory proteins has demonstrated equal toxicity
[148]. Currently, these proteins are hypothesized to increase access to the
bloodstream (discussed below).

BoNTs are single-chain proteins, which are cleaved to di-chain proteins that
are linked by a disulfide bond with AB structure-function properties [149]
(Fig. 4). The N-terminal A domain (light chain, LC) is an ~50 kDa zinc met-
alloprotease with the characteristic thermolysin-family zinc coordination motif
(HEXXH) [134]. The ~100 kDa C-terminal B domain (heavy chain, HC) is
composed of two functional domains that are involved in receptor recognition
(HCR) and translocation of the LC across the endosomal membrane (HCT)
[149]. Antibody cross-neutralization differentiates BoNTs into seven sero-
types, A–G.

BoNT accessing the bloodstream

There is debate on whether or not the hemagglutinin components of the BoNT
protein complexes disrupt the intestinal barrier to contribute to BoNT transport
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[150, 151]. Trans-epithelial cell transport progresses through a temperature-
dependent transport system that can be utilized by BoNT holotoxin alone, sug-
gesting that hemagglutinin and non-hemagglutinin components may increase
the permeability of the epithelial barrier, but are not necessary for active BoNT
transport to the bloodstream [152, 153]. Clathrin- and dynamin-dependent
internalization and transport mechanisms have been implicated in BoNT entry
into epithelial cells to an EEA-1-positive, non-acidified vesicle [154, 155]. The
saturable nature of HC/A binding suggests that specific receptors are neces-
sary for BoNT binding and trans-epithelial transport. Gangliosides and host
synaptic vesicle proteins have been implicated in binding and internalization
in the peripheral α-motor neurons, but it is unclear how these components con-
tribute to trans-epithelial transport.
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Figure 4. Schematic and structure of BoNT/A. A. Schematic of BoNT/A as an A/B toxin, linked by a
disulfide bond between the light (LC) and heavy (HC) chain. B. Crystal structure of BoNT/A. LC
(black) is the catalytically active domain and contains a HEXXH motif for coordination of the Zn2+

ion. The HC contains the N-terminal translocation (gray) domain and the C-terminal receptor-binding
domain (light gray). Gray sphere represents zinc atom within LC active site. Colors between schemat-
ic and structure are coordinated with each domain. Structure: PDB: #3bta.



BoNT neuronal specificity

BoNT/HC is composed of two domains, the N-terminal translocation domain
and the C-terminal receptor-binding domain (HCR). While there is consider-
able variability in the primary amino acid sequence of the BoNT/HCR among
serotypes A–G, the BoNT/HCR have two conserved jelly-roll and β-trefoil
folding motifs. The HCR domain binds neurons via several mechanisms that
are serotype specific, but include a general dual receptor model for binding and
entry into peripheral α-motor neurons. In this model, BoNT/HCR binds to
gangliosides on the surface of a neuron, and this complex binds to protein
receptors as a high-affinity complex. Gangliosides consist of a polysaccharide
group linked to a ceramide lipid, and BoNT/A, B, C, E, G, and tetanus neuro-
toxin (TeNT) require the binding to ganglioside to associate with neurons
[156]. Active synaptic vesicle recycling is required for internalization of
BoNTs, except for BoNT/C. This activity-dependent internalization supports a
model where receptor(s) for BoNT are located within the luminal domain of
the synaptic vesicle and exposed to the extracellular milieu after synaptic vesi-
cle fusion with the plasma membrane. BoNT/A binds synaptic vesicle protein
SV2 on loop 4 of the transmembrane protein and the ganglioside GT1b [157].
A role for glycosylation has been implicated in recent studies on BoNT/E
binding to SV2 [158]. BoNT/B and BoNT/G utilize syntaptotagmin (I or II) as
the protein component for neuron receptors [159, 160]. BoNT/C HCR binds
GT1b and GD1b, but the protein receptor has not been resolved [161]. TeNT
binds two molecules of gangliosides, but a role for a protein receptor compo-
nent remains to be determined [162]. HCR/A binding to ganglioside demon-
strates an increase in affinity over time, suggesting a conformational change in
the ganglioside binding site to a higher affinity interaction [163], but how this
conformational change modulates affinity to the protein receptor is not clear.
BoNT/D HCR associates with phosphatidylethanolamine and shows a gan-
glioside-independent toxicity of cerebellar granule cells, suggesting a differ-
ence in binding specificity compared to the other BoNT serotypes [161].
Recent research suggests that a third binding site, with specificity to lipids,
may exist within the N-terminal domain of the HCR [164]. BoNT/A HCR was
shown to bind phosphatidylinositol phosphates; however, the binding site was
not defined through mutational binding experiments and the structural model
needed to be adjusted to accommodate the suggested receptor binding model;
therefore how this domain is utilized during BoNT binding and internalization
is unclear [164].

BoNT-neuronal cell interactions

BoNT entry into neurons is activity dependent, except for BoNT/C, demon-
strating the necessity of vesicle recycling for BoNT uptake into neurons [157,
160]. SV2 and synaptotagmin (I and II) on the synaptic vesicle are integral
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components of synaptic vesicle fusion with the plasma membrane [165, 166].
Recent studies implicate the binding of the BoNT/HCRs to a protein complex
in synaptic vesicles that includes the proton ATPase, synaptophysin, SV2 and
synaptotagmin [167]. After fusion with the plasma membrane, the BoNT-
receptor complex is endocytosed in a clathrin- and dynamin-dependent path-
way [165]. The N terminus of the HC is involved in translocation of the LC
from the endosome into the cytosol. The translocation event is pH dependent,
which suggests that pore formation or LC translocation requires a conforma-
tional change to BoNT structure [168]. Indirect evidence through chimeras of
BoNT/A and BoNT/E suggests that translocation speed can vary depending
on the HC involved [169]. Recent research suggests that the isolated translo-
cation domain of BoNT inserts into the membrane independent of pH, but
acidification may be required to unfold and transport the LC through the HC
pore [170, 171].

Mechanism of BoNT action in neurons

BoNTs share ~65% primary amino acid similarity and ~35% amino acid iden-
tity with TeNT [172]. BoNT/A, E, and C cleave SNAP25; BoNT/C also
cleaves syntaxin 1a; and BoNT/B, D, F, G, and TeNT cleave VAMP-2 [173–
175] (Tab. 1). Cleavage sites within each SNARE (soluble N-ethylmaleimide-
sensitive factor attachment receptor) substrate differ among the BoNTs, sug-
gesting specific residues on the LC are necessary for recognition of substrate.
Recent studies have identified amino acids necessary for substrate recognition
by LC/A, LC/B, LC/D, LC/E, LC/F, and TeNT [176–185], mechanistically
supporting a crystal structure of a non-catalytic LC/A bound to SNAP25
through exosite and active site interactions [179, 180, 185]. Initial interactions
of LC/A with SNAP25 were predicted with the LC/A-SNAP25 co-crystal, and
functionally showed that LC/A interacts with a long stretch of amino acids
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Table 1. Botulinum neurotoxins (BoNTs) and tetanus neurotoxin (TeNT) SNARE (soluble N-ethyl-
maleimide-sensitive factor attachment receptor) substrates and cleavage sites

Toxin Substrate Cleavage site References

BoNT/A SNAP25 Q197/R198 [173]

BoNT/B VAMP-2 Q76/F77 [194]

BoNT/C SNAP25/syntaxin1a,b R198/A199: K253/A254 [195, 196]

BoNT/D VAMP-2 K59/L60 [197]

BoNT/E SNAP25 R180/I181 [173]

BoNT/F VAMP-2 Q58/K59 [198]

BoNT/G VAMP-2 A81/A82 [199]

TeNT VAMP-2 Q76/F77 [194]



N-terminal to the cleavage site (Q197/R198) of SNAP25. Structural and bio-
chemical studies suggest that SNAP25 wraps around the LC via a mechanism
that mimics the binding of the HC loop to LC [186]. The LC-HC interaction
is proposed to inactivate cleavage activity until the LC is released into the
cytoplasm of the host cell. Kinetic data utilizing mutagenized SNAP25 iden-
tified specific amino acids N-terminal to the active site that contribute to
SNAP25 binding, as well as amino acids immediately surrounding the active
site that orient SNAP25 within the active site and contribute to cleavage activ-
ity. Corresponding studies involving mutations in LC/A demonstrated specif-
ic amino acid interactions with SNAP25 along with the minimum length of
substrate, defining the specificity of cleavage [180]. LC/E showed a similar
mechanism of recognition for SNAP25, in which amino acids N-terminal to
the LC/E active site on SNAP25 were identified as well as amino acids imme-
diately surrounding the cleavage site that, when mutated, affected catalysis
[179]. LC/B, which cleaves VAMP, demonstrated a slightly different mecha-
nism of recognition and catalysis with amino acids N-terminal to the cleavage
site (Q76/F77) affecting binding and catalysis when mutated. TeNT, which
cleaves VAMP-2 at the same residue as BoNT/B and has ~40% primary amino
acid homology with BoNT/B, showed similar substrate recognition, but
included an extension of the binding domain upstream of the cleavage site
[177]. These combinations of amino acid interactions involved in binding and
catalysis as a mechanism for substrate recognition seems to explain the speci-
ficity of neurotoxin substrate recognition and cleavage site specificity among
BoNT serotypes and TeNT, despite a highly identical tertiary structure.

BoNT subtypes

Each BoNT serotype comprises subtypes that can vary between 3 and 32% at
the primary amino acid level [187] (Fig. 5). Currently, BoNT/A includes five
subtypes, termed A1–A5. BoNT/A1 and BoNT/A2 showed similar cleavage of
SNAP25 and possessed ~95% primary amino acid homology [188]. DNA
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Figure 5. Phylogenetic dendrogram of BoNT/A1–A5 amino acid identity. Dendrogram constructed
using DNAStar® MegAlign.



sequencing analyses revealed two additional subtypes of BoNT/A: BoNT/A3
and BoNT/A4 [188, 189]. Clostridia producing BoNT/A3 were isolated from
a botulism outbreak in Scotland in 1922, while clostridia producing BoNT/A4
were isolated from a case of infant botulism in 1988 [190, 191]. LC/A3 shows
76% identity to LC/A1, while LC/A4 shows 84% identity to LC/A1 [188]
(Tab. 2). Phylogenetic analysis of the four subtypes suggested that residue
changes in LC/A3 and LC/A4 could potentially affect binding (Km) and cata-
lysis (kcat) of these two subtypes relative to LC/A1 [189]. Previous modeling
studies suggested that LC/A3 and LC/A4 may possess different catalytic activ-
ities for SNAP25 relative to LC/A1 [188]. Biochemical studies showed that
LC/A3 had similar kinetic properties to LC/A1, and amino acids that differed
with LC/A1 within the binding site did not change the binding or catalytic
activity of LC/A3 for SNAP25, while LC/A4 showed a ~80-fold decrease in
catalytic activity compared to LC/A1, suggesting a defect in SNAP25 cleav-
age. This change in catalytic activity is believed to be due to a single residue
substitution indirectly causing a loss of coordination with the catalytic zinc in
the active site, as a point mutation to LC/A4 restores catalytic activity to the
level of LC/A1 [192]. Another phenotype of LC/A1, autocatalysis, is observed
with LC/A2, but not LC/A3 and LC/A4, demonstrating a difference in self-
substrate recognition. Finally, a synthetic diagnostic peptide replicating the
substrate cleavage site, SNAPtide™, demonstrates differences in cleavage
activity between the subtypes, potentially suggesting differences in substrate
recognition [192]. Thus, while LC/A subtypes retained the capacity to cleave
SNAP25, efficiency and mechanisms for the cleavage reactions appear differ-
ent, which will influence the ability to generate serotype-specific inhibitors of
catalysis, challenging that ability to establish common steps in catalysis that
can be targeted for inactivation. The HCs of BoNT/A subtypes are ~87% iden-
tical and polyclonal antisera to HCR/A1 neutralizes BoNT/A1 and BoNT/A2
[187, 193], but there are sufficient amino acid differences so that neutralizing
monoclonal antibodies against BoNT/A1 are not effective in neutralizing
BoNT/A2 [187]. Current vaccine strategies involve recombinant hepta-HC
serotype vaccination, producing a polyclonal antibody response against the
seven BoNT serotypes [193].
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Table 2. Protein similarity of BoNT/A1–A4. Similarity of BoNT/A2–A4 compared to BoNT/A1

BoNTA1 Holotoxin LC 1-425 HC HN HCN HCC 

versus 438–1295 subdomain subdomain subdomain
438–872 873–1093 1094–1295

A2 89 95 87 87 83 90

A3 84 76 86 85 82 90

A4 89 84 89 87 85 97

Adapted with permission from Arndt et al. [188].



These data indicate that, while many of the properties of the subtypes of
BoNT/A are similar, there are unique properties. Continued characterization of
the BoNT serotypes may provide useful information on the development of
strategies to generate vaccines and therapies against botulism and to develop
novel BoNT derivatives that can extend the therapeutic utility.

Prospects

Since the first discovery in the 19th century of protein toxins as virulence fac-
tors of bacterial pathogens, scientific investigation has defined the biochemi-
cal and cellular aspects of toxin action, which was facilitated by the resolution
of the structural properties of protein toxins. The determination that protein
toxins were often organized into discrete domains, which comprise a catalyt-
ic, receptor binding, and translocation domain, allowed rapid development of
vaccines to control disease. The next chapter in the study of protein toxin
action is to utilize our understanding of toxin structure function to develop tox-
ins for immunological and therapeutic intervention of human disease.
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Toxicology of mycotoxins

Robert R. M. Paterson and Nelson Lima

IBB-Institute for Biotechnology and Bioengineering, Universidade do Minho, Portugal

Abstract. Humans are exposed to mycotoxins via ingestion, contact and inhalation. This must
have occurred throughout human history and led to severe outbreaks. Potential diseases
range from akakabio-byo to stachybotryotoxicosis and cancer. The known molecular bases
of toxicology run the gamut of 23 compounds, from aflatoxins (AFs) to zearalenone, ochra-
toxin A and deoxynivalenol. Ergotism is one of the oldest recognized mycotoxicosis,
although mycotoxin science only commenced in the 1960s with the discovery of AFs in
turkey feed. AFs are carcinogenic. Some others are suspected carcinogens. The effects of
mycotoxins are acute or chronic in nature. Mycotoxins are well known in the scientific com-
munity, although they have a low profile in the general population. An incongruous situation
occurs in United States where mycotoxins from “moldy homes” are considered to be a sig-
nificant problem, although there is a general debate about seriousness. This contrasts with the
thousands of deaths from mycotoxins that occur, even now, in the technologically less devel-
oped countries (e.g., Indonesia, China, and Africa). Mycotoxins are more toxic than pesti-
cides. Studies are moving from whole animal work to investigating the biochemical mecha-
nisms in isolated cells, and the mechanisms of toxicity at the molecular level are being elu-
cidated. The stereochemical nature of AFs has been shown to be important. In addition, the
effect of multiple mycotoxins is being increasingly investigated, which will more accurately
represent the situation in nature. It is anticipated that more fungal metabolites will be recog-
nized as dangerous toxins and permitted statutory levels will decrease in the future.

Introduction

Mycotoxins are fungal metabolites that cause sickness or death in people and
other animals when ingested, inhaled and/or absorbed. A crucial point is that
they are active at low concentrations, which is of course “all” in toxicology.
They occur naturally and are the most prevalent source of food-related health
risk in field crops. Consumption of high levels can be fatal: Long-term expo-
sure can, among other things, increase cancer risk and suppress the immune
system.

Filamentous fungi are ubiquitous in nature and unavoidable, although they
can be controlled: Those that produce mycotoxins are common. A recurring
theme of many studies on fungal metabolites is the immature state of the sys-
tematics of fungi. It is worth recalling that Hawksworth’s figure of 1.5 million
fungal species of which only a small number (ca. 5%) have been identified [1],
can be multiplied by “various whole numbers” to indicate the number of fun-
gal natural products remaining to be discovered. However, it is difficult to
obtain definitive information as to which fungi produce which metabolites.
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The most convincing evidence of historical reports of mycotoxicosis is a
disease that affected many parts of Europe in the tenth century referred to as
St Anthony’s or Holy fire, and is considered to have been caused by the con-
sumption of rye contaminated with ergot alkaloids from Claviceps purpurea
[2]. Further accounts suggest that other contaminated grains have been respon-
sible for major outbreaks of disease (e.g., the Ten Plagues of Egypt [3]).
Mycotoxins attract worldwide scientific, political and economic attention
because of the significant economic losses associated with negative impacts on
human health, animal productivity and international trade. They are also con-
sidered as weapons because of the ease of production of the toxic compounds
that could enter the food chain by this route [4].

A scientific approach to food contamination with mycotoxins has only been
undertaken since the 1960s, when aflatoxins (AFs) caused diseases of animals
in England. The toxic compound from Aspergillus flavus was discovered in the
feeds and many diseases are now considered to be caused by this and other
mycotoxins (Tab. 1). Mycotoxins can cause vomiting, abdominal pains, pul-

Table 1. Some human diseases in which analytic and/or epidemiologic data suggest or implicate
mycotoxin involvement

Disease Species Substrate Etiologic agent

Akakabio-byo Human Wheat, barley, oats, rice Fusarium spp.

Alimentary toxic aleukia Human Cereal grains Fusarium spp.
(ATA or septic angina) (toxic bread)

Balkan nephropathy Human Cereal grains Penicillium

Cardiac beriberi Human Rice Aspergillus spp.,
Penicillium spp.

Celery harvester’s disease Human Celery (Pink rot) Sclerotinia

Dendrodochiotoxicosis Horse, human Fodder (skin contact, Dendrodochium
inhaled fodder particles) toxicum

Ergotism Human Rye, cereal grains Claviceps 
purpurea

Esophageal tumors Human Corn Fusarium 
moniliforme

Hepatocarcinoma Human Cereal grains, peanuts Aspergillus flavus,
(acute aflatoxicosis) A. parasiticus

Kashin Beck disease, Human Cereal grains Fusarium
“Urov disease”

Kwashiorkor Human Cereal grains Aspergillus flavus,
A. parasiticus

Onyalai Human Millet Phoma sorghina

Reye’s syndrome Human Cereal grains Aspergillus

Stachybotryotoxicosis Human, horse, Hay, cereal grains, Stachybotrys atra
other livestock fodder (skin contact,

inhaled haydust)
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monary edema, convulsions, coma, and death. Notable outbreaks were the
death of 3 people in Taiwan in 1967 and 100 people in India in 1974 from AFs
in rice and corn, respectively. Deaths were recorded in Kenya in a surprising
contemporary outbreak [5] given the accumulated knowledge that we now
have. Also, long-term effects are extremely important (e.g., cancer and immu-
ne deficiency). Finally, mycotoxins cause high economic losses ($1.4 billion
per annum in the USA [2]).

Filamentous fungi produce thousands of toxic compounds (see [6] for
some), although only perhaps hundreds could conceivably be found in diets.
Of these, a small number are taken seriously as mycotoxins and an estimate of
ten would be reasonable. The more important mycotoxins belong to species of
Aspergillus, Fusarium, Penicillium and Claviceps. The mycotoxins of prime
importance are AFs, ochratoxin A (OTA), deoxynivalenol (DON), fumonisin
(FUM), nivalenol (NIV), ergot alkaloids, T-2 toxin, patulin and zearalenone
[2], approximately in that order of seriousness. The chemical structures of
selected compounds are demonstrated in Figure 1, and Table 2 indicates which
fungi produce the important mycotoxins.

There are limitations to the original “systems” approach for classification of
mycotoxins. Research has advanced from large-dose, complete-animal, to
small-dose, subcellular/molecular responses. This makes the systems approach
for mycotoxin classification increasingly difficult as the variation or multi-
plicity in systems affected has become evident. For example, trichothecenes
(e.g., DON, NIV, T-2 toxin) affect productivity, liver, kidney, hematopoietic
system, CNS, and the immune system. FUMs “impact” brain, kidney, liver,
and lung. The study of animal mycotoxicoses has become complex because of
the interaction of the systems affected, the basic metabolic pathways affected,

Table 2. Some mycotoxins most commonly associated with particular fungi

Fungus Mycotoxin

Aspergillus carbonarius, A. ochraceus Ochratoxin A (OTA)

A. flavus Aflatoxin B1 (AFB1), AFB2

A. parasiticus AFB1, AFB2, AFG1, AFG2

A. niger OTA, fumonisins (FUMs)

A. terreus, A. clavatus Patulin

Byssochlamys fulva, B. nivea Patulin

Fusarium cerealis, F. poae Nivalenol (NIV)

F. culmorum, F. graminearum NIV, deoxynivalenol (DON)

F. equiseti Zearalenone

F. sporotrichioides T-2 toxin

F. verticillioides (= F. moniliforme) Fumonisin B1 (FUMB1)

Penicillium expansum, P. roqueforti Patulin

P. verrucosum OTA
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Figure 1. Chemical structures of selected mycotoxins.
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and the physiopathological nature of intoxications. Furthermore, it is essential
that the synergistic effects of mycotoxins are appreciated. Combinations of
AFs and FUMB1, and vomitoxin and zearalenone commonly occur together in
the same grain. When mycotoxins are fed in combination, interactive effects
can be classified as additive, less than additive, synergistic, potentiative, or
even antagonistic [7]. Hence, in effect, many of the studies described below
provide only a partial view.

Effect on humans

Mycotoxins are classified by the International Agency for Research on Cancer
(IARC) according to their toxicity, with AFs being the only ones proven to be
carcinogenic to humans [8]. Accumulated evidence for the others enables their
classification in various lesser categories (Tabs 1–3). There is growing concern
within medicine about mycotoxin involvement in human diseases. The dis-
eases may be manifested as acute to chronic, and range from rapid death to
tumor formation. More occult disease may occur when the mycotoxin inter-
feres with immune processes, rendering the patient more susceptible to infec-
tious diseases. This may explain why few data are available on mycotoxins
being implicated in immunosuppressive illnesses. The following section dis-
cusses mycotoxicoses for which there is considerable evidence for involve-
ment of a specific mycotoxin(s) (Tab. 3).

Aflatoxicosis

Acute aflatoxicosis
AF ingestion has been manifested in humans as acute hepatitis [9] associated
with highly contaminated foodstuffs (e.g., corn). Furthermore, the compounds
have been detected in tissues. Histopathological evidence is adequate for diag-
nosing aflatoxicosis, and includes jaundice, low-grade fever, depression,
anorexia, diarrhea and fatty degenerative changes in the liver. In outbreaks in
India, mortality reached 25% and livers were shown to contain AFB1.
Furthermore, in Kenya, acute AF-caused hepatitis was observed, in which
ascites (peritoneal fluid excess) sometimes developed [10]. Surprisingly, fatal
outbreaks have also occurred recently in Kenya [5].

A disease known as kwashiorkor has been linked to consumption of AF-
contaminated foods. Animals fed AFs possessed fatty liver, hypoalbuminemia,
and immunosuppression similar to symptoms seen in kwashiorkor. Also, AFs
were detected in liver specimens taken at autopsy from 36 children with kwa-
shiorkor [11], adding additional weight to the hypothesis. The involvement of
AFs in Reye’s syndrome had not been proven, although AFB1 produced a sim-
ilar disease in monkeys.
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Table 3. Probable primary biochemical lesions and the early cellular events in the flow of cellular
events leading to toxic cell injury or cellular deregulation in mycotoxicosis [2]

Mycotoxin Initial lesion–event cascade

Aflatoxins Metabolic activation → DNA modification → cell deregulation → cell death 
transformation (metabolic activation → disruption of macromolecular 
synthesis → cell deregulation → apoptotic cell death)

Adenophostins ER IP3 receptor → Ca2+ release → cell deregulation → unknown 
consequences

Anthraquinones Mitochondrial uncoupler → loss of respiratory control → cell death 
(possibly apoptotic)

Beauvericin K+ ionophore → K+ loss → cell deregulation → cell death/apoptosis 
(inhibition of cholesterol acyltransferase → disruption of cholesterol 
metabolism → unknown consequences)

Citrinin Loss of selective membrane permeability → cell deregulation → cell death 
(possibly apoptotic) (disruption of macromolecular synthesis → unknown 
consequences)

Cyclopiazonic ER and SR Ca2+-ATPase → disruption of Ca2+ homeostasis → cell 
acid deregulation → cell death

Cytochalasins Cytoskeleton → disruption of endocytosis → cell deregulation → cell death

Deoxynivalenol Inhibition of protein synthesis → disruption of cytokine regulation → altered 
cell proliferation → cell death (possibly apoptotic)

Fumonisins Sphinganine N-acyltransferase → disrupted lipid metabolism → cell 
deregulation → cell death/apoptosis (disrupted delta-6-desaturase activity →
disrupted fatty acid and arachidonic acid metabolism → cell death)

Gliotoxin Calcium homeostasis → zinc homeostasis → endonuclease activation →
apoptosis (radical mediated damage → oxidative stress → cell death) 
(inhibition of protein synthesis → possibly apoptotic)

Griseofulvin Cytoskeleton → deregulation of cytoskeletal control → cell death

Luteoskyrin Radical mediated damage → oxidative stress → lipid peroxidation → cell 
death (possibly apoptotic)

Moniliformin Pyruvate and α-ketoglutarate decarboxylation → loss of respiratory control 
→ cell death

Ochratoxin Disruption of phenylalanine metabolism → reduced PEPCK → reduced 
gluconeogenesis → cell death (metabolic activation → inhibition of 
protein/DNA synthesis → apoptosis?) (altered membrane permeability →
disrupt calcium homeostasis → cell deregulation → cell death)

Patulin Nonprotein sulfhydryl depletion → altered ion permeability and/or altered 
intercellular communication → oxidative stress → cell death (inhibition of 
macromolecular biosynthesis → cell death)

Sphingofungin Serine palmitoyltransferase → decrease sphingolipids → cell deregulation →
and ISP1 cell death/apoptosis

Sporidesmin Radical mediated damage → oxidative stress → thiol depletion → cell death 
(disrupt calcium homeostasis → zinc homeostasis → endonuclease 
activation → apoptosis)

Swainsonine Mannosidase II → disrupted glycoprotein processing → cell deregulation →
cell death

(continued on next page)
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Chronic aflatoxicosis
AFs were initially suspected of contributing to human hepatocellular carcino-
ma (HCC) (see Fig. 2 for actual involvement). However, the studies could not
account for additional factors such as hepatitis B virus (HBV). Epidemio-
logical studies in localities with high incidence of liver cancer compared the
relevance of dietary AF [12]. Autrup et al. [13] found AFB1-guanine in urine
from individuals from high liver cancer risk areas who were presumably
exposed to AFs. Some studies were criticized for not considering exposure of
the populations to HBV: most found an AF effect independently of the preva-
lence of HBV surface antigen [14]. Campbell et al. [15] did not correlate AF
exposure to liver cancer in China.

The development of AF detection has been crucial in determining the
involvement of AFs in disease. There was a significant increase in detectable
AF-albumin adducts and high levels of AF metabolites in urine in HBV-

Table 3. (continued)

Mycotoxin Initial lesion–event cascade

Tremorgens GABA receptors → altered Cl– permeability → disrupted neuromuscular 
(indole alkaloids) control → ?

T-2 toxin Inhibition of protein synthesis → ? → cell death (apoptotic?); transient 
Ca2+ elevation → endonuclease activation → apoptosis (altered membrane); 
structure → disruption of membrane function → cell deregulation → cell death

Wortmannin Inhibition of phosphatidylinositol 3-kinase → responsiveness to insulin/growth 
factors/and apoptosis (inhibition of myosin light chain kinase → inhibition of 
IP3 signaling pathway → ?) (Inhibition of phospholipase A2 → ?)

Zearalenone Cytosolic estrogen receptor → estrogenic response → disruption of hormonal 
control → ?

? = some uncertainty; ER, endoplasmic reticulum; SR, sarcoplasmic reticulum; PEPCK, phospho-
enolpyruvate carboxy kinase.

Figure 2. Human hepatocellular carcinoma (HCC). From healthy to HCC over a 5–30-year period.
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infected males in Taiwan. A second study observed a dose-response relation-
ship between urinary AFM1 levels and HCC in chronic HBV carriers. The
HCC risk associated with AFB1 exposure was more striking among the HBV
carriers with detectable AFB-N7-guanine adducts in urine. Studies of the
prevalence of codon 249 mutations in HCC cases from patients in areas of
high or low exposure to AFs suggested that a G→T transition at the third base
is associated with AF exposure. The majority of codon 249 mutations are
found in patients with an HBV infection, implicating an association. The
mutation only occurred in areas of high AFB1 exposure in comparison to
codon 249 mutations in regions of high HBV infection but varying levels of
AFB1 exposure.

Reproductive effects of aflatoxins
AFs are implicated in affecting human males with (a) delayed testicular devel-
opment, (b) testicular degeneration, (c) decreased reproductive potential, (d)
morphological regressive changes in the testis, (e) reduction in size and weight
of testis with mild testicular degeneration to complete disappearance of cellu-
lar components, (f) decrease in meiotic index, (g) marked decrease in the per-
centage of live sperm and greater sperm abnormalities, (h) degeneration and
desquamation of seminiferous epithelium and decrease in its thickness, (i)
decrease in plasma testosterone concentration, and (j) impairment of Leydig
cell function [2] – so rather widespread.

Ochratoxicosis

A study compared the morphological effects of OTA on lymphocytes and neu-
trophils from the circulation of healthy subjects and patients with esophageal
and breast carcinomas [16]. Leukocyte death was evident in the decrease in
cell survival when exposed. In general, mycotoxins (a) impair immune func-
tions of immunocytes (leukocytes) and the immune messengers (cytokines),
and (b) increase susceptibility to chronic disease and carcinogenesis. The
study supports the theory that homeostasis of the immune system is compro-
mised in cancer patients exposed to fungal toxins, including those with breast
cancer [16].

Fusarium toxins

In general, DON can disrupt cell signaling, differentiation, macromolecular
synthesis and growth. This contributes to its impact on gastrointestinal homeo-
stasis, neuroendocrine function, and immunity. There are marked species dif-
ferences that relate to differences in metabolism, toxicokinetics, and feeding
habits. The metabolite does not accumulate in tissues or appear at high con-
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centrations as residues in animal foods. The emetic response is most sensitive
to low levels and swine are susceptible to extremely low doses of DON. It is
reasonable to speculate that humans are as sensitive to DON as pigs.

The sesquiterpenoid trichothecenes are the largest family of mycotoxins
and are associated with alimentary toxic aleukia (ATA). Fusarium is associat-
ed most with trichothecenes, although other genera are important producers,
e.g., Trichothecium, Trichoderma, Myrothecium, and Stachybotrys. ATA was
reported in Siberia in 1913 and subsequent outbreaks have occurred else-
where. DON was detected abundantly and frequently in wheat samples from
China following a human red mold intoxication episode in studies related to
gastroenteritis. NIV and 15-acetyl-DON were also found in 20 samples.
Zearalenone co-occurred in a similar number (see below). ATA occurred in
Russia during the first half of the 20th century. Patients experienced abdomi-
nal pain, vomiting, diarrhea, and burning in the gastrointestinal tract soon after
consuming food contaminated with Fusarium. Most signs of ATA have been
documented in animals given T-2 toxin, the major toxic component of two
fungi isolated from the overwintered grain [17]. Furthermore, Stachybotrys is
associated with indoor health problems particularly in the United States.
Trichothecenes from cereal grains with red mold disease (akakabi-byo) and
black-spot disease (kokuten-byo) gave rise to headache, vomiting, and diar-
rhea symptoms [18, 19].

Zearalenone
Little conclusive information is available regarding the effects of zearalenone
on humans. However, despite this, there is currently considerable concern
about estrogenic effects in water systems [20]. Premature puberty may have
occurred in 7- and 8-year old children from consumption [21]. Hsieh [22] sug-
gested that zearalenone was involved in human cervical cancer and premature
thelarche. Zearalenone mimics the effects of estrogen and induces feminiza-
tion at dietary concentrations of less than 1 mg/kg, while higher concentrations
interfere with conception, ovulation, implantation, fetal development, and the
viability of newborn animals. Szuets et al. [23] measured zearalenone in 5 of
36 children exhibiting early thelarche and found high concentrations of zear-
alenol in the cereal foods of the patients. They discovered that zearalenone and
zearalenol bind to estrogen receptors of human myometrial tissue.

Fusarin C
An association between consumption of moldy corn and the high human
esophageal cancer rates found in southern Africa and China has been known
for some time and is associated with FUMs (see below). Fusarium produces a
number of mycotoxins including the highly mutagenic compound fusarin C
[24], which has received attention as a possible carcinogen and may in fact be
a contributing factor [25].
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Fumonisins
High human esophageal cancer rates associated with FUMs have been found
in China [26], Southern Africa [27], and Italy [28] especially after consump-
tion of home-grown contaminated corn. These mycotoxins were discovered by
Gelderblom et al. [29] from fusaria. The occurrence of FUMB2 from Asper-
gillus niger [30] is of considerable concern. FUMB1 has been studied thor-
oughly as the most common homologue of those from Fusarium.

FUMB1 inhibited growth and induced morphological features consistent
with apoptosis of human cells in vitro [31]; hence, FUMs may cause eso-
phageal epithelial apoptosis. FUMs are involved in human diseases other than
esophageal cancer, but its role is not yet resolved. FUM derivatives may also
be toxic and exert effects by indirect mechanisms. The IARC concluded that
there is “inadequate evidence” for carcinogenicity in humans from oral expo-
sure to FUMB1 [8] and a role for FUMs in other human disease is unproven.

As mentioned above for OTA, a study was designed to determine and com-
pare the morphological effects of FUMB1 on lymphocytes and neutrophils
from patients with esophageal and breast carcinomas [16].

Stachybotryotoxicosis

Stachybotryotoxicosis occurs in humans and other animals and is caused by
toxins of Stachybotrys chartarum. For example, the disease occurred in hors-
es and cattle that consumed Stachybotrys-contaminated hay [32]. The horse
(and cattle) disease is neurological in character with tremors, “incoordination”,
impairment or loss of vision, dermonecrosis, leukopenia, and gastrointestinal
ulceration and hemorrhage. Somewhat tenuously, extrapolation has implicated
the macrocyclic trichothecenes from this genus in illnesses of humans in con-
taminated buildings [33].

Citreoviridin toxicosis

Acute cardiac beriberi or “shoshin kakke”, a disease that occurred for centuries
in Japan and other Asian countries, was characterized by palpitations, nausea,
vomiting, rapid and difficult breathing, rapid pulse, abnormal heart sounds,
low blood pressure, restlessness, and violent mania leading to respiratory fail-
ure and death [34]. Citreoviridin was implicated, and has been detected from
various aspergilli and penicillia.

Ergotism

Convulsive and gangrenous ergotisms are separate symptoms from ingestion
of ergots [35]. The gangrenous form may result from the vasoconstrictive
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action of certain alkaloids from Claviceps belonging primarily to the ergota-
mine group and is associated with wheat and rye. The ergot of pearl millet
involved in an outbreak of the convulsive form in India in 1975 contained alka-
loids of the clavinet group. In Africa, 93 cases of gangrenous ergotism were
reported involving grain infected with C. purpurea [36], and 78 cases of gas-
trointestinal ergotism involving millet infected with C. fusiformis occurred in
India [37].

Gliotoxin toxicosis

Gliotoxin may be involved in the mycosis referred to as aspergillosis.
Gliotoxin is produced in (a) mice experimentally infected with A. fumigatus,
(b) natural bovine udder infection, and (c) experimentally and naturally infect-
ed turkeys. The compound was found in vaginal secretions of women with
Candida vaginitis. Gliotoxin could be an important factor because of its
immunosuppressive nature, which may exacerbate infection and be a virulence
factor [38].

Effect on animals

The effects of mycotoxins are usually more obvious in domesticated animals
and extrapolations to humans are often based on these observations. They are
supported by laboratory-based animal studies. Chronic effects such as (a)
decreased productivity, (b) subtle but chronic damage to vital organs and tis-
sues, (c) increased disease incidence because of immune suppression, and (d)
interference with reproductive capacity are much more prevalent than acute
livestock death. At least one mycotoxin affects each system in the animal body
via direct or indirect mechanisms of toxicity. Several important mycotoxins
can affect the same system, e.g., the immune system, and a given mycotoxin
may affect several systems. The true nature of such intoxications requires a
more holistic comprehension of the complexities of the chemical, biochemi-
cal, metabolic, molecular and environmental bases for mycotoxicoses. Finally,
nursing animals may be affected by exposure to AF metabolites secreted in the
milk.

Ochratoxicosis

In animals, OTA (a) damages kidneys, (b) causes intestinal necrosis and hemo-
rrhage, (c) suppresses immunity, and (d) is carcinogenic. Changes in the renal
function of pigs exposed to OTA include impairment of proximal tubular func-
tion, altered urine excretion, and increased excretion of urine glucose [39].
Carcinogenicity was evident in rats/mice.
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Fusarium toxins

The trichothecene mycotoxins (a) cause necrosis and hemorrhage throughout
the digestive tract, (b) depress blood regenerative processes in the bone mar-
row and spleen, and (c) cause changes in reproductive organs. Affected ani-
mals show signs of anorexia, weight loss, poor feed utilization, vomiting,
bloody diarrhea, and abortion; some die. Significant features of trichothecene
intoxications include dysregulated immune and neuroendocrine function.
Histological lesions consist of hemorrhage and necrosis in proliferating tissues
of the intestinal mucosa, bone marrow, spleen, testis, and ovary.

All animal species tested were susceptible to DON [40]. However, only
acute exposure to extremely high DON concentrations produced marked tissue
injury or mortality. Acute exposure to low doses can induce emesis in swine,
the most sensitive species. Monogastric animals are extremely sensitive to
growth and weight-gain suppression due to subchronic/chronic toxicity (cf.
below). DON is capable of inducing reproductive/teratogenic effects in mice
and rabbits. Similar doses to those that produced adverse reproductive effects
produced maternal toxicity (feed refusal or reduced weight gain).

Fumonisins
FUMs affect sphingolipid metabolism and cause diseases in a species-specific
fashion. Ingestion of FUM-contaminated feed causes (a) neurotoxic effects in
horses, (b) pulmonary edema in swine, and (c) liver and kidney damage in-
cluding tumors and cancer in some species. FUMB1 attributed to F. verticil-
lioides causes diseases including leukoencephalomalacia in horses (cf. below).
FUMB1 and other FUMs with a primary amino group are liver cancer promot-
ers in rats. FUMB1 was a kidney carcinogen when fed to Fischer 344/N/Netr
rats, causing renal tubule adenomas and carcinomas in males. Only at higher
doses, or after longer exposures also other features of FUM toxicity become
evident, e.g., overt necrosis, mitogenesis and regeneration, fibrosis.

Cyclopiazonic acid

Clinical signs of intoxication include weight loss, anorexia, diarrhea, dehydra-
tion, pyrexia, ataxia, immobility, and extensor spasm at death in dogs, rats, pigs,
laying hens, sheep and chickens [41]. The possible role of cyclopiazonic acid
in diagnosed aflatoxicoses should be explored due to co-occurrence in feed.

Immunology

AFs in the low ppm range are immunomodulatory. They are capable of lower-
ing the resistance of animal species to fungal, bacterial, and parasitic infec-
tions [42]. Cell-mediated responses are particularly sensitive, as reflected by
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decreased thymus weight and lower peripheral T lymphocyte numbers in
chickens fed AFB1. AFB1 depressed macrophage function in chicks, and oral
administration in rats depressed macrophage number and function. Indications
were that AFB1 decreased phagocytic activity of the reticuloendothelial system
in chicks [43]. The data also indicated suppression of phagocytic activity in
chickens and rats.

Trichothecenes approximate AFs in the extent of causing immunosuppres-
sion, apparently by protein synthesis inhibition. Depression of host resistance
by trichothecenes may involve suppression of several cellular functions and
they can suppress or stimulate immunoglobulin production. Exposure to tri-
chothecenes impairs murine antibody responses to challenge with sheep red
blood cells [44]. Immunostimulatory effects at low doses are problematic, but
may conceivably be a hormesis effect.

OTA may have an effect on immunoglobulins and phagocytic cells [45].
FUMB1-treated chicken peritoneal macrophages show morphological alter-
ations, and decreases in cell viability and phagocytic potential. Zearalenone
can inhibit mitogen-stimulated lymphocyte proliferation and induce thymic
atrophy and macrophage activation. Patulin inhibits multiple aspects of
macrophage function in vitro. Interestingly, oral administration of patulin
decreased the mortality of mice experimentally infected with Candida albi-
cans [46]. The mycotoxin increased circulating neutrophils, which could have
contributed to increased resistance. Neutrophilia in rats administered patulin
orally was attributed to gastrointestinal inflammation by McKinley et al. [47].
Gliotoxin has both antimicrobial and immunosuppressive capabilities. The
compound is produced in infected animal tissue strengthening its actual
involvement in pathogenesis. Fescue and ergot alkaloids affected cattle graz-
ing in tall fescue pastures infected with the endophyte and had a suppressed
antibody response when immunized with tetanus toxoid [48].

Hematopoietic effects

Hemorrhagic anemia syndrome in poultry was linked to the presence of AFs in
feed; this may also affect hemostasis in embryos. Chicks had significantly
decreased cell counts, hematocrits, and hemoglobin concentrations [49]. Macro-
phages, lymphocytes, and erythrocytes may be decreased with prolonged expo-
sure to trichothecenes. Erythrocyte numbers also can be decreased by tricho-
thecene-induced hemolysis [50]. T-2 toxin caused a complete hemolysis of rat
erythrocytes following a lag period dependent on the concentration of T-2 toxin.

Hepatotoxicity

AFs cause hemorrhage, jaundice, and diarrhea, along with decreased perform-
ance, which may be evident in affected animals with acute disease. OTA can
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cause liver damage particularly at higher doses. FUMs are hepatotoxic [29].
Sporidesmin is a hepatotoxic mycotoxin produced by Pithomyces chartarum
on certain grasses. This can cause a photosensitization disease, facial eczema
[51], which results from destruction of bile duct epithelial cells, with blocking
of the bile ducts causing phylloerythin to accumulate in the circulating blood.
Rubratoxin has been suspected as the cause of hepatotoxic, hemorrhagic dis-
ease of cattle and pigs. Phomopsins cause a lupinosis, which is a hepatotoxic
condition characterized by severe liver damage and icterus [52].

Nephrotoxicity

OTA can cause kidney damage in dogs, rats, and swine. The impaired renal
function results in glucosuria and proteinuria, with casts evident in the urine.
Absorption of this mycotoxin occurs in the proximal and distal tubules of the
kidney. DON and NIV are associated indirectly with a nephropathy in mice.
Animals fed FUMB1 exhibit altered renal histopathology, kidney weight, urine
volume, proteinuria, enzymuria, and ion transport [53] via altered sphingolipid
biosynthesis.

Reproductive effects

AFs are implicated in effects on animal males similar to those assumed in
humans (see above ‘Effects on humans’). The major effects of zearalenone are
estrogenic and primarily involve the urogenital system [54]. Abortion may
occur with ergot ingestion and ergot also inhibits prolactin secretion in preg-
nant swine. Other mycotoxins also have reproductive effects, e.g., T-2 toxin
and diacetoxyscirpenol. OTA, rubratoxin B, secalonic acid D, and sterigmato-
cystin are all reported to affect embryonic survival.

Teratogenic effects

AFB1, OTA, rubratoxin B, T-2 toxin, sterigmatocystin, and zearalenone are
teratogenic in experiments with at least one mammalian species.

Vomiting and neurotoxicity

Gastric relaxation and/or delayed gastric emptying are important components
of both emesis and food intake [55]. At lower doses DON induces feed refusal,
and at high acute doses vomiting. It has anorexic and emetic potencies.
However, T-2 toxin is at least ten times more lethal. Equine leukoencephalo-
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malacia was shown to be caused by FUMs [56]. The mechanisms may be relat-
ed to their ability to inhibit sphingolipid synthesis.

Tremorgens

Many fungal secondary metabolites (e.g., indole alkaloids) elicit a tremorgenic
response in animals [51] and penitrem A (tremortin) is a well-known example.
Convulsions may also occur from ergot ingestion [57].

Carcinogenesis

AFB1 and AFM1 (present in cow milk), aflatoxicol, and AFG1 induce hepatic,
renal, and colonic neoplasms in numerous animals [58]. In mice, pulmonary
neoplasms were produced by AFB1. Sterigmatocystin, a precursor of AFs, has
lower toxicity but its carcinogenic potential is significant. Sterigmatocystin
covalently binds to DNA at approximately 20–30% of the level observed with
AFB1. Although mutagenicity of OTA has not been established, tumorigene-
sis/carcinogenesis was reported in laboratory animals [19]. FUMs with a free
primary amino group have been shown to be liver cancer promoters in rats
[59], and they have been confirmed to be carcinogenic in rats.

Dermal toxicity

Several trichothecene mycotoxins are skin irritants [18]. T-2 toxin, the most
potent compound tested, caused erythema on the shaved backs of guinea pigs.

Mechanisms of toxicity

Mycotoxins interacting with biomolecules or preventing biosynthesis are well
known (Tab. 3) [2]. Investigating the mechanism of action is important to (1)
reveal the initial biochemical lesion leading to diseases, (2) differentiate
between biological effects that occur at high, from those at environmentally
relevant dosages, (3) predict downstream biochemical effects developing from
the initial biochemical lesion, and (4) predict potential chronic toxicity and
interaction with other mycotoxins or bioactive agents, e.g., toxins and drugs.

Understanding the mechanism of action in animal cells may help to provide
methods to decrease the toxicity of mycotoxins that are virulence factors,
because biochemical targets can be similar in all eukaryotic cells. This infor-
mation could be used to engineer biochemical target molecules that do not
interact with the toxin, or bioactive derivatives that are metabolized or elimi-
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nated rapidly. These studies also provide insight to develop testable hypothe-
ses concerning the role of mycotoxins in pathogenesis.

Mycotoxins as a group cannot be classified according to their mechanism of
action, which is not surprising when the diversity of chemical structures is
considered (Fig. 1). The potential for extremely complex toxin interactions is
also great given the large number of mycotoxins and the diversity of the action
mechanisms. Mycotoxins with similar modes of action would be expected to
have at least additive effects. Conversely, some interactions could have sub-
tractive effects. For example, cyclopiazonic acid prevents the lipid peroxida-
tion induced by patulin [60].

Understanding the mechanism of action in in vitro systems can provide a
rational basis for predicting toxin, drug, and/or nutritional interactions.
Discovery of those interactions that pose a health risk from consumption of
contaminated foods or feeds will be made more likely by coupling this
approach with the known co-occurrence of mycotoxins. For example, those
with dissimilar actions are (a) hepatotoxic FUMs and AFs, which co-occur on
corn, and (b) nephrotoxic DON, FUMs, and OTA, which commonly contami-
nate foods (Tabs 1 and 2). The actual combined health risk from mycotoxin
exposure is unknown because many mycotoxins are undiscovered (presum-
ably). Furthermore, functional “food toxicology” would screen suspected
feeds and foods for mechanisms known to be underlying causes of chronic dis-
ease. The number of possible biochemical targets is great and unraveling the
source of the biological activity would be possible. Screening fungal isolates
would pinpoint those biological activities of fungal origin.

Mutagenicity

A section on the mutagenic effects of myctoxins is merited due the importance
of the field. These can be direct (e.g., changing bases) and/or indirect (e.g.,
inhibiting enzymes [61]) involved in stabilizing nucleic acids [62]. Myco-
toxins with carcinogenic effects include AFs, sterigmatocystin, OTA, FUMs,
zearalenone, citrinin, luteoskyrin, patulin, and penicillic acid produced by a
wide range of fungi. All are DNA-damaging agents except for FUMs, which
may act via disturbing signal transduction pathways.

It appears axiomatic that chemical carcinogens induce tumorigenesis by
interactions with subcellular components that are involved intimately in medi-
ating the basic heritable loss of growth control, assuming that cancer derives
from clonal expansion of a single cell. These interactions may be (i) noncova-
lent and reversible, or (ii) covalent and reversible only in the case where repair
mechanisms restore the original structure. To react with cellular macromole-
cules most carcinogens require enzymatic activation. The parent compounds
are considered as precarcinogens/indirect carcinogens with the potential of
being activated into carcinogenic forms. However, some compounds do not
bind to DNA and remain capable of inducing tumors via nongenotoxic path-
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ways. Some change expression levels of numerous proteins involved in cell
and tissue homeostasis, i.e., cellular growth, proliferation, differentiation, and
apoptosis. Luch [63] provides an excellent review of the complexities of the
molecular action of organic carcinogens.

Aflatoxins
AFs (i) induce DNA damage, (ii) negatively affect the amelioration of damage,
and (iii) alter DNA base compositions of genes. The mutagenicity of AFB1 has
been demonstrated in many systems. AFB1 induces chromosomal aberrations,
micronuclei, sister chromatid exchange, unscheduled DNA synthesis, and
chromosomal strand breaks, and forms adducts in rodent/human cells. AFs
contain an unsaturated terminal furan ring that can bind covalently to DNA,
hence forming an epoxide. One dose of AFB1 to rats can cause a measurable
increase in AFB1-DNA adducts. Furthermore, covalent binding of AFB1 to
adenosine and cytosine in DNA in vitro has been reported. AFB1–DNA
adducts can (i) form further repair-resistant adducts, (ii) undergo depurination,
and/or (iii) lead to error-prone DNA repair yielding single-strand breaks, base
pair substitution, and/or frame shift mutations. Mispairing of the adduct could
induce transversion and transition mutations. AFB1 induced GC→TA and
GC→AT mutations when activated to its epoxide by microsomes, or as the
8,9-dichloride. Hot spots for AFB1 mutagenesis were found predominantly in
relatively GC-rich regions of DNA. AFB1–8,9-epoxide (the active metabolite
of AFB1) caused base substitution mutations at G:C pairs with only approxi-
mately 50% GC→TA transversions. An oligonucleotide containing a single
AFB1–N7-guanine adduct yielded a mutation frequency of 4%. The predomi-
nant mutation was G→T, identical to the principal mutation in human liver
tumors induced by AFs [2].

The major metabolite resulting from cytochrome P450-dependent epoxida-
tion of AFB1 or AFG1, in relation to hepatotoxicity, is the 8,9-epoxide. This
product forms an adduct with DNA involved in the carcinogenic activity of
AFs. Binding of the epoxide intermediate with proteins could be important in
the acute hepatic toxicity of AFs. The impact of stereochemistry is of crucial
importance [63]. The cytochrome P450-dependent monooxygenase (CYP)-
mediated toxification of AFB1 occurs at its 8,9-position. Formation of an
8,9-epoxide intermediate was observed based on the isolation of the main
DNA adduct (at N7 in guanine bases). The most important enzyme involved
in AFB1 activation in human liver, CYP3A4, exclusively forms the exo isomer,
and CYP1A2 may add low concentrations of the diastereomeric endo epoxide.
The exo-8,9-oxide is 1000-fold more genotoxic than the endo diastereomer
due to the spatial configuration of the epoxide moiety within the AFB1

exo-8,9-oxide-DNA complex. Hence, intercalation of the furanocoumarine
residue between DNA bases directs the exo epoxide rings in a favorable posi-
tion for SN2 attacks by the N7 atoms of the guanines. Follow-up products of
the main N7-DNA adducts of AFB1 then result from depurination or ring
opening of the purine bases. The “slow” pathological consequences are gen-
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erally due to the adduction with lysine of proteins, whereas carcinogenesis
and mutagenesis are due to adduction of AFB1 8,9-epoxide with guanine of
DNA.

A critical metabolic pathway of AFB1 in relation to carcinogenesis entails
formation of AFB1 dialdehyde from the 8,9-epoxide. The protein adduct form-
ing capabilities of AFB1 dialdehyde has the mechanism of binding attributed
to Schiff base formation with basic amino acid residues in proteins (e.g.,
lysine). The nuclear histone proteins are also targets. The in vivo biological
consequences of protein adduction by AFB1 dialdehyde are unknown. Protein
adducts may contribute to risk by altering (a) the functions of adducted pro-
teins, and (b) critical signal transduction pathways under protein control given
the small attributable risk of DNA adducts in AFB1-induced carcinogenesis.
AFB1 aldehyde reductase is important in controlling the level of the AF dialde-
hyde. This enzyme reduces AFB1 dialdehyde by NADPH to alcohol products
that are biologically inert and incapable of protein adduction; hence, it is AF
detoxifying.

Support for the involvement of AFs in HCC etiology derives from (a) muta-
tion studies in the p53 tumor suppressor gene, (b) the evidence from epidemi-
ological studies, and (c) the use of biomarkers of biologically effective doses.
The p53 gene is characterized by G→T transversion at the third base of codon
249 observed in HCC patients from high AF exposure regions, and in vitro
data support this hypothesis. A majority of codon 249 mutations were found in
patients with an HBV infection. The mutation only occurs in areas of high
AFB1 exposure and in regions of high HBV infection but varying levels of
AFB1 exposure. Hence, HBV may cause preferential selection of cells harbor-
ing the mutation. No codon 249 mutations were detected in countries with low
AF exposure (e.g., Europe, Japan, and the United States [64]). Detection of the
AF-nucleic acid adduct (AFB1–N7-guanine) in urine was associated with an
elevation in the risk of developing HCC. Finally, the use of the codon 249
mutation as a marker of exposure to AFs requires evidence from studies meas-
uring AFB1 adducts and mutations in the same individual [65].

Although unrelated to mutagenesis per se, the involvement of AFs in repro-
duction has produced some other interesting data. AFB1 produced abundant
symplastic spermatids in the seminiferous epithelium of mice, and these were
traced to opening of cytoplasmic bridges, which then collapsed resulting in
spherical symplasts. The study provided the first direct evidence for opening
of cytoplasmic bridges as the mechanism underlying the origin of spermatid
symplasts. Cytoskeletal proteins actin and tubulin have been demonstrated in
the walls of the cytoplasmic bridges, and these could be targets of agents that
disrupt cytoplasmic bridges between spermatids. Hence, the target for AFB1 in
the seminiferous epithelium could be actin microfilaments. Alternatively,
AFB1 treatment would bring about oxidative damage to the cells and the dis-
ruption of the cytoskeletal element in the cytoplasmic bridge as a consequence
of this damage [66]. AFs caused a decrease of cell-mediated immunity in
which production of cytokines are important. They have an important effect on
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levels of nonspecific humoral factors such as complement, interferon, and bac-
tericidal serum components.

Sterigmatocystin
The toxigenic precursor to AFs, sterigmatocystin covalently binds to DNA
forming DNA adducts.

Ochratoxin A
OTA is one of the most potent carcinogens in rats and is classified as a possi-
ble human carcinogen by the IARC. OTA adducts were found in kidney, liver,
and spleen of mice treated with OTA and the DNA adduct level was dose
dependent and time related. There was insufficient understanding of whether
OTA acts as a direct genotoxic carcinogen or whether its carcinogenicity is
related to indirect mechanisms (e.g., inhibition of stability enzymes). How-
ever, direct DNA binding of OTA has been reported. Evidence of OTA-medi-
ated DNA damage is the induction of DNA single-strand breaks and form-
amidopyrimidine-DNA glycosylase-sensitive sites. In agreement is the
unscheduled DNA synthesis in primary human urothelial cultures, primary
hepatocytes, and rat and mouse cell lines. Importantly, mutagenic activity by
OTA has also been reported (e.g., in murine cells). OTA increases the process
involved in spontaneous mutagenesis. Finally, the metabolite induces an
increase of mutation frequency at two gene loci via a mechanism that is inde-
pendent of biotransformation [67].

OTA biotransformations are cytochrome P450 dependent in animals and
humans, resulting in the formation of metabolic intermediates that contribute
to carcinogenesis. Both the phenylalanine and dihydroisocoumarin moieties
are structural components of OTA probably involved in the complex toxic acti-
vities. The phenylalanine residue likely contributes to inhibition of enzyme
reactions related to nephrotoxicity.

Administration of OTA to male rats resulted in a dose- and time-dependent
increase in the expression of kidney injury molecule-1 (Kim-1), metallopro-
teinase-1 (Timp-1), lipocalin-2, osteopontin (OPN), clusterin, and vimentin.
Gene expression changes were correlated with progressive histopathological
alterations and preceded effects on clinical parameters indicative of impaired
kidney function. Induction of Kim-1 mRNA expression was the earliest and
most prominent response observed [68]. OTA was shown to bind to an α2u-
globulin. It should be pointed out that some experimental nephrotoxicological
data may not be appropriate for human risk assessment as potential internal-
ized delivery of OTA to proximal tubule epithelia by the carrier was specific
only to adult male rats. Re-examination of female rat renal tumor histopathol-
ogy of the high-dose OTA study showed all carcinomas were clinically insigni-
ficant at the end stage [69].

A role for basal cell lymphoma-extra large (Bcl-xL) (an anti-apoptotic pro-
tein) in OTA-induced apoptosis in human lymphocytes has been demonstrat-
ed. Human peripheral blood lymphocytes and cells of the lymphoid T cell line
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Kit 225 underwent apoptosis in a time- and dose-dependent manner. The indi-
cation was that caspases were responsible for the induction of apoptosis. OTA
triggered mitochondrial transmembrane potential loss and caspase-9 and cas-
pase-3 activation. Interestingly, Bcl-xL protein expression was decreased by
OTA treatment, whereas Bcl-2 protein level was unaffected. Down-regulation
of Bcl-xL mRNA was not observed in cells treated with OTA. Overexpression
of Bcl-xL in Kit 225 cells protected them against mitochondrial perturbation
and retarded the appearance of apoptotic cells. Mitochondria are a crucial
component in OTA-induced apoptosis and the loss of Bcl-xL may participate
in OTA-induced cell death [70].

Patulin
Patulin induces DNA–DNA cross-links. Mutations of cells by patulin might be
from an indirect mutagenic mechanism (e.g., inhibition of enzymes [62]).
Finally, also direct reactivity to DNA has been demonstrated [71].

Nivalenol and fusarenon X
NIV damaged nuclear DNA, demonstrating that it is a direct mutagen [72].
DNA damage appeared in the kidney and bone marrow of mice after oral dos-
ing. NIV showed organ-specific genotoxicity in mice as a direct mutagen in a
time and intensity related manner. NIV and fusarenon X caused DNA damage
after 24- and 72-h exposure and damage was observed dose dependently.
Furthermore, fusarenon X increased DNA strand breaks [73].

Zearalenone
Zearalenone showed a DNA damaging effect in recombination tests with
Bacillus subtilis. The compound also induced (i) polyploidy in CHO cells, (ii)
sister chromatid exchange, and (iii) chromosomal aberration in vitro.
Treatment of mice led to the formation of several DNA adducts in the liver and
kidney [74].

Fusarin C
Fusarin C is mutagenic and is produced from Fusarium moniliforme [75].

Toxicity mechanism of trichothecenes

A considerable weight of data has been produced on the mechanisms of toxi-
city of trichothecene mycotoxins apart from mutagenicity. Neuroendocrine
effects may be mediated by the serotoninergic system based on increased lev-
els of serotonin or its metabolites in DON-treated animals [76]. This is further
supported by the capacity of serotonin receptor antagonists to prevent DON-
induced emesis [77]. In particular this applies to anorectic and emetic respons-
es. DON modulates serotonin activity [78], which suggests a link between
DON-induced emesis and the serotoninergic mechanism. DON also inhibits
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small-intestinal motility in rodents, mediated through 5-HT3 receptors.
Prelusky and Trenholm [77] suggest that at least part of the mechanism of
action of DON is mediated through action on the peripheral 5-HT3 receptors
found in the gastrointestinal tract.

Trichothecenes such as DON may also modulate immune function [79]. At
low concentrations they potentiate or attenuate expression of cytokines, which
can disrupt normal regulation of immune functions positively or negatively. At
high concentrations they induce leukocyte apoptosis and produce pronounced
immunosuppression. DON enhances differentiation of immunoglobulin A
(IgA)-secreting cells at the Peyer’s patch level and this affects the systemic
immune compartment. The potential for enhanced IgA production exists in
lymphocytes after a single oral exposure, perhaps related to the increased
capacity to secrete the helper cytokines interleukin (IL)-2, IL-5, and IL-6 [80].
T cells expressing surface protein CB4 (CD4+) and macrophages appear to be
involved in this process [81]. Thus, increased cytokine expression may be
responsible for up-regulation of IgA secretion in mice.

Superinduction of cytokine gene expression by DON is mediated via tran-
scriptional and/or post-transcriptional mechanisms [80]. For example, DON
increases DNA binding of the transcription factors NF-κB and AP-1 in T cell
and macrophage cultures. In part, increased cytokine mRNA expression by
DON was also found to be due markedly to enhanced mRNA stabilities in the
T cell and IL-6/tumor necrosis factor (TNF) in the macrophage. DON signifi-
cantly induced the mRNAs for (a) T helper 2 (TH2) cytokines (IL-4 and IL-10),
(b) TH1 cytokines [interferon (IFN)-γ and IL-2] and (c) proinflammatory cyto-
kines (IL-1β, IL-6, and TNF-α). IL-12 p40 was also induced, but not IL-12
p35 mRNA. DON increased the relative abundance of IL-1β, IL-6, TNF-α, IL-
12 p35, IL-12 p40, IL-2, and IL-10 mRNAs with dose dependency, whereas
IFN-γ and IL-4 mRNAs were unchanged, suggesting that the ability of DON
to dysregulate cytokine expression was cumulative.

High doses of trichothecenes promoted rapid leukocyte apoptosis to yield
immunosuppression. DON inhibited or enhanced apoptosis in a concentration-
dependent manner in T, B, and IgA+ cells isolated from spleen, Peyer’s patch-
es, and thymus [82]. Bacterial lipopolysaccharide (LPS) potentiation of DON-
induced lymphocyte apoptosis in thymus, Peyer’s patches, spleen, and bone
marrow has been linked to elevated corticosterone [83], which is driven by
superinduction of IL-1β [84].

Toxicity of trichothecenes is explained partially by binding to eukaryotic
ribosomes and inhibition of protein synthesis [85]. Other toxic mechanisms
include deregulation of calcium homeostasis, impaired membrane function
and altered intercellular communication. Trichothecenes inhibit DNA (see
[62]), also explaining toxicity. Dietary DON causes marked elevation of serum
IgA, with concurrent decreases in IgM and IgG in the mouse; serum IgA ele-
vation indicates immunopathological effects. The lowering of immune func-
tion can be explained by a potent capacity to inhibit protein synthesis. In addi-
tion, superinduction of cytokines has been demonstrated using trichothecenes
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(see above). Mechanisms may include interference with synthesis of high
turnover proteins that limit transcription or the half-life of IL mRNA.
Analogous mechanisms can also be proposed at the level of translation.
Dysregulation of IgA production is induced apparently by macrophage- and T
cell-mediated polyclonal differentiation of B cells to IgA secretion at the level
of the Peyer’s patch [81]. Trichothecenes induce mitogen-activated protein
kinases (MAPKs) and other critical cellular kinases involved in signal trans-
duction related to proliferation, differentiation, and apoptosis [86].

Early alterations in cell signaling may be critical to trichothecene toxicity
particularly at the level of MAPKs [87]. A “ribotoxic stress response” has been
demonstrated for translation inhibitors such as T-2 toxin. Alteration of 28S
rRNA by this inhibitor was postulated to be a signal for activation of
SAPK/JNK (an MAPK). This activity drives activation of transcription factors
promoting cytokine production, cyclooxygenase 2 expression and induces
apoptosis [88]. Upstream kinases were involved in the ribotoxic stress
response using DON and the RAW 264.7 macrophage as models. DON
induced phosphorylation of c-Jun N-terminal protein kinase (JNK), extracel-
lular signal-regulated kinase (ERK), and p38 MAPKs. MAPK phosphoryla-
tion occurred early. Protein phosphatase-1 (PP1) suppressed DON-induced
phosphorylation of the MAPK substrates c-jun, ATF-2, and p90Rsk. PP1 also
reduced DON-induced increases in nuclear levels and binding activities of sev-
eral transcription factors (NF-κB, AP-1, and C/EBP), which corresponded to
decreases in TNF-α production, caspase-3 activation, and apoptosis. Tyrosine
phosphorylation of hematopoietic cell kinase (Hck, an Src-family tyrosine
kinase), was detectable after DON addition, and this was suppressed by PP1.
Knockdown of Hck expression with siRNAs confirmed involvement of this
Src in DON-induced TNF-α production and caspase activation. Activation of
Hck is likely to be a critical signal that precedes MAPK activation and induc-
tion of resultant downstream events by DON [89] and other Src family tyro-
sine kinases may be involved. Double-stranded RNA-activated protein kinase
(PKR) is a possible upstream signal transducer for MAPK activation by DON
[90].

Inhibition of Hck blocks MAPK activation, transcription factor activation,
and cytokine expression [91]. The potential also exists for a receptor to trans-
duce these signals upon binding of DON. A third intermediate signal between
trichothecene mycotoxins and MAPK activation might be the generation of
reactive oxygen species (ROS). In support of this contention, trichothecene
mycotoxins produce lipid peroxidation, and their adverse effects can be inhib-
ited by antioxidants such as vitamin E and N-acetylcysteine [92]. However, the
possibility of “cross-talk” between ROS and ribotoxic stress signals cannot be
excluded in any explanation of the mechanism of trichothecene-induced MAPK
activation [86].

The immunomodulating effects of DON were investigated in human periph-
eral blood mononuclear (PBM) cells. DON inhibited concanvalin A (Con A)-,
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phytohemagglutinin (PHA)-induced lymphocyte blast transformation (T lym-
phocyte proliferation), and the antibody-dependent cell-mediated cytotoxicity
of monocyte-free PBM cells. DON also inhibited natural killer cell activity
and increased apoptosis in human peripheral blood lymphocytes [93]. In con-
clusion, exposure of various human cells to DON resulted in stimulation
(cytokines) or an impairment (apoptosis) of immune function.

DON-induced expression of the CXC chemokine IL-8, a neutrophil chemo-
attractant, was observed in human cell cultures. Human monocytes were the
effector population. Comprehending the mechanisms by which DON up-regu-
lates this chemokine is of potential toxicological significance since IL-8 is
implicated in diseases from rheumatoid arthritis to inflammatory bowel dis-
ease. IL-8 up-regulation has been linked to elevated transcription, and/or
increased mRNA stability. Work is required to test whether DON-induced IL-8
in monocytes is mediated transcriptionally through activation of multiple tran-
scription factors or post-transcriptionally by increasing IL-8 mRNA stability.
Human U937 cells originating from an individual with diffuse histiocytic lym-
phoma were employed to test this hypothesis. These cells markedly express
IL-8 in response to DON and, thus, mimic primary monocytes. Indications
were that DON-induced IL-8 expression in monocytes was driven, in part, by
NF-κB-mediated transcription but did not involve mRNA stabilization. How
DON mediated NF-κB activation in the monocyte is unknown [94].

The capacities of DON and T-2 toxin to promote 28S rRNA cleavage have
been compared [95]. DON and T-2 did not depurinate yeast 28S rRNA and
hence had no N-glycosidase activity in a cell-free model. Incubation of RAW
264.7 macrophages with DON or T-2 generated 28S rRNA-specific products
consistent with cleavage sites near the 3' terminal end of murine 28S rRNA.
DON and T-2 did promote cleavage at A3560 and A4045, although they did
not damage the α-sarcin/ricin (S/R)-loop (A4256). Also, incubation of the
cells with DON or T-2 induced RNase activity, RNase L mRNA and protein
expression. These data suggest that DON and T-2 promoted intracellular 28S
rRNA cleavage by facilitating the action of endogenous RNases and/or by up-
regulating RNase expression.

Growth
Growth is another parameter that is particularly sensitive to DON. Reduction
in weight appears to result from reduced feed intake (anorexia) and is
reversible once DON is removed. The anorectic response could derive from
disturbances in the serotonergic system, and up-regulation of proinflammato-
ry cytokines such as TNF-α that are known to produce cachexia. DON affects
reproduction, which appears to result from maternal toxicity associated with
feed refusal and weight loss. However, the primary human safety concern for
DON should be induction of acute gastroenteritis and concurrent vomiting.
The mechanisms for this effect may be related to dysregulation of immune
and/or neuroendocrine function. In addition, there is potential for chronic



R.R.M. Paterson and N. Lima54

effects on growth (and immune function and reproduction) based on animal
studies [86].

Fertility and reproduction
DON has been reported to reduce fertility. It inhibited oocyte maturation and
caused 34% of the oocytes to form aberrant spindles. Maturation in the pres-
ence of DON was not compatible with development. Malekinejad et al. [96]
concluded that DON can lead to less fertile oocytes and embryos with abnor-
mal ploidy. The effects of zearalenone (see below) and DON were not syner-
gistic. The mutagenic potential of DON does not represent a considerable risk,
although it may be genotoxic [97]. DON treatment produced increased chro-
mosomal aberrations using rat cells [86].

Toxicity mechanisms of zearalenone and derivatives

Reproductive effects of zearalenone (and derivatives) involve displacement of
estradiol from its uterine binding protein, eliciting an estrogenic response.
Szuets et al. [23] discovered that zearalenone and zearalenol bind to estrogen
receptors of human myometrial tissue. Zearalenone has been reported to
reduce fertility. The presence of zearalenone during maturation reduced the
percentages of oocytes that cleaved and formed blastocysts by 50% [96].

Toxicity mechanisms of fumonisins

FUMs have pronounced effects on cellular sphingolipid metabolism because
they inhibit the enzyme ceramide synthase, which may alter sphingolipid-
mediated regulatory processes related to cell survival and replication. FUMB1

inhibits N-acyltransferase, a key enzyme in sphingolipid metabolism in rela-
tion to hepatotoxicity. This enzyme is involved in the conversion of sphingo-
sine and sphinganine to ceramide, which is subsequently converted to sphin-
golipid. Disruption of this pathway can produce several outcomes because the
basic process is involved, amongst others, in cellular regulation [98].

Toxicity mechanisms of patulin

Protein synthesis was inhibited in rat alveolar macrophages exposed to patulin
and cell membrane function was compromised [99]. Patulin suppressed the
oxidative burst in rat and rabbit peritoneal macrophages [61], and decreased O2

production, phagosome-lysosome fusion, and lysosomal enzyme activity in
mouse peritoneal macrophages [100].
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Tremorgens

The mode of action of fungal tremorgens is by release of neurotransmitters
from synaptosomes in the CNS and in peripheral nerves at the neuromuscular
junction. Although many tremorgens affect the high-conductance Ca2+-activat-
ed K+ channels in the release of neurotransmitters, this alone may not be the
mechanism for the tremorgenic activity as some non-tremorgenic mycotoxins
have similar activity [101].

Cyclopiazonic acid

Cyclopiazonic acid has the ability to chelate metal cations due to the structure
of the tetramic acid moiety [102]. The chelation of cations such as calcium, ma-
gnesium, and iron may play an important role in cyclopiazonic acid toxicity.

Animal nutrition

AFs affect rumen function in vitro and in vivo by decreasing cellulose diges-
tion, volatile fatty acid formation, and proteolysis [103]. In chickens, clinical
responses include hypoproteinemia, decreased hemoglobin, and decreased
serum triglycerides, phospholipids, and cholesterol [104]. AFs can decrease
activities of several enzymes important to digestion of starches, proteins,
lipids, and nucleic acids in broiler chickens [105]. The decreased activities of
pancreatic amylase, trypsin, lipase, RNase, and DNase could contribute to the
malabsorption of nutrients associated with aflatoxicoses.

Enzyme inhibition

Many mycotoxins function as enzyme inhibitors [62]. Enzymes inhibited
include acetylcholinesterase, NF-κB, protein kinase, tyrosine kinase, aro-
matase and sulfatase, matrix metalloproteinases, cyclooxygenase, DNA poly-
merase/topoisomerases and glycosidases. Mycelianamide is a case in point.
This compound is a mycotoxin and a treatment for reducing cholesterol by
inhibiting butyrylcholinesterase (for patients with high cholesterol). β-
Nitropropionic acid inhibits succinate dehydrogenase and hence provides a
useful model for neurodegeneration comprehension; this is a common com-
pound from the penicillia and aspergilli. Dehydroaltenusin from Penicillium
verruculosum is an anti-cancer drug that acts via DNA polymerase inhibition.
Furthermore, gliotoxin from Gliocladium fimbriatum, Aspergillus, Penicillium
(and Candida) is another example. Low concentrations of gliotoxin specifical-
ly inhibited the activation of NF-κB. The compound appeared to prevent
degradation of IκB α, which is the inhibitory subunit of NF-κB. Inhibitors of
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MAPK protein kinase signaling pathways act on the tyrosine kinase activity.
Three major MAPK cascades have been identified in mammalian cells.
1-Methoxy-agroclavine from a Penicillium and 7-triprenyl phenol type sesqui-
terpenoid derivatives from Stachybotrys chortarum are inhibitors of tyrosine
kinases. Phosphoinositide 3-kinase (PI3K) is inhibited by wortmannin pro-
duced from P. wortmanni [62].

Indoor fungal exposure

The controversial issue (in the United States at least) of the mycotoxic effects
of indoor fungi are considered here. A debate was generated by Bush et al.
[106], although the authors concede they may have been “overly conservative”
[107]. Lieberman et al. [108] wondered, “Whose ox is being gored?”. What the
position paper does not mention is that mycotoxins have in fact been docu-
mented in small fragments released by mold growth indoors [109], where
numerous other salient points are raised. For example, “mold” has been found
to reside in the upper and lower airways of many persons with chronic respi-
ratory disease. Hardin et al. [110], who are firmly in the no-evidence-of-a-
problem camp, cite the other evidence-based statements and a (US) Institute of
Medicine report. However, what is unfortunate is that two such different views
can arise from the same available information. The impartial reader can only
suggest that the truth lies between the extremes.

Combined effects

Hundreds of mycotoxins are known and detected frequently in plant-derived
products. In all the above considerations on individual mycotoxins, it needs to
be appreciated that various mycotoxins may occur simultaneously, depending
amongst other things, on the environmental and substrate conditions. It is very
likely that humans and animals are exposed to mixtures rather than to individ-
ual compounds. For example, future risk assessments should consider mixture
toxicity data. OTA and citrinin are common mycotoxins that occur jointly in a
wide range of food commodities. Bouslimi et al. [111] assessed the combined
effects on cell proliferation and DNA fragmentation in cultured Vero cells and
in vivo by monitoring the induction of chromosome aberrations. Results
demonstrated that cultured renal cells respond to combined OTA and citrinin
with increased inhibition of cell viability. Similar results were found for DNA
fragmentation and chromosome aberrations (i.e., genotoxicity). OTA and cit-
rinin combination effects are clearly synergistic. The synergistic induction of
DNA damage observed with OTA and citrinin could help explain the molecu-
lar basis of the renal diseases and “tumorigenesis” induced by mycotoxins. Orsi
et al. [112] discovered that combined administration of AFB1 and FUMB1

resulted in synergistic toxic effects both in the liver and in the kidney, but hepat-
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ic injuries were more marked in rabbits. Tammer et al. [113] examined pre-
dicted, specified and evaluated combined effects of patulin, gliotoxin, citrinin
and OTA on the functional activity of human competent immune cells using
stimulated human PBM cells. The mixture suppressed cytokine production in a
concentration-dependent manner when compared to the individual mycotoxins.
They conclude that low and weak-effect concentrations of mycotoxins may
cause strong inhibitory effects on immune functions when occurring together.

Similarly, the combined effects of FUMB1, beauvericin and OTA on cell
viability, lipid peroxidation and intracellular glutathione (GSH) were studied
on porcine kidney epithelial cells (PK15) [114]. Combined treatment resulted
mostly in additive effects especially after a 24-h exposure, although synergis-
tic as well as antagonistic interactions could not be excluded depending on
toxin concentrations and time of exposure. This was the first report on beau-
vericin-induced effects on lipid peroxidation and GSH in animal cells, and
may have relevance to the application of biological control agents. Beauvaria
bassiana produces this compound, which may contaminate food originating
from crops for which pest control may have been attempted [4]. OTA, ochra-
toxin B, citrinin and patulin were used as examples by Heussner et al. to study
the interactive effects in vitro [115], using porcine renal cell line LLC-PK1 and
the MTT reduction test as a cytotoxicity endpoint. The results obtained in this
study confirm a potential for interactive (synergistic) effects of citrinin and
OTA and possibly other mycotoxins in cells of renal origin. The possible com-
bined effect of various mycotoxins is presented in Figure 3.

Conclusions

In many ways mycotoxins remain a silent threat. It is surprising just how com-
pelling the evidence of the toxicology of mycotoxins is, considering that the

Figure 3. Theoretical example of mycotoxins and infectious agents acting to initiate or exacerbate
renal dysfunction. Sphingolipid metabolism is disrupted and cytokine signaling pathways changed by
fumonisins acting as a nephrotoxin. A fumonisin-sensitive sphingolipid receptor may then internalize
a Shiga toxin from Escherichia coli, which initiates renal dysfunction via a cytokine pathway. An
increased cytokine response could be elicited by DON acting as a nephrotoxin. Finally, OTA acts as
a nephrotoxin.
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occurrence of high levels in food only occasionally makes headline news. This
may relate to the fact that they are often considered to be under control in the
technologically developed world but much less so elsewhere. The issue of
fungi in indoor environments really needs to be carefully assessed particular-
ly in the United States. Greater use of cell-free systems to test mycotoxins is
required and the hidden effects of mycotoxins (e.g., impaired immune system)
require more work. Testing individual mycotoxins can only provide limited
information when it is realized that multiple mycotoxins will be present in the
relevant commodities. It is essential that the influence of climate change on
mycotoxins is being considered [116]. The awareness of the effects of myco-
toxins will increase due to consumer demands for healthier foods and life styles
in developed countries, at the same time leading to improvements in quality in
developing nations that export many of the susceptible products. 
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Abstract. Phycotoxins are natural metabolites produced by micro-algae. Through accumula-
tion in the food chain, these toxins may concentrate in different marine organisms, including
filter-feeding bivalves, burrowing and grazing organisms, herbivorous and predatory fish.
Human poisoning due to ingestion of seafood contaminated by phycotoxins has occurred in
the past, and harmful algal blooms (HABs) are naturally occurring events. Still, we are wit-
nessing a global increase in HABs and seafood contaminations, whose causative factors are
only partially understood. Phycotoxins are small to medium-sized natural products and
belong to many different groups of chemical compounds. The molecular mass ranges from
~300 to over 3000 Da, and the compound classes represented include amino acids, alkaloids
and polyketides. Each compound group typically has several main compounds based on the
same or similar structure. However, most groups also have several analogues, which are
either produced by the algae or through metabolism in fish or shellfish or other marine organ-
isms. The different phycotoxins have distinct molecular mechanisms of action. Saxitoxins,
ciguatoxins, brevetoxins, gambierol, palytoxins, domoic acid, and, perhaps, cyclic imines,
alter different ion channels and/or pumps at the level of the cell membrane. The normal func-
tioning of neuronal and other excitable tissues is primarily perturbed by these mechanisms,
leading to adverse effects in humans. Okadaic acid and related compounds inhibit
serine/threonine phosphoprotein phosphatases, and disrupt major mechanisms controlling
cellular functions. Pectenotoxins bind to actin filaments, and alter cellular cytoskeleton. The
precise mechanisms of action of yessotoxins and azaspiracids, in turn, are still undetermined.
The route of human exposure to phycotoxins is usually oral, although living systems may
become exposed to phycotoxins through other routes. Based on recorded symptoms, the
major poisonings recognized so far include paralytic, neurotoxic, amnesic, diarrheic shellfish
poisonings, ciguatera, as well as palytoxin and azaspiracid poisonings.

Marine biotoxins in a changing environment

The term phycotoxin indicates natural metabolites produced by unicellular
micro-algae (protists). Most phycotoxins are produced by dinoflagellates,
although cyanobacteria have also been reported to produce saxitoxin; domoic
acid is produced by diatoms. Some of the toxins were initially identified in
associated organisms, e.g., okadaic acid in the sponge Halichondria okadaii
[1], domoic acid in the red macroalga Chondria armata [2–5], or palytoxin in
the soft coral Palythoa toxica [6].

Through accumulation in the food chain, these toxins may concentrate in a
variety of marine organisms including filter-feeding bivalves, burrowing and
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grazing organisms (tunicates and gastropods) as well as herbivorous and
predatory fish. All marine biotoxins described in this chapter have been select-
ed because they are found in seafood and have been identified as bioactive
compounds potentially causing seafood poisoning.

Human poisoning due to ingestion of seafood contaminated by phycotoxins
has occurred in the past, and historical records as well as the habits of some
populations in coastal and tropical areas show that harmful algal blooms
(HABs) are naturally occurring events [7]. In the last 30 years HABs have
attracted increasing attention from the scientific community and the society.
The occurrence of episodes of human poisoning due to ingestion of toxic
seafood involving tens or hundreds of people in several areas of the world [7]
has certainly called for more attention to HABs and their consequences on
human health. The increased awareness has supported more research efforts in
the area, which are contributing to a better understanding of HABs and con-
tamination of seafood by algal toxins, as well as the chemistry, mechanisms of
action and toxicity of phycotoxins. The accumulation of information in this
field has led to the conclusion that we are witnessing a global increase in
HABs and seafood contamination, and more effective and complex measures
to prevent human intoxications are being developed and implemented world-
wide.

The increased recording of occurrence of toxic algae and HABs in coastal
waters in several areas in the world is certainly a result of a deeper attention
paid to the phenomenon. Other factors, however, are being recognized as con-
tributing to the increasing frequency of HAB outbreaks, their appearance in
areas of the world where they had not been recorded in the past, as well as the
intensity and duration of HABs, with their possible consequences on seafood
contamination and human intoxications/poisoning [7].

The ongoing changes can be exemplified by the trend of recording of
Ostreopsis species in the Mediterranean Sea, which has been essentially anec-
dotic in the past century, in keeping with the mainly tropical distribution of
these algal species. Over the last 5 years, blooms of Ostreopsis in several parts
of Mediterranean Sea have been recorded (Fig. 1), and in some cases these
have been accompanied by human intoxications involving up to two hundred
people, e.g., in Italy in 2005 [8, 9].

The factors proposed to be involved in the global increase in HABs include
the eutrophication of coastal waters as a consequence of increased aquaculture
and fertilizer runoff from agriculture, as well as other economic activities
linked to urbanization, the changes in climatic conditions, the transportation
of toxic algae and their cysts from one coastal area to another as a conse-
quence of their presence in the ballast water of ships or through the movement
of shellfish stocks [7]. Furthermore, a recent meta-analysis of published data
and historical records provided indications that the regional loss of species
diversity and ecosystem services in coastal oceans increases the occurrence of
algal blooms [10]. HABs and the contaminations of seafood, undoubtedly rep-
resent relevant social issues, because of the problems they pose to human



Phycotoxins: chemistry, mechanisms of action and shellfish poisoning 67

health, economic activities, recreation and tourism. The many facets of the
phenomenon and their complexity represent a powerful drive for a better
understanding of the chemistry and biology of phycotoxins, as a basis for a
more effective protection of human health and the support of several human
activities.

In this chapter we summarize available information on the chemistry, mech-
anisms of action of phycotoxins and the human poisoning they may cause. The
complexity of the subject approached here, and the vast literature devoted to
it, constrain our account to major issues. We apologize to the many scientists
whose contributions have not been directly quoted in this chapter, and point
the interested reader to excellent reviews devoted to specific topics, whenever
appropriate.

Chemistry of marine biotoxins

Firstly, we should note that marine biotoxins are naturally produced com-
pounds and, therefore, many enzymatic systems in nature are capable of
metabolizing them. This characteristic puts them in contrast to man-made
compounds such as polychlorinated biphenyls (PCBs) and pesticides many of
which are extremely stable compounds for which nature has no metabolic
processes foreseen. Similar to PCBs, dioxins or polycyclic hydrocarbons, most
groups of marine toxins have also many analogues. Thus, between naturally
produced analogues and metabolites of these, marine biotoxins constitute a
vast array of bioactive chemicals.

Figure 1. Records of Ostreopsis blooms in coastal areas of the Mediterranean Sea in the years
2000–2008. The map has been compiled on the basis of data reported in literature and of information
kindly communicated by the Italian National Reference Laboratory for Marine Biotoxins (Cesenatico,
Italy). The detection of Ostreopsis species is indicated by open symbols, whereas the record of health
problems and intoxications that are suspected to be caused by the Ostreopsis blooms are indicated by
the black symbols.
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Historic perspective on the isolation of marine biotoxins

Although the effects of marine toxins have been known for hundreds of years,
the toxic principles involved were not discovered until the 20th century. The
identification and characterization has been a lengthy process for some toxins.
For instance, in the late 19th century, reports describe paralytic shellfish poi-
soning (PSP) as a poisoning caused by the consumption of blue mussels [11],
the toxic principles of which also occur in starfish [12], without the identity of
toxic principles being revealed. Groundbreaking work was completed by
Sommer and Meyer [13] to link this toxicity to the occurrence of micro-algae
and to conceive an assay that has remained the reference tool to our days, the
mouse bioassay for paralytic toxins. Onoue et al. [14] started work on the iso-
lation of saxitoxin analogues as the toxic principles of PSP. The efforts were
significantly advanced by Schantz et al. [15, 16]. However, it was not until
40 years after initial isolation efforts that the structure of saxitoxin was finally
confirmed by Wong et al. [17]. The characterization process has been ham-
pered for many toxins in a similar fashion due to the lack of compound mass
for the studies. This lack can be understood from the fact that the organisms
producing the toxin cannot always be cultured, and scientists thus rely on the
natural occurrence of the compounds. In addition, the structure elucidation in
early days was mostly based on chemical reaction of the compounds. The
onset of more powerful non-destructive techniques such as nuclear magnetic
resonance (NMR) has allowed the characterization of smaller quantities: while
several hundreds of milligrams were required to characterize a toxin in the
1950/60s, nowadays 10–100 μg of compound may be sufficient to complete
the structure elucidation of a novel compound. Thus, the discovery of domoic
acid as a shellfish toxin was completed within weeks from the poisoning event
[18]. More typically, it takes one to several years from the initial poisoning
event to the identification of the chemical responsible for the toxic effect, e.g.,
for the identification of okadaic acid and azaspiracids [19, 20].

Chemical nature of marine biotoxins

This section describes the characteristics of a selected range of marine biotox-
ins to demonstrate the wide-ranging chemical diversity of these groups of com-
pounds. From a natural products or biosynthesis point of view, the compounds
described in this section belong to several classes including amino acids
(domoic acid), alkaloids (saxitoxin) and polyketides (all others). Therefore,
algal toxins are often referred to as small molecules. Thus, the selection of tox-
ins excludes all compounds that are typically referred to as natural polymers
(proteins, carbohydrates, nucleic acids). Indeed the molecular mass of phyco-
toxins typically ranges between 300 and 1500 Da; nevertheless, some com-
pound groups such as palytoxins and maitotoxins are very sizeable molecules
of 2677 and 3422 Da, respectively. Maitotoxin has been reported as the largest
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non-proteinaceous natural toxin. The chemical nature and molecular size clas-
sification distinguish phycotoxins from the very large group of venoms from
snakes, spiders or cone snails which are typically very potent mixtures of pro-
teinaceous toxins. Table 1 gives an overview of some characteristics of the
compound groups discussed in the specific sections.

In addition to the above-mentioned difficulties in isolation of a toxin for its
initial identification, it should be noted that one of the problems with natural
compounds is the possible co-occurrence of isomers (compounds with the
same molecular weight but slightly different structural arrangements) and ana-
logues (compounds that derive from the same structural skeleton but have
some structural difference leading to a different molecular weight). The term
“analogue” is often used synonymously with the terms “metabolite” or “deriv-
ative” (see also section below, “common routes of metabolism”). While the
framework of this chapter is too limited to exhaustively describe all known
analogues of the toxin groups dealt with, we give some examples of the com-
plexity of analogues for several groups in the specific section (e.g., saxitoxin,
okadaic acid and pectenotoxins). All toxin groups have 10 or more analogues,
often up to 30 or more.

Saxitoxins
Saxitoxin (STX)-group toxins are closely related compounds based on a tetra-
hydro purine skeleton. The basic character of the hydro purine group renders
the molecule highly water soluble. More than 30 saxitoxins, mainly from
marine dinoflagellates and shellfish that feed on toxic algae, have been identi-
fied [21–23], at least 18 have toxicological relevance (Fig. 2). They are main-
ly produced by dinoflagellates belonging to the genus Alexandrium, e.g., A.
tamarensis, A. minutum (syn. A. excavata), A. catenella, A. fraterculus, A.
fundyense and A. cohorticula. Also other dinoflagellates such as Pyrodinium
bahamense and Gymnodinium catenatum have been identified as sources of
STX-group toxins [21]. In addition, some analogues have been identified in
some cyanobacteria which may occur in fresh and brackish waters.

STX analogues do not exhibit a strong ultraviolet (UV) absorbance or fluo-
rescence. They are typically stable to heat treatment up to 100 °C. Different acid
and base treatments will lead to various transformations. In particular, all C11-
epimeric pairs (e.g., GTX2 and 3 or GTX1 and 4) will interconvert and equili-
brate to a constant ratio at high pH. Similarly, carbamoyl and sulfocarbamoyl
derivatives will convert to decarbamoyl (dc) analogues through cleavage of the
carbamoyl-ester group at high pH (e.g., GTX2 or C1 to dc-GTX2 and GTX3 or
C2 to dc-GTX3). Under acidic conditions, the carbamoylester is relatively sta-
ble but the sulfate ester will be cleaved to convert sulfocarbamoyl groups into
carbamoyl groups (e.g., C1 to GTX2 and C2 to GTX3). These transformations
may only occur partially when shellfish tissues or human tissues or fluids con-
taminated with STXs are exposed to these conditions, as biological tissues typ-
ically buffer the pH. Since conversion reactions can result in a several fold
increase in toxicity, a potential danger of these toxins was suggested [24]. To
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examine this phenomenon experimentally, B1 (GTX5) was incubated at condi-
tions simulating the human stomach and analyzed by the mouse bioassay. After
5-h incubation at 37 °C, a twofold increase of toxicity corresponding to 9%
conversion of toxin was observed in the artificial gastric juice at pH 1.1 and no
apparent increase of toxicity in rat gastric juice at pH 2.2 [25].

The marine organisms most often affected are mussels and oysters, but also
puffer fish and marine snails (e.g., abalone) have been reported to accumulate
dangerous concentrations. The hydrophilic character of the compounds may
partially explain the relatively rapid depuration of these toxins from mussels.

Figure 2. Saxitoxins.
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This rapid depuration complicates the regulatory surveillance for these toxins,
which is therefore usually complemented by observations of the algae respon-
sible for in situ production.

Complex toxin profiles, possible conversions and lack of reference materi-
als have led most countries to maintain the mouse bioassay introduced by
Sommer and Meyer [13] and validated as AOAC method (959.08) [26]. This
assay can be used for the quantitation of levels above 350–400 μg/kg.
Alternative methods have been proposed based on chromatography and fluo-
rescence detection by Oshima [27], and Lawrence et al. [28], the latter also
being officially validated as AOAC method (2005.06) [29]. These HPLC meth-
ods are technically challenging, time consuming and depend on a continuous
supply of a large number of toxin standards as reference compounds. Due to
the hydrophilic character of STXs, their complete chromatographic separation
proved difficult until the introduction of hydrophilic interaction chromatogra-
phy by Dell’Aversano et al. [30]. Also, the physicochemical determination of
STXs has relatively high quantification limits, which are slightly lower than or
similar to the detection limits of the mouse bioassay for complex toxin profiles.

Domoic acid group
Domoic acid (DA) is a small cyclic amino acid (311 Da), with three carboxylic
acid groups (Fig. 3). These groups are responsible for its solubility in water
and its relatively high polarity, resulting in early elution in reverse-phase chro-
matography [31]. The acid constants (pKa) of the three carboxylic acids and
the cyclic amino group have been determined using NMR techniques by
Walter et al. [32] (Tab. 1). Although numerous isomers and several analogues
have been reported [33–38], so far only DA and its C5-diastereomer have been

Figure 3. Small water-soluble toxins: domoic acid (DA) and tetrodotoxin (TTX).
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shown to be of toxicological relevance [39]. DA transforms into its diastereo-
mer through heat or long-term storage [40] and analysis has focused on deter-
mination of the sum of these two isomers as best estimate of the total toxicity.
A conjugated double bond in the aliphatic side chain allows detection of DA
by UV absorbance and both UV and MS detection are commonly used for the
physicochemical determination of DA [41]. The conjugated double bond also
leads to light sensitivity and is the cause of radical-mediated oxidative metab-
olism. As a contaminant in shellfish tissues, DA is heat stable and cooking
does not typically destroy the toxin. However, protein coagulation leads to
retraction of the tissues and DA as a water-soluble compound may be trans-
ferred significantly to cooking fluids [42]. Its stability under various condi-
tions has been studied, and storage of raw or autoclaved tissues only resulted
in ca. 50% degradation of the toxin after 5 months [43].

Domoic acid has been reported in a wide variety of seafoods, including
mussels, scallops and anchovies. Due to the common occurrence of its source
organism (the diatom Pseudo-nitzschia spp.), DA is spread worldwide. Thanks
to the lightly diarrheic properties caused by the macro-alga Chondria armata
(of which DA is the active ingredient), it has been used in Japan as anti-worm-
ing agent (reviewed in [39]). However, the severe poisoning in 1987 in Canada
of over 100 people following consumption of mussels, including 3 fatalities,
stopped this practice. The water-soluble character also results in relatively
rapid depuration from shellfish (similar to STX), and regulatory surveillance
is complemented by screening of shellfish production waters for Pseudo-
nitzschia to allow early warning in an attempt to prevent human poisoning.

Azaspiracid group
Azaspiracid (AZA1) is an intermediately sized polyether toxin (841 Da,
Fig. 4). The chemistry, ecology and toxicology of AZAs have been extensive-

Figure 4. Azaspiracids: AZA1 (R1,2,4 = H; R3 = CH3), AZA2 (R1,4 = H; R2,3 = CH3). The initial struc-
ture proposed by Satake et al. [20] was corrected by Nicolaou et al. [51, 52]. The corrected structure
is shown.
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ly reviewed by Twiner et al. [44]. Although its geographical distribution was
initially believed to be restricted to Europe, recent work has also demonstrat-
ed the compound in shellfish from North Africa, and in Canadian waters [44,
45]. AZA2 has recently also been identified in the sponge Echinoclathria sp.,
collected from Japanese waters, indicating that its producers occur worldwide
[46]. However, so far poisoning directly attributed to AZA has only been
reported from Europe, either due to environmental conditions not being appro-
priate for the producer to reach seafood in other locations, or due to the pre-
dominant screening for marine biotoxins with the mouse bioassay, an intrinsi-
cally unspecific method of detection of toxins. Also, the symptoms of AZA in
human poisoning events are similar to diarrheic shellfish poisoning (DSP)
from okadaic acid group compounds, and may therefore not always be fol-
lowed up with further investigation. The mouse bioassay, initially introduced
by Yasumoto et al. [19], for the detection of DSP toxins, also detects AZAs at
similar levels [47].

Chemically, AZA is characterized by a cyclic amine group, a carboxylic
acid and a unique tri-spiro ring assembly. Similar to okadaic acid, it is likely
that the acid-labile character of the compound is related to the spiro-keto
assembly (rings A, B and C in Fig. 4) [48]. Contrarily to okadaic acid, AZAs
are also labile to strong bases, i.e., their destruction can be completed in
methanolic solution through treatment with NaOH for 10 min at 76 °C. The
mechanism for this reaction remains to be clarified. Due to the absence of con-
jugated double bonds or aromatic rings, the molecule has no chromophore or
specific UV absorbance above 200 nm; therefore, physicochemical determina-
tion is mostly based on separation by liquid chromatography (LC) followed by
detection using mass spectrometry (MS). An initial proposal of the chemical
structure was made by Satake et al. [20], but a correction was made after chem-
ical synthesis by Nicolaou et al. [49–52]. Approximately 20 analogues have
been reported to occur naturally in shellfish [53]. However, only two of these,
AZA1 and AZA2, have been reported to be produced by the previously
unknown dinoflagellate Azadinium spinosum [54, 55]. Due to the minuscule
nature of the causative organism (<20 μm), it cannot be easily identified using
light microscopy and had only been discovered 12 years after the first poison-
ing event that was attributed to this toxin group [56]. The metabolism of AZA1
and AZA2 in mussels is presumed to follow an oxidative path at C3 and C23
and the methyl group at C22. Following the initial observation by Hess et al.
[57] of increased AZA concentrations after heat treatment of AZA-contami-
nated mussel tissues, McCarron et al. [58] postulated that a carboxylic acid
located at C22 is a product of such metabolism and that heat treatment leads
to decarboxylation and further analogues of AZAs. In shellfish it is anticipat-
ed that the decarboxylation happens spontaneously over time. There are no
reports on mammalian metabolism of AZAs. From the lipophilic nature of
AZAs (Fux and Hess, unpublished observations), it is presumed that AZAs can
pass the intestinal barrier, if they are sufficiently bioavailable. Stomach simu-
lation experiments by Rehmann et al. [53] and Alfonso et al. [48] suggest that
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there may be limited bioavailability due to the lipophilic character of AZA1;
however, further in vivo studies will be required to clarify such behavior. Initial
evaluation of the compounds using intraperitoneal (i.p.) injection in mouse
bioassays suggests that the hydroxyl analogues are less toxic than the parent
compounds [59]. Further structure-activity studies by Ito et al. [60] showed
that a synthetic stereoisomer of AZA1 (C1–20 epi-AZA1) was three to four
times less toxic than AZA1, and that a variety of smaller epitopes did not
induce any effect similar to AZA1, thus suggesting that the entire skeleton is
required to effectively interact with the biological target.

Okadaic acid group
Okadaic acid (OA) was originally found in the sponge Halichondria okadaii
[1] but was only identified by Yasumoto et al. [19] as a shellfish contaminant
following a series of poisoning events in 1976 (Fig. 5). In 1980, Yasumoto et
al. [61] clearly demonstrated that DSP was associated with blooms of
Dinophysis fortii, a dinoflagellate in which the authors also isolated an ana-

Figure 5. Okadaic acid (OA) and dinophysistoxin (DTX) derivatives; stereochemistry at C31 and C35
was clarified by Larsen et al. [313]. OA, DTX1 and DTX2 are the parent compounds independently
produced by micro-algae. All other compounds listed are derivatives of these three, either identified
in algae or in shellfish. DTX3-type compounds are ester derivatives (acyl group at C7–OH) of OA,
DTX1 or DTX2 that have only been found in shellfish so far. Diol esters, DTX4 and DTX5 are deriv-
atives of either OA, DTX1 or DTX2 detected in algae (but some recently in shellfish as well). The
27-O-acyl derivative has so far only been identified in a sponge.
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logue of OA, dinophysistoxin-1 (DTX1). The same compound class was rap-
idly found as the causative agents of DSP in Europe [62]. Dinophysistoxin-2
(DTX2) has been discovered as a third main analogue by Hu et al. [63],
explaining shellfish toxicity found in Irish mussels. OA and DTXs are pro-
duced by a variety of different dinoflagellates from the Dinophysis and
Prorocentrum genera, including D. acuta and D. acuminata, as well as P. lima
and P. belizeanum. Although the toxins of the OA group have been mainly
reported from Japan and Europe, recent evidence in the gulf of Mexico demon-
strates that Dinophysis in these regions may also produce the same compounds
under appropriate environmental conditions [64]. Therefore, a global distribu-
tion of these toxins is now widely accepted and monitoring should occur dur-
ing shellfish production.

Chemically, OA is one of the many polyether toxins among the phycotox-
ins (Fig. 5). Its structure is characterized by a carboxylic acid group and three
spiro-keto ring assemblies, one which connects a five with a six-membered
ring. OA, DTX1 and DTX2 withstand a wide pH range from mildly acidic to
strongly basic, e.g., no degradation is found for up to 40 min at 76 °C in 0.3 M
methanolic NaOH solution. Treatment with strong mineral acids, e.g., HCl,
leads to rapid degradation: OA and DTX1 are completely destroyed within
20 min at 76 °C of 0.3 M methanolic HCl, even in the presence of shellfish
matrix in the extract. However, without the addition of acid, the compounds
are rather stable to heat. Also, recent work on stomach simulation experiments
in the author’s laboratory suggests that the food itself has a buffering capacity
on the acid and the toxins may not be destroyed significantly in the gastric
juice. In normal cooking procedures the toxins are not destroyed, although the
coagulation of proteins in shellfish tissues may lead to redistribution within the
organs of shellfish and some toxins may be released into the cooking fluids
[65].

Different types of esters of OA and DTXs have been reported. In algae (so
far mainly P. lima and P. belizeanum), esters of allylic diols with the carboxylic
acid at C1 of OA and DTXs have been reported [63, 66, 67]; these esters were
named DTX4, DTX5, etc. When the algae enter shellfish through natural fil-
ter-feeding, it is believed that these esters are rapidly degraded [68]. The shell-
fish then further metabolize OA and its analogues to form esters of OA and
DTXs with fatty acids (at the C7–OH group). These esters were initially iden-
tified for DTX1 as shellfish derivatives [69] and their toxicity has been
described to be similar to the parent compounds, although the onset appears
later in the i.p. mouse model [70]. A further fatty acid ester of DTX1 at the
C27–OH group has been reported in a sponge [71], and most recently,
Torgersen et al. [72] also reported mixed esters of diols (at the C1 carboxyl
end) and fatty acids (at the C7–OH position) in shellfish, suggesting that par-
tial degradation and simultaneous metabolism may co-occur during digestion
of algae by shellfish. The multitude of compounds potentially present in shell-
fish (free toxins, diol esters and their derivatives, fatty acids and mixtures of
diol and fatty acid esters) leads to difficulty in determining the complete toxin



Phycotoxins: chemistry, mechanisms of action and shellfish poisoning 77

content in shellfish samples. This complexity has added to the difficulties in
estimating the potency of these toxins and evaluation of their risk. The ester
bond has not shown any degradation in long-term stability studies in the
authors’ laboratory; however, fatty acids have been reported to oxidize easily
if they contain double bonds. Any of the esters discussed above (either at the
C1–carboxyl or at the C7–OH) may be quantitatively cleaved through treat-
ment with strong base, e.g., 0.3 M methanolic NaOH at 76 °C for 10–40 min;
this characteristic, in combination with the stability of the parent compounds
(OA, DTX1 and DTX2) to base treatment, has been extensively used to quan-
titatively determine the equivalent of parent compound present in any given
shellfish sample [73].

A recent review of recorded poisoning events suggests that esters of OA and
DTXs have very similar toxicity to the parent compounds in human poisoning
[74]. OA and DTX1 are considered to be of approximately equal toxicity when
injected i.p. into mice, while DTX2 has been reported to have only ~50–60%
of the toxicity of OA [75], both by i.p. injection into mice and by assessment
of their inhibitory character towards phosphoprotein phosphatases (see section
“Mechanism of action of ocadaic acid and related compounds” below).

Pectenotoxin group
Pectenotoxins (PTXs, Fig. 6) are produced by Dinophysis, one of the main pro-
ducers of OA and analogues. Pectenotoxin-2 (PTX2) is the main compound
produced by Dinophysis. For this reason, PTXs were initially associated with
diarrheic poisoning; however, subsequent studies clearly demonstrated that
PTXs have a distinct mechanism of action that differs from that of OA and ana-
logues (see section “Mechanism of action of pectenotoxins” below). PTXs are
a group of polyethers with molecular weights similar to the OA and AZA
groups, and PTXs also have two spiro-ketal ring assemblies. Contrarily to OA
and AZA, active forms of PTXs represent a macrocyclic intramolecular ester
and do not possess a free carboxylic acid group (Fig. 6). Thus, PTX2 behaves
chromatographically like a neutral compound of high lipophilicity (Fux and
Hess, unpublished observations). A comprehensive review of the occurrence,
chemistry and shellfish metabolism of PTX analogues is given by Miles [76].
We describe here several analogues that exemplify the three main routes of
metabolism in shellfish. In the Japanese scallop (Patinopecten yessoensis),
PTX2 is successively metabolized to PTX1, PTX3 and finally PTX6 [77]. In
all these analogues the macrocycle is maintained, which means their lipophilic-
ity is only slightly altered. In contrast, in mussels (Mytilus edulis), PTX2 is
metabolized to a seco-acid (PTX2sa), in which the macrocycle is opened [78].
This ring opening is clearly related to a loss in the bioactivity, as PTX2sa shows
no activity when injected i.p. in mice. A further route of metabolism in mussels
is the esterification of PTX2sa with fatty acids to yield PTX2sa fatty acid esters
[79]. Although the toxicity of these compounds has not yet been evaluated, it
is anticipated that it is relatively reduced as the parent PTX2sa already does not
show any toxicity. Ito et al. [80], also showed evidence for a reduced oral tox-
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icity of PTX6, compared to PTX2, thereby suggesting that the main issue with
pectenotoxins would be the presence of still non-metabolized PTX2. It is not
clear whether such remaining PTX2 is bioavailable (due to its high lipophilic-
ity it may not be effectively liberated during human digestion of shellfish tis-
sues) or whether it withstands human digestive conditions. PTX2 has been
shown to be rather labile, even under lightly acidic or lightly basic conditions
and very rapid metabolism to non-toxic seco acids is likely if the compound is
effectively liberated during digestion.

Figure 6. Pectenotoxins. The complete macrocyclic ester of the PTX2 structure (and its derivatives)
is shown in the top panel while the bottom-figure depicts the structure of the hydrolyzed seco-acid
(sa) compound (PTX2sa), where the macrocycle is opened. C7, configuration at position C7.
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Yessotoxin group
Yessotoxin (YTX) and analogues are also polycyclic ether compounds; special
characteristics consist of the 11 contiguously transfused ether rings, an unsat-
urated side chain and two sulfate ester groups (Fig. 7). The contiguously trans-
fused rings make YTX and analogues chemical relatives of brevetoxins and
ciguatoxins; this structural characteristic has also led to the classification of
ladder-shaped polyethers. Although this rigid structure constitutes a rather
unpolar part of the molecule, YTX is considered of intermediate lipophilicity,
as it also features two sulfate ester groups. The biogenetic origin, its chemistry,
synthesis and structure-activity relationships of analogues have been recently
reviewed by Hess and Aasen [81].

Figure 7. Ladder-shaped polyether toxins: yessotoxin (YTX) and brevetoxins (PbTXs) A and B.
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YTX was first isolated from the digestive glands of scallops Patinopecten
yessoensis in Japan [82]. Because of its discovery through the mouse bioassay
originally developed for the detection of DSP [19], and due to its frequent co-
occurrence with truly diarrheic toxins, YTX was initially mis-classified as one
of the DSP toxins. Later, it was shown that YTX does not cause diarrheic
effects when administered orally to mice [83–85]. Yessotoxin and its ana-
logues are produced by the dinoflagellate algae Protoceratium reticulatum
[86–89], Lingulodinium polyedrum [90] and, as recently reported, also by
Gonyaulax spinifera [91]. Since the initial discovery of YTX, several more
analogues of YTXs have been discovered in many parts of the world including
Japan, Norway, Italy, Scotland and Chile [92]. Over the last few years, this
toxin group has been shown to contain a large number of analogues, including
45-hydroxy-YTX, carboxy-YTX, 1-desulfo-YTX, homo-YTX, 45-hydroxy-
homo-YTX, carboxyhomo-YTX, heptanor-41-oxo-YTX, heptanor-41-oxo-
homo-YTX, trinor-YTX, adriatoxin, (44-R,S)-44,55-dihydroxy-YTX, and
9-methyl-YTXs [93]. Miles et al. [94] have described numerous analogues of
YTX in P. reticulatum.

Although different toxicities have been reported for YTX itself when using
different mouse strains (e.g., [82, 83]), crude estimates of relative toxicities
can be obtained when using the same strain of mice for comparison of ana-
logues, preferably in parallel. In this way, it is clear that YTX and homo-YTX
have approximately the same toxicity [95], and that all other analogues have
lesser toxicity than YTX, with hydroxyl and carboxy derivatives being approx-
imately five times less toxic than the parent compounds. Some derivatives such
as the trihydroxylated amides of 41-a-homo-YTX and the 1,3-enone isomer of
heptanor-41-oxo-YTX have not shown any toxicity by i.p. injection into mice
at levels >5000 μg/kg body weight [96, 97].

Another major pharmacological phenomenon directly related to the chemi-
cal structure is the large difference observed between toxicity of YTX in mice
injected i.p. and those orally exposed to YTX [83]. This study showed that two
out of three mice died when injected with a dose of 0.75 mg YTX/kg body
weight, and three of three mice died when injected with a dose of 1 mg
YTX/kg body weight, while all mice survived when exposed orally to a dose
of 10 mg/kg. Similar observations were made by Munday and coworkers
(quoted in [21]). The difference in i.p. and oral toxicity of YTX is probably
related to low YTX absorption in the gastrointestinal tract. While the solubili-
ty of YTX in water facilitates bioavailability of YTX, it is probably also the
reason for very short residence time in the gastrointestinal tract, thus dimin-
ishing overall absorption. The large differences in toxicity between YTX and
its oxidized analogues 45-hydroxy-YTX and carboxy-YTX are likely to be
related to the further increase in water solubility. A different approach to deter-
mining the relationship between structure and activity was taken by Ferrari et
al. [98], where different YTX analogues were dosed onto cultured cells. The
authors obtained different toxic equivalence factors with the 45-hydroxy and
the 55-carboxy analogues being ~20–50 times less toxic. These differences
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could be related to the more complex toxicology in live animals or to differ-
ences in the standards used.

Palytoxin group
With a continuous chain of 115 carbons, palytoxin (PlTX) is one of the largest
polyether-type phycotoxins (Fig. 8). The many hydroxyl groups in the mole-
cule characterize it as a polyol and together with the amine and amide groups
are responsible for its hydrophilicity. The long carbon chain constitutes a
lipophilic part. Thus, PlTX has a mixed hydrophilic and lipophilic character
that also results in soap-like behavior at larger concentrations in aqueous solu-
tions. The structure of PlTX was clarified in 1981 [99–101]. Recent reviews
demonstrate that there is a lack of understanding on possible origins of PlTX
and related compounds [102, 103]. While the compound was originally report-
ed from the coelenterate zoanthids Palythoa toxica [6] and Palythoa tubercu-
losa [104], it is now clear that some micro-algae (Ostreopsis siamensis [105],
Ostreopsis ovata [106] and Ostreopsis mascarenensis [107]) also produce
PlTX and a number of related compounds. Symbiotic micro-organisms have
been postulated as the true source of PlTX [108, 109] and bacterial involve-
ment is still not excluded [110]. This toxin group was traditionally associated
with fish poisoning and aerosol problems in the tropics. More recently,
Ostreopsis spp. as well as PlTX and related compounds were also found in
Southern Europe (Spain, Italy and Greece), mostly causing problems to peo-
ple bathing at beaches on the Italian coast of Genoa [111], and by mouse
assays of shellfish from Greece [112].

Figure 8. Palytoxin (PlTX).
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Cyclic imines
Several compound groups have been found in this category: gymnodimines,
spirolides, pinnatoxins and pteriatoxins, pinnaic acids and halichlorines, pro-
rocentrolides and symbio-imines [67, 113–116]. A selection of chemical struc-
tures for some of these groups are shown in Figure 9. A common structural fea-
ture of all these compound groups is the hexa- or heptacyclic imine ring, which
is believed to contribute substantially to the bioactivity of these compounds.
Using spirolides as an example, the opening of this ring has been related to
loss of bioactivity [117]. However, this is not the only contributing factor as
intricate stereochemical features may also play important roles, as demon-
strated by McCauley et al. [118]. They were able to show that natural (+)-pin-
natoxin A was very toxic, while synthetic (–)-pinnatoxin A was non-toxic. The
unique neurotoxicity of cyclic imines is visible in mice following i.p. injection
of the toxin, which leads to rapid death within minutes; this feature has led to
grouping cyclic imines together as “fast-acting toxins”. Due to the structural
variety of the group, it is difficult to give physicochemical details in the frame

Figure 9. Cyclic imines.
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of this chapter. Recent reviews give an overview of the chemistry and toxicol-
ogy of these groups [119–121].

Brevetoxin group
Brevetoxins are a group of polyether toxins produced by the dinoflagellate
Karenia brevis, and they also belong to the class of ladder-shaped polyethers,
such as yessotoxin and ciguatoxin. Two types of abbreviations have been used
(BTX and PbTX), sometimes leading to confusion. There are two basic skele-
tons (Fig. 7), a type-A skeleton, with 10 fused polyether rings, and a type-B
skeleton with 11 fused polyether rings. BTX-A group compounds include the
analogues PbTX-1, -7 and -10, while BTX-B compounds include PbTX-2, -3,
-5, -6 and -9. The structure of PbTX-4 has never been confirmed, and PbTX-8
is an artifact from extraction procedures during the preparative isolation of
brevetoxins [122]. K. brevis had undergone a number of name changes and was
previously referred to as Gymnodinium brevis, Gymnodinium breve and
Ptychodiscus brevis, the latter name leading to the abbreviation PbTX.
Interestingly, another Karenia species, K. mikimotoi, produces a related ladder-
shaped polyether toxin, gymnocin [123]. PbTX-2 (= BTX-B) is the main ana-
logue produced by K. brevis and tends to be the main analogue found in sea-
water during K. brevis blooms; however, it is rapidly transformed into the ten
times more toxic PbTX-3 (dihydro-PbTX-2), which is the main constituent in
marine aerosols [124]. Brevetoxins had initially been only reported from U.S.
and the Mexican gulf, but have subsequently also been found in New Zealand
waters. Although the illness is known since the mid 19th century, full structure
elucidation was only possible during the 1980s [125–127]. In Florida, K. bre-
vis is known as a red tide organism, and the effects of the algae are threefold:
aerosol exposure leading to skin damage and respiratory problems as well as
accumulation in seafood leading to neurotoxic shellfish poisoning (NSP) (see
sections below). While the brevetoxins produced by algae are very lipophilic
compounds, some metabolites in shellfish have a slightly more hydrophilic
character, due to the biotransformation to cysteine conjugates [128, 129].
Abraham et al. [130] have recently reported more polar metabolites from
marine aerosols, in which the A-ring is opened, leading most likely to a reduced
toxicity if the same structure activity relationship applies as found by Rein et al.
[131]. Bourdelais et al. [132], have isolated an interesting compound from K.
brevis, namely brevenal. This compound is potentially a biosynthetic precursor
to brevetoxins but has been shown to completely inhibit PbTX action on Na+

channels by competitive binding and is not toxic to fish. Dechraoui et al. [133]
have studied the binding of analogues of this group to voltage-gated Na+ chan-
nels, further contributing to the knowledge on the relative toxicity of analogues.

Ciguatera-related toxins
The toxins related to ciguatera fish poisoning comprise multiple groups.
Although okadaic acid, palytoxin and other compounds have been implicated
in some cases of ciguatera, we focus here on those toxins that are part of the
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ciguatera complex that have not been described previously. Ciguatoxins
(CTXs), gambierol and maitotoxin (MTX) are three groups of compounds
among the toxic metabolites produced by Gambierdiscus toxicus, the main
dinoflagellate responsible for contamination of fish by ciguatera toxins
(Fig. 10). MTX is amphiphilic and is thus soluble in water, methanol and
dimethyl sulfoxide. It is relatively stable in alkaline but not in acidic condi-
tions [134]. MTX as polyhydroxy polyether with two sulfate ester groups is
amongst the more hydrophilic polyethers, does not migrate up the food web,
and is restricted to herbivorous fish (and potentially other grazing organisms).
Gambierol and CTXs are more lipophilic polyethers and thus will persist and
move up the food chain more easily to predatory (piscivorous) fish. The CTX
analogue shown in Figure 10 is P-CTX-4B, one of the primary compounds
produced by G. toxicus in the pacific. It appears to be a precursor to P-CTX-1
from moray eel [135, 136], which is the major constituent in most piscivorous
fish in the Pacific, frequently contributing >90% to the overall toxic equiva-
lents [137, 138]. A number of additional, often minor, analogues were isolat-
ed from the Indian, Pacific and Caribbean oceans [135, 136, 138–142]. The
very low doses, which may already cause problems to consumers, result in
challenges of ultra-trace detection in the range of 0.1 μg/kg to several μg/kg.

Figure 10. Ciguatera-related toxins: pacific (P-) ciguatoxin (CTX) 4B (P-CTX-4B), gambierol and
maitotoxin (MTX).
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For this reason, there are few methods available for the detection of these tox-
ins, and worldwide, there are only few groups capable of analyzing CTXs,
mainly located in Canada, US, Japan and Australia [143].

Preference of G. toxicus for warm water temperatures was demonstrated
through correlation of sea surface temperatures with the occurrence of the
organism [144]. Thus, CTXs are currently restricted to tropical and subtropi-
cal latitudes; however, distribution may well increase through rising sea sur-
face temperatures in many areas. They are globally distributed across the
Indian, Pacific and Caribbean oceans. A recent review by Dickey [143]
describes difficulties in the analysis and diagnosis of this complex illness. The
organism G. toxicus was discovered by Yasumoto et al. [145] and first
described by Adachi and Fukuyo [146].

Common routes of metabolism of marine toxins

For a number of lipophilic shellfish toxins like PTXs, OA, DTXs, PbTXs, and
spirolides, fatty acid ester derivatives have been reported to occur in shellfish
tissue [69, 79, 129, 147]. However, until now no such esters have been report-
ed for yessotoxins (YTXs) (although more than 80 different analogs of YTX
have been reported so far [94]) or for AZAs [53]. In return, YTXs have shown
hydroxy, dihydroxy and carboxy analogs, as discovered for AZAs [53, 93, 95,
148]. In respect to formation of analogs, AZAs show some similarities to
YTXs and it is thus possible that more AZA analogues will be discovered in
the future. Furanoside analogues have been reported for YTXs [149], and cys-
teine conjugates for brevetoxins [128]. Therefore, it is likely that further
metabolites will still be discovered for several toxin groups; however, it should
also be noted that many isolation efforts have been directed by bioactivity
screening using either mouse bioassays or, more recently, cytotoxicity or func-
tional assays. This approach facilitates the discovery of toxicologically rele-
vant analogues, whereas a purely chemical structure-based approach, e.g., by
LC-MS or ELISA methodology tends to discover all related chemical struc-
tures, irrespective of their toxicological relevance. It is arguable if one or the
other approach should be favored; certainly the combination of approaches has
allowed for the clarification of metabolism in fish or shellfish of many algal
toxins and for such exciting discoveries as the brevenal antagonist of breve-
toxins produced in the alga itself.

Mechanisms of action of phycotoxins

Our knowledge and understanding of the molecular mechanisms of action of
the different marine biotoxins vary widely. In some cases, available data allow
an appropriate comprehension of the events triggered by toxins and the
description of the molecular bases of effects detected in living organisms. In
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other instances, the picture is barely sketched, and many aspects remain unde-
termined. Our outline of the mechanisms of action of marine biotoxins is
organized taking these differences into account. When we describe the toxins
whose molecular mechanisms of action are not yet established our presenta-
tion is aimed at summarizing the most relevant findings about individual
groups, with regards to their possible toxicological implications. Any associa-
tion between effective concentrations/doses used in vitro and found in vivo is
taken into account, if available. In mechanistic terms, particular attention is
given to the molecular events triggered by lower toxin concentrations, imply-
ing high affinity binding to their primary molecular targets (receptors).

Molecular mechanisms of phycotoxins acting through binding to ion
channels and other ion transfer systems

The better characterized mechanisms of action involve several groups of bio-
toxins whose recognized primary molecular targets are proteins involved in the
movement of ions that are located at the level of the plasma membrane.

Biotoxins altering ion transport mechanisms in sensitive cells at the level of
plasma membrane, perturb primarily, but not exclusively, the normal function-
ing of neuronal and other excitable tissues. The biotoxins considered in this
section comprise components classified in different chemical groups, includ-
ing saxitoxins (and tetrodotoxin), brevetoxins, ciguatera toxins (ciguatoxins,
maitotoxin, gambierol), palytoxins, domoic acid and cyclic imines.

The primary molecular targets (receptors) of these toxins and/or their mech-
anism of action differ, depending on individual components, and a certain level
of complexity is apparent, as a consequence of the primary event caused by
individual toxins. Many basic biological processes, in fact, depend on the
maintenance of specific ion gradients across the plasma membrane. Thus, an
alteration of the intracellular concentration of one ion can trigger a secondary
change in the intracellular concentrations of other ions in the course of the
molecular events triggered by the interaction of a toxin with its receptor. A
schematic representation of toxin receptors and their mechanisms of action are
reported in Figures 11 and 12.

Mechanism of action of saxitoxins
The voltage-gated sodium channel (VGNC, Fig. 11A) is the recognized recep-
tor of both saxitoxins (STXs, Fig. 2) and tetrodotoxin (TTX, Fig. 3). Before
we consider the functional consequences of toxin interaction with the VGNC,
we briefly outline the molecular organization and general functioning of these
membrane proteins, which are also the target of other groups of algal biotox-
ins. Furthermore, the VGNC is a prototype for membrane proteins functioning
as ion channels, and some description of this channel will be useful in analyz-
ing the mechanism of action of groups of marine biotoxins that affect the func-
tioning of other ion channels (see below).



Phycotoxins: chemistry, mechanisms of action and shellfish poisoning 87

Figure 11. Schematic representation of the molecular mechanisms of action of saxitoxins, brevetox-
ins, ciguatoxins, maitotoxin, gambierol, palytoxins. (A) Mechanism of action of saxitoxin (STX) and
brevetoxins (PbTXs), exerted by binding to voltage-gated sodium channels (VGNC). (B) Mechanism
of action of maitotoxin (MTX) by binding to non-selective cation channels (NSCC). In the case of
membrane depolarization caused by sodium entry, a secondary increase of intracellular Ca2+ concen-
trations would be induced by opening of voltage-gated calcium channels (VGCC), and some Na+/Ca2+

exchangers. (C) Mechanism of action of gambierol (Gb) by binding to voltage-gated potassium chan-
nels (VGKC). (D) Mechanism of action of palytoxin (PlTX) by binding to Na+,K+-ATPase: sodium
entry determines a secondary increase of intracellular Ca2+ concentrations, due to the activity of
Na+/Ca2+ exchangers. PM, plasma membrane. See text for details.
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The VGNC is a large family of plasma membrane proteins that are expres-
sed primarily in excitable cells (reviewed in [150]). The functional channel
consists of an oligomer comprising one large α subunit and one or two small-
er β subunits. The α subunit is endowed with both the voltage-sensing func-
tion and the ion-transporting structures, whereas the β subunits have roles in
the modulation of functional properties and subcellular location of the α sub-
units.

The structure of α subunits comprises four homologous domains that are
formed by six transmembrane segments (S1–S6). Segment S4 is primarily
involved in voltage sensing, whereas segments S5 and S6 are involved in the
formation of the ion channel itself. The transmembrane segments of the four
domains are connected by loops of the polypeptide chain that are mostly
exposed to the aqueous environment at the two sides of the plasma membrane.
The long loop connecting segments S5 and S6 includes a portion that is insert-
ed within the membrane itself and the arrangement of the loops from the four
domains of the VGNC forms the pore that controls the passage of the ion
through the channel. The changes in the ion concentration inside the cell are
the basis of the voltage sensing by segment S4, which undergoes a conforma-
tional change. This change results in the opening of the pore and the entry of
sodium ions into the cell, leading to membrane depolarization and the response
of excitable cells.

The VGNC is the target of many neurotoxins, interacting with different sites
on the channel protein. STXs and TTX have different chemical structures and
belong to separate toxin groups, but share their mechanism of action because
they both interact with site 1 of the VGNC, which undergoes essentially the
same structural change. Site 1 is shaped by a short portion of the amino acid
stretches connecting the S5 and S6 transmembrane segments, giving rise to a
cavity that accomodates the toxin. The interaction of one STX molecule (and
of TTX) with the site 1 of the α subunit in the sodium channel [151] essen-
tially plugs the channel at the level of the pore, as originally proposed by Hille
[152], thereby blocking its ion conductance [153]. The loss of sodium con-
ductance in excitable cells then prevents membrane depolarization and the
transmission of the action potential, representing the molecular basis of the
toxic effects of STXs. As a consequence of VGNC blockade, a progressive loss
of neuromuscular function ensues.

Although the binding of STXs and the consequent blocking of the ionic flux
is recognized as the mechanistic basis of the symptoms recorded in humans
intoxicated by these toxins, the possibility that other ion fluxes might be
affected by STXs, either directly or indirectly, should be borne in mind. The
significant homologies among channels for different cations [150], in fact,
could be the basis for other biological effects of this class of toxins. For
instance, the action of STX on potassium and calcium channels has been
reported [154, 155], but the effective doses in those molecular systems are
three to four orders of magnitude higher (10–6–10–5 M) than those affecting
VGNC (10–10–10–8 M), and the observed effect could be explained by a lower
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affinity interaction of STXs with these channels. Thus, the toxicological rele-
vance of the effects exerted by high STX concentrations through binding to
channels other than the VGNC in vivo is questionable.

Finally, it has long been recognized that STXs can bind to soluble proteins,
such as saxiphilin (reviewed in [156]), and this could add an additional set of
molecular responses induced in sensitive systems.

Mechanism of action of brevetoxins and ciguatoxins
The VGNC is the primary molecular target of other phycotoxins, such as
brevetoxins (PbTXs) and some ciguatoxins (CTXs), that cause the opening of
the ion pore and sodium entry into the cells. These algal toxins interact with
site 5 on the VGNC, leading to changes in the gating properties of the channel
(Fig. 11A). Site 5 comprises sequences of the transmembrane segments S5 and
S6, and the binding region of PbTXs would essentially span the entire trans-
membrane segments [150].

The components classified among ciguatera-related toxins include an het-
erogeneous array of natural compounds produced by Gambierdiscus toxicus,
possessing distinct chemical properties (see section “Ciguatera-related toxins”
above). Among the toxins produced by this algal species, only CTXs appear to
selectively target the VGNC [157], whereas maitotoxin (MTX) and gambierol
have separate molecular targets (see below).

The binding of toxins to the site 5 of the VGNC determines an increase in
the activation threshold to more negative membrane potentials and blocks the
inactivation of voltage of the VGNC, leading to enhancement of the sodium
entry into the cell. The increased membrane permeability to sodium initially
determines excitatory cellular responses (including release of neurotransmit-
ters at some synapses), but loss of cell excitability eventually ensues, leading
to paralysis [158, 159].

Mechanism of action of maitotoxin
Although the ingestion of food contaminated with MTX and gambierol has
resulted in some symptoms of ciguatera in humans, providing the basis to
include these compounds among ciguatera toxins [158, 159], the primary
molecular mechanisms of action of MTX and gambierol do not appear to
involve their interaction with VGNC (Fig. 11B and C).

The mechanism of action of MTX has long been recognized to involve
increased calcium entry into cells, lending support to the conclusion that MTX
acts through binding to the plasma membrane calcium channels, resulting in
channel opening and enhanced calcium influx (reviewed in [160, 161]). In
some systems, however, MTX has been shown to induce both sodium and cal-
cium entry into cells [162], supporting the conclusion that the toxin would
actually target a non-selective cation channel [163–165], as depicted in Fig-
ure 11B. The increased intracellular sodium concentrations, resulting from the
opening of the non-selective cation channel, might then determine membrane
depolarization and secondary increases in intracellular Ca2+ concentrations,
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due to opening of voltage-dependent calcium channels, or some Na+/Ca2+

exchangers [161].
In any case, the increase in intracellular calcium concentrations is consid-

ered the major event in the mechanism of action of MTX, and the proximal
cause of effects observed in biological systems exposed to this toxin. The
increase in intracellular Ca2+ concentrations detected in cells exposed to MTX
is several-fold [164, 165], and the ion reaches levels that are known to trigger
specific calcium-dependent responses (reviewed in [160]), such as neuro-
transmitter secretion and contraction in excitable tissues [166, 167], stimula-
tion of hormone secretion [168, 169], increased metabolism of phosphoino-
sitides [170–172] and activation of protein kinases [172, 173]. The toxicolo-
gical relevance of some of these responses in vivo, however, remains to be
established.

Although MTX has been a useful pharmacological tool in investigations
probing Ca2+-dependent cellular processes, a better characterization of mole-
cular responses to MTX is needed to fully understand its mode of action and
the molecular bases of the effects exerted in living animals. In particular, MTX
is a potent cytotoxic agent [173–175], and exposure of biological systems to
this compound is expected to result in disruption of cellular functioning and
tissue damage.

Mechanism of action of gambierol
Only a few studies have been carried out on the molecular mechanism of
action of gambierol, focusing the attention to the effects that this compound
might exert on ion movement across the plasma membrane. The most recent
data obtained by the patch clamp technique in different cellular systems have
shown that voltage-gated potassium channels (VGKC) are blocked by gam-
bierol with an IC50 in the 10–9–10–8 M range [176, 177]. In those studies,
VGNC were found to be insensitive to gambierol concentrations three to four
orders of magnitude higher (10–6–10–5 M) than the IC50 measured for gam-
bierol inhibition of VGKC [176, 177]. VGNC could be targeted by gambierol
at concentration ranges higher than 10–100 μM [178]. This effect on VGNC
has been explained as a secondary event induced by the membrane depolar-
ization and lowering of the action potential threshold following the proximal
blockade of VGKC exerted by the toxin [177]. The possibility of low affinity
binding of high gambierol concentrations to ion channels other than VGKC in
vivo can not be excluded at the moment, although any toxicological relevance
of the effects exerted by high gambierol concentrations through binding to
VGNC in vivo is uncertain.

As opposed to other toxins produced by G. toxicus, gambierol does not
appear to be cytotoxic up to a 50 nM concentration, although it induces a stress
response in affected cells [179].

Based on available information, the VGKC appears the relevant target of
gambierol in living animals (Fig. 11C), and the blockade of potassium efflux
in sensitive cells would be the proximal event leading to some of the symptoms
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recorded in humans intoxicated by food contaminated by this toxin, such as
disturbances of taste and pain [158, 159, 176].

Mechanism of action of palytoxins
The Na+,K+-ATPase is the recognized receptor of palytoxin (PlTX) (Fig. 11D).
The binding of PlTX to the N-terminal segment of the α subunit of the Na+,K+-
ATPase, located on the extracellular portion of the molecule, converts the ion
pump into a non-selective cation channel [180–182]. The details of the inter-
action between the toxin and its receptor have not been fully characterized, but
its occurrence has been exploited for an extensive description of molecular
features of the Na+,K+-ATPase and its functioning [183–187].

The identification of the Na+,K+-ATPase as the receptor of PlTXs stemmed
from the pioneering studies by Habermann, showing that K+ efflux was
induced as an early response of erythrocytes exposed to picomolar concentra-
tions of PlTX [188], and was fully established by demonstrating that PlTX-
dependent ionic fluxes are induced upon expression of the Na+,K+-ATPase in
yeast [189], and transmembrane cation fluxes are induced by PlTX in a cell-
free system when in vitro synthesized Na+,K+-ATPase is incorporated in arti-
ficial membranes [190].

Plasma membrane proteins involved in ion transport, other than the Na+,K+-
ATPase, have been proposed to contribute to molecular responses induced by
PlTX in some sensitive systems. These include some non-selective cation
channels [191], whose characterization has remained elusive so far. Moreover,
VGNC and calcium channels have also been indicated as primary targets of
PlTX [191, 192]. Although the contribution of these molecules to the effects
exerted by PlTX in excitable cells may not be excluded at the moment, a large
body of evidence would indicate that the Na+ influx and K+ efflux through the
Na+,K+-ATPase should be the most relevant and proximal events in the mech-
anism of action of PlTXs.

Taking into consideration that the Na+,K+-ATPase is ubiquitous in animals,
the sensitivity of both excitable and non-excitable cells to palytoxins is expect-
ed. In mechanistic terms, several events can be induced by the potassium
efflux and sodium entry into the cell, resulting in membrane depolarization
(Fig. 11D). The available data indicate a high level of complexity in the array
of molecular and functional alterations caused by PlTX in vitro and in vivo, as
outlined below.

In the first instance, sodium-dependent transport of calcium ions across the
plasma membrane would be triggered, mostly by the involvement of Na+/Ca2+

exchangers [191, 193, 194]. The increased intracellular Ca2+ concentrations
would then trigger other Ca2+-induced responses, such as muscle contraction
and, in the heart, arrhythmias [181, 182, 191, 193, 195]. The lowering of intra-
cellular pH, due to Na+ efflux through Na+/H+ exchangers, could be another
secondary event triggered by PlTXs [196–198].

The metabolism of eicosanoids is also affected by PlTX, by enhancing the
production and release of prostaglandins in many biological systems
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[199–201]. The increased release of prostaglandins from the endothelium and
smooth muscle cells determines norepinephrine release and contraction of the
rabbit aortas [202].

Other molecular processes have been shown to contribute to cellular
responses to PlTX. A possible role of PlTX in carcinogenesis was originally
proposed based on indications of some effect as a tumor promoter [199, 203].
This early observation led to investigations aimed at understanding the mole-
cular mechanism responsible for that effect, and studies were primarily
devoted to ascertaining whether the toxin could alter protein kinases involved
in the control of cell proliferation, such as extracellular signal-regulated
kinases (ERK) and the c-Jun-NH2-terminal protein kinases (JNK) [204]. The
major conclusions of those studies are that altered ion fluxes through the
Na+,K+-ATPase induced by PlTX determine the activation of some ERK and
JNK isoforms by different mechanisms, including increased prostaglandin
production, the activation of pathways responsible for phosphorylation of
ERK and JNK, respectively, and the inhibition of ERK dephosphorylation
(reviewed in [205]).

In contrast to the experiments showing the tumor-promoting effect of PlTX,
cytolysis has been found in several systems exposed to this toxin [180, 188,
206]. An altered Na+,K+-ATPase is recognized as the proximal cause of cyto-
lysis, indicating that altered ion homeostasis and osmotic stress are involved in
the process [180, 188, 206]. However, cytolysis can not represent the simple
outcome of cell swelling accompanying altered Na+ and K+ fluxes in cells
exposed to PlTX, because the cytolytic response is delayed compared to potas-
sium efflux from the cells [188].

In conclusion, only some of the many molecular and functional effects of
PlTX found in experimental systems can be integrated in a coherent picture
providing a mechanistic explanation of the toxic responses observed in intact
animals, and some of the effects detected in cellular systems most likely reflect
cell-specific responses, under controlled experimental conditions. Still, the
large body of evidence shows a complex array of events that are secondary to
PlTX binding to Na+,K+-ATPase and conversion of the pump to a nonspecific
ion channel.

Mechanism of action of domoic acid
The mechanism of action of domoic acid (DA) involves toxin binding to non-
N-methyl-D-aspartate (non-NMDA) glutamate receptors (Fig. 12). Glutamate
is one of the major neurotransmitters in the brain [207], and its importance in
normal functioning of the central nervous system has been a primary drive for
the extensive investigations on the mechanism of action of DA.

DA binds to non-NMDA receptors in several regions of the central nervous
system, and the effects ensue from a coordinated and synergistic action of re-
ceptors functioning at the two sides of the synapsis, resulting in altered neuro-
transmission (see [39, 208, 209] for excellent recent reviews). Non-NMDA re-
ceptors include α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
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and kainate receptors, which represent ligand-dependent ion channels, and the
binding of DA determines the opening of the channels [210, 211]. When DA
binds to AMPA channels, influx of Na+ into the cell occurs, whereas influx of
extracellular Ca2+ ions into the cell is induced by DA binding to kainate recep-
tors [210, 211]. The molecular mechanism of action of DA, however, may not
be reduced to these two receptor systems, because other ion channels and
receptors are recognized to participate in the response induced by the toxin
[39, 208]. In particular, DA also induces the influx of extracellular Ca2+

through voltage-gated calcium channels [212, 213], and by reverse action of
Na+/Ca2+ exchangers [213]. In both cases, the effect would follow Na+ influx
through AMPA receptor and membrane depolarization [213]. Furthermore,

Figure 12. Schematic representation of the molecular mechanisms of action of domoic acid (DA).
Mechanism of action of DA by binding to AMPA (AMPAR) and kainate (KAR) receptors. Glu, gluta-
mate; NMDAR, NMDA receptor; PM, plasma membrane; VGCC, voltage-gated calcium channels.
See text for details.
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NMDA receptors could contribute to the processes leading to increased intra-
cellular Ca2+ concentrations in affected cells, as NMDA receptors would be
activated by glutamate released from the synapsis, following DA binding to
pre-synaptic AMPA/kainate receptors [214–218].

The mechanism of action of DA would then involve a primary stimulation
of influx of Na+ and Ca2+ ions in neurons, as a consequence of DA binding to
post-synaptic AMPA and kainate receptors (Fig. 12). The membrane depolar-
ization would then enhance the influx of extracellular Ca2+ ions through volt-
age-gated calcium channels [212, 213] and NMDA receptors [214–218]. The
calcium conductance of NMDA receptors would be caused by the binding of
glutamate released from nerve endings, following a reduction of the voltage-
dependent Mg2+ block of NMDA receptors [217, 218]. The glutamate secre-
tion, in turn, would be induced by the pre-synaptic action of DA, but the
molecular details of this response have not been fully clarified, and different
proposals have been put forth [39, 208]. The increased intracellular Na+ con-
centrations would also stimulate an influx of extracellular Ca2+ ions through
Na+/Ca2+ exchangers (Fig. 12). The combination of the molecular transducers
of DA response would lead to an overall increase in intracellular Ca2+ con-
centrations, which would trigger Ca2+-dependent responses [39, 208, 209].

The action of glutamate receptors under normal conditions would con-
tribute to coordinated neurotransmission among neurons in the central nerv-
ous system. The desensitization of receptors that contributes to normal gluta-
mate-based neurotransmission is impaired in receptors bound to DA [39, 211,
219], and this condition then results in unrestrained signaling of DA-bound
receptors, leading to Ca2+ overload in cells exposed to the toxin [39, 211].
The prolonged calcium load then determines a loss in the regulatory mecha-
nisms of cell functions involving controlled intracellular calcium homeosta-
sis, leading to cell damage and overt neurotoxicity, which represent the major
effects of DA in vitro and in vivo [39, 208, 209, 211, 217, 220–224]. Thus,
DA in the brain would determine a sustained signaling through glutamate
receptors in some neurons, leading to altered neurological and behavioral
activities, which are apparent in the symptoms recorded in humans and ani-
mals that have been poisoned by this toxin (see section “Amnesic shellfish
poisoning” below).

Mechanism of action of cyclic imines
The components of this group of algal toxins share several structural features
that have been the basis of the hypothesis that they might have a common
mechanism of action [120]. The investigation on the molecular effects of
cyclic imines, however, has been very limited so far, and therefore it seems
premature to make any firm proposal about their mechanism of action. Within
this constraint, the few available data on spirolides would suggest that these
toxins exert their effects through alteration of ion conductance at the level of
the plasma membrane (primarily Ca2+), acting on some acetylcholine receptors
[225]. The increased frequency in the detection of this class of compounds in
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shellfish indicates the need for greater research efforts to characterize their
mechanism(s) of action.

Mechanism of action of okadaic acid and related compounds

It has long been recognized that okadaic acid (OA) and related compounds
bind and inhibit serine/threonine phosphoprotein phosphatases (PPases), and,
among them, the 2A isoform (PP2A) shows a particularly high affinity for the
toxin [226, 227]. The mechanism of action of OA and related compounds,
therefore, involves the inhibition of PPases, leading to stabilization of the
phosphorylated states of proteins that are substrate of OA-sensitive enzymes
(Fig. 13).

The phosphorylation of amino acids in proteins is a widespread process
through which the functioning of individual proteins is controlled in eukaryot-
ic cells, so that different activities are usually associated with the phosphory-
lation pattern of individual proteins, and the functional states existing under
defined conditions in biological systems may be more than the simple active/
inactive opposition [228–230]. Although hundreds of PPases are believed to
be expressed in eukaryotes [231], the inhibition of only some isoforms of
PPases (primarily PP1 and PP2A) by OA has dramatic consequences, because
these isoforms are responsible for the dephosphorylation of many enzymes
and regulatory proteins in living systems [232]. The original study of Haystead
et al. [233] provided the clear demonstration that, in OA-treated cells, OA

Figure 13. Schematic representation of the mechanism of action of okadaic acid (OA). The phospho-
rylation reaction has been referred to a serine/threonine residue (S/T) of the protein, in a reaction
involving ATP, as the phosphate donor, and ADP as the product. The dephosphorylation reaction is a
hydrolysis, leading to release of orthophosphate (Pi).
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leads to increased levels of phosphorylated proteins and altered cell function-
ing and, indeed, a simple literature search reveals that the phosphorylation
states of cellular proteins are frequently affected by exposure of biological sys-
tems to OA. This toxin, therefore, can disrupt the molecular mechanisms con-
trolling functions in biological systems. Many examples regarding single reg-
ulatory pathways could be described, but only two general phenomena are dis-
cussed, as they refer to the two major responses found in animals exposed to
OA.

The tumor-promoting effect of OA and related compounds has been des-
cribed in two models of two-stage carcinogenesis [234, 235]. Taking into con-
sideration that cell proliferation is stimulated by protein phosphorylation cas-
cades [204], the stabilization of phosphorylated forms of key regulatory pro-
teins, as a consequence of inhibition of PPases due to OA, could represent a
molecular explanation for the tumor-promoting effect of this toxin in some
biological systems.

OA, however, does not represent a carcinogen on its own [234, 235], and its
tumor-promoting effects have been observed in systems that were subjected to
tumor initiation by exposure to a chemical carcinogen, before being chal-
lenged with OA [234, 235], in keeping with the general process of two-stage
carcinogenesis [236]. In turn, the evidence obtained in many systems in vitro
and in vivo, indicates that cells exposed to OA do not respond by a stimulation
of cell proliferation, but the toxin actually induces cell death (reviewed in
[237]). The death response induced by OA has been observed with both nor-
mal and transformed cells, and the disruption of several regulatory pathways
due to inhibition of PPases in cells exposed to OA can explain the death
responses reported in literature. The disruption of proper cell functioning and
cell death is actually considered the molecular basis of the diarrhea that repre-
sents the major symptom of animals and humans poisoned by OA and related
toxins (see below).

In vitro studies have shown that OA does not significantly affect ion cur-
rents in intestinal cell monolayers and in stripped rabbit colonic mucosa, but
it attenuates the cellular response to secretagogues, such as forskolin and car-
bachol, supporting the conclusion that OA does not act as a secretagogue in
the intestine [238]. The analysis of OA effect on transepithelial electrical
resistance showed that the toxin significantly decreased the resistance of cell
monolayers, lending support to the notion that it disrupts the barrier function
of intestinal cells and increases paracellular permeability [238]. E-cadherin is
the protein responsible for cell-cell adhesion of intestinal epithelia [239], and
the destruction of E-cadherin has been described in epithelial cells exposed to
OA [240], indicating that cell disposal of the E-cadherin system would con-
tribute to increased paracellular permeability of intestinal epithelial cells. The
observation that OA decreases transepithelial electrical resistance without
any measurable effect on ion currents of intestinal tissue has been confirmed
in an animal study [241], providing convincing evidence that the mechanism
by which OA induces diarrhea in animals includes sub-mucosal fluid collec-
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tion in the intestine, followed by its flowing into the intestine through the
paracellular pathway of the epithelium and its secretion into the intestinal
lumen [241].

Mechanism of action of yessotoxins and azaspiracids

The chemistry (see above) and toxicity of these two groups of compounds are
quite different. Animal studies have shown that azaspiracids (AZAs) are toxic
by both i.p. injection and the oral route [44, 242], and the oral toxicity of AZAs
has been confirmed in humans [242]. A different picture is available for yesso-
toxins (YTXs), which are toxic when injected i.p. in the mouse, while only
limited alterations have been recorded after oral administration [83–85, 243].
A recent study has shown that only little gastrointestinal absorption of YTX
occurs, as low (10–9–10–8 M) toxin concentrations have been detected in the
blood of mice that received comparatively large doses of the compound orally
[243]. In line with the low toxicity of YTX found in animal studies, no
episodes of human intoxications have been linked to ingestion of shellfish con-
taminated with this group of compounds so far, and the acute toxicity of YTXs
remains a matter of debate.

The precise mechanisms by which AZAs and YTXs trigger their effects in
biological systems are undetermined at the moment, although many studies
have been carried out by different groups, using primarily cultured cells. The
difficulties in extrapolating the results obtained in vitro with regard to their
toxicological relevance in vivo should then be borne in mind. In the account
that follows, therefore, the attention is focused on the molecular events that
have been recorded in experimental systems by the use of toxin concentrations
up to 10–8 M, which are compatible with exposure upon ingestion of food con-
taminated with AZAs and YTXs, based on the toxin levels found in animal tis-
sues after oral administration of the compounds [242, 243]. For reviews report-
ing the molecular effects detected in vitro by exposing cells to high (10–7–
10–6 M) AZA and YTX concentrations, the reader is referred to some recent
reviews [244–246].

A cytotoxic effect of 10–9 and 10–8 M AZA1 (Fig. 4) has been described in
a variety of cellular systems [247–250]. In some of those model systems, alter-
ations of F-actin-based cytoskeletal structures have been found upon cell treat-
ment with nanomolar concentrations of AZA1 [247, 248], and the effects of the
toxin on cytoskeletal structures showed some degree of cell specificity [248,
249]. Furthermore, AZA1 was found to alter cell adhesion [248, 249], and to
induce the accumulation of a fragmented form of E-cadherin, termed ECRA100

[249]. AZA1 treatment of primary cultured neurons has been shown to cause
increased nuclear levels of phosphorylated (active) JNK, and an inhibitor of
JNK could prevent the cytotoxic effect of AZA1 in that experimental system
[251]. Thus, the cytotoxic effect of AZA1 could be brought about by an array
of molecular events, whose mechanistic links remain to be defined.
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In a different line of investigation, the analysis of the effects of AZA1 on the
transcription profiles of T lymphocytes has shown that a 24-h exposure of
these cells to 10 nM AZA1 affects the expression of several genes, including a
coordinated up-regulation of those coding for enzymes involved in cholesterol
and fatty acid synthetic pathways [252]. At the moment, it is unclear how the
various effects found in vitro can be linked to the observed toxic effects in vivo.

Turning to the molecular effects elicited by YTX (Fig. 7) in cultured cells,
three major responses triggered by toxin concentrations up to 10–8 M have
been reported. Some of those effects have been observed only in some cell
lines, indicating a certain degree of cell specificity in the responses elicited by
YTX in sensitive systems. The induction of cell death as the most prominent
effect of YTX has been observed with cell lines of different histological types
and is detected 1–2 days after addition of 10–10–10–8 M YTX to cell cultures
[253–257], suggesting that a general alteration would be induced by YTX in
sensitive lines, leading to cell death. The increase in intracellular Ca2+ con-
centrations is another effect triggered within minutes of YTX addition to some
cells, due to the opening of voltage-sensitive calcium channels [246]. The
increase is limited, leading to less than doubling of the intracellular Ca2+ con-
centrations, and in primary cultures of neuronal cells it is induced by YTX con-
centrations that are about 10–8 M [255]. In other systems, YTX concentrations
higher than 10–7 M were needed to elicit the same kind of response [246]. The
functional consequences of the very limited increase in intracellular Ca2+ con-
centrations elicited by YTX are presently undetermined, and experiments car-
ried out in two different systems have shown that it should not be involved in
the induction of cell death by YTX [255, 257].

Another molecular effect elicited by YTX is the disruption of the E-cadherin
system in epithelial cells [258–260]. The effect is induced by very low YTX
concentrations (10–10–10–9 M) and is detected by the accumulation of a 100-
kDa fragment of E-cadherin (ECRA100), that has lost the intracellular C-ter-
minal domain of the protein [259]. YTX does not enhance E-cadherin degra-
dation per se, but interferes with the normal turnover of the plasma membrane
protein, preventing endocytosis and complete disposal of the protein fragment
produced after the initial proteolytic attack, and leading to accumulation of
proteolytic fragments in vescicular structures in the proximity of the plasma
membrane [260]. Taking into consideration that the half-life of E-cadherin was
about 8 h in both control and YTX-treated cells, the detection of ECRA100 at
levels comparable to those of the intact protein 16–20 h after YTX addition to
cultured cells indicates that the blockade of endocytosis by the toxin should be
a rapid and early response of sensitive cells [260]. Interestingly, decreased lev-
els of a proteolytic fragment of E-cadherin lacking the intracellular domain of
the protein have also been found in the colon of mice after oral administration
of YTX [261], indicating that YTX can decrease the disposal of E-cadherin
both in vitro and in vivo.

Notwithstanding the recognized differences between AZAs and YTXs, the
experimental findings described above reveal that similar effects can be trig-
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gered by low concentrations (10–10–10–9 M) of AZA1 and YTXs in the same
cell line. Among the molecular responses induced by AZAs and YTXs
described so far, cell death appears ubiquitous, whereas disruption of the
F-actin cytoskeleton and the inhibition of endocytosis of membrane proteins
appear cell specific. In the case of the effects exerted on E-cadherin, the
knowledge on the molecular details pinpoints the fact that the effect of AZA1
was undistinguishable from that induced by YTX in epithelial cells [249].
Thus, it has been proposed that AZAs and YTXs might share their molecu-
lar mechanism(s) of action in some target cells and/or biological settings
[249].

The extensive structural features distinguishing AZAs from YTXs make the
possibility that the two classes of compounds share the same receptor unlike-
ly, although it can not be excluded at the moment. In turn, two different mole-
cular mechanisms of action of AZAs and YTXs could converge toward some
shared effectors that could mediate common responses with identical end-
points, and cross-talks would then occur at multiple levels, as has been found
in the case of other algal toxins [179]. This working hypothesis is presented in
Figure 14, where AZAs and YTXs are considered to induce their effects by
interacting with different receptors, thereby triggering responses through the
involvement of distinct sets of effectors. The two pathways would include,
however, mechanistic links between some effectors, either directly or indirect-
ly. In this hypothetical model, for instance, the effects exerted by both AZAs
and YTXs on the E-cadherin system would converge on the inhibition of a key
endocytic step, and could occur through several pathways. The most direct
pathways for AZAs and YTXs in our model would include steps 1, 3, 12, and
6, 7, 12, respectively (Fig. 14). Alternatives would be possible, however,
through disruption of the F-actin cytoskeleton, as a consequence of converg-
ing mechanisms to effector EAZA/YTX, and the subsequent steps 10 and 13
(Fig. 14). This latter pathway, however, would represent a cell-specific alter-
native, as cell treatment with pectenotoxin-6, which disrupts the F-actin cyto-
skeleton (see below), does not lead to accumulation of the ECRA100 fragment
of E-cadherin [262], indicating that a general alteration of actin cytoskeleton
may not be sufficient to cause the effect on E-cadherin. A third possible mech-
anism would incorporate the recent evidence that AZA1 induces the accumu-
lation of early endosomes in the proximity of the plasma membrane [263].
These should be the vescicles accumulating ECRA100 in YTX-treated cells
[260], and we recently observed that AZA1 inhibits endocytosis of plasma
membrane proteins (Bellocci et al., in preparation). In this third mechanism,
AZA1 and YTX would bring about their response through the common effec-
tor EAZA/YTX, and steps 11 and 14 (Fig. 14). Interestingly, the alteration of pro-
teins involved in snRNP functioning and mRNA maturation could be another
response shared by AZA1 and YTX [263, 264], a possibility that has been
embedded in the model of Figure 14.

Similar considerations could be put forward about the death responses,
which would result from multiple cellular events, such as the disruption of cel-
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lular ultrastructures (cytoskeleton) and processes (endocytosis and mRNA
maturation), including cell-specific events. The redundancy in signaling path-
ways, as hypothesized in the schematic model of Figure 14, is common in
transduction systems in eukaryotes, and could contribute to cell-specific
responses to AZAs and YTXs.

We wish to stress the hypothetical nature of the pathways reported in
Figure 14, and remark that the similarity among some molecular responses
elicited by AZAs and YTXs could be exploited for studies on cross-talks
between distinct mechanisms of action of algal toxins.

Figure 14. Hypothetical model of the cross-talks between the mechanisms of action of azaspiracids
(AZAs) and yessotoxins (YTXs). The subcellular location of the AZA and YTX receptors (RAZA and
RYTX), as well as the number and mechanistic links between effectors of the pathways (EAZAx,y and
EYTXm,n) are entirely speculative. Some steps of the different pathways have been numbered. PM, plas-
ma membrane. See text for explanation.
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Mechanism of action of pectenotoxins

Few data are available on the toxicity of pectenotoxins (PTXs, Fig. 6), indi-
cating that this group of compounds is less toxic when administered by the oral
route, as opposed to i.p. injection [265]. It has been hypothesized that this dif-
ference would stem from low absorbance of these toxins in the gastrointesti-
nal tract. Chromatographic studies by Fux and Hess (unpublished observa-
tions) confirm the nonpolar character of PTX2, the primary algal metabolite,
which may result in low bioavailability in the intestinal tract, and studies by
Miles et al. [78] clearly demonstrate rapid transformation of PTX2 into inac-
tive PTX2-seco acid in aqueous systems. However, in vivo data on absorption
and toxicokinetics of PTXs are lacking.

Taking into consideration these limitations, it is recognized that PTXs inter-
act with F-actin, leading to alterations in the ultrastructure and functioning of
the cellular cytoskeleton. Initial evidence suggesting that F-actin might be a
target of PTXs stemmed from the histopathological damages found in the liver
of mice injected with PTX1, which resembled those induced by phalloidin
[266]. The observation that PTX1 disrupts stress fibers then provided the first
direct indication that PTXs alter F-actin [267]. This observation was later con-
firmed with PTX2 [268], leading to the conclusion that PTXs cause actin
depolymerization [269–272].

More recently, detailed crystallographic analysis of the interaction between
PTX2 and actin has shown that the toxin and actin form a 1:1 complex [273].
F-actin is composed of two helices containing polymers of non-covalently
bound actin monomers, and PTX2 could interfere with polymerization by
associating with actin monomers at a site that is close to the “inner” filament
axis, inhibiting the lateral subunit interactions critical for filament assembly
[273]. PTXs have been shown to induce cell death in many cell lines, in a wide
concentration range (10–9–10–6 M), through multiple mechanisms [274–282],
and F-actin depolymerization induced by PTX2 appears the causative event
leading to cell death [276].

Shellfish poisoning

The route of human exposure to phycotoxins is most often oral, through inges-
tion of food contaminated with toxins. In some instances, however, living sys-
tems may become exposed to phycotoxins through other routes, as in the case
of breathing aerosols containing toxins and/or direct skin contact with toxins.
In this section, we summarize the major symptoms of and, whenever available,
possible remedies for the most relevant poisonings that may occur in humans
exposed to phycotoxins, independently of the routes of toxin entry into the
body. The poisonings have been classified mostly on the basis of recorded
symptoms, and our description follows the existing classification.
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Paralytic shellfish poisoning (PSP)

Saxitoxins (STXs) are the causative agents of this poisoning, which results
from ingestion of contaminated shellfish [283, 284]. The same kind of poi-
soning is due to ingestion of tetrodotoxin (TTX), as a consequence of eating
raw meat from puffer fish. The gonads and liver of the puffer fish can accu-
mulate bacterial TTX as a consequence of its feeding behavior: if the puffer
fish viscera are not carefully dissected from the rest of the meat, this meat can
become contaminated and cause poisoning when ingested [285].

PSP has been recorded worldwide, and its symptoms are experienced with-
in 30 minutes from ingestion of contaminated seafood, related to the severity
of the poisoning [284]. Mild symptoms include altered perception (burning or
tingling sensation and numbness of the lips, that can spread to the face and
neck), headache, dizziness and nausea. More severe symptoms include inco-
herent speech, a progression of altered perception to arms and legs, a progres-
sive loss in the coordination of limbs, and general weakness. Respiratory dif-
ficulty is a late symptom, as a consequence of muscular paralysis progressing
in the whole body, and death may be the outcome of PSP by respiratory para-
lysis [284]. The blockade of ion conductance due to binding of STX to the
voltage-gated sodium channel (VGNC) is the mechanistic basis of the symp-
toms of PSP (Fig. 11A).

Artificial respiration has been the most appropriate remedy for PSP so far,
as patients subjected to mechanical intervention have a high probability of a
full and rapid recovery [283, 286].

Neurotoxic shellfish poisoning (NSP)

Brevetoxins (PbTXs) are the causative agents of this poisoning, which may
occur after both inhaling aerosol containing the toxins or as a consequence of
eating contaminated seafood. When poisoning is through the respiratory tract,
the exposure usually occurs on or near the waters where a bloom of PbTX pro-
ducers has developed. NSP has been recorded primarily in the southeastern
coast of the United States, the Gulf of Mexico, and New Zealand [283, 284,
287].

The symptoms due to contaminated shellfish appear minutes/hours after its
ingestion, and are more severe than those found when contaminated aerosol is
involved. In the former case, symptoms are both gastrointestinal (nausea, diar-
rhea, and abdominal pain) and neurological (circumoral paresthesia and
hot/cold temperature reversal). In more severe cases, the muscular system may
be affected (altered heart contractions, convulsions, and respiratory difficul-
ties). Death from NSP has never been reported in humans, and symptoms
resolve within a few days after exposure to the toxins [283, 284].

When exposure to PbTXs is through contaminated aerosols, symptoms
involve primarily conjunctival irritation, copious catarrhal exudates, rhino-
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rrhea, nonproductive cough, and bronchoconstriction [288–291]. In the nor-
mal population, these symptoms are usually reversed by leaving the beach area
or entering an air-conditioned area [291]. The molecular mechanism at the
basis of brevetoxin poisoning is related to the increased ion conductance that
these compounds induce on interacting with, and opening, the VGNC (see Fig.
11A). Thus, an initial phase of increased neurotransmission (firing of action
potentials and release of acetylcholine at muscular endplates) and muscular
contraction is followed by a progressive inhibitory action [283].

No specific therapy is available for NSP, but some of the effects of PbTXs
can be reversed by infusion with hyperosmotic solutions [292]. The finding that
brevenal is an antagonist of PbTX action [132] opens interesting perspectives
for the therapeutic use of drugs counteracting the effects of these natural toxins.

Amnesic shellfish poisoning (ASP)

The symptoms due to eating domoic acid (DA)-contaminated shellfish appear
within the first few hours after ingestion, and in more severe cases may persist
for months [39, 208, 209, 220, 293]. Initial symptoms affect the gastrointesti-
nal tract, with nausea, vomiting, abdominal cramps and diarrhea. These are
followed by headache and other neurological symptoms that often result in dis-
turbances of memory, an effect that has led to the naming of this type of shell-
fish poisoning. The most severe cases may result in death [39, 208, 209, 220,
293].

The neurological symptoms of ASP have been shown to evolve in the weeks
(months) following poisoning, and anterograde memory disturbances can be
accompanied by confusion, disorientation, peripheral nerve damage and
changes in memory threshold [220, 293, 294]. Postmortem histopathological
analysis of the brain in an individual who had suffered ASP, and whose death
was unrelated to the poisoning, showed atrophy of the hippocampus [220, 293].

Overall, the symptoms of ASP are related to damage of structures of the
nervous system, which can be fully explained by unrestrained post-synaptic
activity and neuronal toxicity induced by DA stimulation of non-NMDA glu-
tamate receptors (Fig. 12). Because of the agonistic properties of DA in this
receptor system, the toxic effects of this algal toxin can be antagonized by glu-
tamate receptor antagonists in vitro and in vivo [216, 222, 295–297].

Diarrheic shellfish poisoning (DSP)

The contamination of seafood by okadaic acid (OA) and related compounds is
very common in European and Asia-Pacific Countries [283]. The symptoms of
DSP appear within 1 h after ingestion of contaminated seafood, and affect the
gastrointestinal tract, producing nausea, vomiting, abdominal cramps and diar-
rhea [283]. The symptoms do not last long and usually disappear within a few
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days. No death has been recorded due to DSP. No long-term effects have been
described in humans, although experiments in animal systems have recorded a
tumor-promoting effect of OA in two-stage carcinogenesis models [234, 235].
In those cases, the effect depended on protocols of toxin administration involv-
ing repeated dosing at least twice per week over periods of several months [234,
235]. The conditions of those studies do not appear to be easily comparable to
human intake of OA and related compounds, and a study aimed at probing
whether residual levels of OA in shellfish might increase the risk of cancer
among regular shellfish consumers has yielded inconclusive results [298].

The mechanism of action of OA and the molecular events detected in bio-
logical systems exposed to this toxin provide a clear explanation of the DSP
symptoms (Fig. 13). Taking into consideration, however, the vast array of
molecular responses elicited by this group of compounds, through alteration of
regulatory pathways in the cells, further investigations are needed to better
clarify possible long-term effects of exposure to OA. When gastrointestinal
symptoms of DSP are severe, their treatment is symptomatic, e.g., rehydration.

Ciguatera

Globally, ciguatera is probably one of the most frequent poisonings with esti-
mates reaching from 50 000 to 500 000 events per annum [299]. This poison-
ing is caused by eating fishes in tropical marine areas, and the toxins respon-
sible for this poisoning are components produced by G. toxicus (see sections
above) that are accumulated in fish through the food chain. A vast literature
exists on ciguatera, and the reader is referred to some excellent reviews for
detailed descriptions [158, 159, 283].

As toxins possessing different chemical properties and mechanisms of
action have been involved in ciguatera, a discussion of this poisoning in
humans demands some attention to specific issues related to toxin groups and
the molecular bases of their effects. Furthermore, despite the increasing under-
standing of the multiple processes set in motion by ciguatoxins (CTXs), maito-
toxin (MTX) and gambierol, there are still significant uncertainties about the
specific contribution given by each group of toxins. Based on this considera-
tion, we first describe the most relevant symptoms of ciguatera, and then dis-
cuss the possible cause-effect relationships that have been proposed for indi-
vidual toxin groups.

Ample spectra of symptoms have been recorded for ciguatera, with a man-
ifestation that starts within hours after the ingestion of contaminated food,
often resolves within 1 week, but may last up to some years. Furthermore a
higher susceptibility to ciguatera toxins has been observed in both humans
[300] and animals [175, 301] that had experienced previous exposure to these
toxins. The symptoms are both gastrointestinal and neurological, with nausea,
diarrhea and vomiting representing early signs of poisoning, accompanied by
neurological symptoms, such as numbness and circumoral paresthesia, inver-
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sion of thermal sensations (“dry ice sensation”), and metallic taste. In severe
cases, paresthesia may progress to other parts of the body, accompanied by dif-
ficulties in breathing, and death may ensue due to respiratory paralysis, heart
dysrythmias or cerebral edema [158, 159, 283].

Although any attempt to link the different symptoms of ciguatera to any
specific group of toxins should be considered an oversimplification at the
moment, some preliminary indication can be made on the basis of available
knowledge on molecular mechanisms of action of CTXs, MTX and gambierol.
It is recognized, for instance, that many symptoms of ciguatera are similar to
those found in NSP, and they are most likely due to the effect of CTXs, by
opening the VGNC, whereby the increased sodium conductance would lead to
increased neurotransmission, followed by a progressive inhibitory action.
MTX, however, could contribute to increased neurotransmission with regard to
muscle contraction, and the symptoms of heart dysrythmias. MTX also caus-
es extensive cell damage in animal studies, and has a potent cytotoxic effect in
cultured cells, and could therefore contribute to neurotoxic symptoms
[173–175]. The role of gambierol in ciguatera is less clear, but its impairment
of VGKC functioning in taste buds [176] suggests that it might have a role in
the taste disturbances that have been recorded. MTX does not move up the
marine food chain (probably related to its solubility in water) and its contribu-
tion to ciguatera-poisoning is more likely when the poisoning arises from the
consumption of herbivorous fish.

No specific therapy has been proposed for ciguatera so far, and its treatment
remains symptomatic. In particular, intravenous infusion of mannitol has been
used, the protective effect of which has been attributed to the inhibition of
edema formation in several tissues [302]. In keeping with the shared mecha-
nism of action of brevetoxins and ciguatoxins, brevenal has been reported to
inhibit ciguatoxin-induced neurotoxic effects and might represent an appropri-
ate therapeutic tool [303].

Palytoxin poisoning

The potential of palytoxins (PlTXs) to cause human poisonings is a matter of
discussion [304]. On the one hand, human illness and even fatal cases have
been linked to PlTXs that could have entered the human body as a consequence
of eating contaminated food [304], or through small skin injuries [305]. On the
other hand, hundreds of human cases have been reported in coastal areas of
some Mediterranean countries (Italy, France, Greece and Spain) in recent
years, and have been linked to blooms of algae producing PlTXs (Ostreopsis
species [8, 9, 111, 306]). Although a formal proof that PlTXs were responsible
for those human cases is still lacking, circumstantial evidence would suggest
that this could be the case, because intoxications involved people residing at or
close to the coastal areas where the harmful algal blooms (HABs) were taking
place, and PlTXs were found in the Ostreopsis algae present in those coastal
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areas, supporting the proposal that the PlTXs present in the aerosols were the
causative agents of those intoxications [8, 9].

The symptoms of PlTX poisoning are to be considered within these con-
straints, and can be differentiated based on the proposed route of entry into the
body. When intoxication was apparent following ingestion of contaminated
food [304], gastrointestinal symptoms (nausea, vomiting, diarrhea) have been
recorded, together with neurological disturbances (circumoral paresthesia and
paresthesia of the extremities, muscle spasms and pain, respiratory problems),
and death has been observed in a few instances. Tissue damage has been doc-
umented in several cases, suggesting a cytotoxic effect of PlTXs in these tis-
sues [180, 188, 206].

In many cases, the presence of other toxins contaminating the ingested food,
and/or a lack of knowledge regarding the toxins present in the materials have
led to uncertainties about the actual involvement of PlTXs in the recorded
cases [304], although PlTXs have been found in seafood in coastal areas where
blooms of Ostreopsis algae were ongoing.

When PlTX exposure was attributed to toxic aerosols, in turn, the mucosae
were primarily affected, and symptoms included conjunctivitis, respiratory
distress, rhinorrhea, cough and fever [8, 9]. The symptoms of PlTX poisoning
through contact, in turn, were both local (swelling and paresthesia around the
site of injury) and systemic (dizziness, weakness, myalgia, irregularities of the
ECG and indications of rhabdomyolysis), indicating that PlTX or its analogues
were absorbed into the blood stream through the skin injuries [305].

Some of the recorded symptoms of PlTX poisoning, particularly the neuro-
logical ones, can be explained by alterations of ion conductance in excitable
cells. The clarification of the molecular bases of the recorded symptoms, how-
ever, is far from being complete.

As in the case of ciguatera poisoning, no specific therapy exists for paly-
toxin poisoning, and the treatment of suspected poisoning has been sympto-
matic, including the intravenous infusion of mannitol [307].

Azaspiracid poisoning

The symptoms of azaspiracid (AZA) poisoning in humans are very similar to
those described for DSP, including nausea, vomiting, abdominal cramps and
diarrhea, which disappear within a few days after the ingestion of contaminat-
ed shellfish [242]. As in the case of OA responses (see above), the gastroin-
testinal effects of AZAs, including the destruction of intestinal epithelia [308],
might be explained by the alterations they induce in cytoskeletal structures and
the E-cadherin system, with disruption of cell-cell and cell-matrix interactions,
as well as perturbation of the intestinal barrier function [247–249].

An animal study aimed at probing the carcinogenic potential of AZAs [309]
has provided limited information on this issue, and more data are needed to
consider a possible carcinogenic risk posed to humans by exposure to AZAs.



Phycotoxins: chemistry, mechanisms of action and shellfish poisoning 107

Uncertainties existing on the risks posed by some phycotoxins

We are not aware of cases of human intoxication that can be attributed with
certainty to ingestion of food contaminated with either YTXs, or PTXs, or
cyclic imines. Animal studies aimed at characterizing the toxicity of these
three groups of compounds have shown that symptoms of acute toxicity can be
detected only after oral administration of high doses (in the mg/kg range) [121,
265, 310]. Thus, the inclusion of YTXs, PTXs, and cyclic imines among tox-
ins that can pose risks to the consumer through ingestion of contaminated
seafood is debated.

The many facets of the ongoing discussions are not described here, although
it seems appropriate to call attention to a few items that indicate the need for
further studies on the mechanisms of action and toxicity of those compounds.

YTXs, for instance, are cytotoxic at the very low concentrations (nanomo-
lar) that can be found in animals after oral administration. Furthermore, YTX
has been shown to inhibit the endocytosis of E-cadherin in vitro and this could
occur also in vivo (see above). Taking into consideration that proteins located
at the level of the plasma membrane comprise hormone and neurotransmitter
receptors, ion channels and pumps, transporters, adhesion proteins, etc., that
are often involved in the control of relevant cellular and biological functions
(see for instance [311]), the possibility that low YTX concentrations might
alter endocytosis (and phagocytosis) in vivo should be evaluated [312].

The molecular mechanism of action of PTXs has been well characterized in
cultured cells, but it is not clear whether effective doses of this group of com-
pounds can exist in vivo after ingestion of contaminated food.

Final remarks

The information on chemistry, mechanism of action and toxicity of phycotox-
ins has accumulated rapidly over the last few years, but many relevant aspects
remain to be characterized.

It should be noted that most of the toxins discussed above are rather chem-
ically complex molecules, and chemical synthesis is typically not a viable
route to obtaining large amounts of these compounds for extensive studies. In
most cases, chemical synthesis is used to clarify the structure, and to establish
basic structure-activity relationships; however, preparative isolation still plays
a major role in the supply of large amounts of compounds for analytical
method development, routine analysis and toxicological evaluation. Pre-
parative isolation is also difficult due to the difficulty in separating chemical-
ly closely related analogues, and poor yields in the preparative separation and
purification of trace analytes (ng/kg to mg/kg range). In addition, the algae
responsible for the biosynthesis of a toxin are not always known from the
beginning, are sometimes not (easily) culturable and may only grow slowly or
produce little toxin in culture. Thus, isolation often relies on natural occur-
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rence, which is most often poorly predictable and involves monitoring with
unspecific techniques, such as animal assays. Therefore, the knowledge on
these toxins remains limited and requires further studies.

There are many gaps in the knowledge of marine toxins, beginning with
their poorly understood biological and ecological roles (chemical defense,
intercellular signaling or storage?). Also the biosynthetic routes to the com-
pounds have virtually not been explored. The many remaining gaps in the
chemical behavior of phycotoxins can be categorized into the following areas:
physical constants (log Pow, pKa, thermal stability, etc.), chemical behavior in
different pH environments and reactivity in biological systems (toxicokinetics).

Our understanding of the molecular events induced by several phycotoxin
groups in different biological systems, mostly in cultured cells, is steadily
increasing, and the molecular details of the mechanisms by which algal toxins
trigger their effects have been remarkably characterized in a few cases. Still,
many relevant features of the series of molecular events triggered by phyco-
toxins are not known yet, and investigations in this area are needed for a deep-
er understanding of their modes of action. Within this frame, the recognition
that phycotoxins are increasingly used as research tools for the characterization
of basic biological processes will attract the interest of researchers. The char-
acterization of the molecular targets of those toxins for which they are not dis-
covered may lead to the discovery of novel targets, which will most likely lead
to new therapies and remedies for diseases unrelated to phycotoxin poisoning.

Moreover, the toxicity of phycotoxins, particularly in the case of their acute
effects, has been characterized for many groups of compounds, but significant
gaps remain, with particular regard to long-term toxicity, the possible toxicity
of repeated ingestion of low doses of toxins, and the combined toxicity of mix-
tures of toxins belonging to different chemical groups (that often co-occur in
the same naturally contaminated seafood).

The lack of the pure toxins and the poor understanding of the reactivity
results in many delays in method development and validation, and in poor
understanding of their toxicity. However, the authors are confident that rising
awareness of the potential of marine toxins in biotechnology and medicine will
contribute to the rapidly increasing knowledge on these interesting com-
pounds.

Many exciting challenges await the investigators in the field of phycotoxins.
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Abstract. A large number of plants can cause adverse effects when ingested by animals or
people. Plant toxicity is due to a wide diversity of chemical toxins that include alkaloids, gly-
cosides, proteins and amino acids. There are several notable toxic plants for which a specif-
ic chemical responsible for toxicity has not been determined. There are many examples of
species differences in terms of their sensitivity to intoxication from plants. Pets, such as dogs
and cats, and people, especially children, are frequently exposed to the same toxic plants due
to their shared environments. On the other hand, livestock are exposed to toxic plants that are
rarely involved in human intoxications due to the unique environments in which they are
kept. Fortunately, adverse effects often do not occur or are generally mild following most
toxic plant ingestions and no therapeutic intervention is necessary. However, some plants are
extremely toxic and ingestion of small amounts can cause rapid death. The diagnosis of plant
intoxication can be challenging, especially in veterinary medicine where a history of expo-
sure to a toxic plant is often lacking. Analytical tests are available to detect some plant tox-
ins, although their diagnostic utility is often limited by test availability and timeliness of
results. With a few notable exceptions, antidotes for plant toxins are not available. However,
general supportive and symptomatic care often is sufficient to successfully treat a sympto-
matic patient.

Introduction

There is an overwhelming amount of information available concerning plants
poisonous to humans, pets and livestock. As a result, no textbook chapter can
comprehensively cover the topic. Several sources of information for human
and animal exposures are recommended. For humans, Goldfrank’s Toxicologic
Emergencies [1], Toxicity of Houseplants [2] and Critical Care Toxicology:
Diagnosis and Management of the Critically Poisoned Patient [3] are recom-
mended. For animals, especially livestock, Toxic Plants of North America [4]
is unsurpassed.

In general, the circumstances surrounding plant intoxications vary whether
one is talking about people, pets or livestock. However, pets and children often
share the same environment, so that the same plants are accessible to both.
Lists of plants implicated in exposures or intoxications, with a few notable
exceptions, are similar for children and pets and include common household
plants such as those containing insoluble calcium oxalates [5, 6]. Livestock
are often intoxicated by plants to which people and pets are not exposed due
to their occurrence in pastures and rangelands. Livestock are also intoxicated
as a result of people, unaware of the toxicity of a plant, intentionally giving
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them clippings from extremely toxic plants such as Taxus spp. or Nerium ole-
ander [7, 8].

A number of unique factors contribute to the intoxication of livestock.
Many toxic plants are not palatable, so livestock avoid their ingestion if other
good quality forage is available [9]. Ingestion of toxic plants is much more
likely during periods of forage scarcity such as during droughts. If pastures
and ranges are not adequately managed toxic plants can proliferate to the point
that non-toxic forage is scarce, forcing animals to eat the toxic plants [10].
Many plants toxic to livestock have variable toxicity depending on the stage of
plant growth. Thus, pastures or rangelands can be safely utilized by livestock
during certain times of the year when plant toxicity is low.

There can be significant differences among species in terms of susceptibil-
ity to intoxication, especially when discussing livestock. For example, sheep
are able to tolerate much higher intakes of pyrrolizidine alkaloids (PAs) than
cattle or horses [4]. This is due to the ability of rumen microbes of sheep to
degrade PAs prior to absorption and to a decrease in formation of reactive
pyrroles in the liver from absorbed PAs [11]. There are several notable small
animal species differences in terms of susceptibility to intoxication as well
(e.g., cats develop acute renal failure following consumption of lilies while
dogs are unaffected). Alternatively, a number of poisonous plants affect people
and animals in identical ways.

There are geographical differences with regard to the distribution of poi-
sonous plants. Plants that are associated with intoxications in a particular geo-
graphical region are not found in other regions. However, a number of poison-
ous plants have been introduced into non-native areas and thrived to the point
of presenting significant intoxication risks to people and animals [10, 12].

The widespread use of herbal preparations has increased the risk of herbal
plant intoxication, especially in people [13]. Intoxication from herbal prepara-
tions is often due to misidentification or misuse of a particular herb. For exam-
ple, the occurrence of a series of cases of progressive renal interstitial fibrosis
was found to be due to ingestion of a weight loss product that mistakenly con-
tained Aristolochia fangchi instead of Stephania tetrandra [14]. Although herb-
al preparations are used in veterinary medicine, no widespread intoxications of
animals from their use have been reported. There are reports in the veterinary
literature of intoxication due to the use of the volatile oils, pennyroyal oil and
melaleuca oil and the dietary supplement, 5-hydroxytryptophan [15–17].

The goals of this chapter are to provide the reader with an understanding of
the magnitude of plant intoxications in people and animals, an appreciation for
which plants are most commonly implicated in plant intoxication, and
approaches for the diagnosis and treatment of intoxications. In addition, a table
has been included that provides a quick reference of clinical effects for a num-
ber of poisonous plants (Tab. 1). Scientific and common names are provided
for the plants mentioned in the text; keep in mind that multiple common names
are often given to the same plant (as provided in Tab. 1).
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General categories of plant toxins

There is no comprehensive and precise system for categorizing plant toxins.
The classification scheme by Cheeke is perhaps as good as any and is based
primarily on the chemical structure of the toxins [18].

One of the largest categories of plant toxins are the alkaloids. Alkaloids are
compounds that contain nitrogen, usually in a heterocyclic ring. The nature of
the heterocyclic ring serves to further categorize the toxins. Perhaps the most
notable group of alkaloids is the pyrrolizidine alkaloids (PAs) whose nucleus
consists of two five-membered rings. Several plant genera, including Senecio
spp., Amsinckia spp., Crotalaria spp., Echium spp. and Heliotropium contain
toxic PAs. Other important toxic alkaloids include the piperidine alkaloids
found in Conium maculatum (poison hemlock), the pyridine alkaloids found in
Nicotiana spp. (wild or cultivated tobacco, tree tobacco), indole alkaloids found
in Phalaris spp. grasses and grasses infested with ergot (ergot alkaloids), quino-
lizidine alkaloids found in Lupinus spp. (lupines), indolizidine alkaloids found
in many Astragalus spp. (locoweeds) and Swainsona spp., tropane alkaloids
found in Datura spp. (jimsonweed), and polycyclic diterpene alkaloids found in
Delphinium spp. (larkspurs). Steroidal alkaloids include those found in Solanum
spp. such as green tomatoes and potatoes, and nightshades and veratrum alka-
loids found in Veratrum californicum and Zigadenus spp. (death camus).

Another group of plant toxins are glycosides (ethers that contain carbohy-
drate and non-carbohydrate or aglycone moieties). Examples of glycosides
include the cyanogenic glycosides found in numerous plants, which yield
hydrocyanic acid when hydrolyzed; goitrogenic glycosides, called glucosino-
lates, which are found in Brassica spp. (cabbage, kale) and are hydrolyzed by
glucosinolases to form a variety of compounds such as isothiocyanates, nitriles
and thiocyanates; coumarin glycosides found in Melilotus spp., which are con-
verted by molds to dicoumarol; and steroid and triterpenoid glycosides which
are further subdivided into cardiac glycosides found in various plant genera
including Digitalis spp. and Nerium oleander, among others; and saponins.
Additional glycosides include nitropropanol glycosides found in many Astra-
galus spp., and which are metabolized to the toxins 3-nitropropanol in rumi-
nants and 3-nitroproprionic acid in non-ruminants; vicine found in fava beans;
calcinogenic glycosides found in Cestrum diurnum (day jessamine), Solanum
malacoxylon (synonymous with S. glaucophyllum or waxyleaf nightshade) and
Trisetum flavescens (yellow oatgrass) that contain an active metabolite of vita-
min D (1,25-dihydroxycholecalciferol); carboxyatractyloside found in Xanth-
ium strumarium (cocklebur); and isoflavones such as genistein, formononetin
and coumestrol found in Trifolium subterraneum (subterranean clover) and
Glycine max (soybeans) and which have estrogenic activity.

Plants also contain proteins, amino acids and amino acid derivatives that can
cause adverse effects. Many legume seeds, potatoes and grains such as Secale
cereale (rye) and Triticosecale x (triticale) contain trypsin inhibitors that can
interfere with normal digestive processes and result in reduced growth. Another
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protein toxin is the enzyme thiaminase, found in Pteridium aquilinum, which
can cause thiamine deficiency in some animals. Mimosine is a compound that
is structurally similar to the amino acid tyrosine and is found in the tropical for-
age Leucaena leucocephala. Mimosine and its degradation product, 3-
hydroxy-4(1H)-pyridone inhibits DNA and RNA synthesis; it also binds metals
and is goitrogenic [4]. Amino acids containing selenium (selenoamino acids)
are found in a variety of plants and can cause selenium intoxication in livestock.

Several toxic plant genera contain glycoproteins. Perhaps the most note-
worthy glycoprotein is ricin which is found in Ricinus communis and which is
considered to be a bioterror threat agent [19].

Metal-binding substances such as oxalates are found in some plant genera
including Rheum rhabarbarum (rhubarb) and Rumex spp. (sorrel, curly dock).
These plants contain soluble oxalates which, when absorbed, can combine
with elements such as calcium and cause hypocalcemia. Insolulable oxalates
are found in several common houseplants, such as Philodendron spp. and
Dieffenbachia spp. (dumbcane). When plant tissue is disturbed via chewing,
needle-like bodies are released, which penetrate mucus membranes and cause
significant local irritation and inflammation [2].

Toxic phenolics constitute another category of plant toxins. Phenolics are
compounds containing an aromatic ring with one or more hydroxyl groups.
Hypericin is a phenolic found in Hypericum perforatum (St. John’s Wort), a
commonly used herb. Other phenolic plant toxins include gossypol, which is
found in Gossypium (cottonseed), and tannins, which are found in Quercus
spp. (oaks).

Terpenes and terpinoids are potential plant toxins that are derived from a
5-carbon isoprene unit. Terpenes are found in plant gums and resins. Resins
can consist of a complex mixture of terpenes, including monoterpenes, sesqui-
terpenes, diterpene acids and phenolic compounds. Isocuppressic acid, a diter-
pene found in the needles of Pinus spp., is responsible for late-term abortions
in cattle. It has been speculated that terpenes are responsible for adverse effects
in cats following the dermal application of melaleuca (tea tree) oil [16].

Finally, there are a variety of miscellaneous plant toxins that are not easily
categorized. Examples include fluoroacetate found in a number of toxic plants
in Australia; cicutoxin, a potent neurotoxin found in Cicuta spp. (water hem-
lock); n-propyl disulfide found in Allium spp. such as onions and garlic and
which is associated with red blood cell destruction and hemolysis in species
such as cattle, dogs and cats; and nitrate, which can be accumulated by a num-
ber of plant species and intoxicate ruminants if sufficient concentrations are
present in the plant tissue.

Incidence of intoxication

Data from one animal poison control center indicated that pet calls related to
plant or mushroom exposures constituted 5.8% of the total calls to the center
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[20]. The number of plant-related calls was relatively steady month-to-month
with two small spikes occurring in December and April. The December spike
was attributable to calls concerning pet exposure to Euphorbia pulcherrima
(poinsettias), whereas the April spike was attributable to calls concerning
exposure to Lilium longiflora (Easter lilies). Other plants for which calls were
commonly made included Rhododendron (azalea), Cycas revoluta (sago
palm), Cannabis sativa (marijuana), Cyclamen spp. (cyclamen), lilies of all
varieties, and all varieties of oxalate-containing plants. Over 60% of the calls
involved cats showing clinical signs after exposure to either lilies or oxalate-
containing plants. Sago palm and marijuana associated calls were limited to
dog exposures only.

The incidence of plants poisonings in livestock is harder to quantify. Based
upon 1989 data, it was estimated that poisonous plants caused over $340 mil-
lion annual loss to livestock producers in the 17 states in the western U.S. [21].
This figure only considered death losses; other losses due to lost grazing
opportunities, additional feed costs, health care costs, losses due to poor pro-
ductivity and culling costs were not considered.

The American Association of Poison Control Centers (AAPCC) Annual
Report for 2007 indicated that 2.4% of calls received were related to plant
exposures [5]. There were some differences in frequency of calls depending on
age, with children ≤5 years being exposed more frequently than adults
≥19 years. Interestingly, plant exposures did not constitute one of the top 25
categories of toxicant exposure associated with fatalities. The top 10 categories
of plant exposures in decreasing order were: unknown plants, Spathipyllum
spp. (peace lily), Phytolacca americana (pokeweed), Philodendron spp., E.
pulcherrima (poinsettia), Toxicodendron radicans (poison ivy), Ilex spp.
(holly), cardiac glycoside-containing plants, Taraxacum officinale (dandelion
plant), and cyanogenic plants.

Plants representative of the various plant toxins

Alkaloids

This is a diverse group of compounds that, as one might predict, has a variety
of biological effects. Exposure to alkaloids can cause acute intoxication and
rapid death or chronic intoxication associated with a slow, debilitating dis-
ease.

Conium alkaloids
Conium spp. (poison hemlock) are biennials that are found worldwide [4].
Only one species is found in the U.S. (Conium maculatum). The plants are
found in “disturbed” or “waste” areas where the soil contains adequate mois-
ture. Poison hemlock is perhaps one of the most well-known toxic plants, since
it was believed to have been responsible for the death of Socrates [22].
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Conium spp. contains a number of toxic piperidine alkaloids with coniine
and γ-coniceine being among the most prevalent and toxic [10]. It is important
to note that alkaloid concentrations and proportions can change significantly
during plant growth [23]. γ-Coniceine is the predominant alkaloid during early
vegetative growth and is believed to be the precursor for the other piperidine
alkaloids [24]. Coniine is the predominant alkaloid during later growth and is
primarily found in the seeds. γ-Coniceine is seven to eight times more toxic
than coniine. Thus, the plant is particularly toxic in the spring during early
growth and in the fall when re-growth from seeds can occur. The dried plant
retains toxicity and livestock can be poisoned via ingestion of contaminated
hay [25].

Conium alkaloids at sufficient doses cause an initial nicotinic receptor stim-
ulation followed by non-depolarizing blockade of receptor activity within neu-
romuscular junctions and autonomic ganglia [10]. The teratogenic effects of
Conium alkaloids are believed to be secondary to a reduction in fetal move-
ment due to their neuromuscular effects [10].

Multiple species are susceptible to acute intoxication including cattle,
swine, horses, goats, elk, turkeys, quail, geese and chickens, and people [10,
24, 26]. Clinical signs are fairly consistent among species and include initial
central nervous system (CNS) stimulation, frequent urination and defecation,
tachycardia, impaired vision in animals from nictitating membrane covering
the eyes, muscular weakness, muscle fasiculations, ataxia, depression, recum-
bency, collapse and death due to respiratory paralysis.

As mentioned, ingestion of Conium alkaloids can also result in teratogene-
sis in a number of animal species. Naturally occurring cases have been report-
ed in cattle and swine and have been experimentally produced in sheep, goats
and swine [10, 24, 27, 28]. Teratogenic effects include arthrogyrposis, scolio-
sis, torticollis, and cleft palate. As with most teratogens, the occurrence of spe-
cific defects depends on when exposure occurs during pregnancy. For example,
in cattle teratogenic effects occur if the dam is exposed to the alkaloids between
days 40 and 70 of gestation. Cleft palate has been experimentally induced in
goats following alkaloid exposure between days 35 and 41 of gestation.

Typically, there are no postmortem lesions in acutely intoxicated animals. A
diagnosis is based upon a history of known exposure to the plant and detection
of one or more alkaloids in gastrointestinal (GI) contents, liver, urine or blood.
As with most toxic plants, the identification of plant material in the GI tract
can assist with confirming exposure; this is especially useful in ruminant spe-
cies where identifiable plant fragments are often found in the rumen.

Pyrrolizidine alkaloids
PA-containing plants are found worldwide and are potentially toxic to multi-
ple animal species including horses, cattle, poultry and people [4]. PA-con-
taining plants are largely restricted to three plant families: Boraginaceae,
Compositae and Leguminosae. PA-containing plants in the Boraginaceae
include Amsinckia intermedia (tarweed), Borago officinalis (borage), Cyno-
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glossum officinale (hound’s tongue), Echium plantagineum (echium), Helio-
tropium europium (heliotrope) and Symphytum officinale (comfrey). Borage
and comfrey have been used in herbal preparations. Senecio, a large (over 1200
Senecio spp. worldwide) and widely distributed plant genus, is the primary
PA-containing genus in the Compositae, while Crotalaria is the predominant
PA-containing plant genus in the Leguminosae.

Multiple PAs have been chemically identified [4, 10]. PAs can be catego-
rized as monoesters, non-cyclic diesters and cyclic diesters. Cyclic diesters
such as jacobine and monocrotaline are considered to be the most toxic, while
monoesters are the least toxic. Toxicity is dependent on the presence of a 1,2
double bond in the B ring of the pyrrolizidine base and branching within the
ester group. Hepatoxic PAs are primarily esters of the bases retronecine and
heliotridine, with the former being more toxic than the latter. PAs are stable in
dried plants and ensiling does not lower PA concentrations appreciably [4].

There are significant species differences with regard to susceptibility to PA
intoxication [4, 29]. For example, in cattle and horses, intakes of 5–10% of
body weight on a dry matter basis of Senecio jacobaea or S. vulgaris is lethal,
while sheep can tolerate and intake of several times their body weight of S.
jacobaea [4]. The most likely explanations for the difference are detoxification
of PAs in the rumen of sheep or decreased production or increased detoxifica-
tion of toxic pyrroles in the liver [4]. Because sheep are relatively resistant to
PA intoxication, they have been used to control moderate infestations of PA-
containing plants [29]. In avian species, chickens and turkeys are highly sen-
sitive to PAs, while Japanese quail are resistant [10].

In livestock, intoxication is most likely to occur from PA-contaminated hay
or silage or from grazing in areas with substantial stands of a PA-containing
plant and limited alternative forage. In people, intoxications are primarily a
result of contamination of food grain with seeds from PA-containing plants or
via use of PA-containing plants for medicinal purposes (e.g., borage or com-
frey) [1].

PA toxicity is due to the bioactivation of PAs in the liver to highly reactive
pyrroles [10]. Pyrroles are alkylating agents that react with multiple tissue con-
stituents. Pyrroles cross-link DNA, resulting in an antimitotic effect, and cova-
lently bind with nucleophiles such as glutathione and with proteins. Hepato-
toxicity is primarily due to DNA cross-linking. Damage from pyrroles is not
restricted to the liver, but effects on other organs can be dependent on which
plant is ingested. For example, exposure to Senecio spp. primarily results in
liver damage, while exposure to Crotalaria can cause significant damage to the
lungs [4]. Pneumotoxicity is believed to depend on small quantities of long-
lived pyrrole metabolites being absorbed by erythrocytes and delivered to the
lungs [30].

Hepatocyte effects include cell swelling, megalocytosis, karyomegaly and
necrosis [4, 31, 32]. In addition, there is bile duct proliferation, veno-occlusion
and liver fibrosis. While acute liver damage can occur following exposure to
large amounts of toxic PAs, the more typical scenario is slow and progressive
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loss of liver function as hepatocytes are lost and replaced by fibrosis. Typical
clinical signs are due to a gradual loss of condition and liver failure. Liver fail-
ure results in complex pathophysiological effects that include hypoprotein-
emia and altered osmotic effects causing fluid shifts between blood and inter-
stitial spaces and body cavities, hyperbilirubinemia causing icterus, anemia,
and hyperammonemia leading to hepatic encephalopathy and susceptibility to
photosensitization [4, 10, 33].

Common clinical signs in animals include ill thrift, depression, diarrhea,
prolapsed rectum, ascites, photosensitization and abnormal behavior. In hors-
es, neurological signs secondary to hepatic encephalopathy are manifested by
“head pressing” and walking in straight lines irrespective of obstacles in their
path [4, 10]. In people, the occurrence of specific clinical signs is dependent
on whether acute, subacute or chronic intoxication occurs [30]. Signs associ-
ated with acute intoxication include abdominal pain, vomiting, ascites and
hepatomegaly. Chronic intoxication is associated with weakness, fatigue and
progressive ascites. In humans, approximately 20% of patients with acute
intoxication die, 50% recover completely and the remainder develop signs
consistent with hepatic veno-occlusive disease [1].

Diagnosis of intoxication can be problematic since clinical signs might not
become evident until some time after exposure to PAs has ceased. Antemortem
or postmortem assays for PAs or PA adducts in tissues and body fluids have
not proven to be particularly useful for routine diagnostic use [30, 31, 34].
Postmortem lesions in the liver are highly suggestive of PA exposure and/or
intoxication. Thus, confirmation of exposure through visual inspection of the
environment and/or feedstuff of an animal for the presence of a PA-containing
plant, possible assay for PAs in a feedstuff and the presence of consistent clin-
ical signs, clinical chemistry abnormalities and/or liver lesions provides the
basis for a diagnosis.

Because of the chronic nature of PA intoxication and extensive liver dam-
age prior to a diagnosis, treatment of affected animals is often unrewarding [4,
10]. General supportive care including provision of a highly nutritious diet and
avoidance of stress is indicated. A significant number of surviving animals or
people have residual effects; animals often do not return to full productivity or
fitness, while a substantial number of people develop chronic liver disease [1,
4, 10].

The ability of PAs to transfer into milk has been studied in people and ani-
mals [1, 4, 35]. Although PAs are found in milk, concentrations are low and
are believed to be of relatively low hazard to nursing animals [4].

Teratogenic alkaloids
In addition to the alkaloids found in Conium spp., there are other plant alka-
loids that cause teratogenic effects in animals [35]. Quinolizidine and piperi-
dine alkaloids are found in various species of Lupinus. Those responsible for
teratogenic effects include the quinolizidine alkaloid, anagyrine, and the
piperidine alkaloids, ammodendrine and N-methyl ammodendrine [10]. Expo-
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sure of cattle to anagyrine during sensitive periods of gestation results in the
occurrence of “crooked calf” disease, which is characterized by skeletal con-
tracture-type defects such as arthrogyrposis with excessive limb flexure and
malpositioning, malalignment and rotation of the limbs, scoliosis and torti-
collis in calves [4, 10]. Less commonly, cleft palate occurs. Anagyrine is be-
lieved to be teratogenic only to cattle. However, piperidine alkaloid-con-
taining Lupinus spp. can cause similar teratogenic effects in both cattle and
goats. The teratogenic effects following exposure to Lupinus spp. are very
similar to those described following exposure to the piperidine-containing
Conium spp. One hypothesis related to the cattle-specific effect of anagyrine
suggested that cattle metabolize anagyrine to a complex piperidine alkaloid,
which ultimately was responsible for teratogenicity [10]. However, this re-
mains speculative.

Steroidal alkaloids found in Veratrum spp. cause rather unique teratogenic
effects [4, 36]. Over 50 complex alkaloids have been identified in the plant
genus. One group, the jervanines, are responsible for teratogenicity. More
specifically, the steroidal alkaloids cyclopamine and jervine cause a congeni-
tal cyclopia or “monkey-faced” lamb syndrome in sheep [4, 35, 36]. This
defect occurs when pregnant sheep are exposed to the alkaloids on day 14 of
gestation, which is the blastocyst stage of development of the sheep embryo.
Cyclopamine causes cyclopia by blocking Sonic hedgehog (Shh) signal trans-
duction [37]. Other teratogenic defects such as limb abnormalities and tracheal
stenosis occur in lambs whose dams are exposed between 28 and 33 days of
gestation.

One effective way to avoid losses due to teratogenic plants is to prevent
grazing during critical stages of gestation. For example, losses of lambs due to
Veratrum spp. can be eliminated by not allowing pregnant sheep to graze pas-
tures containing the plants during the first trimester of pregnancy [4]. It is
important to point out that both Lupinus spp. and Veratrum spp. contain other
toxins that can cause acute disease in livestock. These genera are good exam-
ples of the complex nature of the toxicity of many poisonous plants.

Tropane alkaloids
Tropane alkaloids are found in a number of plants including Datura spp.,
Hyoscyamus spp., Atropa spp., Mandragona spp., Dubiosia spp. and
Brugmansia spp. They are also referred to as belladonna alkaloids and consist
of atropine, hyoscyamine and scopolamine. Datura stramonium (Angel’s
trumpet, jimsonweed) is the most widespread of the tropane alkaloid-contain-
ing plants in the U.S.; intoxication is primarily reported in people using the
plant for its hallucinogenic properties [1, 38, 39]. D. stramonium seeds contain
the highest concentration of alkaloids (0.4%) followed by leaves and flowers
(0.2%) [4]. Immature plants contain mostly scopolamine, whereas mature
plants contain mostly hyoscyamine.

Tropane alkaloids are anticholinergics. As such they competitively block the
binding of acetylcholine to cholinergic muscarinic receptors on postganglion-
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ic parasympathetic neurons, sympathetic postganglionic sweat gland receptors
and receptors in cortical and subcortical regions of the brain.

Intoxication of people, especially juveniles looking for a hallucinogenic
effect, occurs following consumption of seeds, smoking of leaves or flowers or
ingestion of teas made from the plant [1]. The alkaloids are rapidly absorbed
following ingestion and clinical signs of intoxication can occur as early as
5–10 minutes following ingestion of teas or within 1–3 hours following inges-
tion of seeds.

Clinical signs of intoxication in decreasing order of frequency include
mydriasis, hyperreflexia, skin flushing, delirium, hallucinations, tachycardia
and dry skin and membranes [1, 38, 39]. Signs that occur less frequently but
are associated with serious complications include seizures, rhabdomyolysis,
and respiratory and renal failure.

Typically a diagnosis of intoxication relies on obtaining a careful history
and occurrence of an anti-cholinergic toxidrome. Analytical tests for the alka-
loids are usually not available or performed. Treatment is primarily focused on
controlling CNS signs, which often resolve following the administration of a
benzodiazepine [1, 39]. The use of physostigmine, a cholinesterase inhibitor,
has been recommended to help control CNS signs either alone or in combina-
tion with a benzodiazepine; its use is controversial due to potential accumula-
tion of acetylcholine and resulting adverse effects [39]. Activated charcoal
(AC) can bind tropane alkaloids and its use has been associated with reduced
length of hospitalization. Other symptomatic and supportive care might be
indicated.

Intoxication of animals can also occur following exposure to tropane alka-
loids, although documented cases are scarce in the veterinary literature. The
plants are generally not palatable, so exposure is most likely to occur follow-
ing ingestion of contaminated hay. Clinical signs similar to those reported for
people would be expected. In horses, signs of colic can occur as a result of
intestinal ileus.

Glycosides

Cyanogenic glycosides
Plant species in several families are capable of cyanogenesis, i.e., production
of cyanide-containing compounds [4]. However, many cyanogenic plants do
not produce cyanide at concentrations that pose a threat to people or animals
or are unable to maintain cyanogenesis throughout the year. The most wide-
spread and hazardous cyanogenic plant species for livestock are found in the
Rosaceae family and include Prunus laurocerasus (cherry laurel), P. serotina
(black cherry) and P. virginiana (chokecherry). In people, cyanide exposure
from plant sources is relatively uncommon, although it can occur via ingestion
of seeds from Malus pumila (apple) or Manihot esculenta (cassava) [1]. Given
the size and hardness of pits from cyanogenic plants such as apricots, peach-
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es, or cherries, cyanide exposure is unlikely from such sources, although the
use of peach and apricot seeds as natural flavorings has become more popular
with health food faddists [4]. Amygdalin, a cyanogenic glycoside derived from
crushed apricot pits, has been sold as “laetrile”, a purported cancer chemother-
apeutic.

Cyanide in plants occurs primarily as O-β-glycosides of α-hydroxynitriles
[4]. Approximately 24 cyanogenic glycosides are known to be synthesized by
plants from amino acids. Specific cyanogenic glycoside occurrence among
cyanogenic plants is variable. For example, amygdalin reportedly occurs only
in Rosaceae, whereas prunasin occurs not only in Rosaceae but in non-
Rosaceae plants such as Eucalyptus and Sambucus (elderberry) [4]. There is
little to no free cyanide in plant tissues. Hydrolysis of cyanogenic glycosides
to release free cyanide is required for toxicity; the cyanogenic glycosides
themselves are not associated with intoxication. All plant parts have
cyanogenic potential, although the concentrations of cyanogenic glycosides
vary with plant tissue. Prunasin content of P. virginiana is 3.6%, 2.6% and
1.2% for buds, flowers and fruits, respectively [40]. The toxicity of cyanogenic
glycosides is difficult to determine due to their diversity, varying rates of
hydrolysis and rates of ingestion. However, plant tissues containing 200 ppm
or greater of hydrogen cyanide (HCN) “potential” as determined by tests gen-
erating and measuring HCN from plant material are considered to be hazard-
ous for ruminant livestock [4].

All animal species are susceptible to cyanide intoxication. However, rumi-
nants are more susceptible to cyanogenic glycosides in plants because they are
rapidly hydrolyzed in the rumen to free cyanide, which is readily absorbed.
Interestingly, because of the rapid hydrolysis of cyanogenic glycosides within
the GI tract, the toxicity of cyanogenic glycosides for ruminants is approxi-
mately equal to the toxicity from cyanide salts such as HCN [4].

Cyanide is eliminated from the body by multiple pathways. However, the
major route of detoxification is via the conversion of cyanide to thiocyanate
[4]. Rhodanese catalyzes the transfer of sulfane sulfur from a sulfur donor to
cyanide to form thiocyanate, which is eliminated via the urine. The limiting
factor in cyanide detoxification is the availability of sulfur donors; endogenous
stores of sulfur are quickly depleted resulting in a slowing of cyanide inacti-
vation.

Cyanide is an inhibitor of multiple enzymes including succinic acid dehy-
drogenase, superoxide dismutase, carbonic anhydrase and cytochrome oxidase
[4, 41]. It is the inhibition of the latter enzyme that accounts for the toxicity of
cyanide. Cyanide causes cell hypoxia by inhibiting cytochrome oxidase at the
cytochrome a3 portion of the electron transport chain. The combination of
hydrogen ions with oxygen at the terminal end of the chain is inhibited, which
results in lack of ATP formation and a failure of aerobic energy metabolism.

Exposure to toxic amounts of cyanide results in the onset of clinical signs
within several minutes. In livestock intoxications, it is likely that an affected
animal is found dead given the rapid progression of intoxication and lack of
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close observation. If clinical signs occur, they can include an initial apprehen-
sion and distress followed quickly by severe weakness, ataxia and rapid,
labored breathing [4]. Animals become comatose and might be noted to have
“paddling” convulsions prior to death. The entire course of intoxication might
be as short as 10–15 minutes or up to 1 hour with lower, but still lethal doses.
In people, signs and symptoms are consistent with progressive hypoxia and
include headache, anxiety, agitation, confusion, lethargy, seizures, coma and
death [1, 40]. In all species, venous blood can be bright red due to a high oxy-
gen content as a result of the failure of cells to utilize oxygen. Typically, if an
affected animal survives for an hour after the onset of clinical signs full recov-
ery occurs due to the rapid metabolism of cyanide.

A diagnosis of cyanide intoxication relies on historical circumstances, con-
sistent clinical signs and possibly a blood cyanide analysis [4, 40]. Un-
fortunately, given the rapid progression of cyanide intoxication, results from
blood cyanide testing are rarely available quickly enough to guide therapy. In
highly suspicious cases, initial therapy requires patient stabilization. This can
include maintaining airway patency and providing ventilatory support and
oxygenation. A cyanide antidote kit is available [40]. The kit contains amyl
nitrite, sodium nitrite and sodium thiosulfate. The efficacy of nitrite is based
upon the idea that methemoglobin, induced by nitrite, has a greater affinity for
cyanide than cytochrome a3. This restores cytochrome oxidase activity. The
efficacy of nitrite might also relate to improved hepatic blood flow and nitric
oxide formation [4]. Amyl nitrite can be inhaled, whereas sodium nitrite is
given intravenously. Sodium thiosulfate serves as sulfur donor for rhodanese-
mediated biotransformation to thiocyanate. In veterinary medicine, adminis-
tration of the antidotes to livestock is rare since they are not typically seen
quickly enough for the antidotes to be useful (i.e., the animal is either dead or
significantly recovered by the time they are seen by a veterinarian).

Chronic exposure to cyanide from consumption of improperly processed
cassava occasionally occurs in people and results in neurological manifesta-
tions [18, 42]. Parkinson-like disease, spastic paraparesis, sensory ataxia, optic
atrophy and sensorineural hearing loss have been described in affected indi-
viduals. Elevated thiocyanate concentrations implicate cyanide as the etiology.
Treatment involves the removal of cassava from the diet and the administration
of vitamin B12 to treat a concomitant B12 deficiency. Chronic cyanide intoxi-
cation has not been confirmed in animals, although a disease syndrome of
ataxia, cystitis and teratogenesis associated with the ingestion of sorghum has
been described in horses [4, 43]. Hypothesized etiologies include plant-
derived cyanide or nitriles, although limited experimental evidence does not
support cyanide as the toxin [4].

Cardiac glycosides
There are a large number of plant species that contain cardiotoxins. Cardiac
glycosides are a large group of compounds with substantial cardiotoxicity.
Plant-derived cardiac glycosides are categorized as either cardenolides or
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bufadienolides [4]. They consist of an aglycone, chemically related to steroidal
hormones, and one or more sugar molecules.

Cardiac glycoside ingestion is most commonly associated with acute dis-
ease, although chronic disease is associated with ingestion of bufadienolide-
containing plants in South Africa [4, 44]. Some of the more commonly impli-
cated plants causing acute intoxication in animals or people include Digitalis
spp. (foxglove), Nerium oleander (oleander), and Asclepias spp. (milkweeds).
Acute intoxication of animals from cardiac glycosides has been reported in
North America, Australia and South Africa [33]. In veterinary medicine, rumi-
nants are most commonly affected. Many cardiac glycoside-containing plants
are unpalatable and are typically not eaten unless they are inadvertently incor-
porated into hay or silage or seeds contaminate grain-based feeds. Plants do
not lose their toxicity when dried [4].

Cardiac glycosides inhibit sodium-potassium ATPase in cardiac muscle
cells, enhance vagal nerve activity and reduce coronary blood flow through
vasoconstriction [4, 45]. This results in cardiac arrhythmias, myocardial cell
degeneration and necrosis and cardiac insufficiency.

In animals, acute intoxication is characterized by depression, a tendency of
affected animals to stand with head bowed and abdomen tucked up, teeth
grinding or groaning, tachycardia or bradycardia, heart block, dyspnea, rumi-
nal atony, bloat, diarrhea, dehydration and posterior paresis [4]. Sudden death
with few premonitory signs can occur. Acute renal failure is a common mani-
festation in camelids intoxicated by Nerium oleander [46]. In people, nausea,
vomiting and abdominal pain typically occur first [1]. CNS signs can include
lethargy, confusion and weakness. Cardiac effects can be manifested by the
occurrence of nearly any type of cardiac dysrhythmia. Cardiac glycoside
intoxication is strongly suspected in people when there is evidence of
increased cardiac automaticity in combination with depressed conduction
through the SA and AV nodes [1]. Bidirectional ventricular tachycardia is con-
sidered to be highly diagnostic.

A diagnosis in animals relies on a history of ingestion of a cardiotoxic plant
and signs referable to cardiac dysfunction [7]. Assays for some cardiac glyco-
sides are available. An immunoassay developed for the detection of digoxin
also potentially cross-reacts with other cardiac glycosides such as oleandrin,
thus giving a positive result [47]. More specific tissue or biological fluid
assays have been developed for oleandrin [48].

Treatment of intoxicated patients consists of preventing further exposure to
cardiac glycosides, appropriate GI decontamination, which most typically
involves administration of AC (multiple doses of AC are warranted), close
monitoring for the presence of cardiac dysrhythmias and, if present, appropri-
ate pharmacological intervention, and general supportive care. Digoxin-spe-
cific antibody fragments, although specific for treating digoxin intoxication of
people, appear to cross-react with at least some other cardiac glycosides [49].
Although expensive, such intervention might be warranted in animal intoxica-
tions depending on its economic value or the emotional attachment of the
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owner. Other potential antidotes such as atropine, isoproterenol, fructose-
1,6-diphosphate, sodium bicarbonate, magnesium and phenytoin do not appear
to be efficacious [50].

Proteins and amino acids

Bracken fern
Pteridium aquilinum (bracken fern) contains a type I thiaminase, which is
found in the protein fraction of the plant tissues [4, 51]. The plant is common
throughout the world and is perhaps best known for containing the carcino-
genic compound, ptaquiloside. The carcinogenicity of the plant is of particu-
lar concern to people since P. aquilinum rhizomes and early plant growth
(croziers or fiddlenecks) have been used as a human food source. In addition,
milk from bracken-fed cows has been shown to be capable of inducing neo-
plasia in mice, rats and a calf following prolonged consumption [4].

P. aquilinum is an interesting toxic plant from the standpoint of the variety
of disease syndromes associated with its consumption by people and animals.
In addition to its carcinogenic potential (associated with esophageal and gastric
cancers in people and bladder and intestinal cancers in cattle), ingestion of the
plant for a sufficient length of time is associated with bone marrow aplasia and
coagulopathy in cattle and progressive retinal degeneration in sheep [4, 51].

Thiamine deficiency due to the thiaminase has been reported, primarily in
horses, although in theory other monogastrics can also be affected. Ruminants
are unaffected because of sufficient endogenous production of thiamine. The
thiaminase in the plant acts to competitively inhibit thiamine cofactor activity
(type I thiaminase) as opposed to directly destroying thiamine (type II thiami-
nase) [4]. Ingestion of large amounts of P. aquilinum for a prolonged period of
time is required to produce disease. Thiamine deficiency in horses is mani-
fested by neurological signs that progress in severity over several days.
Affected horses can be treated with thiamine and good nursing care as long as
the disease has not progressed to the point of recumbency.

Selenosis
A variety of plants can accumulate potentially toxic concentrations of seleni-
um in the form of selenoamino acids such as selenomethionine. Some plants
require selenium for growth (obligate selenium accumulators) and are capable
of accumulating selenium at much higher concentrations than are found in the
surrounding soil. These plants [some Astragalus spp. (milk vetches), Conopsis
spp. (golden weeds), Xylorhiza spp. (woody asters) and Stanleya pinnata
(Prince’s plume)] can accumulate up to 10 000 ppm selenium (dry matter).
Other plants, encompassing a number of plant genera, are called secondary
accumulators and can contain several hundred ppm selenium. Still other plants
called passive accumulators typically have selenium concentrations from 5 to
50 ppm; some cereal grains such as wheat and forages such as alfalfa are con-
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sidered passive selenium accumulators. Plants containing 5 ppm selenium or
greater are considered to be hazardous to grazing animals [4]. Fortunately, the
most hazardous selenium accumulators are typically not palatable.

Two disease syndromes (selenosis) have been described in animals con-
suming selenium-accumulating plants: an acute intoxication most commonly
reported in sheep, and a chronic intoxication called “alkali” disease that affects
other livestock species, especially horses [4, 52]. Chronic selenosis occurs
more commonly than acute selenosis. Affected animals become stiff in their
movements, depressed and lose body condition. Their hair coats are rough in
appearance, mucous membranes are pale and there is marked weight and hair
loss and cracking, growth deformation and eventual sloughing of hooves. The
pathophysiology associated with chronic selenosis is due to the incorporation
of selenium into proteins in place of sulfur with the subsequent disruption of
disulfide linkages [4, 53]. In acute selenosis, selenium accumulates in and
causes damage to heart, liver and kidneys.

Diagnosis of acute or chronic selenosis due to plant ingestion depends on a
history of ingestion of a selenium-accumulating plant and direct measurement
of selenium in plant, tissue, whole blood and hair samples. Treatment of affect-
ed animals primarily relies on removing the animal from the source of expo-
sure and providing a protein-rich diet.

Ricin
Ricin is one of the more notable glycoprotein (or lectin) toxins found in plants
due to its potential use as a bioterror agent [19]. Ricin is a water soluble tox-
albumin found in Ricinus communis (castor bean) and is among the most toxic
plant constituents identified. As little as 1 mg of ricin injected into a human is
lethal [4, 19]. The plant is grown commercially for the oil contained in its
seeds and is cultivated as an ornamental.

All animals (including man) are reportedly susceptible to intoxication.
Documented cases in the veterinary literature have involved multiple livestock
species, poultry, and waterfowl [4]. Additionally, cases have occurred in dogs
[54, 55]. Ricin is particularly toxic when administered parenterally. Minimum
lethal doses for mice and dogs following injection are 0.7–2.0 μg/kg and
1.0–1.75 μg/kg, respectively [19]. While still quite toxic when administered
orally, toxicity is approximately a 1000-fold less than following parenteral
administration. This is due to the relatively low bioavailability of ricin (≤1%).
The median lethal oral dose of ricin in mice is 30 mg/kg [19].

Intoxication is most often associated with ingestion of seeds. Oral lethal
doses of seeds in animals range from 0.1 g/kg in horses to 14 g/kg in chickens
[4]. Intoxication of children has been associated with ingestion of as few as
one or two seeds. The toxicity of seeds is dependent on whether the seeds are
swallowed intact or not; intact seeds are typically not digested and therefore
do not release the toxin.

Ricin is a heterodimeric protein composed of an enzymatic A chain and a
lectin B chain [56]. The chains are linked by a single disulfide bond. System-
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ically absorbed ricin binds to cells via the B chain, which facilitates internal-
ization of the toxin [19, 56]. Once internalized, the B chain is removed by
hydrolysis. Cellular toxicity is due to the A chain, which hydrolyzes an ade-
nine from an N-glycosidic site on 28S rRNA. This prevents peptide elongation,
inactivates eukaryotic 60S ribosomes, inhibits protein synthesis and, second-
arily, DNA and RNA synthesis.

The onset of clinical signs following ricin exposure generally occurs with-
in a few hours [19]. Signs include nausea, vomiting, severe watery and bloody
diarrhea, severe abdominal pain, hypotension, weakness, trembling, anorexia,
sweating and collapse. Cardiac, hematological, hepatic and renal damage often
occur. Neurological signs such as seizures and coma can occur just prior to
death. The most characteristic postmortem lesions are severe reddening,
edema and necrosis of the stomach and small intestine.

A diagnosis is based upon a history of ingestion of Ricinus seeds, detection
of seeds in vomitus or stool, occurrence of compatible clinical signs, and
detection of ricin or ricinine in appropriate antemortem or postmortem sam-
ples [19, 54]. There is no antidote for ricin intoxication. Treatment relies pri-
marily on symptomatic and supportive care [19].

Oxalates

A wide variety of plants contain soluble or insoluble oxalates that are poten-
tially toxic. Intoxication of livestock following the ingestion of plants contain-
ing soluble oxalates (in the form of sodium or potassium oxalate) such as
Halogeton glomeratus (halogeton) and Sarcobatus vermicularis (greasewood)
is well documented [4]. In the U.S. the largest number of calls received by the
AAPCC in 2007 concerning exposure of people to toxic plants, involved plants
containing insoluble calcium oxalate crystals (Spathiphyllum spp. or peace lily
among other names, Philodendron spp., Caladium spp., and Epipremnum
areum or golden pathos among other common names) [5].

Oxalate intoxication of livestock most often occurs when sheep or cattle
that are not adapted to the local environment are allowed to graze large
amounts of H. glomeratus or S. vermicularis [4, 57]. Ingestion has to be suffi-
ciently great to exceed the capacity of rumen microbes to detoxify the soluble
oxalates. The susceptibility of ruminants to intoxication is lessened following
adaptation to soluble oxalate-containing plants since an increased number of
oxalate-degrading microbes are present in the rumen.

Soluble oxalates, once absorbed from the GI tract, rapidly combine with
serum calcium and magnesium, resulting in hypocalcemia and hypomagnes-
emia [57]. Clinical signs include muscle tremors, tetany, weakness, collapse
and death; the latter can occur within 12 hours of plant consumption. Animals
surviving the acute effects of soluble oxalates subsequently develop kidney
damage and failure as a result of precipitation of insoluble calcium oxalate in
the renal tubules [4, 57].
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A diagnosis relies on exposure to a plant containing soluble oxalates, occur-
rence of compatible clinical signs, detection of characteristic lesions in the kid-
neys, and, in some cases, measurement of oxalate concentrations in kidney tis-
sue. Treatment of affected animals under typical range conditions is often not
possible. When possible, treatment primarily focuses on administration of cal-
cium gluconate and symptomatic and supportive care [4].

Ingestion of the aforementioned plants containing insoluble calcium oxalate
crystals by people or pets can result in mechanical irritation to oral and pha-
ryngeal mucous membranes as the crystals penetrate the membranes [57]. The
concentration of calcium oxalate can be high; Philodendron species contain up
to 0.7% oxalate. Local irritation, edema and dsyphagia are the most common-
ly reported clinical signs. The most serious consequence following exposure
would be the occurrence of significant edema in the pharyngeal area that
results in difficulty in breathing. Fortunately, although exposure to such plants
is common, the occurrence of significant adverse effects requiring medical
attention is uncommon. A diagnosis relies on evidence of exposure to a calci-
um oxalate-containing plant. Treatment is largely symptomatic and supportive.

Phenolic compounds

Quercus spp. (oaks) contain polyphenolic tannins that interact and denature
proteins. Tannins are generally divided into two major groups, the condensed
tannins and the hydrolysable tannins [4]. Condensed tannins pass through the
GI tract unchanged and appear to have little toxicity. Hydrolysable tannins on
the other hand are readily hydrolyzed by esterases in the GI tract to their con-
stituent phenolics (e.g., gallic acid from gallotannins and ellagic acid from
ellagotannins) and sugars. Gallic acid is further degraded to pyrogallol and
other phenolics, which are then conjugated in the liver. Oaks vary considerably
in terms of overall tannin content and proportions of condensed and hydro-
lysable tannins, although all oaks should be considered potentially toxic if
ingested at sufficiently high amounts for at least several days [4, 10]. Interest-
ingly, in moderation, oak foliage and acorns are considered to be valuable
feedstuffs for livestock and wildlife [4].

It is hypothesized that tannin intoxication results when the liver is unable to
adequately metabolize phenolic metabolites [4]. Phenolic metabolites are
cytotoxic with most damage occurring at sites of highest concentration (i.e.,
liver and kidney). There appears to be significant variation as to sites of dam-
age among species, although kidney is considered to be the most susceptible
tissue to damage. In many animals, GI damage is also consistently found.

Oak intoxication is considered to be primarily a disease of cattle; sheep,
goats and horses are rarely affected [4, 10]. Goats are able to utilize oak
browse effectively and without adverse effects, even when it constitutes a
major portion of their diet. Resistance is believed to be due to the presence of
tannin-binding proteins in their saliva and lower GI tract [4]. There are reports



R.H. Poppenga166

in the veterinary literature of intoxication of a horse and a double-wattled cas-
sowary following oak ingestion [58, 59].

Initial clinical signs in cattle include anorexia, lethargy, rumen stasis and
constipation [4, 10]. These signs are followed by diarrhea (more or less
bloody), dehydration, colic, subcutaneous edema of the neck, brisket, abdo-
men and perineum and increased frequency of urination. At this point, there is
evidence of renal impairment and a metabolic acidosis: increased blood urea
nitrogen and creatinine and altered electrolytes. Animals typically either die
within a few days or become chronically debilitated as a result of persistent
renal impairment.

A diagnosis typically relies on evidence of excessive consumption of oak
buds, leaves or acorns and consistent postmortem renal lesions. Acorns, leaves
or leaf fragments are often found in the rumen on postmortem examination;
this confirms exposure in the absence of other evidence of plant ingestion.
Detection of tannins in GI contents or liver can confirm exposure to oaks [59].

Treatment of cattle for renal failure is often problematic under typical man-
agement conditions. In circumstances that involve valuable animals, treatment
is directed toward maintaining adequate hydration and urine production and
correcting any electrolyte abnormalities. Prevention is the best approach. This
involves limiting continued consumption of oak buds, leaves or acorns, pro-
viding 5–10% calcium hydroxide as a supplement or feeding alfalfa hay.
Calcium hydroxide is believed to bind tannins forming insoluble tannin com-
plexes [4].

Terpenes

A good example of intoxication from a terpene is that of late-term abortion in
cattle associated with the ingestion of Pinus ponderosa (ponderosa pine) nee-
dles. The causative agent has been identified as isocupressic acid [60]. The
toxin is also found in Cupressus macrocarpa and Juniperus communis (com-
mon juniper), although most reported problems follow ingestion of P. pon-
derosa [4]. Only cattle have been affected; goats, sheep and horses are not sus-
ceptible to intoxication.

Intoxication is characterized by late-term abortions in pregnant cattle fol-
lowing consumption of P. ponderosa needles [4, 10, 61]. Abortions can occur
following a single exposure to the needles, but there is a greater chance of abor-
tion if cows ingest needles over a several day period. Intoxications occur fol-
lowing the ingestion of either fresh green needles from trees or dry needles
from the ground. The toxin, isocuppressic acid, is believed to reduce blood flow
to the caruncular vascular bed, which stimulates the fetal parturition mechanism
[10]. Abortions are characterized by weak uterine contractions, uterine bleed-
ing, incomplete cervical dilatation, dystocia, birth of weak but viable calves,
agalactia and retained fetal membranes. Cows are not directly affected by the
toxin, but retained fetal membranes and associated metritis can cause illness.
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A diagnosis of intoxication relies on a history of ingesting pine needles and
the occurrence of late-term abortions. There is no specific treatment for
exposed individuals. Antibiotic administration might be necessary in cows to
avoid uterine infections secondary to retained fetal membranes.

Miscellaneous toxins

n-Propyl disulfide
Ingestion of Allium spp. has been associated with adverse effects in animals
such as cattle, horses, dogs and cats [62–65]. Wild (A. canadensis and A.
validum) and domesticated (A. cepa) onions, chives (A. schoenoprasum) and
garlic (A. sativum) contain n-propyl disulfide and other sulfur containing com-
pounds that can interfere with glucose-6-phosphate dehydrogenase in red blood
cells [4]. Insufficient enzyme activity and reduced glutathione concentrations
predispose hemoglobin and red blood cell membranes to oxidative injury.
Oxidized hemoglobin precipitates to form Heinz bodies, which are subse-
quently removed by the spleen; this can result in anemia. The severity of Heinz
body anemia varies with the species of animal, rate of ingestion and quantity
ingested. In addition to Heinz body anemia, damage to red blood cell mem-
branes can also result in hemolytic anemia. There are species differences with
regard to susceptibility to intoxication from onions; goats and sheep are much
less susceptible than cattle [4]. Cats are the most sensitive domestic animal spe-
cies to hemoglobin oxidation. Interestingly, cats are susceptible to Heinz body
formation following the ingestion of foods containing onion powder [66].

Intoxication of cattle most often occurs as a result of feeding cull or waste
domestic onions; wild onion intoxication is rare [4]. Clinical signs reported in
cattle include dark red to brown urine as a result of hemoglobinuria, pale
mucous membranes, tachycardia, weak pulses, anemia, weakness and collapse.
In the absence of known onion ingestion, a distinct odor of onions on the breath
or from feces, urine or milk provides diagnostic evidence of exposure.

In people, the most likely scenario for the occurrence of adverse effects fol-
lowing ingestion of Allium spp. involves the use of garlic extract as an herbal
supplement [67]. Side effects caused by use of garlic extracts include contact
dermatitis, gastroenteritis, nausea and vomiting. Several constituents of garlic
are known to have antiplatelet effects, which might increase the risk of bleed-
ing in individuals who are concomitantly taking antiplatelet or anticoagulant
agents [67].

Nitrate/nitrite
Nitrate (or more appropriately nitrite) intoxication is an economically impor-
tant problem for ruminants that ingest plants that have accumulated toxic lev-
els of nitrate [4]. Normally, plants absorb nitrate from the soil and utilize it to
form plant proteins. Under certain circumstances such as drought with subse-
quent impairment of growth, a wide variety of plants can accumulate nitrate to
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potentially toxic concentrations. Many common weeds such as Amaranthus
spp. (pigweeds) and Sorghum halapense (Johnson grass) and crop plants such
as Zea mays (corn) and Avena sativa (oats) can potentially accumulate toxic
concentrations of nitrate [4, 68].

Nitrate intoxication from plants occurs exclusively in ruminants as a result
of the reduction of nitrate to nitrite in the reducing environment of the rumen.
Nitrite is absorbed systemically and causes oxidation of hemoglobin to methe-
moglobin, which cannot transport oxygen. When 30–40% of the hemoglobin
is converted to methemoglobin, clinical signs occur [4, 69]. Death generally
results when methemoglobin levels reach 80%.

Typically, intoxicated animals are found dead due to the rapid progression
of signs following ingestion of a toxic amount of nitrate. If noted, clinical signs
include lethargy, weakness, muscular tremors, tachycardia, tachypnea or dys-
pnea, staggering and recumbency [4, 69]. Mucous membranes and blood can
have a brownish discoloration due to methemoglobin formation.

A diagnosis of intoxication is confirmed by the measurement of nitrate and
nitrite concentrations in fluids such as serum or aqueous humor. Additionally,
measurement of nitrate concentrations in fresh forage or hay can assist with a
diagnosis and help to prevent further losses (nitrate concentrations in plants in
excess of 1% are potentially toxic) [4].

Treatment of affected animals includes the intravenous administration of a
1–2% aqueous solution of methylene blue at a rate of 1–2 mg/kg [4, 69]. As a
reducing agent methylene blue converts methemoglobin to hemoglobin restor-
ing normal oxygen transport. Affected animals should be handled with care to
avoid worsening respiratory distress.

Examples of toxic plants with unidentified toxins

Lilies

Lilium longiflora (Easter lily), L. tigrinum (tiger lily), L. hybridum (Japanese
show lily), L. rubrum (rubrum lily), numerous lily hybrids and Hemerocallis
spp. (day lilies) are extremely toxic for cats [70]. The unidentified toxin or tox-
ins in the plants cause acute renal failure through an unknown mechanism. The
leaves and flowers are toxic and deaths of cats have been reported following
ingestion of as few as two leaves [70, 71]. Nephrotoxicity has not been
observed in rats, rabbits or dogs following ingestion of the plant. Clinical signs
are secondary to renal failure and include vomiting, salivation, dehydration,
depression and anorexia. Death is due to anuric renal failure. Moderate to
severe, diffuse acute tubular cell necrosis is consistently noted on postmortem
examination [70, 72].

A diagnosis of intoxication relies on evidence of plant ingestion and the
occurrence of signs consistent with acute renal failure. Treatment consists of
early GI decontamination and fluid therapy to maintain urine production and
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prevent dehydration. Once in anuric renal failure, peritoneal dialysis or hemo-
dialysis are the only viable options. The presence of an intact basement mem-
brane along renal tubules and mitotic figures suggest the ability of the kidney
to recover if affected animals are kept alive for a sufficient length of time [70].

Grapes, raisins

Acute renal failure has been consistently reported in dogs following the con-
sumption of grapes or raisins [73, 74]. The frequency of intoxication appears
to be low, since many dogs are exposed to potentially toxic quantities of grapes
or raisins and remain unaffected. The toxin or toxins have not been identified
nor have factors that predispose individuals to intoxication. The clinical
course, diagnosis and treatment approaches are similar to those discussed for
cats following ingestion of lilies.

Macadamia nuts

Dogs have been intoxicated following the ingestion of as few as 2.4 g/kg of
macadamia nuts (from Macadamia integrifolia or M. tetraphylla) [75]. Clini-
cal signs generally occur within 12 hours of ingestion with recovery occurring
within 48 hours; deaths have not been reported. The most common clinical
sign is apparent weakness especially of the hind limbs. Depression, vomiting,
ataxia and tremors have also been reported. The toxin responsible for intoxi-
cation is unknown and only dogs are affected. Treatment consists of sympto-
matic and supportive care.

Diagnosis of intoxication

The diagnosis of plant intoxication can be challenging especially in veterinary
medicine where ingestion of plants is often not noted by animal owners and
affected individuals cannot provide a history of exposure. Such circumstances
might also apply to a young child ingesting a potentially toxic plant.

Given the number of plant toxins, there are relatively few specific tests that
are available to confirm exposure to a specific plant. However, there are
notable exceptions. For example, exposure to a plant containing a cyanogenic
glycoside can potentially be confirmed by measurement of blood cyanide con-
centrations. Unfortunately, even though a specific test might be available for
antemortem or postmortem testing of biological samples, most tests are not
quantitative. Even if a test could quantitate the amount of a toxin present in a
sample, there are few diagnostic criteria available to interpret the significance
of a quantitative result. The majority of diagnostic tests available can only be
used to confirm exposure to a potentially toxic plant. In many situations in-
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volving an animal or a person who has possibly been exposed to a toxic plant
and who is showing clinical signs, laboratory testing to confirm exposure is
rarely available quickly enough to influence initial treatment interventions.

In veterinary medicine, postmortem confirmation of a toxic plant exposure
can often result from the detection of identifiable plant fragments in the GI
tract. This is especially true in ruminants who do not initially masticate forage
to a great degree.

Pathological lesions can also be helpful in establishing a suspicion of plant
intoxication. For example, certain cardiac lesions are highly suggestive of
exposure to cardiotoxic plants such as Nerium oleander. As mentioned previ-
ously, characteristic liver lesions are associated with intoxication from PAs.

Treatment of intoxication

If an ingestion of a specific plant is known to have occurred and some estimate
of the amount ingested is available, case assessment is relatively straightfor-
ward. However, an estimate of the toxicity of the plant needs to be made. As
mentioned, at least in people, most toxic plant ingestions are benign and do not
require any therapeutic intervention.

Once a determination is made that an animal or a person has been exposed
to a toxic plant or is intoxicated, a general approach to case management
should adhere to the following principles: (1) stabilize vital signs (this may
include administration of an antidote if sufficient information concerning a
specific toxicant exposure is immediately available), (2) obtain a history and
clinically evaluate the patient, (3) prevent continued systemic absorption of the
toxicant, (4) administer an antidote if indicated and available, (5) enhance
elimination of absorbed toxicant, (6) provide symptomatic and supportive
care, and (7) closely monitor the patient [76–78]. Obviously, each situation is
unique and one or more of the steps may be eliminated. For example, there
may not be an antidote for a given toxicant or a way to significantly enhance
its elimination once systemically absorbed.

Discussion of specific approaches to stabilization of vital signs is beyond
the scope of this chapter. Briefly, attention should be paid to maintaining a
patent airway and providing adequate ventilation, maintaining cardiovascular
function with attention to appropriate fluid and electrolyte administration,
maintaining acid-base balance, controlling CNS signs such as seizures, and
maintaining body temperature.

Gastrointestinal decontamination (GID) is a critical component of case
management. Appropriate and timely decontamination may prevent the onset
of clinical signs or significantly decrease the severity or shorten the course of
intoxication. GID consists of three components: (1) gastric evacuation, (2)
administration of an adsorbent, and (3) catharsis. Gastric evacuation via the
induction of emesis or gastric lavage needs to be initiated as soon as possible
after ingestion for maximum efficacy. Although there are possible exceptions,
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gastric evacuation should be attempted within 1–2 hours after ingestion if no
contraindications are present [79, 80].

Realistically, the only adsorbent routinely used in veterinary or human med-
icine is AC. Although the adsorptive capacity of AC for most plant toxins has
not been determined, their chemical nature suggests that AC should be effec-
tive. AC is available as a powder, an aqueous slurry or combined with cathar-
tics such as sorbitol. AC given repeatedly is effective in interrupting entero-
hepatic recycling of a number of toxins and the continued presence of AC in
the GI tract may allow the tract to serve as a sink for trapping toxin passing
from the circulation into the intestines. There is little hazard to repeated
administration of AC, although cathartics should be given only once. Timing
of AC administration is important. In one study of the percent reduction of
drug absorption following AC administration at various times after drug
administration, there was a 51.7% reduction when AC was given at 30 minutes
post-dosing, whereas AC given at 60 minutes and 180 minutes post-dosing
resulted in a reduction of 38% and 21%, respectively [81].

Both saline (sodium sulfate or magnesium sulfate or citrate) and saccharide
(sorbitol) cathartics are available for use. In theory, cathartics hasten the elim-
ination of unabsorbed toxicant via the stools. In general, cathartics are safe,
particularly if used only once. However, repeated administration of magne-
sium-containing cathartics can lead to hypermagnesemia manifested as hypo-
tonia, altered mental status and respiratory failure. Also, repeated administra-
tion of sorbitol can cause fluid pooling in the GI tract, excessive fluid losses
via the stool and severe dehydration.

Antidotes should be administered if indicated and available. However, with
several exceptions, there are relatively few antidotes for plant toxins. The
availability and use of antidotes can be region specific. For example, in the
U.S., sodium nitrite and sodium thiosulfate is used to treat cyanide intoxica-
tion, whereas in Europe, 4-dimethyl-aminophenol is used in place of sodium
nitrite, and hydroxycobalamine, a vitamin B12 precursor, is also used to treat
acute and chronic cyanide intoxication [41]. Intoxication following ingestion
of cardiac glycoside-containing plants can be treated with digoxin-specific
antibody due to at least partial cross-reactivity among the glycosides, although
higher doses might be necessary [1]. Unfortunately, due to the costs associat-
ed with some antidotes such as digoxin-specific antibody, veterinarians may
not have ready access to all of those that are clinically useful. In addition, the
logistics of treating livestock often precludes timely use of antidotes.
Fortunately, many intoxicated patients will recover if attention is paid to
appropriate symptomatic and supportive care.
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Toxic plants: a chemist’s perspective

Bryan A. Hanson
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Abstract. Chemistry has long been an integral part of toxicology, as the two fields originat-
ed in much the same way: the investigation of plants with interesting properties. In this chap-
ter I review the role that chemistry has played in understanding toxic and medicinal plants.
After some introductory remarks, three broad areas are addressed: the role of natural prod-
ucts in understanding plant taxonomy and evolution, recent developments in chemical syn-
thesis, especially efforts to discover and efficiently synthesize novel structures based upon
naturally occurring toxins, and finally, developments in the new field of systems toxicology,
which seeks to integrate all aspects of an organism’s response to toxic insult.

Introduction

“What the eyes perceive in herbs or stones or trees is not yet a remedy; the eyes
see only the dross. But inside, under the dross, there the remedy lies hidden.”
“Is not a mystery of nature concealed in every poison? What has God created
that He did not bless with some great gift for the benefit of man?… In all things
there is a poison, and there is nothing without a poison. It depends only upon
the dose whether a poison is poison or not.”

Paracelsus (1493–1541) [1, quoted in 2]

Natural products, the wide range of small molecules extracted from the dross
of the biological realm, are the gift to which Paracelsus refers. Natural prod-
ucts are also known as secondary metabolites. They include molecules from
plants, as well as those of bacterial, fungal, animal and marine origin. They
have played a critical role in modern medicine – a medicine that saves some-
one from cancer is a poison to the cancer cell, but deliverance for the patient.
Newman and Cragg at the National Cancer Institute in the United States have
monitored the sources of new drugs over several decades [3]. Over the 25-year
period from 1981 through mid-2006, 34% of candidate drug molecules were
natural products or were made from natural products (only small molecules
considered; vaccines and biologicals excluded). If one adds molecules pre-
pared synthetically, but whose pharmacophores were inspired by natural prod-
ucts, the total is 51%. Among anticancer agents over the period from the 1940s
to mid-2006, the numbers are even more impressive, 42 and 56%, respective-
ly. Although few surveys have broken out plant-based substances from the
entire spectrum of drug candidates, Butler has recently reported that of 225
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natural product-derived drugs in various stages of development, 49% of them
are of plant origin [4]. While individual pharmaceutical companies’ interest in
and emphasis on natural products has varied over the years, it is clear that nat-
ural products will continue to contribute significantly to drug discovery and
development [5].

The number and diversity of these plant natural products are enormous [6].
These compounds represent investments by the plant in defense against herbi-
vores such as insects and grazing animals, as well as infectious agents like
fungi, bacteria, and viruses. In many cases, the compounds also serve com-
munication functions. Defense is necessary due to the sessile lifestyle of
plants; escape is not an option. Table 1 gives a sense of the number and vari-
ety of structures known. Further, in a plant, the synthesis of a particular mole-
cule is not constant, but varies in a spatial and temporal manner. For instance,
defensive compounds are often present in young leaves, but as the growing
season progresses and the leaf matures, the type of compounds change. The
type of tissue is also important. Reproductive organs such as seeds are fre-
quently well-defended because of their importance to the survival of the organ-
ism, while fleshy fruits often have compounds designed to attract animals and
ensure their dispersion (the seeds inside the fruit survive the gastrointestinal
tract unharmed). Finally, it has recently become apparent that many com-
pounds originally believed to be of plant origin are actually produced by endo-
phytic fungi that live within the plant tissue [7–11]. This appears to be the case
with some of our most important anticancer agents, taxol [12, 13], camp-
tothecin [14, 15], and podophylum-derived compounds [16], as well as impor-
tant herbal medicines like St. John’s Wort [17] (Fig. 1).

Table 1. The diversity of natural products

Category Number

Alkaloids 12 000

Cyanogenic glycosides 60

Phenylpropanoids
(incl. tannins, anthocyanins, flavonoids, coumarins, lignans) 6000

Glucosinolates 100

Non-protein amino acids & miscellaneous amines 800

Polyacetylenes, alkylamides, fatty acids & waxes 1900

Terpenes
C10 (monoterpenes) 2500
C15 (sesquiterpenes) 5000
C20 (diterpenes) 2500
C30 (triterpenes) 5000
C40 (tetraterpenes) 500

Total terpenes 15 500

Grand total 43 560

Data adapted from Wink [35].
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Considering their importance, their variety, and their complex role in biol-
ogy, what then is the Chemist’s Perspective on toxic plants? The Chemist’s
Perspective is very broad: there is significant overlap between the chemical
viewpoint and toxicology, as well as pharmacology, pharmacognosy, medici-
nal chemistry, chemical synthesis, biosynthesis, ecology and alternative med-
icine. Plants are a rich source of useful materials and interesting scientific
investigations. As there are many excellent resources on the toxicology of
plants that consider the molecular action of particular molecules isolated from
toxic plants [18–20], here I take a different approach. To provide the Chemist’s
Perspective, or at least one chemist’s perspective, I take a more holistic look at
the natural products found in toxic plants, and illustrate the connections bet-
ween chemistry and other scientific disciplines.

Chemosystematics

Systematics is the science that attempts to reconstruct the evolutionary history
of life, with the results presented in the form of a phylogeny or “tree of life”.
Most authorities place taxonomy, which specifically addresses classification
issues, within the field of systematics, although not all agree [21]. In any case,
humans have been keen observers of plant characteristics and utility through-
out the full history of our species; we are all taxonomists whether we are con-
scious of it or not. Timothy Johns of McGill University makes a compelling
argument that humans and plants coevolved in a process in which some plants

Figure 1. Some important natural products/toxins that are now known to be synthesized by endophytic
fungi. Paclitaxel, podophyllotoxin and camptothecin are antitumor agents; hypericin is one compo-
nent of St. John’s Wort, an herb used for mild depression.
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were accepted as food, while others were found to be of medicinal value or
outright deadly [22]. While the human brain gradually developed an increased
capacity for observation and classification, sensory systems such as taste and
olfaction, the liver’s ability to detoxify an increasing range of xenobiotics and
other physiological traits all evolved in a coordinated fashion. At some point,
the human species was able to domesticate selected plants, in other words to
select and manipulate plants for less toxicity. The invention of cooking, includ-
ing the possible addition of acid or base, was another innovation to further
detoxify plants by chemical and physical means.

The presence of specific chemical entities in plants, and their uneven distri-
bution across the plant kingdom, did not escape early chemists. Morphine was
isolated in 1805, long before its structure was correctly described in 1925 [23,
24]. During the 19th century, an increasing number of pure natural products
were isolated, although, as with morphine, their structures were not known
until much later (Tab. 2, Fig. 2). Structural studies had to wait for organic

Figure 2. Natural products listed in Table 2.
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chemistry to mature, as a modern understanding of bonding and structure did
not coalesce until the latter half of that century. Significant improvements in
laboratory methods and technology were also needed before structures could
be confirmed. (The development of separation science, using paper chroma-
tography, is one example.) Nevertheless, broad chemical classification of nat-
ural products and at least a partial description of properties was possible.
Scientists began to realize that certain classes of chemicals were widely dis-
tributed, and others narrowly, in the plant kingdom as understood at that time.
De Candolle published perhaps the earliest description of this sort, but well
before any significant chemical understanding was available (1804) [25]. More
chemically enlightened botanical surveys were not available until about
100 years later, with the work of Abbott (in 1896) [26] and Greshoff (in 1909)
[27]. The latter coined the phrase “comparative phytochemistry” which was
described as “the knowledge of the connection between the natural relation-
ship of plants and their chemical composition”. This definition set the stage for
further development (see [28] for an excellent history of the field). Since that
time, information about the chemical constituents of plants and their distribu-
tion continued to accumulate at ever increasing rates. The state of the art by
the 1980s is exemplified by Harborne and Turner’s “Plant Chemosystematics”
[29]. Chapter 12, “Application of Chemistry at the Familial Level”, describes
surveys of various compound classes and maps them onto plant phylogenies
popular at the time. One of the more broadly accepted phylogenies originated
with Dahlgren [30]. Figure 3 shows his arrangement of plant superorders with
the distribution of benzylisoquinoline alkaloids (BIAs) superimposed. This

Figure 3. A Dahlgrenogram showing the distribution of benzylisoquinoline alkaloids (BIAs), as
understood in 1980. Superorders known to produce BIAs are shown in gray. Adapted from Dahlgren
[30] with permission of the publisher, Wiley-Blackwell.
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alkaloid family consists of about 2500 different structures and includes impor-
tant substances such as morphine, codeine and tubocurarine.

The entire landscape of chemosystematics changed dramatically, however,
in the 1980s with the biotechnology revolution. The ease and availability of
DNA sequencing, cloning and particularly the polymerase chain reaction
(PCR), changed the very nature of what was possible in two broad ways. First,
plant systematicists had entirely new information with which to construct a
phylogeny of plant families, as extensive sequences of chloroplast and mito-
chondrial DNA became available. These molecular phylogenies turned out to
be broadly similar to earlier phylogenies worked out based upon morphologi-
cal details, reproductive strategies and chemical markers. However, a number
of classifications were changed, particularly at the family level. By 1998,
enough data was available to assemble a truly modern phylogeny of flowering
plants, and in 2003 a significant update was issued [31, 32]. Consider the fol-
lowing simple example which illustrates the significant changes that occurred
in thinking about the relationships between plants. For decades, at some point
in their science education, young students have typically learned that plants
can be divided into two main groups, the monocots and dicots (strictly, mono-
cotyledons and dicotyledons). This grouping followed the scientific thinking
common up until the late 1980s. Indeed, readers may remember learning that
monocots have parallel leaf veination, while dicots have a network of veins, or
that monocots have flower parts in multiples of three’s. With the advent of
modern molecular phylogenetic methods, we now know that plants placed in
the monocots are indeed truly related to each other, because the molecular data
coincides with morphological and other data. Under scrutiny, however, the
dicots have not held up as a group, although a large portion of them are indeed
related and are now known as the eudicots, or true dicots [21, 33].

The second change made possible by biotechnology was that these tools
altered the way chemists could investigate the biosynthetic pathways leading
to natural products. Early approaches to biosynthesis studies involved detailed
tracking of molecular skeletons as they were gradually modified by the plant.
These approaches typically involved experiments in which isotopically labeled
simple precursor molecules were made available to the plant, such as acetate
ion labeled with 13C at either carbon. Later, the natural products were isolated,
and the location of the isotopic labels investigated spectroscopically.
(Herbert’s text [34] exemplifies this approach; but even earlier approaches
employed radioactive labels, with subsequent laborious chemical degradation.)
The steps employed by the plant to construct the molecule could then be
deduced. (Deducing the pathway was much easier if mutant strains could be
found or created that lacked certain enzymes along the biosynthetic route.
These individuals would accumulate the intermediate ahead of the missing
enzyme.) With the new biotechnology tools, one could investigate these
processes much more thoroughly and quickly by studying the enzymes that
carried out the transformations, rather than the products of those transforma-
tions. For example, once a particular enzyme had been identified as carrying
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out a reaction of interest, the DNA sequence coding for that enzyme could be
used to query databases for other species that possessed a similar or closely
related enzyme. As genomic sequence data became available for more and
more organisms, comparative studies over large numbers of plant species
became possible. Alternatively, the DNA sequence could be used to create a
probe for the mRNA coding for a particular enzyme in individual plants. A few
examples of this strategy in action are discussed here, but for a full perspective
of how biotechnology has changed the study of plants, please see the section
on systems toxicology later in this chapter.

Phylogenies constructed prior to the widespread availability of sequence
information had always reflected some curiosities in the distribution of natu-
ral products. It seemed unlikely that some complex molecular skeletons,
which required a significant resource investment by the plants, would be iso-
lated from apparently unrelated families. However, it was difficult to deter-
mine if these observations were real, or were due to mistakes in construction
of the phylogenies, or perhaps due to incomplete information because an
insufficient number of plant species had been studied in detail. As modern
phylogenies became available, the occurrence of natural product families and
the presence of particular molecular skeletons were mapped onto the new phy-
logenies. The results were fascinating. In certain plant families for which
detailed data were available, it was clear that the presence of particular mole-
cular skeletons was not evenly distributed. A good illustration comes from the
laboratory of Michael Wink at University of Heidelberg [35]. Wink and
coworkers examined the distribution of quinolizidine alkaloids and non-pro-
tein amino acids, two toxin classes common in the Fabaceae family (the legume
or bean family). Figure 4 shows that the distribution of these two groups is not
even across a number of representative species in this family, which contains
about 18 000 species. This figure reveals another interesting finding, namely
that species that contain quinolizidine alkaloids typically do not contain non-
protein amino acids and vice versa; that is, the two categories do not overlap.
Apparently, certain lineages have committed to the use of one toxin rather
than the other, and resources are not wasted synthesizing both compound
classes.

This uneven distribution of compounds could be explained in a number of
ways. One could argue that at least some aspects of the distribution suffer from
artifacts, such as chemical analyses that are too crude to detect low levels of
compounds, or analyses that are not sufficiently selective and give false posi-
tives. Another possibility is that the compounds are not actually synthesized by
the plants, but rather by endophytic fungi as previously discussed, and hence
a plant phylogeny is irrelevant. However, if one assumes that these potential
artifacts are fairly rare and that true errors are randomly distributed, then the
observed distribution still begs for an explanation. Three explanations are con-
sistent with a modern understanding of the mechanisms of evolution: the same
enzymatic capacities have arisen several times independently (convergent evo-
lution), or the genes for synthesizing both compound categories are present in
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all members of the Fabaceae but are turned off in certain taxa, or the genes
have been lost in some taxa. Wink’s work does not directly address this dis-
tinction, however, as his phylogenies are constructed using the sequence of the
rbcL chloroplast gene, which reflects the overall evolution of the species, not
the actual enzymes synthesizing the compounds studied [36].

Figure 4. The distribution of quinolizidine alkaloids and non-protein amino acids in the Fabaceae.
Bold names are species which contain the compounds, grey names are species in which the com-
pounds are absent. After Wink [36]; based upon data deposited at the European Molecular Biology
Laboratory.
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Workers in Peter Fachinni’s laboratory at the University of Calgary have
pushed the analysis a step deeper in their study of the distribution of the BIAs
mentioned previously [37]. This group of compounds are found primarily in
the order Ranunculales but examples are known from other orders (see Fig. 5
for typical structures). A wide range of species were sampled for (S)-norco-
claurine synthase activity, the enzyme ultimately responsible for the synthesis
of all BIAs. Molecular phylogenies were constructed using the gene sequence
for the synthase along with the sequences for several other enzymes unique to
selected BIA subpathways. These data were compared with the distribution of
the alkaloids mapped onto a phylogeny constructed using chloroplast genes.
The results strongly suggest that the genes for the biosynthesis of BIAs are
present in a much wider range of plants than just those species from which the
alkaloids have been isolated. Hence, the hypothesis that genes for the synthe-
sis of natural products are widespread but turned off in various taxa appears to
be strongly supported. In the case of the BIAs, the data suggest that the nec-
essary genes originated prior to the origin of the eudicots; in other words, quite
early in the evolution of plants. These results (e.g., Fig. 4) can be compared to

Figure 5. The synthesis of all benzylisoquinoline alkaloids (BIAs) begins with the action of norco-
claurine synthase, and leads to a wide variety of structural skeletons. Only a few examples are shown
here.
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the Dahlgrenogram presented in Figure 3; clearly, modern analyses differ sig-
nificantly in their very nature and certainly in their detail.

In contrast, an alternative scenario appears to operate in the case of the
pyrrolizidine alkaloids (PAs), a diverse group of toxic substances. PAs are
found in rather distantly related plant groups, including eudicots (families
Asteraceae and Fabaceae) and monocots (family Orchidaceae). PAs have been
implicated in cases of poisoning with herbal medicines (due to contamination
[38–41]) and cause liver failure in livestock grazing on Senecio species (the
ragworts and groundsels, family Asteraceae). PAs are activated in the liver,
producing a metabolite that reacts with DNA to give a tumorigenic adduct [42,
43]. An early step in the synthesis of PAs is the conversion of the diamine
putrescine to homospermidine, by transferring a C4NH2 chain from spermi-
dine. This reaction is carried out by homospermidine synthase (HSS).
Elaboration of homospermidine leads eventually to the necine base character-
istic of PAs; additional steps add the diester-containing ring (Fig. 6). Work in
the laboratories of Dietrich Ober and Thomas Hartmann at the Technical
University of Braunschweig has revealed that HSS has likely arisen at least
four separate times over evolutionary history [44]. This conclusion was
reached by the analysis of amino acid sequences and genomic DNA of a num-
ber of species. It appears that the gene for a different enzyme, deoxyhypusine
synthase, was duplicated, and the second copy underwent additional evolution

Figure 6. The biosynthesis of pyrrolizidine alkaloids begins with homospermidine synthase, and leads
to a diverse array of toxic alkaloids.



B.A. Hanson188

to become HSS [45]. Deoxyhypusine synthase also transfers a C4NH2 chain
from spermidine, but in this case the acceptor is a lysine side chain of a tran-
scription factor. This is an example of convergent evolution by change of func-
tion after duplication. Other examples in which a no-longer-needed copy of a
gene evolves to have a new function and eventually different product speci-
ficities and expression patterns are known from the terpene and flavonoid path-
ways [46].

In contrast to these more complex scenarios, there are some compound fam-
ilies which are narrowly distributed, suggesting that their biosynthetic path-
ways originated more recently. Perhaps the best example is that of the betalain
pigments, which are found exclusively in the order Caryophyllales and serve
as a reliable marker for this order [47, 48].

These examples demonstrate that there is a great deal to be learned from the
distribution of natural products in light of modern molecular phylogenies.
Unfortunately, the hope of systematicists that natural products would serve as
simple taxonomic characters has proven to be too good to be true. They cer-
tainly can serve as useful markers, but a ‘present/not present’ interpretation is
clearly a too-simple approach. The reality is that the study of natural products
and the enzymes that produce them will enlighten systematics and the mecha-
nisms of plant evolution greatly, but considerable investment will be needed to
work out the details [28].

Chemical synthesis and structural diversity

The laboratory synthesis of natural toxins and medicinal substances has
always been of great importance; it is the basis for the modern pharmaceutical
industry. Typically, once the structure of a natural product has been described,
there are always chemists ready to undertake its synthesis, although in one cel-
ebrated instance, these steps were reversed. In 1856, William Perkin undertook
the synthesis of the critically important antimalarial quinine starting from ani-
line, even though he did not know the structure of quinine, which was not
described until 1918. While this experiment was extraordinarily naïve in ret-
rospect, Perkin did discover the compound mauveine, which launched the
entire synthetic dye industry [49]. The synthesis of quinine was ultimately a
much more difficult task, as it was not until 1944 that the synthesis was
achieved (but not all agree about this, as described below).

“It is well worth looking at the proposition that chemical synthesis is an art
form, needing no justification because it permits self-expression in its creators
and produces aesthetic pleasure in those who examine its products.”

J.W. Cornforth [50]

There are a number of reasons that chemists pursue synthesis. There are those
who view the synthesis of complex molecules as a Mount Everest to be climb-
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ed or a chess game to be won [51–53]. Since the resulting synthetic schemes
are generally long and complex, it is hard to argue that the process will lead to
the preparation of large quantities of material for clinical or commercial use.
Along the way, however, new reactions may be invented, which might be more
efficient with regard to building up the skeleton or controlling stereochemistry,
or which may be more environmentally friendly. The preparation of simpler
analogs, often undertaken as an intermediate step in the synthesis of a more
complex target compound, may lead to compounds that retain biological activ-
ity, which in turn gives insight into the pharmacophore and suggests other
compounds to prepare.

Occasionally, the synthesis of a reported compound leads to the discovery
of errors in the original structure, and to their correction [54]. And controver-
sies arise from time to time. The synthesis of quinine, reported in 1944 [55],
has been called into question with the publication of a stereoselective synthe-
sis in 2001 [56]. The interesting story about who made what compound and
when they made it has been analyzed in detail by Seeman [57] and reveals
quite a bit about the science of total synthesis (see also the account by
Kaufman and Rúveda [58]). Similarly, the synthesis of physostigmine, an
ordeal poison used in traditional jurisprudence by certain African cultural
groups, was achieved by African-American chemist Percy Julian working at a
small college in rural America in 1935 [59]. This was an extraordinary
achievement at the time, and all the more interesting because Julian complet-
ed the synthesis ahead of the very accomplished research group of Sir Robert
Robinson at Oxford. In addition, Julian showed that Robinson had been wrong
in some of his earlier publications. Addison Ault has provided a concise
description of how Julian did it, and how Robinson was misled [60].

One of the most interesting debates in the field of synthesis is the issue of
what molecules to make, and how to go about making them. A traditional
approach favored by those who see synthesis as a chess game is to choose bio-
logically active molecules that have high degrees of complexity or which have
carbon skeletons that have not previously been made. (Funding is much easi-
er to obtain for molecules which have biological activity of potential medical
interest.) The chosen molecules are then synthesized by some combination of
known reactions, or reactions which must be invented, often in very long
sequences. This approach does not correspond to the needs of the pharmaceu-
tical industry, where simpler molecules with high biological activity and good
therapeutic profiles are mandatory, and shorter syntheses are critical.
Consequently, a great deal of thought and strategy has gone into inventing
alternative methods for choosing and making molecules, with the goal of min-
imizing the time necessary for discovering novel (i.e., patentable) active com-
pounds which are easily made at reasonable cost.

Over the long haul Nature has provided a large fraction of our useful mole-
cules, and the natural world continues to be a source of inspiration and ideas
as discussed in the first section. However, it can be argued that most molecules
with high biological activity, and which are present in modest quantities in
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their natural sources, were easy to discover and have already been exploited;
hence, different approaches are needed to develop new drug candidates. One
approach to thinking about this issue is to recognize that the potential struc-
tural diversity of small to medium-sized organic molecules is enormous, and
can be described in a number of ways, some of which may lead us to new
ideas. These descriptors include such things as connectivity, lipophilicity,
topology, the functional groups present, chirality, flexibility and so forth.
Collectively, these and other descriptors have been called the “chemical space”
in which molecules exist [61]. The challenge in finding new useful molecules
is then twofold: first, to describe this chemical space accurately, and second,
to map the chemical space onto the corresponding biological-activity space in
such a way that useful activity is found more quickly. One could argue that this
is exactly what Nature has done through the process of evolution: sampling a
wide swath of chemical space in search of a hit in biological-activity space.
Biologically active natural products have been described as “evolutionarily
selected”, “prevalidated” or “privileged” by various authors.

This notion of chemical space and characterizing it is not really new; it is
the basis for much of medicinal chemistry and rational drug design using
quantitative structure-activity relationships (QSAR). However, the growth of
publicly available databases has facilitated new approaches. Lipkus and col-
leagues at the Chemical Abstracts Service have analyzed their database of
more than 24 million organic compounds described in the literature to meas-
ure their structural diversity [62]. Their results demonstrate that the number of
known skeletons is actually quite limited and that most compounds are deriv-
atives of these known skeletons, suggesting that true structural diversity is low
(Bohacek has estimated the number of possible structures at 1060 [63]). Feher
and Schmidt [64] have conducted a statistical analysis of the similarity of nat-
ural products, drugs on the market, and molecules made by combinatorial
chemistry. (Combinatorial chemistry is the rapid, high-throughput assembly of
modest size molecules from a set of building blocks in a somewhat randomly
selected fashion. The result is a set – library – of molecules from which the
active ones can hopefully be fished out by an appropriate assay.) They found
that the chemical space explored by combinatorial chemistry appears to be sig-
nificantly limited by the reactions typically employed in combinatorial work.
In contrast, drugs in use and natural products cover a much greater volume of
chemical space. Waldmann and colleagues at the Max Planck Institute of
Molecular Physiology in Germany have carried out a similar structural classi-
fication of known natural products but have gone beyond mere description and
used the results to design new drugs [65]. They have also reviewed recent
approaches to describing chemical space [66]. Finally, researchers at Uppsala
University and AstraZeneca have described ChemGPS-NP, whose name
emphasizes the need to navigate within this chemical space [67]. All these
studies reach the same general conclusion, namely that the information and
diversity in natural product structures is underutilized relative to the full poten-
tial of chemical space.
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As descriptions of chemical space have been refined, the questions of how
this space relates to biological-activity space and which compounds to make
has developed simultaneously [61, 68–71]. New approaches have been devel-
oped that consider, in principle, all (or at least more) of the possible chemical
space, and which try to address a broad region of biological-activity space as
well. These explorations have led to a number of interesting drug discovery
strategies.

Foremost among these are investigations in which the principles and con-
cepts of combinatorial chemistry are merged with the notion of using natural
products directly as scaffolds, or as the inspiration for scaffolds [72]. The basic
procedure is to begin with a natural product or perhaps a simplified version,
and attach it to a resin for subsequent modifications by solid-phase synthesis.
One then uses the existing functional groups to modify the structure, in effect
adding a wide variety of “side chains” at several different sites. An alternative
approach is to introduce the same building blocks, but with differing chirality.
An example based upon the toxin galanthamine is shown in Figure 7 (the
spelling in some publications is galantamine). Galanthamine is a selective and
competitive acetylcholinesterase inhibitor found in the family Amarylidaceae
[73], such as the bulb of the common daffodil (Narcissus pseudonarcissus).
Developed from indigenous knowledge, it has recently become available for
the treatment of Alzheimer’s disease [74]. Shair and colleagues at Harvard
have developed a library of compounds that are based upon a modified galan-

Figure 7. (a) Galanthamine; (b) strategy for construction of a library based upon galanthamine; (c)
secramine, a structure isolated from the library with completely different biological activity.
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thamine structure [75]. Beginning with an analog constructed on a solid resin,
a variety of side chains were introduced in all possible combinations using the
instrinsic reactivity of the analog’s functional groups, leading to a library of
2527 different molecules (about 85% of the theoretical number). Screening of
this library lead to the isolation of secramine (Fig. 7c), which is an inhibitor of
protein trafficking, a biological activity completely unrelated to that of galan-
thamine. Many other examples employing a similar combinatorial approach
have been reported [76, 77] and there is great promise for discovery of new
structures with new activities.

Another approach to generating structural diversity takes advantage of the
fact that many natural products are present as glycosides, that is, in combina-
tion (conjugation) with sugars. The function of these sugars is to increase the
solubility of the often non-polar molecule (the aglycone) in the aqueous envi-
ronment of the cell. The nature of these sugars, as well as their presence or
absence, often has a large effect on their biological activity [78]. A typical and
important example is that of digitoxin, derived from the Foxglove plant
(Digitalis purpurea, Plantaginaceae), the subject of one of the earliest known
clinical trials [79] (Fig. 8). Thorson and colleagues at the University of
Wisconsin have developed several means of generating structural diversity by
adding non-natural sugars to the aglycones, as well as methods for randomiz-
ing the sugars present using glycosyltransferases which are able to accept a
variety of sugars as substrates (so-called promiscuous enzymes). Applying this
approach to digitoxin, they created a library of 78 analogs by replacing the
triose of digitoxin with a variety of monosaccharides, and varying the stereo-
chemistry at the point of attachment [80]. The normal activity of digitoxin is to
increase the force of heart-muscle contraction by inhibiting Na+/K+ ATPase
activity. It also exhibits modest but non-specific cytotoxic effects on cancer cell
lines. Bioassay of this library against various cancer cell lines led to the dis-
covery of members with much more potent or selective cytotoxicity (but not
both). Thorson has also created a library of 58 glycosides of the tubulin poly-
merization inhibitor colchicine (Fig. 2), a molecule that does not normally exist
as a glycoside [81]. Once again, some members of this library exhibited greater
potency or selectivity, and two members stabilized the structure of tubulin, the

Figure 8. The structure of digitoxin, a glycoside that acts to increase the force of heart contraction.
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opposite effect of colchicine. Digitoxin and colchicine are compounds from
toxic plants, but the Thorson group has demonstrated the broad applicability of
this approach with medicinal compounds from bacteria and fungi, and has
shown that the enzymes involved can be engineered to great advantage [82–85].

“… I see no reason why we should not welcome enzymes and microbes as
friends and colleagues. Since they work for even less than graduate students,
perhaps we should at least acknowledge them…”

J.W. Cornforth [50]

In addition to strategies designed to create a greater diversity of chemical
structures, scientists have sought to carry out the syntheses of naturally occur-
ring compounds in more efficient ways, an approach that has benefited great-
ly from the developments in biotechnology described earlier [86]. One ap-
proach is to abandon traditional synthesis and develop cell cultures and other
systems that produce the natural products of interest.

Several excellent examples exist; perhaps the most important is that of
paclitaxel (trade name Taxol). This compound was one of several to be devel-
oped principally by Wall and Wani at Research Triangle Park [87]. Paclitaxel
was first isolated from a thin layer of inner bark of the pacific yew tree (Taxus
brevifolia, Taxaceae) in 1971. Its mode of action was unique at the time (tubu-
lin stabilization [88]) and it was eventually marketed by Bristol-Meyers
Squibb for the treatment of ovarian, breast and lung cancers. As its efficacy
became apparent, problems quickly arose with the supply of the drug. Isolation
from the tree was clearly untenable as it would create a considerable environ-
mental disaster if pursued (one mature tree would produce about one dose)
[89]. Subsequently, related species were found that produced paclitaxel or
related structures, and these provided the supply necessary for clinical use.
Even so, the compound is still quite expensive, about $ 300 000 per kilogram.
Consequently, much effort has gone into studying the biosynthetic pathways
leading to paclitaxel in the hopes of harnessing the enzymes. In addition, many
investigators have worked on developing plant cell culture methods for the
production of paclitaxel or a related molecule that can be converted to it in a
cost-effective manner [90, 91]. Phyton Corporation produces paclitaxel in a
75 000-L fermentation/cell culture system. Current research is aimed at opti-
mizing the cell culture conditions for initial growth, after which the cells are
transferred to a different media that enhances the production of paclitaxel. The
discovery that paclitaxel is apparently synthesized by an endophytic fungus
(detailed earlier) has both complicated and simplified efforts. The important
antimalarial artemisinin from Artemisia annua (Asteraceae) is currently going
through much the same development cycle as paclitaxel [92].

A strategy that is both potentially very efficient and amenable to generating
structural diversity is to genetically engineer microorganisms to carry out the
syntheses [93]. In this so-called combinatorial biosynthesis, genes from a plant
(possibly more than one) are moved into a different organism such as a bac-
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terium or a yeast, and in combination with the native genes of that organism,
they may be coaxed into synthesizing a desired product. The hope is that the
heterologous system may be more practical in terms of the ease of culture and
the production efficiency (Kayser and colleagues have reviewed a number of
such investigations [94]). In addition to making the synthesis more efficient,
such systems may be engineered to rearrange the order of genes and even com-
bine genes from different organisms to produce novel structures, which may
have novel mechanisms of action.

A good illustration of the first approach involves the BIAs discussed earli-
er. These compounds are synthesized in plants beginning with the action of
norcoclaurine synthase, followed by a wide variety of additional enzymes
depending upon the carbon skeleton found in a particular species (Fig. 5).
Minami and Sato in Japan developed a two-organism, one-culture method for
the efficient preparation of BIAs. These workers first prepared and cultured a
transgenic Escherichia coli line with the plant genes for the synthesis of (S)-
reticuline, a key branch point in the pathways leading to diverse BIAs. After a
period of time, they added to the growing bacterial culture a transgenic
Saccharomyces cerevisiae that contained additional genes for the transforma-
tion of reticuline into magnoflorine. In a second experiment, the added trans-
genic yeast contained the genes for the synthesis of scoulerine. These co-cul-
ture systems, containing transgenic plant genes carried in two different organ-
isms, and supplemented by bacterial enzymes, were able to produce good
quantities of structurally diverse alkaloids (Fig. 9) [95]. Both magnoflorine
and scoulerine are of medicinal interest, but the success of this method opens
the door to the synthesis of BIAs of even greater medical importance. A simi-
lar investigation has been reported by Hawkins and Smolke at the California

Figure 9. The Minami and Sato co-culture system for the preparation of benzylisoquinoline alkaloids
(BIAs).
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Institute of Technology using yeast cells containing plant and human enzymes
[96]. This system was shown to synthesize a morphine precursor, in addition
to sanguinarine/berberine skeletons.

A second and particularly ambitious example is the attempt by Verpoorte
and colleagues to produce Vinca (Catharanthus) alkaloids in heterologous sys-
tems (Fig. 10) [97]. Vincristine and vinblastine are very important antineoplas-
tic compounds and among the most structurally complex plant natural products
known. They are produced in plants at extremely low levels, and cell culture
methods have not been successful. Hence, there is great interest in a biotech-
nological solution. Unfortunately, the biosynthetic pathway involves at least 32
genes and 35 intermediates, along with 7 subcellular compartments (which is
consistent with the structural complexity of the compounds). While portions of
the pathways have been successfully transferred to E. coli, S. cerevisiae and
Nicotina tabacum, efficient expression of the entire biosynthetic apparatus has
not yet been achieved. However, McCoy and O’Connor at Harvard University
have reported that seedlings and hairy root cultures of Catharanthus roseus are
able to accept a wide variety of substituted tryptamine precursors and carry
them through to compounds late in the biosynthetic sequence [98, 99].

The second broad approach, to generate novel structures by combining and
re-ordering genes from several plants, has only recently begun to be explored.
Polyketide synthases (PKS) are responsible for the synthesis of a wide range
of interesting natural products. These modular enzyme complexes are able to
build up a carbon chain from a variety of starting units, add multiple extender
units, and modify the resulting structure by various combinations of cycliza-
tions, reductions and dehydrations. Over evolutionary time, the individual
genes in these complexes have been duplicated and subsequently modified,
creating a set of tools that can accept different substrates, and be used in dif-
ferent orders for different results. In other words, Nature has been employing

Figure 10. The biosynthesis of the Vinca alkaloids vincristine and vinblastine.
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a sort of combinatorial biochemistry that humans have only recently recog-
nized and tried to manipulate. The chemistry and genetic engineering of PKS
have been exploited for sometime in bacteria [100], but the plant enzymes have
only recently been cloned and put to use [101, 102]. By rearranging the order
of individual enzymes that carry out the cyclizations and other modifications,
new structures can be created. Some PKS are promiscuous as they will accept
a variety of starter units not found in Nature, which permits additional struc-
tural diversity. Figure 11 illustrates the overall process and structures of a few
important plant natural products generated by PKS.

Choosing a target for synthesis has clearly moved well beyond early moti-
vations. The means of synthesis have also changed significantly. The examples
described above demonstrate that the field of synthesis remains a very creative
and practical endeavor. While Nature has provided numerous useful drugs and
toxins, it is clear that creative chemists and molecular biologists will continue
to harness the tools that Nature has been using to create even more structural
variety and to do so by increasingly efficient means.

Figure 11. A typical plant biosynthetic pathway leading to polyketide intermediates, which can be
cyclized to give a variety of structures. PKS, polyketide synthase. THC (Δ9-tetrahydrocannabinol) is
the active ingredient in marijuana. Urushiols are the active ingredients in poison ivy.
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Systems toxicology

One of the most interesting recent developments bridging chemistry and biol-
ogy is the development of systems biology, which seeks to integrate knowl-
edge of the molecular workings of living organisms across several levels.
Crick’s “central dogma” is the unifying concept in molecular biology, which
describes the flow of information in an organism, from DNA to RNA and
finally to proteins [103]. The development of biotechnology led to an under-
standing of this information flow on a much grander scale within a single
organism, and in a comparative fashion between organisms. Beginning with
genomics (e.g., the human genome project), and later proteomics and tran-
scriptomics, the available information has exploded in quantity and improved
in quality. More recently, the field of metabolomics has made its debut –
metabolomics studies the result of the flow of information out of the central
dogma as well as its regulation – in other words, the identity and concentra-
tions of all metabolites in an organism. Systems biology is an attempt to use
all this information at once to study how the pieces function in an integrated
fashion. Figure 12 illustrates the relationship between these concepts.

The systems biology approach can provide a great deal of information about
an organism under normal conditions, but the greatest insight is derived by
comparing this reference state to some sort of perturbed or stressed state. For
instance, one might study the metabolism of carbohydrates by comparing
growth under normal conditions to one in which a particular substrate is lack-
ing or enhanced [104, 105]. Systems toxicology in particular is the study of
organisms stressed by some sort of xenobiotic toxin, and has great potential in
the pharmaceutical industry. Applications are being developed that use
metabolomics to speed drug development by improving the preclinical screen-
ing process, the elucidation of metabolic pathways, and the determination of
mechanisms of toxicity [106, 107]. Not surprisingly, there is also enormous
interest in using these methods to develop diagnostic biomarkers for a wide
variety of disease states, and in some cases molecular changes can be detect-
ed long before a disease makes its appearance via traditional clinical indica-
tions [108]. A good illustration of the strategy and potential of the systems tox-
icology approach is a study conducted by Nicholson’s group at Imperial
College London and colleagues at AstraZeneca [109]. These investigators
studied the necrosis of liver tissue induced by methapyrilene in rats using a
combination of gene expression analysis (transcriptomics), a comprehensive
analysis of protein levels (proteomics) and NMR spectroscopy of urine and
liver tissue samples (metabolomics). These methods were linked to more tra-
ditional histological analysis and revealed complex changes in the molecular
systems that react to oxidative stress as well as those responsible for energy
usage.

As with all applications of systems biology, one of the key challenges is the
management of the flood of data that results from these complex studies.
Several recent reviews have discussed the development of knowledge bases in
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toxicology that endeavor to integrate the systems approach with more tradi-
tional types of toxicological studies [110, 111]. The development of the
Chemical Effects in Biological Systems (CEBS) depository is one effort to
organize data from a variety of experimental methods in a comprehensive
manner so that the results can be mined for insights and compared across lab-
oratories and organisms [112].

Systems toxicological studies of medicinal and toxic plants have only
recently appeared in the literature. An area that has been a rich source of
research programs are the traditional healing methods of China and India,
known as Traditional Chinese Medicine (TCM) and ayurveda, respectively
[113]. Both of these traditions are holistic healing paradigms that use a wide
variety of individual herbs and especially mixtures of herbs. They are ideal

Figure 12. The relationship between the Central Dogma of molecular biology and systems biology
concepts. Genomics is the study of the entire DNA sequence of an organism. Transcriptomics is the
study of all transcribed mRNA sequences, normally a subset of the entire genome. Proteomics is the
study of all expressed (and modified) proteins. Metabolomics is the study of all metabolites and their
levels, which result from the action of the proteins through both enzymatic and regulatory activities.
Each of these fields has associated techniques, which lead to large data sets that must be analyzed by
appropriate statistical methods. MS, mass spectrometry; NMR, nuclear magnetic resonance; LC, liq-
uid chromatography; GC, gas chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.
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candidates for the systems approach as the presence of multiple medicinal and
toxic substances would be expected to have effects on a wide variety of organ
systems. The broad and sometimes subtle effects produced by the phytomedi-
cinal mixtures typical of these traditions are not easily identified or quantified
by the usual drug discovery and development processes, which are strongly
oriented toward single chemical entities [114]. In addition, the synergistic
effects often claimed for herbal mixtures do not fit well with the Western para-
digm for healing [115–117]. Several authors have pointed out that the systems
approach is an excellent match for understanding the biological effects of these
herbal mixtures, one that can provide a bridge between toxicology, molecular
pharmacology and ethnopharmacology [118–125].

The most common systems toxicological studies involving plant extracts so
far are transcriptomic studies using microarrays to measure changes in gene
expression (i.e., mRNA expression levels). An early example demonstrating
the power of the approach was the report by Watanabe et al. in 2001 [126]
regarding the effect of herb Ginkgo biloba (Ginkgoaceae) on the cortex and
hippocampus of mice. Ginkgo is an ancient Chinese herb used to treat a vari-
ety of cognitive deficits [127]. A number of the individual components of this
herb are known to be biologically active as antioxidants and as platelet-acti-
vating factor antagonists [128–130]. The study analyzed ~12 000 mRNA tran-
scripts and identified 10 genes that were up-regulated more than 3-fold in mice
fed a supplement containing ginkgo. Functional annotation of these genes
identified proteins with a role in neurotransmission, cell growth and neuro-
protection. Another study involving brain function was designed by Wang et
al. [131]. In this work, cerebral ischemia was induced in mice that had been
maintained on various dosages of a standardized TCM herbal glycoside
recipe, consisting of the compounds baicalein and dioscin (see Fig. 13 for
structures of compounds mentioned in this section). These compounds are
found in the Chinese herb Scutellaria baicalensis (Lamiaceae), which is one
of the most important herbs in TCM. Microarray analysis of the hippocampus
was coupled with measurements of spatial learning memory, measured by per-
formance in a water maze. These authors found that the herbal treatment led
to improved recovery from the ischemia (i.e., a better performance in the maze
and a decreased infarct volume). Nine genes were observed to be up- or down-
regulated by more than 1.8-fold in the two highest dosages of the herbal treat-
ment. As with the previous study, the roles of these genes could reasonably be
associated with improved learning and cognitive function; for instance,
expression of the 5-hydroxytryptophan (serotonin) receptor decreased in a
dose-dependent manner.

Phytoestrogens are plant compounds that mimic the effect of estrogen in
humans. As a type of endocrine disruptor, they are of interest not only from a
toxicological perspective, but also as potential treatments for estrogen-sensi-
tive cancers. It is not surprising therefore that a number of researchers have
examined the action of phytoestrogens using microarrays. A recent example is
the study by several groups in Japan, who examined the effect of various phy-
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toestrogens on human breast cancer cells [132]. Both pure phytochemicals
(e.g., the isoflavone genistein) as well as extracts of soy beans (Glycine max,
Fabaceae) were investigated using a custom microarray composed of genes
known to be estrogen responsive. About 20 genes were identified that respond-
ed to the phytoestrogens differently than to estrogen. The majority of these
genes have a known role in signal transduction in cancer. Another study using
breast cancer cells was conducted by Dong and colleagues using extracts of
licorice (Glycyrrhiza glabra, Fabaceae; licorice is also part of the TCM phar-
macopeia) [133]. This extract promotes the growth of cancer cells due to cer-
tain components that activate the estrogen receptor. Analysis of the expression
profiles allowed the authors to conclude that glycyrrhizin, the main triterpene
in licorice, did not induce estrogen-responsive genes or cell proliferation.

Figure 13. Structures of compounds mentioned in the section on systems toxicology.
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Rather, it appears that a number of components acting in concert are responsi-
ble for the proliferation. As with the previous study, many genes associated
with signaling are affected by the licorice extract. Endocrine disruptors are
also known to affect development of the sexual organs in utero. Adachi et al.
[134] demonstrated that neonatal exposure to genistein had a long-term effect
on the expression of the estrogen and androgen receptors in mice testes, even
though there were no morphological changes. Naciff and colleagues [135] at
Proctor and Gamble also found that genistein had a significant transplacental
effect on rat testes, and identified 23 genes that were up- or down-regulated by
at least a factor of 1.5. At the highest dosages, 46 genes were significantly
affected. The pattern observed for genistein was similar to an estrogen deriva-
tive as well as the important industrial toxin bisphenol A, suggesting that these
compounds act in a similar fashion.

Several other transcriptomic studies of botanicals have been conducted.
Hsieh and colleagues investigated Scutellaria baicalensis, mentioned above in
a study of cognitive performance, regarding its role as an anti-inflammatory
herb, another TCM-use for the plant [136]. Using human embryonic kidney
cells, these researchers identified changes in expression of several genes asso-
ciated with inflammatory and immune responses as the likely mechanism of
action of the plant. Some of the same investigators reported a study of the rat
hippocampus treated with scopolamine, a substance that induces memory
impairment [137]. Key differences between treated and untreated rats involved
genes related to the muscarinic receptors, and several others were genes asso-
ciated with the development of Alzheimer’s disease.

Proteomic studies have also been conducted on plants of toxic and medici-
nal interest, and not surprisingly plants from TCM have been the focus [138].
Two studies have been reported on the genus Scutellaria. Ong’s group in
Singapore studied S. baicalensis and its effect on proteins of the mouse liver
[139]. At low doses no changes were observed, but at high doses, bile duct
damage was observed along with changes in expression of proteins involved in
triglyceride-rich particle processing, carbohydrate metabolism, cell signaling
and xenobiotic transformation. The same group investigated S. barbata and its
effect on human colon cancer cell lines [140]. A combined cell-cycle analysis
and proteomic investigation revealed that the botanical extract induced cell
death, apparently via changes in transcription factors and regulation of the cell
cycle. Some members of the same group have studied the effect of rhubarb
root (Rheum palmatum, Polygonaceae), also used in TCM, on human liver
cancer cells [141]. Rhubarb contains bioactive anthroquinones such as aloe-
emodin that are believed to be responsible for its biological action. The effect
of rhubarb seemed to be mediated primarily by up-regulation of proteins
involved in the oxidative stress response, which was confirmed by separate
biochemical measurements. Other proteins whose expression varied signifi-
cantly were those responsible for cell-cycle arrest and antimetastasis.

Cheng and colleagues in China studied the TCM material medica
ShuangDan Decoction, which is a mixture of two herbs frequently used for
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myocardial infarction, angia and coronary heart disease [142]. Proteomic inves-
tigation of rat myocardium along with histological and biochemical studies
revealed modulation of 23 proteins in ischemic hearts. These proteins general-
ly fell into the categories of energy metabolism, oxidative stress response, and
cytoskeleton maintenance. Wink and colleagues [143] investigated the influ-
ence of red clover (Trifolium pratense, Fabaceae), which contains large
amounts of isoflavones, on both gene and protein expression in the liver of
ovariectomized rats. They found that plasma lipid levels were differentially
affected by the isoflavone treatments, and that genes affecting lipid metabolism
and oxidative response were the main protein changes. Interestingly, compared
to a limited number of changes in protein expression, there were quite a few
changes in gene expression, involving not only lipid metabolism and oxidative
responses, but also androgen/estrogen regulation and the metabolism of xeno-
biotics. Ginseng is another herb used extensively throughout Asia. Lee and col-
leagues in Korea have examined changes in the proteome of colon cancer cells
as a result of treatment with ginsenoside Rd [144]. Significant changes were
observed in proteins responsible for apoptosis, DNA replication and repair, pro-
tein synthesis and degradation, and mutagenesis. Although not an investigation
of an animal model affected by a toxic/medicinal plant, as part of their overall
investigation of Vinca alkaloids, Verpoorte and colleagues [145] have reported
on the proteomics of cell suspension cultures of Catharanthus roseus. This
study revealed some interesting insights into the biosynthesis of these alkaloids.
Among other discoveries, the authors were able to identify two isoforms of
strictosidine synthase, one of the key early enzymes in the biosynthetic path-
way. This sort of study illustrates how the systems approach can also inform the
taxonomic, biosynthetic and applied studies discussed earlier in this chapter.

Metabolomic studies of toxic and medicinal plants are just now beginning
to appear in the literature. (There are a fairly large numbers of metabolomic-
type studies on medicinal plants aimed at quality control and authentification.
These are not discussed here as they do not directly deal with toxicology in
organisms treated with the plants.) Chen et al. [146] studied the effect of aris-
tolochic acid on rats. Aristolochic acid is a well-known nephrotoxin found in
members of the family Aristolochiaceae. The acid and its derivatives have also
been implicated as contaminants in various herbal mixtures, and cause serious
problems such as acute renal failure and end-stage renal disease. These authors
combined traditional histological examination with liquid chromatogra-
phy–mass spectrometry (LC-MS) of urine using pattern recognition methods.
Comparison of untreated rats with rats receiving pure aristolochic acid as well
as a TCM preparation from the plant Aristolochia manshuriensis led to the
discovery that metabolic pathways involving homocysteine and folate
appeared to be activated, while those involving arachidonic acid were down-
regulated. The authors concluded that these methods could be used as a rapid
screening process for the detection of aristolochic acid ingestion. Chen and a
different group of collaborators have also reported a metabolomic study of
Trypterygium wilfordii (Celastraceae) using a similar approach [147]. This
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TCM preparation is used to treat rheumatoid arthritis and other inflammatory
conditions, but is known to have a number of undesirable side effects such as
infertility and renal failure. Investigation of rat urine using GC- and LC-MS
along with histological studies of the kidney, liver and testis revealed a time-
dependent toxic effect at higher doses. Perturbations in metabolites related to
energy status, amino acid processing and choline processing were observed.
Other urinary metabolites observed suggested that the gut microflora popula-
tions were also affected by the extract.

There are several reports in the literature of metabolomic studies involving
plants not considered to be toxic, but which are still of medicinal interest.
Nicholson’s lab has studied the widely consumed chamomile tea (Matricaria
recutita, Asteraceae) in humans [148]. Using 1H NMR spectroscopy to study
metabolites in urine, these researchers identified non-trivial variations by gen-
der and individual. In spite of these variations, however, they were able to
identify increases in hippurate and glycine and decreases in creatinine as
markers of chamomile tea ingestion; these changes in urinary metabolites were
likely the result of changes in the gut microflora. Interestingly, these alter-
ations persisted for 2 weeks after tea consumption was halted. Nicholson’s lab
has also reported two studies using 1H NMR spectroscopic investigation of
human plasma in subjects who had consumed soy isoflavones [149, 150].
These researchers identified clear differences in lipoprotein, amino acid and
carbohydrate profiles resulting from the isoflavone consumption. As a final
example, Ong’s group mentioned earlier in connection with a proteomic study
has also reported a metabolomic study on green tea consumption [151]. This
comprehensive study combined GC-MS, LC-MS and 1H NMR spectroscopic
studies on human urine, and demonstrated significant changes in metabolites
originating in energy and amino acid pathways immediately after ingestion of
green tea.

Although really just beginning, systems toxicological studies such as the
ones summarized here have tremendous potential. The reader has no doubt
noticed that many different genes, proteins and metabolites are affected in a
typical study. This is both the advantage and the weakness: holistic approach-
es are powerful but great effort must be expended to interpret the resulting data
sets. It is likely that many researchers will gravitate to metabolomic studies, as
these reflect the end result of changes in the transcriptome and proteome, and
hence no speculation about what changes in a given mRNA level might ulti-
mately mean is necessary. Metabolomics is also conceptually closest to tradi-
tional clinical chemical measurements, such as lipid panels, and as such may
be more palatable to practicing clinicians.

Concluding remarks

The study of medicinal and toxic plants from any angle is fascinating, and
motivates several disciplines. Although chemistry and toxicology began to-



B.A. Hanson204

gether, chemists have developed a uniquely molecular, historical and practical
perspective on toxic plants. The Chemist’s Perspective contributes both a sup-
porting role, namely the practical synthesis of useful molecules, and an inte-
grative role, one which connects phylogenetics to the biosynthesis of toxic
molecules, and one which enables and bridges the different facets of systems
toxicology.
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Abstract. High-molecular weight protein toxins significantly contribute to envenomations by
certain marine invertebrates, e.g., jellyfish and fire corals. Toxic proteins frequently evolved
from enzymes meant to be employed primarily for digestive purposes. The cellular interme-
diates produced by such enzymatic activity, e.g., reactive oxygen species or lysophospho-
lipids, rapidly and effectively mediate cell death by disrupting cellular integrity. Membrane
integrity may also be disrupted by pore-forming toxins that do not exert inherent enzymatic
activity. When targeted to specific pharmacologically relevant sites in tissues or cells of the
natural enemy or prey, toxic enzymes or pore-forming toxins even may provoke fast and
severe systemic reactions. Since toxin-encoding genes constitute “hot spots” of molecular
evolution, continuous variation and acquirement of new pharmacological properties are guar-
anteed. This also makes individual properties and specificities of complex proteinaceous ven-
oms highly diverse and inconstant. In the present chapter we portray high-molecular weight
constituents of venoms present in box jellyfish, sea anemones, sea hares, fire corals and the
crown-of-thorns starfish. The focus lies on the latest achievements in the attempt to elucidate
their molecular modes of action.

Introduction

Besides small bioactive molecules (peptides, polyketides, terpenes, etc.) high-
molecular weight protein toxins (HMWPT) represent the multifunctional
molecular “pocket knives” in Nature’s “toxic toolbox”. They not only carry a
certain inherent “toxic principle” but also confer this principle to very specific
and susceptible structures (acceptor sites) present in target tissues of suscepti-
ble organisms. Upon arrival at tissue target sites, HMWPT can easily convert
from a water-soluble to a membrane-bound or membrane-penetrating form by
subtle modifications of their secondary, tertiary or quaternary structures. As
with real pocket knives, momentarily advantageous functions are individually
selectable from a wider repertoire that is on hold in the “standby” modus.

While structural variation of small non-proteinaceous biomolecules usually
requires substantial genetic reorganization of the biosynthetic pathway(s) in
charge (e.g., polyketide synthases, non-ribosomal synthetases), considerable
variation of protein functionality may be achieved by simple introduction of
only minor amino acid sequence alterations. Since protein toxins are employed
in activities that ensure existence and well-being of the producing organism,
i.e., feeding on prey and self-defense, structures are highly evolved and sophis-
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ticated in terms of efficiency and specificity toward the typical prey. However,
the spectrum of accessible prey may vary depending on environmental condi-
tions and thus the availability and storage of only single toxins with unique and
narrow specificity clearly proves disadvantageous. Gene duplication has wide-
ly been a way out of this dilemma. Driven by unbalanced chromosomal recom-
bination during meiosis, gene duplication facilitates the formation of gene
families (paralogs) and thus represents a driving force for constant supply with
weapons of new pharmacological properties by means of hidden evolution.
Protein toxins therefore often emerge in a range of several isoforms, each of
which confers remarkably unique pharmacological characteristics, that are all
produced within the very same species. A well-known example of this “evolu-
tionary strategy” is represented by phospholipase A2 (PLA2) enzymes present
in snake venom and several marine invertebrates (cf. below). In addition to
gene duplication, it has been shown that toxin-encoding genes often constitute
“hot spots” of modification (i.e., evolution) within genomes. Sequence analy-
sis of several snake venom PLA2 genes revealed that “Darwinian-type accel-
erated substitutions” are widely manifest within protein-coding exons [1].
Similarly, during cloning of a highly cytotoxic L-amino acid oxidase (LAAO)
from the “sea hare” Aplysia punctata a vast amount of slightly different DNA
sequences presumably originating from copious paralogous genes emerged
[2]. In direct comparison, however, the amino acid sequences varied only
slightly among paralogs, arguing for an extremely narrow and well-concen-
trated selection pressure in this particular case.

The inherent biological potencies of HMWPT vary substantially, with bot-
ulinum neurotoxins (BoNT, ~150 kDa) produced from bacteria of the genus
Clostridium at the very upper end, featuring a mouse intraperitoneal (i.p.) LD50

(lethal dosis 50%) of about 30 ng/kg [3]. On the other hand, according to pres-
ent knowledge, the polyketide maitotoxin, which is produced by the dinofla-
gellate Gambierdiscus spp., represents the most potent biogenetically pro-
duced toxin among all compounds outside the protein or peptide domain. Its
i.p. LD50 in mice has been determined at about the same range when compared
to BoNT, i.e., 50 ng/kg [4]. The cytolytic protein toxins discussed in the re-
mainder of this chapter exert mouse i.v. LD50 values in the range of micro-
grams per kilogram. This is well comparable to the toxicity level of snake
venom components such as textilotoxin (1 μg/kg) and crotoxin (110 μg/kg) [5],
or other important toxins like tetrodotoxin with 10 μg/kg [6].

In principle, the biological potencies of protein toxins correlate to their spe-
cific binding properties (specificity and affinity) at target cellular membranes
[5], and – in the case of BoNT – to their ability to penetrate through the mem-
brane and translocate into cell’s interior [3]. Intrinsic enzymatic activities,
such as phospholipid or peptide hydrolysis, often constitute the basic toxic
mechanism exerted by protein toxins. Of course, these effects only contribute
to acute local or systemic toxicities if toxins are capable of reaching the appro-
priate target tissues and structures in the body, e.g., the neuromuscular junc-
tions. Moreover, the systemic impact of the toxin can be tremendous if sus-
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ceptible target sites either encounter sustained levels of toxic mediators local-
ly produced via enzymatic turnover of an abundant substrate (e.g., hydrogen
peroxide from amino acids) or suffer from a sustained loss of essential physio-
logical factors (e.g., SNAP25 through proteolytic cleavage by BoNT). Con-
versely, a rather local reaction at the application site may be inflicted when the
proteinaceous toxin lacks systemically distributed targets. Here, local necrosis
and inflammation would be the most obvious effects.

The marine biosphere harbors some of the most toxic small molecules (e.g.,
maitotoxin), and also gives rise to the most rapidly acting lethal factors (e.g.,
the lethal factor of box jellyfish). The pronounced efficiency of marine com-
pounds is an essential prerequisite to simply overcome the diluting effects of
the watery environment. On the other hand, rapid paralysis of potential prey
prevents energy consuming pursuits in the aquatic space or damage to delicate
structures of the predator (e.g., tentacles of jellyfish) caused by fiercely escap-
ing attempts of the prey. By comparison, terrestrial venoms need to overcome
the protecting integument of the target organism first. Thus, evolution of
snakes, scorpions, insects and spiders produced elaborate means of penetration
such as fangs, stings or claws. This terrestrial commonplace necessity applies
only occasionally to the marine situation. For instance, the most sophisticated
injection mechanism – the cnidarian nematocyst – has evolved in the aquatic
environment. However, since many susceptible target structures of water
organisms, such as gills or chemosensors, are in direct contact with the sur-
roundings and thus easily accessible, marine venoms are often simply secret-
ed. In some cases the toxic secretion can be spattered toward an attacker by
means of a blowtube-like siphon. In other cases there is a simple release into
the surrounding water. Even then, however, lethal concentrations may be
reached. For instance, 0.5 μg of a 20 kDa sea anemone toxin per milliliter sea
water is sufficient to kill non-symbiotic fish [7].

There are estimates that humans have actually only encountered a small frac-
tion of relevant marine toxins. Many of these were discovered in the wake of
extensive screening programs for new drugs leads from marine sources stimu-
lated by successful identification of marine anticancer nucleosides in the 1950s
[8]. On the other hand, divers, swimmers, fishermen and gourmets enjoying
exotic and uncommon seafoods are likely of being particularly at risk of meet-
ing with up-to-now unexpected further challenges from nature’s “toxic toolbox”.

The pore-forming cytolysins of box jellyfish and sea anemones

Toxins of jellyfish

Most likely due to their unrivalled ambivalent nature, jellyfish (medusae) have
fascinated people for centuries [9]. These creatures feature an extremely deli-
cate, fragile gelatinous body plan and their mode of locomotion by slow repul-
sion chiefly constrains them to passive drifting with ocean currents, or winds
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in the case of neustonic forms such as “bluebottles”, also known as “Portu-
guese Man-of-War” (Physalia physalis, Fig. 1). From a toxicologist’s perspec-
tive, some members of the phylum cnidaria, e.g., the cubozoan medusa
Chironex fleckeri are considered among the most dangerous animals on earth
[10]. Especially on hot days that are overcast but calm, these predatory inver-
tebrates move into shallow subtropical waters along the Australian coastline to
pursue small prawns and fish. Because of their translucent bodies the “quiet
invasion of some popular swimming spots by C. fleckeri may go unnoticed”
[10]. The medusae have a cubic or box-shaped bell that achieves dimensions
of about 20 × 30 cm and leads to the name “box jellyfish”. Embedded into this
bell are four highly evolved sensory organs that contain numerous “eyes”,
vibration and motion sensors, and serve as a means of light-sensitive naviga-
tion [11]. Adjacent to the bell are four “fleshy arms” (pedalia), attached with
bundles of up to 15 translucent extensile tentacles that may stretch up to 3 m
but can also be contracted to one quarter of their actual length. The tentacles
form a deadly net covered with millions of “spring-loaded syringes” (nemato-
cysts) which discharge a highly potent venom into the skin of any creature
touching it by chance via a penetrating thread [10].

When an unprotected swimmer blunders into this deadly net of a box jelly-
fish he may be hit by some hundreds of thousands of micro-sized harpoon-like

Figure 1. Physalia physalis (“bluebottle”, also known as “Portuguese Man-of-War”); Systematics:
cnidaria, hydrozoa, siphonophora (courtesy of Belinda G. Curley).
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structures simultaneously, penetrating the epidermis by sharp tips. With an
acceleration of about 40 000 × g (gravitation force) the venom filled threads
are everted up to 1 mm into the dermis of the victim. Barbs at the basis of the
threads are capable of attaching the nematocysts tightly onto the integument. In
some jellyfish species, such as C. fleckeri, the nematocysts are anchored to the
tentacles of the animal by flexible fibers that act like “grappling hooks” [10].
Through this mechanism the tentacles are pulled even closer to the victim
resulting in much higher numbers of stinging cell batteries to be released into
the dermis of the victim, maintaining a constantly growing envenomation [12].

It is vital for the delicately-build slow jellyfish to immobilize its fast-moving
prey as rapid as possible to prevent serious structural damage to its soft tissues
that may occur during fierce and uncoordinated attempts of the prey to escape
from the scene. Therefore, the venoms of certain jellyfish species belong to the
most rapid acting pharmacological mixtures of biogenic origin that have ever
been characterized. When the toxic extract of about 50 000 nematocysts was
injected into prawns immediate paralysis did occur [13]. This number of dis-
charged nematocysts parallels a tentacle contact area of only about 33 mm2

[14]. The toxic extract of approximately 35 000 nematocysts was sufficient to
kill mice within 1–2 min when injected i.v. [13, 15, 16]. First rapid signs of sys-
temic envenomation consist of respiration distress and convulsive muscular
spasms. Since only local necrotic reaction was induced, much higher amounts
of toxic extract (up to 45 times higher than the i.v. LD50) were tolerated by mice
when injected via the i.p., sub- (s.c.) or intracutaneous (i.c.) route [15].

In humans an excruciating pain is induced immediately after contact with
the tentacles which are easily torn off the jellyfish and then adhere to the skin
by the “grappling-hook” mechanism described above, thereby continuously
discharging additional nematocysts. The pain constantly increases in mounting
waves during the first 15 min and the victim may scream and become irra-
tional. The concerned area of the skin exhibits clear signs of contact, i.e., mul-
tiple purple or brown colored lines featuring a pattern of transverse bars, rem-
iniscent of a rope ladder. Edema, erythema and vesiculation soon follow und
may persist for another 10 days. Areas of full-thickness necrosis leave behind
permanent scars [17].

The severity of envenomation depends on both the size of the C. fleckeri
specimen responsible and the area of contact. Amongst others, size dependen-
cy of the adverse reaction can be explained by variation of venom composition
during ontogenesis. Distinct differences in venom constituents between mature
and immature jellyfish have been reported in the related cubozoan species
Carukia barnesi. Apparently, venom profiles strongly correlate to the types of
prey, whether the jellyfish feeds on invertebrates or vertebrates [18]. In C.
fleckeri, smaller specimens with a bell diameter of 5–7 cm rather induce pain-
ful local reactions. Larger jellyfish featuring a bell diameter wider than 15 cm
may also induce extremely severe and systemic reactions [17], depending on
the total length of tentacles attached to the skin of the victim. When 2–4 m of
jellyfish tentacle tissue becomes attached to the body surface of a child, death
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is usually conceivable [19]. In adults, a total tentacle contact length of more
than 6–7 m may be fatal [20]. In extreme cases, death is induced within min-
utes after contact with C. fleckeri due to combined cardiovascular and respira-
tory failure resulting in hypotension, apnea, and cardiac arrest. Yet the exact
mechanisms underlying death in humans are not known with certainty [10].

As a result of more than four decades of biochemical, toxicological and
pharmacological research, some HMWPT that may inflict the severe respons-
es in jellyfish envenomation have been purified from several cubozoan species,
although their modes of action remain ambiguous [21, 22]. Due to the follow-
ing technical limitations, only few toxins could be isolated and characterized
to date. Proteins considered to contribute to jellyfish’ venom toxicity usually
are unstable and exhibit a tendency to aggregate and to adhere to surfaces.
Moreover, comparative studies have been hampered by huge variabilities in
the sources of the crude venom (tentacle extracts, milked venom, nematocyst
venom), in extraction methods, and analytical techniques applied. Please refer
to the literature for an excellent illustration of the varying and occasionally
contradictory results obtained in the attempts to characterize the venom of C.
fleckeri by independent research groups [22].

However, a variety of bioactive proteins/protein aggregates have been iso-
lated from C. fleckeri venom. The preparations differ in their molecular size
and their patterns of biological activities exerted in vivo and in vitro (e.g.,
lethal/hemolytic; lethal/dermonecrotic, etc.). The results obtained in vitro may
be imposed by the presence of different subunits in protein aggregates and/or
the cellular models applied. The best characterized proteins among this variety
belong to a group of labile basic proteins with apparent molecular sizes of
42–46 kDa. Proteins of this group exhibit potent hemolytic activity and repre-
sent the most abundant species present in nematocyst venom and tentacle
extracts [22]. Several orthologous members of the protein family have been
isolated and cloned from cubozoan species; i.e., CrTX-A and CrTX-B from
Carybdea rastoni; CaTX-A, CaTX-B and CAH1 from Carybdea alata;
CqTX-A from Chiropsalmus quadrigatus and CfTX-1 and CfTX-2 from
Chironex fleckeri. The in vivo toxicity of the CrTXs from C. rastoni has been
determined in mice [23]. The minimum i.v. lethal dose of purified CrTX-A in
mice was less than 20 μg/kg. An i.p. injection of 100 μg/kg killed mice within
8 min; 0.1 μg CrTX-A i.p. caused skin inflammation in mice comparable to the
reaction observed in humans stung by C. rastoni. Induction of hemolysis in
vitro was demonstrated for all family members [23–27].

The cloned cDNAs of the toxins display no significant amino acid sequence
homology to any other known and characterized protein family and thus rep-
resent a novel group of bioactive proteins [22, 25, 27]. Moreover, similar pro-
teins are not encoded in the genomes of related cnidarian species (sea ane-
mones/class anthozoa or sea firs/class hydrozoa), nor have they been isolated
from other jellyfish (class scyphozoa). The lack of comparable and homolo-
gous sequences in related species suggests that the cubozoan toxin family may
have evolved uniquely within this class of cnidaria [22].
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Some structural features have been proposed through applying in silico
analyses to protein toxins. According to these analyses α-helices and loop
structures predominate at the N-terminal region, whereas the C terminus con-
sists of β-strands and again loop structures [27]. Furthermore, the N-terminal
portion is predicted to contain an amphiphilic helix and, adjacently, a common
transmembrane-spanning region (TSR1) consisting of one or two hydrophobic
α-helices. According to the proposed secondary structure, the cubozoan pro-
teins may act as α-pore-forming toxins. Whether this alleged pore-forming
capacity – that plausibly predisposes them to being hemolysins – takes respon-
sibility for their lethal effects in mice has as yet not been clarified. When rat
cardiomyocytes were treated with whole C. fleckeri venom in vitro, a sustained
and irreversible cellular Ca2+ influx was first observed and then inhibited by
nonspecific channel blocking lanthanum ions (La3+), but not by verapamil
[28]. Subsequent analysis by transmission electron microscopy confirmed the
presence of pore-forming components in the venom. Whether this activity
relies on specific properties of the proteins (rather than on unspecific precipi-
tations triggered by cell culture medium) has still to be demonstrated via
experiments using recombinant mutant proteins [29]. Similarly, specific inter-
actions between protein toxins and membrane constituents of target cells
require experimental proof.

The pore-forming capacity in cell membranes has also been demonstrated
with nematocyst-derived venom from “bluebottles” (Physalia physalis, class
hydrozoa, siphonophora, Fig. 1) [30]. The amount of assembled pores per unit
of membrane area was shown to depend on the venom concentration charac-
terized best by a hyperbolic function. The authors suggest that this form of
dependency indicates the limiting role of a particular component (binding site)
within the target membrane. Furthermore, the amount of venom necessary to
induce pore formation varies among different cell types (excitable versus non-
excitable). Likewise, lysis efficiency induced by P. physalis toxin in target
cells varies considerably [30]. The component of the venom most likely
responsible for pore formation was isolated about 20 years ago [31]. Physali-
toxin, a large heterotrimeric glycoprotein, is the major component found in P.
physalis nematocyst venom that features a pronounced hemolytic capacity.
Acute renal failure due to severe intravascular hemolysis and hemoglobinuria
actually has been responsible for the death of a 4-year-old girl that had touched
the tentacles of P. physalis [32, 33]. Unfortunately, the cloned cDNA and
amino acid sequence of the protein toxin are still not available, thus hamper-
ing the precise and detailed elucidation of the structure-function relationship.

Toxins of sea anemones

Despite considerable efforts, the lethal principle of cubozoan venom has not
yet been unequivocally identified. However, modern molecular biology and, in
particular, the cloning and heterologous expression of alleged lethal proteins
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will eventually reveal the responsible factor(s). These techniques indeed have
been employed with great success to elucidate the interactions of cytolytic pro-
tein toxins from sea anemones with target cell membranes, as briefly discussed
in the remainder of this section. No less than 32 species of sea anemones have
been reported to produce lethal cytolytic peptides and proteins [7], some
exhibiting i.v. LD50 values as low as 35 μg/kg when injected into mice [34].
Presumably, however, due to a lower incidence of contact and a milder sting
severity, the sedentary sea anemones – unlike their pelagic sibling taxons dis-
cussed above – have proven rather harmless to humans. Among the sea
anemone’s lethal proteins is a group of ~20 kDa pore-forming basic proteins
whose cytolytic activity can be blocked by addition of sphingomyelin. The
cDNAs of several members of this family, entitled actinoporins, have been
cloned and the recombinant proteins have been functionally expressed in bac-
teria [7]. Determination of the three-dimensional structures of two family
members in combination with site-directed mutagenesis studies revealed their
elaborate structural organization that allows for target-specific pore formation
in sphingomyelin-rich membranes.

The model cytolytic actinoporin is composed of a tightly folded β-sandwich
core that is flanked on both sides by α-helices oriented perpendicular to each
other. The N terminus including the upstream α-helix (amino acid residues
10–28) can undergo conformational changes without disturbing the structure
of the central domain. Site-directed mutagenesis or gradual truncation of this
amphiphilic portion of the molecule resulted in substantial decreases of its
hemolytic activity, despite an unimpaired binding activity toward erythrocytes
[35]. Upon removal of the entire N terminus, actinoporin completely lost its
red blood cell lytic activity, demonstrating that this part of the protein actual-
ly is responsible for pore formation. The remaining sequence, however, was
still capable of binding specifically to sphingomyelin. Located at the “bottom”
of the β-sandwich, a patch of aromatic amino acids, together with some neu-
tral residues, form a binding pocket for sphingomyelin. Site-directed mutage-
nesis highlighted the role of Trp112 for protein’s initial contact with the mem-
brane and the recognition of sphingomyelin [36]. Most intriguing, actinoporin-
producing sea anemones incorporate sphingolipids other than sphingomyelin
in their cell membranes, i.e., phosphonosphingolipids that differ in their phos-
pholipid headgroups, thereby protecting themselves from the binding and
cytolytic action of actinoporins.

Taken together, the above-mentioned data, along with additional insights on
structure-function relationships, suggest a multi-step process in pore forma-
tion. The toxin first binds to the membrane via specific recognition of sphin-
gomyelin by its aromatic binding pocket. The amphiphilic N-terminal segment
comprising the upstream α-helix is then transferred to the lipid-water interface
of the outer leaflet of the target membrane. When the amount of toxin bound
to the membrane reaches sufficient levels, oligomerization of three to four
monomers occurs and all of the N termini are concertedly pushed through the
membrane to form an ion conductive pore with cation selectivity [36]. The
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remaining part of the protein, the β-sandwich core and the downstream
α-helix, does not contribute to the physical structure of the pore but presum-
ably is required to anchor the N terminus in the right orientation.

All actinoporins are highly cytotoxic by inducing lysis of a variety of cells,
but certain cell types seem particularly susceptible. Isolated cardioventricular
cells were demonstrated to be sensitive to the actinoporin family member EqtII
at concentrations below 10–11 M (0.01 nM). Direct cardiotoxicity of EqtII at
the isolated Langendorff heart has been proven in a detailed study, even at con-
centrations below 1 nM [37]. Perfusion with 10 nM EqtII lowered the coronary
flow rate in a rat heart model by more than 90%, followed by arrhythmia and
cardiac arrest. Although these acute adverse effects have not so far been
described in humans, as a model for cytolytic protein toxins, actinoporins may
eventually also help to uncover the deadly mode of action of the cubozoan
nematocyst venom exerted in human victims (cf. above) [38].

Recycling of nematocysts

The data presented in this section clearly suggest that cnidarian nematocysts
and their venom load are uniquely elaborate weapons. Coevolution of cnidar-
ians and their predators resulted not only in the resistance against the venom
of those animals that feed on cnidarians, but also in the means of recycling
nematocysts from digested prey and subsequent storage of the fully function-
al weapons within specialized appendices (“cnidosacs”) of the predator.
Marine sea slugs (ophistobranchia) of the suborder of aeolidina are equipped
with and protected by stolen nematocysts from cnidarian prey. The neustonic
sea slug Glaucus atlanticus, for example, floats right under the surface of the
open sea and feeds on “bluebottles” (Physalia physalis). This species is capa-
ble of recycling the strongly venomous nematocysts of its prey [39]. In
Australia there were several reported incidents with children being stung while
playing with the invertebrate slugs [40]. Besides adopting venomous organ-
elles or accumulating low-molecular weight marine biotoxins, many species of
marine snails are also endowed with means to produce their own toxins; snails
belonging to the genus Conus that produce a wide range of toxic peptides rep-
resent famous examples. Other outstanding examples are “sea hares” that have
been shrouded in legends for centuries (see next section).

A membrane disrupting oxidase from the multifunctional ink secretion
of sea hares

“This hare doth cause terror in the sea; on land he is as the poor little hare,
fearful and atrembling”

Olaus Magnus, 1555 [41]
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Sea hares are marine snails (ophistobranchia, anaspidea) that populate various
coastal habitats worldwide in great numbers. This fact is especially notewor-
thy, as these soft-tissued invertebrates lack any obvious defense mechanisms
that would protect them against numerously emerging predators such as sea
anemones, crustaceans and fish. Sea hares such as Aplysia spp. (Fig. 2) appear
without a hard outer shell, have not lined their skin with adopted venomous
nematocysts from cnidaria, nor have taken a shape that hides them from atten-
tion. However, in spite of their vulnerable appearance they can readily escape
even if already engulfed by sea anemones (as documented in a video by Tom
Nolen, NY, http://www.seaslugforum.net/showall.cfm?base=seahatac, see also
[42]). The key of their success is the production of a multifunctional compos-
ite ink that can be spattered toward an attacker by means of a blowtube-like
siphon. This composite ink consists of the secretions of two separate glands –
the ink (purple or mantle) gland and the opaline gland – that are mixed within
animal’s mantle cavity just before ejection [43]. The antipredatory effects of
the purple fluid have well been documented [44–46], and rely on the concert-
ed action of several high- and low-molecular weight compounds that target
various perceptive structures of the attacking animal. With regard to its com-

Figure 2. Aplysia californica (“sea hare”); Systematics: mollusca, opisthobranchia, anaspidea. The
substrate of the aplysia ink enzyme LAAO (L-amino acid oxidase), L-arginine, is present at high con-
centrations in the secretion of the opaline gland. Just before ejection toward an attacker, the product
of this gland is mixed with the one from the ink gland that contains the enzyme, eventually resulting
in the formation of hydrogen peroxide (H2O2), ammonia, and the arginine-derived α-keto acid (cour-
tesy of Genevieve “Genny” Anderson).
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plex composition and multifunctionality, mollusc ink from sea hares (and
cephalopods such as octopus, cuttlefish and squid) therefore equals other ven-
oms produced by different groups of marine invertebrates [47, 48]. Apart from
producing an ink deleterious to attackers, sea hares also accumulate marine
biotoxins from their food, e.g., the strongly toxic non-ribosomal peptide dolas-
tatin 10 from the cyanobacterium Symploca spp. VP642 [49]. These low-mole-
cular weight toxins are stored predominantly in the skin and in digestive
glands of the animal. The unpleasant “chemical” smell released by sea hares
when touched and handled most likely results from the presence of brominat-
ed compounds secreted together with a mucous slime. It may have been this
startling odor of the animals that made Pliny the Elder report nausea and vom-
iting being induced by sea hares immediately on the very first touch [9].

There have been rumors about the venomousness of sea hares for human
health for centuries. It has been reported that ancient rulers routinely killed their
political enemies with toxic extracts of these specimens [50]. In modern times,
however, there have only been anecdotal reports of human poisoning after inges-
tion of sea hares, predominantly characterized by acute liver damage [51–53].
Although the causing agent has never been unequivocally revealed, it most like-
ly consists mainly of various accumulated low-molecular weight biotoxins. In
addition, HMWPT (e.g., enzymes) may also play a role in adverse reactions
triggered by sea hare tissues and its secretions. For instance, the presence of an
enzyme capable of disrupting cellular membranes of a wide range of human
cells in vitro has been demonstrated in sea hare ink and eggs. This enzyme, an
L-amino acid oxidase (LAAO) catalyzes oxidative deamination of the basic
amino acids L-lysine and L-arginine. Products from this reaction are hydrogen
peroxide (H2O2), ammonia and the corresponding α-keto acids (Fig. 2) [54, 55].
When added to cells in culture, the cytotoxic effects elicited by the enzyme
occur rapidly. Within minutes the cell’s metabolic activity is severely impaired,
and after a few hours the plasma membrane integrity is lost and nucleic acids
are degraded. This enzyme-induced cell death has been shown to be triggered
by oxidative damage to cellular structures. It also became clear that the pathway
functions independently of regular cellular apoptotic signaling. Thus, removal
of enzymatically produced H2O2 by catalase rescued treated cells from demise,
whereas caspase inhibitors such as zVAD did not show any beneficial effects on
cellular survival. However, even if rescued by H2O2-scavenging catalase in first
place, cells may eventually die due to consumption and subsequent shortage of
essential amino acids in the media and the formation of toxic ammonia. This
delayed cell death then occurs in a rather typical apoptotic, caspase-dependent
manner [54, 55]. The amounts of H2O2 required to induce the observed effects
in cells are extremely high. A concentration of ≥200 μM H2O2 in the cell cul-
ture medium was neccessary to mimic LAAO-induced effects. By contrast, at
concentrations below 100 μM H2O2 the classical hallmarks of apoptosis could
be observed [2, 54]. This agrees well with reports on the varying effects of H2O2

on key initiation and effector molecules of apoptosis, i.e., caspases. It has been
shown that addition of H2O2 to cells at low concentrations (50 μM) triggers
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apoptosis via activation of caspases; at higher concentrations, however, caspas-
es become inhibited, and above 200 μM caspase activity is virtually nil [56].

The main substrate of the aplysia ink LAAO, L-arginine, is present at high
concentrations in the secretion of its opaline gland. Just before ejection toward
an attacker, the product of this gland is mixed with the one from the ink gland
that contains the enzyme. It has been reported that incubation of the two com-
ponents (enzyme and its substrate) at naturally occurring concentrations and
conditions produces H2O2 levels in the millimolar range and also other reac-
tion products within seconds [47, 48]. Therefore, the immediate effects
observed in vitro can be substantiated and clearly recapitulate the situation
given in the marine environment and in vivo. Elsewhere in the natural world,
by employing reactive oxygen species, an attack can even be directed exactly
against defined cellular structures of the predator. Thus, for several LAAOs
present in snake venom (svLAAOs) a pinpoint interaction with cells by bind-
ing to specific acceptor sites at the plasma membrane could be demonstrated
[57, 58]. However, the identity of the particular surface structures responsible
for binding those snake venom enzymes has not been clarified yet. In the
aplysia ink LAAO, the FAD binding site is preceded by a short stretch of pos-
itively charged amino acids interspersed with cysteine residues that are highly
conserved among orthologs from other ink-producing sea hares. Upon release,
this stretch becomes the uttermost part of the N terminus of the enzyme after
processing of a signal sequence, and may structurally be qualified to mediate
the binding to negatively charged acceptor domains in the cell membrane [2].
Given the extremely fast and high dilution effects in the natural habitat, local
production of high amounts of H2O2 in the proximity of susceptible sites with-
in target membranes seems perspicuous. For HMWPT, the importance of spe-
cific acceptor sites and structures as part of the cellular membranes of target
cells has also been highlighted by another exemplary group of very effective
venom compounds, the phospholipase A2 (PLA2) enzymes (see next section).

Cytotoxic phospholipases in marine invertebrates

Similar to the LAAOs discussed above, toxic PLA2 enzymes are ubiquitous
across all ranges of venomous snakes and significantly contribute to the phar-
macological effects that result from a snake bite [58]. This class of HMWPT
features a great structural, biochemical and functional variety while still shar-
ing a common enzymatic route. In general, they catalyze the cleavage of glyc-
erophospholipids (phosphoglycerides) such as phosphatidylcholine or -inositol.
These lipids represent structural constituents of cellular membranes that origi-
nate from condensation of fatty acids with glycerol and a polar head group.
PLA2-mediated cleavage of its substrates generates lysophospholipids and free
fatty acids, e.g., arachidonic acid. The latter molecule represents the physiolo-
gical precursor of prostaglandins, thromboxanes and leukotrienes, all of which
control a great variety of cellular functions including inflammation and pain.
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The pharmacological effects of snake venom PLA2 (svPLA2) enzymes are
numerous. They exhibit neuro-, myo- and cardiotoxicity, affect platelet aggre-
gation and induce anticoagulation and hemolysis. Overall, these enzymes
induce damage to several tissues and organs [59], although most toxic effects
seem to depend only partly on their enzymatic activity. For instance, some of
the most lethal neurotoxic svPLA2 variants, i.e., taipoxin and textilotoxin, dis-
play only extremely low enzymatic activities [5]. Binding to specific high-
affinity protein receptors (acceptors) or to lipid domains within the plasma
membrane have been identified as the toxicologically crucial event [5, 58]. The
binding specificity seems to be extremely variable among different svPLA2

enzymes and constitutes the predominant factor in the particular pharmaco-
logical impact of the enzymes. It has been shown, for instance, that coagula-
tion factor Xa is bound by potently anticoagulant svPLA2 enzymes [60],
whereas presynaptic membrane K+ channels of peripheral nerves are predom-
inantly targeted by neurotoxic β-bungarotoxin [61]. The so-called “pharmaco-
logical site” of the enzyme that is responsible for its high-affinity binding to
the acceptors of specific cells has been shown to be structurally independent
of the enzyme’s active site, but sometimes overlaps with the latter [62]. Bio-
informatic analysis of aligned svPLA2 protein sequences, along with chemical
modification studies, offered some valuable clues about conserved amino acid
residues that may be involved in structurally forming certain subsets of this
pharmacological site, such as the “anticoagulant site” [59, 63]. An unambigu-
ous identification of the constituting residues, as has been achieved in the case
of actinoporins (see above), however, has yet to be done.

Besides snake venoms, PLA2 enzymes also have been found in several
marine invertebrates like corals, crown-of-thorns starfish, sea cucumbers and
sponges [64]. In particular, high levels of activity were demonstrated in crude
extracts from the fire coral Millepora spp. and the stone coral Pocillopora spp.
that are notorious for their capacity to induce skin irritation upon contact [65].
Fire corals, like jellyfish, belong to the phylum cnidaria and thus possess
nematocysts that can fire miniature projectiles to penetrate the skin and inject
their venom (cf. above). Although not being members of the group of “true
corals”, fire corals are important cohabitants of reef-building communities
(class anthozoa) [66]. When unprotected human skin encounters the abundant
and innocuous looking reef organism, an immediate burning sensation might
be induced, ranging from mild to intense pain [67]. Within 1 day after contact
a skin lesion may emerge that can progress toward erythematous urticarial
wheals. It is unusual, however, for a fire coral sting to persist much beyond the
acute painful phase [66].

Activity guided fractionation of the nematocyst venom from the Red Sea
fire coral Millepora platyphylla yielded a 32.5 kDa protein factor that account-
ed for most of the crude extract’s PLA2 activity [68]. This protein, termed
milleporin-1, also lysed human red blood cells at microgram per milliliter con-
centrations (maximum effect at 75 μg/mL). The hemolytic activity was great-
ly inhibited by addition of phosphatidylcholine – a finding that may suggest
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that the enzymatic activity of the protein directly relates to its hemolytic activ-
ity. Another protein similar to milleporin-1 was purified from a Caribbean rel-
ative, the fire coral M. complanata [69]. The hemolytic activity of this cnidar-
ian PLA2, however, could be inhibited by addition of cholesterol. Although not
yet proven experimentally, the fire coral PLA2 orthologs may be the molecu-
lar cause for the above-mentioned local skin reactions in response to a sting.
Human divers and swimmers are regularly affected by fire coral stings.
However, those organisms that actually should be stopped from touching (and
devouring) the corals, e.g., the crown-of-thorns starfish portrayed below, have
often evolved resistance to the fire coral’s weapons.

A cell-intruding and hepatotoxic DNase from the crown-of-thorns
starfish

The crown-of-thorns starfish Acanthaster planci is a very large (up to 60 cm
in total diameter) invertebrate predator that feeds on corals [70]. It is infamous
for its dramatic population explosions (“outbursts”) that have regularly devas-
tated coral reefs throughout the Indo-Pacific [71]. The starfish devours its prey
by everting its stomach and imposing it on the coral surface [72]. The diges-
tive enzymes are then released and break down the soft tissue of coral polyps,
leaving the skeleton (made from calcium carbonate) intact [73]. Subsequently
the enzymatically digested tissue is ingested via the imposed stomach surface.
This type of food intake, i.e., external digestion of nutrient-rich soft parts,
seems advantageous when feeding on animals such as corals and mussels
armed with hard and defensive spines or shells [74]. A serious drawback, how-
ever, is the slowness of the process. Feeding crown-of-thorns starfishes have to
remain motionless for hours exposing delicate body structures within tropical
shallow waters where the predation pressure is extremely high [74]. For
instance, here the animals need to cope with a fish bite frequency of about
150 000/m2 per day [75].

To prevent fish and other attackers from “nibbling”, the back of the starfish
is covered with thousands of sharp thorn-like spines that also bring about the
name “crown-of-thorns”. The tips of these up to 28-mm-long structures are
shaped like triangular spears [74]. One corner of the triangle features a razor-
sharp edge that may aid in penetration of the attackers integument.
Furthermore, the spines are covered with glandular tissue that is stripped off
and remains in the wound after penetration [76]. The gland cells of this tissue
produce a venom that contains several bioactive HMWPT, i.e., multiple
hemolytic and myotoxic PLA2 enzymes [77, 78], the anticoagulant peptide
plancinin [79], and the plancitoxins I and II, shown to be lethally toxic in
mice [80, 81]. When a swimmer is accidentally stung by these spines, severe
pain, local swelling and redness occurs immediately [81, 82]. Although nau-
sea and protracted vomiting may occur, the symptoms usually cease within
few hours.
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Among the toxic proteins present in the starfish venom, the plancitoxins I
and II are most peculiar. Both purified protein toxins caused lethality in mice
at an i.v. LD50 of about 140 μg/kg [78]. Treated mice suffered from severe
hepatotoxicity, i.e., enlargement and necrosis of hepatocytes, elevated serum
levels of glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic trans-
aminase (GPT). Separation by gel electrophoresis and purification revealed
that the 37 kDa proteins are composed of two subunits (10 and 27 kDa) linked
by a disulfide bridge. Intriguingly, the amino acid sequence of plancitoxin I,
deduced from the cloned cDNA, featured highest homology with mammalian
DNase II (40–42%) [80]. Although this low grade of homology may not nec-
essarily indicate functional accordance, plancitoxin I also shares two specific
HxK motifs that together form the single active site in the mammalian enzyme
[83]. In addition to active histidine residues, the mammalian enzyme requires
N-glycosylation at several sites to exhibit nucleolytic activity [83]. By con-
trast, only one putative N-glycosylation site has been identified in the amino
acid sequence of plancitoxin [84]. Whether or not the functional toxin is
N-glycosylated has not yet been experimentally established. No dependency
between the presence of sugar residues in the protein and its toxicity has been
determined so far either.

Prompted by the molecular biology data mentioned above, the nuclease
activity of plancitoxin was assayed. As proposed, the toxin was capable of
digesting DNA in vitro. Its pH optimum of 7.2 is similar to physiological intra-
cellular conditions, but deviates substantially from preferences known for all
common DNase II isoforms. The latter are required for DNA “waste” removal
and auxiliary apoptotic DNA fragmentation in higher eukaryotes, thereby
being adapted to work in lysosomes at low pH values [83].

When rat liver cells were incubated with plancitoxin I, chromosomal DNA
fragmentation was observed about 3 hours after addition of the toxin [81].
Treated cells died within 1 day apparently through caspase 3-independent
apoptosis. Whether DNA fragmentation was instrumental in inducing cell
death or rather a secondary effect of cell death-triggered nucleolytic processes
remains to be clarified. In a confocal laser scanning microscopic study the
authors describe the accumulation of plancitoxin I in the nuclei of treated cells.
In order to accumulate within nuclei, the toxin needs to enter cells either by
employing an active endocytotic internalization process or – much less likely
– by simply penetrating the cellular membrane.

Some bacterial toxins such as the cytolethal distending toxins (Cdts) [85]
share several peculiarities with plancitoxin. Three different monomers (CdtA,
B, C), ranging from 20 to 30 kDa, may assemble to the fully active holotoxin
capable of entering target cells by receptor-mediated endocytosis. Sub-
sequently, CdtB is actively transported into the nucleus where it attacks chro-
mosomal DNA, thus eventually causing cell cycle arrest and/or apoptosis [86].
Similar to plancitoxin, CdtB features position-specific homologies with mam-
malian DNase I and displays nucleolytic activity in vitro and in vivo. The cyto-
toxic activity of CdtB could be abolished by introducing point mutations at
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certain conserved amino acid residues localized within the active site and
required for DNase activity [87]. Toxicity in cells was also completely inhib-
ited under conditions that block fusion of early endosomes with downstream
compartments, or upon disruption of the Golgi complex. Thus endocytotic
transport across membranes toward the nucleus represents an indispensable
process required for Cdt-mediated toxicity [88]. Whether the toxicity of
plancitoxin actually depends on its DNase II activity and the way by which the
toxin enters the cell, has yet to be determined. If the conclusions drawn by
Shiomi and co-workers [80] on the toxic principle of plancitoxin are con-
firmed, this marine toxin would substantially broaden our understanding of the
repertoires of enzymes employed in the marine world for defense or aggres-
sion.

Conclusion

HMWPT are widely produced in invertebrate animals. They have usually
evolved from enzymes that are employed for digestive purposes. The products
of this enzymatic activity, e.g., reactive oxygen species or lysophospholipids
and free fatty acids, rapidly and effectively mediate adverse cell reactions by
disrupting cellular integrity. Membrane integrity may also be more directly tar-
geted by pore-forming toxins that actually lack enzymatic activity. In the nat-
ural world, the specific effects of complex venoms are highly diverse and
inconstant. Nevertheless, up-to-date molecular biology techniques, particular-
ly the cloning and mutational analyses of alleged lethal proteins, provide the
tools to uncover the molecular basis for specific pharmacological signatures of
individual toxins. Most importantly, research into the fundamental aspects of
biogenic toxins will inevitably lead to the development of specific antidotes
and causal therapies in the future.
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Venomous animals: clinical toxinology
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Abstract. Venomous animals occur in numerous phyla and present a great diversity of taxa,
toxins, targets, clinical effects and outcomes. Venomous snakes are the most medically sig-
nificant group globally and may injure >1.25 million humans annually, with up to 100 000
deaths and many more cases with long-term disability. Scorpion sting is the next most impor-
tant cause of envenoming, but significant morbidity and even deaths occur following enven-
oming with a wide range of other venomous animals, including spiders, ticks, jellyfish,
marine snails, octopuses and fish. Clinical effects vary with species and venom type, includ-
ing local effects (pain, swelling, sweating, blistering, bleeding, necrosis), general effects
(headache, vomiting, abdominal pain, hypertension, hypotension, cardiac arrhythmias and
arrest, convulsions, collapse, shock) and specific systemic effects (paralytic neurotoxicity,
neuroexcitatory neurotoxicity, myotoxicity, interference with coagulation, haemorrhagic
activity, renal toxicity, cardiac toxicity). First aid varies with organism and envenoming type,
but few effective first aid methods are recommended, while many inappropriate or frankly
dangerous methods are in widespread use. For snakebite, immobilisation of the bitten limb,
then the whole patient is the universal method, although pressure immobilisation bandaging
is recommended for bites by non-necrotic or haemorrhagic species. Hot water immersion is
the most universal method for painful marine stings. Medical treatment includes both gener-
al and specific measures, with antivenom being the principal tool in the latter category.
However, antivenom is available only for a limited range of species, not for all dangerous
species, is in short supply in some areas of highest need, and in many cases, is supported by
historical precedent rather than modern controlled trials.

Introduction

Venom appears to have been a success story in evolution because venomous
animals are found in such a range of taxa, but the success is muted since most
animals remain non-venomous. Logically it follows that venom is not the
answer to all life’s challenges, so how does it benefit those animals that pro-
duce it? Venom appears to have two main functions; prey acquisition and pro-
cessing, and defence against predators. The value mix between these two com-
peting functions varies between animal groups, but for those venomous ani-
mals most likely to cause venomous harm to humans, notably snakes, scorpi-
ons, spiders, and jellyfish, prey acquisition seems to predominate. The honey
bee, Apis mellifera, is the obvious exception, as the sting, with attached venom
gland, is purely defensive, having no role in prey acquisition, but here it is not
venom toxicity that affects humans, but venom allergy. So vast is the range and
diversity of venomous life on earth that a single chapter cannot cover more than
some key elements and groups, a caveat that readers should be cognisant of.
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Epidemiology

For most venomous animals for much of the world, detailed statistics on the
number of humans bitten or stung, envenomed, or killed each year are unavail-
able. Published data are replete with conjecture, estimates, or guesstimates,
with variable validity. It is clear, however, that certain taxa of venomous ani-
mals cause significant morbidity and mortality amongst humans. Top of this
list are venomous snakes, with current estimates of >2.5 million cases and
around 100 000 deaths per year [1]. Subsequent analysis has indicated that
these estimates are likely on the high side, with low estimates nearer 1.2 mil-
lion cases and 20 000 deaths annually [2] (Tab. 1). These figures hide the huge
toll of morbidity after snakebite, which affects far more cases than fatal out-
comes, and often results in long-term suffering, and social and economic loss
[3]. That the snakebite toll is greatest in the rural tropics of the developing
world [4], where poverty, poor education and under-resourced health systems
combine to minimise effective care, is an ongoing tragedy of human existence,
made worse by the effects of natural disasters [5].

After snakebite, scorpion stings likely account for many medically significant
cases and incidence has been estimated as >1.2 million cases each year [6].
Mexico alone documents >200 000 cases requiring hospital care annually [6, 7].
In some regions scorpion stings are more frequent than snakebites; North Africa
is an example. Deaths are increasingly uncommon, perhaps as a result of
antivenom use plus higher standards of hospital care, but children remain at risk
[6–8].

Spiderbite is undoubtedly common [9], as are spiders [10], but most bites
are medically trivial and nearly all medically significant bites can be ascribed
to just a few groups of spiders: widow spiders (Latrodectus), recluse spiders
(Loxosceles), banana spiders (Phoneutria) and Australian funnel-web spiders
(Atrax, Hadronyche) [9, 11–13]. Deaths are rare.

Table 1. Summary of most recent published data on snakebite epidemiology globally [2]

Region Envenoming Deaths

Low estimate High estimate Low estimate High estimate

Asia 237 379 1 184 550 15 385 57 636
Australasia 1099 1260 2 4
Caribbean 1098 8039 107 1161
Europe 3961 9902 48 128
Latin America 80 329 129 084 540 2298
North Africa and Middle East 3017 80 191 43 78
North America 2683 3858 5 7
Oceania 361 4635 227 516
Sub-Saharan Africa 90 622 419 639 3529 32 117

Total 420 549 1 841 158 19 886 93 945
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Jellyfish encompass a vast range of species that share a common stinging
mechanism, the cnidocil or nematocyst, an individual stinging cell that both
makes and delivers venom [14, 15]. These cells can be numbered in the mil-
lions in the tentacles of large jellyfish, but while most species can induce local
discomfort in humans, few can cause medically significant envenoming and
almost none, lethal stings [14–16]. The clear exception, the Australo-Pacific
box jellyfish (e.g., Chironex fleckeri), still occasionally kills humans, but in
tiny numbers, almost unmeasurable compared to snakebite [14–18]. However,
this threat has resulted in modified human behaviour in some at-risk regions,
with consequent drops in rates of envenoming cases [19].

Stinging fish also will affect large numbers of humans, but while pain, how-
ever brief, can be severe, life is rarely at risk [15, 20].

Venomous animals: Taxonomy

Venomous animals are represented in 6 phyla, across 20 subphyla or classes,
including multiple vertebrate taxa [21]. A detailed discussion of the taxonomy
of venomous animals is beyond the scope of this chapter.

Venoms: A clinical overview

Venom can be defined as compounds or mixtures of toxins that are deleterious
to another organism at a certain dosage [22]. Most venoms contain an array of
toxins, usually with a diversity of actions. A single toxin can have multiple
actions. For any single species of venomous animal, there will be a degree of
variability in the composition of venom between individuals and even a single
individual may have slight variations in venom composition over time
[23–26]. Such variability can be seasonal or ontogenetic. The range of actions
of toxins contained in a venom can reflect the variable types of prey that must
be acquired, but may also reflect natural and rapid experimentation within
populations of venomous animals [24, 25]. With such an array of toxins avail-
able, it might be expected that many would combine to cause toxicity in
humans, but experience has shown that often clinical effects of significance
can be attributed to just a few distinct toxins, or classes of toxins and it is these
that are discussed further [27–29]. Venom classification is therefore consid-
ered below in terms of clinical effects in humans.

Neurotoxins

Paralysis
Paralytic neurotoxins are a recurring theme amongst venomous animals, being
present in such diverse taxa as snakes, ticks, jellyfish, cone snails and octo-
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puses (Tab. 2). They are well characterised in snakes, where their primary site
of action is the neuromuscular junction (Fig. 1), causing progressive flaccid
paralysis, although the precise mechanism of action varies between toxins,
often with multiple toxin types represented in a single venom [27–29]. The
mode of action can be of great clinical relevance, affecting response to antiven-
om therapy. A number of other taxa possess paralytic neurotoxins, also caus-
ing flaccid paralysis, but their site and mode of action differ, again with clini-
cal implications centred on duration of paralysis.

Excitation
Amongst invertebrate venomous animals, neuroexcitatory toxins predominate,
especially amongst arthropods, but also amongst some marine animals,
notably a few jellyfish species [21, 30]. The structure and mode of action
varies amongst these toxins, but the prime clinical effect is generally similar,
with rapid, sometimes extreme excitation of portions of the nervous system,
most commonly autonomic stimulation resulting in a “catecholamine storm”
effect, which can be rapidly lethal [31].

Myotoxins

Activated myotoxins induce myolysis and fall into two broad groups: the local-
ly acting type and the systemically acting type, with the latter, in particular, able
to cause potentially devastating and lethal effects as a result of secondary renal

Table 2. Major venomous animal groups commonly associated with neurotoxic paralysis [163]

Type of animal Examples Type of neurotoxin#

Elapid snakes Kraits Pre- and postsynaptic
Coral snakes Postsynaptic
Mambas Dendrotoxins and fasciculins
Cobras (some) Postsynaptic
King cobra Postsynaptic
Selected Australian snakes; tiger snakes, Pre- and postsynaptic
taipans, rough scaled snake, death adders,
copperheads
Sea snakes Postsynaptic

Viperid snakes Mohave rattlesnake (some) Presynaptic
Neotropical rattlesnakes Presynaptic
Sri Lankan Russell’s viper Postsynaptic

Ticks Paralysis ticks, Ixodes and Dermacentor spp. Presynaptic

Cone shells Variety of Conus spp. Conotoxins

Octopusses Blue ringed octopuses, Tetrodotoxin
Hapalochlaena spp.

# Definite, predominate or most likely major site of action/type of toxin in humans.
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failure, hyperkalaemia and cardiotoxicity [21, 28]. In most cases myotoxins are
modified phospholipase A2 (PLA2) toxins, sometimes closely related to presy-
naptic neurotoxins [27]. In some cases a single toxin, such as notexin from
Australian tiger snake (Notechis scutatus) venom, possesses both myotoxic and
presynaptic neurotoxic activity, residing in separate portions of the molecule
[27, 32]. Most venom myotoxins are found in snake venoms, although only in
a minority of species, but myotoxic activity does occasionally occur with
envenoming by other animals, including widow spider bites and mass hymenop-
teran stings [33–39].

Figure 1. Diagrammatic representation of the site of action of principal neuromuscular junction para-
lytic neurotoxins (original photo/illustration copyright © Julian White).
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Blood toxins

Coagulants and related toxins
Snakes have evolved a wide array of toxins to attack the complex haemostatic
system (Fig. 2), and in many cases a variety of distinctly different toxins, with
different targets, may coexist within a single venom [40, 41] (Tabs 3 and 4).
However, more often a particular toxin will predominate in clinical effects on
haemostasis. In the majority of species, this predominant activity will be pro-
coagulant, most often causing either clotting through activation of thrombin,
or direct attack on fibrinogen. While in the laboratory this may result in rapid
plasma clotting, in an in vivo setting, like an envenomed human, the effects
may be rather different, such as rapid consumption of all fibrinogen, causing
hypocoagulability and a tendency to bleed [28, 40–45]. Thus, while these tox-
ins may be characterised as potent clotting agents, their clinical effect may
seem quite the opposite, effectively anticoagulating the blood through con-
sumption of fibrinogen. There are exceptions to this, notably the potent clot-
ting toxins in two Caribbean pit-viper venoms, which clinically cause exten-
sive thrombosis, sometimes lethal [46–50]. Snakes are not the only venomous
animals to specifically target haemostasis; a South American caterpillar with
venom-tipped “hairs” can also cause severe procoagulant coagulopathy and
fibrinogen depletion [51, 52]. Coagulopathy is also reported following stings
by a few scorpion species, but is less well defined [53–55].

Anticoagulants
In addition to the secondary anticoagulant effects of some procoagulant tox-
ins, some snake venoms contain potent true anticoagulant toxins that work by

Table 3. Summary of common target points for venoms interfering with the human haemostatic sys-
tem [163]

Class of toxin Specific activity

Procoagulant Factor V activating
Factor X activating
Factor IX activating
Prothrombin activating
Fibrinogen clotting

Anticoagulant Protein C activating
Factor IX/X activating
Thrombin inhibitor
PLA2

Fibrinolytic Fibrin(ogen) degradation
Plasminogen activation

Vessel wall interactive Haemorrhagins

Platelet activity Platelet aggregation inducers
Platelet aggregation inhibitors

Plasma protein activator SERPIN inhibitors
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inhibiting the haemostatic process (Tabs 3 and 4) [40, 41]. This type of coag-
ulopathy is largely restricted to a minority of snake species and, in most cases,
causes less severe clinical problems than procoagulants [41, 56, 57].

Figure 2. Diagrammatic representation of the human haemostatic pathways within blood vessels and
some common targets where venom toxins can interfere with this process (original photo/illustration
copyright © Julian White).
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Haemorrhagins
Synergy between diverse toxins can often result in more devastating effects on
prey, or humans, and this is clearly the case with haemorrhagins, found in a
number of snake venoms, mostly based on a metalloproteinase toxin that
directly damages tissue, especially vascular tissue (Tabs 3 and 4) [40, 41,
58–61]. This direct damage promoting bleeding sites when combined with
procoagulants that defibrinate, so preventing thrombotic repair of bleeding
sites, which can lead to very severe clinical effects, especially locally around
the bite site.

Nephrotoxins

Few primary nephrotoxins have been reported from venoms [62, 63], but sec-
ondary renal damage is very much a clinical problem with many snakebites,

Table 4. Major venomous animal groups likely to cause primary coagulopathy

Type of animal Examples Type of venom action

Colubrid snakes Boomslang, vine snake Procoagulant

Yamakagashi, red necked keelback Procoagulant

Elapid snakes Selected Australian snakes; tiger snakes, Procoagulant
rough scaled snake, taipans,
brown snakes, broad headed snakes

Selected Australian snakes; Anticoagulant
mulga snakes, Collett’s snake,
black snakes, Papuan black snake

Viperid snakes Saw scaled or carpet vipers Procoagulant, disintegrins,
haemorrhagins

Gaboon vipers and puff adders Procoagulant, antiplatelet,
disintegrins, haemorrhagins

Russell’s vipers Procoagulant, haemorrhagins

Malayan pit viper Procoagulant, antiplatelet,
haemorrhagins

North American rattlesnakes Procoagulant, fibrinolytic,
antiplatelet, disintegrins,
haemorrhagins

North American copperheads Procoagulant, anticoagulant,
fibrinolytic, disintegrins

South American pit vipers Procoagulant, Anticoagulant,
(selected Bothrops spp.) fibrinolytic, disintegrins,

haemorrhagins

Asian green pit vipers Anticoagulant, fibrinolytic,
(selected Trimeresurus spp.) antiplatelet, disintegrins,

haemorrhagins

EuroAsian vipers (selected Vipera spp.) Procoagulant, disintegrins,
haemorrhagins,

Insects Latin American caterpillars, Procoagulant
Lonomia spp.
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and without renal supportive therapy, such as dialysis, can prove lethal
[64–72]. Secondary renal damage can occur through a variety of venom-medi-
ated mechanisms, including coagulopathy, myolysis and hypotension [27, 29].
A particular syndrome, microangiopathic haemolytic anaemia (MAHA), can
occur after envenoming by some snake species, and is characterised by
intravascular haemolysis, thrombocytopenia and renal failure, but the precise
causative mechanisms in envenoming remain to be elucidated [71, 73].

Necrotoxins

Local tissue injury following bites or stings is a common theme across many
taxa, including snakes, spiders, scorpions (but only a very few species), cen-
tipedes and some marine animals such as the box jellyfish (Chironex fleckeri)
and some of its relatives, and some stingrays [3, 11, 12, 18, 19, 21, 29, 45,
74–79]. The mechanism of injury is incompletely understood in most cases,
although specific necrotoxins, such as sphingomyelinase D (from recluse spi-
ders, Loxosceles spp.), are known [80–84], and the role of myotoxic PLA2 in
snake venom indicates a prime role in local tissue injury [81], while hyalur-
onidases are implicated in other venoms [85]. In many cases it is likely that
local tissue necrosis is mediated by a complex interplay between several toxin
effects and natural defence mechanisms within the victim.

Other toxins

In addition to the specific toxins and effects listed above, most venoms have a
number of other, less well understood components, the clinical significance of
which is usually unknown. This group, which may include the bulk of all toxin
types, includes many low molecular weight toxins, including peptides. The lat-
ter are of increasing interest as potential templates for new pharmaceuticals,
but undoubtedly some have significant clinical actions. Also within this group
can be included a very diverse and important mix of toxins originating in cone
snails (Coniidae; Conus spp. and some related hunting marine snails). Broadly
classified as “conotoxins”, these highly potent toxins are diverse in pharmaco-
logical effects and are already proving a rich area for new drug development
[86].

Envenoming: A management overview

Envenoming will vary in severity, depending on the relative toxicity of the
venom involved, the amount of venom actually delivered, the size of the vic-
tim, any pre-existing medical conditions, and environmental/social considera-
tions [21, 28, 29]. It follows that even for a highly dangerous species, such as
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an Australian taipan snake (Oxyuranus scutellatus), the degree of envenoming
and risk to life is not constant; while most cases may develop life threatening
envenoming, often quite rapidly, there will still be some cases who never
develop significant envenoming. Predicting which course each case will take,
in the early stages, may be difficult to impossible, so it is a general rule that
any case of definite or likely bite/sting by a medically significant venomous
animal should be managed initially as a high priority medical emergency.
Inevitably, a number of cases, perhaps the majority in some geographic
regions, will ultimately prove to be only minor, with minimal or no envenom-
ing. This is not a justification for assigning a low initial priority to bite/sting
cases who seem apparently well on presentation. Envenoming can develop
quickly, but can also be delayed in onset, yet still potentially lethal. Health
professionals, except in a few situations, are unlikely to see or treat large num-
bers of bite/sting cases, so maintaining knowledge and skill can be problem-
atic. It follows that in most situations, consultation with a doctor who is an
expert in clinical toxinology is advisable, if optimal patient outcomes are to
be ensured.

First aid

Pre-hospital care can, quite literally, be the difference between life and death
in cases of envenoming, particularly for those species causing rapid severe
effects such as respiratory paralysis and cardiotoxicity. There are few research-
proven first aid methods for envenoming, yet many methods are used or rec-
ommended, most of which have either no benefit, or more commonly, cause
actual harm [87–106]. Appropriate envenoming first aid should follow three
principles; (1) do no harm, (2) immobilise venom to prevent it reaching target
sites, and (3) support vital functions (airway, breathing, circulation) [107]. The
last of these, supporting vital functions, if adopted universally, would likely
save life in many cases of envenoming. It is often overlooked, but the impor-
tance of ensuring airway patency, respiration and circulation cannot be
overemphasised. Avoiding causing harm is a vital principle, also generally
overlooked. Table 5 lists well-known first aid methods that cause actual harm
in envenoming and should not be used. Table 6 lists those few first aid meth-
ods shown to have value in envenoming.

Approach to management

As outlined earlier, two principles should guide care of the definitely or poten-
tially envenomed patient: (1) all cases should be initially managed as poten-
tially severe, and (2) expert advice should be sought at the earliest opportuni-
ty [107]. Locating expert advice will vary between countries, but in most
cases, a major poisons information centre may be a reasonable first choice.
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Consultant clinical toxinologists are currently a rare commodity within health
systems, but this may improve over time, as training courses output more grad-
uates.

The first priority when assessing a case of bite/sting with definite or poten-
tial envenoming, is to ensure vital systems functioning (airway, breathing, cir-
culation). One must be aware of the possibility that coagulopathy may be pres-
ent or develop, and physical interventions, such as i.v. line insertion, should be
chosen with care to avoid causing uncontrollable bleeding problems. In the
presence of coagulopathy, certain i.v. sites (subclavian, jugular, femoral) and
actions (e.g., i.m. injections, fasciotomy, tracheostomy) are hazardous and
should be avoided if at all possible. The second priority is establishing a work-
ing diagnosis, from which more definitive care, including antivenom therapy,
will follow where indicated and available.

Diagnosis of envenoming

Diagnosis is a crucial early step in managing envenoming [28, 107]. Two parts
of diagnosis can be discerned: (1) determining the cause of envenoming, from
which more specific treatment can follow, and (2) determining the extent of

Table 5. Harmful or ineffective first aid methods that should not be used; only some prominent meth-
ods are listed

Method Problems

Tourniquet Direct pressure injury under narrow band tourniquet
Severe pain
Ischaemic limb damage (may include loss of limb)
Potential for massive envenoming on release

Patent suction devices Local tissue injury
Increased local necrosis
Painful
Only minor venom removal
No proven benefit in reducing envenoming

Local scarification, wound Local tissue injury
excision, amputation Painful

May increase rate of envenoming
May introduce local infection
Can cause significant bleeding and blood loss
No proven benefit in reducing envenoming

Electric shock Dangerous
No proven benefit in reducing envenoming

Chemical application Potential toxicity
No proven benefit in reducing envenoming

Snake stone No proven benefit in reducing envenoming

Traditional healers No proven benefit in reducing envenoming
Cause potentially lethal delays in seeking definitive care
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envenoming, including severity, progression, systems affected, and evident
complications, which will guide the degree and nature of any therapeutic
response. All three elements of the diagnostic process, history, examination,
and laboratory tests, play a role, but the extent to which each may contribute
varies with the venomous animal concerned. For many species, laboratory
tests may add little to diagnosis and history will be crucial. However, the his-
tory may give no early clue to diagnosis, particularly when the presentation is
symptom-driven, perhaps without any suggestion of a bite/sting occurring or
being causative. Thus, in unexplained cases of coagulopathy, paralysis, neu-
roexcitation, myolysis, renal failure, collapse, convulsions, or local tissue
injury, envenoming may sometimes be an important differential diagnosis
needing consideration and exclusion.

Table 6. First aid methods considered effective or possibly effective and not harmful

Method Useful for

Immobilisation of bitten All snakebites and other causes of systemic envenoming
limb and whole patient

Australian pressure All non-necrotic or haemorrhagic snakebites, including all 
immobilisation Australian snakes, kraits, coral snakes, king cobra, sea snakes,
bandage technique mambas, selected cobras, South American rattlesnakes;

Australian funnel-web spiders;
Possibly (not proven experimentally or by clinical trial):
Buthid scorpions, cone shells, blue ringed octopus

Cardio-pulmonary resuscitation Any bite/sting causing impaired cardiac or respiratory function

Removal of attached organism Any bite/sting, to prevent ongoing envenoming; specifically 
important to remove bee sting/venom gland, paralysis tick,
Helodermatid lizard

Hot water (to 45 °C; All venomous fish stings, stingray injuries, jellyfish stings 
care to avoid hotter water (not yet proven for box jellyfish stings)
and thermal injury)

Direct wound care/staunching Injuries affecting major blood vessels, such as some stingray 
bleeding injuries

Copious fluid irrigation of All cases with venom in the eye, particularly spitting cobras
the eye

Removal of rings, other May reduce the chance of local swelling causing ischaemic 
constricting objects from damage
limbs, especially digits

Reassurance Calming the patient and keeping them still may reduce the 
rate of onset of envenoming and development of anxiety-
related symptoms

Retrieval of the envenoming If the culprit has been killed or captured and can be safely 
animal transported with the patient, do so, as this will assist in 

accurate diagnosis;
CAVEAT: Do not waste time or risk further bites/stings to 
kill/capture the culprit
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History
Ideally, a toxinological history will answer some or all of the following ques-
tions: (1) is a bite/sting a likely diagnosis, (2) do the circumstances (including
a description of the assailant, if available) and geographic location of the
bite/sting indicate likely assailants, (3) does the patient have any symptoma-
tology suggestive of envenoming, local or systemic, and does the pattern of
symptoms indicate likely assailants, (4) are there any patient-related factors
that might influence diagnosis, severity of envenoming, or outcome, and (5) is
the patient in need of treatment urgently, or likely to need treatment later?

The key areas for questioning are shown in Table 7, but these are designed
to fit all common situations, while in the real world, the list of possible
assailants will likely be narrower and so the range of questions required will
be less. Often the key diagnostic features emerge early and allow a more
directed approach to confirm the likely assailant and therapeutic response
required. However, some caution is required, because any venomous animal
can, on occasion, cause an atypical presentation.

Examination
Examination is directed towards finding evidence that a bite/sting has
occurred, and if any local or systemic envenoming effects are present. Where
the history has not clearly identified a likely assailant, examination findings
may help to narrow diagnostic possibilities. Key areas for examination are
shown in Table 8. As for history, this list is designed to cover many common
possibilities and in the real world, a more directed examination is often possi-
ble. Again, caution is required, to ensure no key signs are missed because early
assumptions are made about the likely culprit.

Laboratory tests
Specific testing for evidence of envenoming is only applicable for some ani-
mals, mostly snakes, while no lab tests are routinely indicated for bites/stings
by many non-snake venomous animals. Key lab tests are shown in Table 9, and
as with history and examination, selection of which tests to request, if any, will
be determined by the circumstances in each case, particularly the possible
assailants to be considered.

Urgent care

The acutely and significantly envenomed patient presents an urgent case requir-
ing prompt, accurate assessment and directed treatment. The patient presenting
in extremis will require immediate life supportive care, then best-guess diagno-
sis of the likely culprit(s) and urgent specific treatment to cover these animals,
followed by more considered assessment and treatment, once the acute emer-
gency is controlled. In such a situation, it may still be possible to rapidly ascer-
tain key diagnostic features, such as presence of coagulopathy, paralysis, myo-



J. White246

Table 7. Important points in a toxinological history

Area of questioning Relevance

Circumstances of bite/sting May indicate likely degree of envenoming 
(brief glancing attack versus chewing 
bite/prolonged sting), but even glancing bite 
can sometimes cause severe envenoming;
May indicate likely culprit

Geographic location Can narrow range of possible culprits

Description of animal Can help determine likely culprit, but beware 
colour variability, especially in snakes

Number of bites/stings Multiple bites/stings may cause increased 
envenoming

Immediate symptoms May indicate possible culprit;
May indicate likely severity

First aid, including timing May influence onset of envenoming symptoms 
and signs

Onset and nature of any symptoms Can determine pattern and severity of 
Specifically enquire about symptoms of: envenoming, which can indicate likely identity 
• Paralysis (drooping/heavy eyelids, of culprit and requirement for treatment

slurred speech, drooling, difficulty walking,
moving limbs, holding head up, breathing,
swallowing)

• Myolysis (muscle weakness, pain,
tenderness, red to black urine)

• Coagulopathy (bleeding gums,
haematemesis, haematuria, melaena,
sudden bruising)

• Renal damage (altered urine output, thirst)
• Cardiotoxicity (palpitations, collapse)
• Necrotoxicity (bite/sting site pain,

blistering, bleeding, darkened or 
blue-black skin, eschar formation)

• Neuroexcitatory envenoming 
(increased sweating, salivation,
lacrimation, piloerection, respiratory 
distress with frothing (pulmonary oedema),
fasciculation of muscles, including 
tongue, nystagmus)

• Non-specific (headache, nausea, vomiting,
abdominal pain, diarrhoea, dizziness,
collapse, convulsions, metallic taste in 
mouth)

Medications May identify medications that might interact 
with envenoming or skew interpretation of lab 
tests (e.g., warfarin and coagulopathy)

Past history May identify pre-existing conditions of 
relevance to envenoming

Allergies Particularly important to determine if there is 
a potential allergy to any treatment, such as 
antivenom, OR if the symptoms could be more 
related to allergy than envenoming
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lysis, or neuroexcitation, which will guide the therapeutic response. The same
rapid assessment techniques can be utilised to effectively triage cases with less
life threatening features. Observation of the patient’s face can often show if they
are in significant pain (grimace), if they have any early developing paralytic
features (ptosis, loss of facial tone, partial ophthalmoplegia; Fig. 3), or neu-
roexcitatory features (increased sweating, lacrimation), or coagulopathy (bleed-
ing bite site, gums; Fig. 4), while a simple check of any i.v. insertion or sam-
pling sites will reveal evidence of coagulopathy (continued ooze, bleeding,
extending bruising), and a check of the bite/sting site will reveal if there is rap-
idly advancing swelling, or early tissue injury features (ecchymotic blistering,
marked dark skin colouration, especially if clear demarcating edges; Fig. 5), or
early neuroexcitation (increased local sweating, piloerection). If major neu-
roexcitatory envenoming is a likely diagnosis, chest auscultation (for signs of
pulmonary oedema) is required. Except where pulmonary oedema is a signifi-
cant risk, most envenomed patients will benefit from early i.v. fluid load.

Table 8. Key points in the toxinological examination

Area of examination Relevance

Bite/sting site Is there evidence of multiple bites/stings, ongoing 
bleeding (coagulopathy), bruising (coagulopathy),
blistering/bleb formation (necrosis), increased 
sweating (neuroexcitatory envenoming), major 
swelling (fluid shifts, impending shock), significant 
mechanical trauma (stingray), attached tentacle 
(jellyfish) or stinger (honey bee)?

Bitten/stung region/limb Is there evidence of venom spread (lymphadenopathy 
or tenderness, lymphangitic tracking) or regional 
envenoming (spreading blistering/blebs, ecchymosis,
increased sweating)?

Critical systems (cardiac, respiratory) Is there hyper/hypotension, brady/tachycardia, cardiac 
arrhythmia, cyanosis/respiratory distress, use of 
accessory muscles? What is Glascow coma score 
(GCS)?

Neurological systems Is there evidence of paralytic neurotoxicity (cranial 
nerve signs like ptosis, ophthalmoplegia, fixed dilated 
pupils, drooling, dysarthria, dysphagia, altered 
taste/smell, limb muscle weakness, reduced or absent 
deep tendon reflexes)?

Is there evidence of neuroexcitatory envenoming 
(increased local, regional, or generalised sweating,
piloerection, increased salivation, lacrimation,
muscle fasciculation, including tongue, pulmonary 
oedema)?

Haemostasis systems Is there evidence of increased bleeding (oozing from 
bite site, i.v. sites, gums, elsewhere, bruising, CNS 
signs of intracranial bleeding) OR of thrombotic 
problems (deep vein thrombosis, pulmonary embolus,
stroke)?
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Specific treatment: Antivenom

In general, the only specific treatment for envenoming is antivenom and this is
only available for some venomous animals.

Table 9. Key laboratory investigations to consider in a case of definite or suspected envenoming. The
actual choice of tests will be determined partly by the type of organism and the clinical setting

Test Relevance Relevant fauna

Whole blood clotting time If substantially prolonged and/or Most snakebites, Brazilian 
(WBCT) with weak clot, can indicate Lonomia caterpillars, Iranian 

coagulopathy (NOTE: always Hemiscorpius and Nebo
use glass vessel, do control) scorpions, recluse spiders

20-minute WBCT (is blood Simple derivative of WBCT, As above
clotted at 20 minutes?) validated for some snakebites

Coagulation studies Definitive assessment of As above
• INR/prothrombin time coagulopathy; d-dimer may be 
• aPPT/PTTK most sensitive early measure 
• d-dimer/XDP/FDP of developing coagulopathy
• fibrinogen

Complete blood examination Important in assessing if there As above, plus other fauna 
• platelets is haemolysis, MAHA, or that may cause haemolysis,
• haemoglobin (Hb) isolated thrombocytopenia. including severe jellyfish 
• blood film for evidence of Early absolute lymphopenia stings, massive hymeno-

haemolysis can be another marker for pteran multiple stings
• white cell and absolute envenoming

lymphocyte count
• reticulocytes (if haemolysis)

Blood chemistry, especially Each parameter specific for Most snakebites, any major 
• renal function particular envenoming/complica- systemic envenoming/
• creatine kinase tion, such as renal damage, collapse, envenoming where 

(CK, for myolysis) myolysis, haemolysis, haemolysis suspected, such 
• electrolytes (particularly K+) hyperkalaemia as mass hymenopteran stings
• bilirubin (if haemolysis)
• glucose (if scorpion sting)
• liver function tests 

(LFTs; if haemolysis, myo-
lysis, or if pancreatitis is
suspected after scorpion sting)

Arterial blood gases Principally assessing oxygen- Any bite/sting where 
ation, if respiratory compromise, respiratory failure/paralysis 
such as in neurotoxic paralysis possible, including selected 

snakebites, Australian funnel- 
web spider, scorpion, para-
lysis tick, cone shell, blue 
ringed octopus, Irukandji 
jellyfish envenoming

Bite site wound swabs In Australian snakebites, for Australian snakes;
• venom detection (Australia) venom detection; any infected wound
• culture and sensitivity everywhere, if wound is infected
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Figure 3. Ptosis, often the first sign of developing neurotoxic envenoming (Notechis scutatus bite)
(original photo/illustration copyright © Julian White).

Figure 4. Persistent blood oozing from bite area, often indicative of coagulopathy (Pseudechis spp.
bite) (original photo/illustration copyright © Julian White).
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The era of antivenom therapy for envenoming dates back to the work of
Calmette and others, in the final years of the 19th century [108]. Antivenom is
essentially antibody raised against whole venom(s) or venom fractions in a
domesticated animal (horse, sheep, goat, rabbit) and works by binding to tox-
ins, either at the active site (so rendering them inactive), or elsewhere (allow-
ing clearance) [109, 110]. It follows that a given antivenom contains neutralis-
ing antibody against only those venoms used in the immunising mix, so utili-
ty in treating envenoming by other species is dependent on sufficient antigenic
similarities between venoms [111, 112]. For some venoms, there is consider-
able similarity with venoms from other, usually related, species. This provides
cross-specific protection, therefore a particular antivenom may be effective in
treating envenoming by a number of different species. However, such cross-
specific protection is not a universal, or even particularly common, finding. As
a rule, then, antivenom used in treatment should be proven as specific for a
particular species, or group of species [110].

There are a variety of ways of producing antivenom, although all currently
in use start by hyperimmunising an animal [109, 110, 112]. Nearly all antiven-

Figure 5. Demarcating area of tissue injury, indicative of an area likely of developing necrosis
(Pseudechis australis bite) (original photo/illustration copyright © Julian White).



Venomous animals: clinical toxinology 251

oms are based on mammalian IgG antibody, most commonly equine (horse).
The IgG can be refined in a number of ways to eliminate contaminants from
plasma that can stimulate adverse reactions. IgG can be further fractionated to
yield fractions of IgG, each with distinct properties, advantages and disadvan-
tages. Whole IgG and Fab2 antivenoms have a prolonged half life, compared
to Fab antivenoms, so they maintain clinically useful blood levels over sever-
al days, important in neutralising late-released venom from a depot at the bite
site, but their larger size limits extravascular spread. Fab antivenoms have bet-
ter extravascular penetration, but at the cost of short half life, measured in
hours, usually necessitating repeat doses or continuous infusion [113–115].
Few Fab antivenoms are available, the principle ones being for North
American pit viper bite (CroFab®) and European adder bite (Viperatab®), but
early experience with these affinity-column-refined ovine (sheep) antivenoms
shows they are relatively safe and effective, but commonly require repeat dos-
ing to counter short half life [113–118]. In North America, an issue of recur-
rence of coagulopathy has raised questions about effectiveness, since this
recurrence is sometimes resistant to further antivenom doses. However, exam-
ination of case experience with the previous equine whole IgG antivenom
shows recurrence was also an issue and other factors may be at play [114].
Arguments have been mounted that whole IgG antivenoms are the most effec-
tive, but traditional manufacture has been associated with high levels of
adverse effects [119–122]. As a consequence, many producers have moved to
Fab2 antivenoms, which are as effective, but generally have been considered to
have a better adverse effect profile, a view now questioned [119–122].
However, development of caprylic acid treatment of whole IgG antivenoms is
claimed to produce a product with high efficacy and a good adverse effect pro-
file, with a further advantage of lower production cost [123–126]. This may
swing antivenom production back towards predominantly whole IgG product.

Horses are by far the predominant host animal for antivenom production
[109–112, 127–129]. They are relatively easy to manage, provide large plas-
ma volumes with regular venesection or plasma pheresis, are comparatively
safe as vectors of disease transmission, and production techniques are well
established [130, 131]. However, equine antivenoms, especially whole IgG,
have been associated with sometimes very high levels of adverse effects [132].
Because of this, a few producers have explored other animals, notably sheep
[113, 115–117, 133]. Ovine antivenoms are now produced by two major pro-
ducers and have proved safe but, because of an increased risk of disease trans-
mission, particularly viral and prion disease, sheep are only practical in the few
countries with certified safe flocks [131]. If new processing steps that can
guarantee removal of infectious agents are developed, this may make ovine
antivenoms more widespread, but the use of caprylic acid purification of whole
IgG equine antivenoms may render such ovine antivenom developments
unnecessary. Goats have also been used in the past and one producer current-
ly uses rabbits for a low output specialised antivenom [134]. Current research
is investigating camels, as these may be easier than horses in some regions,
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such as Africa, and camelid IgG can be more readily fractionated into really
small molecular size antivenoms that may open up possibilities for combined
systemic and local use [135, 136]. This work is purely experimental and it is
at present not known if it will translate to commercial production. Another dif-
ferent approach using hens to produce egg-based IgY antivenoms has also
been explored, but a number of problems, including widespread major immu-
nity to such a product, with the potential for severe adverse reactions, appears
at this time to make commercial IgY antivenoms unlikely [137–140]. The
development of genetically engineered antivenom production, using recombi-
nant methods, is at an early stage of development, with no commercial prod-
ucts available as yet, although research is progressing, both into recombinant
production of immunising toxins, and complete recombinant production of
specific antivenom [141–144].

Antivenom theory
Antivenom works by binding specifically to venom toxins and rendering them
inert and/or speeding clearance from the circulation [109, 112, 145]. To be
effective, antivenom must rapidly bind and inactivate/remove all circulating
venom from the circulation, and as far as possible, the rest of the body. This
requires primary intravascular distribution, which is why antivenom should, in
most cases, be given only i.v., not used locally or as an i.m. injection. There
are a few antivenoms for which i.m. injection is advocated or has shown
favourable results [134, 145–158] with some evidence that it is effective,
although this is controversial in light of recent studies [158–162]. However,
these are for organisms with more slowly developing and, in general, non-
lethal envenomings.

The prime requirement for antivenom is therefore i.v. administration of an
initial dose expected to fully neutralise all circulating venom. Except for Fab
antivenoms, most or all of the antivenom will remain in the circulation, yet for
many venoms, key components will exit the circulation to reach their extravas-
cular targets, such as the neuromuscular junction or skeletal muscle. Toxins
acting on the haemostatic system and haemorrhagins act within the intravas-
cular system, so are readily accessible to antivenom. Concentration gradients
between extravascular and intravascular venom levels are likely to draw
extravascular venom back into the circulation, for neutralisation, as intravas-
cular venom levels fall with neutralisation by antivenom. This mechanism
requires high levels of antivenom, compared to venom, explaining the clinical
requirement for adequate antivenom doses initially. Antivenom administered
i.m. will be slow to reach high intravascular concentrations [160, 162], so will
be far less efficacious, particularly for rapid, acute, severe envenoming, as
caused by many snake species. Similarly, locally injected antivenom is unlike-
ly to reach significant blood levels, so will be ineffective against circulating
and distributed venom. Therefore, even if low molecular weight antivenoms
are developed for local injection, there will still be a critical need for simulta-
neous i.v. administration.
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What is antivenom effective for?
Antivenom is an effective antidote against venom components that are specifi-
cally covered as antigens for a given antivenom [163]. This implies that antiven-
om must be specific for the type of venomous animal involved, or have proven
cross protection for that animal. It also implies antivenom must be able to
access the venom. This may be difficult for locally sequestered venom, such as
in the bitten limb. It follows that in general, antivenom is far more effective at
neutralising systemic effects than local effects, except for low molecular weight
antivenoms (Fab), which more readily reach extravascular sites. However,
antivenom cannot repair injured tissue, it can only bind to venom with appro-
priate antigenic matching. Therefore, some venom effects that involve damage
to target tissue, such as presynaptic neurotoxicity (terminal axonal damage),
myotoxicity (damage to muscle cells), renal toxicity (direct or indirect renal
damage) and secondary damage from coagulopathy, are not reversible with
antivenom therapy. For this reason it is important to detect systemic envenom-
ing at the earliest opportunity and commence appropriate antivenom therapy,
before such tissue damage is extensive. Equally, this explains why late antiven-
om therapy to remedy such tissue injury is ineffective and generally not war-
ranted. A caveat is that continuing venom absorption from the bite site, causing
ongoing envenoming, requires maintenance of adequate antivenom levels,
which may warrant repeat dosing, even for whole IgG or Fab2 antivenoms.
Clinically, this seems applicable for continuing myolysis. A list of clinical
effects and their responsiveness to antivenom is given in Table 10.

The indications for administering antivenom in a case of envenoming are,
to some extent, specific for each type of venomous animal, and discussing
requirements for each species or antivenom is beyond the scope of this chap-
ter. There are, however, some broad principles that apply in many circum-
stances. Firstly, antivenom should only be given if there is evidence of signif-
icant envenoming, either systemic, or in some settings, local. It is rarely justi-
fied giving antivenom to a patient who exhibits no evidence of envenoming.
Bites/stings by nearly all venomous animals have a significant and variable
rate of “dry bites”, where bite/sting marks may be present, but insufficient
venom is injected to cause medically significant envenoming effects. Just
because a bite/sting is from a highly dangerous species does not mean signif-
icant envenoming will develop. Secondly, in most settings, antivenom should
be given as soon as there is evidence of systemic envenoming developing.
There are exceptions, particularly for those venomous animals that cause pre-
dominantly local effects, but not necrosis, and/or non-specific systemic effects
with a low likelihood of threat to life (e.g., headache, nausea, vomiting, diar-
rhoea, abdominal pain, dizziness). Systemic effects that are virtually always
worrying will usually indicate the need for antivenom (Tab. 11).

Choosing an antivenom
The ideal antivenom will be safe and efficacious at neutralising target venoms.
In regions where polyvalent antivenoms predominate, covering all major med-
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ically important species of snakes, there is no absolute need to determine the
type of snake in choosing an antivenom. However, in this setting, knowledge
of the type of snake may allow better prediction of likely progress, complica-
tions and prognosis, all valuable for the patient and the therapeutic process.

Table 10. Key clinical envenoming effects and their responsiveness to antivenom

Toxin activity type Clinical effects and responsiveness to antivenom

Paralytic neurotoxin Flaccid paralysis
• Presynaptic • Resistant to late antivenom therapy
• Postsynaptic • Often reversal with antivenom therapy
• Anticholinesterase • Muscle fasciculation

Excitatory neurotoxin Often causes “catecholamine storm”, massive stimulation of 
autonomic nervous system; can be very responsive to antivenom,
but in some cases (some scorpions) must be given early to be 
effective

Myotoxin Systemic skeletal muscle damage; may respond to antivenom,
but damage pre-antivenom will remain, causing symptoms and lab 
test changes (mainly elevated creatine kinase, CK)

Haemostatic system toxins Interfere with normal haemostasis, causing either bleeding or 
thrombosis; often respond to antivenom, as only effective 
treatment, but not effective for all venoms

Haemorrhagins Damage vascular wall, causing bleeding; role of antivenom 
uncertain, may be helpful

Nephrotoxins Direct renal damage; value of late antivenom uncertain

Cardiotoxins Direct cardiotoxicity; role of antivenom uncertain, controversial

Necrotoxins Direct tissue injury at the bite site/bitten limb; antivenom, given 
early, may be of some value, but overall results are not 
encouraging

Non-specific systemic Often indirectly mediated; antivenom often very effective at 
effects (headache, controlling symptoms
vomiting etc.)

Table 11. Indicators for antivenom. Note only some indicators will be theoretically applicable for any
particular species of venomous animal [191]

Indicators

Any degree of developing or progressing neurotoxic paralysis

Any significant disturbance of haemostasis (except pure secondary disseminated intravascular
coagulation, DIC)

Any degree of significant myolysis

Acute renal damage

Acute haemolysis

Prolonged collapse or convulsions in confirmed envenoming

Major and progressive local swelling

Developing necrosis (except if presenting days later)
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In regions where there is a choice of several different antivenoms, without
one that covers all possible snakes in the region, there is an absolute need to
determine the type of snake with a sufficient level of confidence to allow
choice of an appropriate antivenom. There are several possible methods for
determining the type of snake. All have advantages and risks and wherever
possible, combination of several methods is preferred, to assure better accura-
cy of the result. Venom detection has been used as an experimental technique
for many years [164–175]. In Australia and New Guinea there is a unique
commercial snake venom detection kit (SVDK), designed specifically to deter-
mine the most appropriate antivenom to use [176–185]. While certainly use-
ful, it is not useful in every case and suffers from both false-positive and false-
negative results, the likelihood of which are increased with certain test sample
choices. This SVDK was not designed to act as a diagnostic screen for
snakebite and should not be used as such. It is possible that similar snake
venom detection systems may be developed for other regions for which no sin-
gle universal polyvalent snake antivenom is available.

Given the problems of identifying the snake, if a polyvalent antivenom is
not available, why would producers choose to make monovalent or limited
polyvalent antivenoms instead of full polyvalent antivenoms? One reason is
the practical mechanics of antivenom production. If the range of snakes to be
covered is large, and cross protection between species limited, there may be
more different venoms required than is practical, both from an immunising and
vial size perspective. Inevitably a polyvalent antivenom, covering a number of
species, will generally be of higher volume than specific or monovalent
antivenoms for each species. That higher volume may translate into higher
costs or lower costs (reduced range of products required), but will inevitably
result in a higher risk for the patient, because a higher volume of antivenom
must be injected, only some of which is actually therapeutically useful (the
antibody fraction against the particular snake involved in envenoming that
patient). Delayed (type III) hypersensitivity reactions (serum sickness) can
occur with any antivenom, but are more common with high volume antiven-
oms such as polyvalents [109, 117, 121, 136, 139, 148, 152, 160, 163, 186–
190]. Therefore, for the patient, to reduce adverse effects and, in some cases,
cost, a specific or monovalent antivenom is a better choice, providing the iden-
tity of the snake can be reliably determined. Australia and New Guinea have
both specific/monovalent and a polyvalent antivenom against regional snakes.
The SVDK allows preferential use of specific/monovalent antivenoms, rather
than polyvalent antivenom, in most cases, which reduces rates of adverse
effects and cost to the health system. Another option in parts of Australia,
where the range of important venomous snakes is limited, is to use a mixture
of two specific/monovalent antivenoms to cover possible species, where iden-
tity of the snake is not assured [134]. A similar approach is possible in some
other regions.

For each region, clear delineation of the envenoming profile for each impor-
tant species can provide the basis for diagnostic algorithms, as used in Australia
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(Fig. 6), which can assist in determining the species involved and is a useful
confirmatory procedure, even if venom detection is available [134, 191].

While the discussion above has been directed to antivenoms against ven-
omous snakes, the principles apply to all antivenoms. However, for most other
venomous animals, if an antivenom exists, it is a specific/monovalent product,
because the range of species required to be covered in any region often does
not warrant a polyvalent antivenom. There are exceptions to this, such as poly-
valent anti-scorpion and/or anti-spider antivenoms, particularly in parts of
South America, North Africa and the Middle East [127–130]. Advising on spe-
cific choice methods for antivenoms in each region is beyond the scope of this
chapter.

Administering antivenom
As discussed earlier, in most settings, acute and rapidly severe envenoming
mandates i.v. administration of antivenom to ensure rapid, therapeutically ade-
quate blood levels. For those few antivenoms where the producer recommends
an i.m. route, the clinician treating the patient should determine if this is advis-
able in the individual circumstances, if necessary in consultation with an
expert (e.g., through a poisons centre or a clinical toxinology service).

The method of i.v. administration will be dictated by several factors: (1) the
volume of the antivenom at the selected dose, (2) the size of the patient, (3)
pre-existing health problems for the patient, (4) the availability of i.v. adminis-
tration equipment, such as sterile i.v. giving sets, i.v. fluids, i.v. pumps etc.
High-volume antivenoms in small children may pose fluid overload issues,
exacerbated by the common practice of diluting antivenom in an i.v. carrier
solution, up to 1:10, such as normal saline or Hartman’s solution. In general,
where practical, such dilution and administration through a giving set is advan-
tageous, because it allows precise control of rate of infusion and may make
adjustments for adverse reactions easier. There are other methods which are
also validated, particularly direct slow i.v. injection of antivenom at the bed-
side, easiest if the total volume is not high [191]. This approach has several
advantages; it requires less equipment, so is generally easier and cheaper, par-
ticularly in less well resourced health systems, and it forces the doctor, who
must give the injection, to be present at the bedside throughout administration.
This makes it far more likely that any adverse reaction will be detected early
and the injection stopped and the reaction promptly treated. With diluted i.v.
infusions there is a risk that staff will start the infusion and then be occupied
with other duties or patients, potentially missing early signs of reactions and so
missing the opportunity to treat early, when treatment will likely be more effec-
tive. In a well-managed hospital setting such risks can be avoided and it is the
author’s practice, in most cases, to give antivenom by diluted i.v. infusion.

Selection of the dose of antivenom is beyond the scope of this chapter,
because it will vary between antivenoms, organisms causing envenoming, and
degree of envenoming. There is one important principle that is universal; dose
is not determined by patient size, therefore children receive the same dose as
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Figure 6. Diagnostic algorithms for Australian snakebite; an example of what may be possible if
detailed profiling of envenoming by snake species is undertaken in a given geographic region (origi-
nal photo/illustration copyright © Julian White).
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adults. There is no paediatric dose for antivenom. Doses should never be
reduced because the patient is a child.

Adverse reactions
All antivenoms are, by definition, foreign antigens when they are administered
and all have the potential for adverse reactions, both early and late [134, 163,
191, 192]. The more highly purified the antivenom, in general, the lower the
rate of reactions, but as noted earlier, whole IgG antivenoms purified with
caprylic acid, may enjoy comparatively low reaction rates, especially com-
pared with simple whole IgG antivenoms.

The causes of adverse reactions to antivenom are multiple, but contaminat-
ing components in the antivenom are of great importance and may include
pyrogens from bacterial or other contamination, other plasma components as
contaminants, such as albumin, Fc components of fractionated IgG, and ele-
ments of equine plasma that cause allergic responses [109, 119, 121, 136, 191,
192]. In addition, prior exposure to the antivenom or the host animal used in
immunising may stimulate an allergic response, even IgE production in rare
cases. Modern production methods should exclude contamination with live
bacteria or viruses, but prions are harder to exclude, hence the requirement,
particularly applicable to ovine antivenoms, that the host animal is from a
flock/herd certified free of prion disease [131, 132].

The principle early reactions, in order of frequency and severity, are an ery-
thematous rash, by itself of little consequence, rigors indicative of a pyrogenic
reaction, and least common, a significant systemic allergic reaction, often
characterised as “anaphylaxis”, although true IgE involvement occurs only in
the minority of cases, with complement activation by the antivenom being a
more common aetiology. The principle delayed reaction is serum sickness and
this is partly dependent on the volume of antivenom administered; the higher
the volume, the greater the risk.

For early reactions, other than simple rash, the first response should be to
stop the antivenom infusion. If there is a major systemic allergic reaction, clas-
sic treatment for anaphylaxis is warranted, including adrenaline (epinephrine),
i.v. fluids, resuscitation, as indicated. Detailed discussion of the management
of anaphylaxis is beyond the scope of this chapter and readers are referred to
current published reviews on this topic [193]. Once the reaction is controlled,
antivenom infusion can be cautiously restarted, sometimes requiring titration of
rate against blood pressure response and i.v. diluted adrenaline infusion [134].
The development of an anaphylactic reaction to antivenom is not a justification
for abandoning antivenom therapy in that patient. If antivenom has been com-
menced on sound clinical grounds, because of major or life threatening enven-
oming, those grounds remain valid. Nevertheless, it is prudent to re-evaluate
the extent/severity of envenoming before committing to restarting antivenom.

For late reactions, notably serum sickness, the patient will often have been
discharged prior to onset, so it is essential that all patients receiving antivenom,
whatever the type, amount, or route, be informed of the possibility of serum
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sickness and presenting symptoms, to maximise the probability they will
promptly return for treatment. A detailed discussion of management for serum
sickness is beyond the scope of this chapter, but oral corticosteroids such as
prednisolone, and oral antihistamines are generally the mainstays of treatment.
Some doctors advise a short (about 5–7 days) course of oral corticosteroids
after administration of antivenom, to reduce the likelihood of serum sickness.
This is not a clinical trial-proven therapy, but logically may be of some benefit.

There is a considerable amount of literature on use of prophylaxis prior to
antivenom, in an attempt to reduce the rate of adverse reactions. Several key
points have emerged. Firstly, sensitivity testing prior to antivenom is a non-
predictive and dangerous procedure, which should never be undertaken, even
though some antivenom producers still recommend it [163, 191]. Secondly,
there is no convincing evidence that antihistamines or steroids such as hydro-
cortisone prevent adverse reactions [163, 194]. There is highly conflicting evi-
dence that subcutaneous adrenaline may be useful, but most recent studies and
advice from leading authorities is that adrenaline as premedication for antiven-
om is inappropriate [163, 195].

Other antidotes

Antivenoms are only available to cover some of the more dangerous venomous
animals. Even where antivenom is available, there may be other treatments that
can be effective as ancillary care, although not as a replacement for antivenom.

For neurotoxic paralysis caused by purely post-synaptic neurotoxins, anti-
cholinesterases are theoretically attractive and have shown efficacy for enven-
oming by some species. By reducing the rate of acetylcholine destruction with-
in the neuromuscular junction (Fig. 1), it is sometimes possible to overwhelm
the effect of the toxin in blocking the muscle end-plate acetylcholine receptor,
thus reducing the extent of paralytic features. In selected cases this may be
enough to wean the patient off the need for ventilatory respiratory support, but
frequent re-dosing is usually required. This ancillary treatment has been suc-
cessful in treating paralysis following bites by Philippines cobras (Naja philip-
pinensis), death adders (Acanthophis spp.) and sea snakes (New Caledonia;
species not certain) and is likely applicable to a wider range of snakes
[196–199]. However, recent research indicates at least some death adders also
have pre-synaptic neurotoxins in their venom, which may explain cases refrac-
tory to both antivenom and anticholinesterase treatment.

For scorpion stings causing neuroexcitatory envenoming, some clinicians
report that prazosin is highly effective [200–206]. Experimental studies also
indicate prazosin may be effective in countering Irukandji jellyfish (Carukia
barnesi) envenoming, in cases with significant cardiac involvement [207, 208].
In both these settings there is a form of “catecholamine storm”. However, the
cardiovascular collapse caused by severe box jellyfish (Chironex fleckeri)
envenoming is not responsive to prazosin [209, 210].
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General treatment

For most cases with significant envenoming it is a reasonable and common
practice to give an initial i.v. fluid load (crystalloids), the degree of loading
being tempered by patient factors such as presumed degree of dehydration (if
any), patient age, size and pre-existing infirmity (such as cardiac disease)
[134]. Particularly in children it is important not to overload with fluid.

Analgesia will depend on both the type of envenoming and patient factors
[107]. Many envenomings will not result in significant pain, so routine anal-
gesia is not required and where indicated, oral analgesia should be used before
considering parenteral analgesia. In all cases, it is best to avoid narcotic anal-
gesia that may cause respiratory depression [107, 163, 211]. However, some
forms of envenoming are routinely associated with severe pain, requiring
prompt and vigorous analgesia, such as use of i.v. fentanyl for Irukandji stings
[212], or regional nerve blocks for intransigent pain from stingray or ven-
omous spined fish wounds [20, 213]. In some cases, antivenom will be the
most effective “analgesic”, such as in widow spider bites and stonefish stings
[9, 20, 134, 152, 214].

Most envenoming cases do not develop significant secondary infection, so
routine antibiotic use is generally not warranted [9, 191]. As the organisms
involved in those cases that do become infected are highly variable, wherever
possible culture and sensitivity should be performed prior to commencing ini-
tial antibiotic therapy, often with broad spectrum cover. Some envenomings,
notably some snakebites in South America by Bothrops jararaca, B. jarara-
cusu and related species can develop significant local sepsis and abscess for-
mation, so routine antibiotic therapy may be appropriate in such bites,
although is not always effective [215–219].

All bites and stings are potential sources for tetanus [191, 220, 221] and it
is important to ensure current tetanus immunisation status, but care should be
taken when giving i.m. tetanus immunisation updates in the presence of active
coagulopathy, as caused by many snake species [191, 222–224]; the coagulo-
pathy must first be under control.

Major local limb swelling is a common sequelae of envenoming by many
snake species [163, 191, 225, 226]. In the past it has been assumed by some
doctors that compartment syndrome would commonly occur, so fasciotomies
were frequently performed. This invariably resulted in damaging scarring,
which often progressed to long-term functional disability. It is now clear that
true compartment syndrome is an infrequent complication of such local snake
envenoming and fasciotomy should only be performed in cases where two cri-
teria are met: (1) there is confirmation of compartment syndrome by direct
measurement of intracompartmental pressure, and (2) any coagulopathy asso-
ciated with envenoming has been reversed [163, 191, 225, 226].

Debriding necrotic wounds, should in most cases be done in the first few
days, except for loxoscelism (recluse spider bites), where early debridement
may spread venom and extend the area of necrosis [9, 227–229]. In these cases
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it is advisable to wait until the area of necrosis has stabilised. For deep pene-
trating wounds, such as with some stingray injuries, after debriding damaged
and necrotic tissue, it is important to allow wounds to heal by secondary inten-
tion [230].

Specific groups of venomous animals

In the following accounts, only selected groups or representatives are dis-
cussed, as the vast array of venomous animals is too great to cover in a chap-
ter such as this. Similarly, the range of possible data sources is immense, so
readers are referred to a few key texts [15, 22, 27–29, 127–130, 134, 163, 191,
211] and a website (www.toxinology.com), rather than listing many hundreds
of further references for individual species or species groups in the remaining
portion of this chapter.

Venomous snakes

As discussed earlier, venomous snakes represent the single most important
venomous animal group from a medical perspective, accounting for more mor-
tality and serious morbidity than all other groups combined. Amongst the
snakes, the majority of species fall into the four broad families containing ven-
omous species [1–3, 163], but true venomous species represent only a minor-
ity of the snake fauna, and species dangerous to humans an even smaller pro-
portion.

Colubrid snakes (Colubridae)
Family Colubridae comprises a diverse assemblage of over 1850 snake spe-
cies, with some recent taxonomic work indicating that the family could be split
into an array of further families [231, 232]. The majority of colubrid snakes are
considered technically “non-venomous” and lack distinct venom apparatus or
fangs [233]. However, it is clear that many other colubrid snakes can produce
toxic oral secretions that some authors argue constitutes venom, a view possi-
bly supported by apparent DNA coding for toxins [234]. This issue of what
constitutes “venomousness” in colubrid snakes is an ongoing and unresolved
issue that will not be further canvassed here. Among those few colubrid snakes
with definite venom-producing glands and distinct enlarged teeth (some con-
sidered as fangs) for venom delivery, in all cases situated towards the middle
to back of the upper mouth (so-called “back-fanged” or opisthoglyphous), sev-
eral species are capable of causing severe, even lethal systemic envenoming,
usually associated with deranged blood coagulation and a bleeding tendency.
Colubrid snakes are global in distribution.

Boomslang (Dispholidus) and vine snakes (Thelotornis): These southern
African arboreal snakes have caused a number of fatalities associated with



J. White262

coagulopathy. A specific antivenom is available in South Africa for the boom-
slang.

Keelbacks (Rhabdophis): The keelbacks and yamakagashi were originally
thought to be harmless, but several severe, even fatal bites confirmed their
potential to cause major envenoming and coagulopathy. A specific antivenom
is available in Japan.

Other venomous and toxic colubrids: A number of other colubrid snakes
have caused bites with varying degrees of envenoming, although generally not
lethal. As more cases are accumulated it is probable that further colubrid spe-
cies will be added to this list and it is no longer valid to assume a colubrid
snake, not previously associated with significant bites, will be always harm-
less. However, those species that are small in size are less likely to inflict sig-
nificant bites, although some large species of colubrids are not known to cause
medically significant bites. No antivenoms are available for these snakes.

Elapid snakes (Elapidae)
Elapid snakes are, without exception, venomous, possessing well-developed
venom glands and paired anterior placed proteroglyphous fangs. Many elapid
snakes are small and may not be capable of significantly envenoming humans,
but there are also many large species very capable of inflicting lethal bites. The
range of elapid snakes is global, reaching a peak of diversity in Australia.

Cobras (Naja, Hemachatus, Walterinnesia): Cobras represent the single
largest, most widely distributed group of elapid snakes of major medical
importance, causing mortality and morbidity in thousands to tens of thousands
of humans every year. They cover several genera, but most fall within the sin-
gle genus Naja, with recent taxonomic changes moving several related genera
into Naja. Clinically cobras divide into two broad types of envenoming: (1)
predominantly local envenoming with necrosis, mild to moderate neurotoxici-
ty, and (2) predominantly neurotoxic envenoming, without major local effects.
The former group contains many species in Africa and Asia capable of spitting
venom and causing severe venom ophthalmia. A variety of antivenoms are
available for cobra envenoming, i.e., for covering more common species only,
specific for particular species, species groups, or regions. Not all important
species are covered and it is important to use the most specific antivenom
available, particularly noting differences between African, West Asian and
East Asian species, each covered by different products.

King cobra (Ophiophagus): The king cobra, although certainly cobra-like in
origin and appearance, is separated because of its sheer size, at over 4 m, the
longest of all venomous snakes. Found in much of eastern Asia, this snake
causes both local effects and severe paralysis. Several specific king cobra
antivenoms are available.

Kraits (Bungarus): As we understand more about snakebite epidemiology it
becomes clear just how important kraits are in Asia as a cause of lethal enven-
oming. The numerous species are widely distributed and are generally noctur-
nal hunters, common in rural, even urban areas, where they mostly bite at



Venomous animals: clinical toxinology 263

night, with a painless bite and later development of progressive severe paraly-
sis, often associated with abdominal pain and, at least for some species,
myotoxicity as well. Most, but not all, species show some degree of body
banding. Antivenom is available for some krait species.

Coral snakes (Micrurus, etc.): Coral snakes are of most medical signifi-
cance in the Americas, especially in South and Central America, where they
can cause severe paralysis and/or myolysis, with minimal local effects. There
are a few species found in the southern USA, but throughout their range they
are an infrequent, although sometimes fatal cause of bites. Several specific
coral snake antivenoms are available in South and Central America.

Mambas (Dendroaspis): The African mambas (Fig. 7) have a ferocious rep-
utation, but available data indicates they likely cause relatively few bites,
although some species have a high lethality potential. The venom causes com-
plex neurotoxicity, leading to both muscle fasciculation and paralysis, but gen-
erally few local effects. At least one African polyvalent antivenom covers
mambas.

Australian and New Guinea elapids (Pseudonaja, Pseudechis, Notechis,
Tropidechis, Austrelaps, Hoplocephalus, Acanthophis, Oxyuranus, Micro-
pechis): Australian and New Guinea elapid snakes have developed rather sep-
arately from elapids elsewhere and present a distinct set of clinical problems.
Local effects of bites vary, depending on species, from trivial to moderate
swelling, but it is systemic effects that dominate, again varying between spe-
cies, but including pre- and post-synaptic paralysis, severe myotoxicity, coagu-

Figure 7. Black mamba, Dendroaspis polylepis (original photo/illustration copyright © Julian White).
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lopathy and haemorrhage, renal failure and cardiotoxicity. Several “monova-
lent” and a polyvalent antivenom are available for Australian snakes.

Sea snakes: Long considered a separate family, sea snakes are now includ-
ed within Elapidae and are thought to have evolved from early Australasian
elapids. They are subdivided into two broad groups; the purely marine
Hydrophiinae, encompassing the bulk of species, and the Laticaudinae that
come onto land during their breeding cycle. Both groups have potent venoms,
principally neurotoxins and/or myolysins, this being reflected in clinical
envenoming, with both flaccid paralysis (post-synaptic) and systemic myotox-
icity possible, either separately, or both together. The myolysis can cause sec-
ondary renal failure and cardiac toxicity and be severe enough to cause weak-
ness that can mimic true neurotoxicity. Only one sea snake antivenom is cur-
rently available, but while it is made against venom from just one species, it
appears to be effective for bites by most other sea snake species.

Other elapids (Paranaja, Pseudohaje, Boulengerina, Aspidelaps, Elapso-
idea, Homoroselaps): This mixed group of elapids do not collectively cause
significant numbers of bites, but some species can cause moderate to severe
envenoming and have lethal potential. The taxonomic status of some genera is
in flux; some are proposed to be subsumed within Naja (the cobras). There are
no antivenoms available for these snakes.

Atractaspid snakes (Atractaspididae)
Burrowing or mole “vipers” have been the subject of considerable taxonomic
instability, but currently are considered a distinct family of habitually subter-
ranean venomous snakes, limited to Africa and the Middle East, mostly small
and generally not involved in envenomings in humans. There are several larg-
er species within genus Atractaspis that have potent venoms and do cause
human envenoming and are potentially lethal. Within this group the unique
sarafatoxins, similar to human endothelins, can cause severe or lethal cardiac
effects. However, local tissue injury and sometimes necrosis is a far more com-
mon consequence in envenomed humans. They are adapted for a subterranean
existence, burrowing in search of prey and have evolved a unique fang struc-
ture allowing side-swiping envenoming.

Viperid snakes (Viperidae)
Vipers comprise a diverse assemblage of venomous snakes, with a wide glob-
al distribution. They have front-placed fangs on rotating modified maxillae,
allowing the fang to be folded against the roof of the mouth, then erected
when biting, an arrangement that permits development of long fangs, and
referred to as solenoglyphous dentition (Fig. 8). In some viperids, fangs can
exceed 2.5 cm in length and these large fangs are often combined with large
venom glands, able to effectively deliver a substantial venom load. While
many viper venoms may not be as toxic as selected elapid venoms, this is fre-
quently counterbalanced by their ability to deliver more venom. Viperid
snakes are the single most important cause of snakebite to humans globally,



Venomous animals: clinical toxinology 265

ahead of elapids. There are two subfamilies of viperid snakes, Viperinae and
Crotalinae.

Viperinae
This subfamily contains classic vipers, found throughout much of the “old
world” and responsible for a substantial portion of the human snakebite toll,
particularly groups like the carpet vipers (genus Echis), Russell’s vipers (genus
Daboia) and African adders (genus Bitis).

Classic vipers and adders (Vipera, Macrovipera, etc.): These small vipers
(or “adders”) have a wide distribution from Europe right across northern Asia
and south into North Africa and the Middle East. While they can cause severe,
even fatal envenoming, in most cases envenoming is less severe and mostly
local, with swelling, pain, bruising, and uncommonly necrosis. Systemic
effects can include shock, coagulopathy and renal damage, with occasional
mild neurotoxic features, such as ptosis, although at least one species (Vipera
ammodytes) can cause more severe paralysis. Several antivenoms are avail-
able.

Figure 8. An eastern diamondback rattlesnake, Crotalus atrox, with mouth open and fangs moved to
erect position, but with fang sheath not yet retracted (original photo/illustration copyright © Julian
White).
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Puff adders (Bitis): These African vipers range from small species to large
snakes such as the Gaboon viper, Bitis gabonica and the notorious puff adder,
Bitis arietans, an important cause of sub-Saharan snakebite. These snakes
cause severe local envenoming, including swelling, pain, bruising, blistering
and necrosis, plus systemic effects including shock, coagulopathy and haem-
orrhage. Several antivenoms covering the puff adder are available, but not
specifically for other species, although cross-reactivity is likely among some
of these.

Russell’s vipers (Daboia): Russell’s vipers, Daboia russelii and D. siamen-
sis, are the most important members of this genus and are found from Sri
Lanka, through the Indian subcontinent, to Southeast Asia, Indonesia and
Taiwan. Throughout their range they cause a significant number of often
severe or fatal bites, characterised by both severe local effect, including blis-
tering and necrosis, and severe systemic effects, including coagulopathy,
haemorrhage, shock and renal failure. Some populations, particularly in
Myanmar and parts of India, can also cause anterior pituitary infarction, result-
ing in Sheehan’s syndrome. Other populations, notably those in Sri Lanka, can
cause myolysis and paralysis. This diversity of venom actions and clinical
effects, even intra-species, means that antivenom choice is crucial; the antiven-
om, to be effective, must be against the particular population of snakes caus-
ing the bite. Using specific anti-Daboia antivenom from one region, to treat
bites by the same species from a different region, can result in treatment fail-
ure and death.

Carpet vipers (Echis): Carpet or saw-scaled vipers, genus Echis, are com-
mon, relatively small vipers, with a range extending from west Africa to India,
covering a number of species that collectively likely cause more snakebite
fatalities than any other genus of snakes. Their bites cause severe local effects,
including blistering, haemorrhage and necrosis, plus severe systemic coagulo-
pathy and haemorrhage. Venom variability between species means that anti-
venom must be sourced from the correct region and species; Indian anti-Echis
antivenom will not be effective in Africa and vice versa.

Other vipers (Eristocophis, Cerastes, Causus, Pseudocerastes, Atheris,
Montatheris, Proatheris, Adenorhinos, Azemiops): A variety of lesser viperids
exist, some of which are not known to cause significant envenoming in
humans, while others, such as the horned vipers, Cerastes spp., can cause
severe, even life-threatening envenoming characterised by coagulopathy and
haemorrhage. Antivenoms covering these species are mostly unavailable,
although a few antivenoms cover some taxa.

Crotalinae
The other viper subfamily, Crotalinae, contains all the “pit vipers”, those
vipers with two heat sensing pits on the anterior head, allowing detection of
prey by infra-red. Pit vipers occur in both the Old World and New World, alt-
hough they predominate in the latter, throughout the Americas, where they are
the dominant cause of snakebites to humans.
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Rattlesnakes (Crotalus, Sistrurus): The rattlesnakes, genus Crotalus
(Fig. 9), and the related genus of “pigmy” rattlesnakes, genus Sistrurus, are the
leading cause of North American snakebite, but are also important in Central
and South America. The North American species cause often severe local
envenoming, with swelling, bruising, pain, sometimes blistering/bleb forma-
tion and occasionally necrosis, particularly for bites to digits. There may be
associated shock, and with some species, major coagulopathy. A few species
can cause at least minor neurotoxic paralytic features, such as ptosis, but some
populations of the Mojave rattlesnake, Crotalus scutulatus, can cause severe
paralysis, as their venom contains a potent presynaptic neurotoxin. Some rat-
tlesnakes, such as canebrakes, Crotalus horridus atricaudatus, can cause
major myolysis and secondary renal failure and cardiotoxicity. A single
antivenom covering all North American pit vipers is available. In Central and
South America, rattlesnake bites have a quite different clinical pattern; major
local effects are not common, but severe systemic envenoming is common,
including neurotoxic paralysis, myolysis, coagulopathy and renal failure. A
variety of South and Central American antivenoms cover one or more of these
rattlesnake species.

Lance head pit vipers (Bothrops, Bothriechis): Snakes of the genus
Bothrops are the single most important cause of snakebite in South and Central
America. Most of the major species cause severe local and systemic effects,

Figure 9. Blacktail rattlesnake, Crotalus molossus (original photo/illustration copyright © Julian
White).
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including local tissue injury/necrosis in the bitten limb and systemic coagu-
lopathy and shock. Some species commonly cause local infection with abscess
formation. Renal failure, including permanent injury (bilateral renal cortical
necrosis) is described. Two species in the Caribbean, Bothrops lanceolatus and
B. caribbeus, cause thrombotic problems, as discussed earlier in this chapter.
A variety of antivenoms are available in South and Central America to cover
some of the major species of Bothrops, but it is important to select an antiven-
om with coverage for the species involved in a bite. Many of the lesser
Bothrops species, although capable of causing envenoming, seem rarely to do
so and are not specifically covered by any antivenom. The same applies to the
variety of smaller pit vipers, such as the eyelash viper, Bothriechis schlegeli.
Some polyvalent antivenoms, particularly from Central America, may provide
some cross neutralisation for some of these species.

Bushmasters (Lachesis): The bushmasters are formidable snakes, of large
size, but throughout most of their range, bites are infrequent. Moderate to
severe local effects occur, including bruising, but necrosis is uncommon, while
systemic effects include shock, coagulopathy and haemorrhage. Several
antivenoms covering these snakes are available.

Copperheads, mokasins and cantils (Agkistrodon): In parts of North
America, bites by some Agkistrodon spp. are common and, while not general-
ly as severe as rattlesnake envenoming, can still cause potentially lethal
effects, particularly in children. Moderate to severe local effects are common,
including tissue injury, but major systemic effects are less common. They are
covered by the North American polyvalent antivenom.

Mamushi, etc. (Gloydius, Deinagkistrodon): The snakes currently assigned
to genus Gloydius, restricted to Asia, were formerly in genus Agkistrodon, and
some species are important as a cause of snakebite, particularly the mamushis
of Japan (Gloydius blomhoffii blomhoffii) and China (G.b. brevicaudus). The
Japanese subspecies can cause both severe local effects, including blistering,
and systemic effects, including shock, coagulopathy, haemorrhage, renal dam-
age and mild neurotoxicity. The Chinese subspecies causes similarly severe
systemic effects and possibly myolysis as well, but less severe local effects.
Bites by other members of this genus are less well understood. Antivenoms
against the mamushis are available in China and Japan. The hundred pace
snake, Deinagkistrodon acutus, also found in parts of Asia, can cause severe or
lethal envenoming, characterised by severe local effects, including blistering
and necrosis, and systemic effects such as shock, coagulopathy and haemor-
rhage. Specific antivenom is available in China and Taiwan.

Malayan pit viper (Calloselasma): In Southeast Asia the Malayan pit viper
is a most important cause of severe and lethal bites. It causes major local
effects, including blistering and necrosis, and systemic effects including
shock, coagulopathy and haemorrhage. Several antivenoms covering this spe-
cies are available.

Green pit viper (Trimeresurus, Protobothrops, Crypteletrops, Viridovipera,
Popeia, Garthius, Parias, Peltopelor): These Asian pit vipers, mostly previ-
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ously contained within the single genus Trimeresurus, have recently been
split into eight distinct genera [235–237]. They encompass a diverse range of
mostly arboreal snakes, some of which are important causes of snakebite
within their specific distribution. Clinical effects vary between species, from
trivial local and no systemic effects, to extensive local swelling and bruising,
with systemic coagulopathy and haemorrhage, to severe local effects includ-
ing necrosis, plus shock, with or without coagulopathy. This latter group
includes the habu, Protobothrops flavoviridis and Protobothrops mucrosqua-
matus. Antivenoms are available for some of the more medically significant
species.

Hump nose vipers (Hypnale): Hump nosed vipers from India and Sri Lanka
are now recognised as a cause of significant bites, causing both local effects,
including blistering, but not necrosis, and systemic effects including shock,
coagulopathy, haemorrhage, renal damage and MAHA, although most bites
may be less severe. No antivenom is available at present.

Other crotalines (Atropoides, Cerrophidion, Ermia, Ophryacus, Ovophis,
Porthidium, Tropidolaemus): A number of other New World and Asian pit
vipers in several genera can cause bites but are mostly considered of compar-
atively minor medical importance. None are covered by specific antivenoms.

Venomous lizards

Until recently, only two species of lizards, Heloderma suspectum and H. hor-
ridum, family Helodermatidae, were considered venomous. These large
lizards, from arid areas of Mexico and southwestern USA, have venom glands
in the lower jaw, which connect to the base of sharp grooved teeth. The venom
is likely used in prey acquisition, but bites to humans can result in excruciat-
ing local pain and mechanical injury, and in some cases, major systemic
effects, including hypotension and shock, but not paralysis, myolysis, or coag-
ulopathy. Treatment is symptomatic and supportive, as no antivenom is avail-
able.

Recent controversial research has indicated that several other groups of
lizards, notably the varanids/goannas (family Varanidae) and the dragons 
(family Agamidae) have genes for venom production and may produce oral
secretions containing toxins [234]. Some researchers consider that for at least
large varanids, such as the massive Komodo dragon (Varanus komodoensis),
these toxic oral secretions are effectively venom and are used in prey acquisi-
tion. Further research is needed to confirm the validity of this work.

Scorpions

Most of the nearly 2000 described species of scorpions are of no medical sig-
nificance, their stings causing either no effects in humans, or minor or short-
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lived local pain, rarely with any systemic effects, and the latter are of a minor
and self-limiting nature. However, several hundred species, nearly all within
family Buthidae, can cause envenoming, varying from mild to severe, even
lethal, depending on species and the size of the victim.

Buthid scorpions of medical importance
Buthid scorpions (Fig. 10) capable of causing medically important envenom-
ing occur in the Americas, Africa, the Middle East and Asia. All cause a form
of neuroexcitatory envenoming, in many cases characterised as a cate-
cholamine storm effect. A wide variety of scorpion toxins have now been fully
elucidated and these include potent potassium and sodium channel neurotox-
ins. In some regions, such as North Africa, scorpion sting is both more com-
mon, and of greater medical importance, than snakebite. In Mexico around
280 000 scorpion sting cases are admitted to hospital every year. With ade-
quate antivenom therapy, mortality is now low, even in those at most risk,
younger children, in regions where it is widely used. In contrast, some regions
not using antivenom still have significant mortality from scorpion stings.
Antivenoms are available for only some major scorpion species, sourced in
their native regions. However, the management of scorpion envenoming is
controversial, with several different approaches extant. Some clinicians con-
sider antivenom ineffective, instead emphasising both supportive intensive
care and use of cardiovascular drugs such as prazosin. Confusing studies sug-
gesting antivenom is ineffective have created more uncertainty about treat-
ment. Nevertheless, evidence from countries including Mexico and Brazil,

Figure 10. Androctonus australis (original photo/illustration copyright © Julian White).
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where severe scorpion stings are very common, indicates that the widespread
use of antivenom has been associated with a dramatic fall in mortality.

Non-Buthid scorpions of medical importance
The most important non-Buthid scorpion is undoubtedly Hemiscorpius lep-
turus, found in Southwest Iran [238–240]. This scorpion, uniquely within all
scorpions, causes local sting-site necrosis and often a systemic syndrome of
haemolysis, coagulopathy, renal failure and shock, which can be lethal. It does
not cause neuroexcitatory envenoming, unlike other medically important scor-
pions. A polyvalent scorpion antivenom, which is claimed effective against
Hemiscorpius, is available in Iran.

Spiders

Spiders undoubtedly cause large numbers of bites to humans, most of which
are trivial, requiring no medical treatment, but a few species can cause major
effects, and one group is potentially lethal. Spiders are generally grouped into
two suborders, Mygalomorphae and Araneomorphae. These two groups can be
distinguished by anatomical features and both contain species of medical
importance.

Mygalomorphs
These spiders, often described as “primitive”, are generally large spiders of
robust build, with comparatively long fangs. Most cause minor local effects
only on biting humans, but one group, the Australian funnel-web spiders and
related mouse spiders are lethal to humans. Some others cause dermal and
ophthalmic irritation through shedding abdominal hairs.

Australian funnel-web spiders: These spiders, of genera Atrax (Fig. 11) and
Hadronyche, found only in Australia, are the World’s most dangerous spiders.
While “dry” or trivial bites are common, they can cause rapidly lethal enven-
oming, even in healthy adults, with death in less than 30 minutes in some cases
in the pre-antivenom era. Envenoming is a rapid, fulminant neuroexcitatory
type, with catecholamine storm effects, similar to major scorpion envenoming.
It responds rapidly to antivenom, even given late, and since antivenom was
introduced, fatalities are now essentially unknown. This specific antivenom
actually is effective for all funnel-web species. The related mouse spiders,
genus Missulena, have a similar venom, also responsive to funnel-web spider
antivenom, but clinically significant envenoming is very rare, so antivenom is
generally not required for bites by these spiders.

Other mygalomorphs: A number of other large mygalomorph spiders can
cause at least local effects such as intense pain, sometimes with non-specific
systemic effects, usually mild and of limited duration, but for the majority of
species there is no evidence, despite their large size and long fangs, that they
are of any medical significance.
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Aranaeomorphs
The bulk of all described spider species are araneomorphs. These diverse spi-
ders span a wide array of families, body size and shape and prey capture meth-
ods, the latter ranging from classic web capture, to hunting and stalking. Most
are of no medical significance, but a few groups can cause problem bites.

Widow spiders (Latrodectus): Widow spider bite is probably the most com-
mon medically important form of spider bite globally. Widow spiders, mostly
of the genus Latrodectus, are distributed across most continents, are often
common and adapt well to human habitation, so opportunities for bites can be
many. In Australia more patients are treated with antivenom for widow spider
(red back spider) bite than all other types of envenoming combined (including
snakebite). Although widow spiders are reported to have caused fatalities,
available evidence suggests this is most likely a result of secondary problems,
not direct primary venom toxicity, but there is no doubt that significant widow
spider envenoming, latrodectism, is an unpleasant problem for affected
patients. The venom causes neuroexcitatory envenoming, but usually without
the severe and life threatening systemic effects seen with scorpion and funnel-
web spider envenoming. Instead, envenoming is characterised by local, then
regional or generalised pain, often with associated sweating, sometimes nau-
sea and hypertension, lasting up to several days. A number of antivenoms are
available and evidence suggests any anti-latrodectus antivenom will be effec-
tive against bites by all widow spider species. Recent research has questioned
the effectiveness of antivenom for latrodectism, but further research will be

Figure 11. The Sydney funnel-web spider, Atrax robustus (original photo/illustration copyright ©
Julian White).



Venomous animals: clinical toxinology 273

required to resolve this issue, as there is a large body of published case expe-
rience (but not randomised control trials) suggesting antivenom is the only
effective treatment.

Banana spiders (Phoneutria): Banana spiders are restricted to South and
Central America, but cause most problems in Brazil, where they are, by far, the
most common cause of major spider bite. Effects are similar to widow spiders
and most distressing for patients, but with low lethality potential. An antiven-
om is available in Brazil, but most patients are managed conservatively, includ-
ing analgesia, without antivenom.

Recluse spiders (Loxosceles): Recluse spiders (Fig. 12) are global in distri-
bution, but a more restricted group cause medical problems, which are quite
distinctive. An effective bite, although rarely felt at the time, will cause either
just local effects, principally necrosis of skin (cutaneous loxoscelism), plus
some self limiting systemic effects, or these local effects plus a potentially
lethal systemic illness (viscerocutaneous loxoscelism), characterised by
haemolysis, coagulopathy, renal failure and shock. An antivenom is available
in Brazil, although its effectiveness, given the usual very late presentation, is
doubtful. Most cases elsewhere, such as in the USA, are managed conserva-
tively. Early debridement of necrotic areas is generally inadvisable as it can
extend the necrotic area. Loxoscelism is sometimes characterised as “necrotic

Figure 12. North American recluse spider, Loxosceles reclusa (original photo/illustration copyright ©
Julian White).
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arachnidism” (spider bite causing skin necrosis), but is an over-diagnosed con-
dition in some countries, notably the USA, and also in Australia (where
Loxosceles is not a native species and is likely present, if at all, in very restrict-
ed areas and numbers).

Other aranaeomorphs: A number of other larger araneomorph spiders can
cause mild local envenoming, usually just local pain and/or swelling, occa-
sionally with mild self-limiting general symptoms. None require antivenom.

Ticks and mites

There are many tick and mite species, all parasites of various hosts, sometimes
mammals, but also birds, reptiles, even spiders and insects. Very few produce
saliva with toxin (venom) effects in humans. Indeed, medically, ticks are far
more important as vectors of disease transmission.

Australian paralysis ticks
Hard bodied ticks of the genus Ixodes, limited to eastern Australia, produce a
potent paralysing neurotoxin in their saliva, so that when an adult female tick
attaches to a human, enough toxic saliva may be inoculated, over several days,
to cause a slowly progressive, but potentially lethal, flaccid paralysis. More
people have died from tick paralysis in Australia than from funnel-web or red
back spider bite. Once the tick is removed, paralysis can still progress for up
to 48 hours, before slowly resolving. Severe paralysis can cause respiratory
failure, requiring mechanical ventilation. This is the current treatment, as the
previously available antivenom was of doubtful effectiveness and has been dis-
continued.

North American paralysis ticks
North American paralysis ticks are hard bodied species, principally
Dermacentor andersoni (western North America) and D. variabilis (eastern
and central North America), causing progressive flaccid paralysis, which
regresses immediately on tick removal. No antivenom is available and respira-
tory support is the mainstay treatment in those rare cases with full respiratory
paralysis, often required for only a brief period.

Other paralysis ticks
Tick paralysis is less well described outside North America and Australia,
although it is reported to occur, probably rarely, in Africa, possibly elsewhere.

Centipedes

Centipedes have paired fangs and venom glands adjacent to the head, in the
maxillipedes; the apparent “venomous” spines at the tail region are not ven-
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omous. Bites from large species can cause local mechanical trauma and
intense pain from the venom, but systemic effects are not generally seen and
local effects usually settle quickly. However, secondary infection is a risk. No
antivenom is available or required.

Insects

Insects comprise a large proportion of animal species diversity, so it is hardly
surprising some utilise venom for defence or offence. However, comparative-
ly few cause medically significant effects from venom and in most of these, it
is allergy, not primary venom toxicity, that is the risk.

Hymenopterans (bees, wasps, ants)
With a few notable exceptions, all the important venomous insects are hy-
menopterans, either bees, wasps, or stinging ants. In all of these, a single sting
in the tail, with an intra-abdominal venom gland, can deliver a small quantity
of venom, containing potent and often highly allergenic peptides. Most sting-
ing hymenopterans can sting multiple times, but the honey bee, Apis mellifera,
is only able to sting once, resulting in the death of the bee, with the sting and
pumping venom gland left behind in the skin of the victim. While mass
attacks, involving many hundreds, more usually thousands of stings, can result
in primary, even lethal venom toxicity, often with fulminant haemolysis, shock
and renal failure, these events are generally rare. In a few areas, such as
Vietnam and Brazil, such mass attacks by hymenopterans are more common
and cause occasional deaths. For most people and regions, it is allergy from a
single sting that causes most concern, and most fatalities. In many western
countries, bee sting anaphylaxis is considered to kill more people than any
form of envenoming. Not all bees sting, nor do all wasps, but some wasps, par-
ticularly the large communal species, such as European wasps and North
American and Asian hornets, regularly sting humans, either singly, or multi-
ply. Most ants lack effective stinging capacity, although bites can cause local
pain and some species can spray venom under pressure from abdominal venom
glands. Some species do sting and can cause intense local pain, irritation, red-
ness, and allergic responses in some humans. The pain can last many hours,
with “sores” developing around each sting site, which can take days to resolve.
A few of these stinging ants, such as the jumping and inch ants (Myrmecia
spp.) of Australia, can cause major anaphylaxis, more potent than even honey
bees. Similarly, the fire ants (Solenopsis spp.), originally from South America,
but now well established in North America, Australia and elsewhere, can cause
intense local pain, sore formation, and major allergic reactions.

Lepidopterans (caterpillars)
Most caterpillars, moths and butterflies are of no medical significance, but the
caterpillars of some species have locally irritant hairs and in some cases, notably
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Lonomia spp. in Brazil, can cause major, even lethal envenoming, on skin con-
tact with these hairs. Lonomia caterpillars cause potentially fatal coagulopathy,
with potent procoagulants in their venom; there is a specific antivenom in
Brazil. Contact with the hairs of some other caterpillars, across several conti-
nents and many species, either through touching the caterpillar, or through shed
hairs in the air, can cause not just local skin irritation, but in the eyes, corneal
irritation, and if inhaled, bronchial irritation, and potentially severe allergic reac-
tions are also possible. The term lepidopterism is used to cover these diverse
clinical effects. In some species, the hairs may be present on the outside of
pupae and adverse effects from contact with these is known as erucism.

Coleopterans (beetles)
A variety of beetles can produce toxic secretions, which can cause injury to
humans, most commonly skin irritation, staining, blistering or necrosis. Of
particular note are beetles of the family Meloidae, the “blister beetles”, some-
times known as “Spanish fly”. These beetles produce the potent toxin can-
tharadin, exuded from limb joints (they have no specific venom gland), and
direct contact with human skin can cause classic blistering and skin necrosis.
Similarly Staphylinidae beetles can cause local effects by squirting toxins,
notably pederin, under high pressure from anal glands. These are defensive
actions by the beetles, not primary prey acquisition. Management of such local
lesions is symptomatic and supportive. No antivenom is available.

Other insects
While a variety of other insect species, across diverse families, possess suck-
ing mouthparts and can attack humans, often as a food source, they are not pri-
marily venomous, though their saliva may contain substances that might be
considered toxic. They will not be further discussed here.

Venomous mammals

Several species of mammals, across two suborders, produce toxic secretions.
In the case of monotremes, the Australian platypus, Ornithorhynchus anatinus,
a hind leg spur attached to a venom gland is used in male:male combat and in
defence, with accidental stings to humans causing intense local pain lasting
many hours. Treatment is symptomatic and no antivenom is available. Toxic
oral secretions from shrews can cause local effects in bitten humans, but these
are generally minor and managed symptomatically.

Venomous birds

Until 1990, birds were not considered as toxin producers, but the discovery of
toxin-producing birds in Papua New Guinea, the pitohuis and infritas, which
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principally contain batrachotoxins in their feathers and skin, has changed this
view. However, in these birds, the toxin is used only in defence, when in con-
tact with the bird. There is also uncertainty about the origin of the toxin (is it
made by the bird or concentrated after uptake from the environment). For the
present, then, these birds should be considered poisonous rather than veno-
mous.

Venomous amphibians

As with the birds, mentioned above, those frogs possessing toxic secretions are
generally considered poisonous, not venomous. Interestingly, some venomous
frogs, such as larger Bufo toads, can squirt toxic secretions from posterior
parotid glands in the head-neck region, as a defensive measure. This can
almost be considered venomous, not just poisonous. Toxic secretions in
amphibians, including species of frogs (and toads) and newts, can be highly
potent, such as the batrachotoxins, pumiliotoxins, samandarines and bufotox-
ins, many being low molecular weight alkaloids affecting nerve transmission
or cardiac function. Many are lethal to humans, even at a low dose, but humans
rarely come in contact with these toxins. Most recent reported human deaths
from amphibian toxins follow ingestion of herbal medicines or extracts used
for recreational drugs containing toad toxins such as bufotoxin and bufogenin.
Some of the highly toxic poison arrow frogs from the New World are very
colourful and popular in captivity, but generally loose their toxicity after a
period of captive care, supporting the environmental origin of the toxins.

Venomous fish

There are numerous fish with venomous spines, in a diverse array of families,
in all cases using the venom and spines predominantly for defence, not prey
acquisition. Venom glands envelop spines, which are often grooved, and when
contact is made with a potential target, as the spine enters the tissue, the gland
may be compressed and venom forced subcutaneously into the target. This is
particularly effective in fish such as the stonefish (Synaceia trachynis), the
most venomous of all fish, when a human steps on the dorsal spines. Here, as
with other venomous spined fish, the venom causes local pain, which may be
excruciating and crippling. Similar, but lesser pain can occur with other spe-
cies, when stepped on or picked up in the hand. The location of spines varies
with species and includes dorsal, ventral, lateral, tail fins and behind the head.
Some species, such as lionfish (Pterois spp.) can have many spines providing
a defensive screen around the fish. Only a few of these fish venoms have been
studied, notably the most toxic to humans, the stonefish, which has a potent
neurotoxin, although this does not cause paralytic features in envenomed
humans.
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There are no substantial data on rates of venomous fish stings, but it is like-
ly that minor stings are very common, while severe stings are uncommon to
rare. For most of these fish stings, symptomatic care is the only treatment, with
hot water immersion widely recommended as both first aid and hospital treat-
ment to abate pain. A specific antivenom is available for stonefish stings and
may be useful for severe effects by some closely related species, although this
is unproven.

Cnidarians: jellyfish

Jellyfish occur in vast numbers, often in swarms, that can be encountered by
swimming humans, often off popular beaches and in bays in summer. The total
number of stings to humans is almost certainly measured in the many millions
per year, but apart from local pain and wheal formation, generally of short
duration and not requiring medical treatment, the vast majority of these stings
are of no consequence. However, medically, a few species commonly cause
significant effects, even potentially lethal envenoming in the case of the
Australian box jellyfish, Chironex fleckeri, and Irukandji jellyfish (covers sev-
eral species, including Carukia barnesi).

The box jellyfish (Fig. 13), clearly the most deadly jellyfish globally, can
inject large amounts of venom rapidly, some thought to directly enter capillar-

Figure 13. The Australian box jellyfish, Chironex fleckeri (original photo courtesy of Jamie Seymour).



Venomous animals: clinical toxinology 279

ies, because of its large size and great tentacle length. As with other jellyfish,
venom is produced in and injected by individual stinging cells, nematocysts
(cnidocils), found in vast numbers on the surface of tentacles (Fig. 14). A major
box jellyfish sting can inoculate venom from millions of nematocysts instant-
ly. As the tentacle contacts the skin, a trigger on the surface of each nematocyst
initiates extrusion at high speed of the everted stinging tube, through the skin,
ejecting venom along the extrusion track. A sting is invariably painful, often
with distinctive ladder track marks and the pain can be excruciating.
Sometimes local necrosis and scarring can occur along tentacle contact tracks.
Box jellyfish venom includes toxins that are cardiotoxic and in a major sting,
within a few minutes even an adult human can suffer cardiac arrhythmia and
arrest, so death can occur within 5 minutes of being stung, probably the most
rapid and dramatic lethal envenoming of any venomous animal. This has result-
ed in great fear of box jellyfish stings, but in reality, such a dire outcome is only
likely if the area of tentacle contact is large, usually from a large specimen.
Nets around swimming beaches exclude such large specimens and the majori-
ty of human box jellyfish stings are comparatively minor. Close relatives of the
box jellyfish exist in waters north of Australia and there are reports of fatal jel-
lyfish stings around Southeast Asia, Indonesia and the Philippines. An antiven-
om is available for Australian box jellyfish stings, but there is recent evidence
that while it neutralises the venom effectively, it cannot be given soon enough

Figure 14. Photomicrograph of a jellyfish tentacle showing embedded unfired nematocysts (original
photo courtesy of Jamie Seymour).
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to be effective in a clinical setting, although until further research is performed,
this is not a reason to cease using it in severe cases.

The Irukandji syndrome, caused by stings from a variety of jellyfish spe-
cies, not just Carukia barnesi, causes a very different pattern of envenoming.
The sting itself may be trivial or not even felt, and involve a tiny area of only
a few cm2. Many, but not all of these Irukandji jellyfish are tiny, so are not
excluded by protective nets around beaches. A variable time after the sting, but
usually within an hour, systemic effects develop, notably severe muscle pain
in the back, limbs, or elsewhere, often accompanied by severe hypotension,
sweating, and in severe cases, pulmonary oedema. The whole syndrome is
similar to a catecholamine storm and is potentially, but very rarely, lethal.
Treatment is supportive and symptomatic, including strong analgesia. There is
no antivenom available.

The Portuguese Man-of-War or bluebottle (Physalia spp.), is a very common
colony organism “jellyfish” that invades swimming areas in mass swarms in
summer months mainly, sometimes causing large numbers of humans to be
stung. In most cases, local pain, sometimes intense, but usually short lived,
often with wheal formation, is the only effect. In a small number of cases, aller-
gy may be stimulated and rarely, anaphylaxis can occur. Recent research indi-
cates that hot water, most commonly a hot shower, can dramatically reduce
symptoms, more so than other first aid or treatments. No antivenom is available.

Venomous molluscs

Snails are slow moving, so it is perhaps surprising that more predatory species
are not venomous, at least as far as currently known.

Cone snails (Conus)
Of the known venomous predatory marine snails, the vast array of species of
cone snails, Conus spp., is the most important medically, and the best studied.
These snails divide into three broad groups, based on major prey type; fish
eaters, snail eaters and worm eaters. All use a system of venom-coated fired
“harpoon” like radula “teeth” to acquire prey, but some have such potent
venom that they can extrude it into the surrounding water to immobilise or dis-
orient prey such as fish, to facilitate capture. In some cases this may involve
stunning multiple small fish simultaneously. To achieve capture of fast moving
fish, venom must act almost instantly, which may explain why cone snails have
evolved such a diverse and rich array of small peptide-based specialist toxins.
These conotoxins are proving of interest as models for new pharmaceutical
agents, and have an almost bewildering range of activities and targets, mostly
within the nervous system, but often very highly specific, hence their immense
value as neuropharmacological tools in research.

Most cone snails appear unable to effectively or significantly envenom
humans, but a few species can cause severe or lethal envenoming, although
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reported cases are few. So from a human epidemiological perspective, their
importance is trivial. Most cases occur in the Indo-Pacific, particularly around
the Philippines. Envenoming occurs when the snail is interfered with or picked
up, with rapid venom inoculation from the fired radula tooth, which may cause
either local pain, or minimal local symptoms. Systemic envenoming can devel-
op rapidly, with flaccid paralysis a particular risk. In severe cases, without res-
piratory support, death may ensue. Treatment is supportive and symptomatic.
No antivenom is available.

Blue ringed octopus (Hapalochlaena)
The blue ringed octopuses, genus Hapalochlaena, are common in waters
around Australia and to the north. They are small and derive their name from
dramatic blue rings that form in the skin when the octopus is alarmed. Their
saliva contains tetrodotoxin, a potent and rapidly acting neurotoxin that targets
sodium channels on nerves, causing flaccid paralysis. It is now considered
likely the octopus does not produce the toxin itself, but accumulates it, or a
precursor, from the environment. Bites are often apparently trivial, with little
or no pain, but in a minority of cases, systemic neurotoxic paralytic envenom-
ing occurs within 10–30 minutes. Without respiratory support, death can rap-
idly follow. Treatment is supportive. Antivenom is not available.

Other marine venomous animals

A wide variety of marine animals use toxins in defence, to establish territory
(such as sedentary corals to maintain or expand living space against competi-
tion), or in prey acquisition. However, they are generally of minor or no med-
ical importance and are not discussed further here.
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Mechanistic insights on spider neurotoxins
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Abstract. In physiology research, animal neurotoxins historically have served as valuable
tools for identification, purification, and functional characterization of voltage-dependent ion
channels. In particular, toxins from scorpions, sea anemones and cone snails were at the fore-
front of work aimed at illuminating the three-dimensional architecture of sodium channels.
To date, at least six different receptor binding sites have been identified and – most of them
– structurally assigned in terms of protein sequence and spatial disposition. Recent work on
Australian funnel-web spiders identified certain peptidic ingredients as being responsible for
the neurotoxicity of the crude venom. These peptides, termed δ-atracotoxins (δ-ACTX), con-
sist of 42 amino acids and bind to voltage-gated sodium channels in the same way as classi-
cal scorpion α-toxins. According to the ‘voltage-sensor trapping model’ proposed in the lit-
erature, δ-ACTX isoforms interact with the voltage sensor S4 transmembrane segment of
α-subunit domain IV, thereby preventing its normal outward movement and concurrent con-
formational changes required for inactivation of the channel. As consequence prolonged
action potentials at autonomic or somatic synapses induce massive transmitter release, result-
ing in clinical correlates of neuroexcitation (e.g., muscle fasciculation, spasms, paresthesia,
tachycardia, diaphoresis, etc.). On the other hand, the major neurotoxin isolated from black
widow spiders, α-latrotoxin (α-LTX), represents a 132 kDa protein consisting of a unique
N-terminal sequence and a C-terminal part harboring multiple ankyrin-like repeats. Upon
binding to one of its specific presynaptic receptors, α-LTX has been shown to tetramerize
under physiological conditions to form Ca2+-permeable pores in presynaptic membranes.
The molecular model worked out during recent years separates two distinguishable receptor-
mediated effects. According to current knowledge, binding of the N terminus of α-LTX at
one of its specific receptors either triggers intracellular signaling cascades, resulting in phos-
pholipase C-mediated mobilization of presynaptic Ca2+ stores, or leads to the formation of
tetrameric pore complexes, allowing extracellular Ca2+ to enter the presynaptic terminal.
α-LTX-triggered exocytosis and fulminant transmitter release at autonomic synapses may
then provoke a clinical syndrome referred to as ‘latrodectism’, characterized by local and
incapacitating pain, diaphoresis, muscle fasciculation, tremor, anxiety, and so forth. The
present review aims at providing a short introduction into some of the exciting molecular
effects induced by neurotoxins isolated from black widow and funnel-web spiders.

Introduction

Spiders are ubiquitous and abundant worldwide, typically killing their prey by
injection of venom. Thus, it should not come as surprise that some spiders are
dangerous to humans as well. Although almost all spiders are venomous, for-
tunately most are incapable of penetrating human skin and injecting sufficient
amounts of venom, thus deaths from spider bites are extremely rare, but have
been occasionally reported, especially in the pre-antivenom era [1–3]. The
venom glands of spiders are associated with specialized fangs, so-called che-
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licers, that are perfectly adapted to perforate the outer body barriers of insects,
other arthropods, or worms. Some of them are even specialized to feed on fish
or small terrestrial vertebrates. From the roughly 40 000 described species of
spiders worldwide [4, 5], there are 5 genera with some medical significance:
Latrodectus (Theridiidae, widow spiders), Loxosceles (Loxoscelidae, recluse
spiders), Atrax and Hadronyche (Hexathelidae, funnel-web spiders), and
Phoneutria (Ctenidae, banana spiders).

In North America, bites of widow and brown spiders are most dangerous
and painful. The venom of the notorious and abundant black widow spider,
e.g., Latrodectus mactans (Fig. 1), constitutes a variable mix of neurotoxic
proteins, enzymes, and bioactive small molecules such as polyamines that
potentiate neurotoxicity, leading to the envenomation syndrome referred to as
‘latrodectism’. On the other hand, bites of brown recluse spiders, Loxosceles
spp., a genus present in most parts of the world, can cause inflammation and
hemorrhagic ulceration. Here, in particular the dermonecrotic enzyme sphin-
gomyelinase D, a major component of the venom, hydrolyzes membrane-
bound sphingomyelin, induces platelet aggregation, complement-mediated
hemolysis, release of tumor necrosis factor α, and triggers inflammation and
pain via production of prostaglandins [6]. Inflammation and tissue necrosis is
the predominating effect of Loxosceles bites (so-called ‘loxoscelism’ or
necrotic arachnidism).

Figure 1. North American black widow spider, female, Latrodectus mactans (courtesy of Julian
White; original photo/illustration copyright © Julian White).
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The endemic funnel-web spiders, e.g., Atrax robustus, represent a serious
threat and may cause envenoming of humans in Australia. These large and
aggressive spiders apply highly toxic venoms that may lead to death if no
antivenom can be administered timely. Here, neurotoxic peptides are predom-
inant and responsible for extremely painful bites that eventually may progress
toward respiratory and cardiac failure of the human victim. In South America,
the Brazilian banana spider Phoneutria nigriventer can be compared to Atrax
in terms of most aspects important from a toxinologist’s point of view, such as
behavior (extremely aggressive species mostly responsible for serious spider
incidents in south Brazil), type and symptoms of human envenoming (neuro-
toxic, e.g., cramps, tremor, paralysis, arrhythmias, etc.; death is possible if
untreated), and toxic ingredients of the venom (i.e., at least 17 different neu-
rotoxic peptides predominantly targeting voltage-dependent sodium or calci-
um channels) [7].

In general, toxins isolated from animal venoms have been widely used as
chemical tools/molecular probes in biomedical research to examine and dis-
sect important physiological pathways. This knowledge can then be benefi-
cially exploited to identify new lead compounds and to develop novel phar-
maceutical and agricultural agents, i.e., drugs and biopesticides (anti-arthro-
pod toxins applicable in pest control) [8]. This holds especially true for inves-
tigations on the structure, function and manipulation of the nervous system.
Due to their toxic effects on neuronal cells, spider venoms are currently in the
focus of basic molecular and fundamental mechanistic studies. The present
review aims at providing an introduction and a glimpse into the most exciting
aspects of the different modes of action of neurotoxins produced by deadly
venomous black widow and funnel-web spiders.

Widow spiders

Envenomation

Widow spiders comprising the genus Latrodectus (Fig. 1) with about 30 dif-
ferent species are distributed worldwide [9]. In addition to Latrodectus, the
Theridiidae family includes more than 50 genera with Steatoda being closely
related to widow spiders, featuring a similar morphology and clinical enven-
oming syndrome indistinguishable from latrodectism [10]. The venom of
widow spiders has been extensively studied and the major neurotoxin, α-latro-
toxin (α-LTX), among other toxins, has been isolated and well characterized
[8, 11, 12]. α-LTX specifically targets neuronal cell receptors of the presynap-
tic plasma membrane as part of the synaptic cleft. Once bound to latrophilin 1
or neurexin Iα, α-LTX inserts into the membrane to form Ca2+-permeable
pores and to trigger the release of neurotransmitters through vesicle exocyto-
sis, thereby causing massive neurotransmitter excess in the particular synaptic
cleft addressed. On the other hand, some of the effects of α-LTX on vesicle
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exocytosis are mediated independently from toxin pores through receptor bind-
ing, subsequent induction of intracellular signaling and release of Ca2+ from
presynaptic stores (Fig. 2). The overall envenomation syndrome (latrodectism)
and clinical effects provoked in humans can persist for hours up to weeks, con-
sisting of incapacitating, local and radiating pain in the extremities affected,
local and regional diaphoresis, piloerection, sweating and muscle fasciculation
accompanied by nonspecific systemic effects such as anxiety, tremor, dizzi-
ness, etc. [2, 13, 14]. In the case of systemic latrodectism pain is the predomi-
nating feature. Depending on the site of the bite, the pain initially induced and
imposed in a rather circumscribed manner at certain body parts can progress
toward generalized abdominal pain that is difficult to distinguish from acute
abdominal conditions resulting from a more common etiology. Other systemic

Figure 2. Schematic representation of the effects of α-latrotoxin (α-LTX) at the presynaptic mem-
brane of autonomic or somatic synapses. α-LTX specifically binds to specific neuronal cell receptors,
i.e., latrophilin 1 or neurexin Iα. In the presence of divalent cations and upon binding to latrophilin 1
or neurexin Iα, α-LTX tetramerizes and inserts into the presynaptic membrane to form Ca2+-perme-
able pores. Pore-mediated Ca2+ influx into the presynaptic cytosol then triggers massive release of
neurotransmitters into the synaptic cleft via vesicle exocytosis. On the other hand, binding of α-LTX
dimer or tetramer complexes to latrophilin 1 (a G protein-coupled receptor, GPCR) can also trigger
vesicle exocytosis via GPCR-mediated signaling (flash sign). Receptor-mediated activation of mem-
brane-associated phosphatidylinositide-specific phospholipase C (PLC) leads to increases in presy-
naptic inositol triphosphate (IP3) and diacyl glycerol (not shown) levels, subsequent release of Ca2+

from intracellular stores and neurotransmitter vesicle exocytosis. Neurotransmitter binding at postsy-
naptic receptors then induces specific effects depending on the particular neuronal system(s)
addressed (flash sign). The overall clinical syndrome entitled ‘latrodectism’ features a wide range of
symptoms, such as pain, sweating, diaphoresis, hypertension, muscle fasciculation, tremor, and dizzi-
ness, due to receptor overstimulation at vegetative (automomic) and somatic synapses. Figure adapt-
ed according to [23]. See text for further details.
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effects such as nausea, vomiting, hypertension, tachycardia, dyspnoea, and
insomnia may occur. Apparently the majority of confirmed widow spider bites
cause significant clinical effects with severe and persistent pain, hypertension,
agitation, irritability, and so forth [15]. This is especially true for children [16].
However, usually, symptoms gradually diminish over time. Only in rare condi-
tions is worsening, long-term persistence, or a fatal outcome possible (e.g.,
acute renal failure, rhabdomyolysis, paralysis, shock). Despite this potential
aggravation, there are no assured reports on deaths resulting from Latrodectus
envenomation of humans during the past decades [2, 12].

Widow spider neurotoxins

The most important neurotoxin of widow spider venom, α-LTX, isolated from
Latrodectus mactans tredecimguttatus (Mediterranean species) in the 1970s,
was characterized as 130 kDa protein responsible for inducing neurotoxicity in
vertebrates with an LD50 in mice of about 20–40 μg/kg [17–19]. In 1990, five
additional insect-selective, so-called latroinsectotoxins (α-, β-, γ-, δ-, ε-LIT),
and the crustacean-selective α-latrocrustotoxin (α-LCT) were purified by
Grishin and co-workers [20, 21]. Upon post-translational cleavage of larger
precursor proteins the mature proteins range between 110 and 130 kDa.
During the 1990s, besides α-LTX [22], three additional latrotoxins were
cloned and characterized (α-LIT, δ-LIT, α-LCT) (reviewed in [23]).
Latrotoxins such as α-LTX are synthesized as precursor molecules containing
an N-terminal recognition site of the eukaryotic endoprotease furin (member
of the subtilisin family) that is cleaved-off during post-translational matura-
tion, in a similar manner to that seen in furin-dependent processing and acti-
vation of influenza virus hemagglutinin or bacterial toxins such as clostridial
or diphtheria toxins [24, 25]. Removal of a 47-residue N-terminal leader and
an additional furin-dependent cleavage at another consensus sequence present
in the C-terminal part of the precursor (removal of about 200 residues) then
produces the mature α-LTX protein consisting of 1179 amino acids and an
overall molecular mass of 131.5 kDa [25]. Since α-LTX is produced at cytoso-
lic ribosomes without association to endoplasmic membranes [26], the protein
lacks signal peptides or transmembrane domains. According to the current
model, upon disintegration of secretory cells, cytoplasmic toxin molecules are
released into the lumen of the venom gland as precursors that subsequently
undergo truncation at both ends (N and C termini) catalyzed by appropriate
(furin-like) proteases. Such proteases have been found in high concentrations
in the extracellular compartment of the venom gland [27].

Mature latrotoxins consist of a unique N-terminal region with no substantial
homology to any other proteins and a C-terminal region harboring multiple
(e.g., 22 in α-LTX) ankyrin-like repeats of about 30–34 amino acids in length.
These ankyrin-like repeats are similar to those typical for the eponym
(cytoskeletal protein ankyrin) but are also highly common as sequence motif in



A. Luch298

other proteins with various functions, and are thought to be required as stabi-
lizing ‘glue’ in intermolecular protein-protein interactions such as those neces-
sary for oligomerization [28, 29]. Studies on the three-dimensional structure
revealed that the entire protein is composed of three different domains [30],
linked to each other via modified (diverged) ankyrin-like repeats, of which the
N-terminal ‘wing’ domain displays a unique, largely α-helical sequence, while
the middle ‘body’ and C-terminal ‘head’ domains consist mostly of conven-
tional ankyrin repeats producing a rather globular shape at the C terminus.
Under physiological conditions, α-LTX forms a complex with two low-mole-
cular mass proteins of 8 and 9.5 kDa, collectively entitled latrodectin [31, 32],
neither of which confer toxicity but may augment α-LTX-mediated effects
[33–35]. Moreover, the toxin occurs as dimers or (in the presence of divalent
cations) as tetramers. Since divalent cations such as Ca2+ or Mg2+ are required
for α-LTX activity, tetrameric complexes most likely represent the fully func-
tional form of the toxin [30, 36]. Cryo-electron microscopy studies on mem-
brane-integrated α-LTX tetramers revealed that the four monomers are sym-
metrically arranged in a four-bladed (protein monomer) propeller configuration
displaying C4 symmetry, leaving a central pore of about 10–35 Å in diameter
(depending on section level) collectively lined by the four C-terminal ‘head’
domains [30]. The entire complex has a diameter of 250 Å and a height of
100 Å, and can fully penetrate lipid bilayers with its hydrophobic base (45 Å
deep). The wings protruding from the central mass perpendicular to the axis are
attached to the outer membrane surface, slightly dipping into it. A model of the
quaternary structure of the toxin and its insertion into lipid bilayers has been
comprehensively described by Ushkaryov and co-workers [23, 30].

Studies using recombinant α-LTX forms indicated that three highly con-
served cysteine residues within the N-terminal ‘wing’ domain are crucial for
the biological activity of the protein [33]. Replacement of cysteines at posi-
tions 14, 71 and 393 completely abolished receptor binding (cf. below) and the
ability of α-LTX to release neurotransmitters at synaptosomes [33]. In addi-
tion, the sequence and structure of the ankyrin repeat-containing ‘body’
domain proved crucial for toxin’s inherent ability to tetramerize. Introduction
of four additional amino acids within a certain tightly packed ‘body’ domain
sequence resulted in a recombinant protein (α-LTXN4C) that initially was
thought to be unable to trigger exocytosis [33]. Interestingly, binding to its
synaptic receptors and activation of phospholipase C (PLC) signaling was
comparable to the wild-type form [33]. Later work revealed, however, that this
mutant protein failed to assemble into cylindrical tetramers, but was still capa-
ble of strongly inducing transmitter release [37, 38]. This result, therefore,
demonstrates that receptor binding and PLC signaling alone, without incorpo-
ration of functional tetramers into the membranes as pore complexes, may still
be sufficient to trigger neurotransmitter release via exocytosis under certain
circumstances [37, 38].

About 30 years ago, α-LTX was shown to form Ca2+-permeable pores in
membrane bilayers of sensitive cells [39, 40]. Subsequently, continuous efforts
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have clarified the picture of an amphipathic α-LTX tetramer with a self-organ-
izing capacity for the insertion into lipid bilayers in the presence of Ca2+ or
Mg2+ ions [30]. According to the model suggested, purified α-LTX or the
entire widow spider venom was expected to trigger massive neurotransmitter
release from presynaptic membranes through a sequence of Ca2+-dependent
processes, starting with the binding to either one of its various structurally and
functionally unrelated specific neuronal receptors, e.g., neurexin Iα and lat-
rophilin 1 [35, 41, 42]. Upon binding of its N-terminal ‘wing’ domain to one
of its presynaptic membrane receptors and, most likely facilitated through
divalent cation-mediated complexation of appropriate amino acid residues, the
above-mentioned tetramers are formed and subsequently integrated into the
membrane lipid bilayer [30, 36, 43]. According to the data published, the
N-terminal ‘wing’ would interact with the specific membrane receptor but then
rather stay outside the membrane being oriented toward the synaptic cleft.
Considering all current literature, Ushkaryov and co-workers nicely summa-
rized the most probable mechanism of α-LTX membrane binding and
tetrameric complex formation (Fig. 2) [23, 44].

As already indicated, the α-LTX-specific neuronal receptors identified
today belong to structurally and functionally unrelated classes of cell surface
proteins. The first receptor, neurexin Iα, discovered in 1992 [45] represents a
member of a highly variable group of neuronal cell surface receptors compris-
ing an extremely wide range of isoforms. This is due to extensive post-tran-
scriptional splicing and post-translational modification (O-glycosylation) of
the products of three genes at multiple sites [46]. All members of the poly-
morphic neurexin family are characterized as Ca2+-dependent neuron-specific
cell adhesion molecules containing one transmembrane domain [45].
According to current knowledge, however, from this large group of isoforms
only neurexin Iα binds to α-LTX via the so-called LNS-B3 domain as part of
its large extracellular sequence [47]. The second neuronal α-LTX-specific
receptor characterized, latrophilin 1 [48], represents a member of the group of
large heptahelical receptors (containing seven hydrophobic transmembrane
domains) that correspond to the peptide hormone-binding secretin family of
G protein-coupled receptors (GPCR) [49–51]. In the literature, latrophilin 1
has also been described as Ca2+-independent receptor for latrotoxin (CIRL).
Due to an unusual processing while being transported through endoplasmic
membranes prior to delivery of the protein to the cell surface, i.e., the consti-
tutive post-translational cleavage into a separate cell adhesion-like (extracellu-
lar) N-terminal domain and a C-terminal signaling domain [52], latrophilin
actually represents a novel and never-before described group of GPCR pro-
teins. Upon arrival at the surface membrane, both fragments then can act inde-
pendently in close proximity, unless α-LTX binding at the N-terminal frag-
ment facilitates reassociation and subsequent G protein activation, PLC sig-
naling and Ca2+ release from intracellular stores [52]. From the three lat-
rophilin isoforms described in the literature, only latrophilin 1 has been found
to bind to α-LTX with high affinity and to be enriched in mammalian brain tis-
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sue [33, 53, 54]. The protein tyrosine phosphatase σ (PTPσ) represents anoth-
er, most recently described neuronal cell surface receptor that displays consid-
erable affinity to α-LTX. PTPσ contains a single transmembrane domain, acts
independently from Ca2+ and binds to the toxin via extracellular fibronectin
type III repeats [55]; however, it seems to play only a minor role in mediating
α-LTX toxicity in mouse brain in vivo [56].

The picture of the black widow spider venom that initially emerged sug-
gested that vertebrate-specific multimer α-LTX complexes function as non-
selective cation channels allowing Ca2+ to enter the presynaptic terminal, to
trigger intracellular signaling cascades, and to evoke exocytosis of vesicles
and release of transmitters into the synaptic cleft (reviewed in [57]). It further
became clear that α-LTX can induce both Ca2+-dependent and -independent
neurotransmitter release. The group of Südhof determined the difference
between the Ca2+-dependent and the -independent way of α-LTX-triggered
exocytosis, the latter being restricted to small presynaptic vesicles that con-
tain glutamate, γ-aminobutyric acid, or acetylcholine [58]. Conversely, emp-
tying of dense core or catecholaminergic vesicles (carrying peptides, nor-
adrenaline, or dopamine) in general required calcium. These data added sup-
port to the early observation at frog neuromuscular junctions that – under
Ca2+-limited conditions – high doses of α-LTX preferentially induced fulmi-
nant release of acetylcholine-containing small synaptic vesicles, thus causing
the depletion of cholinergic vesicles and its cargo [59]. The more sophisticat-
ed model that has emerged recently separates α-LTX-mediated effects trig-
gered by protein insertion into presynaptic membranes and concomitant (or
preceding) formation of tetrameric pore complexes (cf. above) from those
effects induced via membrane surface receptor binding and initiation of intra-
cellular signaling (reviewed in [23]; Fig. 2). Whereas receptor binding of
α-LTX apparently facilitates pore formation, intracellular signaling triggered
by α-LTX at its latrophilin 1 receptor most likely occurs independently from
tetrameric pore formation. According to recent data, to a great extent made
available by the employment of a recombinant protein incapable of forming
functional tetramers (i.e., α-LTXN4C, cf. above), it seems plausible that one
mode of α-LTX can be narrowed down to its binding of GPCR latrophilin 1
and subsequent receptor-mediated initiation of the following consecutive
molecular events: activation of PLC, hydrolysis of phosphatidylinositol phos-
phates, increases in cytosolic inositol triphosphate (IP3) and diacyl glycerol
concentrations, mobilization of intracellular Ca2+ stores, and release of neu-
rotransmitters through bursts (elevated rates and amplitudes) of evoked exo-
cytosis [33, 37, 38, 60]. PLC signaling-mediated intracellular Ca2+ waves,
however, result in rather small increases of transmitter concentrations emerg-
ing in synaptic clefts when compared to huge effects initiated by wild-type
protein pore formation and subsequent influx of extracellular Ca2+ (reviewed
in [23, 44]).

In the absence of extracellular Ca2+, α-LTX can induce massive neurotrans-
mitter release in neuronal cells only when Mg2+ functions as substitute so that
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tetrameric complexes can be formed [30, 36]. However, it is still not clear
whether secretion in the absence of extracellular Ca2+ can be induced by pore-
mediated facilitation of cation conductance and its direct or indirect effects on
vesicle exocytosis, or whether this effect results from ion current-driven alter-
ations of membrane depolarization. In addition, intracellular ankyrin-like
repeats of the tetrameric pore complex inserted into the neuronal plasma mem-
brane may also directly interfere with the transmitter vesicle exocytosis
machinery [43, 61]. Whether or not α-LTX-mediated neurotransmitter release
also requires components of the classical synaptic exocytosis machinery, such
as the SNARE proteins synaptobrevin/VAMP and SNAP25 [62], as well as the
exact contribution of Ca2+ to each of the individual modes exerted by α-LTX
at synaptic and neuromuscular junctions, both issues require further experi-
mental efforts to be fully and unequivocally established.

Funnel-web spiders

Envenomation

Endemic funnel-web spiders of East Australia represent the most dangerous
spider group known to date, responsible for rare, but occasionally severe and
life-threatening, sometimes even deadly envenoming of humans [2, 3, 14]. The
group encompasses at least 40 species of the genera Atrax and Hadronyche
[63]. Fortunately, adverse health effects induced are mostly mild, mainly con-
sisting of local neurotoxicity (numbness, paresthesia, etc.). However, serious
clinical effects have been described, dominated by both autonomic excitation
(tachycardia, hypertension, lacrimation, diaphoresis, etc.) and neuromuscular
excitation (muscle fasciculation and spasms), and accompanied by systemic
symptoms, such as abdominal pain, nausea, headache, and agitation, eventual-
ly culminating in elevated intracranial pressure, generalized muscle fascicula-
tions, pulmonary and cranial edema, coma and death [64–66]. Systemic
envenomation after bite of these kinds of spiders may develop rapidly within
minutes [67]. Prior to the introduction of a specific and effective antivenom in
the 1980s, 14 fatal bites of Sydney funnel-web spiders, Atrax robustus, had
been reported in the medical literature since the 1920s [68]. Although observed
deaths were traced back exclusively to male individuals of A. robustus, other
Australian funnel-web spider species of this or the related Hadronyche genus
contain similarly effective venom mixtures in their chelicers [69] and induce
similar envenomation syndromes [70, 71]. However, these other species have
apparently never been reported as the cause of fatalities in Australia, arguably
due to their occurrence in remote regions and habitats far away from crowded
human settlements [72]. Funnel-web spider venom has long been known for
its specific toxicity in primates, only causing comparably mild symptoms in
non-primates when administered in high doses [73, 74]. Early studies on the
characterization of the venom afforded a component called “atraxin” that gave
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similar effects in monkeys when compared to the crude mixture [75]. Today,
specific peptides, termed as atracotoxins (ACTX), have been shown to be pre-
dominantly responsible for the induced neurotoxic envenoming syndrome [12,
72]. Whereas δ-ACTX forms have been identified to predominantly work in
primates including humans, the more recently discovered ω- and J-ACTX
forms exhibit selectivity toward insects (see next section).

Funnel-web spider neurotoxins

Funnel-web spider venom contains peptide toxins, of which the first to be
described were isolated from Atrax robustus (δ-ACTX-Ar1, originally termed
“robustoxin”) and Hadronyche versuta (δ-ACTX-Hv1a, originally termed
“versutoxin”) [76, 77]. Since envenomation symptoms produced in monkeys
resembled the neurotoxic syndrome seen in humans after spider bites, these
peptides were already suspected at the end of the 1980s of being predomi-
nantly responsible for the effects induced by the crude venom in vivo [78].
Back at that time, the advent of novel molecular biology tools allowed struc-
tural characterization of the peptides and the proposal of a unique sequence of
42 amino acids including 8 cysteine residues [79]. Subsequent analysis of
other ACTX homologues gave similar results and demonstrated that 3 of the 8
conserved cysteine residues can be found directly connected to each other in a
tricysteinyl triplet [80]. All δ-ACTX isoforms known today represent highly
homologous peptides of 42 amino acids in length that are tightly folded due to
four conserved intramolecular disulfide bonds. So, all cysteine residues pres-
ent in those peptides contribute to cystine cross-links. The three-dimensional
structures resolved by NMR [81] display a triple-stranded antiparallel β-sheet
as core sequence containing disulfide bridges that form a so-called ‘pseudo-
knot’. Thus, δ-ACTX isoforms share structural features with other neurotoxic
and inhibitory polypeptides originating from a variety of phylogenetically
related and unrelated sources, such as American funnel-web spiders (e.g.,
ω-agatoxins from Agelenopsis aperta), other arthropods, and cone snails (e.g.,
ω-conotoxins from Conus spp.), which all frequently contain an ‘inhibitor cys-
tine knot’ (ICK) motif [82, 83]. The biological targets of these ICK motif-con-
taining toxins, however, differ, with membrane ion channels being an impor-
tant but not the only group of physiological molecules addressed (i.e., inhibit-
ed). The relationship between structure and function of individual δ-ACTX
forms known and characterized today has been comprehensively reviewed by
Nicholson and co-workers [72, 84].

δ-ACTX homologues induce clinical features of envenomation via massive
transmitter release at both autonomic and somatic synapses (neuroexcitation).
This transmitter release is caused by prolonged prejunctional and terminal
action potentials triggered through spontaneous repetitive neuronal firing [85,
86]. As most obvious clinical correlates, patients typically display muscle fas-
ciculations, spasms and dysfunction of the autonomic nervous system (cf.
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above). Electrophysiological patch-clamp in vitro studies revealed that the
toxins inhibit conversion of voltage-gated Na+ channels from an open to an
inactivated state, thereby maintaining Na+ conductance at membrane poten-
tials where inactivation of those channels would normally have been com-
pleted (regularly about 2 ms after the start of the action potential). In the pres-
ence of δ-ACTX, synaptic Na+ channels also recover faster from their inacti-
vated state, and voltage-gated Na+ current inactivation by tetrodotoxin (TTX)
can be slowed down [87]. δ-ACTX has been shown to cause an up to 30%
increase of Na+ conductance at the membrane, an additional ion flux that
could be inhibited by TTX [88]. Work by Nicholson and co-workers [89, 90]
demonstrated that δ-ACTX is capable of inhibiting the binding of mam-
malian-selective scorpion α-toxins, isolated from Androctonus australis hec-
tor (AaH-II) or Leiurus quinquestriatus hebraeus (LqH-II), to its well-char-
acterized neurotoxin receptor site-3 on voltage-gated Na+ channels [91] of rat
brain synaptosomes at nanomolar concentrations (cf. below). Since they also
found that binding of δ-ACTX could be competitively inhibited by scorpion
α-toxins, but only allosterically inhibited by brevetoxin PbTx-1 isolated from
the dinoflagellate Ptychodiscus brevis [92], it was concluded that the binding
site of δ-ACTX most likely lies in the proximity of neurotoxin receptor site-3
at the Na+ channel (Fig. 3) [87]. Thus, from the at least six distinct neurotox-
in receptor binding sites at the mammalian voltage-gated sodium channel
characterized today [93–95] (cf. next section), classical scorpion α-toxins
(e.g., AaH-II and LqH-II), sea anemone toxins (e.g., ApB and anthopleurin-B
from Anthopleura xanthogrammica) and the funnel-web spider toxins
(δ-ACTX) all interact with site-3 on the S3–S4 extracellular loop in domain
IV (Fig. 3).

Another δ-ACTX form subsequently isolated from Hadronyche versuta
venom and with 67% sequence identity to robustoxin, δ-ACTX-Hv1b, showed
decreased activity but similar effects at mammalian voltage-gated Na+ chan-
nels when compared to the classical δ-ACTX forms robustoxin and versutox-
in [80]. However, in contrast to these classical forms, δ-ACTX-Hv1b proved
to be vertebrate-selective and without any activity against sodium channels
from insects. Due to varying binding affinities at neuronal sodium channel
receptor site-3, toxicity of classical δ-ACTX in insects depends on the source
of neuron preparation, e.g., locust versus cockroach, thus suggesting subtle
alterations between sodium channels from different species [92]. When com-
pared to anti-insect scorpion α-toxin LqHαIT, however, the binding affinity
and mode of action of δ-ACTXs characterized in cockroach neuronal prepara-
tions are similar and resemble the situation found in rat brain synaptosomes
[90, 92, 96].

Based on the presence of certain charged amino acids on the bioactive sur-
face of the toxins and the consideration of possible electrostatic interactions
with binding site-3 located at the S3–S4 extracellular loop of domain IV in
mammalian voltage-gated sodium channels [97], it was proposed in the 1990s
that in particular residues at positions 3–5 (Lys, Lys, Arg) and 13 (Asp) would
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represent the toxin’s pharmacophore and thus provide the complementary sur-
face (consensus sequence) to crucial residues identified in the S3–S4 loop

Figure 3. Model of the voltage-gated sodium channel α-subunit and location of the mammalian neu-
rotoxin receptor sites according to the literature (figure adapted from [93]). The α-subunit of the chan-
nel is represented by a single pore-forming glycosylated protein consisting of a tandem arrangement
of four homologous domains (I–IV), each of which contains six membrane spanning α-helical seg-
ments (S1–S6; see cylinders of domain IV enlarged in box). The central channel pore is made from
the tetrameric arrangement of the pore-lining S5–S6 segments of all four domains and their reentrant
loops in between. The positively charged S4 segments serve as a gating sensor that triggers voltage-
dependent activation of the central pore. Neurotoxin receptor binding site 1 is actually part of the inner
pore and made of specific sequences of all protein loops interconnecting the four S5 and S6 pairs
(encircled in the figure; central pore cavity is indicated by gray shading). Site 1 is targeted, e.g., by
tetrodotoxin (TTX), saxitoxin (STX), μ-conotoxins, and Tx1 (toxin of the banana spider Phoneutria
nigriventer). Neurotoxin binding sites 2 and 5 are represented by certain sequences of transmembrane
segments S6 and S5, respectively, within domain IV (see enlarged domain IV in box). These sites are
targets of rather lipophilic toxins such as aconitine, veratridine, and batrachotoxin (site 2), or breve-
toxins and ciguatoxins (site 5). Toxin binding at sites 2 or 5 triggers an allosterically induced block-
age of the sodium channel. Neurotoxin receptor site 3 mainly consists of the S3–S4 extracellular loop
within domain IV (see enlarged domain IV in box). At this site, the sodium channel is affected by pep-
tide toxins such as scorpion α-toxin, sea anemone toxins, or δ-atracotoxins (δ-ACTX; isolated from
Australian funnel-web spiders, e.g., Atrax robustus). Conversely, scorpion β-toxins bind to neurotox-
in receptor site 4, consisting of S1–S2 and S3–S4 extracellular loops of domain II. Since neurotoxin
receptor site 6 (targeted, e.g., by δ-conotoxins) has as yet not been unambiguously assigned, it is omit-
ted in the cartoon. See text for further details.
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[98]. More recent structure-dependent functional research of the two classical
δ-ACTX forms in comparison to the scorpion α-toxins AaH-II and LqHαIT
emphasizes the importance of residues 3–5 (Lys, Lys, Arg), 6 (Asn), 7 (Trp),
10 (Lys), 12 (Glu), and 22/25 (Tyr), which are all located on the surface of the
respective δ-ACTX toxin, thereby being matched by identical amino acids that
shape the bioactive surface of scorpion α-toxins [92, 99]. On the other hand,
and in view of its ineffectiveness toward insect sodium channels, replacement
of cationic amino acid residues at positions 4 and 5 by serine and aspartic acid,
respectively, and changes at positions 6 (Gly) and 22 (Lys) in the sequence of
δ-ACTX-Hv1b may be regarded as required structural determinants for verte-
brate-specific toxicity [80, 84].

Recently, many atracotoxin isoforms of two novel, structurally unrelated,
protein families have been isolated from Hadronyche versuta venom and
termed ω-ACTX [100, 101] or Janus-faced atracotoxins (J-ACTX, also termed
κ-ACTX) [102, 103], respectively. In contrast to the well-characterized
δ-ACTX-mediated inhibition of Na+ channels, however, these groups of pro-
teins represent insecticidal neurotoxins that rather target voltage-gated calcium
and Ca2+-activated potassium (KCa) channels, thereby inducing either neu-
rodepression (ω-ACTX-mediated blockage of Ca2+ channels) or neuroexcita-
tion (J-ACTX-mediated blockage of KCa channels). Recent work on insectici-
dal atracotoxins and the possible implications for future development of novel
and highly selective biopesticides have been extensively reviewed elsewhere
[104, 105].

Voltage-gated sodium channels: Targets of δ-atracotoxins and beyond?

Voltage-sensitive sodium channels, like similar channels for potassium and
calcium, are transmembrane proteins in charge of generating, amplifying and
transmitting electric pulses leading to neuronal transmission and muscle con-
traction. The structures of eukaryotic sodium channels comprise single pore-
forming glycosylated proteins of about 220–260 kDa and roughly 2000
amino acid residues in length [95, 106, 107]. These proteins actually repre-
sent the pore-forming α subunit that may be associated with one or two small-
er auxiliary subunits (β1–β4) of about 33–36 kDa. An α subunit is made of
a tandem arrangement of four homologous domains (I–IV), each of which
contains six membrane-spanning segments (S1–S6) connected by external
and internal peptide loops (Fig. 3). The central channel pore is made from the
tetrameric arrangement of the S5–S6 segments, and all four reentrant loops
between these four segment pairs together represent the structural correlate of
the ion selectivity filter. On the other hand, the four positively charged and
highly conserved S4 segments serve as gating voltage sensor that trigger volt-
age-dependent activation of the central channel pore by moving outward
under the influence of changes in the electric field (depolarization phase)
[108].
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Sodium channels are the target of a wide range of neurotoxins, of both syn-
thetic and biogenic origin. Due to their high affinity and great specificity, how-
ever, especially neurotoxins from plant or animal origin have proved to be
invaluable as powerful tools to study the structure and function of voltage-
gated sodium channels [93–95]. Several groups of natural neurotoxins bind to
certain receptor sites thereby altering channel conformation and ultimately ion
conductivity (Fig. 3). To date, based on competition binding assays and com-
pound-mediated alterations in voltage-dependent gating (activation) and ion
permeation (conductance), or channel inactivation (pore block), at least six dif-
ferent neurotoxin receptor sites have been identified, of which four are
involved in peptide toxin binding (Fig. 3) [95, 109]. Moreover, the interaction
of a certain neurotoxin at one particular site may induce conformational
changes that, in turn, cause altering of voltage-dependent gating of the chan-
nel and – at the same time – might also affect the binding affinity of other
proximal receptor sites.

Neurotoxin receptor site 1 (Fig. 1) of sodium channels represents the target
of the small water-soluble guanidinium alkaloids TTX and saxitoxin (STX) iso-
lated from a range of different so-called puffer fish (and other animals) and the
dinoflagellates Gonyaulax spp., respectively [93–95]. These toxins have long
been known as for their ability to physically occlude the ion channel. In addi-
tion, the peptidic μ-conotoxins, produced from piscivore cone snails (Conus
geographus and others), and Tx1 from the banana spider Phoneutria nigriven-
ter (cf. above) can block sodium conductance, thereby competing with each
other for the same binding site [110–112]. However, although μ-conotoxins
were also shown to competitively inhibit TTX binding, the two groups of tox-
ins (small molecules versus peptides) are unlikely to address identical receptor
sites, but rather share overlapping channel sequences for interaction [93–95].

Soluble lipophilic toxins that were found to bind to intramembrane receptor
sites 2 or 5 alter voltage-dependent gating via allosterically induced blockage
of sodium channel inactivation and shifting of the channel activation toward
more negative potentials (hyperpolarizing shift in voltage dependence of acti-
vation). In this group of allosteric modulators, among others, alkaloid toxins
such as aconitine (from Aconitum napellus, Monkshood plant), veratridine
(from Veratrum spp. and other plants of the Liliaceae family) and batracha-
toxin (from Phyllobates spp., poison dart frogs) for site 2, and the ladder-
shaped cyclic polyether compounds produced from dinoflagellates, e.g., breve-
toxins (from Ptychodiscus brevis) and ciguatoxins (from Gamierdiscus toxi-
cus) for site 5 have been identified (Fig. 3) [93–95, 113]. All of these toxins
bind with high affinity at sites distant from the inner pore or the voltage sen-
sors, and can cause persistent activation (open state) of the sodium channel at
normal resting potential as well as allosterically triggered interactions with
receptor binding site 3 (see below) [109].

Various peptide toxins isolated from venoms of sea anemones and terrestri-
al invertebrates, such as scorpions and spiders, are capable of inducing pro-
longation of the action potential via binding to receptor site 3 that mainly con-
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sists of the S3–S4 extracellular loop within domain IV (cf. above) [87, 88, 97].
These toxins slow down or block sodium channel inactivation; thus, patch
clamp studies are suitable for demonstrating residual currents beyond 2 ms
after depolarization. Such toxins include the classical scorpion α-toxins (e.g.,
AaH-II, LqH-II), sea anemone toxins (e.g., Ae1, Af1, ApA, ApB, ApC) and
funnel-web spider toxins (e.g., δ-ACTX-Ar1, δ-ACTX-Hv1a) (Fig. 3) [84,
93–95, 109, 114]. Scorpion toxins comprise a class of structurally and func-
tionally related polypeptides consisting of about 60–76 amino acids and four
disulfide cross-links [115, 116]. Based on functional differences two different
types, α- and β-toxins, have been distinguished. Whereas β-toxins bind to
receptor site 4 (cf. below), α-toxins are capable of interacting with site 3 to
decrease the rate of channel conversion to an inactive state. Scorpion toxins
have been highly instrumental in characterizing sodium channel structures and
functions [93–95]. Receptor site 3 was the first binding site on mammalian
sodium channels identified by the use of photoreactive derivatives of neuro-
toxic α-toxins and sequence-specific antibodies. It was demonstrated that their
binding affinity depends on the membrane potential, as does the channel acti-
vation itself. Since membrane potential affects binding affinities of scorpion
α-toxins via alteration of receptor site 3 conformation and, at the same time,
voltage gating and channel activation–inactivation loops rely on conforma-
tional changes of site 3, it was concluded already 30 years ago that, inversely,
binding of α-toxins prevents conformational changes required for fast channel
inactivation [93, 117].

By employing allosteric modulators of receptor site 3, such as veratridine
(site 2 toxin) or brevetoxin PbTx-1 (site 5 toxin), the binding (consensus)
sequences of all of the above-mentioned scorpion α-toxins, sea anemone tox-
ins, and funnel-web spider toxins have been shown to overlap with neurotox-
in receptor site 3 [93, 118]. Site-directed mutagenesis studies subsequently
shed further light on the exact amino acid residues involved in shaping the
toxin binding surface of site 3 in rat brain sodium channels. Glutamic acid at
position 1613 (E1613) located in the extracellular loop between transmem-
brane segments S3 and S4 of domain IV represents a major determinant for
scorpion α-toxins and sea anemone toxins [97]. However, further deciphering
of the S3–S4 loop by replacing each amino acid residue individually revealed
overlapping binding sites of both kinds of toxins rather than identical sites
(reviewed in [93, 95]). The overall picture that has emerged suggests that scor-
pion α-toxins and sea anemone toxins electrostatically interact with E1613 in
rat brain sodium channels and with aspartic acids D1612 and D1428 in cardiac
and skeletal sodium channels, respectively, all of which are located within the
S3–S4 loop of domain IV. In addition, some minor contacts occur with loops
S5–S6 in domains I and IV (Fig. 3). By interacting with the positively charged
and highly conserved voltage sensors (S4 segments) of the Na+ channel, the
toxins most likely hinder the normal outward movement of the segment and
thus conformational changes required for fast inactivation of the channel (volt-
age-sensor trapping model) [95, 97, 119].
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Another group of peptide toxins, i.e., δ-conotoxins (e.g., TxVIA), were again
isolated from the venom of cone snails (e.g., Conus textile) and also shown to
specifically bind to rat brain sodium channels and inhibit sodium current inac-
tivation [120, 121]. Since binding of TxVIA to the channel proved to be rather
voltage independent, and allosteric modulation by site 2 or site 5 toxins did not
fully resemble the situation described above, another binding site, receptor site
6, was proposed. Recent data, however, provide some hint that δ-conotoxins
bind in close proximity to receptor site 3 and may thus trap the S4 segment of
domain IV in a similar way (conformation) as shown for scorpion α-toxins, sea
anemone toxins or funnel-web spider toxins (cf. above) [122]. Further experi-
mental efforts are required to establish the exact differences between δ-cono-
toxins and classical site 3 toxins with regard to target sites and molecular effects.

The main receptor site 4 binding neurotoxins are represented by scorpion
β-toxin peptides [95, 123, 124]. Their targets are the S1–S2 and S3–S4 extra-
cellular loops of domain II (Fig. 3). According to the most currently proposed
mechanism, β-toxins predominantly interact with the S4 segment of domain II
in activated sodium channels at residues that become accessible during depo-
larization, thereby facilitating and retaining channel activation via trapping
and stabilizing S4 in its outward position (activated state). Concurrently, the
voltage dependence of activation becomes negatively shifted toward more
hyperpolarized potentials. Along with other site 3 or site 4 binding neurotox-
ins, such as the funnel-web spider δ-ACTX toxins (cf. above), both classes of
scorpion toxins, i.e., α and β, therefore belong to the group of gating modifiers
that confer toxicity via execution of a voltage-sensor trapping mechanism.
Through binding to the extracellular ends of the S4 segments of sodium chan-
nels they either block channel inactivation by holding this transmembrane seg-
ment in its inward position (α-toxins, S4 of domain IV), or they enhance chan-
nel activation by trapping it in its outward position (β-toxins, S4 of domain II).
Based on these insights and similar findings with other voltage-gated cation
channels, it has been proposed that polypeptide toxins altering the voltage
dependence of ion channels in general may act via voltage-sensor trapping
mechanisms at accessible extracellular S3–S4 loops [95].

Conclusion

Evolution has shaped the development of a great variety of versatile and
extremely potent venoms in a wide range of different groups of invertebrates,
such as scorpions, jellyfish, sea anemones, cone snails, scorpions, hymenop-
teran insects, and spiders. These venoms, in general, comprise complex mix-
tures of bioactive ingredients administered via claws, stingers, fangs, chelicers,
or other injection devices such as harpoons, nematocysts, etc. As exemplified
for spider venoms, which are actually applied by the creature to immobilize
and predigest small prey, the present chapter has addressed two different
groups of neurotoxins that have become infamous over the last few decades
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due to their importance and role in rare but significant, and potentially deadly,
incidents of human envenoming.

The most important and well-studied neurotoxins produced by black widow
spiders of the genus Latrodectus, or by funnel-web spiders of the genus Atrax
and Hadronyche, are represented by the protein α-LTX (1179 amino acid
residues) and the peptides δ-ACTX (42 amino acid residues), respectively.
These toxins proved effective in mammals either by targeting presynaptic vesi-
cle exocytosis via neuronal cell receptors at the presynaptic membrane, or
through increasing ion conductance at voltage-gated sodium channels via trap-
ping the channel’s voltage sensor domain IV S4 segment in an inward confor-
mation, thereby evoking fulminant neurotransmitter release at autonomic
and/or somatic synapses. While protein toxins such as α-LTX and the set of
recently characterized insect- or crustacean-selective latrotoxins hold great
potential as versatile tools to further elucidate and characterize the molecular
basics of receptor-mediated presynaptic signaling and neuroexocytosis in ver-
tebrates and invertebrates alike [125], peptide toxins such as those isolated
from scorpion venoms have historically been applied in the purification and
characterization of voltage-gated ion channels. Invertebrate venoms often con-
sist of vast arrays of tightly folded and stabilized polypeptides, such as those
found in scorpions, cone snails, sea anemones, and funnel-web or banana spi-
ders. Besides contributing as valuable molecular probes in illuminating the
three-dimensional architecture of ion channels, structurally and functionally
diverse peptide mixtures present in animal venoms are now also starting to
serve as new drug discovery platforms that hold great promise for identifying
new lead structures in the development of highly effective and potent neu-
ropharmacological drugs or biopesticides [109, 126–129].

References

1 Currie BJ (2008) Snakes, jellyfish and spiders. Adv Exp Med Biol 609: 43–53
2 Isbister GK, White J (2004) Clinical consequences of spider bites: Recent advances in our under-

standing. Toxicon 43: 477–492
3 Isbister GK, Gray MR, Balit CR, Raven RJ, Stokes BJ, Porges K, Tankel AS, Turner E, White J,

Fisher MM (2005) Funnel-web spider bite: A systematic review of recorded clinical cases. Med J
Aust 182: 407–412

4 Coddington JA, Levi HW (1991) Systematics and evolution of spiders (Araneae). Annu Rev Ecol
Syst 22: 565–592

5 Platnick NI (2006) The World Spider Catalog, Version 10.0 (online available at: http://research.
amnh.org/entomology/spiders/catalog/COUNTS.html, accessed at July 29, 2009)

6 Fernandes Pedrosa Mde F, Junqueira de Azevedo Ide L, Conçalves de Andrade RM, van den Berg
CW, Ramos CR, Ho PL, Tambourgi DV (2002) Molecular cloning and expression of a functional
dermonecrotic and haemolytic factor from Loxosceles laeta venom. Biochem Biophys Res
Commun 298: 638–645

7 Gomez MV, Kalapothakis E, Guatimosim C, Prado MA (2002) Phoneutria nigriventer venom: A
cocktail of toxins that affect ion channels. Cell Mol Neurobiol 22: 579–588

8 Rash LD, Hodgson WC (2002) Pharmacology and biochemistry of spider venoms. Toxicon 40:
225–254

9 Garb JE, Gonzalez A, Gillespie RG (2004) The black widow spider genus Latrodectus (Araneae:



A. Luch310

Theridiidae): Phylogeny, biography, and invasion history. Mol Phylogenet Evol 31: 1127–1142
10 Warrell DA, Shaheen J, Hillyard PD, Jones D (1991) Neurotoxic envenoming by an immigrant

spider (Steatoda nobilis) in southern England. Toxicon 29: 1263–1265
11 Grishin EV (1998) Black widow spider toxins: The present and the future. Toxicon 36: 1693–1701
12 Nicholson GM, Graudins A (2002) Spiders of medical importance in the Asia-Pacific:

Atracotoxin, latrotoxin and related spider neurotoxins. Clin Exp Pharmacol Physiol 29: 785–794
13 Maretic Z (1983) Latrodectism. Variations in clinical manifestations provoked by Latrodectus spe-

cies of spiders. Toxicon 21: 457–466
14 Vetter RS, Isbister GK (2008) Medical aspects of spider bites. Annu Rev Entomol 53: 409–429
15 Isbister GK, Gray MR (2003) Latrodectism: A prospective cohort study of bites by formally iden-

tified redback spiders. Med J Aust 179: 88–91
16 Trethewy CE, Bolisetty S, Wheaton G (2003) Red-back spider envenomation in children in

Central Australia. Emerg Med 15: 170–175
17 Grasso A (1976) Preparation and properties of a neurotoxin purified from the venom of black

widow spider (Latrodectus mactans tredecimguttatus). Biochim Biophys Acta 439: 406–412
18 Frontali N, Ceccarelli B, Gorio A, Mauro A, Siekevitz P, Tzeng MC, Hurlbut WP (1976)

Purification from black widow spider venom of a protein factor causing the depletion of synaptic
vesicles at neuromuscular junctions. J Cell Biol 68: 462–479

19 Ushkarev IA, Grishin EV (1986) Neurotoxin of the black widow spider and its interaction with
receptors from the rat brain. Bioorg Khim 12: 71–80

20 Krasnoperov VG, Shamotienko OG, Grishin EV (1990) Isolation and properties of insect-specif-
ic neurotoxins from venoms of the spider Latrodectus mactans tredecimguttatus. Bioorg Khim 16:
1138–1140

21 Krasnoperov VG, Shamotienko OG, Grishin EV (1990) A crustacean-specific neurotoxin from the
venom of the black widow spider Latrodectus mactans tredecimguttatus. Bioorg Khim 16:
1567–1569

22 Kiyatkin NI, Dulubova IE, Chekhovskaya IA, Grishin EV (1990) Cloning and structure of cDNA
encoding α-latrotoxin from black widow spider venom. FEBS Lett 270: 127–131

23 Ushkaryov YA, Volynski KE, Ashton AC (2004) The multiple actions of black widow spider tox-
ins and their selective use in neurosecretion studies. Toxicon 43: 527–542

24 Stieneke-Gröber A, Vey M, Angliker H, Shaw E, Thomas G, Roberts C, Klenk HD, Garten W
(1992) Influenza virus hemagglutinin with multibasic cleavage site is activated by furin, a subtil-
isin-like endoprotease. EMBO J 11: 2407–2414

25 Volynski KE, Nosyreva ED, Ushkaryov YA, Grishin EV (1999) Functional expression of α-latro-
toxin in baculovirus system. FEBS Lett 442: 25–28

26 Cavalieri M, Corvaja N, Grasso A (1990) Immunocytological localization by monoclonal anti-
bodies of α-latrotoxin in the venom gland of the spider Latrodectus tredecimguttatus. Toxicon 28:
341–346

27 Duan ZG, Yan XJ, He XZ, Zhou H, Chen P, Cao R, Xiong JX, Hu WJ, Wang XC, Liang SP (2006)
Extraction and protein component analysis of venom from the dissected venom glands of
Latrodectus tredecimguttatus. Comp Biochem Physiol B Biochem Mol Biol 145: 350–357

28 Sedgwick SG, Smerdon SJ (1999) The ankyrin repeat: A diversity of interactions on a common
structural framework. Trends Biochem Sci 24: 311–316

29 Li J, Mahajan A, Tsai MD (2006) Ankyrin repeat: A unique motif mediating protein-protein inter-
actions. Biochemistry 45: 15168–15178

30 Orlova EV, Rahman MA, Gowen B, Volynski KE, Ashton AC, Manser C, van Heel M, Ushkaryov
YA (2000) Structure of α-latrotoxin oligomers reveals that divalent cation-dependent tetramers
form membrane pores. Nat Struct Biol 7: 48–53

31 Volkova TM, Pluzhnikov KA, Woll PG, Grishin EV (1995) Low molecular weight components
from black widow spider venom. Toxicon 33: 483–489

32 Pescatori M, Bradbury A, Bouet F, Gargano N, Mastrogiacomo A, Grasso A (1995) The cloning
of cDNA encoding a protein (latrodectin) which co-purifies with the α-latrotoxin from the black
widow spider Latrodectus tredecimguttatus (Theridiidae). Eur J Biochem 230: 322–328

33 Ichtchenko K, Khvotechev M, Kiyatkin N, Simpson L, Sugita S, Südhof TC (1998) α-Latrotoxin
action probed with recombinant toxin: Receptors recruit α-latrotoxin but do not transduce an exo-
cytotic signal. EMBO J 17: 6188–6199

34 Kiyatkin NI, Kulikovskaya IM, Grishin EV, Beadle DJ, King LA (1995) Functional characteriza-
tion of black widow spider neurotoxins synthesised in insect cells. Eur J Biochem 230: 854–859



Mechanistic insights on spider neurotoxins 311

35 Volynski KE, Meunier FA, Lelianova VG, Dudina EE, Volkova TM, Rahman MA, Manser C,
Grishin EV, Dolly JO, Ashley RH, Ushkaryov YA (2000) Latrophilin, neurexin, and their signal-
ing-deficient mutants facilitate α-latrotoxin insertion into membranes but are not involved in pore
formation. J Biol Chem 275: 41175–41183

36 Ashton AC, Rahman MA, Volynski KE, Manser C, Orlova EV, Matsushita H, Davletov BA, van
Heel M, Grishin EV, Ushkaryov YA (2000) Tetramerisation of α-latrotoxin by divalent cations is
responsible for toxin-induced non-vesicular release and contributes to the Ca2+-dependent vesicu-
lar exocytosis from synaptosomes. Biochimie 82: 453–468

37 Volynski KE, Capogna M, Ashton AC, Thomson D, Orlova EV, Manser CF, Ribchester RR,
Ushkaryov YA (2003) Mutant α-latrotoxin (LTXN4C) does not form pores and causes secretion by
receptor stimulation: This action does not require neurexins. J Biol Chem 278: 31058–31066

38 Capogna M, Volynski KE, Emptage NJ, Ushkaryov YA (2003) The α-latrotoxin mutant LTXN4C

enhances spontaneous and evoked transmitter release in CA3 pyramidal neurons. J Neurosci 23:
4044–4053

39 Finkelstein A, Rubin LL, Tzeng MC (1976) Black widow spider venom: Effect of purified toxin
on lipid bilayer membranes. Science 193: 1009–1011

40 Grasso A, Alemà S, Rufini S, Senni MI (1980) Black widow spider toxin-induced calcium fluxes
and transmitter release in a neurosecretory cell line. Nature 283: 774–776

41 Petrenko AG, Kovalenko VA, Shamotienko OG, Surkova IN, Tarasyuk TA, Ushkaryov YA, Grishin
EV (1990) Isolation and properties of the α-latrotoxin receptor. EMBO J 9: 2023–2027

42 Van Renterghem C, Iborra C, Martin-Moutot N, Lelianova V, Ushkaryov Y, Seagar M (2000)
α-Latrotoxin forms calcium-permeable membrane pores via interactions with latrophilin or
neurexin. Eur J Neurosci 12: 3953–3962

43 Khvotchev M, Südhof TC (2000) α-Latrotoxin triggers transmitter release via direct insertion into
the presynaptic plasma membrane. EMBO J 19: 3250–3262

44 Rohou A, Nield J, Ushkaryov YA (2007) Insecticidal toxins from black widow spider venom.
Toxicon 49: 531–549

45 Ushkaroyov YA, Petrenko AG, Geppert M, Südhof TC (1992) Neurexins. Synaptic cell surface
proteins related to the α-latrotoxin receptor and laminin. Science 257: 50–56

46 Missler M, Südhof TC (1998) Neurexins: Three genes and 1001 products. Trends Genet 14: 20–26
47 Davletov BA, Krasnoperov V, Hata Y, Petrenko AG, Südhof TC (1995) High affinity binding of

α-latrotoxin to recombinant neurexin Iα. J Biol Chem 270: 23903–23905
48 Davletov BA, Shamotienko OG, Lelianova VG, Grishin EV, Ushkaryov YA (1996) Isolation and

biochemical characterization of a Ca2+-independent α-latrotoxin-binding protein. J Biol Chem
271: 23239–23245

49 Lelianova VG, Davletov BA, Sterling A, Rahman MA, Grishin EV, Totty NF, Usaharyov YA
(1997) α-Latrotoxin receptor, latrophilin, is a novel member of the secretin family of G protein-
coupled receptors. J Biol Chem 272: 21504–21508

50 Sugita S, Ichtechenko K, Khvotchev M, Südhof TC (1998) α-Latrotoxin receptor CIRL/latrophilin
1 (CL1) defines an unusual family of ubiquitous G-protein-linked receptors. G-protein coupling
not required for triggering exocytosis. J Biol Chem 273: 32715–32724

51 Krasnoperov VG, Bittner MA, Beavis R, Kuang Y, Salnikow KV, Chepurny OG, Little AR,
Plotnikov AN, Wu D, Holz RW, Petrenko AG (1997) α-Latrotoxin stimulates exocytosis by the
interaction with a neuronal G-protein-coupled receptor. Neuron 18: 925–937

52 Volynski KE, Silva JP, Lelianova VG, Rahman MA, Hopkins C, Ushkaryov YA (2004) Latrophilin
fragments behave as independent proteins that associate and signal on binding of LTXN4C. EMBO
J 23: 4423–4433

53 Ichtchenko K, Bittner MA, Krasnoperov V, Little AR, Chepurny O, Holz RW, Petrenko AG (1999)
A novel ubiquitously expressed α-latrotoxin receptor is a member of the CIRL family of G-pro-
tein-coupled receptors. J Biol Chem 274: 5491–5498

54 Matsushita H, Lelianova VG, Ushkaryov YA (1999) The latrophilin family: Multiply spliced G
protein-coupled receptors with differential tissue distribution. FEBS Lett 443: 348–352

55 Krasnoperov VG, Bittner MA, Mo W, Buryanovsky L, Neubert TA, Holz RW, Ichtchenko K,
Petrenko AG (2002) Protein-tyrosine phosphatase-σ is a novel member of the functional family of
α-latrotoxin receptors. J Biol Chem 277: 35887–35895

56 Tobaben S, Südhof TC, Stahl B (2002) Genetic analysis of α-latrotoxin receptors reveals func-
tional interdependence of CIRL/latrophilin 1 and neurexin Iα. J Biol Chem 277: 6359–6365

57 Rosenthal L, Meldolesi J (1989) α-Latrotoxin and related toxins. Pharmacol Ther 42: 115–134



A. Luch312

58 Khvotchev M, Lonart G, Südhof TC (2000) Role of calcium in neurotransmitter release evoked by
α-latrotoxin or hypertonic sucrose. Neuroscience 101: 793–802.

59 Matteoli M, Haimann C, Torri-Tarelli F, Polak JM, Ceccarelli B, de Camilli P (1988) Differential
effect of α-latrotoxin on exocytosis from small synaptic vesicles and from large dense-core vesi-
cles containing calcitonin gene-related peptide at the frog neuromuscular junction. Proc Natl Acad
Sci USA 85: 7366–7370

60 Ashton AC, Volynski KE, Lelianova VG, Orlova EV, van Renterghem C, Canepari M, Seagar M,
Ushkaryov YA (2001) α-Latrotoxin, acting via two Ca2+-dependent pathways, triggers exocytosis
of two pools of synaptic vesicles. J Biol Chem 276: 44695–44703

61 Li G, Lee D, Wang L, Khvotchev M, Chiew SK, Arunachalam L, Collins T, Feng ZP, Sugita S
(2005) N-terminal insertion and C-terminal ankyrin-like repeats of α-latrotoxin are critical for
Ca2+-dependent exocytosis. J Neurosci 25: 10188–10197

62 Deák F, Liu X, Khvotchev M, Li G, Kavalali ET, Sugita S, Südhof TC (2009) α-Latrotoxin stim-
ulates a novel pathway of Ca2+-dependent synaptic exocytosis independent of the classical synap-
tic fusion machinery. J Neurosci 29: 8639–8648

63 Gray MR (1998) Aspects of the systematics of the Australian funnel-web spiders (Araneae:
Hexathelidae: Atracinae) based upon morphological and electrophoretic data. In: AD Austin, NW
Heather (eds): Australian Arachnology. The Australian Entomological Society, Brisbane,
Australia, 113–125

64 Torda TA, Loong E, Greaves I (1980) Severe lung oedema and fatal consumption coagulopathy
after funnel-web spider bite. Med J Aust 2: 442–444

65 Sutherland SK (1983) Genus Atrax Cambridge, the funnel-web spiders. In: SK Sutherland (ed.):
Australian Animal Toxins. Oxford University Press, Melbourne, Australia, 255–298

66 White J, Carduso JL, Fan HW (1995) Clinical toxicology of spider bites. In: J Meier, J White
(eds): Handbook of Clinical Toxicology of Animal Venoms and Poisons. CRC Press, New York,
259–329

67 Sutherland SK, Tibballs J (2001) The genera Atrax and Hadronyche, funnel-web spiders. In: SK
Sutherland, J Tibballs (eds): Australian Animal Toxins: The Creatures, Their Toxins and Care of
the Poisoned Patient. Oxford University Press, Melbourne, Australia, 402–464

68 Sutherland SK (1980) Antivenom to the venom of the male Sydney funnel-web spider Atrax
robustus. Preliminary report. Med J Aust 2: 437–441

69 Graudins A, Wilson D, Alewood PF, Broady KW, Nicholson GM (2002) Cross-reactivity of
Sydney funnel-web spider antivenom: Neutralization of the in vitro toxicity of other Australian
funnel-web (Atrax and Hadronyche) spider venoms. Toxicon 40: 259–266

70 Miller MK, Whyte IM, White J, Keir PM (2000) Clinical features and management of Hadronyche
envenomation in man. Toxicon 38: 409–427.

71 Isbister GK, Gray MR (2004) Bites by Australian mygalomorph spiders (Araneae, Mygalo-
morphae), including funnel-web spiders (Atracinae) and mouse spiders (Actinopodidae:
Missulena spp). Toxicon 43: 133–140

72 Nicholson GM, Graudins A, Wilson HI, Little M, Broady KW (2006) Arachnid toxinology in
Australia: From clinical toxicology to potential applications. Toxicon 48: 872–898

73 Wiener S (1957) The Syndney funnel-web spider (Atrax robustus). I. Collection of venom and its
toxicity in animals. Med J Aust 44: 377–382

74 Duncan AW, Tibballs J, Sutherland SK (1980) Effects of funnel-web spider envenomation in mon-
keys, and their clinical implications. Med J Aust 2: 429–435

75 Mylecharane EJ, Spence I, Gregson RP (1984) In vivo actions of atraxin, a protein neurotoxin
from the venom glands of the funnel-web spider (Atrax robustus). Comp Biochem Physiol C 79:
395–399

76 Sheumack DD, Baldo BA, Carroll PR, Hampson F, Howden ME, Skorulis A (1984) A compara-
tive study of properties and toxic constituents of funnel-web spider (Atrax) venoms. Comp
Biochem Physiol C 78: 55–68

77 Brown MR, Sheumack DD, Tyler MI, Howden MEH (1988) Amino acid sequence of versutoxin,
a lethal neurotoxin from the venom of the funnel-web spider Atrax versutus. Biochem J 250:
401–405

78 Mylecharane EJ, Spence I, Sheumack DD, Claassens R, Howden MEH (1989) Actions of robus-
toxin, a neurotoxic polypeptide from the venom of the male funnel-web spider (Atrax robustus),
in anaesthetized monkeys. Toxicon 27: 481–492

79 Sheumack DD, Claassens R, Whiteley NM, Howden MEH (1985) Complete amino acid sequence



Mechanistic insights on spider neurotoxins 313

of a new type of lethal neurotoxin from the venom of the funnel-web spider Atrax robustus. FEBS
Lett 181: 154–156

80 Szeto TH, Birinyi-Strachan LC, Smith R, Connor M, Christie MJ, King GF, Nicholson GM
(2000) Isolation and pharmacological characterisation of δ-atracotoxin-Hv1b, a vertebrate-selec-
tive sodium channel toxin. FEBS Lett 470: 293–299

81 Pallaghy PK, Alewood D, Alewood PF, Norton RS (1997) Solution structure of robustoxin, the
lethal neurotoxin from the funnelweb spider Atrax robustus. FEBS Lett 419: 191–196

82 Pallaghy PK, Neilsen KJ, Craik DJ, Norton RS (1994) A common structural motif incorporating
a cystine knot and a triple-stranded β-sheet in toxic and inhibitory polypeptides. Protein Sci 3:
1833–1839

83 Norton RS, Pallaghy PK (1998) The cystine knot structure of ion channel toxins and related
polypeptides. Toxicon 36: 1573–1583

84 Nicholson GM, Little MJ, Birinyi-Strachan LC (2004) Structure and function of δ-atracotoxins:
Lethal neurotoxins targeting the voltage-gated sodium channel. Toxicon 43: 587–599

85 Grolleau F, Stankiewicz M, Birinyi-Strachan L, Wang XH, Nicholson GM, Pelhate M, Lapied B
(2001) Electrophysiological analysis of the neurotoxic action of a funnel-web spider toxin,
δ-atracotoxin-Hv1a, on insect voltage-gated Na+ channels. J Exp Biol 204: 711–721

86 Alewood D, Birinyi-Strachan LC, Pallaghy PK, Norton RS, Nicholson GM, Alewood PF (2003)
Synthesis and characterization of δ-atracotoxin-Ar1a, the lethal neurotoxin from venom of the
Sydney funnel-web spider (Atrax robustus). Biochemistry 42: 12933–12940

87 Nicholson GM, Walsh R, Little MJ, Tyler MI (1998) Characterisation of the effects of robustox-
in, the lethal neurotoxin from the Sydney funnel-web spider Atrax robustus, on sodium channel
activation and inactivation. Pflügers Arch 436: 117–126

88 Nicholson GM, Little MJ, Tyler M, Narahashi T (1996) Selective alteration of sodium channel
gating by Australian funnel-web spider toxins. Toxicon 34: 1443–1453

89 Little MJ, Wilson H, Zappia C, Cestèle S, Tyler MI, Martin-Eauclaire MF, Gordon D, Nicholson
GM (1998) δ-Atracotoxins from Australian funnel-web spiders compete with scorpion α-toxin
binding on both rat brain and insect sodium channels. FEBS Lett 439: 246–252

90 Little MJ, Zappia C, Gilles N, Connor M, Tyler MI, Martin-Eauclaire MF, Gordon D, Nicholson
GM (1998) δ-Atracotoxins from Australian funnel-web spiders compete with scorpion α-toxin
binding but differentially modulate alkaloid toxin activation of voltage-gated sodium channels. J
Biol Chem 273: 27076–27083

91 Gordon D (1997) Sodium channels as targets for neurotoxins: Mode of action and interaction of
neurotoxins with receptor sites on sodium channels. In: P Lazarowici, Y Gutman (eds): Toxins
and Signal Transduction. Harwood Press, Amsterdam, The Netherlands, 119–149

92 Gilles N, Harrison G, Karbat I, Gurevitz M, Nicholson GM, Gordon D (2002) Variations in recep-
tor site-3 on rat brain and insect sodium channels highlighted by binding of a funnel-web spider
δ-atracotoxin. Eur J Biochem 269: 1500–1510

93 Cestèle S, Catterall WA (2000) Molecular mechanisms of neurotoxin action on voltage-gated
sodium channels. Biochimie 82: 883–892

94 Blumenthal KM, Seibert AL (2003) Voltage-gated sodium channel toxins. Cell Biochem Biophys
38: 215–237

95 Catterall WA, Cestèle S, Yarov-Yarovoy V, Yu FH, Konoki K, Scheuer T (2007) Voltage-gated ion
channels and gating modifier toxins. Toxicon 49: 124–141

96 Eitan M, Fowler E, Herrmann R, Duval A, Pelhate M, Zlotkin E (1990) A scorpion venom neu-
rotoxin paralytic to insects that affects sodium current inactivation: Purification, primary struc-
ture, and mode of action. Biochemistry 29: 5941–5947

97 Rogers JC, Qu Y, Tanada TN, Scheuer T, Catterall WA (1996) Molecular determinants of high
affinity binding of α-scorpion toxin and sea anemone toxin in the S3–S4 extracellular loop in
domain IV of the Na+ channel α subunit. J Biol Chem 271: 15950–15962

98 Fletcher JI, Chapman BE, Mackay JP, Howden MEH, King GF (1997) The structure of versu-
toxin (δ-atracotoxin-Hv1): Implications for binding of site-3 toxins to the voltage-gated sodium
channel. Structure 5: 1525–1535

99 Gilles N, Leipold E, Chen H, Heinemann SH, Gordon D (2001) Effect of depolarization on bind-
ing kinetics of scorpion α-toxin highlights conformational changes of rat brain sodium channels.
Biochemistry 40: 14576–14584

100 Fletcher JI, Smith R, O’Donoghue SI, Nilges M, Connor M, Howden ME, Christie MJ, King GF
(1997) The structure of a novel insecticidal neurotoxin, ω-atracotoxin-Hv1, from the venom of



A. Luch314

an Australian funnel-web spider. Nat Struct Biol 4: 559–566
101 Wang XH, Connor M, Wilson D, Wilson HI, Nicholson GM, Smith R, Shaw D, Mackay JP,

Alewood PF, Christie MJ, King GF (2001) Discovery and structure of a potent and highly spe-
cific blocker of insect calcium channels. J Biol Chem 276: 40306–40312

102 Wang X, Connor M, Smith R, Maciejewski MW, Howden ME, Nicholson GM, Christie MJ, King
GF (2000) Discovery and characterization of a family of insecticidal neurotoxins with a rare
vicinal disulfide bridge. Nat Struct Biol 7: 505–513

103 Gunning SJ, Maggio F, Windley MJ, Valenzuela SM, King GF, Nicholson GM (2008) The Janus-
faced atracotoxins are specific blockers of invertebrate Kca channels. FEBS J 275: 4045–4059

104 King GF, Tedford HW, Maggio F (2002) Structure and function of insecticidal neurotoxins from
Australian funnel-web spiders. J Toxicol Toxin Rev 21: 359–389

105 Tedford HW, Sollod BL, Maggio F, King GF (2004) Australian funnel-web spiders: Master insec-
ticide chemists. Toxicon 43: 601–618

106 Catterall WA (1992) Cellular and molecular biology of voltage-dependent sodium channels.
Physiol Rev 72: S15–48

107 Catterall WA (2000) From ionic currents to molecular mechanisms: The structure and function of
voltage-gated sodium channels. Neuron 26: 13–25

108 Yang N, George AL Jr, Horn R (1996) Molecular basis of charge movement in voltage-gated
sodium channels. Neuron 16: 113–122

109 Nicholson GM (2007) Insect-selective spider toxins targeting voltage-gated soidum channels.
Toxicon 49: 490–512

110 Dudley SC Jr, Todt H, Lipkind G, Fozzard HA (1995) A μ-conotoxin-insensitive Na+ channel
mutant: Possible localization of a binding site at the outer vestibule. Biophys J 69: 1657–1665

111 Martin-Moutot N, Mansuelle P, Alcaraz G, Dos Santos RG, Cordeiro MN, De Lima ME, Seagar
M, van Renterghem C (2006) Phoneutria nigriventer toxin 1: A novel, state-dependent inhibitor
of neuronal sodium channels that interacts with μ conotoxin binding sites. Mol Pharmacol 69:
1931–1937

112 Chahine M, Chen LQ, Fotouhi N, Walsky R, Fry D, Santarelli V, Horn R, Kallen RG (1995)
Characterizing the μ-conotoxin binding site on voltage-sensitive sodium channels with toxin
analogs and channel mutations. Receptors Channels 3: 161–174

113 Nicholson GM, Lewis RJ (2006) Ciguatoxins: Cyclic polyether modulators of voltage-gated ion
channel function. Mar Drugs 4: 82–118

114 Smith JJ, Blumenthal KM (2007) Site-3 anemone toxins: Molecular probes of gating mecha-
nisms in voltage-dependent sodium channels. Toxicon 49: 159–170

115 Srinivasan KN, Gopalakrishnakone P, Tan PT, Chew KC, Cheng B, Kini RM, Koh JL, Seah SH,
Brusic V (2002) SCORPION, a molecular database of scorpion toxins. Toxicon 40: 23–31

116 Tan PT, Veeramani A, Srinivasan KN, Ranganathan S, Brusic V (2006) SCORPION2: A database
for structure-function analysis of scorpion toxins. Toxicon 47: 356–363

117 Catterall WA (1979) Binding of scorpion toxin to receptor sites associated with sodium channels
in frog muscle. Correlation of voltage-dependent binding with activation. J Gen Physiol 74:
375–391

118 Cestèle S, Khalifa RB, Pelhate M, Rochat H, Gordon D (1995) α-Scorpion toxins binding on rat
brain and insect sodium channels reveal divergent allosteric modulations by brevetoxin and ver-
atridine. J Biol Chem 270: 15153–15161

119 Sheets MF, Kyle JW, Kallen RG, Hanck DA (1999) The Na channel voltage sensor associated
with inactivation is localized to the external charged residues of domain IV, S4. Biophys J 77:
747–757

120 Hasson A, Fainzilber M, Gordon D, Zlotkin E, Spira ME (1993) Alteration of sodium currents by
new peptide toxins from the venom of a molluscivorous Conus snail. Eur J Neurosci 5: 56–64

121 Fainzilber M, Kofman O, Zlotkin E, Gordon D (1996) A new neurotoxin receptor site on sodium
channels is identified by a conotoxin that affects sodium channel inactivation in molluscs and acts
as an antagonist in rat brain. J Biol Chem 269: 2574–2580

122 Leipold E, Hansel A, Olivera BM, Terlau H, Heinemann SH (2005) Molecular interaction of
δ-conotoxins with voltage-gated sodium channels. FEBS Lett 579: 3881–3884

123 Cestèle S, Qu Y, Rogers JC, Rochat H, Scheuer T, Catterall WA (1998) Voltage-sensor-trapping:
Enhanced activation of sodium channels by β-scorpion toxin bound to the S3–S4 loop in domain
II. Neuron 21: 919–931

124 Cestèle S, Yarov-Yarovoy V, Qu Y, Sampieri F, Scheuer T, Catterall WA (2006) Structure and



Mechanistic insights on spider neurotoxins 315

function of the voltage sensor of sodium channels probed by a β-scorpion toxin. J Biol Chem 281:
21332–21344

125 Ushkaryov YA, Rohou A, Sugita S (2008) α-Latrotoxin and its receptors. Handb Exp Pharmacol
184: 171–206

126 Lewis RJ, Garcia ML (2003) Therapeutic potential of venom peptides. Nat Rev Drug Discov 2:
790–802

127 Han TS, Teichert RW, Olivera BM, Bulaj G (2008) Conus venoms – A rich source of peptide-
based therapeutics. Curr Pharm Des 14: 2462–2479

128 Lewis RJ (2009) Conotoxins: Molecular and therapeutic targets. Prog Mol Subcell Biol 46:
45–65

129 Escoubas P, King GF (2009) Venomics as a drug discovery platform. Expert Rev Proteomics 6:
221–224



Analytical toxicology

Hans H. Maurer

Department of Experimental and Clinical Toxicology, Institute of Experimental and Clinical
Pharmacology and Toxicology, Saarland University, Homburg, Germany

Abstract. This paper reviews procedures for screening, identification and quantification of
drugs, poisons and their metabolites in biosamples, and the corresponding work-up proce-
dures. Gas chromatography–mass spectrometry and liquid chromatography–mass spectrom-
etry are mostly used today in analytical toxicology. Selection of the most appropriate
biosample, e.g., ante/postmortem blood, urine, or tissues or alternative matrices like hair,
sweat and oral fluid, nails or meconium, is discussed. The importance of quality control and
possibilities and limitations of interpretation of the analytical result are also discussed.

Introduction

Analytical toxicology deals with screening, confirmation, identification and
quantification of foreign compounds (xenobiotics), such as drugs, poisons,
pesticides, pollutants and their metabolites in biological and related samples,
followed by the pharmacological and toxicological interpretation of the ana-
lytical result [1–4]. The particular task of analytical toxicology is to analyze
complex biological matrices such as ante- or postmortem blood, urine, or tis-
sues or alternative matrices such as hair, sweat and oral fluid, nails or meconi-
um [5–17]. Appropriate sample preparation prior to instrumental analysis is
therefore a key step in such analytical methods [11, 14]. In modern clinical and
forensic toxicology, and in the field of doping control, analytical procedures
must not only be sensitive but also highly specific, because in most cases the
analytes are not known in advance and many other xenobiotics or endogenous
biomolecules may interfere with their detection. The result of toxicological
analysis can have serious clinical and/or legal consequences, so the quality
must be strictly controlled [2, 18, 19].

The demand of detecting and thereby protecting from poisons is as old as
mankind [20]. In former times, animals or even humans were used to sample
food, drinks or medications in advance, and sometimes even amulets were
believed to indicate poisonings. With the development of sciences such as
chemistry and botany in the modern era, chemical or botanic procedures for
detection of poisons were called for. The pioneer of inorganic analytics was the
British chemist James Marsh and of organic analytics, the Belgian chemist
Jean Servais Stas [20]. With the development of chromatographic procedures
in the 20th century, analytical toxicology developed into a modern science.
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Hyphenation of chromatographic procedures with various detection systems,
particularly with spectrometric detectors, was another milestone in detection
of poisons. Thin-layer chromatography [21] and gas chromatography (GC)
alone using common detectors [22] are now rarely used in routine of analyti-
cal toxicology, but liquid chromatography (LC) with diode-array detection
(DAD) is still in use for screening and quantification, particularly in laborato-
ries with no or limited access to liquid chromatography with mass spectrome-
try (LC-MS). Pragst et al. developed a screening procedure using a DAD ref-
erence library [23, 24]. A significant breakthrough in achieving these tasks was
hyphenation of GC with MS in the 1960s. GC-MS is still the most frequently
used technique in analytical toxicology [8, 17, 20, 25, 26]. It took more than
30 years to combine LC-MS for routine application. Today, liquid chromatog-
raphy combined with single-stage or tandem mass spectrometry (LC-MS, LC-
MS/MS) have left the development stage and are becoming increasingly
important in routine toxicological analysis, especially for quantification of the
identified analytes [9, 13, 17, 20, 25, 27]. Electrokinetic techniques (e.g., cap-
illary electrophoresis-mass spectrometry, CE-MS) are, due to the limited sen-
sitivity, used only for particular applications [28].

In clinical toxicology, rational diagnosis or definite exclusion of an acute or
chronic intoxication must be supported by efficient toxicological analysis. The
analytical strategy includes screening, confirmation/identification, followed by
quantification of relevant compounds and interpretation of the results [29].
Several papers have been published on strategies of clinical toxicological
analysis services [25, 29–37], showing that, depending on the country and/or
the tasks to be covered, different statements have been made. The tasks may
cover, besides support for diagnosis and prognosis of poisonings, help for indi-
cation for (invasive) treatment, monitoring of the efficiency of detoxication
and support in differential diagnostic for exclusion of certain poisons.
Furthermore, patients addicted to alcohol, medicaments or illegal drugs have
to be monitored [25]. For determination of clinical brain death, as a prerequi-
site for explantation of organs, the presence of drugs that may depress the cen-
tral nervous system (CNS) must be excluded [38]. The compliance of patients
can be monitored by determination of the prescribed drugs. Finally, monitor-
ing of drugs with a narrow therapeutic range, so-called therapeutic drug mon-
itoring (TDM) [27], can be performed by the clinical toxicologist. Reliable
analytical and reference data are thus a prerequisite for correct interpretation
of toxicological findings not only in the daily routine work, but also in the
evaluation of scientific studies.

Similar problems arise in forensic toxicology, where proof of abuse of ille-
gal drugs or of murder by poisoning are important tasks [3]. Furthermore,
drugs, which may reduce the penal responsibility of a defendant, or which may
reduce the fitness to drive a car, must be monitored in body fluids or tissues [8,
17]. In doping controls, the use or abuse of drugs that may stimulate the build-
up of muscles, enhance the endurance during competition, lead to reduction of
body weight, or reduce pain caused by overexertion must be monitored [13,
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39]. In the following, important aspects of analytical toxicology are reviewed
and critically discussed.

Biosamples used in analytical toxicology

Various types of specimens have to be analyzed, depending of the task to be
fulfilled. It is obvious that any mistake made during specimen selection, col-
lection, preservation, storage, transport and work-up cannot be compensated
by the best analytical procedure. Therefore, the analytical toxicologist must be
familiar with all these pre-analytical steps, the analyte stability, the risk of
infection, and also with the pharmaco/toxicokinetic properties of the analyte
[3, 33, 34, 40]. Proper documentation of the history of the sample including
chain of custody is essential.

Blood is the sample of choice, at least for living humans and animals,
because the analyte concentration in blood correlates best with its biological
effect. Besides whole blood, plasma (the fluid obtained by centrifugation of
anticoagulated whole blood), or serum (the fluid remaining when blood has
clotted) are widely used. Special regard is needed when analyzing and inter-
preting postmortem specimens, because they may be substantially decom-
posed or contaminated with analytes from gastric contents or adjacent tissues.
Nevertheless, it is expected that analysts produce results that can be of use in
the case investigation since many of these cases are of forensic interest and
may involve criminal prosecutions. Subsequently, it is expected that any bio-
analytical procedures and results that come from these investigations can meet
the rigor of court cross-examination and medicolegal scrutiny [5].

Blood (plasma, serum), being the sample of choice for quantification, can
also be used for drug screening if the concentration is high enough. This is
especially advantageous if only blood samples are available and/or if the pro-
cedures allow simultaneous screening and quantification [9, 17, 20, 25, 31,
41]. In cases of ‘driving under the influence of drugs’ (DUID), blood analysis
is even mandatory in some countries [17].

Excretions (e.g., urine, exhaled air, feces, meconium), secretions (e.g., sali-
va, sweat, breast milk, bile), or vitreous humor, nails, hairs, etc. are less impor-
tant for quantitative interpretation, but very useful for screening for and iden-
tification of xenobiotics. Drug screening in alternative matrices like hair, sweat
and saliva, meconium or nails has also been described [6, 7, 9, 10, 12], but a
comprehensive screening for series of various drugs has not yet been described
in alternative matrices, probably because of the too-low concentrations.

Urine is, therefore, still the sample of choice for target drug screening, e.g.,
by immunoassay, GC-MS or LC-MS and particularly for non-target compre-
hensive screening for and identification of unknown drugs or poisons, mainly
because concentrations of drugs are relatively high in urine and the samples
can be taken non-invasively [9, 17, 20, 25, 41, 42]. However, in postmortem
forensic toxicology or in cases of an acute overdose leading to rapid death, uri-
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nalysis may not be appropriate. In human and horse doping controls, urine is
also the common sample for drug screening [13, 43–45].

A comprehensive overview of recommendations for sample collection,
transport, and storage, of advantages and disadvantages of different sample
types, and of information requested for general toxicological analysis have
recently been published by Flanagan et al. [3].

Sample work-up

Immunoassays used for drug screening or quantification mostly need no sam-
ple work-up. In contrast, suitable sample preparation is an important prerequi-
site for all chromatographic approaches in biosamples. For GC-MS, work-up
may include cleavage of conjugates, extraction and derivatization preceded or
followed by clean-up steps [3, 26, 41, 46]. LC-MS was claimed to be less
demanding with respect to sample preparation. However, a more or less selec-
tive extraction is also important for LC-MS [8, 9, 13, 14, 17, 27, 47], especially
to avoid ion suppression effects [9, 17, 20, 48–53].

Cleavage of conjugates can be performed by fast acid hydrolysis or by gen-
tle but time-consuming enzymatic hydrolysis [26]. It was amazing to read that
nearly all LC-MS (/MS) urine screening procedures also needed time-con-
suming enzymatic cleavage of conjugates [9, 45, 54–56]. Enzymatic hydroly-
sis of acyl glucuronides [ester glucuronides of carboxy derivatives like non-
steroidal anti-inflammatory drugs (NSAIDs)] may be hindered due to acyl
migration [57], an intramolecular transesterification at the hydroxy groups of
the glucuronic acid that leads to β-glucuronidase-resistant derivatives. If the
analysis must be done within a rather short time, like in emergency toxicolo-
gy, it is preferable to cleave the conjugates by rapid acid hydrolysis [26, 41,
58]. Alkaline hydrolysis is only suitable for cleavage of ester conjugates.
However, the formation of artifacts during chemical hydrolysis must be con-
sidered [26]. Acyl glucuronides, e.g., of acidic drugs, were readily cleaved
under the conditions of extractive alkylation (alkaline pH, elevated tempera-
ture) and needed no extra cleavage step [59].

Isolation can be performed by liquid-liquid extraction (LLE) at a pH at
which the analyte is non-ionized or by solid-phase extraction (SPE) preceded
or followed by clean-up steps. Sample pretreatment for SPE depends on the
sample type: whole blood and tissue (homogenates) need deproteinization and
filtration/centrifugation steps before application to SPE columns, whereas for
urine usually a simple dilution step and/or centrifugation are satisfactory.
Details on the pros and cons of various extraction procedures have recently
been discussed elsewhere [3, 14].

Solid-phase microextraction (SPME) is becoming a modern alternative to
SPE and LLE. SPME is a solvent-free and concentrating extraction technique
especially for rather volatile analytes. It is based on the adsorption of the ana-
lyte on a stationary phase coating a fine rod of fused silica. The analytes can
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be desorbed directly in the GC injector. Fast GC-MS procedures for screening,
e.g., for drugs of abuse, have been published recently [11, 60]; however, this
technique has not been tested for comprehensive screening procedures. SPME
as a method for sample preparation for LC-MS/MS determination has been
described for phenothiazines in body fluids [61]. Details on the pros and cons
of various SPME procedures have recently been discussed [11, 60].

Extractive alkylation has proved to be a powerful procedure for simultane-
ous extraction and derivatization of acidic compounds [59, 62–65]. The acidic
compounds are extracted at alkaline pH as ion pairs with a phase-transfer cata-
lyst into the organic phase. In the organic phase, the phase-transfer catalyst is
easily solvated due to its lipophilic groups, whereas the poor solvation of the
anionic analytes leads to a high reactivity with the alkylation reagent. Part of
the phase-transfer catalyst can also reach the organic phase as an ion pair with
the iodide anion formed during the alkylation reaction or with anions of the
urine matrix. Therefore, the remaining part had to be removed using suitable
SPE to prevent a loss of the separation power of the GC column and to exclude
interactions with analytes in the GC injection port.

Derivatization steps are necessary if relatively polar compounds containing,
for example, carboxylic, hydroxy, primary or secondary amino groups are to
be determined by GC-MS, and/or if electronegative moieties (e.g., halogen
atoms) have to be introduced into the molecule for sensitive negative ion
chemical ionization (NICI) detection [66–71]. The following procedures are
typically used for basic compounds: acetylation (AC), trifluoroacetylation
(TFA), pentafluoropropionylation (PFP), heptafluorobutyration (HFB),
trimethylsilylation (TMS), or for acidic compounds: methylation (ME),
extractive methylation, PFP, TMS or tert-butyldimethylsilylation. Further
details on derivatization methods can be found in [26, 72].

Screening and identification procedures

In clinical and forensic toxicology and in doping control, the compounds to be
analyzed are often unknown. Therefore, the first step before quantification is
identifying the compounds of interest. High-throughput procedures in analyt-
ical toxicology mean that thousands of relevant toxicants can be simultane-
ously screened using one single procedure (so-called systematic toxicological
analysis, STA) [20, 25, 26, 41]. The choice of a method in analytical toxicol-
ogy depends on the problems to be solved. The analytical strategy often
includes a screening test and a confirmatory test before quantification. If only
a single drug or category has to be monitored, immunoassays can be used for
preliminary screening to differentiate between negative and presumptively
positive samples. Positive results must be confirmed by a second independent
method that is at least as sensitive as the screening test and that provides the
highest level of confidence in the result. Use of a second immunoassay sys-
tem to confirm another immunoassay is not regarded as acceptable, even
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though the assays differ somewhat in principle. Use of only immunoassays for
toxicological screening is not sufficient, because not all relevant drugs are
detectable by immunoassays [42]; in addition, the samples can easily be adul-
terated, many interferences are described with other drugs or food additives
[73], and differentiation of common metabolites (e.g., of opiates) can be dif-
ficult [74].

Up to now, GC-MS, especially in the electron ionization (EI) mode, has
been the method most often used for confirmation of positive screening tests
[8, 17, 25]. Immunoassay prescreening followed by mass spectral confirma-
tion is employed if only those drugs or poisons have to be determined that are
scheduled, e.g., by law or by international sport organizations, and for which
immunoassays are commercially available. If these demands are not met, the
screening strategy must be more extensive, because several thousands of drugs
or pesticides are on the market worldwide. For these reasons, STA procedures
are necessary that allow the simultaneous detection of as many toxicants as
possible in biosamples.

The most comprehensive GC-MS screening procedure allows detection of
over 2000 different drugs, poisons and/or their metabolites [25, 30, 75–89].
One prerequisite for this procedure is the mass spectral elucidation of the
metabolism of the covered drugs and poisons. Another prerequisite for full-
scan screening procedures is the availability of a suitable reference mass spec-
tra collection as discussed below. Use of extensive mass spectral reference
libraries from the fields of toxicology [90] and general chemistry [91] often
allow detecting even unexpected compounds amenable to GC and EI. This
comprehensive GC-MS screening method was developed and has been
improved and extended over the last few years. For cleavage of conjugates,
rapid acid hydrolysis is used to save time, which is relevant, for example, in
emergency toxicology. The extraction mixture has proved to be very efficient
in extracting compounds with very different chemical properties from bioma-
trices [25, 30, 75–89]. Acetylation has proved to be very suitable for robust
derivatization to improve the GC properties, and thereby the detection limits,
of thousands of drugs and their metabolites [26]. The use of microwave irradi-
ation reduced the incubation time from 30 to 5 min [26], so that derivatization
should no longer be renounced due to expense of time.

This comprehensive full-scan GC-MS screening procedure allows, within
one run, the simultaneous screening and library-assisted identification of the
following categories of drugs: tricyclic antidepressants, selective serotonin
reuptake inhibitors (SSRIs), butyrophenone neuroleptics, phenothiazine neu-
roleptics, benzodiazepines, barbiturates and other sedative-hypnotics, anticon-
vulsants, antiparkinsonian drugs, phenothiazine antihistamines, alkanolamine
antihistamines, ethylenediamine antihistamines, alkylamine antihistamines,
opiates and opioids, non-opioid analgesics, stimulants and hallucinogens,
designer drugs of the amphetamine type, the piperazine type, the phenethyl-
amine type, the phencyclidine type, Eschscholtzia californica ingredients, nut-
meg ingredients, β-blockers, antiarrhythmics, and diphenol laxatives [26, 41].
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In addition, a further series compounds can be detected if they are present in
the extract and their mass spectra are contained in the used reference libraries
[90–92].

It is evident that most compounds with acidic or zwitterionic properties can-
not be analyzed with this general screening procedure. Extractive alkylation
has proved to be a powerful procedure for simultaneous extraction and deriva-
tization of acidic compounds such as angiotensin-converting enzyme (ACE)
inhibitors and AT1 blockers, coumarin anticoagulants of the first generation,
dihydropyridine calcium channel blockers, NSAIDs, barbiturates, diuretics,
antidiabetics of the sulfonylurea type (sulfonamide part), and finally after
enzymatic cleavage of the acetalic glucuronides, anthraquinone and diphenol
laxatives or buprenorphine [26, 41]. In addition, various other acidic com-
pounds could also be detected [26, 90]. Further GC-MS screening procedures
are described or reviewed elsewhere [17, 25, 41].

In the early 1990s, several working groups started using LC-MS in analyti-
cal toxicology [93, 94]. Some of them started with a transfer of existing LC-
UV or GC-MS procedures so that the scientific and/or practical progress was
rather limited, particularly when considering the limitations of this new tech-
nique such as the rather poor spectral information (in single-stage apparatus),
the poor reproducibility of the ionization, and the susceptibility to matrix
effects (ion suppression or enhancements). Details have already been dis-
cussed elsewhere [20]. Nowadays, the apparatus have been improved and ana-
lysts have learned to more or less overcome the disadvantages and challenges
with LC-MS analysis [20]. For example, relevant matrix effects can often be
avoided by suitable specimen clean-up, chromatographic changes, reagent
modifications, and effective internal standardization [95]. After 15 years, sin-
gle-stage or tandem LC-MS with electrospray ionization (ESI) or atmospher-
ic pressure chemical ionization (APCI) have now definitively left the develop-
ment stage and are becoming increasingly important in routine toxicological
analysis, especially for quantification of the identified analytes [20, 25, 31, 32,
96]. They have even opened the door to new fields of toxicological interpreta-
tion and expertise such as sensitive detection of chemical agents in hair in the
case of drug-facilitated crimes [7] or determination of a chronic alcohol con-
sumption by determination of ethanol conjugates in plasma, urine, or hair [97].
The question of whether ESI or APCI is more suitable for developing a new
procedure cannot be answered in general. APCI is more appropriate for union-
ized analytes. The sensitivity depends on the analyte structure and the appara-
tus type used and should always be tested for. Dams et al. [50] found that ESI
and APCI showed matrix effects, with ESI being much more susceptible than
APCI. Finally, Beyer et al. [98] showed that the accuracy and precision data of
a plasma quantification method for toxic alkaloids were very similar when
using LC-APCI-MS or LC-ESI-MS/MS.

Most LC-MS(/MS) screening procedures focus on multi-target screening
procedures rather than on STA. This means that they allow screening for a cer-
tain number of analytes in the selected-ion monitoring (SIM) or multiple-reac-
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tion monitoring (MRM) mode, whereas analytes not included a priori cannot
be detected. Nevertheless, such methods have helped to extend the spectrum
of sensitive and specific MS-based methods to analytes, which are not
amenable to GC-MS analysis because of hydrophilic or thermolabile proper-
ties. For STA, the best strategies are based on tandem MS with MRM as sur-
vey scan and an enhanced product ion (EPI) scan in an information-depend-
ent acquisition (IDA) and identification of the product ion spectra by library
search using the authors’ EPI spectra libraries [99, 100]. Possibilities and lim-
itations of such methods have been extensively discussed elsewhere [9, 17, 20,
25, 96].

Few years ago, the working group of Ojanpera started the development of
urine screening procedures based on enzymatic cleavage of conjugates and
mixed-mode SPE using a time-of-flight (TOF) mass analyzer based on meas-
urement of the accurate mass and the retention times and their comparison
with reference data [54, 101]. In two recent papers, advances in these proce-
dures were presented [102, 103]. They relied on a large target database of exact
masses of reference drugs and their metabolites. Using LC-Fourier transform
MS (LC-FTMS), they were able to confirm the findings with a higher mass
accuracy than provided by the LC-TOF [102]. Mass spectral identification was
based on matching measured accurate mass and isotopic pattern of a sample
component with those in the database using a newly developed software for
automated reporting of findings in an easily interpretable form [103].
However, it must be considered that there are several potential drugs with the
same empirical formula and molecular mass (e.g., morphine and hydromor-
phone) [104] and that their metabolites (e.g., hydroxy or demethyl metabo-
lites) may also have the same masses, so that in many cases other procedures
are needed for confirmation.

A strategy for rapid and selective testing for drugs of abuse in urine as an
alternative to immunoassay prescreening has been developed [105–111].
Multi-analyte screening methods for directly injected diluted urine samples
have been reported that were based on classic triple-quadrupole LC-MS/MS in
the MRM mode. Meanwhile, corresponding studies have been performed and
showed no serious matrix effect if the analytes were separated from the solvent
front [108–111]. Therefore, it can be concluded that this strategy may in future
replace the common immunoassay prescreening for drugs of abuse in urine, at
least in specialized laboratories with a high sample throughput for which
screening by LC-MS may be profitable.

Quantification procedures

Use of only immunoassays for quantification is also limited, because the given
drug levels, e.g., of tricyclic antidepressants, cannot be interpreted, as differ-
ent drugs of the corresponding group may have quite different cross-reactivity
and/or pharmacological potency. In the case of combinations of drugs of the
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same group (e.g., benzodiazepines, one was taken by the patient, one was
administered by the emergency doctor), the given drug levels cannot be differ-
entiated. In summary, conclusions based on immunoassay results are not state-
of-the-art in clinical and forensic toxicology.

As discussed in detail by Peters et al. [19], quantitative procedures must be
validated and at least the following parameters should be evaluated: selectivi-
ty, calibration model (linearity), stability, accuracy (bias), precision (repeata-
bility, intermediate precision) and the lower limit of quantification (LLOQ).
Additional parameters that may be relevant include limit of detection (LOD),
recovery, reproducibility, and ruggedness (robustness). As already mentioned
above, experiments for assessment of matrix effects are mandatory for LC-MS
methods. In addition, the applicability to real samples should also be docu-
mented for all bioanalytical procedures.

In most chromatographic assays, internal standards (IS) are mandatory for
reliable quantification compensating all variability (work-up and measure-
ment). They should have similar physicochemical properties, their signal
should not interfere with that of the analyte, their mass spectra should not con-
tain fragment ions corresponding to those of the analyte and finally they
should not cause relevant ion suppression/enhancement in LC-MS approaches
[32]. Non-labeled therapeutic drugs should not be used as IS because even if a
drug is not marketed in a certain country, its presence in the specimen to be
analyzed can never be fully excluded in times of increasing international trav-
el and globalization. In this case, the signal of the IS will be overestimated,
inevitably leading to underestimation of the analyte concentration in the sam-
ple. In methods employing MS, the IS should always be chosen from the pool
of available isotopically labeled compounds. Nowadays these are available in
a large variety of structures with different physicochemical properties so it
should not be a problem to find an appropriate IS in this pool of compounds.
They can ideally compensate for variability during sample preparation and
measurement, but still be differentiated from the target analyte by MS detec-
tion. However, isotopically labeled compounds may contain the non-labeled
compound as an impurity or their mass spectra may sometimes contain frag-
ment ions with the same mass-to-charge ratios (m/z) as the monitored ions of
the target analyte. In both cases, the peak area of the analyte peak would be
overestimated, thus compromising quantification. The absence of such inter-
ference caused by the IS should be checked by analyzing so-called zero sam-
ples, i.e., blank samples spiked with the IS [19]. In a way similar to that
described above, the analyte might interfere with a stable-isotope-labeled IS.
This even becomes a principle problem with deuterated analogues when the
number of deuterium atoms of the analogue or one of its monitored fragments
is three or less [112]. Blank samples spiked with the analyte at the upper limit
of the calibration range, but without IS, can be used to check for absence of
such interferences [19].

Another problem that may arise is when a metabolite is the active compo-
nent or contributes to the pharmacological and/or toxic effect (e.g.,
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O-desmethyltramadol [113, 114]). For reliable assessment, such metabolites
must also be determined, but reference standards are needed. However, such
metabolite standards are often not commercially available, particularly in the
case of new therapeutic drugs or drugs of abuse. The classic chemical synthe-
sis of drug metabolites can be cumbersome and stereochemically demanding,
and hence go beyond the possibilities of most biochemistry- or pharmacolo-
gy/toxicology-oriented laboratories. Custom made metabolite standards are a
possible, but usually time-consuming and very expensive, solution. Bio-
technological synthesis of drug metabolites using cytochrome P450 (CYP)
enzymes could be a versatile alternative to classic chemical synthesis and pos-
sibly have important advantages over the latter. Firstly, they would yield the
metabolites of interest as products, at least if the CYP isozymes responsible for
the in vivo formation of the respective metabolites were used. Secondly, one
would expect only one (major) product when using specific isozymes, because
they usually catalyze one metabolic step with high preference or even exclu-
sively. Moreover, the metabolic reactions are generally highly stereoselective.
Finally, they can be carried out under mild conditions in comparison to classic
chemical reactions that often require high temperatures, high pressure or
aggressive and/or toxic chemicals. Peters et al. [115–117] developed an inter-
esting alternative by evaluating the feasibility of biotechnological synthesis of
drug metabolites using human CYP2D6, CYP2B6, CYP2C9, CYP2C19, or
CYP3A4 heterologously expressed in the fission yeast Schizosaccharomyces
pombe as model enzymes because they are involved in the metabolism of
many therapeutic and illicit drugs in humans.

Quantification in urine is of lesser importance than in blood, because the
concentrations may vary considerably depending on the hydration status of the
body and the urinary pH. Moreover, compounds in urine have already been
eliminated from the body, so that their concentrations are of little relevance
with respect to toxic effects. Nevertheless, detection procedures are developed
as quantitative assays, particularly for confirmation of immunoassay results
and/or for determinations that must meet certain cut-off values. Such proce-
dures have recently been critically reviewed and basic information is given
there [9, 13].

Reliable quantification of drugs, poisons and/or their pharmacologically
active metabolites in blood, plasma or serum is mandatory for correct inter-
pretation of toxicological findings because the analyte concentration in blood
correlates best with the biological effect. Series of mono-analyte and several
multi-analyte procedures have been published for a wide range of drugs or poi-
sons, and they are critically reviewed elsewhere [5, 8, 9, 17, 27, 28, 97, 118].
Therefore, only some typical state-of-the-art procedures are given here as
examples.

As an example for multi-analyte GC-MS procedures, a screening and simul-
taneous quantification procedure was selected for various central stimulants
and designer drugs [119]. This assay was fully validated according to interna-
tional criteria and its applicability was proven by analyzing authentic blood
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plasma samples as well as a certified reference sample. Corresponding chiral
procedures have been developed by the same working group and also fully val-
idated [67–69].

As examples for multi-analyte LC-MS procedures, the following assays
were selected. Sauvage et al. [120] developed a fully automated turbulent flow
LC-MS/MS procedure for monitoring 13 antidepressants and 4 of their phar-
macologically active metabolites in serum for therapeutic drug monitoring
(TDM), but also useful in clinical and forensic toxicology. The analytes were
divided in two groups depending on their lipophilicity, so that two injections
would be necessary to monitor all compounds. Turbulent flow chromatogra-
phy is based on direct injection of biological samples without previous extrac-
tion onto a column packed with large particles of a stationary-phase material
and a high mobile-phase flow rate. This allows retention of the small analytes
and exclusion of large matrix compounds, thus helping to avoid matrix effects.
The procedure was validated including testing for matrix effects. Finally, the
authors compared drug concentrations in external quality control samples
measured with this new procedure and the consensus mean of all laboratories
participating in this proficiency test. Certainly, the method performance in
such external quality control schemes is one of the most convincing ways to
demonstrate its reliability [38].

Beyer et al. [121] developed a multi-analyte LC-MS/MS procedure for the
detection and validated quantification of ephedrine-derived phenalkylamines
in plasma. The method was exemplarily validated according to international
guidelines recently reviewed by Peters et al. [19]. The same authors developed
similar procedures for the detection and quantification of toxic alkaloids
including the hallucinogenic and mydriatic alkaloids atropine and scopolamine
in plasma [98]. They fully validated the procedure for two different apparatus
types, on LC-ESI-MS/MS and LC-APCI-MS with conditions similar to their
routine multi-analyte procedures [122–125]. Except for its greater sensitivity
and higher identification power, LC-ESI-MS/MS had no major advantages
over the much cheaper LC-APCI-MS. Figure 1 shows chromatograms of a
plasma extract after SPE indicating a toxic concentration of colchicine, a ther-
apeutic concentration of atropine, a toxic concentration of scopolamine, and a
common smoker’s concentration of cotinine determined using single-stage or
tandem MS.

Laloup et al. [126] developed an LC-MS/MS assay for determination of 26
benzodiazepines and zolpidem and zopiclone in blood, urine and hair samples.
The procedure was fully validated for all the biosamples and showed accept-
able results for most analytes and/or biosamples. Musshoff et al. [127]
described an LC-MS/MS method for quantitative determination of opioids and
some of their metabolites including the pharmacologically active morphine-6-
glucuronide in plasma. They used automatically performed SPE and validated
their assay also according to the recommendations of Peters et al. [19].
Kristoffersen et al. [128] recently described a single-stage LC-MS assay for
cardiovascular drugs in postmortem whole blood after precipitation and
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mixed-mode SPE. They validated the procedure and tested for robustness by
systematically searching for satisfactory conditions using experimental
designs including factorial and response surface designs. They found that the
assay showed satisfactory robustness to small changes in the procedure only
for some analytes, but that the LC separation was robust with regard to con-
sistency of retention order and no co-elution under the used pH and buffer
ionic strength. As they used SIM with only two ions per analyte, selectivity
was tested intensively using drug-free postmortem whole blood samples of
eight different sources directly or after spiking with a series of drugs. No inter-
ferences with endogenous or exogenous compounds were detected.

Figure 1. (A) Smoothed, normalized and merged chromatograms with the given ions of a plasma
extract after solid-phase extraction (SPE) indicating a toxic concentration of 24 ng/ml colchicine
(peak 10) determined using single-stage mass spectrometry (MS). (B) Smoothed, normalized and
merged chromatograms of the given transitions of the same extract indicating a toxic concentration of
25 ng/ml colchicine (peak 10) determined using tandem MS. (C) Smoothed, normalized and merged
chromatograms with the given ions of a plasma extract after SPE indicating a therapeutic concentra-
tion of 6.4 ng/ml atropine (peak 9), a toxic concentration of 5.6 ng/ml of scopolamine (peak 6), and
a common smoker’s concentration of 321 ng/ml cotinine (peak 4) determined using single-stage MS.
(D) Smoothed, normalized and merged chromatograms of the given transitions of the same extract
indicating a therapeutic concentration of 6.1 ng/ml atropine (peak 9), a toxic concentration of
5.9 ng/ml scopolamine (peak 6), and a common smoker’s concentration of 319 ng/ml cotinine
(peak 4) determined using tandem MS. The peaks are numbered as follows: cotinine-d3 (3), cotinine
(4), scopolamine (6), benzoylecgonine-d3 (7), atropine (9), colchicine (10), and trimipramine-d3 (11)
(reproduced from [98] with permission of the copyright owner John Wiley & Sons Limited).
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Quality control

Analytical methods to be used in clinical and/or forensic toxicology require
careful method development and thorough validation of the final method as
recommended by Peters et al. [18, 19, 95]. This is especially true in the con-
text of quality management and accreditation, which have become matters of
increasing relevance in analytical toxicology in recent years. As already men-
tioned, validation should include, when appropriate, recovery, selectivity, cal-
ibration model, the assessment of accuracy and precision, limits of detection
and quantitation, stability, and, additionally for LC-MS procedures, matrix
effect. Authentic samples must be analyzed and their sources described, and
relevant data should be presented. Methods for routine analysis need to be sub-
mitted to internal and external quality control, e.g., by regular participation in
proficiency test programs [2].

Interpretation of the analytical result

Interpretation of analytical results in the context of clinical case data as well as
of pharmacological and toxicological data of the involved drug or toxicant is a
sophisticated task and needs good cooperation of the toxicologists with the cli-
nicians. The main questions are which substances are present, whether the
quantity of the identified drug and/or poison explains the patient’s condition,
what are the consequences for a rational therapy, and what is the prognosis?
Several aspects must be considered here and are summarized elsewhere [2].
One important issue is to consider what was already done therapeutically and
which medication was administered. Another is to discuss whether the mode
of action of the drug and/or poison fit with the shown symptoms, which dis-
eases may also lead to the shown symptoms, and whether the patient may suf-
fer from a further disease in addition to the poisoning. Influences of shock,
insufficiency of liver or kidney, variations of drug metabolism due to interac-
tions and/or genetic polymorphisms must be considered in toxicokinetic cal-
culations using reference data from population kinetics. Reference blood lev-
els of drugs or poisons used for interpretation should carefully be checked for
plausibility and validity and discussed critically. In case of organ-toxic com-
pounds, risks should be considered for long-term toxicity.

Unreliable clinical and analytical data and/or their interpretation could lead
to wrong treatment of the patient or might be contested in court and, finally,
they could lead to unjustified legal consequences for the defendant [2].
Reference data for toxicological interpretation of poisonings in humans come
mainly from case reports. In contrast to other clinical or experimental sciences,
controlled clinical studies [129–131] or prospective cohort studies [132] are
rare in clinical toxicology on ethical grounds. This is a general problem in tox-
icological risk assessment, because human data cannot be generated in con-
trolled studies for correlation of toxic concentrations of drugs, poisons or
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chemicals in body samples and the corresponding clinical effect. Correlation
studies, e.g., between the dose of drugs of abuse, alcohol or medicaments and
the clinical effect and behavior (e.g., drugs and driving studies) are only pos-
sible after strict evaluation of the study protocols. Therefore, toxicological data
are generally collected from animal or ex vivo studies and correlated with
human data of poisoning cases. To improve the toxicological risk assessment
of chemicals, some national chemical acts demand that poisonings with chem-
icals must be reported to the responsible governmental institution. Such
reports as well as case reports, and retrospective or prospective studies pub-
lished in scientific journals must yield sufficient information on the clinical,
the toxicological and analytical part, otherwise they provide only unreliable
data for assessing the clinical outcome in the sense of evidence-based medi-
cine. In addition, such data are mandatory for any forensic conclusion made by
extrapolating published case data (e.g., blood levels correlated to observed
clinical signs) with a current case to be evaluated, e.g., for court. Possible indi-
vidual variations in the pharmacological or toxicological responses caused by
body mass, age, gender, kidney and liver function, drug-drug (food-drug)
interactions, and genetic variability should be discussed [74, 133].

Conclusions and perspectives

Analytical sciences are an important part of clinical and forensic toxicology as
well as in doping control, and food and environmental toxicology. Selection of
the most appropriate technique with careful method development and thor-
ough validation followed by internal and external quality control is the basis
for successful application of toxicological analysis in these fields. The analyt-
ical results can only help in diagnosis of acute or chronic poisonings, and drug
abuse, as well as drug monitoring if they are reliable. GC-MS and increasing-
ly LC-MS are the gold standards, providing best selectivity, sensitivity and
universality. Appropriate selection and work-up of the biosample to be assayed
are important prerequisites. Careful interpretation of the analytical results
completes the tasks of analytical toxicology.

Recent and future developments in analytical technologies such as high-res-
olution MS, chip technologies for separation, automation, miniaturization, etc.,
will also improve the power of analytical toxicology if appropriately applied.
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Abstract. Exposure to household products is very common, but in industrialized countries
severe or fatal poisoning with household products is rare today, due to the legal restriction of
sale of hazardous household products. The big challenge for physicians, pharmacologists and
toxicologists is to identify the few exceptional life-threatening situations where immediate
intervention is needed. Among thousands of innocuous products available for the household
only very few are hazardous. Substances found in these products include detergents, corro-
sives, alcohols, hydrocarbons, and some of the essential oils. The ingestion of batteries and
magnets and the exposure to cyanoacrylates (super glue) can cause complications in excep-
tional situations. Among the most dangerous substances still present in household products
are ethylene glycol and methanol. These substances cause major toxicity only through their
metabolites. Therefore, initial symptoms may be only mild or absent. Treatment even in
asymptomatic patients has to be initiated as early as possible to inhibit production of toxic
metabolites. For all substances not only the compound itself but also the route of exposure is
relevant for toxicity. Oral ingestion and inhalation generally lead to most pronounced symp-
toms, while dermal exposure is often limited to mild irritation. However, certain circum-
stances need special attention. Exposure to hydrofluoric acid may lead to fatal hypocalcemia,
depending on the concentration, duration of exposure, and area of the affected skin. Acci-
dents with hydrocarbon pressure injectors and spray guns are very serious events, which may
lead to amputation of affected limbs. Button batteries normally pass the gastrointestinal tract
without problems even in toddlers; in rare cases, however, they get lodged in the esophagus
with the risk of localized tissue damage and esophageal perforation.

Introduction

Exposure to household products is very common. Of all exposures reported to
poisons centers, in Switzerland 25.7% [1] and in the USA 8.7% [2] are relat-
ed to household chemicals. In industrialized countries severe or fatal poison-
ing with household products is rare today due to the legal restriction of the sale
of hazardous household products, safety packaging and prevention efforts. The
big challenge is therefore to identify the few exceptional life-threatening situ-
ations where immediate intervention is needed.

Detergents

Detergents are widely used in the household. Three types exist: non-ionic,
anionic, and cationic detergents. While anionic and non-ionic detergents enab-
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le the cleaning solution to wet the surface and hold soil in suspension so that
dirt can be removed and rinsed away, cationic detergents are particularly used
for their disinfectant properties.

Anionic and non-ionic detergents

Toxic principle
Detergents have a slightly irritant effect on mucous membranes and the eyes.
Furthermore, the foam produced in the stomach can lead to vomiting and tra-
cheobronchial aspiration. The incidence of exposure to detergents is very high,
especially in children. The Swiss Toxicological Information Centre (STIC) has
recorded 11 225 cases within 10 years (1999–2008) with only one single fatal
outcome. The annual report 2007 of the American Association of Poison
Control Centers (AAPCC) describes three cases where anionic/non-ionic de-
tergents were undoubtedly or probably responsible for death, among altogeth-
er 51 928 cases with anionic/non-ionic detergent exposures [2].

Substances (examples) include: ammonium lauryl sulfate, perfluorooctane-
sulfonate, octyl glucoside, cetyl alcohol, and alkyl polyethylene oxide.

Sources in the household
Soaps, shower gels, multi purpose cleaners, washing powder, and dishwashing
liquids (but not electric dishwasher soaps) represent household examples.

Symptoms
The toxicity of household products containing anionic and non-ionic deter-
gents is very low, and severe or fatal outcomes even after ingestion of bigger
amounts are extremely rare. After ingestion, detergents have an irritant effect
on mucous membranes, which eventually leads to abdominal pain, nausea,
vomiting, and diarrhea. Complications including dehydration and electrolyte
abnormalities are rare. After vomiting, aspiration of foam can result in chemi-
cal pneumonitis leading to respiratory failure and death in rare cases [3]. In
case of ocular exposure, mild irritation is common but self-limiting.

Treatment
To limit foam production in the stomach, drinking of more than one mouthful
of liquid should be avoided. Administration of dimethicon reduces foam pro-
duction. Induced emesis for gastrointestinal decontamination is contraindicat-
ed, and activated charcoal of no use. In symptomatic patients treatment is sup-
portive: intravenous fluids to correct dehydration, oxygen and artificial venti-
lation in case of respiratory failure due to pneumonitis. There is no indication
for antibiotics unless signs of bacterial superinfection are present. In case of
ocular exposure irrigation with water over 10–15 minutes is generally suffi-
cient. If pain persists the patient should be seen by an ophthalmologist.
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Cationic detergents

Toxic principle
Depending on the concentration, cationic detergents have an irritant or corro-
sive effect on eyes and mucous membranes. In household products their con-
centration is generally low. As most products containing cationic detergents
also contain other toxicologically relevant substances (such as alcohols and
other disinfectants), it is often difficult to distinguish between the effect of the
former from the latter. Exposures to cationic detergents are considerably less
frequent than those with anionic and non-ionic detergents. The AAPCC reports
6371 cases for 2007 [2].

Substances (examples) include: benzalkonium chloride, benzethonium
chloride, cetyl trimethylammonium bromide, polyethoxylated tallow amine,
diqualinum chloride, cetrimonium bromide, cetylpyridinum bromide, stear-
alkonium chloride, and alkyl dimethyl benzyl ammonium chloride.

Sources in the household
Sanitizers for bathrooms, toilets and swimming pools, disinfectants, and ingre-
dients of washing powder (based on the bacteriostatic effect) represent house-
hold examples.

Symptoms
In low concentrations cationic detergents are mildly irritant. However, at high-
er concentrations (around >7.5%) or after ingestion of a greater amount in sui-
cidal intention, cationic detergents may be corrosive on skin, eyes and mucous
membranes. As little as two teaspoonfuls of a solution containing 10% benz-
alkonium chloride given to a newborn caused edematous epiglottis leading to
respiratory insufficiency [4]. Ingestion can lead to gastrointestinal bleeding,
perforation, and stricture formation. Airway compromise may occur due to
edema of the epiglottis. Eye contact may cause corneal damage.

Treatment
Similar to that for irritants and caustic substances (see below).

Irritants and caustic substances

Toxic principle

Caustic substances include alkalis, acids, and oxidizing agents. They cause tis-
sue destruction through liquefaction (alkalis), coagulation necrosis (acids), or
through redox reactions and generation of free radicals. The extent of damage
depends on the type, pH, concentration, duration of contact, titrable acid or
alkaline reserve (TAR), the amount of the substance ingested, and the presence
or absence of food in the stomach.
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Examples of alkalis include: sodium hydroxide, calcium hydroxide, potas-
sium hydroxide, ammonia, sodium metasilicate, sodium carbonate, sodium tri-
polyphosphate, and cement. Examples of acids include: acetic acid, hydroflu-
oric acid, hydrochloric acid, hydrobromic acid, sulfuric acid, nitric acid, phos-
phoric acid, chromic acid, lactic acid, citric acid, formic acid, oxalic acid, ami-
dosulfonic acid, and zinc chloride. Other caustic substances include: sodium
hypochlorite, hydrogen peroxide, formaldehyde, methylene chloride, phenol,
potassium permanganate, and ethanolamine.

Sources in the household

Disinfectants, drain cleaners, decalcifiers, hair-bleachers, permanent wave
neutralizers, oven cleaners, rust removers, toilet bowl cleaners, bleaches, auto-
matic dishwasher soaps, automobile air bags (sodium azide), and battery liq-
uid represent household examples.

Symptoms

Corrosive substances can lead to local effects, depending on the site of expo-
sure (skin, eyes, respiratory or gastrointestinal tract), and systemic effects due
to absorption of the agents.

Oral exposure
Ingestion of caustic substances may lead to mild irritation of the mucous mem-
branes of the gastrointestinal tract with nausea, pharyngeal, retrosternal and
abdominal pain, dysphagia, vomiting and diarrhea; in severe cases ulceration,
bleeding and perforation may result (Tab. 1). The absence of oral cavity symp-
toms (reddening, pain, ulceration) is no warrant for a benign course. A study
at the STIC showed absence of oral findings in 30% of cases with severe gas-
trointestinal burns [5]; however, completely asymptomatic patients are at very
low risk for severe injury and complications. Only two cases were found in the
literature of patients developing strictures after an uneventful initial course [6,
7]. In the case of acid ingestion, the oral cavity and the esophagus are the most
common sites affected, and with alkaline ingestion the stomach shows the
greatest damage. In severe cases, necrosis can extend to the small and large
intestine, liver, spleen, and pancreas.

Edema of the epiglottis and perforation of the gastrointestinal wall are early
complications after corrosive ingestion. Epiglottal edema necessitating intuba-
tion occurs within the first 6 hours. Although perforation can occur at this early
stage, it is most frequent between days 7 and 21. Strictures are an intermedi-
ate-term complication. They generally develop within 3 weeks after ingestion
and can persist for years. An elevated risk for esophageal cancer is a late com-
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plication that has been associated with severe caustic injury of the esophagus
from lye [8] but also from acid [9] ingestion.

Eye exposure
Eye exposures cause conjunctival irritation, itching, pain and chemosis. In the
case of exposure to strong caustics or prolonged contact with any corrosive
substance conjunctival edema and corneal clouding may ensue with the risk of
irreversible damage.

Dermal exposure
Dermal exposure causes symptoms similar to those seen with thermal burns.
Depending on the substances and time of exposure pain, erythema, blistering
and necrosis may occur. Systemic toxicity is also possible in cases of exten-
sive dermal exposure to strong acids.

Inhalation
Inhalation of irritants or caustic substances may cause minor symptoms such
as cough, stridor, dyspnea and pain. Major clinical manifestations include
hypoxia, bronchospasm and acute lung injury (ALI) formerly called pul-
monary edema. The most frequent inhalation hazard in the household is mix-
ing a mild acid with sodium hypochlorite. The resulting formation of chlorine
vapors may lead to strong irritation of the upper airways, but usually the symp-
toms resolve quickly as exposure is short. Irritative symptoms occurring with-
in a short time after exposure are a sufficient warning signal to leave the dan-
ger zone. In contrast, poorly water soluble substances reach the lower respira-
tory tract and therefore carry a much higher risk of causing ALI, sometimes
with a delayed appearance of symptoms.

Table 1. Concentration of caustics and risk of injury after ingestion

Substance Concentration with no caustic effect after accidental 
ingestion of a small amount

Acetic acid <50%
Ammonium hydroxide <3%
Formic acid <10%
Hydrochloric acid <10%
Hydrogen peroxide <10%
Oxalic acid <10%
Phosphoric acid <60%
Potassium hydroxide <1%
Sodium hypochlorite <10%
Sodium metasilicate <10%
Sulfuric acid <10%
Sulfamic acid <15%
Zinc chloride <10%
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Systemic effects
Systemic effects are due to either massive tissue breakdown or other toxic
properties of absorbed corrosive substances. Metabolic acidosis and hemoly-
sis with or without renal failure are common complications of ingestion or
large cutaneous contamination with strong acids. Specific effects depend on
the nature of the agent involved. Oral or large dermal exposures with hydro-
fluoric acid lead to profound hypocalcemia, hypomagnesemia and hyper-
kalemia with cardiac dysrhythmias and death. Phosphoric acid ingestion is
associated with the risk of hyperphosphatemia and hypocalcemia. Per-
manganate or nitric acid ingestions may lead to methemoglobinemia.
Ingestion of oxalic acid produces oxaluria with oxalate crystal formation and
renal failure. Methylene chloride is metabolized to carbon monoxide and may
cause central nervous system (CNS) depression and cardiac arrhythmias.
Phenol can cause seizures, coma, and renal and liver injury.

Treatment

Oral exposure
The general outline is depicted in Figure 1. Dilution with 100–150 mL (tod-
dler) or 200–300 mL (adult) water shortly after ingestion is recommended. In
one study [10], milk and water had the same effect, but as water is more read-
ily available there is no need for milk. In the case of hydrofluoric acid inges-

Figure 1. Algorithm for the management of caustic ingestion.
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tion, first aid consists in fluid aspiration from the stomach with a nasogastric
tube and instillation of 200 mL 5% calcium glubionate or calcium gluconate.

Since local tissue destruction is the main problem with ingestion of caus-
tics, activated charcoal does not influence the outcome positively. Vomiting
induced by activated charcoal may even worsen injury. Moreover, administra-
tion of charcoal complicates endoscopy by deteriorating visibility. If symp-
toms persist or if a corrosive substance has been ingested in high concentration
or amount, early endoscopy is recommended to determine the extent of injury.
As the risk of iatrogenic perforation increases with time, endoscopy should be
performed within the first 24 hours after ingestion.

While the administration of corticosteroids is generally agreed if epiglottal
edema starts to occur, the use of corticosteroids for prevention of stricture for-
mation is controversial. All studies performed so far have limitations, either
with respect to distinction of the degree of burns, or with respect to the dis-
tinction between acid and alkaline exposures. Nevertheless, most recent meta-
analyses [11, 12] and our own data suggest that there is no benefit from using
corticosteroids to prevent the development of strictures. Further management
consists of early intubation or surgical cricothyroidotomy in the case of upper
airway obstruction, emergency surgery in the case of perforation, placement
of an esophageal stent depending on the degree of injury, and nutritional sup-
port, monitoring of pH, fluid and electrolyte status, methemoglobin level in
the case of ingestion of permanganate, plasma phosphate concentration for
phosphoric acid exposure, and urgent plasma calcium level in the case of
hydrofluoric acid exposure. Note: As ingestion of hydrofluoric acid can be
fatal within a few minutes after ingestion, calcium should be administrated
upon clinical signs of hypocalemia even if the plasma calcium concentration
is not yet available.

Eye exposure
The initial approach after eye exposures with caustics is immediate irrigation
with copious amounts of water. Although the duration of irrigation depends on
the substance, 10–20 minutes are generally sufficient. In the hospital setting
the topical administration of local anesthetics can improve compliance and the
effectiveness of irrigation. After exposure to hydrofluoric acid the application
of calcium glubionate or gluconate drops (1%) in addition to irrigation with
water could theoretically be beneficial, although no studies exist demonstrat-
ing a better outcome. Two studies show that amphoteric eyewash solutions
could improve pH [13] and stop penetration [14], but comparative studies on
the outcome of corneal damage are lacking.

Dermal exposure
Immediate removal of all wet clothing and irrigation of exposed skin with
copious amounts of water is critical for external decontamination. The subse-
quent treatment is identical to the treatment of thermal burns. In the case of
extensive cutaneous exposure to strong acids with systemic toxicity refer to
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oral exposures for treatment guidelines. Calcium gluconate gel 2.5–3.0%
should be applied topically in cases of hydrofluoric acid exposure as early as
possible. If pain persists, intradermal injection of a calcium gluconate (10%)
or calcium glubionate (13%) solution is advised. If the wound is large or an
extremity involved, intra-arterial application of calcium gluconate or glubion-
ate (2%) should be considered. Calcium chloride is contraindicated due to its
strong irritating effect.

Inhalation
Intubation and the administration of oxygen, bronchodilators, and steroids in
case of airway obstruction should be performed based on clinical status. For
ALI, corticosteroids were not beneficial compared to supportive care in a sys-
tematic Cochrane review [15]. Only in one small study, in which corticos-
teroids were given for late phase acute respiratory distress syndrome (ARDS)
hospital mortality could be reduced, but no cases with inhalation poisoning
were included [16]. Reviews such as [16] covered all causes for ALI and
ARDS but not predominantly inhalation poisoning. As long as there is no clear
evidence for the benefit of corticosteroids in inhalation poisoning, it cannot be
recommended since the risk of adverse effects in the case of infection cannot
be excluded.

Alcohols and glycols

While the toxicity of ethanol is primarily caused by the parent compound,
other more toxic alcohols and glycols induce their toxicity mainly through
metabolites.

Ethanol

Toxic principle
The toxicity of ethanol is primarily caused via γ-aminobutyric acid A
(GABAA) receptors, while N-methyl-D-aspartate (NMDA), serotonin (5-HT3)
and glycine are involved to a lesser intent. Ethanol is mainly metabolized by
alcohol dehydrogenase (ADH), a liver enzyme that is also present in the gas-
tric mucosa. The latter is responsible for oxidation of a small percentage of
ethanol prior to systemic absorption. This pathway is responsible for the gen-
der difference in alcohol toxicokinetics [17], leading to higher concentrations
in females.

Sources in the household
Drinking alcohol, disinfectant, fuel, solvent in pharmaceuticals, personal care
products (perfume, aftershave and mouthwash) and cleaning agents represent
examples of such household toxins.
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Symptoms
Minor to moderate signs of intoxication include inebriation, flush, confusion,
ataxia, somnolence, hypoglycemia (especially in toddlers), nausea and vomit-
ing. Severe signs of intoxication are coma, respiratory failure accompanied by
hypothermia, metabolic acidosis, and electrolyte disturbances. Excessive
exposures through the dermal (especially in toddlers) or respiratory route may
produce similar symptoms, with irritation of the respiratory tract and the skin
in the case of inhalation and dermal exposure, respectively.

Laboratory tests include: blood ethanol concentrations of 2–3‰ (g/L) in
adults and 1.5–2‰ (g/L) in toddlers may produce severe poisoning; 5–6‰
(g/L) in adults and 3‰ (g/L) in toddlers are potentially fatal. If determination
of plasma ethanol concentrations is not available, an approximation can be
made using Widmark’s equation [18] (Fig. 2). The osmolar gap is elevated but
it is not routinely measured because blood ethanol concentrations are more
accurate and available in most laboratories. Hypoglycemia may be present,
sometimes accompanied by ketonuria.

Treatment
In the majority of cases supportive care is sufficient. This includes dextrose,
infusion, oxygen, intubation and ventilation if needed. In patients with a his-
tory of chronic ethanol abuse thiamine is indicated. Activated charcoal does
not adsorb ethanol and therefore cannot be used for gastrointestinal deconta-
mination. As ethanol is rapidly absorbed from the gut, gastric lavage is only
indicated immediately after ingestion. Alternatively aspiration of the gastric
fluid by a nasogastric tube can be performed, but there is no evidence for its
benefit. Although hemodialysis is very efficient for enhanced extracorporeal
elimination of ethanol, it is rarely used and indicated only in cases of severe
intoxication with coma and respiratory failure.

Ethylene glycol

Toxic principle
Ethylene glycol (syn. 1,2-ethanediol, ethane-1,2-diol, glycol alcohol) is a col-
orless liquid of sweet taste with no warning or deterrent effect. While ethylene
glycol itself produces only slight signs of intoxication similar to those of

Figure 2. Estimation of blood ethanol concentration by Widmark’s equation. r = Widmark’s factor
(0.55 for females, 0.68 for males) [18].
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ethanol, its metabolites are responsible for toxicity. Ethylene glycol is metab-
olized to glycol aldehyde by ADH in a first step, and then rapidly to glycolic
acid and further to different metabolites, but most importantly to glyoxylic
acid and oxalic acid. Oxalic acid may convert to calcium oxalate and form
oxalate crystals. Glyoxylic acid and oxalic acid are responsible for acidosis,
and oxalate crystals for acute renal failure and the neurological manifestations
including confusion, hallucinations, seizures, and coma.

There are large differences in the incidence of ethylene glycol poisoning in
individual countries depending on its availability. In Switzerland, where ethyl-
ene glycol has been replaced with other alcohols in antifreeze, the STIC
recorded only 207 cases in the last 10 years (1999–2008) with no fatal and
only 6 severe outcomes. In the USA, contrarily, ethylene glycol was responsi-
ble for 33 fatalities among 5406 cases with ethylene glycol exposure in 2007
alone [2].

Sources in the household
Household sources include: antifreeze agents, brake fluids, inks and cleaning
agents.

Symptoms
Ethylene glycol has low volatility and poorly penetrates the skin, making the
oral route the only relevant one. One exceptional case has been described where
inhalation of aerosolized ethylene glycol from a leaking automobile heater core
resulted in a serum ethylene glycol concentration of 28 mg/100 mL [19]. After
ingestion, first signs may be inebriation, euphoria, nausea and vomiting, as for
ethanol ingestion, but these symptoms may be absent after ingestion of small
amounts until the accumulation of toxic metabolites leads to specific symptoms
and pathological laboratory findings. Metabolic acidosis and an elevated anion-
ic gap is the hallmark of toxicity. Acidosis generally develops within a few
hours but may be delayed up to 12 hours, especially in case of combined inges-
tion of ethylene glycol and ethanol. Severe intoxication includes coma, tachy-
cardia, hypo- or hypertension, seizures, and hyperventilation. Hypoxia, ARDS,
and multiple organ failure are poor prognostic signs. Oliguria, acute tubular
necrosis and renal failure may develop 1–3 days after ingestion.

A pathognomonic sign for ethylene glycol poisoning is metabolic acidosis
with an elevated anion gap (Fig. 3). In the early phase when ethylene glycol is
not yet metabolized to anions the osmolar gap is elevated. With ongoing
metabolism of ethylene glycol, the osmolar gap decreases, while the anion gap
increases. Due to considerable individual variability a normal osmolar gap
should never be used to exclude ethylene glycol poisoning. The detection of
calcium oxalate crystals in the urine may be helpful in such cases. Plasma eth-
ylene glycol concentrations are of great use for prognosis and for the decision
to stop antidote treatment, but are nor easily available. A bedside test in use in
veterinary medicine has been described to be a reliable qualitative test in cases
of suspected human ethylene glycol poisoning [20]. The minimal ingested
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dose or serum ethylene concentration leading to severe intoxication is not
known, but there is consensus among experts that 20 mg/100 mL (3.2 mmol/L)
should be the threshold for treatment. The minimal concentration that leads to
severe intoxication has been estimated to be about twice this dose. Calculating
back to ingested dose on the basis of the volume of distribution, a plasma eth-
ylene glycol concentration of 20 mg/100 mL corresponds to an ingested dose
of 0.11–0.18 mL/kg body weight. For comparison, the smallest ever reported
dose leading to death was 60 mL evenly shared by two adults [21].

Treatment
For a general outline see Figure 4. Activated charcoal does not adsorb ethyl-
ene glycol and, therefore, has no role in gastrointestinal decontamination. In
large ingestions, liquid gastric content can be removed with a nasogastric tube.
The main goal of treatment is to reduce production of toxic metabolites as
early as possible. Since ADH has a 67-fold higher affinity for ethanol com-
pared to ethylene glycol, metabolism of ethylene glycol can be inhibited by
administration of ethanol. Ethanol should be titrated to a plasma alcohol level
of 1‰ (g/L). The recommended loading dose is 750–1000 mg/kg by i.v. drip,
using 5–10% ethanol, followed by 66 and 154 mg/kg per hour in non-drinkers
and drinkers, respectively. It is necessary to follow plasma ethanol levels
closely. During hemodialysis ethanol administration has to be increased to 169
and 257 mg/kg per hour in non-drinkers and drinkers, respectively [22].
Whenever available, fomepizole (4-methylpyrazole) should be used to inhibit
ADH. The advantages of using fomepizole over ethanol are that it can be
administered twice a day in a fixed dosage regimen, it does not cause inebria-
tion, and it has fewer side effects. The loading dose is 15 mg/kg, followed by

Figure 3. Upper panel (anion gap): Calculation of the anion gap. All concentrations are in mmol/L.
Because of electroneutrality net positive charges must equal net negative charges in the serum. The
sum of all unmeasured charged particles corresponds to the anion gap. Normal values are in the range
of 7 ± 4 mEq/L. It might be elevated due to an increased presence of unmeasured anions or a
decreased presence of unmeasured cations. Lower panel (osmolar gap): Calculation of the osmolar
gap. All concentrations are in mmol/L. The difference between the values for the measured osmolal-
ity and the calculated osmolarity is called the osmolar gap. Normal values are in the range of
2 ± 6 mOsm/L. Due to limitations in osmolar gap calculation and a large individual variability, small
(or even negative) osmolar gaps never rule out toxic alcohol ingestion. In addition, common condi-
tions such as alcoholic ketoacidosis, lactic acidosis, renal failure, and shock, are all associated with
elevated osmolar gaps. The presence of very high osmolar gaps (>50–70 mOsm/L) is usually due to
toxic alcohol ingestion. BUN, blood urea nitrogen.



C. Rauber-Lüthy and H. Kupferschmidt350

a maintenance dose of 10 mg/kg every 12 hours for four doses, then 15 mg/kg
every 12 hours thereafter until ethylene glycol concentrations are undetectable
or below 20 mg/100 mL, and the patient is asymptomatic with normal arterial
pH. All doses should be administered as a slow intravenous infusion over
30 minutes. In individuals on hemodialysis, because fomepizole is dialyzable,
its dose has to be increased according to the recommendations of the manu-
facturer, and the dosing interval must be reduced to every 4 hours.

Although ethylene glycol is dialyzable, hemodialysis is often not necessary
if antidote therapy is started early, i.e., before metabolic acidosis appears. If
the ethylene glycol concentration is >50 mg/100 mL, hemodialysis may be
indicated to shorten the course. Hemodialysis is clearly indicated in cases of
severe metabolic acidosis for a faster elimination of metabolites and to clear
acidosis. It may also be indicated as a supportive measure in the case of renal
failure. Supportive care further includes administration of pyridoxine
(100 mg/day i.v.) and thiamine (100 mg/day i.v.) for facilitating metabolism of
toxic metabolites.

Figure 4. Algorithm for the management of ethylene glycol or methanol ingestion.
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Methanol

Toxic principle
Methanol (syn. hydroxymethane, methyl alcohol, methyl hydrate, wood alco-
hol, carbinol) itself may produce only minor signs of intoxication, similar to
those occurring with ethanol. Severe toxicity is mainly due to its metabolites.
Methanol is initially metabolized by ADH to formaldehyde and then rapidly
by aldehyde dehydrogenase to formic acid. Formic acid is then further metab-
olized to carbon dioxide and water. Formic acid is responsible for metabolic
acidosis, coma and, if untreated, for respiratory and circulatory arrest, and for
blindness.

The incidence of exposure is very low. The STIC recorded 224 cases in the
last 10 years (1999–2008), with only one fatal outcome, while AAPCC in their
annual report of 2007 lists 16 deaths among 3638 cases with methanol expo-
sure where methanol was undoubtedly or probably responsible [2].

Sources in the household
Paint solvent, fuel for model aircrafts, and inadequate distillation of drinking
alcohol are household sources of methanol. Methanol has been banned in most
countries as a denaturing agent for industrial ethanol.

Symptoms
Poisoning is possible by oral, dermal and inhalative exposures, but most intox-
ications are through the oral route. After inhalation of methanol vapors, plas-
ma methanol concentrations are usually low. Three workers were exposed to
methanol vapors while repairing a spillage of 300 L of methanol in an enclosed
ill-ventilated room of 600 m3 for 60 minutes. Blood was drawn about 3 hours
after exposure. Despite this prolonged exposure, methanol blood levels were
3.0, 1.4 and 0.3 mg/100 mL and thus far below a dangerous level. All three
patients had a normal blood gas analysis. Nevertheless, abuse of methanol
vapors and extreme occupational settings may lead to severe intoxications [23,
24]. First signs include inebriation, euphoria, nausea und vomiting, similar to
ethanol intoxication, but can be absent after ingestion of only small amounts
until the accumulation of toxic metabolites (i.e., formic acid) leads to specific
symptoms and pathological laboratory findings. Metabolic acidosis and an ele-
vated anionic gap are the hallmarks of toxicity. Acidosis may be delayed up to
24 hours, especially in the case of combined ingestion of methanol and
ethanol. Severe intoxication may include profound metabolic acidosis, coma
and, when untreated, bradycardia, cardiovascular shock, respiratory and circu-
latory arrest, and (delayed) blindness due to the unique susceptibility of reti-
nal pigmented epithelial cells and optic nerve cells.

A pathognomonic sign for methanol poisoning is metabolic acidosis with an
elevated anion gap. For detailed information on the calculation refer to the sec-
tion on ethylene glycol (Fig. 3). Serum methanol levels are of value for prog-
noses and concerning the decision for stopping specific treatment. The mini-
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mal ingested dose or serum methanol concentration leading to severe intoxi-
cation is not known, but there is consensus among experts that 20 mg/100 mL
(6.3 mmol/L) should be the threshold for treatment. Calculating back to the
ingested dose on the basis of the volume of distribution a plasma methanol
concentration of 20 mg/100 mL corresponds to an ingested dose of 0.12–
0.15 mL/kg body weight. The smallest ever mentioned dose leading to death
in an adult is 15 mL of 40% methanol [25].

Treatment
For a general outline see Figure 4. Activated charcoal does not adsorb most
alcohols and therefore has no role in gastrointestinal decontamination of
methanol poisoning. Aspiration of gastric contents with a nasogastric tube
after substantial ingestions can be considered within the first 30 minutes after
ingestion, although there is no evidence supporting its benefit. The main goal
of treatment is to reduce production of toxic metabolites as early as possible.
Since ADH has a 15-fold higher affinity for ethanol compared to methanol,
metabolism of methanol can be inhibited by administration of ethanol. If avail-
able, fomepizole should be used to inhibit ADH. For detailed information on
dosing of ethanol or fomepizole refer to the section on ethylene glycol (see
above).

Although methanol is dialyzable, hemodialysis is often not necessary if anti-
dote therapy is started early, i.e., before metabolic acidosis appears. If the
methanol concentration is >50 mg/100 mL, hemodialysis may be indicated to
shorten the course. Hemodialysis is clearly indicated in cases of severe meta-
bolic acidosis to eliminate metabolites faster and to clear acidosis. Supportive
care further includes correction of acid-base disturbances, and the administra-
tion of folinic acid (if not available, use folic acid) to enhance formic acid
metabolism. However, there is no evidence on the benefit of folinic acid in
humans.

1-Propanol, 2-propanol

Toxic principle
The isomers 1-propanol (syn. propyl alcohol) and 2-propanol (syn. isopropyl
alcohol, isopropanol) are often used in combination in household disinfectants.
Since they are metabolized by ADH to different end products (propionic acid
from 1-propanol, and acetone from 2-propanol), their toxic effects are also dif-
ferent: 1-propanol leads to metabolic acidosis, whereas 2-propanol leads to
ketosis and ketonuria. The fact that AAPCC reports no fatal outcome among
13 271 isopropanol exposures in their 2007 annual report demonstrates the rel-
ative benignity of this substance [2]. The STIC recorded 698 cases in the last
10 years (1999–2008) with no fatalities and only two cases with severe symp-
toms after exposure to products containing 2-propanol as toxicologically the
most important ingredient.
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Sources in the household
Household sources include for 1-propanol: disinfectant, and cleaning agents;
and for 2-propanol: rubbing alcohol, disinfectant, skin lotion, aftershave,
cleaning agents, and antifreeze agents.

Symptoms
The capacity to penetrate skin decreases with chain length in higher alcohols,
and they are less likely to be inhaled. Yet systemic intoxications with excessive
cutaneous use of rubbing alcohol (2-propanol) have been described [26]. Both
propanol isomers may lead to somnolence, ataxia, nausea, vomiting, diarrhea,
and hypo- or hyperglycemia, and in severe cases to hemorrhagic gastritis,
coma, hypotension and respiratory depression. Laboratory findings are char-
acteristic for an elevated osmolar gap. In addition, 1-propanol leads to an ele-
vated anion gap and metabolic acidosis, while 2-propanol causes ketosis and
ketonuria, and, in severe cases, rarely lactic acidosis.

Information on toxic doses is limited. For pure 1-propanol no data on mini-
mal toxic dose exist. The oral LD50 for rats is 1870 mg/kg. Case reports on poi-
soning with 1-propanol are all related to exposures with combined products,
mostly with 2-propanol. For 2-propanol, as little as 20 mL may cause symp-
toms, but as much as 150–240 mL is estimated to be lethal for adults [27].

Treatment
Activated charcoal does not bind most alcohols and therefore has no role in
gastrointestinal decontamination of 1- or 2-propanol poisoning. Aspiration of
gastric contents with a nasogastric tube after substantial ingestions can be con-
sidered in the first 30 minutes after ingestion, although there is no evidence
supporting this measure. First symptoms after ingestion of 1- or 2-propanol
occur within 20–60 minutes. In most cases the course is favorable with sup-
portive care only. In severely poisoned patients with coma and hypotension
hemodialysis should be considered [27]. However, the necessity of this meas-
ure is still discussed controversially in the literature and some authors reject
the indication for hemodialysis [28].

Since 2-propanol is metabolized to acetone, relevant 2-propanol intoxication
can be excluded if ketone bodies are absent in the urine 3 hours after ingestion
[29]. This rule cannot be used in case of coingestion with other alcohols, par-
ticularly ethanol, because of delayed metabolism due to ADH inhibition. In
such cases ketonuria may appear as late as 12 hours after ingestion [30].

Hydrocarbons

Toxic principle

From a toxicological point of view, there are three basic types of hydrocar-
bons, all of which are also used in the household: aliphatic, aromatic and
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halogenated hydrocarbons. Both aliphatic and aromatic hydrocarbons are
composed of only carbon and hydrogen atoms. Aromatic hydrocarbons con-
sist of at least one aromatic ring (i.e., benzene), while aliphatic compounds do
not contain aromatic rings. Many are straight chains, but cyclic (such as
cyclohexane) and branched species exist. In addition to their carbon and
hydrogen moiety, halogenated hydrocarbons contain halogen atoms (in
household products mostly fluorine or chlorine). All types of hydrocarbons
are absorbed by the oral, dermal and inhalative route. The ability to be
absorbed depends on the structure and on molecular weight. Aliphatic hydro-
carbons with 14 carbon atoms have an intestinal absorption rate of about 60%.
Shorter hydrocarbons are absorbed better; no absorption was observed for
hydrocarbons with more than 30 carbons [31]. Most hydrocarbons lead to irri-
tation of mucous membranes. Short contact to skin may lead to defatting, pro-
longed contact to irritation and dermal burns. Most hydrocarbons commonly
used in households are only partly absorbed from the gastrointestinal tract
and thus do not cause systemic toxicity unless large amounts are ingested, as
in suicidal attempts.

Systemic toxicity includes euphoria, CNS depression and cardiac arrhyth-
mias. Additionally some of the halogenated hydrocarbons display specific
organ toxicities. Chlorinated hydrocarbons are in particular nephro- and hepa-
totoxic. Carbon tetrachloride causes liver injury via radical formation.
Trichloroethylene can induce dose-independent hepatitis, possibly immune-
mediated, as well as dose-dependent toxic liver injury. Methylene chloride is
metabolized to carbon monoxide, which mediates some of its toxicity. Freons
(chlorofluorocarbons) as well as butane and propane are rather non-toxic
volatile compounds, but may lead to asphyctic effects in case of prolonged
exposure in enclosed, ill-ventilated rooms. After inhalation, systemic toxicity
can occur because hydrocarbons are easily absorbed through the respiratory
tract. Significant exposures occur at the workplace in the case of prolonged use
of products containing solvents in insufficiently ventilated areas, and in the
case of substance abuse (sniffing, huffing, and bagging).

The most feared complication after ingestion of highly volatile hydrocar-
bons with low viscosity is aspiration and chemical pneumonitis. Products with
a viscosity of <7 × 10–6 m2/s or <60 Saybolt Seconds Universal (SSU) are
associated with a high aspiration potential. The mechanism of lung injury is
not completely clear. Based on animal studies with intratracheal instillation of
hydrocarbons the mechanism is only partly understood. Pathologically, a gen-
eralized hyperemia and focal bronchopneumonia, and physiologically, a sig-
nificant decrease in thoracic gas volume, total lung capacity and compliance
have been described [32, 33].

Examples include: substances with low viscosity, e.g., gasoline, kerosene,
naphtha, xylene and toluene; substances with high viscosity, e.g., lubricating
oil and mineral oil. Halogenated hydrocarbons include: carbon tetrachloride,
trichloroethylene, tetrachloroethylene, methylene chloride, and freon.
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Sources in the household

Household sources of aliphatic and aromatic hydrocarbons include: lamp oil,
lighter fluid, thinner, brush cleaner, fuel, lubricants, furniture polisher, fuel
paste, ignition means, fire eating fluid, degreasers, solvents in paints, pesti-
cides, petrol, glue, shoe shiner and many other household products. Examples
of household halogenated hydrocarbons include: solvents (trichloroethylene,
methylene chloride), drycleaning (tetrachloroethylene), paint stripper (methyl-
ene chloride), degreaser (methylene chloride), and cooling agent in air condi-
tioning and refrigeration (freons).

Symptoms

Oral exposure
Ingestion leads to nausea, vomiting, diarrhea, and abdominal pain. After inges-
tion of large amounts of short chain hydrocarbons, as in suicidal attempts, sys-
temic toxicity (see inhalation exposure below) is possible. The major hazard
after ingestion of hydrocarbons with low viscosity is pneumonitis. Already
very small doses bear the risk of aspiration, which occurs while swallowing the
liquid, but also in the case of vomiting. Fire eating or aspirating gasoline with
a small tube from a tank represents a particular risk. In most instances aspira-
tion only leads to transient coughing, gagging, choking or dyspnea. Clinical
findings may furthermore include bronchospasm, rales, rhonchi, tachypnea,
cyanosis, leukocytosis and fever. In severe cases, hemoptysis, ALI, ARDS,
pneumatoceles [34, 35], lipoid pneumonia, or respiratory arrest may develop.
Pulmonary toxicity is not only due to hydrocarbon aspiration but can also be
the consequences of intravenous injection of hydrocarbons [36, 37]. Radio-
graphic findings after aspiration can be seen 30 minutes after aspiration and
are present in 98% of patients 12 hours after exposure [38, 39]. The most fre-
quent signs visible on chest radiographs are bilateral alveolar opacities of the
middle and lower lobes, other finding are pleural effusion, pneumatoceles,
pneumothorax, and pneumomediastinum, but these are rare. Computed tomo-
graphy of hydrocarbon pneumonia shows patchy opacities [35]. At the time
when symptoms of aspiration appear, the subsequent course of intoxication is
not predictable. Decisions about management have to be based on clinical sta-
tus. In symptomatic patients symptoms generally progress over 24–48 hours
and then resolve within 3–5 days.

Eye exposure
Eye exposure causes mild transient irritation. Damage of the cornea has been
described in cases of exposure to combined products with hydrocarbons and
other substances [40].
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Dermal exposure
Dermal exposure may lead to severe cutaneous burns. The STIC recorded a
case of a toddler who splashed a greater quantity of lamp oil over his clothes.
The mother changed pants and T-shirt but left the diaper. Several hours later
the child began to cry and on arriving at the hospital, severe burns with blis-
tering under the diaper were present.

Special situations are injuries resulting from the use of high pressure injec-
tors and spray guns with products that contain hydrocarbons. These are rare
but serious events, which may lead to amputation [41].

Inhalation
Inhalation exposure may lead to mild symptoms like headache, nausea, obtun-
dation, lethargy or euphoria; in severe cases followed by coma. Cardiac
arrhythmia can be fatal. Seizures are rare and most probably due to hypoxia.
Halogenated hydrocarbons such as trichloroethylene and tetrachloroethylene
may lead to renal and hepatic damage, but also to cranial and peripheral neu-
ropathies, and fatal abdominal compartment syndrome as reported in a single
case [42].

Treatment

Charcoal does not effectively adsorb hydrocarbons. Gastric lavage for gastro-
intestinal decontamination is not indicated for accidental ingestion, because
toxicity is relatively low and the major goal is to prevent any measures that
increase the risk of aspiration. If large amounts of hydrocarbons have been
ingested capable of causing systemic toxicity, gastric lavage under airway pro-
tection has to be considered. Anas and co-workers proposed gastrointestinal
decontamination after ingestion of more than 1 mL/kg [43].

Patients who are asymptomatic or who have only minor gastrointestinal
symptoms after accidental ingestion may be managed at home. Patients who
have ingested hydrocarbons in a suicidal attempt and all patients with cough-
ing, gagging, choking or dyspnea must have a medical follow-up. Treatment
after ingestion and inhalation is mainly symptomatic and includes broncho-
dilators, oxygenation, intubation, ventilation (with positive end-expiratory
pressure, PEEP). Ventricular fibrillation due to hydrocarbon-induced sensiti-
zation of the myocardium is of special concern. Catecholamines should be
avoided for treatment. Some authors suggest the use of amiodarone, lidocaine
or β-adrenergic antagonists [44, 45].

Antibiotics are not indicated in cases of chemical pneumonitis or for pro-
phylaxis. Secondary bacterial infection following kerosene-induced pneu-
monitis is rare [46]. Artificial surfactant has been successfully used for treat-
ment of hydrocarbon aspiration in a sheep model [47] but studies in humans
are not available. For dermal exposure, removal of the involved clothing and
washing the skin with soap and water is sufficient. In the case of high pressure
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injury, immobilization, tetanus and antimicrobial prophylaxis, analgesia, and
minimizing the time to definitive surgical treatment is important [48].

Essential oils

Toxic principle

While most of the essential oils have only minor to moderate toxicity with irri-
tant effects on skin and mucous membranes, a small number can cause sys-
temic toxicity. CNS depression and seizures are the most common symptoms.
In particular, oil of wintergreen causes salicylate poisoning due to its content
of methyl salicylate, with nausea, vomiting, tinnitus, hyperpnoea, alkalosis,
later acidosis, coma and seizures. Little is known about the dose of essential
oils and the mechanisms that cause systemic toxicity. An exception is thujone,
which is quite well studied, most likely related to the debate about the toxicity
of absinthe (a liquor made from wormwood Artemisia absinthum). The isomer
α-thujone seems to act as a GABAA receptor chloride channel blocker [49].

Examples of these oils include: those with low toxicity, e.g., essential oils
from orange, lemon, chamomile, citronella, myrtle, cypress, and dill; and
those with high toxicity, e.g., camphor, thujone, eucalyptus, and oil of winter-
green.

Sources in the household

Air fresheners, liniments, rubefacients, cold preparations, vaporizer solutions
and insecticides represent household sources.

Symptoms

Oral exposure
Oral exposure may lead to gastrointestinal irritation with epigastric and abdo-
minal pain, nausea, vomiting, and diarrhea. Vertigo, ataxia, drowsiness are
quite frequent neurological findings. Seizures, significant CNS depression,
and coma are described after eucalyptus, thujone, camphor, lavender and men-
thol ingestions [50–54]. Complications described in the medical literature
include rhabdomyolysis and renal failure due to seizures and, in rare cases,
aspiration pneumonitis probably promoted by emesis and gastric lavage [55].
The minimal toxic dose for essential oils is not known. For eucalyptus the low-
est reported dose that led to coma is 5 mL [51]. Manoguerra and co-workers
recommend that patients who have ingested more than 30 mg/kg of a camphor-
containing products or who are exhibiting symptoms of moderate to severe
toxicity should be referred to an emergency department for observation and
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treatment [56]. For essential oils with low toxicity there are no case reports of
severe course. Thus, patients with accidental ingestion have to be referred to
the hospital only in case of persistent symptoms.

Eye exposure
Eye exposures cause conjunctivitis with erythema and severe pain.

Dermal exposure
Short skin contact may lead to defatting; with longer contact irritation and der-
mal burns may occur.

Treatment

Emesis and gastric lavage for gastrointestinal decontamination should be
avoided to minimize risk of aspiration. Activated charcoal could be considered
in case of large ingestions. However, for camphor, which is one of the poten-
tially dangerous essential oils based on an animal studies [57], and in light of
missing human evidence in support of, or against, the use of activated char-
coal, latest evidence-based practice guidelines suggest that activated charcoal
should not be administered unless there are other ingredients in the product
that can be effectively adsorbed [56]. For seizure control i.v. benzodiazepines
(diazepam, midazolam or lorazepam) are the treatment of choice.

In the case of ocular exposure irrigation with water for 10–15 minutes is
generally sufficient. If pain, redness or other discomfort persists, an ophthal-
mological examination is recommended. After dermal exposure immediate
removal of all wet clothing and irrigation of exposed skin with copious
amounts of water is sufficient.

Cyanoacrylates

Toxic principle

Cyanoacrylates are widely used as super glue. The acrylate monomer poly-
merizes within seconds to produce adhesion and heat. Adhesion generally
occurs only on skin, hair and eyes, and not on mucous membranes. The non-
polymerized form is mildly irritant, and production of heat may contribute to
minimal skin irritation.

Examples are ethyl-2-cyanoacrylates and methyl-2-cyanoacrylates.

Sources in the household

Glue is the major household source.
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Symptoms

Oral exposure
Oral exposure does not pose a great risk. Due to rapid polymerization in the
mouth adhesion to mucosa (wet surface) is limited. However, an exceptional
course with tracheal and bronchial obstruction after ingestion and aspiration of
cyanoacrylate in a toddler has been described in the literature [58].

Eye exposure
Eye exposure may cause conjunctivitis in some cases. Corneal abrasions re-
solve within a few days.

Dermal exposure
Dermal exposures usually do not cause symptoms. In rare cases mild irritation
is possible. More severe cutaneous lesions may be seen due to mechanical
manipulation in order to remove the glue or due to pulling body parts apart
(e.g., two fingers stuck together).

Note: Pressure necroses may occur if the polymerized glue is trapped in nar-
row body cavities. The STIC has recorded a case of a mother who applied
cyanoacrylate-containing glue to her child instead of ear drops; within hours
the child developed pressure necroses in the ear that necessitated surgical treat-
ment.

Treatment

Dermal, mucosal and ocular exposure is preferably managed without mechan-
ical manipulation. The use of swabs soaked in normal saline helps to remove
the glue [59], but it also comes off spontaneously within 1–4 days. In excep-
tional cases where removal is essential or highly desirable, acetone could be
used. However, as acetone itself has an irritating effect, administration must be
short and washing with soap and water after removal is essential.

Batteries

Toxic principle

There are a lot of types of batteries. They can be distinguished by their ability
to be rechargeable, by their size (button batteries, PP3, AAA, AA, C and D bat-
teries) and by their use (car batteries). The toxic ingredients are always acids
(sulfuric acid, ammonium chloride, zinc chloride) or alkalis (potassium or
sodium hydroxide) and metals (nickel, cadmium, lithium, manganese, and – in
older batteries – mercury and lead). The caustics may cause dermal burns,
most often during handling of car batteries that generally contain sulfuric acid.
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Dermal or mucosal burns are also seen with leaking batteries. Mucosal burns
of the tongue or the oral mucosa develop when toddlers put them into their
mouth. Heavy metals are minor in terms of acute effects. The amounts leaking
from a battery are usually small and rarely cause significant elevation of blood
metal levels. A single case with elevated blood mercury levels and the need of
chelating therapy after battery ingestion has been described in the literature
[60]. Contrarily, intoxications with heavy metals may occur in industrial work-
ers from chronic exposures in battery manufactories.

Besides chemical-inherent acute toxic effects, there are other mechanisms
involved in tissue damage after ingestion of batteries. In situ formation of
caustic substances due to external electrical current [61] and pressure necrosis
may play a role. An allergic enterocolitis caused by manganese leak from a
disk battery has been described in a single case [62].

The incidence of exposures to batteries is very high, particularly in children.
The STIC recorded 2065 cases in the last 10 years (1999–2008). In 766 cases
a button battery was involved. Two cases with severe outcome were registered.
One person suffered from dermal ulceration, and one developed a hand lesion
after battery explosion, eventually leading to the amputation of an endpha-
langx. In the AAPCC annual report for 2007, 476 button battery exposures
were reported among 6779 battery exposures in total, with no fatal outcome
[2].

Symptoms

Cutaneous exposure may lead to dermal burns similar to those described in the
section on irritants and caustic substances (see above). Small batteries, espe-
cially button batteries, normally pass the gastrointestinal tract without prob-
lems. In rare cases they get lodged in the esophagus, giving rise to immediate
symptoms. Patients complain of discomfort, retrosternal pain and dysphagia,
and may vomit or choke. If this occurs a chest radiograph followed by an
emergent endoscopic removal is required. Localized tissue damage with the
risk of esophageal perforation, tracheoesophageal fistula and stricture forma-
tion are possible complications. In rare cases, death may result [63, 64].

Management

Some authors propose an initial radiograph for localization of the battery in all
cases of battery ingestion. Based on experience and consideration of case
reports on button batteries lodged in the esophagus (in all cases initial symp-
toms were present, sometimes only discrete) the STIC proposes stool examina-
tion as the only measure if the patient remains completely asymptomatic. In
most cases the battery passes the gastrointestinal tract without problems.
Radiological location and surgical intervention is only necessary if the battery



Household chemicals: management of intoxication and antidotes 361

does not pass the body within a few days after ingestion. There are no case
reports in the literature nor does the STIC have any own documented cases of
batteries causing relevant mucosal damage in asymptomatic patients when
remained in the gut for a few days. Batteries trapped in the nose or the ear are
rare events. They must be removed urgently due to the risk of pressure necrosis.

Magnets

Ingested magnets pose no toxicological problem but lead to an increasing
number of inquiries at poison centers. Ingestion of single magnet represents a
foreign body which rarely causes any symptoms and that will leave the gas-
trointestinal tract within some days. There are only two occasions when swal-
lowed magnets lead to a medical emergency. When a magnet gets lodged in the
esophagus it may produce pressure necrosis if not removed within short time.
If more than one magnet is ingested, they can get mutually attracted across
loops of the intestine, thus causing necrosis and perforation [65].

Asymptomatic patients who have ingested one magnet can stay at home.
Symptomatic patients or patients with more than one magnet ingested, or after
ingestion of a magnet and other metallic subjects, should be subjected to med-
ical examination with radiographic localization of foreign bodies. If trapping
or lodging is suspected, urgent surgical removal is advocated.
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Abstract. Of the known elements, nearly 80% are either metals or metalloids. The highly
reactive nature of most metals result in their forming complexes with other compounds such
oxygen, sulfide and chloride. Although this reactivity is the primary means by which they are
toxic, many metals, in trace amounts, are vital to normal physiological processes; examples
include iron in oxygen transport, manganese and selenium in antioxidant defense and zinc in
metabolism. With these essential metals toxicity occurs when concentrations are either too
low or too high. For some metals there are no physiological concentrations that are benefi-
cial; as such these metals only have the potential to cause toxicity. This chapter focuses on
four of these: arsenic, mercury, lead and thallium.

Arsenic poisoning

Arsenic’s history is marked by great successes and tremendous tragedies. Used
by Greek and Roman physicians as far back as 400 B.C. [1], arsenic is still
used in traditional Chinese and Indian folk medicine [2, 3]. In western medi-
cine it has recently been used as a treatment for late-stage African trypanoso-
miasis (melarsoprol) [4] and for acute promyelocytic leukemia (arsenic triox-
ide, Trisenox®) [5]. Arsenic also enjoys an illustrious place in history as a fre-
quently employed homicidal agent. The historical use of arsenic as a poison
has earned it the title of “Poison of Kings and the King of Poisons“ [6].

Toxicology

As the 20th most abundant element in the earth’s crust, arsenic can be found
in all living organisms as one of several varieties: elemental, organic, inorgan-
ic, and gaseous [7, 8]. In nature arsenic is found in rocks, soil, minerals, and
metals ores such as lead and copper; environmental arsenic contamination may
occur through water runoff and leaching, wind, and volcanic eruptions. Mining
and smelting of arsenic-containing ores, combustion of fossil fuels in coal-
fired power plants and incinerators, as well as the use of organic arsenic in pes-
ticides and animal feed contribute to environmental contamination [6, 9, 10].
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Human exposure to arsenic primarily occurs through food, particularly
seafood, rice, mushrooms, and poultry. Air and water represent alternative
sources of exposure. In Bangladesh tube-wells were built to provide safe
drinking water, but inadvertently exposed the population to elevated arsenic
from contaminated ground water [11, 12]. Generally, residents of the United
States consume only about 50 μg of arsenic per day with 3.5 μg being inor-
ganic. Occupational contact represents an additional route of arsenic exposure
with metal workers, electronic workers, and glass and ceramic manufacturing
workers being at highest risk.

Elemental arsenic is nontoxic. Organic arsenicals can be found in fish and
shellfish, in the form of arsenobetaine and, like elemental arsenic, these forms
pose a low risk for human toxicity [9]. Arsenic toxicity primarily results from
exposure to inorganic arsenicals, which are found in trivalent (As3+, arsenite,
more toxic) and pentavalent (As5+, arsenate, less toxic) forms. Arsenate com-
pounds have little protein binding and are free to be excreted. Arsenite com-
pounds on the other hand have high protein binding, resulting in both toxicity
and a potential storage depot for further exposure [13]. Once arsenic reaches
hepatocytes, it undergoes conversion from an inorganic compound to an organ-
ic compound through alternating reduction and methylation reactions. This
process detoxifies the parent compound but creates carcinogenic metabolites
[6, 7, 13]. Arsenate is reduced to the more toxic arsenite form prior to being
converted into monomethyl arsenic (MMA) and ultimately dimethyl arsenic
(DMA). Both MMA and DMA can be reduced into the more toxic trivalent
form [6, 13, 14]. The final effects of this bioactivation and detoxification path-
way depends on the rate of each step in the tissue exposed [14].

Arsenic disrupts cellular functioning though two distinct mechanisms of
action. Arsenic, particularly trivalent forms, binds sulfhydryl groups, disrupt-
ing essential enzyme activity, and leads to impaired gluconeogenesis and
oxidative phosphorylation. Pentavalent arsenic can serve as a phosphorous
substitute, forming less stable bonds in high energy compounds such as ATP.
This ‘arsenolysis’ causes rapid hydrolysis of these bonds, uncoupling oxida-
tive phosphorylation [15].

Clinical presentation

The clinical presentation of arsenic toxicity differs depending on the species of
arsenic, the amount, and the route and duration of exposure. Acute occupa-
tional contact to arsenic may occur following inhalational exposure to inor-
ganic arsenic or arsine gas [6, 9, 16]. Symptoms from arsine gas exposure dif-
fer from other types of arsenic exposure, and are discussed separately.

Acute arsenic toxicity from ingestion is characterized by gastrointestinal
(GI) symptoms, including abdominal pain, nausea, emesis, and profuse
watery or bloody diarrhea [6, 17, 18]. Subsequent hypotension, heart failure,
pulmonary edema and shock can be seen as a result of capillary dilation with
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third spacing of fluid, cardiomyopathy, and ventricular arrhythmias [6, 18].
Altered mental status with confusion can be seen [17] and “seizures” or
hypoxic convulsions may signal a pre-terminal event [8, 19]. Cardiac abnor-
malities have been noted following arsenic exposure, particularly following
treatment with arsenic trioxide. These abnormalities may include QTc pro-
longation, pericardial effusion, myocarditis and serositis, T-wave abnormali-
ties, second-degree heart block, QRS widening, non-conducted P-waves, tor-
sade de pointes, and asystole [18, 20–24]. There are multiple theories regard-
ing the etiology of these cardiac abnormalities. Patients receiving arsenic tri-
oxide may have been exposed to other cardiotoxic medication in their previ-
ous chemotherapeutic regimen. In addition, arsenic trioxide therapy itself 
is associated with hypokalemia and hypomagnesemia [14]. The combination
of these two factors may account for cardiac effects seen with arsenic triox-
ide in chemotherapy patients. Arsenic has also been shown to have direct car-
diac effects including blockade (IKr and IKs) and activation (IK-ATP) of cardiac
ion channels – effects that may account for arsenic’s variability of QT pro-
longation [18].

Peripheral neuropathy typically occurs 2–8 weeks after arsenic exposure,
although it may occur within hours of a severe exposure [6, 25]. Early symp-
toms consist of a symmetric sensorimotor neuropathy, which may be initially
misdiagnosed as Guillain-Barré syndrome [6, 26]. Patients who develop
arsenic-induced neuropathy note pain, numbness, and paresthesias in a stock-
ing glove distribution [6, 17]. Electrophysiological studies are consistent with
axonal degeneration, showing a decrease in amplitude, and with severe poi-
sonings velocity [6]. Arsenic-induced cellular toxicity results in cytoskeleton
protein changes, which may be the etiology of arsenic-induced neuropathy
[6].

Chronic arsenic toxicity is characterized by macrocytosis, pancytopenia,
hyperkeratotic lesions noted on the extremities, hyperpigmented melanosis
described as “raindrops in the dust”, bronze pigmentation, GI symptoms, ane-
mia, and liver disease [6, 27, 28]. In addition, Mees’ lines – transverse white
striae on the fingernails (Fig. 1), a sensation of a metallic taste [6] and periph-
eral neuropathy have all been characterized in chronic arsenic exposure [27].

Long-term effects

Arsenic is considered a known human carcinogen by the U.S. Department of
Health and Human Services, the International Agency for Research on Cancer
(IARC), and the U.S. Environmental Protection Agency (EPA) [9].
Specifically, arsenic has been shown to alter gene expression through induc-
tion, down-regulation, and up-regulation of various genes involved in damage
response, apoptosis, cell cycle regulation, cell signaling, and growth factor
response [13]. Multiple cancers have been linked to arsenic in populations
with increased occupational or environmental arsenic exposure, including
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liver, bladder, lung, digestive tract, lymphatic, hematopoietic, and skin cancer
[9, 11, 29–31].

Diagnosis

The diagnosis of arsenic toxicity depends on combining the clinical history
with the possibility of exposure. If the exposure is recent, urine and blood test-
ing can confirm or refute suspected arsenic toxicity [6, 9]. Arsenic has been
shown to clear from blood in three phases [32]. Due to the rapid clearance seen
during phases 1 and 2, blood testing may only be reliable during the early
stages (typically <7–10 days after acute arsenic poisoning) [8]. The long half-
life of arsenic in phase 3 of elimination (estimated 230 hours), however, may
make urinary arsenic concentrations detectable for weeks after an acute expo-
sure [32]. Arsenic speciation may be helpful to separate inorganic and organic
arsenic species, since only inorganic arsenic is of toxicological concern. If the
sample was collected in a metal-free container and there was no recent seafood
ingestion, a urinary arsenic level greater than 50 μg/L in a random sample or
greater than 100 μg in a 24-hour sample should be considered elevated [6]. In
cases of suspected chronic arsenic toxicity, hair and nails can also be used to
confirm the diagnosis [6]. Since hair grows at rate of 0.4 mm a day, hair stud-
ies may be used to help determine an approximate time of exposure based on
the distance of an arsenic peak from the hair root [33].

Figure 1. Mees’ lines from two separate incidences of arsenic poisoning (courtesy of R. Pascuzzi, MD,
Indianapolis, IN).
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Treatment

As with any toxin, it is important to remove the patient from the source of their
exposure. While not well studied, gastric lavage and activated charcoal have
been used to decrease absorption [6]. Initial treatment of arsenic toxicity is
geared towards intensive supportive care. Additionally, hemodialysis has
shown some benefit in treating arsenic-poisoned patients who present with sig-
nificant renal dysfunction. Once renal function recovers, urinary arsenic excre-
tion may exceed the amount removed by dialysis [34].

Since arsenic is a metalloid, chelation therapy may be used [6]. Dimercaprol
(2,3-dimercaptopropanol, British Anti-Lewisite, BAL), at a dose of 3–4 mg/kg
intramuscularly every 4–12 hours can be used as a chelator following acute
arsenic toxicity [8, 19]. In a patient able to take an oral medication, dimer-
caprol may be discontinued, and meso-2,3-dimercaptosuccinic acid (DMSA)
given at a dose of 10 mg/kg every 8 hours for 5 days then every 12 hours can
be applied [8]. Treatment duration is based on clinical course and may be
influenced by urinary arsenic levels [19]. However, increased urinary arsenic
clearance has not been consistently demonstrated following DMSA therapy
[33, 35]. Neuropathy progression despite chelation therapy has been reported
[17, 33]. DMSA is only U.S. Food and Drug Administration (FDA) approved
for the treatment of lead toxicity in children but has orphan status for the treat-
ment of mercury poisoning [35]. While historically D-penicillamine was also
recommended as an oral chelating agent, animal studies have suggested it to
be inferior to dimercaprol and DMSA [36].

Arsine gas

Arsine gas is liberated when an acid contacts arsenic containing compounds or
when water contacts metallic arsenide. Industrial processes at risk of generating
arsine gas include galvanizing, soldering, etching, and lead plating. Arsine gas
is colorless, nonirritating, and possesses a slight garlic odor, which may not be
detected following an industrial exposure [37]. Arsine toxicity presents very dif-
ferently from arsenic toxicity. Within hours of significant arsine exposure,
patients develop headache, abdominal pain, nausea, and emesis, followed by
hemolysis, gross hematuria, scleral icterus, bronze skin discoloration, and acute
renal failure. A classic triad of abdominal/flank pain, hematuria, and jaundice
has been described. While recovery is possible, patients may experience chronic
renal dysfunction [38] and peripheral neuropathy following arsine exposure [39].

Laboratory evaluation following exposure to arsine gas reveals a Coombs
negative hemolytic anemia with mildly elevated serum bilirubin and lactate
dehydrogenase levels. Erythrocyte lysis and renal failure may lead to massive
elevations of serum potassium requiring treatment. Urinalysis reveals hemo-
globinuria, albuminuria, and occasional tubular casts consisting of erythro-
cytes and hemoglobin [37].
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Treatment of exposed individuals begins with removing the patient from the
source of their exposure. Exchange transfusion can restore functional red
blood cells [39, 40] and remove hemoglobin pigment and the toxic products
formed from the effect of arsine on hemoglobin [39]. The successful use of
plasmapheresis in addition to red blood cell (RBC) exchange has also been
described [37, 38]. Hemodialysis should be considered in any patient experi-
encing renal failure [40]. Chelation therapy is controversial in the acute man-
agement of arsine toxicity, and may not influence outcomes or the develop-
ment of peripheral neuropathy [39].

Chromated copper arsenate

First used as a wood preservative during the 1930s, chromated copper arsen-
ate (CCA) became the main preservative used in residential settings in the
United States by the 1970s [41, 42]. Despite its popularity, concern arose
regarding the potential for arsenic toxicity from its use in children’s play-
ground equipment. While this potential exposure is smaller than what children
receive through food and water [9], a 2001 petition was presented to the
Consumer Product Safety Commission requesting a ban on the use of CCA in
playground equipment [42]. Although chronic arsenic toxicity has only
occurred following the burning of CCA-treated wood in an enclosed environ-
ment [43], production of CCA for consumer products was halted in December
of 2003 following a voluntary agreement between CCA manufacturers and the
Environmental Protection Agency [42]. Today, CCA-treated wood can still be
found in industrial settings [9].

Mercury poisoning

Mercury is a naturally occurring metal that exists in three forms: elemental,
inorganic salt, and organic. Documented use of mercury dates back to 1500
B.C. and over the ensuing centuries it has been used as decoration, in cosmet-
ics, and even as a medicine. The clinical syndromes associated with mercury
exposure vary with the dose, length of exposure, and form of mercury [44–47].

Elemental mercury

Elemental mercury (quicksilver or liquid mercury) is a silver colored liquid at
room temperature. The primary means by which elementary mercury is
absorbed is through inhalation of its vapor. The vapor pressure of mercury
approximately doubles for every 10 °C temperature increase, so that its heat-
ing greatly increases exposure and toxicity. Approximately 80% of inhaled
vapor is absorbed by the alveoli and passes rapidly into the blood where it is
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taken up by red blood cells and converted to a less lipid soluble divalent (mer-
curic) form. A small amount of non-oxidized mercury vapor can penetrate the
blood-brain barrier leading to central nervous system (CNS) toxicity in high-
dose exposures [48]. Inhaled vapor is largely eliminated in the urine with an
elimination half-life of about 60 days [49]. Compared to the respiratory tract,
GI absorption is negligible [50] and represents little risk for patients with intact
GI mucosa [51]. Toxicity can occur if the GI mucosa is not intact [52]. Two
less common sources of exposure are intravenous (i.v.) and subcutaneous
injection. Intravenous injection can lead to potentially fatal pulmonary emboli
and mercury poisoning [53, 54]. Although small amounts can enter through
intact skin [55], subcutaneous injection of elemental mercury tends to be lim-
ited to local symptoms; it may, however, cause increases in blood and urine
mercury concentrations.

Toxicology
Target organs for elemental mercury vapor include the lungs, brain, and to a
lesser degree the kidneys [47, 56, 57]. It appears to cross the blood-brain bar-
rier in its vapor form concentrating in neuronal lysosomal dense bodies.
Elemental mercury combines with sulfhydryl groups on cell membranes and
interferes with protein and nucleic acid synthesis, calcium homeostasis and
protein phosphorylation. Elemental mercury causes cellular damage and oxi-
dant stress [58].

Clinical presentation
The dose and length of exposure are responsible for the wide variability in
symptoms from elemental mercury toxicity. Within hours of an acute expo-
sure, chills, GI upset, weakness, cough and dyspnea may develop. Adult res-
piratory distress syndrome and renal failure may occur in severe cases.
Depending on the level of exposure, chronic mercury toxicity may develop
over weeks to months. Early symptoms such as GI upset, poor appetite,
abdominal pain, headache, dry mouth, and myalgia may mimic a viral illness.
Two distinct syndromes, acrodynia and erethism have been associated with
chronic exposure (Fig. 2). ‘Acrodynia’, alternately known as pink disease, Feer
syndrome, or Feer-Swift disease, is a complex of symptoms that may be seen
in chronic exposure to either elemental or inorganic mercury. It usually occurs
in infants and children, but has been reported in adults. The symptom complex
includes the following: (1) Autonomic changes – sweating, hypertension, tachy-
cardia; (2) dermatological/dental changes – pruritus, erythematous rash on
palms/soles, erythematous gingiva, ulceration of oral mucosa, loose teeth; (3)
musculoskeletal – weakness, poor muscle tone.

Many of the adrenergic symptoms are thought to be due to mercury’s inac-
tivation of coenzyme S-adenosylmethionine, which causes inhibition of cate-
chol O-methyltransferase (COMT). A reduction in the breakdown of cate-
cholamines produces the sympathetic symptoms such as hypertension and may
result in a clinical picture mimicking pheochromocytoma [59–61].
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‘Erethism’ refers to personality changes in affected individuals. They may
exhibit memory loss, drowsiness, lethargy, depression, withdrawal, and irri-
tability. Other neuropsychiatric findings are also reported: insomnia, shyness,
confusion, hallucinations, manic-depressive episodes, emotional lability [56].
Some authors have suggested a link between mercury exposure, erethism, and
parkinsonism [56, 62, 63]. Two studies from the 1980s [64, 65] and two case
reports [62, 63] suggest this link; however, causation has not been estab-
lished.

Diagnosis
The diagnosis of elemental mercury poisoning is based upon history, physical
findings, and the demonstration of a significantly increased body burden of
mercury.

After an acute exposure, whole blood mercury is reliably elevated for
2–3 days (the usual reference range is 0–10 μg/L). Urine 24-hour collection is
the most useful indication of exposure to elemental and inorganic mercury.
Samples need to be refrigerated to decrease bacterial reduction of mercury to
volatile elemental mercury [66]. Excretion in excess of 50 μg/L is considered
elevated but reference ranges vary and an exact threshold for toxicity does not
exist [47, 56]. Care must be taken in interpretation of urine testing for metals
as specimens collected after administration of chelators can increase excretion

Figure 2. Acrodynia from elemental mercury vapor toxicity (courtesy of D. Rusyniak, MD, Indiana-
polis, IN).
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of various metals even in patients without excessive exposure [67, 68]. The
results of such tests should not be applied to reference ranges for non-chelat-
ed specimens.

Treatment
Removal of the patient from the source is a key intervention [47, 56, 57, 69].
Decontamination is of little use in either respiratory or GI exposure. While
chelation is considered a mainstay of therapy, it is still somewhat controver-
sial. DMSA, dimercaprol, and D-penicillamine have all been used; DMSA is
considered the current treatment of choice in the United States. Chelation may
take several months and studies showing a clear long-term benefit are lacking
[57, 70]. Dialysis with or without the inclusion of a chelating agent, may be
required in patients with renal failure.

Dental amalgam
Also known as mercury or silver amalgam, dental amalgam consists of up to
50% elemental mercury, copper or silver and also contains lesser concentra-
tions of other metals such as zinc. For over a century, this durable compound
has been widely used in dental restorations because it can be tightly inserted
and expands in place to fill defects. In the latter part of the 19th century con-
cerns were raised as to the potential mercury toxicity in dental fillings [71]. A
German chemist, Alfred Stock, who suffered from erethism as a result of years
of exposure to mercury, is credited with first recognizing that dental amalgam
could elevate urine mercury concentrations [71]. In more recent years, animal
studies have confirmed that mercury is released from amalgam fillings with the
amount increasing with the size and number of fillings [72]. Some authors
have suggested a causal relationship between a variety of diseases and dental
amalgam including autoimmune disorders, renal disease, Alzheimer’s disease,
and autism [73]. Multiple human studies, however, have failed to establish
causation [74–81]. Some studies have reported improvement in a variety of
symptoms after the removal of mercury amalgam; however, these studies have
not clearly established a link between amalgam removal and improvement of
symptoms [82, 83]. It should be noted that removal of mercury amalgam
appears to increase plasma mercury by three- to fourfold for a short time after
removal [84, 85].

Inorganic mercury

Mercury occurs naturally as mercuric and mercurous salts. Cinnabar [mercury
(II) sulfide, HgS] is the most common natural source. This mineral is used as
the pigment vermilion. A wide variety of mercurial salts have been used in a
variety of industries including medicine as antiseptics (i.e., mercuric chloride);
cosmetics, explosives, dyes and pigments, and as antifungals in paints [47, 56,
86, 87].
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Clinical presentation
Inorganic mercury may be absorbed via the GI or respiratory tracts as well as
dermally. Ingestion is the most common route. Unlike the elemental form,
mercury salts are very corrosive to the gut [56, 88]. Presenting complaints fol-
lowing ingestion may include nausea, vomiting, abdominal pain, or
hematemesis. Colitis with necrosis or mucosal sloughing may occur in severe
cases, leading to excessive volume loss [56, 88, 89].

Prolonged cutaneous application can cause hyperpigmentation, swelling,
and vesicular or scaly rash. Hyperpigmentation is seen as a gray-brown dis-
coloration of skin folds of the face and neck. Used as a topical analgesic for
teething in the 19th century, calomel (mercuric chloride) caused loosening of
teeth, bluish discoloration of the gingiva, and systemic toxicity [56, 90].

The half-life of inorganic mercury is 24–40 hours in the blood. It is excret-
ed by the kidneys, which results in concentration and injury of the distal por-
tions of the proximal convoluted tubules [91, 92]. These effects can be seen
within 2 weeks of exposure and may reverse over time [93]. Chronic exposure
can also cause membranous glomerulonephritis and nephrotic syndrome.
Animal studies suggest that this is an autoimmune process. Spontaneous reso-
lution of the nephrotic syndrome has been reported following termination of
mercury exposure [47, 94]. Acrodynia and erethism have also been reported
with inorganic mercury exposure [47, 56].

Diagnosis
As with elemental mercury exposures, 24-hour urine testing is the preferred
method of measuring body burden. However, there is no clear threshold for
toxicity (see diagnosis under elemental mercury).

Treatment
The GI tract and kidneys are the target organs of inorganic mercury. Injury to
the gut in severe poisoning may require aggressive fluid resuscitation. Renal
injury may necessitate hemodialysis. Dimercaprol has been reported to be
most effective if started within 4 hours of oral exposure [95]. DMSA may be
substituted when patients can tolerate oral medication.

Organic mercury

Recognition of organic mercury toxicity has been relatively recent. Organic
mercurial compounds are used as preservatives, antiseptics and seed dressings.
Two historical episodes of methylmercury exposure brought to the light the tox-
icity related to organic mercury. The first event occurred in the community of
Minamata Bay, Japan. During the 1950s and 60s a local chemical company dis-
posed waste into the neighboring bay where resident bacteria converted the
inorganic mercury into methylmercury, which eventually found its way up the
food chain and concentrated in larger fish. Over 2265 people who consumed
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contaminated fish developed toxicity known as Minamata disease. Symptoms
included ataxia, sensory disturbances, dysarthria, visual field constriction, audi-
tory disturbances and tremor. Children born to mothers who were exposed to
methylmercury in utero developed congenital Minamata disease characterized
by spasticity, seizures, deafness and severe mental deficiency [96, 97].

The second event occurred in Iraq in 1971 when bread that was made from
seed grain treated with a methylmercury fungicide was consumed by over 6500
people [98]. Studies from the Iraqi victims were used as the first standards for
defining safe organic mercury exposure in adults. The FDA used these data to
propose an acceptable daily intake of 0.4 μg/kg body weight per day [96].

Toxicology
Studies from the disasters in Japan and Iraq show that methylmercury prima-
rily targets the CNS with fetal brain tissue being more susceptible than the
adult CNS. Up to 90% of organic mercury is absorbed from the GI tract [99]
after which it readily crosses the blood-brain barrier and placenta reaching lev-
els in the brain three to six times those in the blood [100].

Clinical presentation
The most common presentation of organic mercury poisoning is concentric
constriction of the bilateral visual fields, paresthesias of extremities and
mouth, incoordination, ataxia, tremor, dysarthria and auditory impairment [97,
98]. Postmortem findings demonstrate neuronal damage in gray matter of the
cerebral and cerebellar cortex, with the calcarine region of the occipital lobe
and the pre- and postcentral and temporal cortex are the most affected. Granule
cells in the cerebellum are lost, while neighboring Purkinje cells are preserved.
Sensory fibers of the peripheral nerves may also be damaged [101, 102].

Among children with Minamata disease, all had mental retardation, cere-
bellar ataxia, primitive reflexes, limb deformities, and dysarthria. Chorea and
hypersalivation were seen in 95%, while 60% had microcephaly [97, 103,
104]. Pathological changes were similar in adults and children: cortical atro-
phy and hypoplasia of the corpus callosum, demyelination of the pyramidal
tracts, and hypoplasia of the granular cell layer of the cerebellum [103].

Diagnosis
Ninety percent of methylmercury is bound to hemoglobin in red blood cells
[99]. Most elimination occurs through the GI tract rather than the kidneys. For
that reason, whole blood mercury rather than urine mercury is a better indica-
tion of organic mercury burden. Whole blood mercury concentrations are usu-
ally less than 6 ng/mL, but diets rich in fish can increase levels to 200 ng/mL
or higher [7].

Treatment
Chelating agents including D-penicillamine, N-acetyl-D,L-penicillamine,
2,3-dimercaptopropane sulfonate, and DMSA have all be utilized in cases of
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organic mercury toxicity [98, 105, 106]. While all appear to increase excretion,
none have been shown to lead to clinical improvement. Most cases are dis-
covered after symptoms are pronounced, and treatment is likely more effective
when begun early [107, 108].

Thimerosal and vaccines
Thimerosal is an organic mercury compound that contains ethylmercury
bound to thiosalicylate. Since the 1930s it has been widely used as a preserva-
tive in certain vaccines. In vitro studies showed thimerosal to be 40–50 times
as effective as phenol as an antimicrobial against Staphylococcus aureus.
Before the introduction of thimerosal, there were several episodes of bacterial
contamination of vaccines that resulted in illness and death in recipients [96].
Thimerosal is 50% mercury by weight and found in concentrations of
0.003–0.01% in vaccines. A vaccine containing 0.01% thimerosal contains
25 μg mercury per 0.5 mL dose. Before the marketing of thimerosal, high-dose
toxicity studies were performed on animals, but no clinical studies formally
evaluated its safety in humans. In 1929, a trial of high-dose thimerosal was
given intravenously to 22 patients with meningococcal meningitis. Although
not effective as treatment, these patients seemed to tolerate such high doses
without observed toxic effects [96].

Toxicity has been observed with large amounts of thimerosal in reports of
both accidental and intentional exposure [109–113]. There are limited data on
toxicity from low dose exposures similar to that seen with vaccines. A formal
review of thimerosal by the FDA in 1976 stated “no dangerous quantity of
mercury is likely to be received from biological products in a lifetime” [114].
The low concentration of mercury within the vaccines was considered both
safe and effective in practice.

The calculations used by the EPA, Agency for Toxic Substances and
Disease Registry (ATSDR), World Health Organization (WHO) and the FDA
were based on the assumption that ethylmercury was similar in toxicity to
methylmercury; this was based on their related chemical structure and similar
clinical effects at high doses [115, 116]. These two compounds, however, are
not equivalent and have significant differences in pharmacokinetics.
Ethylmercury has a half-life somewhere between 7 and 18 days whereas that
of methylmercury can be as long as 1.5 months. In addition, ethylmercury has
less movement across the blood-brain barrier in the CNS [116].

A review of the FDA risk assessment found that the only established harm
from thimerosal at doses found in vaccines is a delayed-type hypersensitivity
reaction. However, because thimerosal vaccines could expose infants to cumu-
lative mercury at levels that exceed the EPA recommendations (but not the
ATSDR, WHO, or FDA) it was recommended that thimerosal be withdrawn
from US vaccines. In July 1999, the American Academy of Pediatrics along
with the Public Health Service called for the removal of thimerosal from fur-
ther use in vaccines targeted for children [115]. Even though thimerosal was
removed from childhood vaccines in the US in 1999, with the rise in neurode-
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velopmental disorders including autism, thimerosal has been questioned as a
potential risk factor for these disorders. Several studies looking at the associa-
tion between autism and thimerosal have found no causal relationship
[117–119]. Several organizations including the WHO and the Institute of
Medicine (IOM) have developed statements addressing the safety of thimeros-
al-containing vaccines. The IOM concludes that the evidence to date indicates
no causal relationship between these vaccines and autism [120]. The WHO
also supports that “the most recent pharmacokinetic and developmental stud-
ies do not support concerns over the safety of thimerosal (ethylmercury) in
vaccines” [121].

Fish consumption
Human exposure to methylmercury is almost exclusively from the consump-
tion of fish and other seafood. Pregnant women who eat fish expose the fetus
to methylmercury which crosses the placenta as well as the blood-brain barri-
er [122, 123]. Although Minamata bay clearly showed the dangers of eating
fish with exceptionally high levels of methylmercury, the fetal risks of current
day maternal fish consumption are unknown. In 1989, the Seychelles Child
Development Study (SCDS) was designed to study maternal methylmercury
exposure due to fish consumption and its impact on fetal neurodevelopment;
inhabitants of the Seychelles rely primarily on fish as a source of protein.
Assessments were made at 6, 19, 29, and 66 months that showed no associa-
tion between prenatal maternal hair mercury levels and neurodevelopmental
outcome [124]. The findings reported in the 9-year follow-up of the SCDS
found 2 of 21 endpoints were associated with prenatal methylmercury expo-
sure and developmental outcomes at 9 years of age. In one test for speed and
coordination, there was diminished performance in children of mothers with
higher mercury concentrations; however, these children also did better on rat-
ings of hyperactivity as compared to children of mothers with lower concen-
trations. The authors contributed both findings to chance, and in their conclu-
sion state that their data do not support a relationship of impaired neurodevel-
opment from prenatal exposure to methylmercury in fish consumption in the
Seychelles islands [122, 123].

The second large longitudinal study conducted in the Faroe Islands pro-
duced results that differed from those of the Seychelles study. The Faroe chil-
dren showed deficits in language, attention and memory at age seven [125].
Some have suggested that the positive findings in the Faroe Island study may
be related to differences in diet. The Faroe Island inhabitants eat more shark
and whale meat, which contains higher concentrations of methylmercury than
the fish consumed in Seychelles. Others have suggested the difference in neu-
rodevelopmental testing may account for these differences [96, 122, 125].

The EPA, ATSDR, FDA and WHO have each developed recommendations
for limits of exposure to methylmercury in the diet ranging from 0.1 to
0.47 μg/kg body weight per day [115].
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Lead poisoning

Lead is a gray-silver heavy metal with a variety of industrial uses. As it has
no known physiological role, any lead present in the human body can be
viewed as contamination. Lead has been utilized by humans because of its
properties of malleability and resistance to corrosion. From the mining of lead
by the ancient Egyptians, Phoenicians, Greeks, and Romans to the use of lead
machinery and lead-containing products during the Industrial Revolution and
the widespread use of leaded gasoline and lead-based paint in the United
States in the 20th century, the human use of lead has led to unfortunate con-
sequences. It is speculated that some of the leaders of ancient Rome suffered
neurotoxicity and sterility as a result of lead poisoning [126]. In the 1700s in
England an outbreak of lead toxicity occurred due to lead contaminated cider;
the victims of this outbreak suffered from severe abdominal pain and were
said to have “Devonshire Colic” [127]. In the United States, Benjamin
Franklin was aware of the effects of lead poisoning and described both lead-
inflicted abdominal colic and peripheral neuropathy in 1763 [128]. Despite
recognition of lead toxicity in the United States, lead-based paints were not
banned until 1978 and leaded gasoline not until the 1990s [129]. The elimi-
nation of lead along with initiatives focused on limiting lead exposure,
screening appropriate populations for lead exposure, and intervening when
elevated blood lead levels (BLLs) are detected, has resulted in a decrease in
the number of U.S. lead toxicity cases [130]. There continues to be at-risk
populations in the U.S. including patients age 1–5 years and older than
60 years, minorities, lower socioeconomic populations, and recent immi-
grants [130]. This, along with continued environmental lead contamination,
mandates clinicians to continue to be aware of the presentation, care, and pre-
vention of lead toxicity.

Toxicology

Pediatric exposure to lead is often a result of oral ingestion of lead-containing
material, including lead-based paints and contaminated soil [129, 131].
Children, particularly from the ages of 18–36 months, are more susceptible
than adults to exposure to lead because of their increased hand-to-mouth activ-
ity. Children are also more susceptible to toxicity from lead secondary to their
increased GI absorption of lead, active growth of their organ systems, imma-
ture blood-brain barrier, and propensity for iron deficiency – which increases
GI lead absorption [132]. Children tend to have higher BLLs in the summer
months due to increased exposure to lead-contaminated soil and dust [131].
Pediatric lead exposure has been reported with ingestion of larger lead-con-
taining objects such as necklace charms [133], window curtain weights, bul-
lets [134], and fishing weights (Fig. 3). Lead exposure can also occur by tap
water contamination in residences that still have lead plumbing.



Heavy metal poisoning: management of intoxication and antidotes 379

Lead exposure in adults usually occurs via the respiratory route through
many occupations: battery plant worker, metal welder, painter, construction
worker, lead miner, firing range worker, glass blower, and ship builder.
Another source of lead poisoning in adults is ingestion of “moonshine” alco-
hols that have been distilled in lead-containing pipes [135, 136]. Exposure to
leaded gasoline can increase organic lead exposure.

After absorption, lead can have detrimental effects to many organ systems
including the nervous, hematological, renal, cardiovascular, GI, and endocrine
systems. Lead can cause a decrease in the integrity of the blood-brain barrier
by disrupting the intracellular junction of capillary endothelium. This results
in increased capillary leak into the CNS and a resultant increase in intracranial
fluid. Lead can also disrupt several neurotransmitter systems in the CNS by
increasing spontaneous release of dopamine, acetylcholine, and γ-aminobu-

Figure 3. A 3-year-old swallowed a lead musket ball (insert). Two days later an x-ray revealed the ball
in the stomach. The lead ball was removed by endoscopy without complication. A venous blood lead
level, approximately 48-hour post ingestion, was at 89 μg/dL. The child underwent chelation therapy
with succimer and a repeat lead level 1 week after chelation was 5 μg/dL. The child never developed
symptoms and no other sources of lead were found in his environment (courtesy of C. Holstege, MD,
Charlottesville, VA).
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tyric acid (GABA), by blocking N-methyl D-aspartate (NMDA) glutamate
receptors and increasing levels of protein kinase C. A process termed “prun-
ing” in which necessary neural pathways are protected and unnecessary neu-
ral pathways are destroyed, peaks when children are around 2 years of age. By
interfering with the neurotransmitters of the CNS, lead causes ineffective
“pruning” in which necessary neural pathways are destroyed and unnecessary
neural pathways are enhanced [132, 137].

Microcytic anemia is a classic finding in lead toxicity. Lead inhibits sever-
al heme synthesis enzymes: aminolevulinic acid (ALA) synthetase, δ-ALA
dehydratase, coproporphyrinogen decarboxylase, and ferrochelatase, leading
to elevated erythrocyte protoporphyrin levels [138, 139]. In addition to
decrease heme synthesis, lead weakens erythrocyte membranes shortening the
erythrocyte life span. A clinical finding in, but not unique to, plumbism is
basophilic stippling [140]. Basophilic stippling is a result of the inhibition of
pyrimidine-5-nucleotidase. In children, the anemia caused by lead is often
complicated by iron deficiency and other nutritional deficiencies that decrease
effective hemoglobin synthesis [141].

Lead-protein complexes deposit in the proximal tubular cells of the kidney
and are accompanied by mitochondrial swelling in this same region. Lead
interferes with mitochondrial respiration and phosphorylation in the kidney,
leading to glycosuria, aminoaciduria, and phosphaturia. Chronic high-dose
lead exposure has been shown in animal models to cause renal failure through
tubular atrophy, interstitial fibrosis, and glomerular sclerosis. These findings
can also be seen in other forms of kidney failure [142].

The skeletal system serves as the main reservoir for lead. With chronic lead
exposure lead stores in bone can have a half-life of 5–19 years [143]. Soft tis-
sues may be subjected to increased lead exposure during times of accelerated
bone turnover, such as during childhood growth, after a long bone fracture, or
during pregnancy [144]. In children lead causes increased calcification of car-
tilage in the bone metaphysis resulting in increased metaphysis density [145].

Hypertension has been associated with chronic lead exposure. Lead likely
affects vascular smooth muscle cells by causing a decrease in Na+/K+-ATPase
activity with a subsequent increase in Na+/Ca2+ pump activity, and increased
calcium-mediated contractility. Lead may also alter vascular smooth muscle
activity by increasing protein kinase C [146].

Clinical presentation

The clinical aspects of lead toxicity are widely described; however, there is no
clear “toxidrome” and it is difficult to define expected symptoms at certain
BLLs. The reason for this difficulty likely involves the many variables affecting
the clinical effects of lead exposure: age at time of exposure, length of exposure
time, genetic predisposition to effects, environmental factors, nutritional status,
and underlying medical problems of the patient. Lead toxicity can present with
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symptoms in a variety of different organs. There are both similarities and dif-
ferences in the way that children and adults are affected by lead toxicity.

In children, the neurological consequences of plumbism are the greatest
concern. Serious neurological problems from lead toxicity are most common-
ly described in children between the ages of 18–36 months. Symptoms at
BLLs of 50–100 μg/dL may be obvious or subtle and can include intermittent
irritability, hyperactivity, and developmental delay in one particular skill [132,
137]. Higher levels or more chronic exposure can result in ataxia, lethargy,
seizures, and coma. There is controversy over the cognitive effects of lower
BLLs (BLLs less than 10 μg/dL). Some epidemiological studies have reported
an inverse correlation between elevated BLLs in children and IQ [147], but not
all published data are in agreement with this association [148].
Epidemiological studies that examine this topic have the difficult task of try-
ing to control for all possible confounding variables [149].

Adults can also experience neurological symptoms with plumbism. Signs of
encephalopathy including seizure, coma, and papilledema usually occur at
BLLs over 150 μg/dL. At BLLs above 80 μg/dL memory problems, insomnia,
and personality changes have been reported [150]. More subtle signs are seen
in adults with BLLs of 40–70 μg/dL and can be similar to those symptoms
seen with depression [151, 152].

Other clinical manifestations of lead poisoning in children and adults
include a normocytic or microcytic anemia, abdominal pain, constipation,
hepatotoxicity, and pancreatitis. Peripheral neuropathy, with resultant foot and
wrist drop, is well described in adults and is occasionally seen in children –
particularly those with underlying sickle cell disease [153]. Nephrotoxicity has
been reported in all age groups with lead toxicity; a Fanconi’s syndrome with
aminoaciduria, glycosuria, and phosphaturia has been more commonly de-
scribed in the adult population [142]. Saturnine gout is a phenomenon seen in
adult patients and is due to impaired uric acid clearance by the kidneys. There
is concern that chronic lead exposure can raise blood pressure; however, two
recent meta-analyses found a less than robust association [154, 155]. Sperm
abnormalities have also been associated with BLL of ≥40 μg/dL in work-
exposed men [156]. Lead can cross the placenta and has been associated with
spontaneous abortion, prematurity, and developmental delay. Lead is also
excreted in breast milk [157].

Lead exposure does not have any clear association with carcinogenicity in
humans. Inorganic lead is classified as a probable carcinogen (group 2A) and
organic lead is not classifiable in regards to carcinogenicity (group 3) by the
IARC [158]. These data coupled with clinical studies suggest that lead is, at
worst, a weak carcinogen [159].

Organic lead, such as tetraethyl lead, at high doses can cause predominate-
ly neurological symptoms similar to a generalized encephalopathy including
delirium, ataxia, and seizures. Neurological symptoms from organic lead are
reported at lower levels than what would be typically expected with inorganic
lead [160].
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Diagnosis

The best initial test for evaluating a patient with suspected lead poisoning is a
whole BLL obtained by venipuncture. A BLL should be sent in a lead-free
tube and is usually measured by atomic absorption spectrophotometry. It is
important to recognize that whole BLLs can be used to guide management but
may not reflect lead in other organ systems, such as the CNS or bone.
Capillary lead levels can be used for screening purposes, but may be falsely
elevated if there is lead on the skin where the sample is drawn from [161]. A
disadvantage of BLLs is that most laboratories are not equipped to report
same-day results. BLLs that are done during chelation therapy can be elevated
from lead that is pulled out of soft tissues and into the bloodstream. Zinc or
erythrocyte protoporphyrin may also be elevated with lead toxicity but are not
a sensitive test and can be elevated in other conditions that interfere with heme
synthesis such as iron deficiency, sickle cell anemia, and vanadium toxicity.
The protoporphyrin tests are more likely to be elevated with chronic lead tox-
icity than with acute lead toxicity [162].

Additional laboratory tests that may be useful in the evaluation of a patient
with suspected plumbism should be guided by the history and physical exam,
and may include a complete blood count, a comprehensive metabolic panel,
and a urinalysis. These tests can also provide a baseline for management of
possible side effects if chelation therapy is initiated.

Radiographic imaging may help to support the diagnosis of lead poisoning
and can also help to illicit the etiology of exposure in some cases. In a patient
with the possible ingestion of a lead-containing object, an abdominal x-ray
should be obtained. Any patient with suspected plumbism and a history of bul-
let wound, should have an x-ray of the area of bullet impact to visualize any
retained bullet fragments [134] (Fig. 3). Radiographs of long bones of children
with BLLs of 70 μg/dL or greater may show increased densities at the meta-
physes, also referred to as “lead lines”. Findings indistinguishable from “lead
lines” are also seen with bismuth, phosphate, and fluoride toxicity [145].
Chronic lead exposure may be quantified using bone x-ray fluorescence tech-
nology. This is a test that has been used in research studies and is not typical-
ly utilized in the clinical setting [163]. A head computed tomography scan
should be obtained on any patient with suspected plumbism and acute CNS
symptoms to evaluate for evidence of cerebral edema.

Treatment

The management of children with elevated BLLs should follow the guidelines
set forth by the Centers of Disease Control and Prevention [164]. Some state
health departments have slight variations in these guidelines. It is important to
recognize that the first step in management of a patient with elevated lead lev-
els is prompt removal from the source. The local health department should be
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contacted and should assist with identification of the source and containment
of the lead source in a pediatric patient with a BLL greater than 20 μg/dL or
with two separate BLLs within the 15–19 μg/dL range. A recent Cochrane
review of 12 studies concluded that there was no clear benefit of educational
initiatives and/or dust control measures, and there was insufficient evidence to
comment on soil abatement in regards to lowering pediatric BLLs in a popu-
lation [165]. Chelation therapy in asymptomatic children is usually not initiat-
ed unless a patient has a BLL of 45 μg/dL or greater; chelating patients with
levels less than this does not show any benefit on cognitive outcomes [166].
Oral chelation is recommended for those patients who are asymptomatic and
have BLLs of 45–69 μg/dL. Patients who have BLLs greater than 69 μg/dL or
who are symptomatic should have parenteral chelation [150].

Screening of adults that have workplace lead exposure should be guided by
Occupational Safety and Health Administration’s recommendations:
Asymptomatic adults with BLLs less than 70 μg/dL do not require chelation,
oral chelation is recommended for mild symptoms or BLLs of 70–100 μg/dL,
and parenteral chelation therapy is advised for symptoms of lead-induced
encephalopathy and/or BLLs greater than 100 μg/dL [150].

The oral chelator that is approved by the FDA for lead poisoning in children
over 1 year of age is DMSA. The pediatric dose of DMSA is 10 mg/kg per dose
every 8 hours for 5 days followed by 10 mg/kg per dose every 12 hours for
14 days. Although DMSA is not officially recommended in adults, the dose that
has been most widely used is 10–30 mg/kg per day for 5 days. Adverse reac-
tions are not limited to, but include, neutropenia, hemolytic anemia, and eleva-
tion of aspartate and alanine aminotransferase [167]. Edetate calcium disodium
(Calcium EDTA) is a parenteral chelator approved by the FDA for adult and
pediatric plumbism. Edetate calcium disodium can be administered intra-
venously or intramuscularly. The recommended intravenous dose in adults for
severe lead poisoning is 1–1.5 g/m2 per day infused over 8–12 hours for a total
of 5 days; after 2 days a repeat 5-day course can be administered if indicated.
The recommended pediatric intravenous dose for severe lead poisoning is
1–1.5 g/m2 per day divided into equal doses infused every 8 or 12 hours, an
additional 5-day course can be given after 2 days if indicated. The following
serious side effects have been reported with edetate calcium disodium: fever,
hypersensitivity immune reaction, hypotension, nephrotoxicity, and throm-
bophlebitis. Care should be taken when using edetate calcium disodium in a
patient with renal insufficiency, and the dose may need to be modified or an
alternative chelator may need to be used. Edetate calcium disodium may
increase intracranial pressure and, in patients with cerebral edema, the manu-
facturer recommends using the intramuscular route or alternatively using the
intravenous route with a slow infusion rate. It has been reported that edetate cal-
cium disodium may exacerbate symptoms when given as the sole chelator to a
patient with a high BLL, and that dimercaprol should be given in conjunction
with edetate calcium disodium in the patient who has symptomatic lead poi-
soning or a BLL over 70 μg/dL. If the patient can take oral medications, DMSA
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can be used instead of dimercaprol [168]. Edetate disodium without calcium
should not be used because of the risk of hypocalcemia [169, 170]. Another
FDA approved chelator for lead toxicity is dimercaprol. It is administered by
deep intramuscular (i.m.) injection. In severe plumbism dimercaprol is admin-
istered at a dose of 4 mg/kg i.m. every 4 hours for 2–7 days in both pediatric
and adult patients. In mild lead poisoning the recommended dose is 4 mg/kg
i.m. for the first dose followed by 3 mg/kg i.m. every 4 hours for 2–7 days.
Adverse reactions with dimercaprol include fever, hypertension, tachycardia,
and injection site abscesses. Dimercaprol is administered in peanut oil and
should usually be avoided in patients with peanut allergies [171]. Secondary to
the number of side effects associated with dimercaprol, its use should be limit-
ed to symptomatic patients who cannot take oral DMSA. D-Penicillamine is not
approved by the FDA for lead poisoning and should only be used in cases of
serious lead poisoning in which other chelators have had unacceptable side
effects. D-Penicillamine can cause the life-threatening side effect of agranulo-
cytosis and can also cause severe dermatological and renal conditions [172].

Bowel irrigation with a polyethylene glycol-electrolyte solution should be
considered if a patient has lead-containing objects in the GI tract that could
easily transit through the GI tract. A gastroenterologist or surgeon may need to
be contacted for removal of a larger lead-containing object out of the GI tract
if it is likely that the object will not move adequately with GI peristalsis [173].
Likewise patients with evidence of lead poisoning may require surgical
removal of lead containing bullet fragments lodged in soft tissues and/or joint
spaces [134].

Thallium poisoning

In the late 19th century the spectro-chemical analysis of deposits from a sul-
furic acid chamber resulted in the discovery of thallium [174]. Although use-
ful in the manufacture of optic lenses, semiconductors and in very low con-
centrations as a radiocontrast agent, thallium is best known for its toxicity.

Toxicology

Thallium salts are tasteless, odorless, water soluble and rapidly absorbed and
distributed throughout the body. By interfering with potassium and sulfhydryl-
containing enzymes, thallium impairs energy production resulting, in severe
cases, in cell death [175–178]. Although high concentrations of thallium are
toxic to all organs, the peripheral nervous system and hair are particularly sen-
sitive. Thallium does not undergo significant renal excretion, rather it under-
goes entero-hepatic circulation with the primary means of elimination being
fecal [179]. This makes treatment with the standard heavy metal chelators
(DMSA, dimercaprol, edetate calcium disodium) less effective.
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Clinical presentation

One of the earliest findings in thallium poisoning – typically within 2–3 days
of exposure – is the development of a rapidly progressive painful peripheral
neuropathy [180–182]. Symptoms begin in the feet and legs and may progress
over time to involve the hands. The pain associated with thallium is described
as “pins and needles” and may be severe enough to make the weight of a bed
sheet intolerable [181–184]. With large exposures, motor nerves can also be
affected including those innervating respiratory muscles [172, 185–187]. In
these cases, the clinical picture of a rapidly progressive neuropathy can be mis-
diagnosed as Guillain-Barré [184]. Along with peripheral neuropathies, cranial
neuropathies have also been reported [184, 186–191].

Perhaps the best-known complication of thallium poisoning is alopecia
(Fig. 4). Beginning 5–14 days after exposure, victims begin painlessly losing

Figure 4. Alopecia in a case of thallium poisoning (courtesy of D. Rusyniak, MD, Indianapolis, IN).
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their hair in clumps [182, 185, 187]. By 2–3 weeks patients may have devel-
oped total body alopecia – including axillary hair, pubic hair, and the lateral
eyebrows [192–194]. The medial part of the eyebrow is typically spared as
these hairs are commonly in a resting non-growth phase [194, 195]. While the
exact cause of alopecia is not known, thallium’s interruption of keratin syn-
thesis and its interruption of hair matrix metabolism are likely responsible
[196, 197]. While the most recognizable feature of thallium poisoning is alope-
cia, in mild cases peripheral neuropathies can occur without the development
of hair loss [182].

Along with the peripheral nerves and hair, thallium can affect most major
organ systems. Included amongst these are the CNS with hallucinations,
altered mental status, insomnia, psychosis, ataxia and coma [181, 185–187,
189, 190, 198]; the GI tract with abdominal pain, vomiting, loose stools, and
constipation or obstipation [182, 183, 186, 187, 194]; muscular systems with
myalgias and pleuritic chest pain [182, 183, 199]; and the cardiovascular sys-
tems with ECG changes, arrhythmias, hypo- and hypertension [183, 200].

Diagnosis

Making the diagnosis of thallium poisoning early enough to institute effective
therapy requires the early recognition of symptoms combined with neurologi-
cal and clinical testing and analytical confirmation. This can be difficult as
thallium poisoning is uncommon and its symptoms may be attributed to other
etiologies [182]. Further hampering the early diagnosis, alopecia – the most
recognizable feature of thallium poisoning [201] (Fig. 4) – may not be evident
for up to 5–14 days after the exposure [197]. Despite these difficulties, two
readily available tests may aid in making the early diagnosis of thallium poi-
soning: nerve conduction studies (NCS) and microscopic hair analysis.

NCS are useful in diagnosing and monitoring the recovery of patients with
thallium poisonings [182]. They typical reveal a sensorimotor axonopathy with
the severity of neuropathy correlating with the severity of other symptoms and
findings. In cases of severe poisoning, a nerve biopsy may reveal Wallerian
degeneration with axonal destruction and secondary myelin loss, although
these findings are not specific to thallium [189, 202, 203].

Once it has been established that patients have a neuropathy suspicious for
thallium, simply visually inspecting pulled hair under a low-powered light
microscope may help make the diagnosis. When viewed under low power with
a light microscope, the hair roots of thallium-poisoned patients appear dark-
ened [182, 194]. This finding has been reported as early as 4 days after poi-
soning [194]. The darkened roots are seen in the highest percentage in pulled
hair from the scalp (95%), followed by hairs of the chest and legs (50 to 60%),
and less commonly from eyebrows and eyelids (30%) [194]. In cases of repeat-
ed poisonings, several bands may likewise be seen [194]. The blackened roots
are not the accumulation of a pigment or the metal itself but rather represent
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an optical phenomenon. As the interruption of cellular processes disorganizes
the hair root matrix, the hair root accumulates gaseous inclusions which dif-
fract light and cause the appearance of a black stain [192, 197]. Treatment with
acid or mechanical pressure will cause the accumulated gas to escape the hair
and subsequently the hair root darkening disappears [204].

The definitive diagnosis of thallium poisoning requires the identification of
elevated concentrations of thallium in urine or hair. Like many other metals, a
24-hour urine is considered the gold standard in thallium poisoning. In most
persons, there should be no detectable levels of thallium, but levels up to a
level 20 μg/specimen may be considered normal depending on occupational or
environmental exposures. Hair analysis is not thought to be as reliable as urine
and a negative hair test should not exclude the possibility of thallium poison-
ing. Hair levels less than 15 ng thallium/gram hair are considered normal
[178]. Along with hair and urine, postmortem tissues including paraffin tissue
blocks and even cremated ashes can be used to confirm elevations of thallium
in suspected criminal poisonings [203, 205].

Treatment

The primary objective in treating thallium-poisoned patients is to increase thal-
lium’s elimination preventing further toxicity. The best-studied and most effec-
tive antidote is a complex of potassium hexacyanoferrate known as Prussian
blue. Recently, the FDA approved Prussian blue for the treatment of cesium or
thallium poisoning under the brand name Radiogardase®, the recommended
dose is 3 g orally three times a day. Poorly absorbed, Prussian blue exchanges
potassium for thallium in the gut increasing the fecal excretion of a thallium-
Prussian blue complex. Numerous animal studies have shown that Prussian
blue increases fecal elimination, decreases mortality, and decreases brain thal-
lium concentrations [206–213]. Although clinical trials are not possible for
thallium poisoning, human case reports support the safety and efficacy of
Prussian blue [180, 210, 214]. Based on its affinity for sulfhydryl groups, sev-
eral sulfur chelators have been studied in animal models of thallium poisoning.
None have shown significant improvement [213, 215–217], and some may
actually increase toxicity [208]. As Prussian blue may not be stocked in some
hospitals, activated charcoal can be used until Prussian blue is available. In
vitro studies demonstrate that activated charcoal effectively adsorbs thallium
[170, 218], although its benefit in animal studies is contradictory [207, 215]
and benefits in human cases are anecdotal [182, 185].

Summary

Acute and chronic toxicity from exposure to arsenic, mercury, lead and thalli-
um still occur and pose significant morbidity and mortality if they are not rec-
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ognized and treated. With each of these, the diagnosis is based on combining
clinical suspicion with analytical testing. If a patient is suspected of poisoning,
they should be removed from the source and if symptoms are severe, treat-
ment, including chelation, should begin prior to analytical confirmation.
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Abstract. The treatment of patients poisoned with drugs and pharmaceuticals can be quite
challenging. Diverse exposure circumstances, varied clinical presentations, unique patient-
specific factors, and inconsistent diagnostic and therapeutic infrastructure support, coupled
with relatively few definitive antidotes, may complicate evaluation and management. The his-
torical approach to poisoned patients (patient arousal, toxin elimination, and toxin identifica-
tion) has given way to rigorous attention to the fundamental aspects of basic life support –
airway management, oxygenation and ventilation, circulatory competence, thermoregulation,
and substrate availability. Selected patients may benefit from methods to alter toxin pharma-
cokinetics to minimize systemic, target organ, or tissue compartment exposure (either by
decreasing absorption or increasing elimination). These may include syrup of ipecac, oro-
gastric lavage, activated single- or multi-dose charcoal, whole bowel irrigation, endoscopy
and surgery, urinary alkalinization, saline diuresis, or extracorporeal methods (hemodialysis,
charcoal hemoperfusion, continuous venovenous hemofiltration, and exchange transfusion).
Pharmaceutical adjuncts and antidotes may be useful in toxicant-induced hyperthermias. In
the context of analgesic, anti-inflammatory, anticholinergic, anticonvulsant, antihyper-
glycemic, antimicrobial, antineoplastic, cardiovascular, opioid, or sedative-hypnotic agents
overdose, N-acetylcysteine, physostigmine, L-carnitine, dextrose, octreotide, pyridoxine,
dexrazoxane, leucovorin, glucarpidase, atropine, calcium, digoxin-specific antibody frag-
ments, glucagon, high-dose insulin euglycemia therapy, lipid emulsion, magnesium, sodium
bicarbonate, naloxone, and flumazenil are specifically reviewed. In summary, patients gener-
ally benefit from aggressive support of vital functions, careful history and physical examina-
tion, specific laboratory analyses, a thoughtful consideration of the risks and benefits of
decontamination and enhanced elimination, and the use of specific antidotes where warrant-
ed. Data supporting antidotes effectiveness vary considerably. Clinicians are encouraged to
utilize consultation with regional poison centers or those with toxicology training to assist
with diagnosis, management, and administration of antidotes, particularly in unfamiliar cases.

Introduction

The challenges to effective evaluation and management of a patient poisoned by
drugs and pharmaceuticals are diverse. The circumstances surrounding expo-
sure are often incompletely accessible. Poisoning signs or symptoms may be
subtle or delayed. Patient-specific factors – pharmacogenetics and unique sus-
ceptibilities, drug-drug interactions, cultural or geographic practices, and
underlying comorbidities – may complicate presentation, response to treatment,
and outcome. Polypharmacy or mixed exposures may confuse the clinical pres-
entation. Compared to the near-inexhaustible list of products and possible com-
binations, few specific antidotes exist. The toxicological profiles of newly intro-
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duced pharmaceuticals may be incompletely characterized or unfamiliar to the
treating practitioner. Finally, medical infrastructure may offer inconsistent sup-
port for diagnosis (via monitoring, radiological, or laboratory equipment) or
treatment (through clinical service capacities or specific antidotes’ availability).
This chapter seeks to provide a rational approach to treatment of the poisoned
patient and the use of specific antidotes where warranted.

General approach to the poisoned patient

The historical approach to poisoned patients placed undue emphasis on three
areas – patient arousal, toxin elimination, and toxin identification. Beginning
in the early 1900s in the setting of increased barbiturate poisonings and the lim-
itations of airway management of the time, a sense of compulsion to “awaken”
patients resulted in administration of various analeptics (from the Greek
analeptikos – restorative, strengthening). These arousal agents included pro-
convulsants (picrotoxin, strychnine, pentylenetetrazol, and camphor), as well
as sympathomimetics (amphetamines and methylphenidate), xanthines (caf-
feine, ethamivan), and nonspecific stimulants such as nikethamide, bemegride,
prethcamide, and amiphenazole [1–6]. More recent “coma cocktails” have var-
iously included dextrose or glucagon, thiamine, naloxone, flumazenil, and
physostigmine [7–9]. This concept of the utility of nonselective “coma cock-
tails” persists despite efforts to educate on the risks of this paradigm [10].

Aggressive efforts to antagonize central nervous system (CNS) and respira-
tory depression were joined with similarly forceful measures aimed at detoxi-
fication, with the conviction that as much of any toxin should be removed as
possible. Prehospital or in-hospital administration of apomorphine or emetics
of ipecac, saltwater, mustard water, copper sulfate, zinc sulfate, antimony or
potassium tartrate were once routinely recommended [11–13]. Binding agents
such as Fullers earth and later, activated charcoal, kayexalate, and cholestyr-
amine were introduced into clinical practice, and orogastric lavage and evac-
uants such as mercurials, saline, magnesium salts, sorbitol and whole bowel
irrigation were enthusiastically endorsed [14].

Lastly, excessive emphasis was placed on determining the type, nature, and
quantity of the drug ingested. Indeed, according to the “principles of therapy”
of the time, toxin identification, removal, and dilution (in order of importance)
preceded support of vital functions [15].

A more rational approach to poisoning (specifically by barbiturates) began
in Denmark and Sweden in the late 1940s [16]. This “Scandinavian method”
emphasized “close and constant attention to the support of vital functions” –
i.e., cardiovascular and pulmonary support – as opposed to aggressive gas-
trointestinal decontamination and stimulant administration. Mortality conse-
quently decreased precipitously from upwards of 20% to 1–2%. Initially derid-
ed as “pharmacotherapeutic nihilism”, it was ultimately accepted that “inten-
sive supportive therapy alone” sufficed for the vast majority of patients [17].
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Thus, most poisoned patients can be treated in a straightforward manner
that focuses on the patient, as opposed to the poison. Rigorous attention to the
fundamental aspects of basic life support – airway management, oxygenation
and ventilation, circulatory competence, thermoregulation, and substrate (glu-
cose) availability – ensures good outcome in the vast majority of poisoned
patients. An algorithmic strategy is summarized in Figure 1, realizing that
many actions may occur simultaneously.

Figure 1. An algorithmic approach to the poisoned patient.
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The specific details of the following maneuvers are explained in detail in
emergency medicine, critical care, and anesthesiology textbooks and reviews.
The patient is first assessed for airway patency and adequacy, with cervical
spine stabilization if required. An inadequate airway mandates attention with
airway positioning via head-tilt chin-lift or jaw thrust, airway adjuncts (naso-
pharyngeal or oropharyngeal airways), or endotracheal intubation (or surgical
airway), depending upon circumstances. Inadequate breathing from either an
oxygenation or ventilation standpoint is rectified with supplemental oxygen,
assisted mask ventilation, or endotracheal intubation and mandatory mechani-
cal ventilation.

Circulation is then assessed by clinical evaluation and adjuncts such as con-
tinuous cardiac monitoring and a 12-lead ECG, and intravenous (i.v.) access is
obtained with simultaneous retrieval of blood for testing. Hypotension may
necessitate resuscitation with i.v. fluids, colloids, or blood products, inotropic
or chronotropic agents, anti-dysrhythmic therapy, or active chest compressions
(CPR, cardio-pulmonary resuscitation). Conversely, life-threatening hyperten-
sion (from sympathomimetics, monoamine oxidase inhibitors, clonidine with-
drawal, etc.) may require vasodilatory agents. In general, easily titratable,
short-acting, direct agonists or antagonists that do not require metabolic con-
version for activation are preferred – e.g., norepinephrine, phenylephrine, or
epinephrine for hypotension, and nitroprusside, nitroglycerine, or phentolamine
for hypertension. In the setting of a poisoned patient with a wide-complex dys-
rhythmia, empiric administration of sodium bicarbonate should be considered
given the number of agents with cardiac sodium channel antagonism (cyclic
antidepressants, Vaughan-Williams class IA and IC agents, cocaine, diphenhy-
dramine, bupropion, propoxyphene, venlafaxine, carbamazepine, amantidine,
lamotrigine, etc.). Similarly, as numerous medications are capable of inducing
QT prolongation (citalopram, methadone, antipsychotics, etc.), in the setting of
polymorphic ventricular tachycardia, torsade de pointes, or significantly abnor-
mal QT interval, administration of magnesium might be advisable.

CNS manifestations of pharmaceutical intoxication are broad and may
include depression or coma (e.g., benzodiazepines, barbiturates, opioids, and
lithium), agitation with or without delirium (e.g., sympathomimetics, anti-
cholinergics, and salicylates), apparent cerebrovascular accident (e.g., hypo-
glycemia secondary to sulfonylureas, propranolol, quinine, or salicylates), or
frank seizures (e.g., bupropion, isoniazid, methylxanthines, sedative-hypnotic
withdrawal, and sympathomimetics). The primary consideration is mainte-
nance of an appropriate homeostatic milieu with adequate oxygenation, venti-
lation, and perfusion. During the assessment of a patient’s mental status, a core
(rectal) temperature should be obtained as well as bedside determination of
blood glucose. Hyperthermia may be secondary to the drug itself, agitation,
seizure activity, failure of feedback mechanisms, or reflect an environmental
contribution. It must be immediately addressed by rapid cooling to below
38.9 °C. Failure to do so may result in irreversible cerebral injury, seizure,
rhabdomyolysis, myoglobin-associated renal failure, coagulopathy, or other
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organ injury. Specific management of toxicant-induced hyperthermias follows
later. Hypothermia may require active or passive rewarming techniques.
Clinical hypoglycemia, which implies neuroglycopenia, must be rapidly
reversed with administration of 0.5–1.0 g/kg of age-appropriate dextrose-con-
taining solutions (D50 in adults, D25 in children, and D10 in neonates).
Benzodiazepines (e.g., diazepam, midazolam, and lorazepam) are generally
well tolerated and are first line agents for drug- and withdrawal-induced
seizures and agitation. Persistent or refractory seizures should prompt consid-
eration of empiric administration of pyridoxine and barbiturates (phenobarbi-
tal, pentobarbital), propofol, or ultimately, general anesthesia. Coincident
endotracheal intubation may be required. Phenytoin and non-barbiturate anti-
convulsants are typically ineffective or harmful in toxin-induced seizures [18,
19]. Altered mental status should also prompt parenteral administration of
100 mg thiamine hydrochloride. Alcohol-dependent patients without clinically
apparent Wernicke’s encephalopathy may require at least 200 mg of parenteral
thiamine to improve neurological symptoms; overt Wernicke’s encephalopathy
necessitates a minimum of 500 mg thiamine hydrochloride three times daily for
2–3 days [20]. Naloxone use is considered in a separate section.

Toxidromes (toxic syndromes) are characteristic signs and symptoms that
correlate with exposure to certain xenobiotics. Identifying toxidromes suggests
the etiology of the patient’s condition and helps guide management. “Classic”
class-effect toxidromes include anticholinergic, cholinergic, sedative-hypnot-
ic, sedative-hypnotic withdrawal, opioid, and opioid withdrawal. These should
be actively sought and managed if identified.

While the patient is being stabilized, diagnostic investigations including a
complete and thorough history and physical examination, laboratory analyses,
and radiological studies may be undertaken to further characterize the expo-
sure and effect. For significantly compromised patients, a typical “chemistry
panel” (providing electrolytes, blood urea nitrogen, creatinine, and indirectly
the anion gap), a complete blood count, arterial (or venous) blood gas, and lac-
tate are reasonable studies. Urine or serum ketones may be required to deter-
mine the etiology of acidemia. Female patients benefit from an assessment of
pregnancy status. It is useful to determine a serum acetaminophen concentra-
tion in suicidal patients or those with altered consciousness, as patients with
significant acetaminophen poisoning may present without a toxidrome. Serum
acetaminophen is detectable in 2–3% of patients without a reported history of
ingestion; treatable concentrations are found slightly less frequently [21, 22].
Toxin-specific studies and other serum determinations are often not rapidly
returned and should be obtained only if suggested by the history, physical
examination, or bedside testing. Urine drug screening (UDS) is of minimal use
in the acute management of intoxication. Results are not typically returned for
hours; a reported “positive” substance may not be the proximate cause of the
presenting condition (as the measured metabolites may persist in urine for
days to weeks); and the UDS lacks sensitivity and specificity (particularly for
opioids, benzodiazepines and other sedative-hypnotics, and amphetamines).
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Selected patients may benefit from methods to alter toxin pharmacokinet-
ics – limiting exposure. A discussion of these modalities and their risks and
benefits occurs in the following section. Ultimately, patients will require dis-
position depending of severity of presentation and anticipated sequelae,
which may range from admission to intensive care units, cardiac monitoring
(telemetry) units, ward beds, continued emergency department evaluation, to
discharge. A psychiatric assessment and social assessment, when appropriate,
should precede release from medical care. Appropriate and early consultation
with medical toxicologists or regional poison centers may also assist with
diagnosis and management. In the U.S., this has been simplified by a uniform
telephone number (1.800.222.1222) for regional poison center consultation.
The International Programme on Chemical Safety (IPCS) maintains a world
directory of poison centers (http://www.who.int/ipcs/poisons/centre/direc-
tory/en/).

Adjuncts to alter toxicant pharmacokinetics

Adjuncts to alter toxicant pharmacokinetics aim to minimize systemic expo-
sure (either by decreasing absorption or increasing elimination) or to minimize
exposure of a target organ or tissue compartment. In practice, this is achieved
by expulsion or removal from the upper gastrointestinal tract (induced emesis,
gastric lavage, or endoscopy); intraluminal binding to adsorptive materials
(activated charcoal); or increasing intestinal transit time (cathartics and whole
bowel irrigation). Endogenous elimination may be improved by more effective
urinary clearance (urinary alkalinization and forced diuresis), improved hepa-
tobiliary clearance, or “gut dialysis” with multiple-dose activated charcoal.
Rarely, hepatic metabolism is altered to preclude ultimate toxicant formation
(e.g., cimetidine to mitigate production of dapsone’s methemoglobinemia
inducing metabolite). Exogenous clearance utilizes hemodialysis, charcoal
hemoperfusion, continuous renal replacement therapies, and exchange trans-
fusion. All the adjuncts attempt to shift where a patient lies upon a particular
dose-response curve (Fig. 2).

Drug recovery following gastrointestinal emptying techniques has been
inconsistent; human studies attempting to demonstrate a survival benefit of
any decontamination modality are inconclusive. Randomized trials in which a
control group might not receive any decontamination could be considered
unethical; volunteer studies using sublethal doses of xenobiotic cannot show
mortality benefit. As might be anticipated from the fact that supportive care
suffices for the majority of poisoned patients, a typical study of routine admin-
istration of charcoal following oral overdose of primarily benzodiazepines,
acetaminophen, and selective serotonin reuptake inhibitors could not demon-
strate benefit [16, 17, 23]. Past studies have suffered from significant exclu-
sions. Recommendations are based both on theoretical grounds (animal and in
vitro studies demonstrating lower peak serum concentration or faster serum
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clearance) and human studies with surrogate endpoints such as marker studies
or area under the curve of plasma concentration versus time (AUC) improve-
ment. Aggressive detoxification may be required for certain lethal toxins for
which few antidotal options exist.

Most gastric emptying techniques are thought to be relatively ineffective
beyond 1 hour. These constraints diminish possible benefit. For example, the
median time from ingestion to arrival at a health care facility is on the order of
2 hours, and only about 10% of patients can be lavaged within the idealized
1-hour time frame [24]. Although in ideal situations (patients presenting early
to experienced health care providers with readily available ipecac syrup) pill
retrieval averages 45–55%, ipecac’s benefits can be completely negated when
administration is delayed as briefly as 30 min [25–28]. When orogastric lavage
is performed by experienced providers within 5 min of ingestion, clinical man-
ifestations of ingested xenobiotics have been prevented [29]. Practically, effi-
cacy of tablet retrieval rates reduces to 45% in some cases and improvements
in AUC vary from zero to 60% (averaging ~35%) [27, 30–32]. Similarly,
restricting activated charcoal (AC) administration to patients presenting to
health care within the first hour post ingestion would exclude up to 90% of
poisoned patients from the potential benefits of AC when administered beyond
an hour [24, 33]. Earlier administration of AC is more efficacious [34].
However, home and prehospital use of AC decreases the time to treatment, but
has not improved clinical outcomes [35]. Drugs with opioid or anticholinergic
properties that decrease peristalsis or particularly large ingestions, which inde-
pendently decrease intestinal motility, may modify decision making in delayed
presentations [36, 37].

Figure 2. Adjuncts to alter toxicant pharmacokinetics attempt to shift where a patient lies upon a par-
ticular (idealized) dose-response curve. Risk will likely outweigh benefit if the patient begins at point
A (negligible morbidity and mortality) and systemic exposure is reduced to B. This is the case for
many drug poisonings which are managed effectively by supportive care alone. Decontamination
might provide significant benefit if the patient lies upon the steep aspect of the curve [reduction from
C to D – the same fixed amount as from A to B (although a percentage reduction could also be envis-
aged)]. With overwhelming overdose (point E), despite decontamination, benefit would be unlikely
(point F).
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Independent of side effects, the efficacy of one modality over another or
combination therapy is debated. Some studies rate ipecac syrup more effica-
cious than orogastric lavage, but most studies have found little or no differ-
ence, and neither has been shown to be more effective than spontaneous eme-
sis [26, 27, 31, 38]. AC has demonstrated ~50% better reductions in AUC than
ipecac, which may improve or worsen its efficacy [31, 39, 40]. Gastric lavage
adds no benefit to AC, except for the most critically ill patients [34, 41, 42].
Compared directly, AC has better impact than lavage on AUC and clinical
effect [29, 31, 43]. Data are equivocal regarding whole bowel irrigation’s abil-
ity to function similar to multiple-dose AC (MDAC) as a medium for “gut dial-
ysis” [44, 45].

Syrup of ipecac

Syrup of ipecac is obtained from a root extract of the Amazonian flowering
plant Psychotria ipecacuanha [46]. Its active alkaloid components, cephaeline
and emetine, induce emesis via local irritation and central stimulation of
5-hydroxytryptamine (serotonin) 5-HT3 receptors [47]. Following appropriate
dose (10 mL for infants, 15–20 mL for children under 12, and 30 mL other-
wise), roughly 90% of patients have a first episode of emesis within 20 min
[48, 49]. Patients average three episodes in 30 min [50]. However, since
ipecac’s removal from most homes, the median time to administration in the
acute care setting is delayed on the order of an hour, with only one-third of
patients successfully vomiting within the first hour post ingestion [51].

Indications for ipecac are limited. A routinely cited example is a patient
known to have taken multiple lithium tablets, which do not bind AC and may
not fit through a lavage tube, who presents early to health care [50]. The
American Academy of Pediatrics no longer recommends ipecac syrup for
home use; ipecac use does not impact outcomes or decrease utilization of
emergency services [52, 53]. Ipecac may or may not have a role in other rare
ingestions that mandate gastrointestinal decontamination, but are not amenable
to orogastric lavage, AC, whole bowel irrigation, or an antidote; the patient
must present alert and early (<60 min post ingestion) to medical care [50].

Unsurprisingly, ipecac’s most common side effect is persistent emesis. As
many as eight emetic episodes occurring more than 60 min after ipecac admin-
istration have been reported [54]. This impairs administration of oral thera-
peutic agents, as induced emesis can last up to several hours [55]. Prolonged
vomiting associated with induced sedation or absent airway reflexes increases
the risk of aspiration bronchospasm, pneumonitis, and pneumonia [28, 50].
Other life-threatening side effects have been reported, including bradycardia,
CNS depression, Mallory-Weiss esophageal tears, pneumomediastinum, pneu-
moretroperitoneum, and intracranial hemorrhage [50]. Emesis of caustics re-
exposes damaged esophageal mucosa to the caustic agent. Analogous pul-
monary aspiration concerns accompany induced emesis of hydrocarbons.
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Orogastric lavage

Orogastric lavage is performed via a large bore orogastric tube (adults, 36–40
French; children, 24–28 French) with fenestrae large enough to accommodate
whole tablets [32]. Serial 500-mL aliquots (100–250 mL in pediatric patients)
of normal saline or lactated Ringer’s solution are administered and suctioned
until retrieved liquid is clear. Orogastric lavage can be expected to have its best
risk-to-benefit ratio when patients present early enough to have a significant
gastric burden, and when severe toxicological effects are manifest or expected
to become manifest [32, 42]. Because advancement of stomach contents does
occur despite proper left lateral decubitus positioning [26], AC (see below) is
sometimes provided prior to crystalline lavage [32, 43].

Introduction of a large, relatively rigid tube requires a cooperative patient
with a protected airway (typically an endotracheal tube if the patient is ill
enough to warrant gastric lavage). Orogastric lavage risks hypoxia, dysrhyth-
mia, laryngospasm, hypothermia, gastrointestinal or pharyngeal traumatic lac-
eration or perforation, fluid and electrolyte abnormalities, and vomiting with
subsequent aspiration pneumonia [32, 56, 57].

Activated charcoal and multiple-dose activated charcoal

AC is a convoluted macromolecule created via pyrolysis of carbonaceous
material and subsequently “activated” with steam to further increase surface
area [58]. The multiple pores of various size on the surface of each macro-
molecule of AC account for its high adsorptive affinity for a multitude of xeno-
biotics – particularly chemical species that are nonionized, aromatic, and/or
branched [34, 53, 59]. Maximal xenobiotic binding occurs in 10–25 min [60].

AC decreases AUC by as much as 60%, seems to improve clinical outcomes
for critically ill patients, and may benefit in certain poisonings such as acet-
aminophen [31, 40, 61, 62]. It also increases the rate of endogenous clearance
of drugs with long half-lives and some degree of entero-enteric or entero-
hepatic circulation [59, 63, 64]. Those findings suggested the use of MDAC as
a “gut dialysis” for toxins with slow pharmacokinetics [65, 66]. A meta-analy-
sis of volunteer studies demonstrated increased clearance of xenobiotics with
longer half-lives, but not necessarily improved clinical outcome [67, 68].
MDAC has enhanced amitriptyline, carbamazepine, dapsone, dextromethor-
phan, phenobarbital, phenytoin, quinine, and theophylline elimination,
although without definitive clinical benefit in controlled trials [63, 64, 69].
Two studies provided conflicting results for survival benefit of MDAC for yel-
low oleander poisoning [70, 71].

The fraction of unbound xenobiotic decreases as the charcoal-to-toxin ratio
increases from 2.5:1 up to 50:1, although the yield curve levels off near 10:1
[59, 72]. In theory, the dose of AC administered to a poisoned patient would
be ten times the mass of ingested xenobiotic, but those values are unknown in
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most clinical situations [73]. AC is practically dosed based on the patient’s
weight (1 g/kg), which can be divided into multiple smaller doses to be admin-
istered every 2–4 hours [59]. Although optimum dosing is unclear, MDAC is
administered hourly, every 2 hours, or every 4 hours at a dose equivalent to
12.5 g/hour [66]. Pediatric charcoal doses are lower due to generally smaller
ingestions and gut capacity. The total dose administered is the major determi-
nant of efficacy particularly for larger overdoses, and can be administered
continuously [74].

Emesis occurs in up to 12% of patients receiving AC; patients receiving AC
via nasogastric tube or who vomited previously are at greater risk for emesis
[75, 76]. Rarer complications include aspiration and intestinal obstruction or
perforation [55, 59, 77, 78]. Aspirated AC may produce bronchiolitis obliter-
ans, acute respiratory distress syndrome (ARDS), and death [79]. AC adheres
to mucosa and obscures endoscopy; mineral acids and bases will not adhere to
charcoal. AC poorly adsorbs short chain alcohols and metals such as iron,
lead, and lithium [80]. AC administration requires an intact mental status or
protected airway. Flavoring agents increase the palatability of AC for volun-
teers, but poisoned patients do not show increased compliance/tolerance with
flavored AC [81].

Cathartics

Cathartics induce watery evacuation of bowel within a few hours. Hyper-
osmotic cathartic agents such as sorbitol are non-absorbed, osmotically active
substances that draw water into the lumen, where increased intestinal volume
and pressure promote peristalsis. So-called “saline” cathartic agents such as
magnesium salts also directly stimulate smooth muscle to induce peristalsis
[82]. Cathartics alone are not recommended for ingested poisons [83].
Cathartics have many adverse effects, including volume depletion, hyperna-
tremia, hypermagnesemia, hyperphosphatemia, hypocalcemia, metabolic
alkalosis, pain, nausea, emesis, and flatus [84, 85]. Sorbitol or laxatives are
sometimes used in conjunction with the first dose of AC. While theoretically
beneficial – minimizing the possible constipation of AC or promptly deliver-
ing AC to the duodenum, they do not increase the efficacy of AC [74, 86, 87].
Sorbitol is implicated in the fluid/electrolyte changes that occur with MDAC:
hypermagnesemia, hypernatremia, and volume depletion [55, 84, 88].
Repetitive cathartic doses have been associated with rectal prolapse and death
[89, 90].

Whole bowel irrigation

Whole bowel irrigation (WBI) employs polyethylene glycol (PEG), a large,
non-absorbable organic polymer and an electrolyte lavage solution (ELS) is-
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osmotic to serum. Large PEG-ELS volumes are introduced into the alimenta-
ry canal with less risk for fluid and electrolyte shifts caused by traditional
cathartics. PEG-ELS provides non-viscous bulk for rapid transit of material in
a normally functioning gastrointestinal tract. WBI should induce evacuation
within 60 min, but requires 6 hours on average for complete effect. Reported
improvements in AUC are modest given the more rapid absorption time for
most pharmaceuticals [91]. However, reduction in AUC can be as high as 30%
with poorly absorbed products or modified release preparations [92]. WBI
might be considered for slowly absorbed significant ingestions such as iron,
lead, and lithium, as well as modified-release preparations of β-adrenergic
antagonists, bupropion, calcium-channel antagonists, carbamazepine, and
theophylline [93–96]. WBI is also employed to rid patients of enterally trans-
ported illicit substances which produce toxicity upon packet rupture or leak-
age (e.g., cocaine, heroin, and methamphetamine) [97].

Standard dosing protocols are 1.5–2 L/h (25 mL/kg per h) enterally until
rectal effluent is clear [92]. At this point, intestinal contents are assumed to
have been displaced, although this is not always true [91, 98]. Nasogastric tube
placement is generally required to sustain compliance with the large volume
requirements, and pretreatment with an antiemetic is prudent [98]. WBI may
produce nausea, vomiting, cramping, and flatus. PEG-ELS for colonoscopy
has precipitated colonic perforation [99]. Unintentional bronchial administra-
tion of PEG-ELS can produce acute lung injury [100]. Ileus, obstruction, per-
foration or threatened perforation should preclude WBI; a protected airway is
required. Desorption of toxins from AC by PEG has been demonstrated in vitro
and in vivo [93, 101].

Endoscopy and surgery

Support for endoscopic therapy consists of limited case reports of retrieval in
ingestions of cocaine packets, lead pellets, and medication such as sustained
release calcium channel antagonists, clomipramine, iron, and meprobamate
[102–106]. The procedure might be warranted for certain ingestions or cases
of pharmacobezoar formation of toxic substances. Complications include per-
foration, aspiration, hemorrhage, and anesthetic-associated hemodynamic
changes. When endoscopy fails, surgery may be required for definitive
removal [107, 108]. Surgery may be required in patients with enterally trans-
ported illicit substances either due to failure of passage (with or without WBI),
obstruction, or severe toxicity upon packet rupture or leakage [109, 110].

Urinary alkalinization

Weak acids in an alkaline environment exist predominantly in ionized form.
Biological membranes are relatively impermeable to these charged molecules.
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Alkaline serum thus inhibits the diffusion of acidic toxins (low pKa) across cel-
lular membranes. Similarly, an alkaline urinary pH promotes renal sequestra-
tion (or “ion-trapping”) of acidic species from the systemic circulation. The
relative intolerance of biological systems to acidosis limits the effectiveness of
converse urinary acidification (via ascorbic acid or diluted HCl solutions) for
renal sequestration of weak bases.

Critically ill patients may have reduced drug clearances due to decreased
hepatic and renal perfusion, and thus interventions that increase clearance/
elimination have the potential to significantly reduce toxicity [111]. Alkalini-
zation improves renal elimination of chlorpropamide, 2,4-dichlorophenoxy-
acetic acid, diflunisal, fluoride, mecoprop, methotrexate, phenobarbital, and
salicylate [112]. Urine alkalinization is considered first line therapy in patients
with moderate salicylism who do not meet hemodialysis indications.

Dosing of 1–2 mEq/kg of 7.5–8.4% bicarbonate provided over 1–2 min is
followed by “normal” bicarbonate infused at double the standard rate of i.v.
fluid maintenance. The “normal” bicarbonate solution is prepared by adding
three ampules of sodium bicarbonate (totaling 132–150 mEq) in 1 L 5% dex-
trose in water (D5W). The rate is titrated to maintain an alkaline urinary pH,
without exceeding a serum pH of 7.55 [112].

Alkalemia decreases ionized calcium. Volume overload may occur, particu-
larly in patients with congestive heart failure, acute renal failure, or end-stage
liver disease. Bicarbonate treatment induces hypokalemia. As the proximal
renal tubular cells conserve serum potassium by exchanging protons for uri-
nary potassium, this defeats urinary alkalinization. Therefore, maintaining a
normal serum potassium, with frequent monitoring and supplemental admi-
nistration and/or inclusion in the bicarbonate solution, are important compo-
nents of urine alkalinization.

Saline diuresis

Saline diuresis is utilized to improve excretion and minimize toxicity of over-
dose of ions such as magnesium, calcium, and lithium in patients who do not
meet hemodialysis indications [113–115]. Hypermagnesemia may occur with
excessive antacid use, gargling or ingesting magnesium sulfate compounds,
and iatrogenic error [113, 116]. Hypercalcemia can result from excess calcium
(in antacid tablets) or vitamin D ingestion or parenteral administration [117,
118]. Renal lithium toxicity presumably results from cytotoxic accumulation
of lithium entering via the apical epithelial sodium channel [119]. Ensuing
nephrogenic diabetes insipidus, characterized by increased water and sodium
diuresis, can result in dehydration, hyperchloremic metabolic acidosis, and
renal tubular acidosis. In volume depletion, activation of the renin-
angiotensin-aldosterone axis leads to active resorption of sodium, and thus
lithium, from the distal convoluted tubules. Therefore, adequate volume reple-
tion with saline is prerequisite for effective renal elimination of lithium.
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Boluses of 0.9% sodium chloride are administered until the patient is clini-
cally euvolemic. Saline infusion is then provided at 1.5–2 times a standard
maintenance rate. Throughout treatment renal function, urine output, and elec-
trolytes are monitored. Congestive heart failure, renal failure, or end-stage
liver disease moderate volume administration and make saline diuresis less
attractive than hemodialysis in significant ingestions. Loop diuretics such as
furosemide inhibit sodium resorption in the proximal convoluted tubules, and
would theoretically promote elimination of lithium as natriuretics. However,
these effects are countered by the action of the renin-angiotensin-aldosterone
axis on the distal convoluted tubules, and diuretics do not seem to improve out-
comes in lithium overdose or radiographic contrast exposure [120, 121].

Hemodialysis, charcoal hemoperfusion, and continuous renal replacement
therapies

In hemodialysis (HD) the patient’s blood is pumped through a circuit that
includes a cartridge consisting of thousands of semi-permeable, membrane-
lined capillary tubes. The blood traverses the cartridge counter-current to a cir-
culating buffered salt solution (a.k.a. dialysate) before returning to the
patient’s venous circulation. Diffusible molecules flow down their electro-
chemical gradient from the serum to the dialysate. Hemoperfusion (HP)
employs a similar circuit, but the cartridge is enveloped with AC (rather than
a circulating dialysate) to adsorb xenobiotics regardless of plasma protein
binding, and leave serum electrolytes largely unchanged. Continuous arteri-
ovenous or venovenous hemofiltration (CAVH or CVVH) employ lower pres-
sures and flow rates than HD over longer sessions for patients unable to toler-
ate HD or to remove xenobiotics with slow tissue redistribution [122, 123].
Peritoneal dialysis (PD) is ineffective in poisoning management, given its
inherently slow kinetics and the availability of HD [124].

Extracorporeal therapies may be warranted when criteria are met for both the
xenobiotic and the patient [125]. Favorable dialyzable toxin properties include
low volume of distribution (Vd), relatively low molecular weight, and poor
serum protein binding (or binding that worsens in overdose, as is the case for
salicylate and valproate) [126]. Patient characteristics suggesting extracorpore-
al therapy include signs or symptoms of significant end organ toxicity; impaired
elimination secondary to baseline comorbidities or critical illness-induced
hypoperfusion; inability to tolerate or refractory to antidotal strategies (such as
bicarbonate or saline); inadequate response to supportive care measures; con-
current electrolyte derangements (e.g., metformin-associated lactic acidosis); or
serum drug concentrations historically associated with severe outcome [127].
Traditionally, charcoal HP was used for xenobiotics significantly bound to plas-
ma proteins, but its use is declining while (high-flux membrane) HD increases.

Methanol, ethylene glycol, salicylates, lithium, halides, theophylline, and
metformin-associated lactic acidosis are commonly treated with dialysis [125].



S.W. Smith410

HD is used for valproate and carbamazepine poisoning; however, in the
absence of high-flux dialysis membranes, the characteristics of charcoal HP
may more appropriately address the larger Vd and protein binding [128].

Common side effects of extracorporeal elimination include hypotension,
bleeding, and infection. Enhanced clearance of therapeutic medications and
antidotes (e.g., antibiotics, fomepizole, N-acetylcysteine, water-soluble vita-
mins) may occur. The need for dialysis must be anticipated early; several hours
of preparation time may be required to secure vascular access, equipment, and
personnel.

Exchange transfusion

Exchange transfusion is a total blood volume exchange administered in small
aliquots. Serial frequent phlebotomy of a small amount of circulating blood
occurs with simultaneous transfusion of equivalent donor blood. This process
is repeated until two to four vascular volumes have been exchanged. While the
procedure is very rarely used for toxin removal, exchange transfusion is more
familiar to clinicians treating severe hemolytic diseases of the newborn, hyper-
bilirubinemia without hemolysis, and sickle cell crisis.

Exchange transfusion removes xenobiotics that are large or bound to plas-
ma proteins, such as thyroxine, iron, or theophylline [129, 130]. For life-
threatening ingestions, exchange transfusion is a viable option for neonates
and infants whose immature vasculature cannot tolerate extracorporeal elimi-
nation modalities or in institutions lacking pediatric dialysis capacity.
Exchange transfusion has been successfully employed in pediatric iron, iso-
niazid, phenobarbital, salicylate, theophylline, and vincristine overdose
[129–134]. It has also been suggested for refractory drug-induced methemo-
globinemia [135]. Whole blood exchange was utilized in an adult with a 50-
fold cyclosporine dosing error [136]. Anticipated complications arise from
vascular access, bleeding, hypoglycemia, hypotension, and blood product
administration (immune-mediated reactions, blood incompatibility, and infec-
tions).

Toxicant-induced hyperthermia

Several hyperthermic syndromes are caused by xenobiotics. These are gener-
ally spectrum disorders, whose features may overlap with other conditions
such as CNS infection, agitated delirium, and sepsis. Malignant hyperthermia
(MH) occurs in patients with an autosomal-dominant defect in genes encod-
ing the skeletal muscle ryanodine receptor (RyR-1) or the voltage-gated calci-
um channel (Cav1.1) who are exposed to volatile anesthetics or depolarizing
muscle relaxants (succinylcholine) [137]. Hypomagnesemia may increase the
probability and possibly severity of an MH event [138]. The subsequent rapid
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increase in myoplasmic calcium concentration increases muscle metabolism
and heat production and produces muscle contractures and hyperthermia.
Neuroleptic malignant syndrome (NMS) is characterized by high fever, auto-
nomic instability, altered mental status, and muscle rigidity. Potent antipsy-
chotics (neuroleptics) such as haloperidol and other medications (metoclo-
pramide, droperidol, and promethazine) with significant dopamine antago-
nism, as well as abrupt cessation of dopaminergic agents such as those used in
Parkinsonism, can precipitate this life-threatening syndrome [139]. NMS typ-
ically develops over several days and is characterized by ‘’lead-pipe’’ rigidity
[139]. Drugs that impair serotonin breakdown or re-uptake, those that act as
serotonin precursors or enhance its release, or those that are serotonin agonists
may lead to serotonin syndrome. Like NMS, serotonin syndrome is a spectrum
disorder for which various signs and symptoms have been proposed to estab-
lish diagnosis (e.g., Sternbach and Hunter criteria) [140, 141]. In its most
severe form it consists of high fever, autonomic instability, altered mental sta-
tus, and may have associated diaphoresis, shivering, tremor, diarrhea, or spon-
taneous clonus. In serotonin syndrome, onset of symptoms is usually rapid,
with 60% of patients with the serotonin syndrome presenting within 6 hours
of drug exposure, and tremor and hyperreflexia predominant in the lower
extremities may be a prominent feature [142]. Sympathomimetic-associated
hyperthermia, seen with acute intoxication with cocaine, amphetamines, sub-
stituted amphetamines, and phencyclidine, may be clinically indistinguishable
from serotonin syndrome [143]. Additionally, the agitated delirium engen-
dered by these agents may be difficult to distinguish from that induced by
hyperthermia itself. Patients with anticholinergic-associated hyperthermia will
generally present with a compatible “toxidrome” – agitation; mydriasis; dry,
hot, and erythematous skin; hypoactive bowel sounds; and urinary retention.
While rare, thyrotoxicosis factitia, the ingestion of excess thyroid hormones
due to inadvertent intake (pharmaceutical or food contamination), misuse
(dieting), or significant intentional ingestion may produce hyperthermia [144,
145]. Hyperthermia may accompany toxicity with agents that uncouple oxi-
dative phosphorylation (e.g., salicylates, dinitrophenol, pentachlorophenol)
[146].

Multiple medications can also complicate or contribute to environmental
hyperthermia. Several reviews and epidemiological data from major heat
waves have demonstrated that anticholinergics, antiepileptics, antihistamines,
antihypertensives in general and diuretics in particular, antipsychotics, and
others contribute to excess morbidity and mortality [147, 148]. Conversely,
exogenous heat stress can increase mortality from specific xenobiotics. In an
urban setting at ambient temperatures above 31.1 °C, the mean daily number
of fatal cocaine overdoses increased markedly [149].

Regardless of the cause for the hyperthermic syndrome, cessation of any
possible offending or contributing agents and rapid cooling is critical. The
degree of hyperthermia produced correlates with death and neurotoxicity in
animal models, and temperature normalizing intervention is critically impor-
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tant in attenuating CNS injury and mortality [150]. Studies from the Chicago
and France heat waves show that this is rarely done in a timely manner (if at
all) in cases of environmental hyperthermia, with devastating results [147,
148]. The benefits of rapid cooling by ice water immersion were demonstrat-
ed over 80 years ago [151]. A large review concluded that cooling methods
based on evaporative heat loss are less efficient than immersion in ice water in
dissipating heat [152]. Additional studies demonstrate that cooling rates of up
to 0.15–0.20 °C/min can be achieved with immersion, two to three times that
of evaporation [153, 154]. Regardless of the method used, effectiveness should
be repeatedly assessed.

Sedation with benzodiazepines and rigorous supportive care are necessary
adjuncts in significant cases. This is primarily accomplished with titrated
doses of benzodiazepines to inhibit muscle rigidity and control agitation.
Animal models have demonstrated the benefit of benzodiazepines in prolong-
ing survival, preventing seizure, and attenuating agitation in the toxicological
hyperthermias [155, 156]. Phenytoin is ineffective in animal models [157].
Phenothiazines and butyrophenones, while reported, may have delayed onset
and compromise mental status, lower seizure threshold, impair heat dissipa-
tion, and worsen hypotension [143].

Neuromuscular paralysis may be required to limit further heat generation in
cases of NMS, serotonin syndrome, and sympathomimetic-associated hyper-
thermia. As the pathophysiology of MH is beyond the neuromuscular junction,
paralytics are unlikely to provide benefit. Rapid i.v. administration of dantro-
lene, a direct-acting skeletal muscle relaxant, is the only drug proven effective
for prevention and treatment of MH. Dantrolene disrupts the pathogenic exci-
tation-contraction coupling by acting at RyR-1 to suppress depolarization-
induced sarcoplasmic reticulum calcium release and normalize the voltage
dependence of contractile activation [158]. Reversal of increased myotube sen-
sitivity may also play a role [159]. Intravenous 2–3 mg/kg dantrolene is
repeated until symptoms are controlled or 10 mg/kg (or more) has been admin-
istered. Following initial treatment, 1–2 mg/kg i.v. or per os is given every
6 hours for 24–72 hours to prevent recurrence. Dantrolene is packaged in vials
containing 20 mg dantrolene sodium; thus, multiple vials are needed for treat-
ment of adult patients. A large review of NMS cases did not suggest a benefi-
cial role for dantrolene, although one case-controlled analysis found benefit
[160, 161]. Bromocriptine, a dopamine agonist, has been used (off-label) to
treat NMS at doses ranging from 5 to 20 mg every 6 hours [143]. Common
side effects include hypotension, dyskinesia, erythromelalgia, and hallucina-
tions. Cyproheptadine, developed as an antihistamine, additionally antago-
nizes 5-HT2 receptors. Cyproheptadine for serotonin syndrome (off-label) is
initially used in a dose range of 4–12 mg, followed by 2 mg every 2 hours for
persistent symptoms; upon symptom control, 8 mg maintenance dosing is pro-
vided every 6 hours [142]. The tablet form necessitates administration orally
or crushed via nasogastric tube.
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Analgesic and anti-inflammatory antidotes

N-Acetylcysteine

N-Acetylcysteine (NAC) provides an effective means of prevention and treat-
ment of acetaminophen (N-acetyl-p-aminophenol, APAP; paracetamol)-
induced hepatotoxicity. NAC is also employed to preclude radiographic con-
trast-induced nephropathy [162]. The ultimate toxicant of APAP, N-acetyl-p-
benzoquinone imine (NAPQI) generated primarily by CYP2E1 and CYP3A4,
depletes glutathione (GSH), binds intracellular components, and, through an
incompletely understood process, produces hepatic injury, centrilobular necro-
sis, or hepatic failure [163, 164]. NAC works by multiple mechanisms. It aug-
ments APAP sulfation to a nontoxic metabolite, it acts as a glutathione precur-
sor or glutathione substitute to detoxify NAPQI, and possibly reverses NAPQI
oxidation [165, 166]. NAC provides substantial benefit even in cases of
delayed presentation following overdose [167]. Extra-hepatic benefits of NAC
include improving cardiac index and systemic mean oxygen delivery despite
decreasing systemic vascular resistance [168]. In a range of hepatic disorders,
NAC improved baseline oxygen delivery, oxygen consumption, and dye clear-
ance in a majority of patients [169]. Liver blood flow and cardiac index
improved in septic shock patients provided NAC [170]. Only L-NAC is bene-
ficial. Animal experiments demonstrate that the L-isomer, derived from physio-
logical L-cysteine, prevents hepatotoxicity and provides prolonged elevations
of hepatic glutathione [171]. Nonphysiological D-NAC cannot increase glu-
tathione stores or prevent hepatotoxicity, despite increasing acetaminophen
sulfation [172].

According to Rumack [163], the oral NAC dosing strategy was reached by
estimating the absorption and turnover rate of glutathione at 6 mg/kg per h and
an FDA safety factor of 3, to yield 70 mg/kg every 4 hours [6 (mg/kg per h) × 4
(h) × 3 (safety factor) = 72 ≈ 70 mg/kg every 4 h]. There were several assump-
tions as to “normal” hepatic glutathione levels and APAP to NAPQI conver-
sion. A 140 mg/kg loading dose was added to provide an early high hepatic
dose. The 72-hour duration of oral therapy was based on previous observations
of multiple patients with prolonged APAP half-lives and a desire to implement
a protocol that would accommodate those with half-lives longer than 12 hours
(anticipating disappearance after five half-lives). While many have suggested
that the 72-hour oral course is excessive, particularly after APAP has disap-
peared from the serum, the optimal duration of therapy is unclear. Studies
assessing a shortened or “patient-tailored” approach have been small or metho-
dologically limited [173, 174].

The Rumack-Matthew nomogram guides initiation of NAC therapy in sin-
gle acute ingestions. The “treatment line” is anchored at an APAP serum con-
centration of either 200 μg/mL (“200 line”) or 150 μg/mL (“150 line”) at
4 hours post ingestion and decreased by 50% every 4 hours. The slope of the
treatment line does not reflect APAP kinetics. The “150 line” is utilized in all
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patients in the U.S. and Australia; in the U.K. and elsewhere the “200 line” is
employed, with a “100 line” modification for an array of individuals deemed
at “high-risk”: ethanol tolerant, those at risk for glutathione depletion (malnu-
trition, HIV, eating disorders, cystic fibrosis), pregnancy, and those prescribed
enzyme-inducing drugs (carbamazepine, phenytoin, phenobarbitone rifam-
pacin, isoniazid, etc.) [165, 175]. The U.S. multicenter study substantiated the
safety and efficacy of its approach [176]. Proponents of the “150 line” point to
the fact that 3.45–12.9% of patients above the “150 line” but below the “200
line” developed biochemical hepatotoxicity (aspartate aminotransferase, AST
>1000 IU/L at any time during their course) in the U.S. multicenter trial and
that patient deaths have occurred in untreated patients “between the lines”
[177, 178]. In patients presenting near 8 hours after ingestion, or if a level is
not available before 8 hours post ingestion, NAC is begun while awaiting
APAP results and then continued or stopped once the results are available and
have been plotted on the nomogram. If the time of ingestion is unknown or
more than 24 hours has passed, NAC is administered. When APAP concentra-
tion and transaminase results are obtained, if transaminases are elevated or if
measurable APAP exists, a full course of treatment is provided. With normal
aminotransferases and without detectable APAP, treatment is not required.
Concentrations obtained less than 4 hours post ingestion are not useful except
to completely exclude ingestion (i.e., it is useful only if the APAP concentra-
tion is undetectable). Ongoing absorption may place individuals above the line
at 4 hours, or metabolism or charcoal administration may result in a patient
falling below the nomogram at 4 hours. In cases of chronic ingestion
(>7.5 g/day in adult), laboratory evaluation and treatment are provided as for
an unknown time of ingestion. With elevated transaminases or measurable
APAP, NAC is provided.

Oral NAC is cheap and familiar to clinicians. It has minimal side effects
(other than vomiting and odor) and is preferred in patients with bronchospas-
tic disease. Its use can become problematic in cases where oral delivery is
compromised, e.g., in patients with depressed mental status, significant vom-
iting, or impaired gastric motility. Use of an anti-emetic is encouraged.

Intravenous NAC appears to be similarly efficacious to oral NAC and elim-
inates many delivery issues. It has a much shorter therapy course (21 hours),
expediting medical and psychiatric disposition. It avoids first pass metabolism
in cases where the liver is not the only target or interest, such as those with
cerebral edema or pregnancy. While i.v. NAC is slightly more expensive, total
hospital charges may be less due to decreased treatment time. Histamine-medi-
ated anaphylactoid reactions are more commonly seen with rapid i.v. loading
and in patients with lower APAP levels [179]. Mild reactions have been treat-
ed by slowing the infusion rate and providing i.v. diphenhydramine, although
this might alter NAC and APAP kinetics. Dosing complexity – 150 mg/kg in
200 mL of 5% dextrose over 1 hour, followed by 50 mg/kg in 500 mL of 5%
dextrose over 4 hours (12.5 mg/kg per h), and then 100 mg/kg in 1000 mL of
5% dextrose over 16 hours (6.25 mg/kg per h) – yields frequent administration
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errors [180]. The supplied 20% solution was too concentrated for children, and
dilution according to adult guidelines resulted in excess free water, and cases
of hyponatremia and seizures [181]. The current U.S. package prescribing
information (http://www.acetadote.net/PI_Acetadote_Revised_Apr09.pdf)
and dosage calculator website (http://www.acetadote.net/dosecalc.shtml) pro-
vide dosing and administration guidelines in patients of less than 40 kg.

In a study limited by different comparison groups, data acquisition method-
ology, treatment location and several other factors, 20-hour only i.v. NAC was
favored in patients with early presentation (<12 hours), whereas late presenta-
tion favored oral 72-hour NAC [182]. However, continuous i.v. infusion in
delayed presentations with APAP-induced fulminant hepatic failure showed
clear benefit in a prospective study [167]. Whatever the route, prior to cessa-
tion of NAC therapy, negative APAP concentrations and normal transaminas-
es must be ensured, particularly in cases of massive ingestion; hepatotoxicity
may follow premature cessation of therapy [183, 184]. The 16-hour mainte-
nance dose is continued in patients receiving i.v. NAC until APAP is unde-
tectable and transaminases are normal (or at baseline). Experimental evidence
and human case reports demonstrate both delayed absorption, delayed increase
following initial decline, and “crossing the nomogram” with extended-relief,
opioid- or anticholinergic-containing APAP products, or co-ingestants [185,
186]. In cases of hepatic failure, i.v. NAC is continued until resolution, trans-
plant, or death.

Anticholinergic antidotes

Physostigmine

Historically, physostigmine (eserine), a reversible carbamate inhibitor derived
from the seed (Calabar bean) of the vine Physostigma venenosum Balfour, was
used in the ancient trial by ordeal [187]. Medicinal use of physostigmine was
first reported in 1864 to reverse severe atropine poisoning [188]. Naturally
available (–)-physostigmine is over 100 times more effective in inhibiting
acetylcholinesterase and butylcholinesterase in tissue, erythrocytes, and serum
in humans and animal models than its stereoisomer [189, 190]. This activity
depends upon interactions within the hydrophobic pocket of the acetyl-
cholinesterase active center, which is distinct from the catalytic site [191].
Additionally, physostigmine binds nicotinic receptors close to, but distinct
from, the acetylcholine binding site on the α-subunit [192]. At low doses,
physostigmine functions as an ineffective nicotinic receptor agonist, while at
higher doses it produces marked channel blockade.

Physostigmine’s nonspecific analeptic properties [8] are no longer consid-
ered useful in overdose, given the clear benefits of supportive care.
Indiscriminate use of physostigmine and an incomplete understanding of the
pathophysiology of tricyclic antidepressant (TCA) poisoning was associated
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with bradydysrhythmias including asystole, seizure, and several deaths [193,
194]. In animal models, physostigmine is ineffective in attenuating TCA-
induced seizures [195]. It failed to abolish dysrhythmias, decreased blood
pressure, and at high doses enhanced TCA toxicity [196]. Physostigmine is
currently recommended as a diagnostic and therapeutic agent for antimus-
carinic poisoning [197]. Patients should have clear peripheral or central mani-
festations of the anticholinergic toxidrome. As a tertiary amine, physostigmine
can cross the blood-brain barrier to reverse the central effects. An ECG should
exclude sodium or potassium channel blockade (QRS or QT prolongation).
Excessive physostigmine will produce a cholinergic syndrome, with mus-
carinic and nicotinic effects. As the adverse effects of bradycardia and bron-
chorrhea can produce significant morbidity, continuous cardiac monitoring
and immediate access to atropine are recommended during physostigmine
administration. Physostigmine, 1–2 mg in adults and 0.02 mg/kg (maximum
1.0 mg) in children is infused slowly over at least 5 min [198]. Repeat doses
every 10–15 min can be provided if an adequate response does not occur and
adverse effects are absent. Re-bolusing may be required in the setting of
antimuscarinics with a prolonged duration of action.

Anticonvulsant antidotes

L-Carnitine

The anticonvulsants include carbamazepine, ethosuximide, felbamate, gaba-
pentin, lacosamide, lamotrigine, levetiracetam, oxcarbazepine, phenobarbital,
phenytoin, pregabalin, primidone, tiagabine, topiramate, valproic acid (VPA),
vigabatrin, and zonisamide. These drugs enjoy widespread approved and off-
label use for additional conditions, e.g., fibromyalgia (pregabalin); neuropathy
and neuropathic pain (carbamazepine, gabapentin, lamotrigine, levetiracetam,
and pregabalin); panic disorder (tiagabine); migraine prophylaxis and treatment
of obesity, ethanol dependence, and depression (topiramate); and bipolar disor-
der (carbamazepine, lamotrigine, and VPA). Treatment of anticonvulsant over-
dose is largely supportive, with particular attention to the CNS-depressant and
cardiovascular effects of some of these agents. L-(R)-Carnitine exists as the sole
specific antidote in this class for significant VPA (di-n-dipropylacetic acid,
2-propylpentanoic acid) poisoning. Patients with drug-associated mitochondrial
toxicity (particularly from nucleoside analogs) and anthracycline cardiotoxicity
might also benefit from its administration [199, 200].

The anticonvulsant properties of VPA derive from its ability to increase
γ-aminobutyric acid (GABA) availability via inhibition of GABA transami-
nase and succinic semialdehyde dehydrogenase, to attenuate N-methyl-D-
aspartate (NMDA)-type glutamate receptor excitatory effects, and to slow the
rate of recovery from sodium channel inactivation [201–203]. Additionally,
VPA appears to affect inositol levels similar to lithium. Therapeutic concen-
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trations are 50–100 mg/L. Potentially toxic concentrations are greater than
120 mg/L. Oral absorption of VPA is excellent [204]. Peak plasma concentra-
tions are generally seen in 1–4 hours, although this may be markedly delayed
by overdose, enteric coating, or meals [205]. Manifestations of significant
VPA toxicity include CNS effects (lethargy, seizure, coma, cerebral edema),
respiratory depression, metabolic derangement (hypernatremia, hyperam-
monemia, hypocalcemia, metabolic acidosis, carnitine deficiency), gastroin-
testinal effects (nausea, vomiting, and abdominal pain), pancytopenia, pancre-
atitis, and hepatotoxicity [206, 207]. Valproate toxicity is seen both in inten-
tional acute overdose and in those on chronic therapy, either without adequate
carnitine supplementation or on complex regimes.

Cells attempt to metabolize the VPA that is not directly excreted or glu-
curonidated in a manner similar to other fatty acids (Fig. 3). Thus, VPA is con-
jugated with coenzyme A (CoA). Carnitine enters via an ATP-dependent trans-
porter. VPA is then transferred to carnitine, the normal mechanism for fatty
acids entry into the mitochondrion. However, VPA-carnitine both inhibits the
carnitine transporter and also diffuses out of the cell to be lost via renal excre-
tion [208]. Renal resorption of carnitine is also impaired [209]. These factors
contribute to intracellular carnitine depletion. Once VPA-carnitine is shuttled
into the mitochondrion, it is reattached to CoA. It then undergoes β-oxidation,
in an attempt to generate 2-carbon molecules for entry into the Krebs cycle.
The 2-en-VPA-CoA product is neurotoxic with a prolonged half-life. The ter-
minal 3-keto-VPA product traps CoA, leading to its mitochondrial depletion.
Decreased mitochondrial CoA yields decreased ATP production, diminishing
usable cellular energy currency and further limiting carnitine entry into the cell
(via an ATP-dependent carnitine transporter). Once carnitine is depleted, nor-
mal fatty acid metabolism cannot occur [206]. Fatty acid build up is thought to
underlie the Reye’s-like steatohepatitis, which can be seen in toxicity [210].
CoA is also needed to make N-acetylglutamate, an activator of carbamoyl-
phosphate synthetase I (CPS I), a critical enzyme in the urea cycle. When its
effectiveness is limited due to inadequate activator, ammonia cannot be incor-
porated, and consequently, its concentrations increase. Furthermore, as CoA is
depleted, β-oxidation shifts to omega (ω), or terminal carbon oxidation. This
creates (among others) the hepatotoxic 4-en-VPA product. 4-en-VPA addi-
tionally inhibits CPS I, further preventing nitrogen elimination and contribut-
ing to hyperammonemia.

L-Carnitine (levocarnitine) supplementation has been recommended to
reverse the adverse metabolic effects of VPA in cases of VPA-induced hepato-
toxicity, VPA overdose, and primary carnitine-transporter defects [211, 212].
Hyperammonemia and serum and muscle carnitine deficiency are well
described in patients chronically taking VPA [213–215]. Several studies and
case reports demonstrate that carnitine supplementation reverses clinical
symptoms, hypocarnitinemia, hyperammonemia, and VPA half-life prolonga-
tion in patients with toxicity due to chronic administration [216–218]. In
patients with acute VPA overdose, limited clinical and laboratory data derived
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from case reports also suggest that reversal of metabolic derangements and
improvement in clinical symptoms occurs when carnitine is provided
[219–221]. A single large retrospective analysis showed a significant survival
benefit with i.v. carnitine supplementation (with VPA cessation) in patients
with valproate-induced hepatotoxicity [222].

L-Carnitine dosing for cases of overdose is not currently evidence based. An
oral or i.v. dose of 100 mg/kg per day, divided and given every 6 hours (max-
imum daily dose 3 g), is provided to those patients with acute overdose and

Figure 3. Valproic acid (VPA) metabolism and toxic mechanisms (see text for details). Several addi-
tional valproate metabolites are omitted. Enzymes (italicized): ACoAS, acyl-CoA synthetase; CPS I,
carbamoyl-phosphate synthetase 1; CPT I, carnitine palmitoyltransferase I (reaction occurs on mito-
chondrial outer membrane); CPT II, carnitine palmitoyltransferase II (reaction occurs on mitochon-
drial inner membrane); and OTC, ornithine transcarbamylase. Substances: ATP, adenosine triphos-
phate; 2-, 3-, or 4-en-VPA, 2-propyl-2-, 3-, or 4-pentenoic acid; 3-, 4- or 5-OH-VPA, 3-, 4- or
5-hydroxy-2-propylpentanoic acid; 3-keto-VPA, 3-oxo-2-propylpentanoic acid; 2-PGA, 2-polyglutar-
ic acid; 4-keto-VPA, 4-oxo-2-propylpentanoic acid; and NAGA, N-acetylglutamate. Symbols: ⊕, ago-
nism or co-factor; ⊗, antagonism. Data used can be found in [201, 202, 204, 212, 482].
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asymptomatic hyperammonemia or hepatotoxicity in the absence of CNS
depression or metabolic derangement [211]. Symptomatic patients with hyper-
ammonemia or symptomatic hepatotoxicity should receive 100 mg/kg L-carni-
tine i.v. over 30 min (maximum 6 g), followed by 15 mg/kg every 4 hours over
10–30 min until clinical improvement occurs [211, 223]. Others have supple-
mented at the higher dosing strategy when VPA concentrations exceed
450 mg/L [224]. In addition, given the decrease in protein binding that occurs,
hemodialysis or hemoperfusion is recommended for patients with VPA con-
centrations exceeding 850–1000 mg/L or with severe clinical symptoms [202].

L-Carnitine is generally well tolerated. Side effects associated with carnitine
supplementation are nausea, abdominal discomfort, dose-related diarrhea, and
fishy body odor [223]. A small retrospective chart review found no adverse
effects or allergic reactions in VPA overdose patients administered carnitine
[225]. The current L-carnitine package inserts have no warnings or contraindi-
cations, but note that seizures have been reported to occur in patients, with or
without pre-existing seizure activity, who received either oral or i.v. L-carnitine
[226]. Up to 600 mg/kg per day for 5 days has been provided without compli-
cations [227]. The D-isomer and the racemate (D,L-carnitine) are contraindi-
cated. Historic use of racemic D,L-carnitine was associated with myasthenia-
like syndromes and cardiac dysrhythmias, which disappeared after L-carnitine
administration [228]. D-Carnitine also competitively depletes cardiac and
skeletal muscles and kidneys of L-carnitine [229].

Antihyperglycemic antidotes

Dextrose

Dextrose (D-glucose) is indicated to rapidly reverse organic or toxin-induced
hypoglycemia (e.g., from sulfonylureas, insulin, ethanol, salicylates, β-adren-
ergic antagonists, quinolines, pentamidine, ritodrine, and disopyramide) [230,
231]. Hypoglycemia onset may be significantly delayed with certain agents
(e.g., long-acting insulin or sulfonylureas). Limited CNS glycogen stores (in
astrocytes) and the inability to acutely use free fatty acids make the CNS par-
ticularly vulnerable to hypoglycemia [232]. Patients (and providers) may be
unaware of hypoglycemia in the absence of objective testing; both the count-
er-regulatory autonomic response and overt neurological deficit may be absent
[233, 234]. Additionally, significant neuroglycopenia and hypoglycemia-asso-
ciated delirium (particularly in salicylism) may occur despite a “normal”
peripheral blood glucose [235]. A wide range of clinical presentations have
been described, including diaphoresis, nausea, tachycardia, tremor, hypother-
mia, focal neurological deficits, and CNS agitation, confusion, or depression.
These are generally reversible upon prompt treatment. Untreated hypo-
glycemia may result in seizure, coma, and death. Hypoglycemic seizures
increase cerebral metabolic rate, contribute to ATP depletion, and produce irre-
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versible brain damage [236, 237]. For these reasons, when bedside testing is
unavailable, a risk-benefit calculation has generally favored empiric dextrose
administration in the absence of a very clear alternative history or explanation
for altered mental status.

Following a determination of absolute or relative hypoglycemia, 0.5–
1.0 g/kg i.v of age-appropriate dextrose containing solutions should be pro-
vided immediately – D50W (50 g/100 mL) in adults, D25W (25 g/100 mL) in
children, and D10W (10 g/100 mL) in neonates. Frequent re-evaluation of
response to therapy is required. Glucose uptake and distribution, hyper-
glycemia-induced insulin secretion in those with a competent pancreas, and
ongoing toxin exposure may cause recurrent hypoglycemia and necessitate
repeat dosing. Feeding, which provides significantly more calories than each
50 mL ampule of D50W (85 kcal according to one manufacturer [238]),
should be commenced as soon as practicable. While D10W “maintenance”
solutions may be subsequently required, at an infusion rate of 100 mL/h, this
concentration only provides 34 kcal per hour. Continuous infusion of more
concentrated solutions (e.g., D20W) requires a central venous catheter for
administration. Only the D-isomer is clinically useful. Most glucose trans-
porters (GLUTs) and the specific transporter required for facilitated diffusion
of glucose across the blood-brain barrier, GLUT1 (SLC2A1), have a high
affinity for D-glucose and negligible affinity for L-glucose [236, 239]. D-Glu-
cose is also generally favored over other D-glucose epimers such as D-mannose
or D-galactose.

D50W is hypertonic and may cause phlebitis or thrombosis at the site of
injection. Extravasations of solutions containing as low as 10% dextrose have
caused significant tissue injury and necrosis, particularly in young children
[240]. Pseudoagglutination of red blood cells may occur if concentrated dex-
trose solutions without electrolytes are administered simultaneously with
blood through the same infusion set [238]. Hypertonic dextrose administration
may also induce generally clinically irrelevant hypophosphatemia [241].

Octreotide

Octreotide acetate, a synthetic somatostatin analogue, is now favored in cases
of refractory hypoglycemia due to sulfonylureas or quinine. It is FDA
approved for treatment of acromegaly, carcinoid tumors, and vasoactive intes-
tinal peptide tumors [242]. It is a more potent inhibitor of insulin secretion
than the natural hormone [242]. In pancreatic β-islet cells, ATP generated from
glucose uptake and subsequent metabolism normally induces closure of the
ATP-dependent potassium channel by binding to its pore subunit (Fig. 4).
Sulfonylureas similarly induce channel closure after binding to a regulatory
(SUR1) subunit. Increased intracellular potassium triggers calcium entry
through voltage-dependent calcium channels, leading to increased cytosolic
calcium and insulin exocytosis [243, 244]. Additionally, ATP contributes to
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insulin vesicles movement and provides a substrate for protein kinase A
(PKA)-mediated phosphorylation. Octreotide binds to the somatostatin recep-
tor (primarily SSTR5) [243]. The subsequent effects continue to be explored
and include inhibitory calcium channel effects, inhibition of adenylyl cyclase,
and dephosphorylation of specific proteins required for movement and/or
docking of vesicles [243, 245, 246]. Octreotide effectively suppresses endoge-
nous insulin release in controlled studies in diabetics and in cases of sulfonyl-
urea overdose, but does not (and would not be expected to have) an effect on
exogenously administered insulin [247–249].

Several factors support octreotide usage following failure of initial dextrose
administration and feeding. Bolused dextrose may produce hyperglycemia and
thus subsequently stimulate an exaggerated insulin response, particularly when

Figure 4. Pancreatic β-islet cell mechanisms of insulin release and octreotide action (see text for
details). Enzymes and substances: AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic
adenosine monophosphate; GLUT2, glucose transporter 2; PKA, protein kinase A; SFU, sulfonylurea;
SSTR, somatostatin receptor. Symbols: ⊕, agonism or co-factor; ⊗, antagonism. Data used can be
found in [243–246].
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sulfonylureas persist. This contributes to recurrent (sometimes more signifi-
cant) hypoglycemia. A vicious cycle of serum glucose concentrations is de-
scribed in case reports and controlled trials following dextrose administration
after sulfonylurea exposure [249–251]. Additionally, as has been demonstrat-
ed, classic neuroglycopenic symptoms may not be present, and patients may
need to be admitted during periods when circadian sleep patterns would com-
plicate assessment. Octreotide administration also obviates the concern of ex-
cess water administration in pediatric patients receiving i.v. dextrose solutions.

Relatively few trials are available to judge the efficacy of octreotide for sul-
fonylurea-induced hypoglycemia. In one study, glipizide was used to induce
induced hypoglycemia (50 mg/dL) in eight healthy volunteers, who were then
resuscitated with dextrose infusion, diazoxide, or octreotide [251]. Dextrose
requirements were markedly less in patients provided octreotide and hypo-
glycemic events were markedly attenuated after all therapies were stopped.
One retrospective chart review of nine patients demonstrated that octreotide
significantly reduced the number of recurrent hypoglycemic events and dex-
trose requirement [252]. One prospective randomized controlled trial in 40
poisoned patients, despite a failure to control for carbohydrate intake and hav-
ing an unusual dosing strategy (a single octreotide 75 μg dose subcutaneous-
ly), demonstrated consistently higher glucose values for the duration for which
octreotide would be expected to be effective (6–8 hours) [253]. Controlled ani-
mal studies with 25–100 μg octreotide demonstrated a similar decrease in
hypoglycemic events [254]. The remainder of human clinical experience of the
effectiveness of octreotide in sulfonylurea overdose comes from abstracts, case
reports, and case series (e.g., [249, 250, 255–257]).

Pediatric experience in sulfonylurea overdose comes only in the form of
limited abstracts and case reports in children aged 12 months to 17 years [248,
258–260]. However, octreotide has been used for prolonged periods to treat
persistent hyperinsulinemic hypoglycemia of infancy [261, 262].

Two human studies examined the effectiveness of octreotide in quinine-
induced hypoglycemia. In one study of nine healthy volunteers, 50 μg/hour
octreotide as a continuous i.v. infusion abolished quinine-induced insulin
release [263]. The authors reported resolution of hypoglycemia in an addition-
al patient being treated with quinine for Plasmodium falciparum malaria. A
subsequent study in eight patients with P. falciparum malaria confirmed
octreotide suppression of quinine-induced hyperinsulinemia [264].

Optimal dosing of octreotide has not been definitively determined. Initial
doses of 40–100 μg subcutaneously in adults have been reported, although
50 μg every 6–8 hours is commonly provided [256, 265]. In children, an ini-
tial dose of 1.0–1.25 μg/kg is used, although up to 2.5 μg/kg (or more) has
been reported [258, 260]. Peak serum concentrations are achieved within
30 min after subcutaneous administration and within 4 min after a short
(3 min) i.v. infusion [266]. The elimination half-life (by either route of admin-
istration) is approximately 1.5 hours. In patients with severe renal impairment
(which may have contributed to sulfonylurea-induced hypoglycemia in the
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first place), the plasma clearance is reduced by 50% [266]. The subcutaneous
route is recommended due to longer duration of effect, as i.v. administration
has resulted in treatment failure [267]. Side effects are generally minimal.
Octreotide does inhibit gallbladder contractility and decreases bile secretion in
normal volunteers [242]. When octreotide has been used to reverse sulfonyl-
urea-induced hypoglycemia, bradycardia, hypokalemia, anaphylactoid reac-
tion, and hypertension and apnea have been reported [257, 259]. Other adverse
events include nausea, abdominal cramps, diarrhea, fat malabsorption and flat-
ulence [268]. Octreotide also suppresses glucagon release, although hypo-
glycemia has been a concern only in patients on long-term therapy for organ-
ic hyperinsulinemia [269].

Glucagon is not generally recommended to correct hypoglycemia. Glyco-
gen stores are frequently depleted by the time toxin-induced hypoglycemia
manifests; glucagon’s half-life (less than 20 min) is inadequate given the pro-
longed duration of the effect of sulfonylureas; and glucagon may exacerbate
hyperinsulinemia [258]. Diazoxide, an antihypertensive agent, which reduces
insulin release by opening the ATP-dependent potassium channel, is now of
historical interest due to associated hypotension, reflex tachycardia, nausea
and vomiting, and fluid retention [243, 265].

Antimicrobial antidotes

Pyridoxine

Since its introduction in 1952, isoniazid (INH, isonicotinic hydrazide, pyri-
dine-4-carbohydrazide) has remained a mainstay for treatment and prophylax-
is of mycobacterial infections [270]. The adult single tablet, 300 mg daily dose
(4.3 mg/kg in a 70 kg individual) targets a peak plasma concentration of
3–5 μg/mL [271]. Acute INH toxicity may occur following ingestion of
20 mg/kg INH; it is common above 35–40 mg/kg [272]. The relatively narrow
therapeutic window poses a significant risk for those with suicidal intent and
for those who ingest extra pills to “catch up” after a brief period of incomplete
compliance [273]. Historically, death rates of 21% were reported [274].
Seizures refractory to typical therapy, severe metabolic lactic acidosis, and
coma may occur as early as 30 min post ingestion due to the rapid and nearly
complete absorption of INH from the gastrointestinal tract. Seizures may occur
at lower doses in those with pre-existing susceptibility. Associated respiratory
failure, hypotension, and rhabdomyolysis may ensue. In patients provided
2.1–3.9 g (64–83 mg/kg) INH due to medication error, all experienced nausea
or vomiting, vertigo, and coma within 30 min to 6 hours after ingestion [275].
Abnormal generalized discharges as sharp and slow waves were seen on EEG
in all patients. Chronic INH toxicity may present with nausea, vomiting, hep-
atitis, hemolytic anemia, and neurological findings (restlessness, neuropathy,
cerebellar findings, and psychosis).
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The acute clinical effects are a product of the multiple biochemical actions
of INH, which lead to pyridoxine depletion and subsequent neuronal hyperex-
citability (Fig. 5) [272, 276–278]. INH hydrazones inhibit pyridoxine phos-
phokinase, which activates pyridoxine. INH hydrazines and hydrazides inacti-
vate active pyridoxal 5-phosphate. INH metabolites also complex with pyri-
doxal 5-phosphate, leading to increased urinary elimination. Glutamic acid
decarboxylase (GAD) and GABA transaminase (GABA-T) both require pyri-
doxal 5-phosphate as a co-factor. Inhibition of GAD exceeds that of GABA-T
[279]. The resulting GABA depletion and loss of neuronal inhibition is thought
to underlie seizure activity. Metabolic acidosis may be profound – survival has
been reported with a pH of 6.49 [280]. Seizure-associated lactate generation is
substantial; INH-induced metabolic acidosis does not develop in paralyzed
dogs (despite EEG evidence of seizure) [281]. Importantly, merely correcting
the acidosis (e.g., by bicarbonate) does not prevent additional seizures or ter-
minate INH toxicity [281, 282]. INH also impairs lactate conversion to pyru-
vate (Fig. 5). Increased metabolism of fatty acids due to impaired glucose
metabolism with hyperglycemia and ketonuria has been reported [272, 283].
INH also impairs cellular reduction-oxidation capacity via competitive inhibi-
tion of NAD [284, 285]. Pyridoxine deficiency also appears to play a role in
INH-induced mental status changes (coma and lethargy) [275, 282, 286].

Appropriately dosed pyridoxine (vitamin B6) has been the mainstay of anti-
dotal therapy for INH intoxication since the early reports of benefit versus his-

Figure 5. Mechanisms of isoniazid (INH) toxicity (see text for details). Enzymes (italicized):
GABA-T, GABA transaminase; GAD, glutamic acid decarboxylase; GOT, glutamic-oxaloacetic
transaminase; LDH, lactate dehydrogenase; PPK, pyridoxine phosphokinase; and SR, serine race-
mase. Substances: GABA, γ-aminobutyric acid; and SSA, succinic semi-aldehyde. Symbols: ⊕, ago-
nism or co-factor; ⊗, antagonism. Data used can be located in [272, 276–278, 483].
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torical controls [282]. Exogenous vitamin B6 provides the necessary precursor
for the co-factor for GABA regeneration. Clinical experience with pyridoxine
comes from case series, case reports, and animal data [273, 275, 281, 282,
287–289]. Clinical trials are absent due to ethical considerations. Vitamin B6
(as pyridoxine hydrochloride) is provided on a gram per gram basis for each
gram of INH ingested, to a maximum of 5 g or 70 mg/kg (the empiric dose in
ingestions of unknown quantity) [272, 282, 287]. A repeat dose can be pro-
vided if necessary. Due to the large amount of pyridoxine required, inadequate
stocking and depletion of institutional and entire regional supplies have been
widely reported [287, 290, 291]. In the convulsing patient, pyridoxine is
administered i.v. at 0.5 g/min (5 g maximum) until seizure termination, with
the remainder over 4–6 hours. Pediatric dosing should not exceed 70 mg/kg
(5 g maximum). Large doses of pyridoxine have been safely administered;
however, sensory neuropathy may occur with massive acute doses (>100 g) or
chronic large daily doses [292]. Co-administration of benzodiazepines is syn-
ergistic in controlling seizures [288, 289]. Massive INH ingestion may require
additional sedative hypnotics or anesthetic agents to suppress seizures [293].
INH is dialyzable, and hemodialysis has been used successfully in cases
refractory to antidotal treatment, in those with extremely high plasma INH
concentrations, and in patients with renal failure [283, 293].

Pyridoxine also appears to rapidly reverse the impaired consciousness seen
in INH overdose [282, 286]. The CNS excitatory neurotransmitters include
glutamate and D-serine, which with glutamate is a co-agonist of the NMDA
receptor [278]. Examination of the metabolic pathways affected by pyridoxal
5-phosphate depletion (Fig. 5) suggests that inadequate stores of these neuro-
transmitters (due to inadequate co-factors for glutamic-oxaloacetic transami-
nase and serine racemase) might be contributory, in addition to general sub-
strate or catecholamine deficiency.

Pyridoxine therapy is also recommended for poisoning through other
hydrazines or hydrazine precursors (e.g., Gyrometra mushrooms, mono-
methylhydrazine, and unsymmetrical dimethylhydrazine fuel). Pyridoxine is
effective in treating the chronic INH-associated neuropathy, particularly in
patients with renal failure. Doses of 10–50 mg pyridoxine/day have typically
been used in the chronic setting [271]. Pyridoxine has no effect in prevention
or treatment of INH-associated hepatic injury.

Antineoplastic antidotes

Antineoplastic agents are used for the treatment of a variety of benign and
malignant neoplasms. Some antineoplastic agents (such as the antifolates) have
an expanded spectrum that includes use in rheumatology, dermatology, and
obstetrics and gynecology. Toxicity may be due to the agent itself or delivery of
the agent to an unintended target (e.g., extravasation). Several antidotes are
used in a prophylactic fashion or on chronic basis. Amifostine (WR-2721) –



S.W. Smith426

which is dephosphorylated by alkaline phosphatase to an activated, protective
thiol form – is approved to decrease toxicity associated with radiotherapy and
renal injury associated with cisplatin [294]. It has also been used to reduce
chemotherapy-induced neutropenia; genitourinary injury associated with
cyclophosphamide; and transfusion requirements, gastrointestinal and hepatic
toxicity in pediatric patients [295, 296]. Cyclophosphamide and ifosfamide
induce bladder toxicity (hemorrhagic cystitis) via their metabolite acrolein.
Mesna (2-mercaptoethane sulfonate), a thiol agent that complexes with and
inactivates acrolein, is provided orally or i.v. as prophylaxis [294]. Diethyldi-
thiocarbamate (DDTC), the major metabolite of disulfiram, is an investigation-
al agent for prevention of neuropathy from cisplatin and its analogs; it increased
nephrotoxicity in one study [297]. Granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), ery-
thropoietin (hemopoietin) and its derivatives, oprelvekin (recombinant inter-
leukin-11), and other stimulating factors are employed as adjuvants to recon-
stitute various hematopoietic lines damaged by chemotherapy and radiation
[298, 299]. Palifermin (recombinant truncated human keratinocyte growth fac-
tor) is used to prevent severe mucositis in patients receiving stem-cell trans-
plantation with a total body irradiation conditioning regimen [294]. The
remaining section focuses on antineoplastic antidotes used in the acute setting.

Dexrazoxane

A dreaded complication of administration of vesicant chemotherapeutic agents
is extravasation. Risk factors for extravasation include small, fragile, or scle-
rosed veins, obesity, comorbid conditions (diabetes, circulatory disorders,
impaired sensory perception), use of rigid i.v. catheters, and clinicians’ lack of
knowledge and skills [300]. Redness, burning pain, and swelling may portend
later blistering, ulceration, and necrosis. Dexrazoxane is U.S. FDA approved
for treatment of extravasation resulting from i.v. anthracycline chemotherapy,
to diminish tissue damage and the need for surgical excision of necrotic tissue
[301]. Clinical efficacy data comes from two simultaneously reported open-
label, single-arm, prospective multicenter studies in which only 1 out of 54
patients with biopsy-proven extravasation required surgical debridement [302].
Additional instances of successful dexrazoxane treatment of anthracycline
extravasation are provided as case reports ([303] and others). Dexrazoxane is
provided once daily for 3 consecutive days, with the first infusion initiated as
soon as possible. Daily doses are as follows: day 1, 1000 mg/m2 (maximum
2000 mg); day 2, 1000 mg/m2 (maximum 2000 mg); day 3, 500 mg/m2 (max-
imum 1000 mg) [301]. The dose is reduced by 50% in patients with creatinine
clearance of less than 40 mL/min. In mice, efficacy rapidly decreased when
dexrazoxane was provided beyond 6 hours after extravasation [304].
Dexrazoxane’s mechanism of action appears to involve reversible inhibition of
topoisomerase II and inhibition by its metabolite, an ethylenediamintetraacetic
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acid (EDTA) analogue, of free radical formation via iron removal from the
iron-doxorubicin complex [305]. Topoisomerase II-independent effects have
also been described [306]. In contrast, some authors have encouraged the non-
concurrent, off-label use of topical dimethyl sulfoxide (DMSO) for anthracy-
cline extravasation because of the risk of infection, neutropenia, and thrombo-
cytopenia associated with dexrazoxane [307]. Dexrazoxane is also used pro-
phylactically to limit anthracycline-associated cardiomyopathy [294].

Leucovorin

In 1950, methotrexate (MTX) joined the oncological armamentarium for
leukemia [308]. MTX treatment of solid cancers was reported in 1956, and it
gained FDA approval for psoriasis in 1971 [309, 310]. MTX is now used intra-
muscularly, intrathecally, i.v., and orally for a range of dermatological,
rheumatological, obstetric, and gynecological conditions. The dose ranges
from 7.5–30 mg orally once weekly for psoriasis or rheumatoid arthritis to
8–12 g/m2 or more for osteosarcoma, leukemia, and lymphoma [311–313].
MTX poisoning may result from intentional overdose; unintentional ingestion,
prescription, dispensing, administration, and patient errors; or renal insuffi-
ciency leading to persistent MTX in patients receiving high-dose chemothera-
py regimens [314, 315]. MTX antagonizes folate metabolism (and rapidly pro-
liferating cells) via multiple mechanisms. Dihydrofolate reductase inhibition
by MTX and its polyglutamated metabolites ensures that neither dihydrofolate
nor active tetrahydrofolate can be generated from folate, nor can existing dihy-
drofolate be recycled. Thymidylate synthase inhibition compromises thymi-
dine synthesis. Purine ring synthesis is impaired by inhibition of the partici-
pating enzymes amidophospho-ribosyltransferase (PPAT) and 5-aminoimida-
zole-4-carboxamide ribonucleotide transformylase (AICART) [316, 317].

Maintenance of brisk urinary elimination with i.v. hydration and urinary
alkalinization are standard therapies for patients receiving MTX. MTX is ten
times more soluble in alkalinized urine (i.e., pH 7.5) than at pH 5.5 [318].
Folate (folic acid) is an ineffective therapy for MTX poisoning. While folate
will inhibit renal resorption of MTX, persistent dihydrofolate reductase inhibi-
tion by MTX inhibits folate’s activation. Leucovorin (folinic acid, 5-formyl-
tetrahydrofolic acid, citrovorum factor) sustains the folate cycle by bypassing
the blocked dihydrofolate reductase pathways. Addition of leucovorin “rescue”
permitted the administration of very-high-dose MTX chemotherapy [319].
However, in patients receiving MTX chemotherapy, 24-hour MTX concentra-
tions greater than 1 × 10–5 M (10 μmol/L), 48-hour concentrations greater than
1 × 10–6 M (1 μmol/L), or 72-hour concentrations greater than 1 × 10–7 M
(0.1 μmol/L, 100 nM), or those with evidence of renal dysfunction are consid-
ered at high risk for toxicity [320]. In the setting of MTX persistence or toxic-
ity, leucovorin i.v. doses are increased to 100 mg/m2 or 1000 mg/m2 every
6 hours according to established nomograms; doses and as high as 10 g/day
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have been used [319, 321]. Leucovorin therapy continues until MTX concen-
tration are less than 0.5 × 10–7–1.0 × 10–7 M (0.05–0.1 μmol/L, 50–100 nM)
[319]. However, adequate leucovorin concentrations cannot be achieved for
competitive reversal of MTX toxicity when MTX concentrations are persistent-
ly above 10–100 μmol/L; other antidotal strategies are then considered [313].

Treatment of patients ingesting MTX should not be delayed pending MTX
concentrations. Inhibition of DNA synthesis is nearly complete when MTX
plasma concentrations are greater than 1 × 10–8 M (0.01 μmol/L, 10 nmol/L)
[322]. Therefore, leucovorin is provided until MTX concentrations are less
than 1 × 10–8 M in patients receiving MTX for non-oncological indications or
in patients not receiving MTX therapeutically [311]. Only leucovorin’s S-form
[levoleucovorin, (6S)-leucovorin] is active and rapidly metabolized to usable,
reduced folates; the inactive isomer is slowly eliminated by renal excretion
during i.v. administration [323]. Leucovorin was available in the U.S. only as
a racemate until 2008, when levoleucovorin received FDA approval. Levo-
leucovorin at one-half of the usual racemic dose (as it is entirely active)
appears to provide similar rescue therapy in high-dose MTX chemotherapy
[324]. Oral rescue is not routinely recommended as leucovorin’s bioavailabil-
ity is poor above 40 mg due to saturation of active intestinal transport [323].
The calcium content of leucovorin (0.004 mEq calcium/mg leucovorin) man-
dates that infusion should not exceed 160 mg/min. Intrathecal administration
of leucovorin is contraindicated, as death may result [325].

Glucarpidase

Glucarpidase (carboxypeptidase G2, CPDG2) is undergoing evaluation as an
additional antidote for MTX toxicity. U.S. or European marketing approval for
glucarpidase has not been granted at the time of writing. Competitive and com-
plete reversal of MTX toxicity by leucovorin may not be possible at MTX con-
centrations above 100 μmol/L (and perhaps even lower) [313, 326, 327].
Patients with systemic MTX toxicity (significant mucositis, gastrointestinal
distress, myelosuppression, hepatitis, or neurotoxicity), persistent serum
MTX, and renal impairment following high-dose MTX have been considered
for glucarpidase therapy in addition to leucovorin. Recommendations for glu-
carpidase above certain MTX concentrations have varied by malignancy,
degree of renal impairment, initial MTX dose, and serum MTX concentration
(e.g., Clinical Trials NCT00424645, NCT00481559, and [313, 328–330]).

Purification of “carboxypeptidase G”, a pseudomonad zinc-dependent
enzyme capable of MTX cleavage, was reported in 1967 [331]. Its antidotal
potential was suggested in 1972. In mice injected with lethal MTX doses, car-
boxypeptidase G1 rapidly decreased MTX concentrations and improved sur-
vival [332]. CPDG1 selectively eliminated systemic MTX in patients treated
with high dosages targeting CNS malignancy, and rescued a patient receiving
MTX with renal failure in 1978 [333, 334]. After the original enzyme source
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of CPDG1 was lost, a revived recombinant CPDG2 product demonstrated suc-
cess in both i.v. and intrathecal rescue of MTX overdose in non-human pri-
mates [335–337]. Successful use in multiple case reports and human trials in
adult and pediatric patients with i.v. and intrathecal MTX overdose emerged
[313, 315, 328, 329, 337–339].

Glucarpidase is a dimerized protein with two domains – a zinc-dependent
catalytic domain that removes C-terminal glutamate residues of folate and
folate analogues and a β-sheet interaction site [340]. Glucarpidase splits MTX
and its 7-hydroxy-MTX metabolite into inactive 4-{[2,4-diamino-6-(pteri-
dinyl)methyl]-methylamino}-benzoic acid (DAMPA) and hydroxy-DAMPA
plus glutamate [341, 342]. MTX serum concentrations decline by 71–99%
within minutes after glucarpidase [313, 315, 326, 330, 343, 344]. Intracellular,
intraluminal (gastrointestinal tract) and intracerebral MTX is unaffected, cre-
ating the potential for rebound concentrations and persistent cytotoxicity [317,
328, 332, 345–347]. Leucovorin therapy must continue after carboxypeptidase
administration. DAMPA’s poor urinary solubility also requires ongoing alka-
linization and saline diuresis to prevent renal precipitation [315, 348].

Anti-glucarpidase antibodies have been detected in patients receiving glu-
carpidase, although patients have been successfully treated with additional
doses of glucarpidase for persistently elevated MTX concentrations [313, 326,
328, 337, 339, 342, 345]. HPLC must be used to determine actual MTX con-
centrations after glucarpidase as both MTX metabolites, 7-hydroxy-MTX and
DAMPA, interfere with immunoassay techniques [349]. Glucarpidase has an
affinity for MTX approximately 10- to 15-fold higher than it does for leucov-
orin; however, its affinity for folate and 5-methyltetrahydrofolate are similar
[350, 351]. Glucarpidase eliminates active levo-(6S)-leucovorin about 50%
faster than nonphysiological dextro-(6R)-leucovorin [348]. A study to address
the clinical consequence is ongoing. Because of the stereoselective destruction
of active leucovorin and its metabolites, many protocols attempt to separate
leucovorin administration from glucarpidase administration by 2–4 hours. Ad-
ministration of glucarpidase more proximate to leucovorin administration, and
which antidote to provide should glucarpidase become available at a leuco-
vorin dosing interval, requires a thoughtful benefit-risk assessment. Country-
specific information on obtaining glucarpidase, institutional review board pro-
tocol, and consent issues have been made available online (www.btgplc.com/
BTGPipeline/273/Voraxaze.html; and www.fda.gov/cder/cancer/singleIND.
htm).

Cardiovascular antidotes

Cardiovascular pharmaceuticals comprise a wide variety of agents including
anti-dysrhythmics, β-adrenergic antagonists (β-blockers, BBs), angiotensin
antagonists, calcium channel antagonists (CCBs), cardioactive glycosides, and
imidazoline derivatives. Overdose of these agents alone or in combination can
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generate potentially lethal combinations of impaired conduction, dysrhythmia,
vasodilatation, and negative inotropy. Management of severe cases may neces-
sitate diagnostic adjuncts such as echocardiography and right heart catheteri-
zation (Swan-Ganz measurements). In cases refractory to routine supportive
care, vigorous gastrointestinal decontamination, and pharmacological inter-
vention, aggressive measures including cardiac pacing, intra-aortic balloon
counter-pulsation, or extracorporeal circulation (cardiopulmonary bypass)
may be required until toxin elimination can be achieved [352]. Cardiac pacing
may improve heart rate without increasing cardiac output if inotropy is com-
promised. Use of naloxone in the management of overdose of clonidine and
angiotensin receptor antagonists and angiotensin converting enzyme inhibitors
is provided in the opioid antagonists section. Strategies to mitigate the antico-
agulant toxicity of vitamin K antagonists (i.e., coumadin) including exogenous
oral or i.v. vitamin K, fresh frozen plasma, prothrombin concentrates, and
recombinant factor VII are detailed in the 2008 American College of Chest
Physicians Evidence-Based Clinical Practice Guidelines [353]. The Guide-
lines also address protamine sulfate for reversal of heparin anticoagulation and
use of nonheparin anticoagulants for treatment and prevention of heparin-
induced thrombocytopenia [354, 355].

Atropine

Atropine (D,L-hyoscyamine) is familiar to clinicians due to its use in several
advanced cardiac life support (ACLS) algorithms [356]. Atropine is a central-
acting, competitive antagonist of muscarinic acetylcholine receptors (M1–M5)
[357]. It is used to counteract bradycardia from BBs, CCBs, cardioactive gly-
cosides, and clonidine. Atropine increases basal heart rate; it does not affect the
basal force of contraction [357]. Positive chronotropy alone may not produce
systemic benefit in severe poisoning, and conduction system poisoning may
limit responsiveness to atropine [358]. For symptomatic bradycardia, atropine
0.5–1.0 mg (pediatric dose: 0.02 mg/kg) i.v. is provided every 2–3 min to a
maximum dose of 3 mg. Paradoxical parasympathetic response may occur dur-
ing slow infusions or doses less then 0.5 mg (0.1 mg minimum in children)
[356]. In slowing gastrointestinal motility, atropine may impair decontamina-
tion with WBI or AC.

Calcium

CCBs antagonize L-type calcium channels, slowing entry of calcium ions dur-
ing myocyte depolarization; however, intracellular calcium release is not
directly affected. This disrupts calcium-mediated excitation-contraction cou-
pling, action potential generation and conduction, and vascular smooth muscle
tone [359]. Exogenous i.v. calcium is indicated in cases of CCB and BB toxi-
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city [352]. In animal models, calcium salts reverse CCB-induced deficits in
contractility, blood pressure, and cardiac output [352]. Multiple uncontrolled
cases reports document the effectiveness of calcium salts; however, interpreta-
tion of effectiveness is complicated by the co-administration of other modali-
ties. Some authors advocate aggressive high-dose calcium therapy, providing
large amounts of calcium without apparent ill effect [358]. This approach does
carry a risk of death from hypercalcemia [reported concentration, 32.3 mg/dL
(8.07 mmol/L) after 38 g calcium] [360]. Others recommend a bolus dose fol-
lowed by continuous infusion to maintain physiological calcium levels [361].
Peripheral administration as calcium gluconate decreases the risk of extrava-
sation and tissue necrosis. A standard container of 10 mL of 10% calcium glu-
conate provide 4.65 mEq (93 mg) elemental Ca2+; 10 mL of 10% calcium
chloride (1 g total CaCl2) yields 13.6 mEq elemental Ca2+ [362]. A suggested
approach is to initially administer a 0.6 mL/kg (0.28 mEq/kg) bolus of 10%
calcium gluconate (0.2 mL/kg 10% CaCl2) over 5–10 min [359, 361].
Empirically, this is roughly one vial (1 g) of 10% CaCl2 or three vials (3 g) of
10% calcium gluconate i.v. The bolus may be repeated several times. Due to
bolus dissipation, most patients are placed on an infusion of 10% calcium glu-
conate at 0.6–1.5 mL/kg per hour (0.28–0.7 mEq/kg per hour) or 0.2–0.5
mL/kg per hour [359, 361]. Serum phosphate, calcium, and hydration status
should be closely monitored. Calcium administration for hyperkalemia has
been generally contraindicated in cases of cardioactive glycoside toxicity, out
of concern for dysrhythmias or systolic arrest (also known as “stone heart”)
[363]. While more recent studies have challenged this assertion, it is advisable
to withhold calcium until the definitive cardiac glycoside antidote, digoxin-
specific Fab fragments, has been provided [364].

Digoxin-specific antibody fragments (Fab)

Digoxin and cardioactive glycosides inhibit the cardiac sodium-potassium
ATPase. The subsequent accumulation of sodium in the cytoplasm dissipates
the driving force for calcium expulsion via the sodium-calcium exchanger.
Increased intracellular calcium enhances actin-myosin coupling, myocyte con-
traction, and inotropy. In overdose, the excess calcium may result in membrane
hyperexcitability and delayed after-depolarizations. Increased vagal tone
decreases conduction through the AV node. The combination of increased
automaticity and vagotonicity may yield lethal ventricular escape rhythms.

Digoxin-specific antibody fragments bind free digoxin in serum to decrease
digoxin serum concentrations to undetectable levels within minutes [365].
Successful reversal of digoxin toxicity with digoxin-specific Fab was first
reported in 1976 [366]. The results of a prospective multicenter study demon-
strated significant effectiveness in reversing life-threatening digitalis toxicity,
and more recent studies confirm ongoing Fab fragment utility [367, 368].
Digoxin-specific Fab were also shown to be effective in children [369].
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Digoxin-specific Fab are produced from purified ovine-derived immunoglob-
ulin G. Cleaving the Fc antibody portion significantly improves renal excretion
of the complex, decreases immunogenicity, and facilitates diffusion of remain-
ing free Fab into tissue [370]. Reflecting digoxin redistribution from target
organs of toxicity, the initial response to digoxin-specific Fab was 19 min
(0–60 min), and complete reversal of systemic toxicity occurred on average by
88 min (30–360 min) [367].

Indications for therapy include life-threatening or progressive dysrhythmia
or shock; potassium greater than 5.0 mEq/L (acute poisoning); chronic poi-
soning with other end-organ manifestations such as altered mental status, sig-
nificant gastrointestinal symptoms or renal impairment; or serum digoxin con-
centration >15 ng/mL or greater than 10 ng/mL beyond 6 hours after ingestion.
Hyperkalemia is rapidly reversed by digoxin-specific Fab [365]. One vial neu-
tralizes approximately 0.5 mg of digoxin (or digitoxin). Dosing is based either
on amount ingested [number of vials = amount ingested (in mg) × 0.8 (oral
bioavailability) / 0.5], or a serum concentration [number of vials = serum dig-
oxin concentration (ng/mL) × patient weight (kg) / 100]. The number of vials
is rounded up and administered i.v. over 30 min. Empiric therapy is 10–20
vials for adult or pediatric patients in acute poisoning or 3–6 vials (1–2 vials
in children) in chronic poisoning. Partial reversal is recommended by some
authors [371], but is not common U.S. practice due in part to concern for
recrudescent toxicity with inadequate therapy [370].

Following treatment, free digoxin concentrations may rebound upwards
within 12–24 hours, most likely reflecting tissue redistribution into the vascu-
lar space [372]. This provides a measure of protection against development of
significant congestive heart failure (CHF) in patients dependent upon digoxin
for inotropy, although exacerbation of CHF may occur [370]. Clinically sig-
nificant late rebound of digoxin concentrations and toxicity have occurred in
patients with marked renal dysfunction [373]. Immunogenicity from repeat
digoxin-specific Fab has generally not been significant, although allergic reac-
tions have been infrequently reported with administration [374]. Digoxin-spe-
cific Fab has been used clinically or experimentally to treat poisoning by other
cardiac glycosides – yellow oleander (Thevetia peruviana), Nerium oleander,
Chan Su and “Love Stone” (extract of the Bufo bufo gargarizans toad) [375,
376]. Higher dosing may be required due to poor binding affinity.

Glucagon

BBs competitively antagonize catecholamine effects at cardiac β-receptors,
leading to decreased inotropy and slowed conduction through the AV node.
Bradycardia, conduction delay, hypotension, and decreased cardiac output
may accompany significant poisoning. BB interference with gluconeogenesis
and glycogenolysis may lead to hypoglycemia, as well as blunt the catechol-
amine response that is important in its recognition.
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Glucagon, a 29-amino acid peptide hormone secreted by pancreatic α-cells,
counteracts hypoglycemia and the actions of insulin; regulates gastrointestinal
motility; and mediates the rate of renal filtration, urea excretion, and water
resorption [377]. The current glucagon product is now produced in non-patho-
genic E. coli by recombinant techniques [378]. Myocardial binding occurs at
a distinct glucagon receptor (GCGR) coupled with the β-agonist binding site.
Antidotal (off-label) use of glucagon thus bypasses β-receptor blockade to
directly induce G-protein-mediated stimulation of adenylate cyclase to convert
ATP to cAMP [379]. cAMP, in turn, activates protein kinase A (PKA), which
promotes the phosphorylation and opening of dormant L-type calcium chan-
nels to improve calcium-dependent excitation-contraction coupling [361].
Another proposed mechanism is C-terminal cleavage of glucagon to mini-
glucagon, which has a direct effect on sarcoplasmic reticulum calcium stores
via arachidonic acid [380].

In human volunteers evaluated by cardiac catheterization, glucagon
increased heart rate, cardiac index, and mean atrial pressure, but not left ven-
tricular end-diastolic pressure (EDP) or systemic vascular resistance (SVR)
[381]. Clinical experience in overdose consists primarily of case reports [382,
383]. Due to the complex nature of overdose, glucagon is often used in com-
bination with other agents in severe BB overdose. Additionally, several ex vivo
experiments, controlled animal studies, and uncontrolled case reports have
demonstrated that glucagon can be beneficial in CCB exposure [384–386].
The recommended initial bolus dose of glucagon is 50–150 μg/kg, which may
be repeated after 3–5 min [359]. A continuous infusion corresponding to the
total effective bolus reversal dose is then provided per hour (e.g., if clinical
response was observed following administration of 2 mg, 3 mg, and finally
5 mg, the hourly infusion would be 10 mg/hour). The effects of glucagon
administered i.v. begin within 1–3 min, peak at 5–7 min and last for approxi-
mately 15 min [381]. Nausea and vomiting are common and should be antici-
pated. This may complicate management of patients with depressed mental
status or airway concerns. Flushing, transient hyperglycemia, and smooth
muscle relaxation, and ileus may also occur.

High-dose insulin euglycemia therapy

Since CCBs antagonize the L-type calcium channel in pancreatic islet cells, a
subsequent decreased insulin production can produce hyperglycemia [361].
Animals poisoned by CCBs have impaired myocardial fatty acid uptake (leav-
ing them dependent upon carbohydrate metabolism), impaired uptake of glu-
cose, and myocardial insulin resistance [387, 388]. In humans, intracoronary
verapamil increased glucose release and altered myocardial lactate use from
consumption to release [389].

Decades ago, glucose-insulin-potassium (GIK) was proposed as adjuvant
therapy for acute myocardial infarction, with the intent of suppressing uptake
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of free fatty acids, improve myocardial energy production, and stabilize intra-
cellular potassium [390]. Randomized trials of GIK therapy in patients with
acute myocardial infarction (AMI) have not shown benefit, although the
insulin doses tend to be low (in general, ≤0.075 U/kg) [390]. Experience in the
surgical literature in cases where much higher insulin doses have been used
has been somewhat different [391]. Patients undergoing aortic valve replace-
ment and coronary artery bypass who received high-dose insulin at 1 unit/kg
per hour demonstrated more rapid lactate clearance, lower glucose, lower
dobutamine requirements, a trend for improved cardiac indices, and potential
anti-inflammatory benefit (lower C-reactive protein and free fatty acid levels)
[392]. Insulin doses of 2.5 units/kg were tolerated without excess increase of
insulin-induced potassium elimination [393]. In combination with dopamine,
insulin 7 units/kg was used to significantly augment cardiac output and decrea-
se systemic vascular resistance in post-coronary artery bypass graft (CABG)
patients without generating excess in oxygen demand [394]. Additional bene-
fits of high-dose insulin included overcoming insulin resistance, increased
expression of glucose transporters, and improved turnover of sodium-potassi-
um-ATPases [391].

The basis for high-dose insulin euglycemia therapy (HIET) (off-label) in
overdose has been explored in a series of animal models of CCB and BB tox-
icity [387, 388, 395–397]. HIET increased myocardial lactate uptake and
improved systolic and diastolic heart function. Insulin outperformed epineph-
rine and glucagon [395–397]. Multiple human cases of successful manage-
ment of CCB overdose with HIET have been described [359, 398]. Because
the beneficial cardiovascular effects of HIET are not seen for 15–60 min after
initiation, it must be considered early, before patients become unsalvageable
[359]. A proposed dosing scheme includes a bolus dose of regular insulin of
1.0 units/kg, followed by an infusion of 0.5–1.0 units/kg per hour, titrated
upwards as necessary [359]. A dextrose bolus is also provided unless signifi-
cant hyperglycemia exists, followed by an infusion of 0.5–1.0 g/kg per hour to
maintain blood glucose between 100 and 250 mg/dL.

Persistent physician reticence to utilizing the high-dose insulin out of con-
cern for excess hypoglycemia presents an obstacle for implementation of ade-
quate HIET [399]. This ignores a body of physiological data that demonstrate
that the insulin transport follows saturation kinetics [400, 401]. Alternatively,
it has also been demonstrated that insulin-stimulated glucose clearance reach-
es a maximum in both lean and obese subjects [402]. Taken together, this sug-
gests that, from a therapeutic standpoint, since insulin effect via insulin recep-
tors appears saturable, additional mechanisms must be at work. The effects of
HIET may include counteracting CCB-mediated insulin impairment or shock-
induced hyperglycemia, improving myocardial substrate utilization, and
improving myocardial metabolism [359]. From an adverse-effects standpoint,
once adequate and ongoing glucose has been provided, hypoglycemia should
not present an excessive risk [398], although frequent serum glucose and
potassium evaluation are obvious components of HIET therapy. Due to the
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high dosing, insulin may persist after the infusion cessation and necessitate
ongoing supplemental dextrose beyond insulin infusion. As hypokalemia is an
intracellular result of shift, it is supplemented cautiously.

Lipid emulsion (20%)

During administration of local anesthetics, severe toxicity may result from sys-
temic absorption or unintended intravascular administration. Loss of con-
sciousness, dysrhythmia, cardiovascular collapse, seizures, and lactate-associ-
ated acidemia may rapidly ensue [403]. Furthermore, in animal models, for
some of the local anesthetics (bupivacaine, levobupivacaine, and ropivacaine),
treatment with “standard” advanced cardiac life support (ACLS) drugs such as
epinephrine may precipitate ventricular dysrhythmia [404].

Following a serendipitous observation that pretreatment with a lipid emul-
sion altered the dose-response to bupivacaine-induced asystole, murine and
canine studies provided evidence of survival benefit with lipids in bupivacaine
toxicity [405, 406]. Case reports of successful resuscitation of patients severe-
ly affected by bupivacaine, levobupivacaine, mepivacaine, prilocaine and ropi-
vacaine (alone or in combination) followed [403, 407–409]. Pediatric experi-
ence is limited to a case of successful resuscitation following lidocaine/ropi-
vacaine toxicity from a posterior lumbar plexus block [410]. Lipid therapy has
been successfully applied in human bupropion toxicity and combined quetiap-
ine and sertraline overdose [411, 412]. Animal models have suggested a pos-
sible benefit in clomipramine, propranolol, thiopentone, and verapamil poi-
soning [413–416]. An understanding of lipid’s mechanism of action is incom-
plete. It may act as a “circulating lipid sink” in which excess lipophilic drug
may dissolve; modulate intracellular processes; or provide an alternative
myocardial energy supply [411]. Presumably due to central sympathetic acti-
vation, human volunteers given a 4-hour lipid emulsion (20%) infusion had
increased systemic vascular resistance, blood pressure, muscle sympathetic
nerve activity, and concentrations of insulin and aldosterone, without in-
creased cardiac output [417]. Lipid emulsion increased inotropy in both spon-
taneously beating and paced isolated rat hearts poisoned with levobupivacaine
[418].

Dosing guidelines for the off-label use of lipid emulsion in resuscitation are
provisional, as optimal bolus and continuous infusion therapy and timing are
still being explored. The Association of Anaesthetists of Great Britain and
Ireland recommends an i.v. bolus of 1.5 mL/kg Intralipid® (20%) over 1 min,
which may be repeated twice at 5-min intervals if an adequate circulation has
not been restored [419]. Following the initial bolus, an infusion is commenced
at 0.25 mL/kg per min (which may be increased to 0.5 mL/kg per min in inad-
equate circulation). Propofol is an inadequate substitute [419, 420]. Ongoing
lipid therapy may be required as recrudescence may occur [421]. Hyper-
amylasemia may be anticipated. Additional concerns include pancreatitis,
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allergic reactions, acute myocardial infarction, fat embolism, and altered coag-
ulation [420]. In lapine and porcine models of asphyxial cardiac collapse
(pulseless electrical activity or arrest), lipid emulsion was markedly ineffective
[422, 423]. In vitro, lipid affinity for both bupivacaine and ropivacaine is also
adversely affected by low pH (by a factor of 1.68 in a pH drop from 7.40 to
7.00) [424]. These data suggest that ventilatory status must be aggressively
addressed early in toxicity.

Magnesium

Due to their physicochemical characteristics and structure, many non-antiar-
rhythmic drugs are able to antagonize or alter expression of the myocardial
potassium delayed rectifier channel (hERG, KCNH2, LQT2). With channel
block, potassium efflux is compromised, and the repolarizing cardiac IKr cur-
rent is impaired. The surface ECG reflects this as QT prolongation. Age,
female gender, comorbidities such as structural heart disease, electrolyte dis-
turbances such as hypokalemia, and heart rate (bradycardia) may provide addi-
tional risk. Certain antibiotics, antihistamines, antipsychotics, antidepressants,
and methadone are prone to induce QT prolongation. QT prolongation is asso-
ciated with torsade de pointes, a polymorphic ventricular arrhythmia that can
degenerate into ventricular fibrillation, cardiac arrest and sudden death [425].
If significant QT prolongation (QTc >500 ms) is detected, administration of
1–2 g magnesium sulfate i.v. (pediatric dose, 25–50 mg/kg) over 5 to 60 min
(depending on urgency of presentation), followed by an infusion of 2–4
mg/min is suggested [426]. Rapid infusion may cause hypotension, and mag-
nesium should be administered cautiously in renal failure. A second bolus can
be provided 5–15 min later [427]. Magnesium sulfate i.v. is effective in
arrhythmias occurring due to early or delayed depolarization-induced trig-
gered activity [427]. Acceleration of the heart rate with isoproterenol or trans-
venous pacing (overdrive pacing) may be needed to preclude recurrence of tor-
sade de pointes while correction of underlying risk factors (hypokalemia and
hypocalcemia) ensues. Immediate non-synchronized defibrillation is required
for unstable polymorphic ventricular tachycardia or ventricular fibrillation.

Sodium bicarbonate

Severe cardiovascular toxicity may result from blockade of cardiac sodium
channels by tricyclic antidepressants (TCAs) – leading to conduction delays,
dysrhythmias, and myocardial depression. TCAs adversely affect maximum
upstroke velocity (Vmax), which approximates the magnitude of sodium entry
[428]. The sodium channel blockade displays rate dependence. At slow rates
the TCA has time to disassociate, allowing channel recovery. At faster rates,
block progressively worsens. Given the anticholinergic effects of TCAs that
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speed the heart rate, this is a significant concern. However, attempts to de-
crease heart rate with propranolol produced hypotension and lethality in
canine studies [429, 430].

With progressive sodium channel block, ventricular impulse propagation
becomes delayed. Sodium channel blockade manifests on the surface ECG as
QRS widening. A QRS equal or greater than 100 ms is a significant predictor
of seizure; a QRS ≥160 ms predicts ventricular dysrhythmia [431]. The right
bundle branch has a relatively longer refractory period, and it is affected dis-
proportionately by impaired intraventricular conduction delay. Rightward ter-
minal axis shift or outright bundle branch block may be present [432]. These
rightward terminal forces may also produce terminal R waves in leftward-
directed leads [433]. Acidemia secondary to hypoperfusion or seizure may
generate progressively worsened block. In an acidemic environment, free TCA
concentrations increase as binding to α-1 acid glycoprotein decreases, the
TCA ionized fraction increases, and sodium channel blockade worsens [434].
Seizures are severe and consequential, leading to QRS widening and hypoten-
sion [435].

Administration of sodium bicarbonate improves Vmax and action potential
amplitude by increasing extracellular pH and sodium concentration [428].
Consequentially, compromised myocardial inotropy, conduction aberrations,
and dysrhythmia are reversed. Several animal studies have demonstrated these
beneficial effects [429, 430]. Both the sodium and alkalemia induced by sodi-
um bicarbonate improve cardiac performance [429]. The enhanced inotropy
with sodium bicarbonate is independent of and additive to vasopressor treat-
ment [436]. Hyperventilation-induced alkalinization similarly narrows the
QRS [437]. Sodium bicarbonate outperformed hyperventilation in a swine
model, although hypertonic saline was superior to both [438]. This approach
has been reported clinically [439]. While sodium bicarbonate is recommended
for QRS widening in TCA evidence-based consensus guidelines for out-of-
hospital management, actual human studies are not as extensive as one might
suspect [440, 441].

Initially, hypertonic sodium bicarbonate 1–2 mEq/kg i.v. is provided,
preferably with continued ECG monitoring of the QRS. Institutions usually
stock either an 8.4% solution (1 mEq/mL sodium and bicarbonate ions) or a
7.5% solution (0.892 mEq/mL sodium and bicarbonate ions). Rarely, a 5%
solution may be encountered (0.595 mEq/mL). A “standard” 50-mL ampule of
8.4% or 7.5% solutions would deliver 50 or 44.6 mEq of NaHCO3. Several
boluses may be required, either initially or as the bolus effect declines due to
redistribution [429]. Ongoing alkalinization should be provided as discussed
previously, with a goal of serum pH 7.55. If sodium bicarbonate administra-
tion is problematic due to fluid load, hyperventilation and/or hypertonic saline
may be required [437, 439].

Due to mechanistic similarities, sodium bicarbonate has been recommend-
ed for QRS widening seen in poisoning by Vaughn-Williams Class IA and IC
antidysrhythmics, cocaine, diphenhydramine, carbamazepine, and propoxy-



S.W. Smith438

phene [442–445]. Treatment of bupropion-induced QRS widening with sodi-
um bicarbonate has met with both success and failure [446]. Sodium bicar-
bonate has also been suggested to treat QRS widening from venlafaxine; sim-
ilar effects seen with lamotrigine might also be amenable [447, 448]. Sodium
bicarbonate therapy may have a role in Taxus species (yew berry) toxicity
[449]. Treatment of amantadine-induced QRS widening with sodium bicar-
bonate may be complicated by concurrent profound hypokalemia [450].

Opioid antidotes

Naloxone

Naloxone is a competitive opioid antagonist at all receptor subtypes [451]. It
can prevent or reverse the effects of opioids, notably CNS and respiratory
depression. Massive doses of naloxone (5.4 mg/kg with 4.0 mg/kg per hour
infusion) have been administered safely in non-opioid tolerant individuals suf-
fering from spinal cord injury [452]. However, indiscriminate use of naloxone
in opioid-tolerant individuals can precipitate acute opioid withdrawal, with
attendant acute lung injury, seizure, hypertension, or cardiac dysrhythmia
[453]. These are likely associated with the abrupt, significant, and sustained
increases in plasma catecholamine concentrations (epinephrine and norepi-
nephrine) that accompany narcotic reversal, particularly in the setting of
hypercapnia [454]. Withdrawal-induced vomiting may compromise the airway
in patients with concomitant sedative-hypnotic ingestion. Precipitated with-
drawal-associated agitation and violent behavior may require chemical
restraint, leading to a vicious cycle of compromised CNS and cardiopul-
monary function as naloxone wears off. Self-release and relapse following
naloxone administration is also a concern in opioids with prolonged duration
of effect (methadone, controlled-release oxycodone hydrochloride, etc.).
Naloxone is no longer recommended as the initial resuscitation of newborns
with respiratory depression in the delivery room; precipitation of acute neona-
tal opioid withdrawal may produce severe consequences [455]. Sudden cardiac
arrest has occurred in preterm neonates given naloxone to reverse opioid over-
dose [456].

Naloxone is utilized in those individuals with clear evidence of the opioid
toxidrome. Those with a respiratory rate ≤12 or hypopnea are likely to benefit
[457]. The goal of therapy is titration to adequate ventilatory status without
withdrawal. After normocapnia is achieved by supported ventilation, this can
be done with i.v. administration of 0.04–0.05 mg initially (e.g., 1 mL of 0.4 mg
naloxone in 10 mL diluent or 1 mg naloxone in 20 mL diluent). Due to rapid
onset, effectiveness can be assessed, and if required, the dose can be titrated
upwards incrementally to 0.4 mg, 2 mg, or even 10 mg. Patients without
response to 10 mg naloxone are unlikely to have opioid-induced respiratory
depression. Nonopioid-dependent adults are administered 0.4–2 mg i.v.
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Pediatric dosing for infants and children from birth to 5 years of age or less
than 20 kg body weight is 0.1 mg/kg; children older than 5 years of age or
weighing more than 20 kg are provided 2 mg [455]. For longer acting opioids,
following adequate initial opioid antagonism, two-thirds of the initial naloxone
reversal bolus is provided as a continuous i.v. infusion [458].

Naloxone can successfully antagonize buprenorphine overdose in children,
although prolonged therapy and monitoring may be required [459]. Higher
doses may be required due to reverse buprenorphine effects because of its high
affinity for opioid receptors [460]. Naloxone has also been used to reverse
clonidine toxicity, although this is not always the case [461]. It has been pos-
tulated that patients with higher hyperadrenergic tone (who have higher con-
centrations of endogenous opioids) or those in whom clonidine induces more
endogenous opioid release may respond best to naloxone [462]. Mental status,
blood pressure, and heart rate may respond differently.

Naloxone has been employed in angiotensin converting enzyme inhibitor
overdose. One author reported that a 1.6 mg bolus of naloxone followed by
repeat 2 mg bolus reversed hypotension due to overdose with 500 mg capto-
pril [463]. Naloxone has been ineffective in reversing hypotension in other
cases complicated by co-ingestants [464]. The mechanism may relate to antag-
onism of endogenous opioids [465]. Co-administration of 0.2 mg/kg naloxone
mitigated captopril-related decreases in systolic and diastolic blood pressure in
healthy volunteers [465]. A placebo-controlled study of healthy men found
that naloxone pretreatment with 10 mg followed by 2.46 mg/hour infusion pre-
cluded systolic blood pressure decrease induced by captopril (50 mg) [466].
Under different experimental conditions [naloxone, 0.4 mg bolus and a 2-hour
continuous infusion (4.0 mg/hour), and captopril (25 mg)], no difference was
observed [467].

Sedative-hypnotic antidotes

Flumazenil

Analogous to naloxone antagonism at opioid receptors, flumazenil competi-
tively antagonizes benzodiazepine receptors – allosteric sites located at the
macromolecular GABAA receptor complex, which regulate chloride ion flux
within the associated ion channel [468]. Flumazenil reverses the sedative, psy-
chomotor, and amnestic effects of benzodiazepines [469]. Flumazenil’s effec-
tiveness depends upon the number of benzodiazepine receptors that can be
occupied according to the mass-action law, the affinity of a particular benzo-
diazepine for the receptor, and the free benzodiazepine concentration near the
receptor [470]. In contrast, antagonism of benzodiazepine-induced respiratory
depression is inconsistent, and acute tolerance may develop to large doses
[471–473]. Flumazenil administration can reverse bispectral index (BIS)
depression and permit earlier emergence from anesthesia in patients provided



S.W. Smith440

non-benzodiazepine anesthesia (propofol/remifentanil) [474]. Postulated
mechanisms included intrinsic CNS stimulant activity or antagonism of endo-
genous benzodiazepine-like ligands (endozepines). Under certain experimen-
tal conditions, flumazenil may also demonstrate partial agonist or even inverse
agonist activity [475, 476].

The appropriate utilization of flumazenil as an antidote in patients with ben-
zodiazepine overdose is still a matter of debate. Patients who ingest benzodi-
azepines alone or in combination generally have acceptable outcomes with
supportive care alone. Proponents argue that awakening is therapeutic and
diagnostic, obviates requirements for investigatory procedures, and limits
complications of sedation. Opponents point to the low risk of mortality with
benzodiazepine ingestion, frequent co-ingestants for which flumazenil is inef-
fective or contraindicated, relapse, and risks of reversal. While flumazenil can
be administered safely, indiscriminate flumazenil administration may produce
an acute withdrawal syndrome in benzodiazepine-dependent patients, seizures,
dysrhythmias, vomiting, and agitation [477–480].

Flumazenil is not recommended in cases complicated by co-ingestants
capable of inducing seizures or dysrhythmias (e.g., bupropion, carbamazepine,
chloral hydrate, chlorinated hydrocarbons, chloroquine, cocaine, cyclic anti-
depressants, cyclosporine, isoniazid, lithium, methylxanthines, monoamine
oxidase inhibitors, phenothiazines, and propoxyphene) [477, 479, 481]. As
might be anticipated with an antidote of lesser half-life than many benzodi-
azepines, clinical condition may deteriorate following initial improvement,
mandating ongoing monitoring. In one study, patients with primarily benzodi-
azepines ingestion remained awake for 72 ± 37 min following flumazenil; this
was markedly decreased to 18 ± 7 min with co-ingestants [478]. This may be
problematic in patients who, once aroused, demand release from medical care.
After excluding co-ingestants of concern, vital sign abnormalities, and an
aberrant ECG, and considering the risk-benefit ratio, flumazenil is adminis-
tered slowly i.v., titrated to clinical effect (0.1 mg/min, max ≤1 mg) [481]. Off-
label continuous infusions of 0.3–0.5 mg/hour have been provided to preclude
relapse.

Conclusions

Patients poisoned by pharmaceuticals present many challenges to the treating
clinicians. They generally benefit from aggressive support of vital functions, a
careful history and physical examination, specific laboratory analyses, and a
thoughtful consideration of the risks and benefits of decontamination and
enhanced elimination. Data on the effectiveness of certain antidotes ranges
from isolated case reports to robust clinical trials. Clinicians are encouraged to
liberally utilize consultation with regional poison centers or those with toxi-
cology training to assist with diagnosis, management, and administration of
antidotes, particularly in unfamiliar cases.
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Abstract. Inhalation of gases, vapors and aerosols can cause a wide range of adverse health
effects, ranging from simple irritation to systemic diseases. The large number of chemicals
and complex mixtures present in indoor and outdoor air coupled with the introduction of new
materials such as nanoparticles and nanofibers, is an area of growing concern for human
health. Animal-based assays have been used to study the toxic effects of chemicals for many
years. However, even so, very little is known about the potential toxicity of the vast majori-
ty of inhaled chemicals. As well as new or refined OECD test guidelines, continuing scien-
tific developments are needed to improve the process of safety evaluation for the vast num-
ber of chemicals and inhaled materials. Although studying the toxic effects of inhaled chem-
icals is more challenging, promising in vitro exposure techniques have been recently devel-
oped that offer new possibilities to test biological activities of inhaled chemicals under bipha-
sic conditions at the air liquid interface. This chapter gives an overview of inhalation toxi-
cology as well as focusing on the potential application of in vitro methods for toxicity test-
ing of airborne pollutants.

Introduction

Exposure to airborne contaminants is a major contributor to human health
problems, causing adverse effects ranging from simple irritation to morbidity
and mortality due to acute intense or long-term low-level repeated exposures
[1–3]. Inhalation exposures can occur with gases, vapors, solid and liquid
aerosols and mixtures of these. While evaluating the impact of chemicals on
human health requires toxicity data, in many cases, particularly for industrial
chemicals, the availability of toxicity information is quite limited [4–7].

The current approach of measuring the toxic effects of airborne contaminants
relies on whole animal test methods [8]. As well as ethical concerns, heavy
reliance on animal data in toxicology is the subject of debate and controversy
by the scientific community [9]. Moreover, the increasing number of available
industrial chemicals and new products has created a demand for alternative test
methods for safety evaluation [8]. Although studying the toxic effects of inhaled
chemicals in vitro is technically more challenging, great advances in the appli-
cation of these methods for investigating the toxicity of airborne contaminants
have been made in recent years. This chapter presents a review of the essentials
of inhalation toxicology and a focus on the potential application of in vitro
methods for studying the toxicity of airborne contaminants.
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Air pollutants

Air contaminants are exogenous substances in outdoor or indoor air, including
both particulate and gaseous contaminants, that can cause adverse health
effects in humans or animals, affect plant life and impact the global environ-
ment by changing the atmosphere of the earth [10, 11]. Various physical,
chemical and dynamic processes may generate air pollution leading to emis-
sion of gases, particulates or mixtures of these into the atmosphere [12]. Air
quality is continuously affected by emissions from stationary and mobile
sources. While great attempts have been made to reduce emissions from these
sources, millions of people today face excessive air pollution in both occupa-
tional and urban environments [13].

Emissions from mobile combustion sources (e.g., automobiles) are major
contributors to urban air pollution, and include carbon monoxide (CO), nitro-
gen oxides (NOx), sulfur oxides (SOx), particulate matter (PM), lead and pho-
tochemical oxidants such as ozone (O3) and ozone precursors like hydrocar-
bons and volatile organic compounds (VOCs) [11, 13]. Larger air pollution
particulates are derived chiefly from soil and other crusty materials, whereas
fine and ultra-fine particles are derived mainly from combustion of fossil fuels
in transportation, manufacturing and power generation [1]. Many industrial
and commercial activities release toxic contaminants in gas, vapor or particu-
late form. However, air contaminants are not limited to urban or industrial
environments, and common indoor air pollutants can be found in offices,
schools, hospitals and homes. Tobacco smoke, fuel consumption, furniture,
painting, carpeting, air conditioning, and cleaning agents can be significant
sources of both chemical and biological air contaminants.

Types of air pollutants

Based on their physical properties, airborne contaminants can be classified
into two main types. The first category includes gases and vapors or air pollu-
tants that exist as distinct molecules and can dissolve and form true solutions
in the air and follow the fundamental gas laws. There is no practical difference
between a gas and a vapor except that a vapor is the gaseous phase of a sub-
stance that is usually solid or liquid at room temperature and atmospheric pres-
sure. For example, processes that involve high temperature, such as welding
operations and exhaust from engines, can potentially generate toxic gases such
as oxides of carbon, nitrogen or sulfur. Several occupational practices may
produce toxic vapors such as charging and mixing liquids, painting, spraying
and dry cleaning or any other activities involving VOCs.

The second category is aerosols or suspended air pollutants, which can be
solid particles or liquid droplets and can vary in size, composition and origin,
such as dust, fiber, smoke, mist and fog [14]. Aerosols may result from differ-
ent mechanical or chemical processes in both solid or liquid forms, which may
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have spherical or nonspherical shapes with a wide range of size distribution
from less than 100 nm to well over 100 μm. Different mechanical processes
such as grinding, cutting, sawing, crushing, screening or sieving can generate
solid aerosols in dust form. Mechanical dispersing of a bulk liquid such as
spraying and atomizing can generate suspended liquid mist droplets. Mist
droplets have the properties of the parent liquid, and have a wide range of sizes
from a few to more than 100 μm. All processes involving high-pressure liquids,
such as paint spraying, can potentially generate mists.

Other forms of aerosols can be generated by processes such as combustion,
condensation or sublimation. For example, high-temperature operations such
as arc welding, torch cutting and metal smelting can generate extremely fine
metal oxide fumes, usually less than 0.1 μm, produced by combustion, subli-
mation or condensation of evaporated materials. Incomplete combustion of
organic materials can generate smoke that is a complex mixture containing
solid and liquid aerosols, gases and vapors. For example, tobacco smoke con-
tains thousands of chemical substances, most of which are toxic or carcino-
genic. Although primary smoke particles are between 0.01 and 1 μm, they can
aggregate and produce extremely larger particles called soot.

Airborne chemical exposure

The three main routes of exposure to chemicals are inhalation, dermal absorp-
tion and ingestion. Inhalation is considered the most important means by
which humans are exposed to airborne chemicals and forms the focus of this
review.

Human respiratory tract: Structure and function

The major physiological function of the respiratory tract is to deliver O2 (oxy-
gen) into the blood system and to remove CO2 (carbon dioxide) as a metabol-
ic waste. The human respiratory tract is anatomically well structured to
achieve this function given its very large surface area of approximately 140 m2

and a high daily exchange volume of more than 10 m3 [15–18]. In addition,
the membrane between air and blood in the gas-exchange region is extremely
thin, approximately 0.4–2.5 μm [19, 20]. As well as olfactory, gas exchange
and blood oxygenation functions, the respiratory system has evolved to deal
with xenobiotics and many airborne materials that usually occur in the air envi-
ronment [21].

However, the respiratory system cannot always deal adequately with the
wide range of airborne contaminants that may occur in urban and occupation-
al environments [20]. After inhalation, airborne contaminants may enter dif-
ferent regions of the respiratory tract. Some chemicals such as insoluble gases
and vapors can even pass through the respiratory tract efficiently and enter into
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the pulmonary blood supply system. As a result, the respiratory system is both
a site of toxicity for pulmonary toxicants, and a pathway for inhaled chemicals
to reach other organs distant from the lungs and elicit their toxic effects at
these extrapulmonary sites. The human respiratory tract can be classified into
three major regions: nasopharyngeal, tracheobronchial and the pulmonary
regions (Fig. 1).

Nasopharyngeal region

This part of the respiratory tract includes the nasal turbinates, epiglottis, phar-
ynx and larynx. Air enters through the nose (and mouth), and is warmed and
humidified during this passage. The nasal passages assist in collecting the
coarse inhaled particles by impaction or filtration, and condition the tempera-

Figure 1. Anatomical regions of the respiratory tract.
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ture and humidity of the inhaled air. Highly water-soluble gases and vapors can
also be absorbed efficiently by the nasal passages. The nasal passages are an
important target area for a wide range of inhaled toxicants. For example, tran-
sitional epithelial tissue is attacked by O3 and respiratory mucosal tissue by
formaldehyde [22].

Tracheobronchial region

The tracheobronchial region includes the airways from trachea to terminal
bronchioles, and delivers inhaled air to the deeper parts of the respiratory tract.
Similar to the nasopharyngeal, this region is lined by mucous-secreting goblet
cells and ciliated cells, which functions as a protective covering [18, 20].
Respiratory tract mucous produced by goblet cells and glandular structures can
capture pollutants and cell debris. Produced mucous is continually propelled
toward the pharynx by respiratory tract cilia [20, 22].

Pulmonary region

The pulmonary region is the area of gas exchange, and includes the respirato-
ry bronchioles, alveolar ducts and alveoli. Adult human lungs consist of
approximately 300 million alveoli, the gas-exchange units of the lung [23]. O2

molecules diffuse from the inhaled air to the blood across the very thin alveo-
lar epithelia and capillary membranes. Diffusion of CO2 occurs in the opposite
direction. The distal respiratory tract also contains several distinctive cells. For
example, the alveoli are lined with two types of epithelial cells. Type I alveo-
lar cells are very thin and cover a large surface area (approximately 90%) of
the alveolar surface and bring inspired air into close contact with blood. Type
II cells produce surfactant and assist in gas exchange and alveolar integrity
[20, 22].

Deposition of inhaled chemicals

Apart from the physiological and anatomical characteristics of the respiratory
tract, physicochemical and aerodynamic characteristics of inhaled chemicals
are crucial in determining the site of deposition/absorption and the ultimate
fate of inhaled contaminants.

Gases and vapors

Water solubility is the significant factor that determines the penetration site of
a gas in the respiratory tract. For example, ammonia, formaldehyde, sulfur
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dioxide and hydrogen fluoride are extremely soluble in water and tend to be
absorbed nearly completely within the nose and upper airways. While the nose
acts as a scrubber for water-soluble gases to protect the lungs from potential
toxic effects, the drawback of this protective action is the probability of pro-
duction of toxic effects in the nose, such as formaldehyde, that may induce
nasal cancer [24, 25]. Gases with low solubility such as nitrogen dioxide, O3

and phosgene penetrate further into the pulmonary region and exert their tox-
icity in this region. Ultimately, very insoluble gases such as CO and hydrogen
sulfide pass through the respiratory tract efficiently and are delivered through-
out the body via the pulmonary blood supply system.

Although water solubility is a critical parameter in penetration of gaseous
contaminants, other factors such as partition coefficient may also have a con-
siderable influence. For example, when a gas penetrates to the gas-exchange
region, the blood-gas partition coefficient will determine the rate of gas uptake
into the blood [17, 24].

Particulate matter

While water solubility is the significant factor determining the penetration site
of gaseous inhaled chemicals, particle size distribution is the most critical
characteristic determining airborne behavior and deposition pattern of aerosols
in the respiratory tract [26]. During inhalation, a specific volume of air from
the breathing zone accelerates towards the nose (or mouth) and enters into the
respiratory tract. As well as air, particles that are able to follow the air flow will
enter into the respiratory tract (Fig. 1). Larger particles (5–30 μm) are usually
deposited in the nasopharyngeal region by an inertial impaction mechanism.
Aerosols (1–5 μm) that fail to be captured in the nasopharyngeal region will
be deposited in the tracheobronchial region, and may be absorbed or removed
by mucociliary clearance. Finally, the remaining particles with the smallest
size distribution (<1 μm) that were not trapped in tracheobronchial region will
penetrate deeply into the alveolar region, where removal mechanisms are
insufficient [18, 24, 27].

The phagocytic function of alveolar macrophages to remove inhaled nano-
sized particles appears to be considerably less efficient than for larger particles
[28–30]. Therefore, nano-sized particles can effectively access the alveolar
region of the lungs and come into intimate contact with the alveolar epitheli-
um. Once deposited, they may enter into the blood stream and readily reach
other target organs [31]. However, insoluble particles may remain in the lung
indefinitely [24, 27, 30].

Transport and deposition of particles in the respiratory tract is governed by
four main mechanisms: impaction, interception, sedimentation and diffusion
(Fig. 1), [22, 32, 33]. Impaction occurs due to both velocity and directional
change predominantly in the upper respiratory tract. When the airstream
undergoes a change in direction, larger particles cannot follow the airstream
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lines because of their inertial properties and hence they continue in the origi-
nal direction and impact onto the surface. Interception has an important role in
the deposition of fibers, particularly for those with large aspect ratios. When
the trajectory of a particle brings it close enough to a surface to make contact,
the particle will be captured by interception.

Sedimentation refers to aerosol movement under the influence of gravity
[34, 35]. Sedimentation is a significant mechanism in the smaller bronchi, the
bronchioles and the alveolar spaces. Diffusion is a major deposition mecha-
nism for particles smaller than 0.5 μm [36]. Diffusion is an important deposi-
tion mechanism for extremely small particles such as nanoparticles deep in the
alveoli, where the air flow is very low [31, 37].

Major responses to inhaled chemicals

Responses to inhaled chemicals range from immediate reactions to long-term
chronic effects, from specific impacts on single tissue to generalized systemic
effects [38, 39]. The severity of toxic effects of inhaled chemicals is influenced
by several factors such as type of air contaminant, airborne concentration, size
of airborne chemical (for particles), solubility in tissue fluids, reactivity with
tissue compounds, blood-gas partition coefficient (for gases and vapors), fre-
quency and duration of exposure, interactions with other air toxicants and indi-
vidual immunological status [24, 38, 39].

Exposure to air pollutants can cause different adverse effects either in the
respiratory tract or in other organs and systems distant from the lung. The site
of deposition/action of inhaled toxicants will determine, to a great extent, the
ultimate response of the respiratory tract to inhaled chemicals. Human lung
disorders involve an entire spectrum of respiratory diseases ranging from acute
irritation and sensitization to chronic pneumoconiosis, occupational asthma
and lung cancer (Tab. 1).

Acute irritant injuries

Exposure to irritants can cause acute injuries of the respiratory tract. During
inhalation, the cell lining of the respiratory tract, from the nostrils to the gas-
exchange region, is exposed to air contaminants. Penetration of the irritant gas
into the respiratory tract depends primarily on the water solubility of the gas
or vapor. For example, anhydrous ammonia is an upper respiratory irritant due
to high water solubility. In contrast, gases or vapors with low water solubility
such as nitrogen dioxide or methylene chloride that are not well absorbed in
the upper respiratory tract will penetrate deeper into the distal parts of the res-
piratory tract and induce tissue damage. Important respiratory irritants can be
found in Table 1.
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Table 1. Air pollutants and related adverse effects

Contaminant Toxic effects/diseases

Gases/vapors

Chlorine (Cl2) Respiratory irritation, bronchitis
Ammonia (NH3)
Oxides of nitrogen (NOx)
Sulfur dioxide (SO2)
Sulfur trioxide (SO3)
Fluorine (F2)
Phosphine (PH3)
Phosgene (COCl2)
Acrolein

Acid mists Corrosion of respiratory system
Caustic mists

Nitrogen (N2) Dilution (‘simple’) asphyxiation
Hydrogen (H2)
Methane (CH4)
Helium (He2)
Ethylene (C2H2)
Ethane (C2H6)

Carbon monoxide (CO) Chemical asphyxiation
Hydrogen cyanide (HCN)
Hydrogen sulfide (H2S)

Isocyanates (–N=C=O) Sensitization, allergy, asthma
Amines (–CR2NH2)

Particulates

Asbestos Asbestosis, pleural plaques, lung cancer, mesothelioma
Aluminum dust and abrasives Aluminosis, alveolar edema, intestinal fibrosis
Beryllium Berylliosis, pulmonary edema, pneumonia, granulomatosis,

lung cancer, cor pulmonale
Cadmium (oxide) Pneumonia, emphysema, cor pulmonale
Chromium VI Bronchitis, fibrosis, lung cancer
Coal dust Fibrosis, coal miner’s pneumoconiosis
Cotton dust Byssinosis
Iron oxides Siderosis, diffuse fibrosis-like pneumoconiosis
Kaolin Kaolinosis, fibrosis
Manganese Manganism, manganese pneumonia
Nickel Pulmonary edema, lung cancer, nasal cavity cancer
Silica Silicosis, fibrosis, silicotuberculosis
Talc Talcosis, fibrosis
Tin Stanosis
Tungsten carbide Hard metal disease, hyperplasia of bronchial epithelium,

fibrosis
Vanadium Irritation, bronchitis

Modified from [39].
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Asphyxiation

Impaired or absence of oxygen exchange, which is characterized as asphyxia,
is a toxicological hazard in various occupational and environmental settings
[40]. Asphyxiant agents are classified into two groups based on their mode of
action: (1) simple asphyxiants that generate tissue hypoxia by displacing oxy-
gen from the inhaled air, e.g., CO2, nitrogen and methane; and (2) chemical
asphyxiants that generate tissue hypoxia by interfering with normal oxygen
transport or utilization via interacting with biological molecules, e.g., CO,
hydrogen cyanide and hydrogen sulfide [20, 40].

Asthma

Asthma is a pulmonary disorder characterized by mild or severe attacks of
shortness of breath due to air flow limitation and/or airway hyper-responsive-
ness, caused by particular or unknown provoking agents [18, 41, 42]. Asthma
induces bronchospasm, more production of mucus in the airways and cough
due to an increasing response of the lung to the provoking agent. Even small
exposures to a sensitizer may exacerbate asthma. Reactive airways dysfunction
syndrome (RADS) is a separate category of asthma and can occur following
acute inhalation of airborne irritants such as irritant gases, fumes and smoke
[43]. Asthma is becoming an increasingly prevalent work-related respiratory
disease in developed countries [44–46], and can be triggered by more than 200
chemicals including gases, vapors, particulates and allergens found in a wide
variety of occupational settings [20].

Chronic obstructive pulmonary disease (COPD)

COPD is the common form of chronic lung disorder in industrialized coun-
tries, and represents the physiological abnormality resulting from long-stand-
ing, fixed, airflow obstruction; it is related to chronic bronchitis, emphysema,
bronchiolitis and asthma rather than a result of a single disease [44, 47].
Smoking, air pollution, respiratory infections and genetic factors such as α1

anti-trypsin deficiency have been identified as having causal links with COPD
[20, 47].

Pneumoconiosis

Pneumoconiosis refers to any non-neoplastic lung disease caused by chronic
exposure to, and hence accumulation of, airborne mineral dusts in the lung and
the associated tissue reaction [20, 48]. Benign pneumoconiosis describes the
presence of non-toxic materials in the lung that do not damage alveolar archi-



A. Hayes and S. Bakand470

tecture or increase collagenous fibrosis, e.g., siderosis (iron), stannosis (tin) and
baritosis (barium). In contrast, collagenous pneumoconiosis is the result of
some other inorganic dusts that induce structural alterations in lung tissue and
irreversible fibrosis, e.g., silicosis (silica), asbestosis (asbestos) and coal
miner’s pneumoconiosis (coal dust). However, in Western Europe and North
America the majority of newly presenting cases of pneumoconiosis are now
due to asbestos exposure rather than coal and silica exposure [49].

Lung cancer

Tobacco smoking is a well-recognized lung cancer risk factor and it has been
estimated that about 80–90% of lung cancers are caused by cigarette smoking
[18]. Some inhaled toxicants may induce cancer in the upper respiratory tract
in nasal cavity and turbinates, e.g., formaldehyde, wood dusts, leather work
and isopropyl alcohol [20]. Exposure to asbestos, arsenic or metals such as
nickel, beryllium and cadmium has been associated with lung cancer. Radon
gas is also a known lung carcinogen [18]. Silica, man-made fibers and weld-
ing fumes are suspected carcinogens.

Setting exposure standards

Environmental air quality standards (AQS) and occupational exposure limits
(OEL) are proposed as guidelines to evaluate the health risks associated with
human exposure to airborne pollutants. Although AQS are an essential part of
the risk assessment process, current knowledge of toxicological potential of
inhaled chemicals in relation to hazard evaluation is limited, making it diffi-
cult to establish such guidelines for a large number of airborne chemicals.

While data obtained from human experiences would be most useful in
assessing the toxic effects of chemicals, human data are not always available
for developing safety evaluations on airborne contaminants [8]. Moreover,
after unfortunate human incidents, such as those with pharmaceutical agents
like diethylstilbestrol and thalidomide, or contaminants like lead and poly-
chlorinated biphenyls (PCBs), it is now understood that the risks of new prod-
ucts and technologies need to be assessed before adverse human experiences
occur [2, 50, 51].

An important regulatory effort to remedy the lack of toxicity data for thou-
sands of existing chemicals is the European Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) framework, which
came into effect in June 2007 [8, 52]. The major objectives of the REACH reg-
ulatory framework are to improve the knowledge associated with chemical
properties and applications and to speed up the process of risk assessment.
There is great interest in test systems including alternatives to animal testing
that would satisfy these safety requirements.
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Inhalation toxicology methods

Toxicology has, for many years, made a major contribution in providing chem-
ical toxicity information. In general, no single method can cover the complex-
ity of general toxicity in humans [53]. Toxicity data can be obtained from sev-
eral sources including toxicological studies, epidemiological studies, quantita-
tive structure-activity relationships (QSARs) and physiologically based toxi-
cokinetic (PBTK) studies. While traditional toxicology methods rely on whole
animal testing, in vitro toxicology methods, using cell culture technology in
combination with the knowledge of toxicokinetics, are currently being devel-
oped and implemented in modern toxicology.

In vivo test methods

Extensive data have been generated from toxicological studies using animal
models. However, most of these studies are conducted by oral and dermal
exposures rather than inhalation exposure [5, 54]. While toxicology data may
exist from other routes of exposure, the extrapolation of these data is most dif-
ficult to validate. To identify the lethal effects of air toxicants, inhalation tox-
icity tests are carried out in test animals. In brief, test animals are exposed to
air toxicants dissolved or suspended in air, and the concentration that causes
lethality in 50% of the dosed group (LC50) is determined. In reporting an LC50,
both the concentration of the chemical in air that can cause death in 50% of
exposed animals, and time of exposure is indicated.

Standard protocols have been adopted by regulatory agencies for both short-
term and long-term inhalation tests. The OECD has initially adopted test
guidelines for acute inhalation toxicity (TG 403), repeated-dose inhalation
toxicity 28/14-day (TG 412) and subchronic inhalation toxicity 90-day (TG
413). Meanwhile, new guidelines for acute inhalation toxicity such as Acute
Inhalation Toxicity-Fixed Dose Procedure (TG 433) and Acute Inhalation
Toxicity-Acute Toxic Class (ATC) Method (TG 436) are being finalized [52,
55]. The OECD test guidelines for inhalation toxicity studies, including those
in preparation, and their role in future hazard identification have been briefly
discussed [52].

In inhalation studies, evaluating the dose received by the animal is more
challenging due to several factors that influence the actual dose, e.g., atmos-
pheric concentration, duration of exposure, pulmonary physiological charac-
teristics of the test animal, and deposition/absorption patterns of the air con-
taminant. In a specified system, for many inhaled chemicals the actual dose is
related to the product of concentration (c) and exposure time (t) by Harber’s
law (c × t = inhaled dose) [17, 22]. In many cases, particularly in short-time
exposures to chemicals with a direct action on the respiratory system, the
response is directly proportional to the product of c × t. However, many other
substances, such as chemicals that exhibit systemic toxicity, do not follow
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Harber’s law because in such cases, several factors including absorption by the
respiratory tract, tissue distribution, metabolism in potential target organs and
elimination will influence the toxicity [17].

The selection of an animal species for toxicity studies is another crucial
consideration that may influence the outcome of in vivo studies and the esti-
mated human adverse health effects. Usually rodents such as rat, mouse,
guinea pig and hamsters are used. However, different criteria should be con-
sidered in the selection of animals such as species-related physiological fac-
tors, the size of the animals, the availability of the animals, the number of ani-
mals needed, the cost of obtaining and maintaining the required number of ani-
mals and the cost of producing consistent atmospheric test concentrations [22].

The more common exposure modes to evaluate the effect of inhaled air tox-
icants involve whole body, head only and nose only. Whole body exposure
mode is conducted most frequently for human inhalation studies. Head- and
nose-only exposure modes are suitable for repeated short-time exposure for
restricting the portal of entry of the test chemical to the respiratory system.
Design and construction of head-only units are similar to those of nose-only
units. Nose-only exposure units require an animal holder to accommodate
rodents with suitable size to reduce stress and discomfort. The animal holder
is normally designed to fit the general shape of the animal with a conical head-
piece using polymethylmetacrylate, polycarbonate or stainless steel. The ani-
mal holder is connected to the exposure chamber that introduces the test chem-
ical into the face or nose of the animal.

Generation of test atmospheres

Generation and characterization of known concentrations of air contaminants
and reproducible exposure conditions is a more complicated and expensive
procedure than that required for oral and dermal exposures. This process
requires specialized equipment and techniques to generate, maintain and
measure standard test atmospheres. Inhalation exposure systems involve sev-
eral efficient and precise subsystems, including a conditioned air supply sys-
tem, a suitable gas or aerosol generator for the test chemical, an atmosphere
dilution and delivery system, exposure chamber, real-time monitoring or sam-
pling and analytical system, and an exhaust/filter or scrubbing system (Fig. 2).

Exposure chambers can be operated in both static and dynamic systems.
Usually animal inhalation toxicity studies are carried out in a dynamic system
to avoid particle settling and exhaled gas complications. While the operation
of the static system is relatively simple and requires comparatively less test
material, this is only suitable for short exposure times due to the reliance on
the air inside of the chamber. In contrast, in a dynamic system, the test atmos-
phere flows through the exposure chamber continuously and hence ensures
atmospheric stability and no reduction in oxygen concentration due to test ani-
mal respiration [17]. This system requires accurate flow monitoring for both
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diluent air and the primary source of contaminant in proportions that can pro-
duce the final desired concentrations.

In vitro test methods

Application of cell culture techniques in toxicological studies is referred to as
in vitro toxicology and describes a field of study that applies technology using
isolated organs, tissues and cell culture to study the toxic effects of chemicals
[14]. As well as scientific advances, the development of in vitro toxicity test
methods has been influenced by a variety of socio-economical factors. Animal
welfare issues are one of the most important social concerns and have influ-
enced the recent shift towards alternatives in toxicity testing. Each year, thou-
sands of new cosmetics, pharmaceuticals, pesticides and consumer products
are introduced into the marketplace. Considering that there are approximately
80 000 chemicals in commerce [46], as well as an extremely large number of
chemical mixtures, in vivo testing of these numbers of chemicals requires a
large number of expensive, time-consuming and in some cases non-humane
tests on animal species. The necessity of determining the potential toxic effects
of this large number of chemicals has provoked the need for rapid, sensitive
and specific test methods.

Figure 2. Components of a test atmosphere generation system (adapted from [14] with permission of
the publisher Wiley-VCH).
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In vitro toxicity endpoints

Different levels of organization in the human body may be affected by chem-
ical substances from molecules to cells to tissues to organs, and to functional
levels. Cytotoxicity is the adverse effect that occurs from the interaction of a
toxicant with structures and/or processes essential for cell survival, prolifera-
tion and/or function [56]. Toxic chemicals can attack any of the basal cell func-
tions, origin-specific cell functions and extracellular functions. To assess the
potential cytotoxicity of chemical substances, several in vitro tests have been
developed by measuring different biological endpoints, which are summarized
in Table 2 [14, 53, 57–63]. In addition, recent research on apoptosis has enor-
mously added to the knowledge of mechanisms involved in cell death, leading
to the development of mechanistically based endpoints. Many morphological
and biological changes that may occur at the cellular membrane, nucleus, spe-
cific proteases and DNA level can be used as biological endpoints for measur-
ing apoptosis [62, 63]. Moreover, the rapid progress in genomic, transcript-

Table 2. Common biological endpoints assessed by in vitro toxicity tests

Biological endpoint Detection method

Cell morphology • Cell size and shape
• Cell-cell contacts
• Nuclear number, size, shape and inclusions
• Nuclear or cytoplasmic vacuolation

Cell viability • Trypan blue dye exclusion
• Diacetyl fluorescein uptake
• Cell counting
• Replating efficiency

Cell metabolism • Mitochondrial integrity (tetrazolium salt assays: MTT, MTS, XTT)
• Lysosome and Golgi body activity (neutral red uptake)
• Cofactor depletion (for example, ATP content)

Membrane leakage • Loss of enzymes (for example, LDH), ions or cofactors 
(e.g., Ca2+, K+, NADPH)

• Leakage of pre-labeled markers (e.g., 51chromium or fluorescein)

Cell proliferation • Cell counting
• Total protein content (e.g., methylene blue, Coomassie blue,

kenacid blue)
• DNA content (e.g., Hoechst 33342)
• Colony formation

Cell adhesion • Attachment to culture surface
• Detachment from culture surface
• Cell-cell adhesion

Radioisotope incorporation • Thymidine incorporation into DNA
• Uridine incorporation into RNA
• Amino acids incorporation into proteins

Adapted from [14]. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTS, 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; XTT,
3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis-(4-methoxy-6-nitro)benzene sulfonic acid.
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omic (gene expression) and proteomic technologies has created a unique, pow-
erful tool in toxicological investigations [64].

In vitro toxicity testing of inhaled chemicals

The study of the toxic effects of inhaled chemicals is typically more challeng-
ing due to the technology required for the generation and characterization of
test atmospheres, and the development of effective and reproducible tech-
niques for exposure of cell cultures to airborne contaminants. Generation and
characterization of known concentrations of air contaminants and reproducible
exposure conditions require equipment and techniques to generate, maintain
and measure test atmospheres comparable to those for in vivo studies (Fig. 2).
In addition, the exposure of cells to test atmospheres requires close contact of
cells and air.

A practical approach for in vitro inhalation toxicity testing has been pro-
posed by the European Centre for the Validation of Alternative Methods
(ECVAM) [21]. This systemic approach is initiated with the consultation of
existing literature, evaluating the physicochemical characteristics of test chem-
icals and predicting potential toxic effects based on structure activity relation-
ships (SARs). Physicochemical characteristics of chemicals such as molecular
structure, solubility, vapor pressure, pH sensitivity, electrophilicity and chem-
ical reactivity are important properties that may provide critical information
for hazard identification and toxicity prediction [65, 66].

Initial in vitro tests should be conducted to identify likely target cells and
toxic potency of test chemicals. Based on the obtained result, in vitro tests may
be followed by a second phase using the following cells: nasal olfactory cells,
airway epithelial cells, type II cells, alveolar macrophages, vascular endothelial
cells, fibroblasts and mesothelial cells [21]. While over ten main cell types have
been identified in the epithelium of the respiratory tract, for the assessment of
respiratory toxicity it is important to utilize specific cell types with appropriate
metabolizing activity. It has been suggested that the endpoints to be used should
be selected based on the knowledge of toxic effects of test chemicals and should
always include cell viability testing in at least two different cell types.

To evaluate the potential applications of in vitro methods for studying
inhalation toxicity, more recent models developed for toxicity testing of air-
borne contaminants have been reviewed [14, 67, 68]. The toxic effects of air
contaminants have been studied using several indirect and direct in vitro expo-
sure techniques (Tab. 3).

Indirect exposure methods

Most of these, especially studies conducted on particulates are limited to expo-
sure of cells to test chemicals solubilized or suspended in culture medium
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[69–76], which may be adequate for soluble test materials. However, this may
not follow the in vivo exposure pattern of airborne aerosols, particularly for
insoluble aerosols, due to unexpected alternation of their compositions and
particle-media or particle-cell interactions [77]. Such techniques of exposure
may also ignore size, which is crucial in toxicity testing of inhaled particles.

Some researchers have employed sampling of the aerosols by filtration
techniques followed by the investigation of the effects of suspended and
extracted particles, e.g., studies on atmospheric aerosols [78–82], or cigarette
smoke condensate [83–86]. Filtration offers an advantage for on-site toxicity
assessments of aerosols; however, this technique usually requires sample
preparation steps, such as extraction to isolate the components of interest from
a sample matrix, and ultimately, solubilization or suspension in culture media,
potentially increasing experimental errors and further toxicity interactions. For
example, cytotoxicity of roadside airborne particulates has been studied in
rodent and human lung fibroblasts using the filtration technique [79]. Airborne
particulates were sampled on glass fiber filters using a high-volume sampler.
After air sampling, the filters were sonicated using benzene-ethanol solvents
and to obtain a crude extract, solvents were evaporated to dryness. The crude
extract was further fractionated by acid-base partitioning and all extracts were
dissolved in dimethyl sulfoxide (DMSO) for cytotoxicity assays. Cytotoxicity
was investigated using cell proliferation, tetrazolium salt (MTS) and lactate
dehydrogenase (LDH) in vitro assays [79].

Table 3. Indirect and direct in vitro exposure techniques developed for studying the toxicity of air con-
taminants

Exposure technique Exposure achievement procedure

Indirect methods
Exposure to test chemical itself Cells are exposed to test chemicals solubilized or 

suspended in culture media

Exposure to collected air samples Cells are exposed to air samples collected by filtration 
or impingement methods

Direct methods
Submerged exposure condition Test gas is introduced to cell suspension under 

submerged conditions using impinger or vacuum 
test tubes

Intermittent exposure Cells are periodically exposed to gaseous compounds 
and culture medium at regular intervals using variation 
of techniques: rocker platforms, rolling bottles

Continuous direct exposure Cells are continuously exposed to airborne contaminants 
at the air/liquid interface during the exposure period usually on their apical side,

while being nourished from their basolateral side using 
collagen-coated or porous membranes permeable to 
culture media

Adapted from [14].
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Indirect exposure techniques have also been developed using an impinge-
ment method where samples of airborne formaldehyde were collected in
serum-free culture media [87]. Cytotoxicity was investigated after exposing
human cells to collected air samples. The objective of this study was to devel-
op an in vitro sampling and exposure technique that can be used for toxicity
testing of soluble airborne contaminants with the potential for on-site applica-
tions. An average of 96.8% was calculated for the collection efficiency of air-
borne formaldehyde in serum-free culture media, signifying the potential
application of this method for sampling the airborne formaldehyde and other
soluble airborne contaminants. The use of serum-free culture media as a col-
lection solution for soluble airborne contaminants proved to be a simple tech-
nique, without any specific sample preparation or extraction steps; hence, any
potential toxic interactions of the test chemical with other toxic organic sol-
vents during preparation were omitted.

Direct exposure methods

Several direct in vitro models have also been developed to deal with gas-phase
exposure of airborne contaminants using different exposure techniques.
Different features of exposure techniques developed for airborne chemicals
have been discussed in terms of their relevance, advantages and limitations
[88]. In principle, these methods include exposure of cells under submerged
conditions, intermittent exposure procedures and more recently direct expo-
sure techniques at the air/liquid interface.

Exposure by bubbling gaseous test compounds through cells suspended in
media can easily be achieved using variations of standard laboratory process-
es (Fig. 3). For example, to study the in vitro toxic effects of O3 on human

Figure 3. Exposure by bubbling test gaseous compounds through cells suspended in media.
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hematic mononucleated cells (HHMC), the test gas was introduced at once to
cell suspensions in vacuum test tubes [89]. However, exposure patterns in vivo
may not be closely simulated and only a very small interface between the test
gas and the target cells can be provided by the submerged exposure technique.

A variation of laboratory techniques has been developed allowing intermit-
tent exposure of cultures to gaseous contaminants. Cell culture dishes held on
chambers or platforms rotated, shaken or tilted at certain angles were exposed
to gaseous compounds periodically [90, 91]. Cell culture flasks were also tilt-
ed at regular intervals to expose the cell cultures to volatile anesthetics [92].
Rolling culture bottles on roller drums were set up for in vitro gas exposure
[93, 94]. Lung slices were alternatively fed by culture medium and exposed to
diesel exhausts by rotating the culture vial on the internal wall of a flow
through chamber [95]. Tissue culture flasks on a rocking platform were used
to expose the cells to mainstream cigarette smoke followed by an immersion
in culture media intermittently [96]. For example, a micro roller-bottle system
was developed for cytotoxicity screening of volatile compounds in which pri-
mary hepatocytes attached to a collagen-coated nylon mesh (Fig. 4). The pri-
mary hepatocytes were exposed to volatile compounds injected into the roller
bottle. The roller bottle was placed on a roller apparatus in an incubator at
37 °C and hepatocytes were alternatively exposed to the medium and the test
atmosphere. Medium samples were then taken for measuring the cellular LDH
and aspartate aminotransferase [94]. Compared to the submerged exposure, the
intermittent exposure technique provided a larger interface between gaseous
compound and target cells. Nevertheless, in such exposure conditions cells are
always covered by an intervening layer of medium that may influence both
accuracy and reproducibility of the results.

In the 1990s, technology became available that allowed cells to be cultured
on permeable porous membranes in commercially available transwell or snap-
well inserts (Fig. 5). In this system, once cells are established on the mem-

Figure 4. A micro roller bottle system (modified from [94]).
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brane, the upper layer of culture media can be removed, and the cells directly
exposed to air contaminants. In a direct exposure technique at the air/liquid
interface target cells can be exposed to airborne contaminants continuously
during the exposure time on their apical side, while being nourished from their
basolateral side. Direct exposure of cells to airborne contaminants was initial-
ly achieved by growing cells on collagen-coated membranes located on special
platforms [97] and more recently porous membranes in transwell inserts [77,
98, 99] or snapwell inserts [100–102]. Both static and dynamic direct expo-
sure methods have been established for exposure purposes.

Exposure to volatile chemicals is a significant contributor to human health
problems; however, toxicity testing of volatile compounds has always faced
significant technological problems [60, 103–105]. Apart from high volatility,
many VOCs are less water soluble or insoluble. These physicochemical prop-
erties may produce technical challenges during the course of in vitro experi-
ments. Static direct exposure methods have been developed for toxicity assess-
ment of VOCs, in which test atmospheres of selected VOCs were generated in
sealed glass chambers with known volumes [106]. Human cells including
A549 pulmonary type II-like cell lines, HepG2 hepatoma cell lines and skin
fibroblasts were exposed to airborne toxicants at different concentrations
directly at the air/liquid interface. Cytotoxicity was investigated using the
tetrazolium salt (MTS; Promega) and neutral red uptake (NRU; Sigma) assays
in vitro. Using the static direct exposure method, the airborne IC50 (50%
inhibitory concentration) values for selected VOCs were established, e.g., for
xylene (IC50 = 5350–8200 ppm) and toluene (IC50 = 10 500–16 600 ppm)
after 1-hour exposure. The static direct exposure method proved to be a prac-
tical and reproducible technique for in vitro inhalation studies of volatile
chemicals.

A typical experimental set-up for dynamic direct exposure at the air/liquid
interface requires appropriate exposure chambers. Standard tissue culture
incubators are used for exposure purposes [107]. Dynamic delivery and direct
exposure of human cells to airborne contaminants can be achieved using spe-

Figure 5. The culture of human cells on porous membranes. Left: Culture of cells on microporous
membranes; Right: Exposure of cells to airborne contaminants following removal of media in the
upper compartment (modified from [14] with permission of the publisher Wiley-VCH).
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cific exposure chambers [108] or horizontal diffusion chamber systems [109].
Toxic effects of individual airborne chemicals such as O3, SO2 and NO2 [100,
109, 110], and complex mixtures, such as diesel motor exhaust [110], cigarette
smoke [99], and combustion products [111, 112], have been studied using cul-
tured human lung cells on porous membranes permeable to culture media. The
dynamic direct exposure technique at the air/liquid interface offers a repro-
ducible contact between chemically and physically unmodified airborne con-
taminants and target cells and technically may reflect more closely inhalation
exposure in vivo [100, 101, 109].

Nanotoxicology: An emerging issue of inhalation toxicology

The pattern of human exposure to aerosols and particulates has changed enor-
mously. Historically important pulmonary diseases (e.g., silicosis, coal miner’s
pneumoconiosis and asbestos-related cancer) have been significantly reduced
via improvement of engineering and other control measures [35]. With emerg-
ing modern technologies such as nanotechnology and related material sci-
ences, a new category of particles, nanoparticles, with unique characteristics
are increasingly manufactured and introduced for commercial use. Nano-
particles are defined as primary particles with at least one dimension <100 nm
[37, 113–115]. Nanoparticles have already being implemented in sunscreens,
cosmetics, pharmaceuticals, food additives, self cleaning paints and glass,
clothing, disinfectants, fuel additives, electronics, therapeutics, batteries and
other products [115–120]. However, by increasing the application of nanopar-
ticles, protection of the human respiratory system from exposure to nanoparti-
cles and ultrafine particulates has become an emerging health concern [116].
While very little is known about their interactions with biological systems, the
very small size distribution and tremendous large surface area of nanoparticles
available for undergoing reactions may potentially play a significant role in
toxicological effects of nanoparticles [37, 115, 121].

The defense mechanisms of the human body may not be able to deal ade-
quately with such nanomaterials, smaller than common irritants and pollens.
There is evidence that the human lung macrophages, which develop to remove
inhaled particles, are not able to deal with nanomaterials smaller than 70 nm,
enabling these particles to access deeply into the lung and perhaps enter the
blood stream [29]. Microscopic examination of human monocytic cells after
exposure to nanotubes demonstrated frustrated phagocytosis, suggesting that
the ability of macrophages to remove nanofibers from the lung may be
impaired [122]. It has been reported that combustion-derived nanoparticles
(CDNP) and their components can migrate from their site of deposition in the
lung, to other organs [114]. At the site of final retention in the target organs,
nanomaterials may trigger mediators and hence activate inflammatory or
immunological responses [123].
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Apart from their local inflammatory effects, nanoparticles have the poten-
tial to translocate away from their site of deposition and into the blood circu-
lation. Blood-borne particles may be delivered to secondary target organs such
as brain, heart, spleen, kidney and liver causing numerous additional adverse
health effects [37, 114].

With respect to toxicity testing of nanoparticles, several limitations have
been identified that need to be addressed in future investigations [113, 115,
124–126]. Conventional exposure techniques are not able to determine the
fraction of inhaled particles that ultimately cross the pulmonary epithelial bar-
rier into the cardiovascular system; consequently, particle concentrations to
which endothelial cells are exposed in vivo remain unknown [126]. Most cur-
rent nanomaterials are extremely insoluble. Low water solubility is a major
restrictive characteristic and may cause technical problems during the course
of in vitro experimentation [106]. Therefore, future studies performed under
dynamic exposure conditions can potentially provide more physiologically rel-
evant toxicity information, leading to a better understanding of the interaction
between target cells and nanoparticles.

Current knowledge of the toxicological potential of nanoparticles in relation
to risk assessment is very limited, which makes it impossible to establish safe-
ty guidelines. In addition, available methods of sampling and analytical tech-
niques are not able to adequately quantify the concentration of nanoparticles
in environmental samples [37, 124, 127]. For example, due to the small size
and low mass in any gravimetric method, the likely concentration of respirable
particles is presumed to be very low. One of the key questions related to
nanoparticle exposure is determining what potential characteristics of a nano-
scale material needs to be measured, e.g., mass concentration, surface area,
number concentration, size distribution, surface reactivity, particle agglomera-
tion, chemical composition and/or morphology [37]. It is probable that the
mass of a toxic concentration of nanoparticles in air will be very small, com-
pared with conventional particles.

It has been recommended that high resolution imaging techniques, such as
transmission electron microscopy (TEM) and scanning electron microscopy
(SEM), may provide an efficient means by which to characterize particle size,
shape and structure for a number of nanomaterials [128, 129]. Particle size dis-
tribution and shape are two crucial physicochemical characteristics in the con-
text of exposure assessment and toxicity screening studies. TEM techniques
have demonstrated how some nanomaterials such as metal oxide nanoparticles
can be internalized within human cells [126]. Currently, these techniques serve
as advanced research tools for toxicological investigations and qualitative
structural evaluation of nanoparticles, both of which are expensive and non-
quantitative. Much research is also needed to develop methods of detection
and quantification that provide detection limits low enough to quantify the
exposure concentration of inhaled nanoparticles and to reduce the uncertainty
factors involved in their risk assessment.
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Conclusion

Inhalation of airborne contaminants, e.g., gases, vapors, and aerosols, is a
major contributor to human health problems, and can cause adverse effects
ranging from simple irritation to morbidity and mortality through acute intense
or long-term low-level repeated exposures. The large number of chemicals and
complex mixtures present in indoor and outdoor air, coupled with the intro-
duction of new materials such as nanoparticles and nanofibers, is an area of
growing concern particularly in the industrial and urban environment. Animal-
based assays have for many years been the preferred method to study the toxic
effects of chemicals. However, very little is known about the potential toxici-
ty of the vast majority of inhaled chemicals. As well as scientific and economic
concerns, there is an increasingly strong urge to reduce animal testing on eth-
ical grounds. The REACH regulatory framework intends to reduce the number
of animal testings and speed up the risk assessment process. As well as new or
improved OECD test guidelines, continuing scientific developments are need-
ed to improve the process of safety evaluation for the vast number of chemi-
cals. In addition, introducing a new category of chemicals/preparations to the
marketplace such as nanoparticles and nanofibers, for which toxicity data is all
but absent, emphasizes the demand on alternative toxicity test methods.

Development, standardization and validation of reproducible in vitro test
methods could play a significant role in safety evaluation of chemicals and can
contribute to a better understanding of the interactions between chemical expo-
sure and toxic effects at the cellular level. The most appropriate cell systems
with biotransformation activities and cellular functions comparable to the in
vivo environment, such as a range of primary cell cultures and a battery of
human cell-based assay systems, would need to be implemented. Although in
vitro toxicology methods cannot mimic the biodynamics of the whole body, in
vitro test systems in combination with the knowledge of QSAR and PBTK
models have the potential to be considered more broadly for risk assessment
of human inhalation exposures. A key molecular structure may provide some
readily available information for toxicity prediction. Further, the application of
PBTK models may provide a scientific basis for extrapolation of concentra-
tions that produce cellular toxicity in vitro, to equivalent in vivo dosages.

For inhalation toxicity testing, promising in vitro exposure techniques have
been recently developed that offer new possibilities for testing biological activ-
ities of inhaled chemicals under biphasic conditions at the air-liquid interface.
The study of the toxic effects of inhaled chemicals in vitro requires effective
and reproducible techniques for exposure of cell cultures to airborne contami-
nants. Direct exposure techniques may have the potential to be applied exten-
sively to study the toxic effects of airborne contaminants, as the exposure pat-
tern in vivo is more closely simulated by this method. Development and vali-
dation of appropriate in vitro sampling and exposure techniques may provide
an advanced technology for studying the toxicity of nano- and ultrafine parti-
cles where inhalation toxicity data are much needed.
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Abstract. Testing for drugs of abuse has become commonplace and is used for a variety of
indications. Commonly employed testing methods include immunoassay and chromatogra-
phy. Testing methods vary in their sensitivity, specificity, time, and cost. While urine remains
the most common body fluid used for testing of drugs of abuse, over the last several decades
the use of alternative matrices such as blood, sweat, oral fluids, and hair has increased dra-
matically. Each biological matrix offers advantages and disadvantages for drug testing, and
the most appropriate matrix frequently depends on the indications for the drug test. Drugs of
abuse that are most commonly tested include alcohol, amphetamines, cannabinoids, cocaine,
opiates, and phencyclidine. Testing may involve detection of the parent compound or metabo-
lites and sensitivity, specificity, and reliability of drug testing may vary depending on the drug
being tested. Toxicologists have a responsibility to understand the strengths and limitations
of testing techniques and matrices to be able to critically evaluate the results of a drug test.

Introduction

Testing for drugs of abuse has become commonplace in the workplace and in
modern medical practice. The origins of testing for drugs of abuse can be found
in the pathology laboratory when illicit drug use was suspected to be a con-
tributing cause of death. Today, drug tests are used for a wide variety of appli-
cations. Applicants for employment must frequently undergo testing prior to
securing a position. Both the federal government and the U.S. military test
employees, physicians use drug testing to suggest possible diagnoses, rehabili-
tation programs monitor subjects for abstinence, athletes are tested for perform-
ance-enhancing drugs, authorities test persons suspected of operating a vehicle
under the influence, and employees with safety sensitive or other positions or
special responsibilities often undergo intermittent or random drug testing.

Testing for drugs of abuse may take a variety of forms. While urine tests are
most commonly used, serum, hair, oral fluid, sweat, and meconium tests are
also available. A variety of testing methods are utilized including thin-layer
chromatography (TLC), immunoassays, and gas chromatography–mass spec-
trometry (GC-MS). The precise method used varies according to the reasons
for performing the test and for a variety of applicable regulations.

Despite the rapid increase in testing for drugs of abuse, many professionals
who use drug testing or interpret the results of those tests have limited under-
standing of the actual testing procedure and the benefits and limitations of var-
ious testing methodologies. This may result in complacency and, at times,
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results in misapplication of toxicological principles. This complacency may be
an indirect result of misplaced trust in the infallibility of the laboratory and the
belief that a laboratory report is always accurate. The goal of this chapter is to
introduce the reader to testing methods widely used today, explain their bene-
fits and drawbacks, discuss the limitations of various testing methods, and pres-
ent an overview of the medicolegal milieu in which drug testing is performed.

Testing methods

A variety of methods have been developed for identifying drugs of abuse in
biological matrices. Testing methodologies differ in their sensitivity, specifici-
ty, cost, availability, and time. The most appropriate testing method will
depend on the specific purpose for which testing is performed.

Thin-layer chromatography

TLC is a qualitative method of testing that distinguishes compounds based on
their degree of polarity. A small amount of sample is placed via micropipette
on a testing plate that is coated with a polar substance such as silica. The base
of the testing plate is placed in a non-polar solvent, e.g., benzene, cyclohexa-
ne, chloroform or others, and the solvent rises up the plate by capillary action.
Compounds in the tested sample migrate up the plate along with the nonpolar
solvent to varying distances depending on their polarity; more polar com-
pounds remain stationary or travel only a short distance, while less polar com-
pounds travel farther. The compounds can be visualized on the plate using
ultraviolet light or by chemical reaction leading to a colored product. Com-
pounds can then be identified by comparison with known values or internal
standards.

The use of TLC in drug testing, while historically important, is not com-
monly used for drug testing today as more sensitive techniques requiring less
technical expertise are available. Additionally, TLC is limited in that it cannot
quantify the amount of drug identified in the body fluid in question. While
TLC has been used as a confirmatory test in the past, today it has largely been
abandoned in favor of gas (GC) or liquid chromatography (LC).

Immunoassay

Immunoassays depend on an antigen-antibody reaction to detect drugs of
abuse in body fluids. A variety of specific techniques have been developed that
vary in how the antigen-antibody reaction occurs in the sample. The presence
of the drug and the antigen-antibody reaction can be measured using radioac-
tivity or an enzymatic reaction.
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Radioimmunoassays (RIA) utilize radioactivity to identify the presence of
drugs of abuse in body fluids. In RIA, a known quantity of the drug of abuse
is labeled with a radioactive atom, commonly iodine-125. For example, to
detect cocaine use, benzoylecgonine can be labeled with iodine-125 [1]. Then
the body fluid being tested, a known quantity of the radioactive drug of abuse,
and antibodies directed against the drug of abuse are combined. The radioac-
tive antigen competes with antigen in the body fluid, if present, to bind with
antibodies. Antibody-antigen complexes are removed by centrifugation and the
radioactivity of the supernatant is measured. If there is no drug of abuse pres-
ent in the body fluid, more of the radioactive antigen will bind to antibodies
and be removed, and the radioactivity of the supernatant will be decreased. If
the drug of interest is present in the body fluid it will bind the antibody, leav-
ing more of the radioactive antigen unbound and retained in the supernatant,
and the radioactivity of the supernatant will be increased. The radioactivity of
the supernatant can be compared to standard curves to determine the concen-
tration of the drug of abuse in the body fluid tested.

When RIA was first developed in the 1950s it was hailed as an innovative
technique allowing the measurement of minute quantities of a particular sub-
stance (e.g., insulin) in the blood. Although RIA has historically been used in
testing for drugs of abuse, today it has largely been supplanted by enzyme
immunoassays. Enzyme immunoassays are considered superior to RIA in that
they do not require the sophisticated equipment or use of radioactive materials
inherent to RIA.

Enzyme immunoassays, also known as enzyme-linked immunosorbent
assays (ELISA), identify an antigen, such as a drug of abuse, present in body
fluid by means of a colorimetric or fluorescent signal. ELISA uses enzymes
that have been covalently attached to antibodies. These enzymes act on sub-
strate to produce a colored or fluorescent product that can be qualitatively or
quantitatively measured.

Several specific ELISA techniques exist and the exact steps involved vary
depending on the ELISA being performed, although the tests are all similar.
Samples of the body fluid, along with positive and negative controls, are added
to wells on a microtiter plate. Drugs of abuse present in the body fluid non-
specifically adsorb to the sides of the well. Antibodies against the drug being
tested are added to each well. An enzyme-linked antibody is then added that
binds specifically to the initial antibodies added. After an incubation period,
the well is emptied and washed. Lastly, the substrate for the enzyme is added.
If the drug being tested was present in the body fluid, the drug/antibody/
enzyme-linked antibody complex will adhere to the wall of the well and the
substrate will be metabolized to a fluorescent or colorimetric signal. The
strength of the signal can be compared to standard curves for quantification. If
no drug was present, the antibody/enzyme-linked antibody complex will be
washed away and no fluorescent or colorimetric product will be produced.

ELISA is currently the method of choice in most clinical laboratories and
clinically related testing situations. ELISA testing is fast, inexpensive, highly
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sensitive, and widely available. The major drawback to ELISA is its limited
specificity. The test uses antibody-antigen interaction to determine the pres-
ence of drugs of abuse in the body fluid being tested. If a compound that is
structurally similar to the drug of abuse is present in the body fluid, it may
interact with the antibody, causing a false-positive result (Tab. 1).

Point-of-care immunoassays are becoming increasingly available. These
tests use many of the same principles of ELISA but require minimal equipment
or expertise. Specific testing apparatuses are available from various compa-
nies. The tests generally depend on a competitive immunoassay in which a
drug-pigment conjugate in the test competes with the drug of abuse in the body
fluid, if present, for a limited amount of antibody. If the drug of abuse is pres-
ent at sufficient concentration in the body fluid, it occupies the antibody bind-
ing sites, and the drug-conjugate remains free. The drug-conjugate is then able
to bind to other antibodies immobilized on a solid support where it will cause
a visible line, signifying a positive result. In the absence of drug of abuse in
the body fluid, the drug-conjugate will bind to the antibody and will be
unavailable to bind to the antibodies on the solid support, no line will be gen-
erated, signifying a negative result. Unlike laboratory immunoassay tests
which are frequently quantitative determinations, point-of-care immunoassays
are qualitative tests in which only a positive or negative reading may be
obtained. The tests are frequently designed to be read as negative if the drug
concentration is below an arbitrarily set limit of detection.

Gas chromatography–mass spectroscopy

GC, also known as gas-liquid chromatography or gas-liquid partition chro-
matography, is a technique used to separate compounds present in a mixture
based on their polarity and vapor pressure. A gas chromatograph contains a
glass or metal column that is either coated with a polymer or contains poly-
mer-coated beads. An inert gas such as helium or nitrogen is pumped through
the column at a specific rate and the temperature inside the column is kept con-
stant.

The body fluid to be tested is introduced, usually via an autosampler, into a
heated headspace. The mixture volatilizes and is advanced through the column
by the inert gas. As the mixture travels through the column, the individual
compounds are retained in the column for different lengths of time depending
on the strength of interaction with the polymer (polarity) and their tendency to
remain in a gaseous state. For example, a compound with a higher boiling
point will remain in the column for a longer period of time because it con-
denses onto the solid support (stationary phase) and spends less time being
advanced through the column by the inert gas (mobile phase). Individual com-
pounds in the mixture have characteristic retention times depending on the
solid support used, length of the column, and temperature.
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Table 1. Characteristics of biological testing for drugs of abuse

Drug of abuse Characteristics of biological testing Testing limitations

Amphetamines • Available immunoassays are • Amphetamine immunoassays 
directed against amphetamine have low sensitivities for MDMA 
or amphetamine/d-methamphet- and numerous other “designer”
amine amphetamines and may yield 

• A modified immunoassay false-negative results

directed against MDMA is • The MDMA immunoassay has 
commercially available poor sensitivity for amphetamine 

and methamphetamine

• Similar chemical structures and 
metabolic pathways may lead to 
false-positive results in patients 
taking a variety of licit medications

• Amphetamine salts may be legally 
prescribed

• GC-MS may yield false-positive 
amphetamine or methamphetamine 
results if a chiral derivatizing agent
is not used to distinguish between
levoamphetamine/levomethamphet-
amine (metabolites of licit medicati-
ons) from dextroamphetamine/dextro-
methamphetamine (drugs of abuse)

Barbiturates • Immunoassays are directed • Barbiturate immunoassays 
against secobarbital or a number generally have high sensitivities 
of barbiturate compounds and specificities

Benzodiazepines • Most commercially available • Clonazepam, lorazepam, and 
immunoassays are directed alprazolam are not metabolized 
against diazepam, nordiazepam, to one of those compounds and 
or oxazepam may not be detected by available 

• Several other benzodiazepines immunoassays resulting in

are metabolized to one of those substantial false-negative rates

compounds resulting in their 
detection

Cannabinoids • Most commercially available • Cannabinoid immunoassays 
immunoassays are directed generally have high sensitivities 
against THC or THC-COOH and specificities

• THC and THC-COOH ratios may • THC-COOH is unstable in urine 
be useful for determining the over time and prolonged storage 
timing of marijuana use prior to testing may lead to false 

negative results

• Cannabinoids have low incorpora-
tion rates into hair leading to false-
negative results if hair is used as 
the testing substrate

Cocaine • Immunoassays are directed • Cocaine immunoassays generally 
against benzoylecgonine have high sensitivities and 

• Detection of anhydroecgonine or specificities

anhydroecgonine methyl ester 
suggests crack cocaine use

(continued on next page)
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As the individual compounds exit the gas chromatograph, they are further
analyzed by MS. The mass spectrometer showers the emitted compound with
high-energy electrons. These electrons fragment and ionize the compound and
the fragments are driven into a detector by an electromagnetic field, which sep-
arates fragments based on their mass and charge. The particular fragments pro-
duced by bombardment of the compound and the proportional abundance of
the fragments are unique to its chemical structure. In the lay media, MS has
been called “molecular fingerprinting” because of the unique fragmentation
patterns produced by each molecule. Comparison of the fragmentation pattern

Table 1. (continued)

Drug of abuse Characteristics of biological testing Testing limitations

• Detection of substantial concen-
trations of cocaethylene suggests 
concomitant cocaine and ethanol use

Ethanol • Portable breath analyzers use • Electrochemical cell breath 
electrochemical cell technology analyzers cannot distinguish 
while infrared spectroscopy between ethanol, methanol,
breath analyzers are typically and isopropyl alcohol
used as a confirmatory test • Oral fluid testing for ethanol may 

• Serum ethanol levels are higher be falsely elevated after recent 
than whole blood ethanol levels ethanol consumption due to 
and corrections must be applied residual drug in the oral cavity
to compare the testing methods • Testing for FAEEs in hair may be 

• Testing for fatty acid ethyl esters confounded by cosmetic hair treat-
(FAEEs) allows determination of ments, use of alcohol containing 
recent ethanol use in the absence hair care products, and inter-indi-
of acute intoxication vidual variability

Opioids • Most commercially available • Opiate immunoassays directed 
immunoassays are directed against morphine have intermedi-
against morphine ate sensitivity for oxycodone and 

• Immunoassays directed against oxymorphone and low sensitivity

buprenorphine, methadone, for buprenorphine, fentanyl,

6-monoacetylmorphine (6-MAM), meperidine, methadone, and 

oxycodone, and propoxyphene propoxyphene

are available • If low cut-off values are used,
• Detection of 6-MAM in serum or poppy seed ingestion may result in

urine indicates heroin use false positive results

• A serum morphine:codeine ratio • False negative results for 6-MAM 
of >1 and urine morphine: are common due to its short half-
codeine ratio >2 is suggestive life
of heroin use

PCP • Immunoassays are directed • False positive immunoassays may 
against phencyclidine be caused by dextromethorphan 

and venlafaxine

MDMA, 3,4-methylenedioxymethamphetamine; THC, Δ9-tetrahydrocannabinol; THC-COOH, 11-
nor-9-carboxy-Δ9-tetrahydrocannabinol; PCP, phencyclidine.
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produced by MS to a computer database can then identify the drug present in
the body fluid.

GC-MS is widely considered the “gold standard” for specific drug identifi-
cation and is therefore used in laboratory confirmation of suspected positive
results. It is highly sensitive and specific in identifying drugs present in bio-
logical matrices. The major drawback to GC-MS is that it requires expert tech-
nicians to perform the assays and it is relatively costly. In addition, samples
must often be sent to a reference laboratory and results may not be available for
several days. GC-MS only effectively analyzes drugs that are volatile or that
can be made volatile by derivatization, and that will not be decomposed at the
temperatures used by the gas chromatograph. Drugs of abuse that cannot be
volatilized, such as benzodiazepines, must instead be analyzed using LC-MS.

High-performance liquid chromatography–mass spectroscopy

As mentioned above, compounds that cannot be volatilized either in their par-
ent form or through derivatization are more appropriately studied using high-
performance liquid chromatography (HPLC). Like GC, HPLC uses a column
containing a stationary phase. In the case of HPLC, the stationary phase is typ-
ically coated onto small (approximately 5-μm) silica beads. While in GC the
mobile phase is an inert gas, in HPLC a liquid solvent is used. A high degree
of pressure (approximately 400 atm) is necessary in HPLC to push the solvent
through the micro-beads.

To test body fluids for drugs of abuse, a sample is introduced into the col-
umn. The solvent carries the sample through the column and individual com-
pounds are separated by their tendency to move with the solvent (mobile
phase) or interact with the stationary phase on the micro-beads. As the solvent,
now containing only one compound at a time due to the above separation
process, exits the column it is aerosolized, sprayed with high-energy electrons,
and analyzed using MS. The function of the mass spectrometer in HPLC-MS
is the same as in GC-MS, described in the section above.

As with GC-MS, HPLC-MS is considered a “gold standard” technique. It is
both highly sensitive and highly specific for testing of drugs of abuse in body
fluids. The primary drawbacks of HPLC-MS are its limited availability, often
only being performed in reference laboratories, and the cost and time of per-
forming the test.

Testing substrates

Testing for drugs of abuse can be performed on a variety of substrates.
Common substrates include urine, blood, oral fluids, sweat, and hair. The most
appropriate substrate for testing depends on the goals of the testing program.
Commonly tested substrates vary in their sensitivity, length of time after drug
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use that the test will remain positive (window of detection), invasiveness of
obtaining a sample, ability of the subject to falsify a sample, and cost.

Urine

Urine is the most widely used substrate for testing of drugs of abuse [2]. Urine
collection is painless though considered by some to be invasive of privacy,
especially when directly observed urine collection is used.

The window of detection for urine testing depends on the drug being test-
ed, whether the testing method detects parent drug or metabolite, the method
of drug use, the pattern and intensity of drug use, the cut-off values used, and
the concentration of urine. Typically, urine tests will turn positive within hours
of abuse of a drug [2]. The concentration of drug and/or metabolites in the
urine generally peaks within 6 hours of administration and typically remains
positive for several days [2]. In cases of heavy or daily drug use, urine tests
may remain positive for longer periods, up to several weeks in cases of daily
marijuana use [3]. As a result, urine tests cannot determine intoxication.
Unlike hair or sweat tests, the risk of false positives due to environmental con-
tamination is low. Stated another way, external skin or hair contamination
from ambient smoke or drug particulates is unlikely to cause a false-positive
urine test [2].

The risk of false negatives, conversely, is relatively high. Subjects may seek
to avoid a positive drug test result by adulteration, substitution, or dilution of
their urine or by ingesting “masking” agents. Urine adulteration is the addition
of a substance to the urine sample that is designed to interfere with the accu-
racy of the test. Common urine adulterants include oxidizing agents like
nitrites, peroxides, or bleach and immunoglobulin interferants like gluteralde-
hyde. Some adulterants are sold commercially specifically for the purpose of
producing false-negative drug tests. Urine substitution is the submission of
synthetic urine or the urine of another person. Imaginative products such as
“The Whizzinator”, a prosthetic penis that came in various skin tones with syn-
thetic urine, have been, and in some cases continue to be, sold over the inter-
net. Subjects may drink excessive quantities of water or add water to their
urine specimen to dilute the concentration of drug in their urine to below the
cut-off for positivity. Finally, they may ingest products, e.g., goldenseal, that
are designed to mask drug use, with varying degrees of efficacy. Numerous
websites and several books are devoted to helping drug users obtain “clean”
test results. The risk of sample adulteration, dilution, or substitution can be
minimized, but not eliminated, by directly observed urine collection and by
specimen validity testing. Specimen validity testing may detect the presence of
adulterants or abnormally acidic, basic, or dilute urine.

Point-of-care urine tests for drugs of abuse are widely available, both for
testing facilities and retail sale to the public. Sales of retail drugs of abuse test-
ing kits are generally marketed to parents wishing to test their children.
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Blood

Blood testing for drugs of abuse is frequently used in forensic toxicology for
scenarios where there is a question of criminal behavior. Blood tests are ideal
for situations in which testing accuracy is paramount and the cost and degree
of invasiveness are considered justified. Blood tests are considered to be most
resilient to judicial review. A significant body of literature has accumulated
investigating testing for drugs of abuse in whole blood, plasma, or serum
because of the importance of this testing modality for legal/forensic applica-
tions [4, 5].

Drugs of abuse appear in the blood immediately after injection or inhalation
and within hours of ingestion of the drug. Drug tests that target the parent com-
pound will report negative results once the serum level of the drug is below an
arbitrary cut-off value. In some cases, assays for drug metabolites may remain
positive longer, allowing detection of recent drug use.

Blood tests are invasive in that phlebotomy must be performed for sample
collection. A sample collector such as a phlebotomist or nurse must be
involved in sample collection. As with urine testing, risk of false positives due
to environmental contamination is low. The risk of false-negative results is also
low – because the sample is actively obtained, risk of adulteration or substitu-
tion of the sample is minimal. False-negative results may occur if collection of
the sample is significantly delayed because a phlebotomist or nurse is not
immediately available.

Testing methodologies that allow quantification of the concentration of drug
of abuse are frequently utilized in blood testing because serum drug levels may
correlate with the degree of intoxication. Additionally, quantification of the
drug concentration is useful for cases in which legal limits exist, e.g., for driv-
ing under the influence of alcohol [4]. It is generally considered standard prac-
tice in forensic toxicology to perform both a screening test and confirmatory
test for the drug in question. With blood or serum testing, the most common
tests used for screening and confirmation are GC-MS and LC-MS or LC-
MS/MS because of their high degrees of sensitivity, specificity, and accuracy
at determining drug concentration [4].

Various commercially available immunoassay kits for testing for drugs of
abuse in blood have been validated. Historically, a significant amount of sam-
ple preparation was necessary to avoid interference of endogenous proteins
(e.g., hemoglobin) with testing results, although some currently available
microtiter immunoassays require minimal to no sample processing. These tests
also offer excellent sensitivity and specificity, but quantification of drug con-
centration is not reliable [6]. The inability to reliably quantify the concentra-
tion of drug in the blood limits the usefulness of immunoassay testing in foren-
sic scenarios, although the significant time advantage over GC or LC may be
useful as a screening procedure when obtaining rapid results is critical. While
positive test results should be confirmed using a second testing method, e.g.,
GC or LC, as mentioned above, in some cases a negative immunoassay result
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may be sufficient and obviate the need for more expensive and time-consum-
ing GC or LC testing [7].

Blood tests for drugs of abuse are frequently more expensive than other test-
ing modalities, even more so when the cost of specimen collection is consid-
ered. There are no commercially available point-of-care tests for testing for
drugs of abuse in blood.

Oral fluids

Oral fluid is a relatively new substrate for testing of drugs of abuse.
Traditionally, blood and urine were the only bodily fluids used in drug testing.
However, recent studies have shown oral fluid to be a reasonable substrate for
testing for very recent drug use and its use in post-incident workplace testing
and roadside testing continues to increase [8].

Drugs of abuse partition between blood and oral fluids with the salivary
concentrations depending on the pH of saliva, pH of the blood, pKa of the
drug, and degree of serum protein binding [9]. Because of the ongoing parti-
tioning of drugs of abuse between blood and oral fluids, concentrations of
drugs in oral fluids largely follow the same pharmacokinetics as in the blood.
Therefore, as with blood testing for drugs of abuse, drug levels in oral fluids
rapidly decline and drug concentrations will decline below detectable levels
within hours after last drug use [9]. Therefore, oral fluid testing is useful only
for detecting very recent drug use.

Sample collection can be performed by direct expectoration or by use of a
commercial collection device. Direct expectoration is useful in that concentra-
tions in oral fluid can be measured, whereas with commercial devices the use
of a diluent makes accurate measurement of drug concentrations impossible
[10]. The two main drawbacks to oral fluid collection by direct expectoration
are issues of hygiene and the ability of the subject to produce an adequate sam-
ple volume. Commercially available collection devices typically use a swab or
absorbent pad to collect oral fluids. The sensitivity and specificity of collec-
tion devices for specific drugs of abuse is variable and depends on the indi-
vidual device used [11–13].

Oral fluid has both benefits and drawbacks as a testing substrate. The major
benefit to testing of oral fluid over other bodily fluids is the ease and non-inva-
siveness of sample collection. Sample collection can occur in the presence of
another person without invasion of their privacy. Lay personnel can easily col-
lect oral fluid samples with minimal training unlike phlebotomy for blood col-
lection or even the training necessary in urine collection to minimize the chance
of sample adulteration or substitution. The main drawbacks in oral fluid as a test-
ing substrate are the variability in saliva volume and acidity. Saliva volume can
be affected by xenobiotics, including both licit and illicit drugs. Illicit drugs that
decrease saliva production include amphetamines and cannabis, while numerous
therapeutic medications have similar effects [10, 14, 15]. Additionally, salivary
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volume is affected by a number of disease states including diabetes mellitus,
alcoholic liver cirrhosis, and renal dysfunction, among others [14].

Saliva acidity varies with salivary gland stimulation and the rate of saliva
production. The acidity of oral fluids can be seen as a balance between bacte-
rial metabolic activities producing acid and lowering the salivary pH and the
buffering capacity of bicarbonate present in oral secretions. Salivary gland
stimulation increases oral fluid pH by two mechanisms: in addition to
increased dilution of acidic bacterial metabolic byproducts, salivary stimula-
tion also produces a higher concentration of bicarbonate in secreted fluids, fur-
ther increasing its buffering capacity [14].

The acidity of oral fluids influences the concentration of drugs of abuse in
the saliva by altering the partition of drugs between blood and saliva. Oral
secretions generally have a lower pH than that of the blood. As a result, basic
drugs (amphetamines, methamphetamine, MDMA, opiates), tend to concen-
trate within the saliva, while acidic drugs (benzodiazepines) tend to concen-
trate within the blood [10]. As an example, the ratio of concentration in oral
fluid to blood for methamphetamine is 25, while for diazepam it is 0.015 [10].
As oral fluid pH decreases, the oral fluid:blood concentration ratios will
change even further favoring the concentration of basic drugs into the saliva
and of acidic drugs into the blood. The concentration of protein in the saliva
also changes with salivary gland stimulation, although this is not thought to be
an important consideration in testing for drugs of abuse.

Another factor that influences the concentration of illicit drugs in oral flu-
ids is residual drug in the oral cavity or local absorption during inhalation or
ingestion of the drug. For example, smoking marijuana and amphetamines
may temporarily result in high concentrations of these drugs in oral fluid [16,
17]. This may be seen as an advantage in that positive results suggest very
recent drug use and, by extension, may imply intoxication.

Sweat

Testing for drugs of abuse using sweat remains an uncommon practice. There
are two general types of sweat patches. Fast patches are designed to be applied
for up to 30 minutes and rely on heating to induce sweating for specimen col-
lection [18, 19]. Patches designed for prolonged use are commercially avail-
able and may be worn for a period of up to 2 weeks [20]. The patch accumu-
lates both drugs and their metabolites via a semi-permeable membrane that
adheres to the skin [2]. Drugs are thought to accumulate in sweat from total
body water via passive diffusion [21]. Following patch removal, drugs are elut-
ed from the patch using a solvent and then may be tested in the same manner
as bodily fluids using immunoassays, GC-MS, LC-MS, and other techniques.
Sweat testing has been validated for heroin and other opioids, cocaine, benzo-
diazepines, marijuana, and amphetamines, although the sensitivity of sweat
testing has not been well described [19, 22–25].



D. Vearrier et al.500

The premise of sweat testing for drugs of abuse is that any illicit drug use
by the subject while wearing a patch will result in a positive test result. The
advantages of sweat as a matrix for drug testing, therefore, is that a single
sweat patch test can continuously monitor a subject for up to 2 weeks, where-
as monitoring a subject for 2 weeks using urine testing would necessitate mul-
tiple tests. Additionally, testing is less invasive than urine or blood collection
and little training is required for test administrators. Commercially available
sweat patches are tamper evident.

Sweat does have its drawbacks as a matrix for drug testing. As a relatively
new medium, the admissibility of sweat tests results as evidence in legal pro-
ceedings remains problematic [26]. Additionally, concerns remain about con-
tamination resulting in false-positive results [27]. Illicit drug on the skin at the
time of patch application that is not adequately removed by an isopropyl alco-
hol wipe may result in a false-positive result [26, 27]. The sweat patch is rela-
tively resistant to external contamination, although if the sweat patch becomes
soaked with a basic solution, such as may occur with profuse sweating, exter-
nal contamination with illicit drug may cause a false-positive result [26, 27].
Finally, there is concern that chronic illicit drug users may continue to release
drugs or drug metabolites through the skin from subcutaneous adipose tissue
for prolonged periods after their last use resulting in a false-positive sweat
patch test despite no recent drug use [28]. In one report, measureable levels of
cocaine, morphine, and methadone were found in stimulated sweat samples
from drug users after 6 drug-free days [29].

Hair/nails

Hair sampling is performed by cutting a bundle of hair 60 to 120 strands thick
(approximately the thickness of a pencil), usually from the vertex of the head.
The hair is cut as close to the scalp as possible with a single-use or properly
cleaned cutting instrument [30, 31]. If head hair is unavailable, then pubic or
axillary hair may be used. To minimize the risk of false positives due to envi-
ronmental contamination, hair must be thoroughly washed prior to analysis. An
initial wash with ethanol may be performed to remove oils and loosely adher-
ing drugs, followed by washing with phosphate buffer or ethanol/water mix-
tures [32]. Following washing, the drugs are released from the hair by solvent
extraction or, preferably, by protein digestion [32, 33]. The drug testing may
then be performed using immunoassay, GC-MS, LC-MS, or other techniques.

The greatest benefit conferred by using hair in drug testing is the ability to
detect illicit drug use over an extended period of time. While the rate of hair
growth is variable, it is assumed to average approximately 1 cm per month
with the least variation in hair growth rate occurring on the posterior vertex of
the head [31]. Therefore, a hair sample that is a few centimeters in length will
yield information on illicit drug use over several months. Additionally, seg-
mentation of the hair sample and comparison of testing results of the various
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segments may distinguish between occasional or single drug exposures and
habitual drug use [30].

As a matrix for testing for drugs of abuse, hair has several drawbacks. False-
positive results due to external contamination are of concern. This risk may be
minimized by using cut-off values, validated washing procedures, comparing
drug concentrations in washes to that of a digested specimen, and testing for
drug metabolites that would not be present from external contamination [32].
Despite adoption of these techniques, some studies have reported that external
contamination may still result in false-positive tests [34, 35].

Also of concern is that concentrations of some illicit drugs, such as cocaine
and codeine, are higher in darker hair because of binding to melanin [36, 37].
By extension, races or ethnicities with a propensity for darker hair would, on
a population basis, be more likely to exceed cut-off values when tested for
those drugs. This potential bias is of concern in using hair in screening tests,
such as pre-employment screening, because it may result in unfair discrimina-
tion against those races/ethnicities with darker hair. Porosity of hair, as well as
chemical treatment of hair can affect results and may vary with ethnicity and
cultural norms. Several methods have been described to minimize testing bias
as a result of hair color and porosity including measuring and adjusting for
increased drug uptake and use of digestion techniques that leave melanin-drug
complexes intact [32, 38].

Drugs of abuse

While the spectrum of xenobiotics with the potential for abuse is limited only
by the human imagination, current testing for drugs of abuse focuses on a few
classes of commonly used drugs with high abuse potentials (Fig. 1, Tab. 1).
Pre-employment and occupational drug tests frequently include ampheta-
mines, cannabinoids, cocaine, opiates, and phencyclidine. These drugs are
sometimes referred to as the NIDA 5 because they are the five drugs that the
U.S. National Institute of Drug Abuse (NIDA) recommended for inclusion in
pre-employment drug testing in 1988. More comprehensive tests may also
include barbiturates and benzodiazepines, among others.

Alcohol

Alcohol is the most widely used drug of abuse and a leading cause of morbid-
ity and mortality. In the United States, the prevalence of alcohol dependence is
approximately 6% for men and 2% for women and alcohol-dependent indi-
viduals are much more likely to suffer legal or occupational difficulties as a
result of their alcohol use [39]. Although the consumption of alcohol among
adults is legal in many countries, those same countries generally have laws
prohibiting driving motor vehicles while intoxicated and mandatory alcohol
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testing for prospective employees in sensitive positions, e.g., commercial driv-
ers. Therefore, alcohol testing is frequently performed in both forensic and
pre-employment settings.

Ethanol is an odorless, colorless liquid that is miscible with water (Fig. 1).
It diffuses across lipid membranes and modulates activity at a variety of neu-
roreceptors and ion channels including voltage-gated calcium channels, gluta-
mate receptors, γ-aminobutyric acid A (GABAA) receptors, glycine receptors,
and 5-hydroxytryptamine (5-HT3, serotonin) receptors [40]. It has adverse
effects on a variety of organs, although its effects on the central nervous sys-

Figure 1. Chemical structures of selected drugs of abuse and relevant metabolites. 6-MAM,
6-monoacetylmorphine; MDMA, 3,4-methylenedioxymethamphetamine; THC, Δ9-tetrahydro-
cannabinol; OH-THC, 11-hydroxy-Δ9-tetrahydrocannabinol; THC-COOH, 11-nor-9-carboxy-
Δ9-tetrahydrocannabinol.
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tem (CNS) are most relevant to the legal restrictions on its use. Ethanol is a
CNS depressant that may cause slowed reaction times and impaired judgment.
Ethanol is rapidly absorbed from the gastrointestinal tract, although the speed
of absorption varies with the time of day, drinking pattern, alcoholic drink con-
sumed, and fasting state of the individual. Under ideal conditions alcohol is
almost completely absorbed within 60 minutes from ingestion though the
above factors may delay alcohol absorption by several hours. Following
absorption, ethanol is primarily metabolized into acetaldehyde by alcohol
dehydrogenase, but small amounts are excreted unchanged in urine, sweat, or
exhaled breath. Alcohol dehydrogenase has a low Michaelis constant, result-
ing in predominantly zero-order metabolism, and displays polymorphism,
resulting in ethnic and racial differences in pharmacokinetics [41]. Increased
metabolism in people who consume alcohol regularly is largely due to induc-
tion of cytochrome P450 2E1, which also metabolizes ethanol to acetaldehyde
[41]. Acetaldehyde is subsequently metabolized to acetate by aldehyde dehy-
drogenase, which also displays ethnic and racial polymorphisms [42].

Testing for ethanol is most commonly performed by breath analyzer or
blood test (Tab. 1). Breath analyzers estimate the blood ethanol concentration
by measuring the amount of volatilized ethanol present in exhaled breath.
There is a well-established mean blood-to-breath ratio for ethanol, although
there is considerable variation in the ratio depending on the stage of ethanol
absorption/elimination and individual factors necessitating the use of conser-
vative calculations and confidence intervals [43, 44]. Additionally, falsely ele-
vated test results may be obtained if ethanol has been recently ingested and
residual ethanol is in the mouth, if there has been recent vomiting containing
ethanol, or with recent use of multi-dose inhalers or mouthwash [45].

Breath ethanol analyzers typically rely on one of two technologies: elec-
trochemical cells or infrared spectroscopy. Electrochemical cells (EC) use a
fuel-cell sensor that detects volatilized ethanol. Advantages to EC breath ana-
lyzers are their high sensitivity, longevity, stable performance, and portability
[44]. Handheld breath ethanol analyzers used by law enforcement in the field
typically use EC technology. While EC breath analyzers are not biased by ace-
tone, they are unable to distinguish between ethanol, methanol, and isopropyl
alcohol.

Infrared spectroscopy (IR) breath analyzers are not portable, but are con-
sidered more resistant to legal challenges than EC breath analyzers. The pri-
mary advantage of IR technology is a real-time continuous measurement of
ethanol concentration throughout sample delivery allowing determination of
true ethanol breath concentration that is not biased by residual mouth ethanol
[44]. Frequently, therefore, a field screening test using an EC breath analyzer
is performed and, if positive, a confirmatory IR breath analysis or blood test is
then performed. A major drawback of IR breath analyzers is their lack of
portability; a driver with a breath ethanol concentration above the legal limit
in the field may be below the legal limit by the time they are transported to a
law enforcement facility for IR breath analysis.
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Blood tests for ethanol may be performed using immunoassay or GC-MS.
Typically, GC-MS is used in forensic ethanol testing, while immunoassay tests
are more commonly performed at healthcare facilities for medical reasons.
While forensic ethanol concentrations are defined for whole blood, healthcare
facilities typically measure ethanol in serum or, rarely, in plasma. Serum
ethanol concentrations are typically higher than whole blood concentrations
(serum is composed of a greater percent water than whole blood) with a mean
ratio of serum-to-whole blood ethanol concentration of 1.15, although there is
interpersonal variability requiring the use of confidence intervals [46].
Therefore, a correction must be applied to serum ethanol concentrations to
estimate whole blood ethanol concentration.

Oral fluid testing for ethanol has been suggested to be a rapid, noninvasive
method for evaluating persons who are unable to comply with breath testing;
however, residual alcohol in the mouth after recent consumption may result in
falsely elevated results [47].

Testing for fatty acid ethyl esters (FAEEs) allows the determination of
recent ethanol use in the absence of ongoing intoxication. FAEEs are non-
oxidative metabolites of ethanol that may detected in serum for days after last
ethanol use [48]. Testing for FAEEs in hair may allow the determination of
alcohol use over a period of weeks to months, although this method is con-
founded by cosmetic hair treatments, use of alcohol containing hair care prod-
ucts, and inter-individual variability in FAEE concentrations in hair [30].

Amphetamines

The amphetamine class of drugs includes amphetamine, methamphetamine,
3,4-methylenedioxymethamphetamine (MDMA), and numerous other
“designer” amphetamines (Fig. 1). Amphetamines are chemically synthesized,
although in some cases they are derived from a natural substance, e.g., meth-
cathinone is derived from a plant (Khat). Abuse of amphetamines, including
methamphetamine and MDMA, remains a concern worldwide. Meth-
amphetamine abuse is particularly prevalent in rural Midwestern and Western
United States [49]. MDMA abuse is prevalent among young partygoers and
college students in Australia, England, and the United States among whom it
is called “ecstasy” or “E” and is associated with dance parties called “raves”
[50].

Amphetamines exert their effects primarily through release of dopamine,
norepinephrine, and other monoamines from presynaptic terminals. The exact
mode of action is more complex and also varies among members of the class.
As would be expected, the clinical manifestations of amphetamine intoxication
vary with the drug that was used and may include a sympathomimetic toxi-
drome, perceptual changes, psychosis, and anorexia among others. Amphet-
amines are generally lipophilic with large volumes of distribution [51].
Bioavailability and time to peak effects are variable depending on the drug and
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the method of use. Elimination occurs both via hepatic metabolism and renal
excretion with the relative importance of each pathway and half-lives varying
with the members of the class [51].

Testing for amphetamines can be performed on urine, blood, oral fluids, and
hair (Tab. 1). The amphetamine immunoassay remains problematic as false-
positive and false-negative results may arise. Despite attempts by manufactur-
ers to develop a reagent with greater specificity for amphetamines, false-posi-
tive results remain an issue. False-positive results may stem from structural
similarities or from common metabolic pathways between amphetamines and
numerous prescription medications, over-the-counter cold preparations, and
dietary aids [52, 53]. False-positive results from interfering substances may be
more common than true-positives, depending on the population being studied
[53].

Additionally, amphetamine immunoassays may report false-negative results
in subjects using methamphetamine, MDMA, or designer amphetamine com-
pounds due to limited cross-reactivity between these compounds and amphet-
amine immunoassay reagents. Despite modified amphetamine immunoassays
developed by manufacturers to have improved cross-reactivity with the above
compounds, false-negative results remain problematic and immunoassays with
greater cross-reactivities may suffer from greater false-positive results with
licit non-amphetamine compounds (see above) [54].

GC-MS is typically used for confirmatory testing for amphetamines fol-
lowing positive screening immunoassays. Although GC-MS does not suffer
the same lack of specificity as immunoassays with compounds with structural
similarities to amphetamines, it can still deliver false-positive results due to the
stereoisomerism of amphetamines. Some nasal decongestants contain levo-
methamphetamine while selegiline, a monoamine-oxidase inhibitor, is metab-
olized into levoamphetamine and levomethamphetamine, both of which have
low abuse potentials, while the stereoisomer dextromethamphetamine is an
illicit drug with high abuse potential. To confirm the presence of dextro-
methamphetamine, a chiral derivatizing agent must be used to result in chro-
matographically separable diastereomers. Several methods of derivatization
have been described [55]. Even with the confirmation of dextromethamphet-
amine via derivatization and GC-MS, it must be confirmed that the patient is
not being legally prescribed dextroamphetamine.

Barbiturates and benzodiazepines

Barbiturates and benzodiazepines have long histories of both licit and illicit
use (Fig. 1). Barbiturates were developed in the early 20th century and were
the predominant sedative-hypnotics for the first half of that century. Use of
barbiturates was plagued by a low therapeutic index, resulting in a number of
unintentional overdoses as well as completed suicides. Benzodiazepines were
developed over the last half of the 20th century and rapidly replaced barbitu-
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rates as the sedative-hypnotic of choice due to their improved safety profile.
Both classes of medications have a high abuse potential, although benzodi-
azepine abuse is far more common today due to their extensive availability.

Barbiturate immunoassays are typically directed against a number of barbi-
turate compounds (Tab. 1). Barbiturate immunoassays have high sensitivities
and specificities due to similar structures between members of the barbiturate
class (minimizing false negatives) and a lack of structural similarities to med-
ications outside the barbiturate class (minimizing false positives) [56].
Benzodiazepine immunoassays are more problematic. Most currently market-
ed benzodiazepine immunoassays target diazepam, nordiazepam, or
oxazepam. A number of benzodiazepines are metabolized to these compounds
making the benzodiazepine immunoassay useful for most benzodiazepines.
However, clonazepam, lorazepam, and alprazolam are not metabolized
through those pathways and are frequently not detected by standard benzodi-
azepine immunoassays. These are currently popularly prescribed, resulting in
substantial false-negative rates for immunoassays at detecting benzodiazepine
use or abuse [56].

Testing for benzodiazepines may be performed on serum, urine, oral fluid,
and hair. Windows of detection time are variable depending on the benzodi-
azepine ingested and their considerable variability in half-life and metabolism
as well as other factors such as route of administration, chronicity and extent
of use, and individual pharmacokinetic differences. Benzodiazepine concen-
trations in oral fluid are lower than in serum due to extensive serum protein
binding, but detectable concentrations of benzodiazepines are present in oral
fluid for hours after the last use. The concentration-time profile for benzodi-
azepines in oral fluid appears to mimic that of the blood [57]. Sweat testing for
benzodiazepines has also been found to be effective at determining benzodi-
azepine use [58]. Urine is also effective for determining benzodiazepine use
with a window of detection as long as several weeks, depending on the ben-
zodiazepine ingested and laboratory technique used [59, 60]. As with other
drugs of abuse, hair testing for benzodiazepines has a particularly long win-
dow of detection, on the order of months, which makes it particularly suitable
for detecting the administration of benzodiazepines in drug-facilitated assault
when there may be substantial delay between administration of the drug and
sample collection [61]. Again, because of the variety of compounds present in
the benzodiazepine class, their variable metabolism, and their variable urinary
excretion or incorporation into hair, different testing substrates may be most
appropriate for detecting the use of specific class members.

Cannabinoids

Cannabinoids are obtained from the plant Cannabis sativa and are the active
ingredient in marijuana and hashish. Cannabinoids is the most widely pro-
duced and most widely consumed illicit drug worldwide. In 2006, more
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cannabis was produced worldwide than opium, heroin, and cocaine combined.
While more cannabis is grown in North America than on any other continent
(31% of global production in 2006), cannabis resin (hashish) production is
largely concentrated in Morocco and Afghanistan [62].

Hashish (cannabis resin) consumption is largely focused in Western and
Central Europe, while marijuana (dried flowers and leaves of cannabis) use is
more popular in North America. The United Nations Office on Drugs and
Crime estimated that 166 million people worldwide, or 3.9% of the global
population age 15–64 used cannabis in the year 2006. Prevalence of cannabis
use is highest in Oceania (14.5% of population age 15–64), followed by North
America (10.5%), Africa (8%), and West and Central Europe (6.9%) [62].
Persons who try cannabis at least once have a 9% risk of cannabis dependen-
cy, usually within the first 10 years after onset of cannabis use [63]. Marijuana
use is the second most common reason for admission to a drug treatment pro-
gram, accounting for 16% of admissions in 2005, and was reported in 23% of
emergency department visits related to drug abuse in the United States [64].

Cannabis sativa contains a total of 66 cannabinoids, with the major psy-
choactive cannabinoid being Δ9-tetrahydrocannabinol (THC, Fig. 1). THC is
rapidly absorbed following smoking with a bioavailability of approximately
18% and a peak plasma concentration in 3–10 minutes. Ingestion of THC
results in slower absorption and longer lasting effects with a bioavailability of
approximately 6% and peak plasma concentrations in 1–2 hours [65, 66].
Following absorption, THC quickly distributes into tissues and accumulates in
adipose tissue, liver, lung, and spleen. It is then slowly released back into the
blood stream, resulting in a long terminal half-life [66]. THC is primarily
metabolized by CYP3A and CYP2C into numerous metabolites. Major
metabolites include the equipotent psychoactive 11-hydroxy-Δ9-THC (OH-
THC) and subsequently the non-active 11-nor-9-carboxy-Δ9-THC (THC-
COOH, Fig. 1) [4]. Approximately 80–90% of THC metabolites are excreted
over the 5-day period after use with 20–35% being glucuronidated and elimi-
nated in the urine and 65–80% eliminated in feces [4, 64].

Various validated methods of determination of THC, OH-THC, THC-
COOH in urine, blood, oral fluid, sweat, and hair have been developed (Tab. 1)
[67–69]. THC-COOH is the most important metabolite for testing because of
its long half-life. Measurement of THC and THC-COOH ratios has also been
proposed to determine the timing of marijuana use [70, 71].

Blood testing for THC should specify whether serum or whole blood was
used as concentrations between whole blood and plasma/serum may be signif-
icantly different due to poor distribution of THC and its metabolites into red
blood cells and therefore a higher concentration of THC and its metabolites in
serum rather than whole blood [72, 73]. The window of detection for THC in
plasma ranges from 3 to 27 hours after last use, while the window of detection
for THC-COOH in plasma ranges from 2 to 7 days, although a detection time
of 25 days has been reported in a chronic heavy user [66, 74]. In Germany, the
cannabis influence factor (CIF) is used to interpret acute cannabis intoxication
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in cases of driving under the influence; however, the accuracy of the CIF
remains questionable [66]. Additionally, a THC-COOH above 75 ng/mL sug-
gests regular cannabinoid consumption and is the basis for disqualification
from driving in some parts of Germany [66].

Urine testing for THC and its metabolites has a substantially longer window
of detection time. Infrequent users generally have detection periods of 1–6
days, depending on testing method and cut-off values, with some immunoas-
says detecting cannabinoids up to 2 weeks after last use [3, 66]. Detection peri-
ods are substantially longer in frequent or heavy users, lasting from weeks up
to 3 months [66, 75]. Because of the prolonged detection period for
THC-COOH in urine, abstinence can be determined by serially declining
THC-COOH urine levels. To avoid false-positive increases in THC-COOH
levels caused by urine concentration, THC-COOH/creatinine ratios should be
used for monitoring [76]. Various ratios have been developed to minimize
false-positive and false-negative results [77]. Detectable THC in the urine sug-
gests marijuana use within the last 8 hours and therefore is useful for suggest-
ing impairment or intoxication [78]. An important consideration in urine test-
ing for cannabinoids is their instability in that medium over time. THC-COOH
is degraded over time and storage of samples below freezing is recommended
to minimize false-negative results [79].

Hair testing for cannabinoids is of limited utility. THC and THC-COOH
have very low incorporation rates into hair, probably as a result of their
physicochemical properties [80]. Hair testing therefore has limited sensitivity
for cannabinoids and false-negative results should be expected [81]. Use of
GC-MS/MS improves the sensitivity of hair testing for cannabinoids by low-
ering the level of quantification of THC-COOH to 0.16 pg/mg hair, although
false-negative results may still occur [82]. Additionally, environmental con-
tamination of hair with cannabinoids from passive cannabis smoke exposure
may confound hair testing, resulting in false positives. Determination of
THC-COOH in the hair, which is not present in cannabis smoke and therefore
cannot be present due to external contamination, implies cannabis use [66].

Oral fluid and sweat sample testing are superior to urine testing at indicat-
ing recent cannabis use as saliva concentrations mirror plasma concentrations
[67]. The positive predictive value (PPV) of oral fluid analysis using GC-MS
is 90%, while sweat samples have a PPV of 80% [83]. An LC-MS protocol
with acceptable accuracy has also been developed [67]. Unfortunately, com-
mercially available point-of-care oral fluid testing for cannabinoids, useful in
assessing driver impairment, at this time have inadequate sensitivities and
specificities for cannabinoids [84].

Cocaine

Cocaine is a natural plant alkaloid present in the leaves of Erythroxylum coca
(Fig. 1). Historically, the indigenous peoples of South America used the leaves
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for their psychoactive properties. Procedures to isolate cocaine from the coca
leaf were developed in Europe in the 1800s and cocaine became a popular
medication and recreational drug. Over the course of the 20th century, cocaine
was illegalized in industrialized nations.

Cocaine remains a very popular drug of abuse in the United States and
Western Europe and abuse of cocaine in these regions is second only to
cannabis abuse [85]. In the United States, 2.5% of persons aged 12 years or
older have used cocaine in the last year and cocaine accounts for a dispropor-
tionate number of admissions to substance abuse treatment services [85, 86].

Cocaine may be abused in several forms including cocaine powder, free-
base, and crack cocaine. Cocaine powder is composed of a cocaine salt, fre-
quently cocaine hydrochloride, that is obtained from the coca leaf by macera-
tion of the leaf followed by treatment with an acidic solution. The acidic solu-
tion results in the protonation of cocaine, which increases its aqueous solubil-
ity. Following extraction of cocaine from the leaf into the aqueous solution, the
water is allowed to dry yielding powdered cocaine. Powdered cocaine is fre-
quently insufflated or injected, but not smoked as the temperatures necessary
for volatilization of the cocaine salt frequently results in pyrolysis of the drug.

Freebase cocaine is produced by dissolution of cocaine salt into aqueous
solution followed by treatment with a weak base such as ammonia. The weak
base deprotonates the cocaine decreasing its solubility in water. An organic
phase is added, such as diethyl ether, into which the cocaine dissolves.
Tobacco or marijuana cigarettes can be dipped into the diethyl ether or evapo-
ration of the solvent yields freebase cocaine. Freebase cocaine is unsuitable for
insufflation or injection, but volatilizes at a lower temperature than cocaine
powder making it ideal for smoking. Because of the dangers of producing free-
base cocaine and the advent of the more popular and more easily produced
crack cocaine, freebase cocaine use is no longer prevalent.

Production of crack cocaine is similar to freebase cocaine except that the
addition of the organic phase is skipped and the weak base used is frequently
sodium bicarbonate rather than ammonia. Because of the residual water pres-
ent in crack cocaine, when heated the rock makes a cracking sound as the
water cooks off lending crack cocaine its name. As with freebase cocaine,
crack cocaine is suitable for smoking and not for insufflation or injection.

Cocaine is rapidly and extensively metabolized in the liver and plasma by
esterases to a number of metabolites. Because of its short half-life, testing for
cocaine as a drug of abuse frequently focuses on detection of cocaine metabo-
lites, most notably benzoylecgonine (BE), although norcocaine and ecgonine
methyl ester may also be used in drug testing (Fig. 1). Two other byproducts,
anhydroecgonine methyl ester and anhydroecgonine, are pyrolysis products of
cocaine and are only produced when cocaine is smoked, allowing differentia-
tion between insufflation or injection of cocaine powder and smoking of crack
cocaine [87–89]. Another metabolite, cocaethylene, is formed from the trans-
esterification of alcohol with cocaine and can be measured during drug testing
to assess for the concomitant abuse of cocaine and ethanol.
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Testing for cocaine may be performed on serum, urine, oral fluids, and hair
(Tab. 1). BE and other cocaine metabolites are rapidly cleared from the serum
with a mean half-life of 3.6 hours. Therefore, although serum testing for
cocaine and its metabolites will yield frequent false-negatives due to BE lev-
els having fallen below the limit of detection, a positive serum test for BE is
suggestive of acute cocaine intoxication [90]. BE can be detected in the urine
within a few hours of cocaine use and concentrations may remain above the
cut-off concentrations for approximately 2–3 days following last use [91].
Oral fluid testing for cocaine and its metabolites can be performed whether the
cocaine is injected or smoked and gives an intermediate window of detection
of hours to days depending on the chronicity and intensity of use [9]. Sweat
testing for cocaine may detect cocaine, BE, or ecgonine methyl ester up to
2–3 weeks after last cocaine use, giving sweat testing a substantially longer
window of detection than serum, oral fluid, or urine testing [18, 23].
Additionally, sweat patches can detect anhydroecgonine methyl ester which
specifically demonstrates smoking of cocaine in the subject [19]. As with other
drugs of abuse, hair testing can detect cocaine use within the past 3 months
[92]. Presence of cocaine metabolites such as BE and ecgonine methyl ester
suggest that external contamination was not a cause for a positive test [30].

Opioids

The dried sap of the poppy plant Papaver somniferum, known as opium, has
been used by humans for thousands of years. The 19th century saw the isola-
tion of morphine from opium, the synthesis of heroin, and exponential increas-
es in the abuse of this highly addictive class of drugs. Recreational use of opi-
oids was banned in the early 20th century, although derivatization of semisyn-
thetic opiates and development of novel synthetic opioids for medicinal uses
continues today. The abuse of heroin and diversion of prescription opioids
remains a considerable problem for the United States and Western Europe
today.

Opioids generally undergo extensive metabolism leading to a number of
metabolites that are of variable importance in drug testing. Heroin (diacetyl-
morphine) is the only opioid that is metabolized to 6-monoacetylmorphine
(6-MAM, Fig. 1). Therefore, presence of 6-MAM definitively indicates hero-
in use as opposed to use of legitimate prescription opioids and testing for
6-MAM may be an important component of testing for opioids. Another labo-
ratory measurement used to determine heroin use is the morphine-to-codeine
ratio. A serum morphine-to-codeine ratio greater than unity is suggestive of
heroin use while a morphine-to-codeine ratio less than unity is consistent with
codeine use [93]. Similarly, a urine morphine-to-codeine ratio greater than two
is suggestive of heroin use [94]. Acetylcodeine and codeine may also be used
as markers of illicit heroin use as they are common adulterants of street hero-
in [95]. Chromatography procedures are frequently designed to test for the
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morphine metabolites morphine-3-glucuronide and morphine-6-glucuronide
as well as other parent opioid compounds [4].

The broad range of compounds considered opioids, and their considerable
variety in molecular structure, make immunoassay testing of these compounds
problematic (Fig. 1). Commercially available immunoassays for opiates are
targeted against morphine. They are therefore effective at detecting opiates
with similar structures to morphine such as codeine, heroin, 6-MAM, and
hydromorphone [56]. However, opiates with less structural similarity to mor-
phine, such as oxycodone and oxymorphone may yield a negative screening
immunoassay especially when taken in lower doses. This is especially prob-
lematic because of the popularity of oxycodone as a prescription medication
and as a drug of abuse [96]. Additionally, buprenorphine, fentanyl, meperidine,
methadone, and propoxyphene all have insufficient structural similarity to mor-
phine to be detected by commercially available immunoassays targeted against
morphine, and special immunoassays specific to each drug must be used [56].

Depending on the cut-off values used, as well as the amount ingested, false-
positive tests for opiates may result from consumption of poppy seeds. Poppy
seeds are used in cooking and in bakery products and contain small amounts
of morphine and codeine. Positive oral fluid and urine screening immunoas-
says have been documented following the ingestion of poppy seeds or poppy
seed bagels by volunteers [97].

Testing for opiates as a drug of abuse may be performed using serum, oral
fluid, sweat, urine, or hair (Tab. 1). Serum testing for opiates is most useful for
determining opiate intoxication. Due to the short half-life of 6-MAM in the
serum (on the order of 10–12 min), 6-MAM is frequently below the level of
detection and the serum morphine-to-codeine ratio may be more practical for
determining heroin use when using serum testing [98]. 6-MAM has a substan-
tially longer detection time in the urine and urine testing for 6-MAM is fre-
quently used to determine heroin use. Sweat patches have shown to be useful
for detecting heroin, 6-MAM, morphine, codeine, methadone, and buprenor-
phine [18, 23, 25]. Hair testing is effective in detecting opiates and 6-MAM
accumulates in hair, allowing the long-term determination of heroin use,
although careful sample preparation must be undertaken to preserve the
metabolite [33]. External contamination is particularly of concern with hair
testing for opiates as the presence of heroin metabolites 6-MAM and morphine
does not exclude external contamination as the cause of a positive hair test due
to spontaneous heroin hydrolysis [99]. Controversy remains on the most
appropriate decontamination procedure to minimize false-positives results due
to external contamination [100].

Phencyclidine

Phencyclidine (PCP, Fig. 1) was initially developed as a general anesthetic;
however, a high frequency of dysphoric reactions and postanesthesia psychosis
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resulted in the discontinuation of its use. PCP has been a common drug of
abuse in the United States since the 1970s and is commonly known as angel
dust, crystal, and ice. Tobacco or marijuana cigarettes laced with PCP may be
referred to as wet, fry, or supergrass. PCP may be smoked, insufflated, ingest-
ed, or injected intravenously or subcutaneously. PCP use is frequently com-
bined with other drugs of abuse, with marijuana, alcohol, and cocaine being
the most frequently co-abused drugs [101].

The popularity of PCP as a drug of abuse waxes and wanes. Between 1993
and 2003, the popularity of PCP as a primary substance of abuse or a second-
ary substance of abuse among patients entering drug treatment programs
increased, although the proportion of treatment program admissions due to
PCP remained constant at 0.2% of all admissions [101]. PCP use is most com-
mon among adults aged 25–34 years, males, and Blacks. While historically,
PCP use has been largely confined to urban areas, recent data show increasing
prevalence in more rural areas [101]. PCP remains an uncommon drug of
abuse outside the United States, although it is encountered in Europe.

PCP undergoes both hepatic metabolism and renal elimination. PCP is a
weak base and therefore acidic urine increases renal clearance, although urine
acidification is not routinely recommended due to an increased risk of myo-
globinuric renal failure. Several medications have structural characteristics
that may result in false-positive results for PCP by immunoassay, including
dextromethorphan and venlafaxine among others [102–104]. In settings,
where PCP use is uncommon, false-positive results due to dextromethorphan
use or abuse may be more common than true-positive results [56]. Some com-
mercially available PCP immunoassay reagents have lower cross-reactivity
with dextromethorphan than others.

Testing for PCP can be performed on urine, serum, oral fluids, sweat, and
hair (Tab. 1). Smoking PCP results in detectable PCP in the serum for
5–15 minutes and in the urine for up to 8 days [104]. Techniques for deter-
mining PCP in oral fluid have been developed and validated [105]. Hair test-
ing allows determination of PCP use over a longer period of time.
Simultaneous measurement of PCP and its metabolites in hair gives evidence
that the subject used PCP and that external contamination of the hair was not
responsible for the positive test result [106].

Conclusion

Testing for drugs of abuse is regularly utilized in a number of practical situa-
tions today and the use of drug testing continues to increase. Several testing
techniques are available, including immunoassay and chromatography, each
with their benefits and drawbacks. While historically, urine and blood testing
have been most frequently utilized in testing for drugs of abuse, the use of
alternative matrices such as sweat, oral fluid, and hair has greatly expanded
over the last 20 years. Continuing research into the performance of these alter-
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native matrices for specific testing indications or the testing of specific drugs
promises to further refine the ability to select a matrix and testing technique
that is most appropriate in a given situation.

Toxicologists have a responsibility to understand the strengths and limita-
tions of testing techniques and matrices to be able to critically evaluate the
results of a drug test. As discussed above, false-positive and false-negative
results are not unexpected in certain testing situations and a thorough famil-
iarity with testing for drugs of abuse will enable the toxicologist to know-
ledgeably assess the probability of such a result. Additionally, the failure of
many clinicians and laypersons to adequately understand the limitations inher-
ent to drug testing underlines the importance of the toxicologist being able to
serve in an educational role to others in interpreting the results of drug testing.
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Abstract. Illicit drug intoxications are an increasing public health problem for which, in most
cases, no antidotes are clinically available. The diagnosis and treatment of these intoxications
requires a trained clinician with experience in recognizing the specific signs and symptoms
of intoxications to individual drugs as well as polydrug intoxications, which are more the rule
than the exception. To make the diagnosis, the clinical observation and a urine toxicology test
are often enough. Evaluating the blood levels of drugs is frequently not practical because the
tests can be expensive and results may be delayed and unavailable to guide the establishment
of a treatment plan. Other laboratory tests may be useful depending on the drug or drugs
ingested and the presence of other medical complications. The treatment should be provided
in a quiet, safe and reassuring environment. Vital signs should be closely monitored. Changes
in blood pressure, respiratory frequency and temperature should be promptly treated, partic-
ularly respiratory depression (in cases of opiate intoxication) or hyperthermia (in cases of
cocaine or amphetamine intoxication). Intravenous fluids should be administered as soon as
possible. Other psychiatric and medical complication should receive appropriate sympto-
matic treatment. Research on immunotherapies, including vaccines, monoclonal and catalyt-
ic antibodies, seems to be a promising approach that may yield specific antidotes for drugs
of abuse, helping to ameliorate the morbidity and mortality associated with illicit drug intox-
ications.

Introduction

Drug overdose is the second leading cause of unintentional injury death in the
United States (after motor vehicle injuries) and thus a great public health con-
cern. Illicit drug intoxications may be intentional or unintentional. They may
resolve in the streets, result in hospital emergency department (ED) visits, or
be associated with the death of the user. Although it is often difficult to obtain
a reliable picture of the incidence and/or prevalence of illicit drug intoxication,
it is evident that they are on the rise. In 1999, there were 11 155 cases of unin-
tentional drug poisoning deaths in the United States and in 2005 the number
rose to 22 448 cases. This increase was largely seen in non-metropolitan coun-
ties, where the increase was of 159% versus 51% in metropolitan counties. It
has been suggested that the dramatic increase in rural areas may be due to the
increase in prescription opioid abuse [1–3].

A large proportion of overdose deaths are associated with a history of illic-
it drug use. In particular, suicide, which is the fourth leading cause of death in
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the United States, is often associated with alcohol or other drugs use. The 2004
National Violent Death Reporting System showed that alcohol and opiates
were present in 33.3% and 16.4% of suicide victims, respectively, followed by
cocaine (9.4%), marijuana (7.7%), and amphetamines (3.9%). Rates of ED
visits for illicit drug overdose are high and appear to be increasing. According
to the Drug Abuse Warning Network (DAWN) report of 2006, central nervous
system (CNS) and psychotherapeutic agents were the most frequent drugs
reported in the nonmedical-use category of ED visits (50% and 44% of non-
medical-use visits, respectively). Among the CNS agents, opiate/opioid anal-
gesics were the most frequently found (33%); and among the opioids,
methadone alone or in combination with oxycodone and hydrocodone was the
most frequently found [4, 5].

It has been estimated that, in 2006, there were almost 1.7 million ED visits
that involved drug misuse or abuse. Of them, more than one half (55%)
involved illicit drugs, either alone or in combination with another drug type.
The most frequently reported illicit drugs (estimated number of visits) were
cocaine (550 000), marijuana (290 000), heroin (190 000), stimulants
(107 000) and phencyclidine (PCP, 22 000). Prescription opiates/opioids were
found in 240 000 ED visits and the most commonly found were oxycodone
(65 000), hydrocodone (58 000), methadone (45 000), morphine (20 000) and
fentanyl (16 000). Buprenorphine was included for the first time in this report
with an estimated 4400 ED visits. Between 2004 and 2006 there has been an
important increase in the ED reports of amphetamine (118%) and narcotic
analgesics (39%) [5]. Given the increasing public health relevance of illicit
drug intoxications, appropriate early diagnosis and treatment are critical in
preventing a fatal outcome. Currently, new methods to treat drug overdoses are
being investigated. Active immunizations with vaccines as well as passive
immunotherapies such as monoclonal or catalytic antibodies are being investi-
gated for the treatment of drug overdose and are providing encouraging results.
In this chapter we review the pharmacology/toxicology, clinical manifestation,
main laboratory exams, and treatment (current and potential) of opioid,
cocaine, methamphetamine, marijuana, and PCP intoxications.

Opioids

Opioid-related intoxication is a growing public health problem. Overdose
associated with heroin use as well as the misuse of prescription opioid anal-
gesics have shown an alarming increase in mortality in recent years. Between
1999 and 2004, a 62.5% increase in deaths from unintentional poisoning has
been reported, which is primarily attributed to prescription opioid analgesics.
According to the National Center for Health Statistics, between 1999 and 2002
the number of opioid analgesic intoxications listed on death certificates
increased by 91.2%. In 2002, the number of deaths due to opioid analgesics
was higher than those associated with either heroin or cocaine. Between 1997
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and 2007, the per capita retail purchases of methadone, hydrocodone, and
oxycodone in the United States increased 13-fold, 4-fold, and 9-fold, respec-
tively. Unfortunately, opioid-related intoxications and deaths are increasingly
affecting people living in rural areas where general awareness and treatment
services are limited [1, 6, 7].

Opioid agonists bind to and activate at least three different types of opioid
receptors, designated μ (mu), κ (kappa), and δ (delta). They interact with these
binding sites in the CNS and other tissues to produce analgesia and many other
effects. Long-term use can produce dependence and the abrupt interruption of
their use can produce a withdrawal state [8]. The toxicity of the opioids varies
with the agent and the user’s vulnerability, as well as the tolerance developed
from chronic use. The therapeutic dose of opioids varies depending on the
intended indication and the patient’s ability to tolerate the medication. Opioids
can be administered via oral, intranasal, subcutaneous, and parenteral routes,
both legally and illicitly. The time to reach peak serum concentrations varies
depending on the route of administration. For example, the time to peak con-
centration of heroin administered intravenously is less than 1 minute, intra-
nasally and intramuscularly is 3–5 minutes, and subcutaneously is 5–10 min-
utes. The metabolism is primarily in the liver and the excretion is mostly uri-
nary [9–11].

Commonly abused opiates include heroin, oxycodone, fentanyl, opium,
codeine, hydrocodone, morphine, meperidine, pentazocine, propoxyphene,
and tramadol. Street preparations of some of these drugs may contain variable
amounts of active drugs that may increase the risk of overdose or complicate
its clinical manifestations. Opioid intoxications, particularly heroin, are fre-
quently seen among “body packers” [12].

Clinical manifestations

The opiate intoxication syndrome is characterized by the triad of miotic pupils,
respiratory depression, and depressed level of consciousness. Opioid overdose
is commonly associated with hypoxia, mild hypotension, gastric hypomotility
and ileus. Severe intoxication can produce apnea, acute lung injury, pulmonary
edema, cardiac dysrhythmias, anoxic encephalopathy, shock, coma, and death.
The “heroin-lung” is an infrequent but severe complication that is character-
ized by a sudden onset of non-cardiogenic pulmonary edema after intravenous
heroin overdose. The presence of mydriasis in a patient with severe opioid
intoxication may be due to the presence of severe acidosis, hypoxia, respirato-
ry depression, or anticholinergic exposure. Seizures are infrequent but when
they occur they may be due to severe hypoxia or the administration of propor-
tionally high doses of naloxone [13–17]. Fentanyl can produce severe respira-
tory depression with muscle rigidity, spasms, and seizures [18]. The concomi-
tant overdose of heroin and cocaine can produce hypertension, ventricular fib-
rillation, hyperkalemia and rhabdomyolysis [19].
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Laboratory

Urine concentrations of opiates can be measured with semiquantitative and
qualitative EMIT(R) (enzyme multiplied immunoassay technique) homoge-
nous enzyme immunoassays. They can detect morphine, methadone, codeine,
and hydromorphone, and high concentrations of nalorphine and meperidine.
The evaluation of plasma opioid levels is not clinically useful. In patients with
severe opiate intoxication, monitoring should include electrolytes,
blood/urea/nitrogen (BUN) and creatinine, pulse oximetry, arterial blood
gases, pulmonary function tests, and cardiac markers. Creatinine phosphoki-
nase (CPK) may be useful when a patient experiences chest pain, seizure or
coma. Treatment is based more on clinical presentation than on specific labo-
ratory data [20–23].

Treatment

A patient with a diagnosis of opiate intoxication should be treated in the emer-
gency room because of the high risk of respiratory depression and death. The
treatment should include symptomatic treatment, psychosocial support, and
close monitoring of vital signs, particularly respiratory frequency, fluids and
electrolytes. Ventilation and oxygenation may be required. Pulse oximetry
monitoring and/or arterial blood gases should be regularly examined. In some
cases, mechanical ventilation may be needed [24, 25].

The medication of choice for the treatment of opiate overdose is the opiate
antagonist naloxone. An initial dose of 0.4–2.0 mg should be administered
intravenously, repeating as needed to reverse the intoxication. If an intravenous
line cannot be secured, then naloxone can be administered by other routes such
as subcutaneously, intralingually, or intratracheally [24, 26–30]. It has been
reported that buprenorphine overdose may require doses of naloxone of 10 mg
or more to reverse its overdose effects [31].

If a patient does not show clinical improvement after the administration of
10 mg naloxone, then the clinician may suspect concomitant overdose with
other drugs or may question the diagnosis of opioid-induced toxicity. Pregnant
women with opiate intoxication should be treated with lower doses of nalox-
one because this medication may induce opiate withdrawal to the fetus and
result in fetal distress, meconium staining and fetal death [32, 33]. Because the
effects of naloxone lasts about 20–90 minutes and the action of some opiates
may last longer, intoxicated patients treated with naloxone should be closely
observed given the possible return of respiratory depression. A continuous
infusion of naloxone may be required in cases of intoxication with a long-act-
ing opioid agonist [17, 34, 35].

Given the alarming increase in opiate overdose deaths, particularly in rural
areas where health care resources are difficult to reach, and the fact that peers
or family members are usually the actual first responders, there is considerable
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interest in providing such first responders with the opportunity to intervene
within an hour of the onset of overdose symptoms. Studies are being conduct-
ed to evaluate the public health role that lay persons may have when trained to
safely administer naloxone to individuals with opiate intoxication in the com-
munity. The advantages and limitations of the availability of over-the-counter
naloxone are being evaluated [36].

Clinicians treating opiate intoxication should keep in mind the possibility of
multiple drugs or adulterants that may be co-administered with opiates, in par-
ticularly cocaine and scopolamine. The administration of naloxone to patients
with a mixed overdose of opiates plus cocaine may precipitate a sympatho-
mimetic toxicity because it may remove the opioid-mediated CNS depressant
effects and allow the emergence of cocaine’s adrenergic effects [19].

During the course of naloxone treatment, if clinical manifestations of opiate
withdrawal emerge, the medications should be stopped and clonidine and/or
benzodiazepines may be administered. Naloxone should be reinstated at a dose
that is enough to maintain adequate respiratory function without withdrawal.
Patients may be discharged from the hospital when they can mobilize as usual,
the oxygen saturation on room air is >92%, respiratory rate is between 10 and
20 breaths/min, heart rate is >50 and <100 beats/min, and there is an accept-
able level of consciousness. If the patient has a history of opiate addiction, a
referral for drug abuse treatment should be offered [13, 24, 37–39].

Studies conducted in the early 1970s evaluated vaccines against morphine.
Recently, there is increasing interest in immunotherapies for addictions.
Vaccines can elicit specific antibodies that bind to the drug in the circulation
and reduce its entry into the CNS, thus preventing the neurotoxic and rein-
forcing effects of the drugs. One of the most interesting anti-opiate vaccines is
made from 6-succinylmorphine because it generates antibodies that bind not
only to morphine but also to heroin and 6-acetylmorphine. This is a desirable
effect because heroin is rapidly metabolized to 6-acetylmorphine and mor-
phine and this vaccine could prevent the CNS effects of all three substances.
In 2006, a novel structural formulation of a bi-valent vaccine against mor-
phine/heroin was developed. The antibodies produced in response to this vac-
cine appear equally specific for morphine and heroin and do not cross-recog-
nize other structurally dissimilar opiate medications. This vaccine appears to
block the reinforcing effects of heroin in rodents and may potentially be effec-
tive in preventing relapse to heroin use [40–45]. Further research is needed to
evaluate vaccines as well as other immunotherapies as antidotes to intoxica-
tions with different types of opiates. Currently, no opiate vaccines or antibod-
ies are available for clinical use.

Cocaine

The shrub Erythroxylon coca has been used for centuries by South American
Indians because of its stimulant effects. The active ingredient of coca deriva-
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tives is cocaine. The most commonly used coca derivatives are coca tea, coca
paste, cocaine powder, and crack. The concentration of cocaine in coca leaves
is about 0.13–0.68%, in coca tea there is about 4.8–5.7 mg per tea bag, coca
paste is about 40–85% cocaine sulfate, and street cocaine is about 10–60%
pure. Cocaine is legally used clinically in 4–11.8% solutions for topical and
nasopharyngeal anesthesia [46–48].

The metabolism of cocaine is primarily via plasma hydrolysis by serum
cholinesterase. The two major metabolites are benzoylecgonine and ecgonine
methyl ester. Benzoylecgonine has been detected in the urine of persons who
use coca derivatives, including coca tea. The mechanism of action of cocaine
is by blocking the reuptake of endogenous catecholamines, particularly dopa-
mine and norepinephrine, which explains the adrenergic and dopaminergic
effects of cocaine. The local anesthetic effects of cocaine are explained by the
blockade of sodium channels in cell membranes [49–53].

Cocaine intoxication has been reported with most forms of coca derivatives.
Its symptoms not only depend on the amount used and concentration of
cocaine but also the type of impurities, adulterants and other drugs of abuse
present or concomitantly abused. For example, cocaine is often used in com-
bination with heroin (known as a “speedball”) and the symptoms of intoxica-
tion are different from those of cocaine alone. Some of the most frequently
found adulterants include lidocaine, caffeine, ephedrine, acetaminophen,
phenacetin, theophylline, and magnesium sulfate. Additionally, other concur-
rently used drugs of abuse include amphetamine, methamphetamine, PCP, and
opioids, as well as tobacco and alcohol. The concurrent ingestion of alcohol
and cocaine produces the active metabolite cocaethylene, which has been asso-
ciated with a significantly increased risk of intoxication and sudden death.
Thus, it is expected that patients with cocaine intoxication are likely to have
symptoms enhanced or distorted by the concomitant ingestion of other sub-
stances [54–56].

All routes of administration, including intravenous, intranasal, smoked,
oral, rectal, and intravaginal, have been associated with cocaine intoxication.
Intoxication may be due to the deliberate or accidental ingestion of cocaine-
containing substances. Deliberate use is often associated with recreational
administration of large amounts of cocaine in a brief period of time.
Intoxication with cocaine for suicidal purposes is relatively infrequent. In con-
trast, accidental ingestion is relatively frequent. It has been reported that
cocaine smugglers may transport cocaine by swallowing multiple packets of
the substance (“body packers”) and the rupture of a packet may produce a
severe intoxication [57, 58]. Among pre-school children, cocaine intoxication
may be due to accidental ingestion of cocaine left unattended at home.
Additionally, although infrequent, cocaine intoxication may occur in patients
receiving cocaine for local anesthesia, in particular children or debilitated
patients [59].

The incidence of cocaine intoxication depends on multiple factors, includ-
ing the type of coca derivative administered, the route of administration, the
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locale where it is surveyed, and the genetic characteristics of the population.
For example, populations who have lower plasma cholinesterase levels may
have a high risk of more severe cocaine toxicity, even with lower doses. Also,
infants and young children have lower plasma cholinesterase levels and may
be at a high risk of cocaine intoxication [60, 61].

Clinical manifestations

The signs and symptoms of intoxication develop soon after the cocaine inges-
tion. They can be observed within minutes (intravenous route) to a few hours
(oral route), depending on the dose, purity, and route of administration.
Intoxication is characterized by intense cardiovascular and psychomotor exci-
tation. Patients with cocaine intoxication often show up at the emergency room
complaining of severe psychomotor agitation, palpitations, chest pain or other
cardiovascular complications, muscle twitches, diaphoresis, hyperthermia,
severe headache, epistaxis, tachypnea and other respiratory symptoms, severe
anxiety, delirium, or shock.

Documentation of an accurate medical history may be challenging because
the patient and/or his/her contacts may try to deny illicit cocaine use. In the
physical exam, the patient looks restless, with muscle twitches, particularly in
the face and extremities. The vital signs may show tachycardia, hypertension,
tachypnea, and hyperthermia. Hyperthermia may be due to the motor agitation,
vasoconstriction, and possibly a direct effect on the hypothalamus through
potentiation of dopaminergic neurotransmission in the basal ganglia [62–64].

The examination of the eyes may show mydriasis due to the sympatho-
mimetic effect of cocaine. The nose may show remnants of cocaine in the form
of white powder, as well as rhinorrhea and ulcerations. When cocaine is
smoked, the intoxicated patient may show sings of lip burns and inflammation
of upper respiratory airways [65–67].

The cardiovascular system is greatly affected by cocaine intoxication. In
addition to the classic tachycardia and hypertension, the patient may have
arrhythmias, ventricular fibrillation, myocardial ischemia and infarction. In
addition, endocarditis, myocarditis, and dissection and rupture of the aorta
have been reported. Respiratory signs may include upper airway burns, dys-
pnea, bronchospasm, wheezing, pleuritis, hemoptysis, pulmonary edema, and
signs of hypoxia [68–73].

The neuropsychiatric effects of cocaine are prominent. They include rest-
lessness, anxiety, agitation delirium, psychosis, choreiform movements, hyper-
reflexia, fasciculations, and tonic-clonic seizures followed by coma. Seizures
may be seen in the form of generalized tonic-clonic, partial motor, or partial
complex convulsions, and can progress to status epilepticus. Cocaine-induced
seizures are generally brief and self-limited. There are also reports of CNS
ischemia, infarction, intracranial hemorrhage, and strokes associated with
cocaine intoxication [74–81].
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Cocaine intoxication can be associated with vomiting and other digestive
problems. Body packers who suffer a rupture of cocaine packets in the gas-
trointestinal (GI) tract may have severe damage, including bowel bleeding,
ischemia, necrosis, and ulcers. Intravenous cocaine use has been associated
with hepatic dysfunction, with high aminotransferase levels. Kidney function
may be severely affected due to myoglobinuria associated with rhabdomyoly-
sis. Metabolic acidosis can be observed and may be aggravated by the presence
of seizures, which in turn may contribute to worsen cardiac dysrhythmias and
other heart problems [82–88].

Given the variability in cocaine metabolism, amount of cocaine in coca
derivatives, and route of administration, the lethal dose has not been well
established and can be quite variable. Death is often associated with cardio-
vascular collapse, pulmonary edema and respiratory depression. Also, hyper-
thermia itself can be life threatening.

Laboratory

Patients with suspected cocaine intoxication should undergo a battery of labo-
ratory tests. The qualitative urine toxicology using dipsticks can be easily per-
formed and serves to confirm the diagnosis. Blood or plasma cocaine levels are
often not required. An electrocardiogram (ECG) should be performed to all
patients with suspected diagnosis of cocaine intoxication. A blood sample
should be collected to evaluate complete blood count (CBC), electrolytes, and
CPK and troponin levels. X-rays and other imaging tests may be useful to deter-
mine if the patient is a body packer. Cholinesterase plasma levels should be eval-
uated in a patient with severe intoxication but without a history of heavy cocaine
use and/or if the clinician suspects that he or she is a poor cocaine metabolizer.
Routine urinalyses are needed to monitor kidney function and the presence of
myoglobin. Patients with persistent neuropsychiatric changes should have a
computed tomography (CT) scan and/or lumbar puncture to rule out the nerv-
ous system hemorrhage, infarction, and/or infection. Other tests may include the
evaluation of meconium (when fetal exposure to maternal cocaine use is sus-
pected) and nasal swabs (to determine the presence of snorted cocaine), as well
as other tests needed according to the clinical manifestations [60, 89–94].

Treatment

A patient with a diagnosis of mild to moderate cocaine intoxication (mild agi-
tation, tachycardia, and/or hypertension) may be treated in the emergency
room with symptomatic treatment and psychosocial support and discharged to
home after 8–12 hours. A patient with delirium, severe hypertension, signifi-
cant hyperthermia, chest pain suggestive of myocardial ischemia, dysrhyth-
mias, rhabdomyolysis, renal failure, hepatic failure, seizures, and/or suspected
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rupture of cocaine packet should be admitted for further evaluation and symp-
tomatic treatment [95].

Patients agitated or with delirium should be treated in a calm and quiet envi-
ronment. Benzodiazepines are the medications of choice. Seizures are usually
controllable with a benzodiazepine (diazepam, midazolam or lorazepam). If
they persist, administration of phenobarbital or a short-acting barbiturate may
be necessary. Severe hyperthermia is a serious medical emergency and should
be treated aggressively. The patient should be sedated, placed unclothed in a
cool room, and sponged with or immersed in cool water [95–97].

Hypertension usually improves after the administration of benzodiazepines
and does not require anti-hypertensive agents. Hypertension that does not
respond to benzodiazepines or with evidence of CNS, cardiac or renal damage
may require treatment with nitroglycerin or phentolamine. Beta adrenergic
blockers should not be used because of the possible potentiation of vasocon-
striction. Dysrhythmias may be treated with calcium channel blockers,
although they should be used with caution in patients at risk for seizures. For
ventricular arrhythmia, lidocaine and amiodarone are generally the first choice
of treatment. Amiodarone can prolong the QT interval and should be used with
caution in patients intoxicated with cocaine combined with other substance
that prolong the QT interval. Renal insufficiency should be treated with fluids
and diuretics such as mannitol or furosemide [98–102].

Suspected body packers may require repeated radiological evaluations to
document that all packets have been evacuated. They should remain in the hos-
pital until all cocaine packets have been passed. Patients intoxicated with
cocaine in combination with opioids who may require naloxone should be
treated with caution because naloxone may remove the CNS depressant effects
of the opioids and may exacerbate the cocaine-induced sympathomimetic tox-
icity. The treatment of concomitant intoxication with cocaine and alcohol
should be conducted with caution, particularly in patients receiving benzodi-
azepines because of the risk of potentiating the CNS depressant effects of alco-
hol [58, 102–104].

Currently, antidotes for cocaine intoxication are not clinically available.
Immunotherapies such as vaccines, monoclonal antibodies and catalytic anti-
bodies are being investigated to block the access of cocaine to the brain and
thus prevent its neurotoxic and reinforcing effects. Cocaine vaccines that pro-
duce anti-cocaine specific antibodies can reduce the amounts entering the brain
and antagonize the CNS effects of cocaine. A cocaine vaccine has shown in rats
that it can attenuate the behavioral effects of systemically administered
cocaine. In humans, the vaccine can produce detectable levels of polyclonal
anti-cocaine antibodies, which have been associated with reductions in cocaine
use [105–108]. A cocaine vaccine is currently being evaluated in clinical trials.

Passive immunization with monoclonal antibodies (mAb) may be more effi-
cacious than vaccines in preventing the access of cocaine to the brain. A
murine anti-cocaine mAb appears to attenuate the behavioral effects of
cocaine. A recently developed anti-cocaine mAb, designated as 2E2, has been
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shown to change the in vivo distribution of cocaine in mice by sequestering
cocaine in plasma and decreasing cocaine concentrations in the brain [107,
109–111]. Catalytic antibodies enhance cocaine metabolism and may be a
promising treatment strategy for cocaine overdose. Cocaine can be degraded
by hydrolysis of its benzoyl ester to ecgonine methyl ester and benzoic acid,
which are not reinforcing or toxic. Therefore, antibodies able to catalyze can
accelerate the degradation of cocaine to products with low or no toxicity, and
prevent the acute as well as possibly the long-term consequences of cocaine
intoxication [111–116]. Monoclonal and catalytic antibodies may be promis-
ing antidotes for cocaine intoxications and to prevent its CNS complications.

Amphetamines

Amphetamines, including methamphetamine, are CNS stimulants with a strong
noradrenergic central and peripheral effect. They are approved by the U.S.
Food and Drug Administration (FDA) for the treatment of attention deficit
hyperactivity disorder (ADHD). They can produce abuse and dependence and,
over time, they can produce tolerance. There is a regional pattern of abuse, with
higher prevalence in the west coast of the United States. Amphetamines can be
used via oral, intravenous, smoked, and rectal routes. They are metabolized in
the liver by aromatic hydroxylation, N-dealkylation and deamination. The
metabolites of methamphetamine include amphetamine (major metabolite),
p-hydroxymethamphetamine, and norephedrine. The excretion is primarily in
the urine and the biological half-life is about 4–5 hours [117, 118].

Methamphetamine can be manufactured in clandestine laboratories using
multiple compounds depending on the method of synthesis. The acute admin-
istration of large doses of methamphetamine can produce intoxication.
Intoxication may be due to intentional or unintentional ingestion or accidental
rupture of ingested bags by “body packers”. The methamphetamine blood con-
centration in fatal cases is about 0.23–40 μg/mL [119–121].

Clinical manifestations

The clinical manifestations of amphetamine intoxication depend on the ingest-
ed dose and the individual vulnerability to the effects of the drug. Mild intox-
ication can produce motor hyperactivity, tachycardia, hypertension, fascicula-
tions, tremors, and diaphoresis. Moderate intoxication intensifies these symp-
toms and stereotyped activity, compulsive behaviors, psychomotor agitation,
dysrhythmias, tachypnea, and hyperthermia can be observed. Severe intoxica-
tions are characterized by vomiting, diarrhea, intense tachycardia, severe
hypertension, uncontrolable psychomotor agitation, symptoms of psychosis
with hallucinations, irritability, paranoia, intense headache, and severe hyper-
thermia (greater than 41 °C). Severe hyperthermia is often associated with a
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high fatality rate. The patient may develop seizures, intracerebral hemorrhage,
renal and hepatic problems, coagulopathy, rhabdomyolysis, multiorgan failure,
coma, and death [119–124].

Laboratory

Amphetamine and amphetamine-like compounds are readily detectable in the
urine. Urine toxicology test is useful to confirm the diagnosis of amphetamine
intoxication. Amphetamines are difficult to detect in the plasma and the eval-
uation of blood levels may not be useful to determine amphetamine intoxica-
tion. The clinical observation of toxic effects is more relevant than an estimate
of the ingested dose. Serum electrolytes, CBC, coagulation profile, renal func-
tion, hepatic enzymes, CPK, and ECG should be ordered for all patients. Users
who smoke methamphetamine may have a peculiar odor of ammonia or stale
urine. A semi-quantitative immunoassay is available and the detection limit
(sensitivity) is 0.3 μg/mL for amphetamine or methamphetamine. Some med-
ications for the treatment of respiratory infections that contain ephedrine,
pseudoephedrine, or phenylpropanolamine, as well as the antidepressant
bupropion, can produce false-positive urine results for amphetamines [119,
125–127].

Treatment

Individuals intoxicated with amphetamines usually seek treatment in the ED
when during psychotic episodes they are causing harm to themselves or others,
or when they present trauma usually associated with violent behaviors or motor
vehicle accidents. It is infrequent that amphetamine intoxicated individuals
seek treatment for the medical problems associated with this intoxication.
Treatment should be inpatient, particularly for patients with abnormal vital
signs or moderate to severe clinical intoxications. It should include abundant
fluids and electrolytes, as well as close monitoring of vital signs, including
temperature. Hyperthermia above 40 °C mandates immediate cooling and seda-
tion with benzodiazepines. If the patient has convulsions, these should be treat-
ed with benzodiazepines or phenobarbital. The hypertension is generally tran-
sient and usually responds to sedation with benzodiazepines. Nitroprusside, a
short acting, titratable agent, should be considered when the hypertension is
severe or unresponsive to benzodiazepines [122, 123, 128–130].

Agitated patients should be sedated with a benzodiazepine. Control of agi-
tation is an important treatment in amphetamine overdose since agitation often
leads to hyperthermia, a common cause of mortality in amphetamine overdose.
Extreme agitation with severe psychotic symptoms may require additional
treatment with antipsychotic medications. Sedation with benzodiazepines to
control agitation is sufficient in the vast majority of cases. Oxygen and intra-
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venous fluids should be administered as clinically indicated and hyperthermia
corrected. If severe tachycardia persists and is associated with hemodynamic
compromise or myocardial ischemia, additional therapy may be required, but
this is unusual [122, 123, 128–130].

In the future, immunotherapies may be useful for the treatment of amphet-
amine overdose. Active and passive immunization to treat the toxic effects of
methamphetamine and to treat methamphetamine dependence are being inves-
tigated. Monoclonal antibodies appear to reduce the toxic effects of metham-
phetamine. Animal studies suggest that anti-methamphetamine antibodies can
reduce methamphetamine self-administration and inhibit methamphetamine-
stimulated locomotor activity. Given the severe toxic effects of methampheta-
mine, it is hoped that immunotherapies will prove to be effective antidotes of
methamphetamine overdose [131–134].

Marijuana

Marijuana refers to a mixture of crushed leaves, twigs, seeds and/or flowers of
the plant called Cannabis sativa. Marijuana appears to contain more than 400
chemicals, including more than 60 cannabinoids. The most clinically relevant
cannabinoids are cannabinol (CBN), cannabidiol (CBD), and Δ9-tetrahydro-
cannabinol (THC). THC is the ingredient of marihuana that accounts for most
of its physiological and psychoactive effects. It is lipid soluble and water insol-
uble. Some of the metabolites of THC have psychoactive or other properties
[135–139].

The most common method of marijuana administration is smoking, often
alone or in combination with tobacco. Marijuana is also ingested, usually in
the form of brownies or candy. Intravenous use of hashish oil or an extract of
marijuana obtained by boiling marijuana in water has been reported. The
Δ9-THC is available as a medication under the name dronabinol. A synthetic
cannabinoid, nabilone, is also available. They have been used in clinical prac-
tice as antiemetics, analgesics, muscle relaxants, to reduce intraocular pres-
sure, and to stimulate appetite in individuals with anorexia nervosa or acquired
immunodeficiency syndrome (AIDS) [140–142].

Marijuana intoxication is usually difficult to predict because the blood con-
centration of THC in marijuana depends on the variety of the plant from which
it is obtained, the part of the plant that is used (e.g., the flowers have a higher
concentration of THC and this form of marijuana is known as hashish), and the
route of administration. Additionally, the relationship between plasma THC
levels and degree of intoxication is non-linear and there is great individual
variability to the toxic effects of marijuana. THC is metabolized in the liver to
11-hydroxy-Δ9-THC, which is pharmacologically active. This is then metabo-
lized to 11-nor-Δ9-THC carboxylic acid, which is not active. This metabolite
and a small amount THC are excreted in urine. The plasma half-life of THC is
about 4 days but it has been detected for up to 2 weeks [139, 143–146].
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Clinical manifestations

The clinical manifestations depend on the level of intoxication. A mild intox-
ication is usually manifested with dry mouth, conjunctival injection, mydria-
sis, eyelid lag, tachycardia, mild euphoria, hyperphagia, heightened sensory
awareness, and feeling of well-being. Moderate intoxication usually presents
with increased tachycardia, nausea, vomiting, poor concentration, memory
impairments, perceptual alterations (including the sense of time), intense
mood fluctuations, and sometimes panic reactions. Severe intoxications may
be associated with confusional states, ataxia, somnolence, poor concentration,
slurred speech, postural hypotension, urinary retention, atrial fibrillation, and
angina. Changes in the ECG, including dysrhythmias and ST segment abnor-
malities, can be present. Seizures may occur in patients with existing seizure
disorders [141, 147–152].

The clinical manifestations of marijuana intoxication can be affected by the
concomitant administration of other drugs. For example, the cardiovascular
effects of marijuana can be exacerbated by the use of cocaine, amphetamines,
and amoxapine, as well as anticholinergic and sympathomimetic medications.
CNS depressants can increase the drowsiness and somnolence. The intra-
venous use of hashish oil has been reported to produce an intoxication charac-
terized by headache, nausea, vomiting, abdominal pain, tachycardia, shortness
of breath, chills, fever, shock, and, eventually, death [153–157].

Laboratory

THC is difficult to detect in plasma. A semi-quantitative EMIT homogenous
enzyme immunoassay is used to measure the presence of cannabinoids in
urine. Urine tests do not correlate with symptoms or degree of exposure. A
positive result indicates only the likelihood of prior use or the possibility of
exposure to sidestream smoke. Following a single cigarette, THC metabolites
are detectable for several days. In casual users cannabinoids may be excreted
for up to 2 weeks after cessation of use, and greater than 4 weeks in heavy
users. Immunoassays and GC-MS procedures can detect THC and its metabo-
lites in urine, both acutely and following chronic use. Problems with urine test-
ing include the influence of many factors on the results: dose of the drug, time
elapsed since dosing, and the amount of water the subject has drunk since dos-
ing [139, 146, 158–161].

Treatment

Mild to moderate intoxications can be treated with supportive care and benzo-
diazepines. Oral intoxications may require induction of vomiting with syrup of
ipecac or administration of activated charcoal to prevent the absorption of
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THC, especially after accidental exposure in children. For severe intoxications
with perceptual manifestations, agitation or risk of seizures, benzodiazepines
are the medications of choice (usually diazepam 5–10 mg orally). Patients
with hypotension may be placed in the Trendelenberg position and adminis-
tered intravenous fluids [162, 163].

Phencyclidine

Phencyclidine (PCP, Sernylan®) is a potent veterinary analgesic and anesthet-
ic that has been taken off the market because of its abuse potential and severe
psychiatric side effects. It has dissociative and sympathomimetic properties
and the effects are generally dose related. The prevalence of PCP abuse varies
across different regions of the USA [164–167].

PCP is rapidly absorbed when ingested orally, the onset of action is in about
2–5 minutes, and the effect can last 4–6 hours. PCP is highly distributed into
tissue and its concentration in the brain can be 6–9 times higher than the plas-
ma levels. PCP is metabolized in liver and the excretion is by the kidneys
[167–170]. PCP stimulates α-adrenergic receptors, potentiating the effects of
norepinephrine, epinephrine and serotonin. It increases pre-frontal cortex
dopamine and serotonin release, decreases γ-aminobutyric acid (GABA)
release, and acts as a non-competitive antagonist at NMDA (N-methyl D-aspar-
tate)-glutamate receptors [167, 171–173].

The effects of PCP are dose dependent. The administration of 1–5 mg pro-
duces mild euphoria and numbness. Doses of 5–10 mg produce a mild intox-
ication characterized by confusion, ataxia, and dysarthria. Doses higher than
20 mg can produce a severe intoxication with myoclonus, seizures, coma and
eventually death. Independent of the dose, deaths may occur when the indi-
vidual has psychological effects that put him/her at risk of accidents, violence
or suicide. Urine PCP levels do not correlate with clinical toxicity [166, 169,
174, 175].

Clinical manifestations

PCP intoxication is characterized by bizarre behaviors, hallucinations/delu-
sions, tachycardia, hypertension, hyperthermia, miosis, nystagmus and dysto-
nias. More advanced intoxications may produce generalized rigidity, localized
dystonias, facial grimacing, athetosis, mutism, lethargy, hyperthermia,
diaphoresis, hypersalivation, bronchorrhea, bronchospasm, and urinary reten-
tion. The intoxication may progress to produce seizures, apnea, coma,
hypothermia, cardiac arrest, and rhabdomyolysis that may progress to renal
failure. Hypertension is present in more than half of the patients intoxicated
with PCP and can produce severe complications. Hypertension usually lasts
about 4 hours but sometimes it remains elevated for more than 24 hours.
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Psychiatric symptoms are characteristic of PCP intoxication. Perceptual
changes in the form of vivid hallucinations are common. They can be terrify-
ing and the intoxicated patient may show paranoid behavior accompanied by
withdrawn, combative, or self-destructive behaviors. These symptoms resem-
ble a severe psychotic episode and put the patient at great risk of dying [166,
174, 176–184].

Laboratory

Qualitative urine levels of PCP may be useful to establish the diagnosis and
should be interpreted with care. The cut-off for detection of PCP in urine is
25 ng/mL. PCP plasma levels are not clinically useful. Urinalysis may help to
determine myoglobin levels in the event of possible rhabomyolysis. Serum
CPK and electrolytes should be evaluated. ECG should be performed when
cardiac dysrhythmia is suspected [168, 171, 175, 185–188].

Treatment

The treatment should be conducted in a safe and supportive environment, min-
imizing noise, lights, and touch. Vital signs, including temperature, should be
closely monitored. If oral ingestion of PCP is suspected, syrup of ipecac to
induce vomiting is not recommended because of the risk of sudden changes in
mental status. Fluids and electrolytes should be provided to keep the patient
well hydrated. For severe hypertension, phentolamine or nitroprusside may be
required. Other cardiovascular complications, including dysrhythmias, should
be monitored and adequately treated. For agitated patients or those at risk of
or with seizures, benzodiazepines such as diazepam or lorazepam should be
administered. Hyperthermia may improve with cooling measures and by con-
trolling the motor agitation with benzodiazepines. In cases of severe intoxica-
tion with respiratory depression, an endotracheal intubation may be required
[164, 167, 172, 181, 182, 184, 189–191].

Although not yet available for clinical use, immunotherapy for PCP intoxi-
cation is a promising approach that is under active investigation. Studies in ani-
mals have shown that anti-PCP monoclonal antibodies (mAb6B5) can prevent
the access of PCP to the brain and decrease the amount of PCP available to
stimulate the brain receptors. These antibodies act as peripheral pharmacoki-
netic antagonists by capturing and holding the PCP in the vascular compart-
ment. A single dose of murine Ab6B5 can prevent the death of animals
exposed to high doses of PCP. Thus, anti-PCP antibodies appear to prevent the
toxic effects of PCP on the brain and may be useful for the treatment of PCP
overdose [170, 192–197].

Although the mechanism is not clear, mAb6B5 provides long-term reduc-
tions in PCP brain concentrations and seems to confer CNS protection for up
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to a month after its administration. This is an important therapeutic effect
because the antibody may serve to prevent relapse to PCP use after an episode
of intoxication. Furthermore, the continued prevention of the brain reinforcing
effect of PCP may discourage an individual from repeated use and may serve
as a tool for the treatment of PCP addiction. Investigators have scaled the data
from rat studies to human use and suggest that a single 1 g dose of mAb6B5
may significantly reduce the adverse effects of a 1.2 g/day binge of PCP, for
up to 6 weeks [192, 193, 198, 199].

Investigators are now evaluating a chimeric murine anti-PCP antibody (Ch-
mAb6B5). It appears to have the same antigen-binding profile as the original
murine mAb6B5 and broader specificity for potent arylcyclohexylamines.
Thus, the Ch-mAb6B5 may offer the possibility of using a single monoclonal
antibody for the treatment of overdose by pharmacologically related drugs
[200].
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Abstract. Chemical warfare agents are compounds of different chemical structures. Simple
molecules such as chlorine as well as complex structures such as ricin belong to this group.
Nerve agents, vesicants, incapacitating agents, blood agents, lung-damaging agents, riot-con-
trol agents and several toxins are among chemical warfare agents. Although the use of these
compounds is strictly prohibited, the possible misuse by terrorist groups is a reality nowa-
days. Owing to this fact, knowledge of the basic properties of these substances is of a high
importance. This chapter briefly introduces the separate groups of chemical warfare agents
together with their members and the potential therapy that should be applied in case some-
one is intoxicated by these agents.

Introduction

Chemical warfare agents (CWA) are a group of toxic substances originally
developed for military purposes. Production and storage of these compounds
is prohibited by the Convention on the Prohibition of the Development,
Production, Stockpiling and Use of Chemical Weapons and on Their
Destruction. Although the probability of their military use is relatively low,
their misuse by terrorist groups or individuals is high. This high probability is
the result of the easiness of their preparation in any chemical laboratory [1].

Probably the most known misuse of these agents is the Tokyo subway sarin
attack. In 1995, a Japanese religious cult Aum Shinrikyo released the nerve agent
sarin in a Tokyo subway. This terrorist attack resulted in 5500 poisoned people
and 12 deaths. It is known that members of the Aum Shinrikyo cult misused
sarin previously in Matsumoto city (1994) and VX agent in Osaka (1994) [2].

Owing to the fact that we are living in the war against terrorism, the knowl-
edge of the properties of the main CWA is important to those working in the
field, but also to those who could be in charge in case such toxic agents are
spread [3]. This chapter introduces the most known groups of CWA. They are
listed according to their importance. The importance is established based on
their toxicity and probability of misuse (tactical use): nerve agents > vesi-
cants > incapacitating agents, blood agents, lung-damaging agents > riot-con-
trol agents. By contrast, toxins originate from living organisms (biological
agents). They either represent macromolecules (glycoproteins) or low molecu-
lar weight chemicals of different structure (chemical agents) [4]. Toxins are
considered in a special section at the end of the chapter.
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K. Kuča and M. Pohanka544

Nerve agents

Nerve agents are the most toxic CWA. They belong to the class of organophos-
phorus compounds. They are divided into two major groups: the ‘G-agents’
and the ‘V-agents’. Tabun (GA), sarin (GB), soman (GD) and cyclosarin (GF)
belong to G-agents. The best known member of V-agents is VX. Other mem-
bers are named according to the country of their origin, Russian VX and
Chinese VX. Structures of all nerve agents are depicted in Figure 1 [5].

Nerve agents can be disseminated as a vapor (spray of aerosols being spon-
taneously evaporated) or as liquid. They range from being nonpersistent to
very persistent in the environment. Sarin is a volatile liquid (high vapor pres-
sure) and tends to be nonpersistent as it evaporates readily. Soman and tabun
are also relatively volatile. VX is a relatively nonvolatile liquid (low vapor
pressure) and is therefore particularly persistent [6].

Nerve agents in their pure state are colorless, but impure agents may be yel-
low to brown liquids depending on the level of the impurity. When dispersed,
the more volatile agents constitute both a vapor and a liquid hazard (G-agents).
Others (V-agents) are less volatile and represent primarily a liquid hazard.
They are moderately soluble in water and have very high miscibility with fat
and nonpolar solvents. A variety of odors have been described, mainly a fruity
odor. The odor most likely is caused by impurities.

Nerve agents are chemicals that interfere with the action of the nervous sys-
tem. Their toxic effect is based on the inhibition of the enzyme acetyl-
cholinesterase (AChE) in the peripheral and central cholinergic nervous sys-
tem. Their reaction with cholinesterases is irreversible. After the nerve agent
inhibits AChE, the enzyme can no longer hydrolyze the neuromediator acetyl-

Figure 1. Nerve agents. ‘G-agents’: tabun (GA), sarin (GB), soman (GD), cyclosarin (GF);
‘V-agents’: VX, Russian VX, Chinese VX.



Chemical warfare agents 545

choline. Acetylcholine then accumulates in neurosynaptic clefts and continues
to stimulate the affected organ. The clinical effects from nerve agent exposure
are caused by excess of acetylcholine (cholinergic crisis) [7].

Routes of exposure differ depending on the physico-chemical properties of
nerve agents (volatile or nonvolatile). Due to the solubility in both fat and
water all nerve agents can be absorbed through the eyes, the respiratory tract
and the skin. Vapors of volatile agents are absorbed by inhalation and they rep-
resent strong respiratory hazards. The toxic effect comes in less than 1 minute
to several minutes. Liquid agents (droplets from spray or aerosol clouds) pen-
etrate mainly through the eyes and the skin at the point of contact. If liquid
nerve agents are absorbed through the eyes, their effects start immediately. If
the liquid nerve agent is absorbed through the skin, the toxic effect is delayed
from few minutes to several hours [3].

Lowered AChE levels in blood are indicators of nerve agent intoxication [8].
The signs and symptoms and the severity of nerve agent poisoning depend upon
the amount of nerve agent absorbed and the route by which the nerve agent
entered the body. Symptoms of their toxicity vary depending on the type of
cholinergic receptor affected – muscarinic or nicotinic, respectively influencing
of the central or peripheral nervous system (CNS, PNS). At muscarinic recep-
tors (parasympathetic effects), nerve agents cause constricted pupils (miosis)
and glandular hypersecretion (salivary, bronchial, lacrimal, bronchoconstriction,
vomiting, diarrhea, urinary and fecal incontinence, bradycardia). At nicotinic
receptors (motor and post-ganglionic sympathetic) nerve agents cause sweating
of the skin. On the skeletal muscle, they cause initial defasciculation followed
by weakness and flaccid paralysis. At CNS cholinergic receptors, nerve agents
produce irritability, giddiness, fatigue, emotional lability, lethargy, amnesia,
ataxia, fasciculation seizures, coma and central respiratory depression [5].

The combination of anticholinergics (symptomatic drugs), AChE reactiva-
tors (causal drugs) and anticonvulsives (symptomatic drugs) is considered as
the most promising treatment of nerve agent poisonings. Atropine (acetyl-
choline blocker) is considered to be the most effective anticholinergic drug
used in all cases of such intoxication (Fig. 2A) [7].

With regard to AChE reactivators (called ‘oximes’), there are five different
compounds clinically used (pralidoxime, obidoxime, trimedoxime, methoxime
and HI-6) (Fig. 2B). Another group of drugs are anticonvulsives (Fig. 2A).
Among them the most promising compound is diazepam followed by avizafon
(pro-diazepam). There is also the option of using several drugs in advance,
e.g., prophylactics. From this group, pyridostigmine is the most frequently
used compound worldwide [6].

Vesicants

Vesicants are known as blister agents (chemicals that cause blisters). The most
known members of the vesicants family are sulfur mustard (HD; bis-2-
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chloroethylsulfide), nitrogen mustards (HN-1, HN-2, HN-3), lewisite (L) and
phosgene oxime (CX). Chemical structures of the members of vesicants fam-
ily are shown in Figure 3. Their primary target and action is on the skin. These
agents produce large, painful and tissue damaging blisters [9].

Mustards together with lewisite can be disseminated in liquid form. Sulfur
mustard and nitrogen mustards are similar in their physical characteristics: oily
colorless liquids (purified form). Unpurified forms are brown. Mustard smells
like garlic or horseradish. Some nitrogen mustards have a slightly fishy odor
while others are odorless. They are poorly soluble in water. Nitrogen mustards
are less volatile and more persistent than sulfur mustard. Lewisite contains
arsenic in its molecule structure. It is a colorless to brown liquid depending on
its purity. It has fruity to geranium-like odor. Phosgene oxime is colorless. It
could be used in liquid or crystalline form. It has a disagreeable penetrating
odor. All vesicants are persistent in the environment, especially in cold or
wooded areas.

Mustards can impair many metabolic reactions in the intoxicated organism.
They react with biomacromolecules to form covalent adducts by alkylation.
The most well-known influenced biomolecules are DNA, RNA, proteins and
cell membranes.

Although vesicants are considered nonlethal weapons, high concentrations
of these agents can cause death. Unlike nerve agents, mustards do not mani-
fest their symptoms within a short period of time; the latency takes several

Figure 2. Atropine and anticonvulsives (A); acetylcholinesterase (AChE) reactivators (“oximes”) (B).
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hours (12 hours). That means a soldier may be exposed to these agents for sev-
eral hours before realizing the danger. Vesicants attack the skin, respiratory
system and eyes. They can also contaminate food and water, which can be
ingested by victims.

Mustards are chemically different from lewisite and phosgene oxime. Due
to this difference they cause several specific symptoms. Mustards affect the
skin and respiratory system. When they come into contact with skin, they pro-
duce redness at the point of contact usually followed by blistering and ulcera-
tion. Mustards cause large fluid-filled blisters on exposed skin. These blisters
break, making the exposed individual susceptible to infections. The burns are
most severe in warm and sweaty areas of the body such as armpits, groin and
the face and neck. If mustards are inhaled they have destructive effects on lung
tissue. Mucous is secreted. Lungs can be filled with mucous, causing death by
‘dry land drowning’. These agents can produce inflammation of the lungs and
the entire respiratory system, and finally of the whole body. However, death is
rare and usually results from bacterial infection of the lungs. On the other
hand, the risk of carcinoma arising is strongly elevated due to alkylation of
guanine bases in DNA.

Lewisite causes intense pain and burns upon contact with the skin. Severe
exposure of the eyes to lewisite can result in permanent injury or blindness.
The respiratory symptoms are similar to those caused by mustards. Moreover,
lewisite attacks the capillaries of the circulatory system, the liver, and the
intestines, most likely due to its content of arsenic. Phosgene oxime produces
immediate irritation and pain of the skin on contact. It immediately irritates the
mucous membranes of the eyes or nose upon contact.

Figure 3. Vesicants and the antidote British anti-lewisite (BAL). Sulfur mustard (HD; bis-2-
chloroethylsulfide), nitrogen mustards (HN-1, HN-2, HN-3), lewisite (L) and phosgene oxime (CX).
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Due to the different chemical origin of vesicants, the treatment of intoxica-
tion also varies. In case of mustard poisoning, no specific antidotes are appli-
cable. All other treatment measures are symptomatic – the relief of pain, itch-
ing and infection prevention. British anti-lewisite (BAL; dimercaprol) is gen-
erally used to treat lewisite poisoning (Fig. 3). Supportive treatment to combat
infection and pain is also applied. In case of phosgene oxime poisoning sup-
portive treatment is applied [9–11].

Incapacitating agents

Incapacitating agents are also termed psychochemical agents. These agents
may be administered through contaminated food and drinks or applied as
aerosols. They were designed to reduce effectiveness of soldiers by interfering
with the CNS. Among the incapacitating agents, 3-quinuclidinyl benzilate
(QNB or BZ agent) and D-lysergic acid diethylamide (LSD) are the most
known (Fig. 4A).

The BZ compound is an odorless stable crystalline solid. It is well soluble
in many solvents and extremely persistent in soil and water. LSD is a stable
crystalline solid and well soluble in water. In general, these agents alter or dis-
rupt the higher regulatory activity of the CNS. It may cause the intoxicated

Figure 4. Incapacitating agents (A) and antidotes (B). BZ, 3-quinuclidinyl benzilate (QNB); LSD,
D-lysergic acid diethylamide.
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victim to ignore danger and accidentally injure himself/herself or their col-
leagues. The effects of incapacitating agents are temporary, but may last for
hours to days. No permanent injury is sustained. These agents are not a direct
cause of death.

The effects of BZ and LSD differ. BZ is a CNS depressant (cholinergic
blocking agent) that interferes with the neuronal transmission of information.
It impairs higher functions of the brain such as memory, problem solving and
comprehension. By contrast, LSD belongs to the CNS stimulants. It causes
excessive nerve activity by facilitating transmission of nerve impulses, there-
by flooding the brain with too much information. The intoxicated person is
unable to concentrate and no longer acts in a decisive manner.

Incapacitating agents normally enter the body via ingestion. However, they
can also be absorbed through skin or the respiratory tract. First symptoms
appear after 30 minutes to several hours and may persist for several days.
Abnormal and inappropriate behavior, such as irrational statements, delusion,
hallucination, dizziness, and impaired muscular coordination, dry mouth, and
difficulty in swallowing, are among the general signs of intoxication. BZ can
induce increases in heart rate, pupil size, and skin temperature, as well as
drowsiness, dry skin, and a decrease in alertness. With increasing doses of BZ
there is progressive deterioration of mental capability, ending in stupor and
delirium that may last several days. The effects of LSD in the body start after
30–90 minutes. It can cause rather long-lasting psychological problems (from
hours to several days), such as hallucination, depersonalization, reliving of
repressed memories, and mild neuro-vegetative symptoms.

There is no specific therapy for treatment of intoxication caused by these
agents. In the case of exposure to BZ, AChE inhibitors like physostigmine or
tacrine derivatives are the treatment of choice (Fig. 4B). The effect of LSD can
be rapidly reversed by administration of chlorpromazine [12, 13].

Blood agents

Blood agents (cyanogens) are named according to their effects on victims.
They generally enter the body via inhalation and are distributed through blood.
They interfere with the normal oxygen exchange between red blood cells and
organ tissues and/or oxygen consumption within cells. Hydrogen cyanide (AC;
prussic acid), cyanogen chloride (CK) and arsine (SA) are the best known
members of this family (Fig. 5A).

Hydrogen cyanide and cyanogen chloride are colorless volatile liquids.
Hydrogen cyanide can be disseminated in vapor or liquid form. Cyanogen
chloride is disseminated as a vapor. Hydrogen cyanide smells somewhat like
bitter almonds. Cyanogen chloride has a pungent biting odor. Arsine is a col-
orless and odorless gas. It is well soluble in solvents. All blood agents are non-
persistent in the environment. Due to a high degree of volatility, liquids of
these compounds rapidly vaporize and disperse.
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Blood agents rapidly affect essential enzyme systems that contain iron in
their prosthetic group. These are, for example, enzymes that are vital in the
absorption and release of oxygen or that contribute to mitochondrial electron
transport chains (cytochrome c oxidase, complex IV). Since these compounds
are designed to interfere with the ability of hemoglobin to carry oxygen or to
block the use of oxygen by cells in the body, the poisoning primarily affects
the cardiovascular and nervous systems (high oxygen demand).

Exposure to blood agents may occur by inhalation, and cyanide exposure
may also occur by ingestion or absorption through skin and eyes. High con-
centrations of hydrogen cyanide may cause death after only a few breaths.
Typical signs of intoxication by these agents are the following: increased rate
and depth of breath, great difficulty of breathing (respiratory failure), dizzi-
ness, nausea, vomiting, headache, violent convulsions and cardiac symptoms
(eventually leading to cardiac arrest). Arsine causes hemolysis resulting in
generalized weakness, jaundice, delirium and renal failure. High doses of
arsine may also result in death. In the case of blood agent intoxication, most
important is the speed of the therapy. The antidotes act rapidly to reverse the
toxin’s action. If specific antidotes and artificial respiration/supportive care
are administered soon enough, survival rates are high. There are two drugs
suggested for treatment of cyanide poisoning (Fig. 5B): amyl nitrite is pro-
vided as the first measure, and then sodium thiosulfate is administered [12,
14, 15].

Figure 5. Blood agents (A) and antidotes (B). Hydrogen cyanide (AC; prussic acid), cyanogen chlo-
ride (CK) and arsine (SA).
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Lung-damaging agents

Lung-damaging agents are also known as choking agents or pulmonary agents.
Their toxicity is due to their effect on lung tissue. Lung-damaging agents
include phosgene (CG), chlorine (Cl) and chloropicrin (PS). The structures are
shown in Figure 6.

Lung-damaging agents are usually disseminated as gases. In winter condi-
tions, phosgene is a colorless liquid (boiling point –7.8 °C). Its odor resembles
the smell of newly mowed hay or grass. Chlorine has a characteristic odor and
produces immediate irritation of the respiratory system. Chloropicrin is a col-
orless oily liquid with high volatility. These agents are mostly present in
gaseous form and do not persist in the environment.

The lung-damaging agents considered here are mainly absorbed through the
respiratory system. They attack the lungs by causing extensive damage to the
alveoli resulting in pulmonary edema (‘dry land drowning’). This effect dis-
ables proper oxygen exchange at the air-blood vessel interface. Also other
parts of the respiratory tract, trachea, bronchi, etc., may be irritated, but usual-
ly not significantly damaged. Some minor eye irritation might be observed.
The damage to the lung tissue can result in secondary infection.

The most manifested signs are watering of the eyes, nausea, vomiting,
uncontrollable painful coughing, choking, chest tightness, shallow and labored
breathing, cyanosis, frothy sputum, clammy skin, rapid and feeble pulse, low
blood pressure and delayed pulmonary edema. Possible shock can lead to
death. Because no specific antidotes for poisoning by these agents are known,
treatment is only symptomatic. Treatment of the resulting anoxia with oxygen
is indispensible [4, 12, 16].

Riot-control agents

Riot-control agents are nonlethal compounds producing an immediate but tem-
porary effect already at very low concentrations. These agents are divided into
two groups – lacrimators (tear gases, lachrymatory gases, irritants) and vomit-
ing agents (Fig. 7). Eyes are the main target of lacrimators. Chloracetophenone
(CN), o-chlorobenzilidine malononitrile (CS) and dibenz[b,f]-1,4-oxazepine

Figure 6. Lung-damaging agents. Phosgene (CG), chlorine (Cl) and chloropicrin (PS).
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(CR) are considered the main members of this group (Fig. 7A). Vomiting
agents are the second group of riot-control agents. Main members of this group
are: diphenylaminochloroarsine (adamsite, DM), diphenychloroarsine (DA),
and diphenylcyanoarsine (DC) (Fig. 7B).

All lacrimators mentioned in this chapter are solids with low vapor pressure.
They are dispersed as fine particles or in solutions. The vomiting agent adam-
site appears as yellow to green crystals, DA as colorless crystals and DC as
white solid. All compounds are poorly soluble in water.

Lacrimators and vomiting agents are mainly absorbed through the respira-
tory track and the eyes. The CN agent causes irritation to the upper respirato-
ry tract and possibly also in skin. Both CS and CR induce eye pain, discom-
fort, excessive tearing and painful sensitivity to light. CS is considerably more
potent than CN. It causes more severe respiratory symptoms. If moderate
exposure occurs, signs last for minutes. In case of severe exposure, signs can
take several hours. Vomiting agents cause pepper-like irritation in the upper
respiratory tract, irritation of the eyes and lacrimation. Violent sneezing,
coughing, nausea, vomiting, hypersalivation and malaise are also typical. The
sinuses fill rapidly and violent headache occurs.

Generally, no specific therapy is required. Removal from the contaminated
environment is sufficient for recovery in short time. Contaminated skin should

Figure 7. Lacrimators (A) and vomiting agents (B). CN, chloracetophenone; CS, o-chlorobenzilidine
malononitrile; CR, dibenz[b,f]-1,4-oxazepine; DM, diphenylaminochloroarsine (adamsite); DA, di-
phenylchloroarsine; DC, diphenylcyanoarsine.



Chemical warfare agents 553

be washed. Eyes and mouth should be rinsed with water. If headache occurs
mild analgesics are recommended [3, 17, 18].

Toxins

Toxins are chemical compounds of biological origin. Following the improve-
ment in biotechnology, the ability to produce large quantities of toxins increas-
es. The potential misuse of toxins as CWA also increases. Toxins that are only
available in small amounts in nature can be produced in large quantities using
bioengineering techniques. Those toxins with high potential to be misused as
warfare agents are listed below [19, 20].

Botulinum toxin and ricin

Probably the best and most widely known toxins are the macromolecules (pro-
teins) botulinum toxin and ricin. These toxins are discussed in the next chap-
ter of this book, ‘Biological warfare agents’ [20–22].

Abrin

Abrin is a phytotoxin (plant poison) that was isolated from the seeds of Abrus
precatorius (rosary pea or jequirity pea). It is a glycoprotein with an average
molecular mass of 65 kDa. It exists in two forms, abrin a and abrin b. Both are
composed of two chains, i.e., A- and B-chain. Abrin can be isolated as white
or yellowish-white powder or crystals. It is well soluble in water and relative-
ly stable in the environment.

The mechanism of toxic action of abrin is identical to that of ricin. Their
toxic effects are caused by entering body cells and blocking protein synthesis
via inactivation of ribosomes. However, abrin is much more poisonous than
ricin. It can be inhaled as mist or powder. Abrin particles or droplets can pen-
etrate through skin or enter the body through the eyes. It also can be ingested
as contaminant of food or water.

The symptoms of intoxication depend on the route of entry into the body
and the dose received. Initial symptoms of abrin poisoning by ingestion occur
within less than 6 h after exposure. If abrin is inhaled, symptoms can be rec-
ognized within 8 h. Upon ingestion abrin causes severe gastroenteritis, nausea,
and vomiting, and eventually might lead to dehydration, cyanosis, circulatory
collapse, hematuria, oliguria, uremia and death within 12 days. After inhala-
tion of abrin, difficult breathing may occur, then fever, cough, nausea and
tightness of the chest. Heavy sweating may follow as well as fluid accumula-
tion in the lungs (pulmonary edema). Blood pressure and respiratory failure
may cause death. Abrin is a potent irritant of skin and eyes. If skin is exposed,



K. Kuča and M. Pohanka554

redness and pain will follow. Death due to abrin inhalation is mostly within
36 h after exposure.

There is no antidote available for abrin intoxication. The most important
factor is getting the abrin off or out of the body as quickly as possible (flush-
ing of stomach with activated charcoal or washing out eyes with water).
Artificial ventilation, intravenous fluids and drugs treating low blood pressure
can be applied [23, 24].

Aflatoxins

Aflatoxins are a group of highly toxic secondary metabolites produced main-
ly by certain fungi belonging to the genus Aspergillus, such as A. flavus and A.
parasiticus. They occur mainly on cereal (maize, rice, wheat, etc.), oilseeds
(soybean, sunflower, etc.), spices (chillies, black pepper, etc.), tree nuts (al-
monds, pistachio, etc.) and milk. Aspergillus contamination mostly occurs in
poor and undeveloped countries.

Eighteen different types of aflatoxins are known. The types B1, B2, G1, and
G2 are the most spread aflatoxins (Fig. 8). Usually, aflatoxin B1 (AFB1) is pre-
dominant. Pure AFB1 is a pale-white to yellow crystalline, odorless solid. It is
soluble in methanol, chloroform, acetone, and acetonitrile. The toxicity of afla-
toxins decreases in the order B1 > G1 > B2 and G2. Aflatoxins are known as
carcinogens (classified as Group 1 carcinogens), mutagens and immunosup-
pressants. However, they are of only limited toxicity in their original form
(parent compounds). Instead, they require metabolic activation to exert toxici-

Figure 8. Aflatoxins.
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ty. The product of cytochrome P450 enzyme-dependent metabolic activation
can cause damage to the liver and may lead to liver cancer. Jaundice, fever,
ascites, edema of the feet, and vomiting are the symptoms associated with afla-
toxin intoxication (aflatoxicosis). In the case of high levels of aflatoxin inges-
tion, large quantities of activated charcoal should be applied. Antioxidants may
have a protective effect. Symptomatic treatment is recommended [25].

Staphylococcal enterotoxin B

Staphylococcal enterotoxins are excreted by the Gram-positive coccus Sta-
phylococcus aureus, which occurs worldwide. There are seven immunologi-
cally different forms of these toxins known: A, B, C1, C2, C3, D and E.
Staphylococcal enterotoxin B (SEB) is the most widely spread member of this
family. It is one of those toxins responsible for staphylococcal food poisoning.

SEB consists of 239 amino acids and has a molecular mass of 28 kDa. It is
stable in the environment and soluble in water. Moreover, it is moderately
resistant to temperature. It acts by stimulating cytokine release and inflamma-
tion. The onset of symptoms in staphylococcal food poisoning is usually rapid.
The clinical signs include nonspecific flu-like symptoms, including fever,
chills and headache. It incapacitates the intoxicated for up to 2 weeks. It can
be inhaled as aerosol or ingested via food or water. Symptoms depend on the
route of exposure. If SEB is ingested, symptoms start within several hours.
Nausea, vomiting and diarrhea may occur. Since the toxin can be swallowed
during mucociliary clearance, gastrointestinal signs may also occur upon
exposure to aerosols. Inhalation of SEB causes nonproductive cough, chest
pain and dyspnea. Signs can progress with increasing respiratory distress,
hypoxia, and ultimately pulmonary edema and respiratory failure can occur.
After skin contact, erythema and induration are possible. As treatment, only
supportive care (artificial respiration and hydration) is possible to date [20].

T-2 toxin

Trichothecene mycotoxins are a group of secondary metabolites that are
formed during growth of Fusarium fungi found on many crops such as corn,
wheat, barley, oats, rice, etc. They are spread all over the world (Asia, Africa,
South and North America, Europe). Toxin production is greatest with
increased humidity and temperatures between 6 ° and 24 °C. The most known
toxins of this origin are deoxynivalenol and T-2 (Fig. 9). Both compounds are
sesquiterpenoids of low molecular weight.

Compared to other toxins the toxicity of trichothecenes is rather low. These
compounds inhibit protein synthesis, followed by secondary disruption of
DNA and RNA synthesis. Trichothecenes can enter the organism via inhala-
tion or ingestion. They are also able to cause damage to the skin. Skin contacts
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cause redness, tenderness, blistering and necrosis. If inhaled, nasal itching and
pain, sneezing, nose bleeding, watery nasal discharge, difficulty in breathing,
wheezing, and coughing can occur. Nausea, vomiting, bloody diarrhea, weak-
ness, prostration, dizziness are also possible, in some cases ending by death.

Administration of adsorbents (activated charcoal) is suggested to remove
incorporated toxin. Symptomatic treatment is also recommended [26, 27].

Anatoxins

Anatoxins are toxins produced by cyanobacteria. Anatoxin-a, homoanatoxin-a
and anatoxin-a(s) are the most known members of this group (Fig. 10). These
toxins can enter the body via ingestion, inhalation and through the skin.
Anatoxin-a is a small bicyclic compound, soluble in water. It binds and stim-
ulates acetylcholine receptors and also irreversibly inhibits the enzyme AChE.
Symptoms of anatoxin-a poisoning are similar to nerve agent poisoning. It acts
within minutes after ingestion. Intoxication can cause twitching, muscle
spasm, paralysis and respiratory arrest leading to death. The chemical structure
of homoanatoxin-a is very similar to anatoxin-a, so is its mechanism of action.
Anatoxin-a(s) is an AChE inhibitor of organophosphate origin. It is the only
natural organophosphonate known. It has effects similar to those of nerve
agents: severe cholinergic overstimulation causing salivation, lacrimation, uri-

Figure 9. Trichothecenes.



Chemical warfare agents 557

nary incontinence, defecation, convulsion, fasciculation and respiratory arrest.
There is no specific treatment available. Only artificial respiration as support-
ive care is recommended [28].

Conclusion

The important groups of chemical warfare agents were introduced in this chap-
ter. Although presented compounds are considered as tactically the most pos-
sible for terrorist misuse, many more chemicals could act as potential CWA.
For example, drugs or agrochemicals originally developed for daily use could
be misused as poisons in terrorist hands. Therefore, scientists working in this
area of research should focus their attention to new groups of highly toxic
compounds with the potential to be prepared for their pertinent misuse and to
act as chemical warfare agents.
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Abstract. Biological warfare agents are a group of pathogens and toxins of biological origin
that can be potentially misused for military or criminal purposes. The present review attempts
to summarize necessary knowledge about biological warfare agents. The historical aspects,
examples of applications of these agents such as anthrax letters, biological weapons impact,
a summary of biological warfare agents and epidemiology of infections are described. The
last section tries to estimate future trends in research on biological warfare agents.

Introduction

The threat of misuse of weapons of mass destruction has changed after termi-
nation of the Cold War. We can distinguish between nuclear, biological and
chemical weapons (NBC) as the main categories of weapons of mass destruc-
tion. The first, nuclear, are typical for superpowers; the two last are bogies of
asymmetric war. The term “bioterrorism” has now appeared [1]. Due to low
cost of production of chemical and biological weapons, these are also referred
to as “weapons of the poor”.

Two terms should be clarified: Biological weapons and biological warfare
agents (BWA). A biological weapon is applicable as a military device. It con-
sists of a technical part that enables germ particles, and biological warfare and
reagent-stabilizing agents to be disseminated under outdoor environmental
conditions. Transmission of BWA is typically based on spraying, contamina-
tion of food or water, or dispersion through conventional explosives [2].

The present chapter summarizes the most important facts about BWA. It is
divided into sections relating to common knowledge on BWA and examples of
the most relevant BWA. For better evenness, non-viable BWA (toxins) such
ricin and botulotoxin are presented on a similar scale to the viable BWA
(pathogens).

Some historical aspects

The application of biological weapons is not a novel idea. Attempts to use
infectious diseases as a weapon were made in ancient civilizations through
contamination of food or drinking water. In 1346, during the battle for the sea-
port city of Kaffa located in today’s Ukraine, the Tatar forces catapulted plaque
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victims into the city in order to spread this disease [3, 4]. This event had terri-
ble consequences when Genoese merchants escaping from Kaffa spread
bubonic plague inside Europe in 1348 [5]. Misuse of plague was also perpe-
trated by Russian soldiers who catapulted plague-infected corpses into the
Estonian town Reval held by Swedish enemies in 1710. Another method of
biological warfare was carried out by the British colonial army in North
America. When smallpox occurred in the crew at Fort Pitt in 1763, captain
Ecuyer spread this infection among the Native American population unsym-
pathetic to the British during the Pontiac’s Rebellion using contaminated blan-
kets and handkerchiefs. The effect of infection was amplified due to the
immunological naivety of Native Americans [6].

The period of World War I is known for massive application of chemical
weapons. BWA were not typical during this period. However, the potency of
biological weapons was well recognized and there was attempt to prevent its
use. The convention called “Protocol for the prohibition of the use in war of
asphyxiating, poisonous or other gases, and of bacteriological methods of
warfare” was result of this effort. It was signed by many countries in 1925 and
entered into force in February 1928. Since the convention did not include pro-
hibition of the development, production and storage of biological weapons, the
practical impact was reduced [7].

In the period of 1930s and 1940s, some powers escalated their potency to
produce biological weapons. The largest research and production facilities
were built by the Japanese in the infamous Unit 731 in occupied China. The
Unit 731 was localized in Manchuria from 1932 until the end of the World War
II. The staff of around 3000, comprising mostly scientists and technicians, was
responsible for extensive efforts in research and development. For realization
of their targets they carried out trials on humans, including prisoners in the
Beiyinhe jail. At least 10 000 prisoners lost their lives due to these tests [8].

The period after World War II was influenced by the hegemony of two
superpowers. The United States built facilities in Fort Detrick and Pine Bluff.
Development of military facilities in former Soviet Union is still unclear, par-
tially due to the high level of security and hiding of these activities behind a
screen of civilian biotechnology research [9]. Only some sporadic testimonies
are known. The most complex one was given by Ken Alibek in his book:
“Biohazard: The chilling true story of the largest covert biological weapons
program in the world”. Soviet production of biological weapons continued
even after the year 1972 when a new convention “The United Nations Con-
vention on the prohibition of the development, production, and stockpiling of
bacteriological and toxin weapons and their destruction” was ratified by many
countries including Soviet Union and United States.

Another chapter of in the history of biological weapons concerns terrorist
activities, such as that made by the Rajneeshee community in Oregon. The fol-
lowers of Bhagwan Shree Rajneesh contaminated salad bars at two restaurants
by Salmonella sp. inoculation. They wanted to manipulate the upcoming elec-
tions. Without this action, according to their belief, the results of the election
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might prevent them from developing their community into a world headquar-
ter [10]. Unsuccessful attempts to use Bacillus anthracis, Vibrio cholerae and
botulinum toxin to construct their own biological weapons were made by the
Aum Shinrikyo cult in Japan. They even sent their members to Africa to col-
lect samples of the Ebola virus [11]. Aum Shinrikyo executed nine different
biological attacks. In 1993, they attempted to release aerosolized clouds of B.
anthracis from the roof of the building of their cult headquarters in Kameido,
near Tokyo. Fortunately, they were unsuccessful due to dissemination of the
non-virulent strain Sterne 34F2, which is normally used for animal vaccination
against anthrax [12]. After these failures they used the nerve agent sarin in the
Tokyo subway system in 1995, resulting in 12 deaths and approximately 3800
injured, an event that made them notorious. Successful attempts to misuse the
virulent strain of B. anthracis would be more horrific in their consequences.
Here, the sending out of so-called “anthrax letters”, i.e., letters prepared with
purified spores of B. anthracis, has been widely recognized. This case is
described in a separate section below.

Handling of BWA

Handling of BWA is very dangerous. This is partly due to complicated detec-
tion of leaked microorganisms and only gradual manifestation of disease symp-
toms when compared with toxic compounds. Unwanted release of BWA could
lead to tragic consequences. The Sverdlovsk tragedy is an example of such a
disaster: fully virulent spores of B. anthracis were released from a military facil-
ity in the Russian city Sverdlovsk in 1979, resulting in many deaths [13, 14].

Many devices can protect staff when handling BWA. There are laws for pro-
tection that are valid in certain countries, e.g., in the European Union: the
Council Directive of 26 November 1990 on the protection of workers from
risks related to exposure to biological agents at work (90/979/EEC). The main
mechanism of protection comes from two kinds of barriers: the first barrier
divides staff from the samples to be handled. This could be laminar boxes, spe-
cial suits, and other tools separating laboratory workers from samples. An
image of a laminar box is shown in Figure 1. The second barrier protects sur-
roundings from pertinent contamination inside the laboratory. This could be
special walls such as stainless steel armor, special ventilation with air disin-
fected by UV lamps and closed with high efficiency particulate air (HEPA) fil-
ters, and sterilizing of waste. Manipulation of unknown samples should not
contain any steps producing aerosol particles or leading to sample spurt.

A common criterion for laboratory protection estimation is called the bio-
logical safety level (BSL). Four values are attributed (1–4), described as fol-
lows:

• BSL 1 is a laboratory appropriate for handling of microorganisms that are
not hazardous for human life or health. Such a laboratory can be run by
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adhering to the rules of common microbiological safety and hygienic fun-
damentals.

• BSL 2 is appropriate for handling of microorganisms with limited virulence,
i.e., virulent in immunologically insufficient and elderly people. These
microorganisms are common in the environment and/or its virulence can be
suppressed in vaccinated individuals. Hazardous manipulation of samples
such as those potentially producing aerosols should be performed in
digesters. Although BSL 2 is technically on a similar level as BSL 1, some
safety procedures such as disinfection and wearing of gloves are necessary.

• BSL 3 is a laboratory suitable for manipulation, cultivation and analysis of
causative agents of serious diseases. Vaccines or regular treatments for the
disease should be available. Greater technological demands compared with
BSL 2 are required, e.g., exhaust air must be filtered, the inside of labora-
tories is under lower pressure, laboratory staff must wear special protective
clothing.

• BSL 4 is a laboratory suitable for work with all microorganisms including
those causing diseases that are not curable and not protectable by vaccines.
BSL 4 has further improvements in comparison with BSL 3. In particular,
entrance into laboratories is through two doors with special disinfection
measures. The two doors are electronically protected to suppress simulta-
neous opening. All material including waste, air, and cadavers leaving the

Figure 1. Special digester used in a BSL 4 lab.
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laboratory have to be sterilized. Personal protection suits are supplied by air
and should be slightly pressurized.

Categories of agents

In principle, all known pathogens or toxins could potentially be used for bio-
logical weapon construction. At least 1400 infectious organisms including
more than 200 viral and 500 bacterial species are virulent to humans [15].
However, only few of them have been found really effective for biological
weapon construction. Although we can use many of distinguishing scales, the
one most frequently used comes from the Centers for Disease Control and
Prevention (CDC; http://www.bt.cdc.gov). CDC divides BWA into three cate-
gories (A–C) according to its virulence and easiness of pertinent production:
• Category A: Agents that are easily disseminated or transmitted from person

to person resulting in high mortality rates. Agents in this category represent
serious risk when misused for military and/or criminal activities.

• Category B: Agents that exert low mortality but could be moderately easy
disseminated.

• Category C: Pathogens (and toxins) that could be engineered for mass dis-
semination in the future; however, their actual virulence or elaborative dis-
semination would not allow mass application.

Another useful classification was made by the Australia Group (http://www.
australiagroup.net). This organization has members from 30 countries (includ-
ing EU countries, Japan, the United States, Canada etc.). The Australia Group
was founded in 1985 as a reaction to the application of chemical weapons in
the Iran-Iraq War. The Group has established common export controls for
chemical and biological weapons for non-proliferation purposes. The control
is also focused on dual-use biological equipment and related technology, such
as complete BSL 3 or 4 containment facilities, fermenters having capacity
greater than 20 L, centrifugal separators including decanters and flowraters
greater than 100 L per hour, aerosol inhalation chambers with capacity greater
than 1 m3, devices for aerosol production, etc. The BWA are divided into bio-
logical agents (human pathogens), plant pathogens, and animal pathogens. The
most important virulent organisms are:
• Viral BWA: chikungunya virus, Congo-Crimean hemorrhagic fever virus,

Dengue fever virus, Eastern equine encephalitis virus, Ebola virus, Hantaan
virus, Junin virus, Lassa fever virus, Lymphocytic choriomeningitis virus,
Machupo virus, Marburg virus, Monkey pox virus, Rift Valley fever virus,
Russian Spring-Summer encephalitis virus, Variola virus, Venezuelan
equine encephalitis virus, White pox, Yellow fever virus, Japanese
encephalitis virus, Kyasanur Forest virus, Louping ill virus, Murray Valley
encephalitis virus, Omsk hemorrhagic fever virus, Oropouche virus,
Powassan virus, Rocio virus, St Louis encephalitis virus, Hendra virus,
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South American hemorrhagic fever, Pulmonary – renal syndrome – hemor-
rhagic fever viruses, Nipah virus.

• Rickettsial BWA: Coxiella burnetii, Bartonella quintana, Rickettsia
prowazeki, Rickettsia rickettsii.

• Bacterial BWA: Bacillus anthracis, Brucella abortus, Brucella melitensis,
Brucella suis, Chlamydia psittaci, Clostridium botulinum, Francisella
tularensis, Burkholderia mallei, Burkholderia pseudomallei, Salmonella
typhi, Shigella dysenteriae, Vibrio cholerae, Yersinia pestis, Clostridium
perfringens (producing epsilon toxin), Escherichia coli serotype O157.

• Toxins: botulotoxin (botulinum toxin), Clostridium perfringens toxins, cono-
toxin, ricin, saxitoxin, shiga toxin, Staphylococcus aureus toxin, tetrodotox-
in, verotoxin, microcystin, aflatoxins, abrin, cholera toxin, diacetoxyscirpen-
ol toxin, T-2 toxin, HT-2 toxin, modeccin toxin, volkensin toxin, viscumin.

Diseases whose causative organisms have been considered as potential bio-
logical agents are also enlisted in Annex A of the NATO Handbook on the
Medical Aspects of NBC Defensive Operations [16]. When evaluating the
risks of BWA, military threat has to be distinguished from terrorist or criminal
acts. The most frequently known microorganisms and their normal character-
istics are compiled in Table 1. According to the CDC the most serious agents
(category A) are B. anthracis, Clostridium botulinum toxin, Yersinia pestis,
Variola major, F. tularensis, and viruses causing hemorrhagic fevers (such as
Ebola, Marburg or Machupo). Other agents such as ricin toxin, Staphylococcal
enterotoxin B and Brucella sp. are often noted, but the CDC evaluated them as
less important (category B). Selected BWA are indicated in Table 1.

Table 1. Potential biological weapon agents (BWA) and resulting diseases. The most commonly noted
agents are mentioned. The entire category A and parts of category B according to CDC are listed. A
pulmonary intake of aerosol is taken for infection dose

Agent Disease Infection dose Taxonomy Category
according
to CDC

Bacillus anthracis Anthrax 8000–40 000 spores Bacterial A

Brucella melitensis Brucellosis 10–100 organisms Bacterial B

Francisella tularensis Tularemia 10–50 organisms Bacterial A

Yersinia pestis Plaque <100 organisms Bacterial A

Rickettsia prowazekii Epidemic typhus Spreading by vector Rickettsial B

Variola major Smallpox 10–100 organisms Viral A

Hemorrhagic fever Ebola, Marburg, 1–10 organisms Viral A
viruses Lassa, Dengue, etc

Botulinum toxin (from Botulism 0.001 μg/kg (LD50) Bacterial toxin A
Clostridium botulinum)

Ricin (from Ricinus Ricin poisoning 3–5 μg/kg (LD50) Plant toxin B
communis)
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Expected impact of biological weapons

Biological weapons are easy and cheap to produce. The cost-effect of conven-
tional, chemical and nuclear weapons has been compared with biological
weapons [16]: 50% casualties/km2 cost about $2000 for conventional, $800 for
nuclear, $600 for chemical and $1 for biological weapons. Another character-
istic is the mass needed for delivery: per square kilometer, 1–5 kg of a bio-
logical weapon would be capable of producing the same number of casualties
as 500 kg of a chemical weapon. These parameters are only approximates but
explain the inherent danger of biological weapons in the hands of terrorists and
totalitarian states. Scientists from the CDC came up with a hypothetical model
of a North American suburb with 100 000 inhabitants exposed in the target
area [17]; attack by B. anthracis spores, Francisella tularensis and Brucella
melitensis 5-μm aerosol particles was considered. The needed prophylaxis pro-
gram was calculated approximately for 420 000–1 490 000 participants if any
of these given agents were used. Per 100 000 exposed inhabitants, the follow-
ing numbers were predicted: 50 000 cases of anthrax inhalation with 32 875
deaths due to B. anthracis; 82 500 cases of tularemia with 6188 deaths due to
F. tularensis; and 82 500 cases of brucellosis with 413 deaths due to B.
melitensis. The expected economic impact could reach $Mio 579.4 for brucel-
losis, $Mio 5402.4 for tularemia and $Mio 26 204.1 for anthrax. Kaufmann
and coworkers also expressed the necessity of the fast start of prophylaxis pro-
gram. For example, delaying the initiation of prophylaxis for anthrax until
days 4–6 after attack would result in additional net losses of $Mio 13.4–283.1.
These conclusions, among others, call attention to the military possibilities of
biological weapons as well as to the importance of their timely detection.

The most important agents

In the frame of this chapter it is impossible to present all potential BWA. The
best known representatives of BWA are explained in more detail below. All
agents enlisted into category A according the CDC and some of category B
agents are presented. The most relevant toxins enlisted as BWA are also men-
tioned. Instead of elaborating on the virulent organism, those that produce tox-
ins are described by keeping the focus on the toxin itself.

When toxins are considered as biological agents, it is surprising that many
of the pathogens such as B. anthracis are not fully virulent when the genetic
information for toxin production is suppressed [18, 19]. This fact points to the
complexity in infection progression. Only small changes in the genetic infor-
mation could reduce or, on the other hand, heighten the virulence. F. tularen-
sis represents an example. This is one of the most serious BWA; however, the
mutant called light vaccine strain (LVS) would cause infection in rodents but
would fail to cause serious infection in humans due to the manifestation of
antigens triggering long-memory B lymphocytes [20, 21].
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Bacillus anthracis

B. anthracis is a large, spore-forming, Gram-positive, non-motile bacterium
[22]. It grows under aerobic conditions. The vegetative bacillus is relatively
large, rod-shaped; the longest side is as much as 10 μm long [23]. B. anthracis
forms endospores, and cultivation is quite easy. Spores are stable for a long
period even under outdoor conditions. Titbal et al. [24] described their resist-
ance to physical conditions and survival up to 200 years. Isolation of B.
anthracis and description of their properties were carried out by two famous
scientists, Robert Koch and Louis Pasteur. The life cycle of B. anthracis was
described by Robert Koch in 1876 [25].

B. anthracis is the causative agent of anthrax disease. Anthrax is a zoonosis
infecting domesticated as well as wild animals. A typical reservoir is in herbi-
vore populations. The disease is easily transmittable to humans. With inade-
quate prophylaxis, a large-scale epidemic could easily arise. The well-known
Plague of Athens (430–417) is suspected to have been an epidemic caused by
inhalational anthrax [26], although other theories have been stated [27]. Three
forms of the disease can be found. The most typical is the cutaneous form. It
is caused by spores penetrating into skin and resulting in dermal ulcers.
Gastrointestinal anthrax is a form that can occur after consuming poorly
cooked meat contaminated with B. anthracis spores. Intestinal ulcers are fol-
lowed by spreading of B. anthracis into the lymphatic system, causing sep-
ticemia. Pulmonary anthrax is the third form. This occurs after inhalation of
spores. This would be the most likely form if B. anthracis were to be misused
for military purposes. Although the first symptoms look like influenza, the fast
progression of anthrax would continue. Mortality for pulmonary anthrax is
very high. The disease can be treated with penicillin; however, some strains of
B. anthracis were found being β-lactamase positive. The drugs ciprofloxacin,
erythromycin, tetracyclin, doxycycline and chloramphenicol are widely rec-
ommended [28].

The virulence of B. anthracis is increased due to secretion of anthrax toxin
[29]. The plasmid pX01 region of the bacillus is involved in the production of
the anthrax toxin [30]. The anthrax toxin is composed of three proteins [31]: a
edema factor necessary for causing edema, a protective antigen that supports
the penetration of edema factor, and the lethal factor operating inside the cell
[32]. The lethal factor proteolytically cleaves MAPK-activating enzymes [33,
34]. Both the lethal factor and the protective antigen together constitute the
lethal toxin.

Brucella melitensis

In the past B. melitensis has undergone several taxonomic changes. The older
name Micrococcus melitensis can still be found in the literature. B. melitensis
belong to Gram-negative, typically rod-shaped bacilli. No spore formation has
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been observed. The viable cells are non-motile. B. melitensis as well as three
other species (B. suis, B. abortus and B. canis) can cause the disease known as
brucellosis; brucellosis caused by B. melitensis is the most serious form for
humans. The proteome of B. melitensis virulent strain 16 M has been fully
characterized [35].

The British Army physician David Bruce firstly isolated B. melitensis in
1887. Brucellosis is a zoonotic disease and for this reason it is a naturally
occurring human infection caused by eating infected food products, especial-
ly by drinking infected milk, or by inhalation of aerosols containing the bacil-
li; low infection doses of 10–100 CFU can cause disease. Person to person
spread is uncommon [36]. The application of B. melitensis as a BWA has been
tried several times mainly due to low infection doses. The incubation period is
relatively long; typically 5–60 days and occasionally even more [37]. The long
incubation period was considered as main discriminating parameter for utiliz-
ing B. melitensis in biological weapon construction. Brucellosis is incapacitat-
ing rather than killing. Case fatality is about 2%. Symptoms of brucellosis are
nonspecific, sometimes asymptomatic. Some somatic complaints such as
weakness, body aches and anorexia could occur. Brucellosis is curable by
antibiotic treatment with drugs such as tetracyclines, fluoroquinones, strepto-
mycin and gentamycin [38, 39]. For humans, no vaccine is available but the
strains RB-51, RB-19 and REV-1 can be used as a live vaccine for veterinary
purposes. A DNA-based vaccine (encoding the outer membrane protein 31) for
brucellosis has been recently tested in a mouse model [40]. Although B.
melitensis was one of the first agents used in biological weapon construction,
the CDC enlisted B. melitensis into category B, not category A (see above).

Francisella tularensis

F. tularensis is a small, non-motile, Gram-negative bacterium. It is facultative
anaerobic. It was firstly isolated in the 1910s near the Californian town Tulare
[41]. The human disease was recognized by Edward Francis in 1922 [42]. The
name Francisella tularensis was chosen as honor to Dr. Francis and the place
where it was first isolated. F. tularensis belongs to the group of highly infec-
tious pathogens and it is enrolled into CDC category A of BWA. There are sev-
eral subspecies of F. tularensis described in the literature. F. tularensis sub-
species tularensis (type A; also referred to as subspecies nearctica by investi-
gators in the former Soviet Union) is the most virulent. It is capable of meta-
bolizing glycerol as well as L-citruline. This subspecies is endemic in North
America, and sporadic isolates have been seen in Europe [43, 44]. F. tularen-
sis ssp. holarctica (type B; formerly referred to as palaearctica or palearctica
in some sources) is less virulent and unable to metabolize glycerol and L-cit-
ruline [45, 46]. The other two subspecies, mediaasiatica and novicida are vir-
ulent in only limited scale. The virulence of F. tularensis mediaasiatica is very
low despite extensive similarity to subspecies tularensis [47, 48].
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F. tularensis is the cause of the serious zoonotic disease tularemia (some-
times spelled ‘tularaemia’). The natural reservoirs of tularemia are rodents and
lagomorphs [49–51]. It was found that about 2.1–2.8% of the ticks Derma-
centor reticulatus are vectors of F. tularensis holarctica in the Czech Republic
and Austria [52]. Another study proposed that approximately 5% of rodents in
China are serologically positive to tularemia [53]. Extreme virulence was doc-
umented when 15 people were infected by tularemia disseminated through
contaminated fur when a dog shook itself during dinner [54]. Typical mani-
festations of infection are ulceroglandular, glandular, oculoglandular, oropha-
ryngeal, pneumonic, typhoidal, and septic forms [55]. The long-term mortali-
ty in the US for tularemia is estimated to be 1.4% [56]. The immune reaction
to tularemia progress is quite fast as the agent has only a short incubation peri-
od [57]. Several antibodies are recommended for treatment of tularemia. The
antibiotics streptomycin, gentamycin, tetracycline, and chloramphenicol could
be applied [58].

Rickettsia prowazekii

R. prowazekii is a small, Gram-negative microorganism. R. prowazekii as well
as the entire genus Rickettsia had been considered for a long time to be a bac-
terial microorganism, but a lot of oddities were found. Rickettsia has a small
genome [59] and about a quarter of the genome does not encode for anything.
The Rickettsia genus has defect metabolizing pathways and is fully dependent
on the host cell. For cultivation of Rickettsia, procedures typical for virus cul-
tivation are used – infected yolk sacs of embryonated chicken eggs [60, 61].
Investigation of the rRNA genes showed that they are not typical for eubacte-
ria, but extensive similarity to mitochondria of eukaryotic cells was found
[62].

R. prowazekii is the causative agent of the most serious variant of typhus –
epidemic typhus (also called louse-borne or classic typhus). This disease has
been known since ancient times. Outbreaks of epidemic typhus frequently start-
ed at prisons, military and refugee camps or in cities with poor hygiene. This
disease is transmitted by a body louse (Pediculus humanus corporis). In con-
trast, endemic typhus infections caused by R. typhi or R. felis are transmitted by
fleas. Epidemic typhus is the most serious form of typhus with an extremely
high mortality of 10–30%, sometimes even near 70% when the disease remains
untreated [63]. The first symptoms start about 10 days after infection. The fever
arises quite fast and may reach 40 °C, accompanied by pain, stiffness and
headache [64]. After further 5 days a dark red rash appears all over the body.
Antibiotics such as tetracycline or chloramphenicol are quite effective against
typhus [65]. In this context, it is important to refer to confusing nomenclature.
The bacteria Salmonella typhimurium and S. typhi are the causative agents of
typically food-borne diseases which in some form are called typhoid fevers.
Typhus and typhoid fever are completely different diseases.
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Yersinia pestis

The coccobacillus Y. pestis is a non-motile, slowly growing, Gram-negative
bacterium from the family Enterobacteriaceae. It was also known for a long
time as Pasteurella pestis. The natural reservoirs of Y. pestis are rodents [66].
The transmission of Y. pestis is moderated by fleas able to bite humans and
other mammals. The fleas known to transmit Y. pestis are Xenopsylla cheopis
and Ctenocephalides felis [67–69]. The species Y. pestis is divided into three
subtypes, or biovars: antiqua, mediaevalis, and orientalis. Each of them is
fully pathogenic [70, 71].

Y. pestis is the causative agent of the plague. Plague has strongly influenced
human history since ancient times. For instance, the Justinian plague epidem-
ic affected Mediterranean Europe and Egypt in A.D. 541 [72], and the “Black
Death” epidemic impact in 1347–1351 resulted in up to 40% casualties across
the European populations [73]. Plague has an incubation period of 2–6 days.
Typical symptoms are fever, malaise, nausea, vomiting, and diarrhea [74].
Bubonic plague is initiated by the bite an infected flea. One extremely serious
form of plague is the pneumonic form; it is transmitted by inhalation of respi-
ratory droplets exhaled by sick individuals [75]. The antibiotics streptomycin
and tetracyclines are applicable for treatment; penicillin is partially effective
for this form, but completely ineffective for treatment of extended plague [76].

Orthopoxvirus variola

Orthopoxvirus variola (variola virus) is a DNA virus. The virions are relative-
ly large (about 200 nm in diameter) [77]. Even non-enveloped particles are
infectious. Virions are released by disruption of the host cell. Virus replication
is localized in cytoplasm; the transcription is mediated by a virion-associated
DNA-dependent RNA polymerase [78].

The variola virus is the causative agent of the disease smallpox. There are
two forms of variola virus: major and minor. The minor form is much milder,
with a case fatality rate of about 1%. Variola major is most dangerous, with a
case fatality rate of about 30% [79]. Smallpox spread gradually over the whole
world. It was introduced to Europe in the early Middle Ages. The year 1796
was a big milestone in known smallpox history. Edward Jenner demonstrated
that vaccination with cowpox was able to protect vaccinated individuals
against smallpox. A vaccination campaign initiated by the World Health
Organization (WHO) in the 1960s has resulted in its eradication. The last case
of smallpox was observed in Bangladesh in 1975 [80]. Official eradication was
proclaimed on 8 May 1980. Only two laboratories were allowed to keep stocks
of variola virus: the Institute of Virus Preparations in the Soviet Union (today
Russia) and the CDC in the US.

The disease was typically spread between persons via droplets; transmis-
sion through direct contact was also possible in some cases. After an incuba-
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tion period of 7–17 days, high fever commonly with malaise started abruptly.
The maculopapular rash appeared after a further 1–2 days. During this phase
patients became most infectious. The scabs appeared approximately 25 days
after infection. Patients with scabs were no longer a vehicle of infection [81],
but remained lifelong immune from further infection. Antiviral substances
exerted disputable effect. Applicable drugs were, for example, adenine or cyto-
sine arabinoside [82, 83].

Hemorrhagic fever viruses

Hemorrhagic fever viruses (HFVs) are a group of enveloped RNA viruses and
the cause of the so-called viral hemorrhagic fevers (VHFs). They belong to
several families [84]: Arenaviridae (Venezuelan hemorrhagic fever, Lassa
fever, etc.), Bunyaviridae (Crimean-Congo hemorrhagic fever – CCHF, Rift
Valley fever, etc.), Filoviridae (Ebola, Marburg, etc.), Flaviviridae (yellow
fever, Dengue, Omsk hemorrhagic fever, etc.), Paramycoviridae (Hendra virus
disease, Nipah virus encephalitis, etc.). VHFs are zoonotic diseases with natu-
ral reservoirs in rodents and arthropods such as rats, mice and other rodents,
ticks and mosquitoes. VHFs are transmittable to humans via contact with con-
taminated urine, fecal or body excretions or via arthropod bites [85]. HFVs are
present all over the world including developed countries, but have highest
observed incidence in poor countries, especially in Africa [86]. The natural
reservoirs as well as the transmission mechanisms are not yet fully known
[87].

Symptoms of VHFs are high fever, commonly with exhaustion, and patients
with serious progression may bleed under the skin and from body orifices such
as mouth, eyes or ears [88, 89]. There is no effective vaccine against VHFs.
Treatments with antiviral medication is limited. Partial reduction of mortality
caused by Lassa fever and some others Arenaviruses has been achieved by
applying ribavirin [90]. Continuous effort to prepare effective vaccines is
being carried out but as yet with only limited success [91].

Botulinum toxin

Botulinum toxin is a neurotoxic protein produced as secondary metabolite by
the obligate anaerobe, spore-forming bacterium Clostridium botulinum and
some strains of C. baratii and C. butyricum [92, 93]. Botulinum toxin is one
of the most poisonous toxins, with an LD50 of 0.001 μg/kg [94]. Its polypep-
tide structure consists of two chains: the 100 kDa heavy and the 50 kDa light
chain. The light chain represents a Zn2+-dependent endopeptidase [95]. Several
botulinum toxin types exist: A–G. The toxin blocks acetylcholine release into
neurosynapses. Botulinum toxin B, D, F and G interact with synaptobrevin; A,
C and E affect SNAP25; and type C affects syntaxin [96]. The toxin is stable
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in water for several days. On the other side, it can be inactivated by heating at
>85 °C for 5 min; moreover, heating could also kill the bacterium C. botu-
linum [97]. The commercial form of botulinum toxin A – Botox, is been used
for cosmetic purposes and for medical treatment of blepharospasms and/or
hemifacial spasms.

First symptoms of poisoning by botulinum toxin can occur after 2 h, but
more typically after 12–72 h [98]. Patients with botulism suffer from neuro-
logical impairments of sight, speech and/or swallowing. Muscular paralysis
can extend into total weakness, hypotonia and eventually into respiratory dis-
tress [99]. Patients are afebrile but secondary infection can occur. Fortunately,
botulinum toxin does not penetrate into central nervous parenchyma (brain).
Treatment of botulism consists of supportive care and immunization with an
anti-toxin [100]. A pentavalent (ABCDE) botulinum toxoid is effective as a
vaccine against botulinum toxin [101], and this toxoid is actually distributed
by CDC for laboratory staff at risk.

Ricin

Ricin is a toxin from the castor bean plant (Ricinus communis). The LD50 of
ricin is 3–5 μg/kg [102]. The protein (lectin) ricin consists of two parts (A and
B), each with molecular mass of about 30 kDa, linked to each other through
disulfide bonds. Part A interferes with the ribosome as a glycosidase, thereby
blocking translation in the poisoned cell. Part B is necessary for the penetra-
tion of part A into the cell [103, 104]. Ricin can be inactivated by heating at
140 °C for 20 min. Its purification from castor beans is simple; aqueous extrac-
tion at low pH is followed by sodium sulfate precipitation.

Poisoning by ricin causes inhibition of protein synthesis. Long-term expo-
sure results in organ damage. An immune response to ricin has been described
[105]. The effects of ricin are not only disadvantageous. Application of ricin
as a treatment for cancer seems possible. Ricin has the capability to induce
apoptosis [106]. It acts specifically on malignant cells in situ when linked to
monoclonal antibodies [107].

Anthrax letters: A recent example of biological weapons menace

Shortly after the World Trade Center tragedy in 2001, the US postal system
was abused for the distribution of lethal B. anthracis spores [108]. The panic
that broke out was surprising. According to the FBI, the perpetrator has not
been captured until today. Altogether five letters were sent [109]. The first two
letters were sent to NBC television in New York and to the New York Post on
18 September 2001. Nobody died but some people became sick. These letters
were not very high-leveled considering purity of the agent; they contained
spores with about 10% purity. Here one of the most virulent strains of natural
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B. anthracis, the Ames strain was used [110]. Its identity was confirmed sub-
sequently by comparative genome sequencing and single nucleotide polymor-
phism pattern [111].

The other three letters were sent to Florida’s tabloid newspaper ‘The Sun’
and to the Washington D.C. offices of Senators Leahy and Daschle at 9
October 2001. The most alarming information came from the included parti-
cles. Those B. anthracis samples contained pure spores (meaning microbial
purity, as opposed to vegetative cells) prepared as chemically stabilized
homogenous 10-μm particles. The particle size is one of the most critical char-
acteristics for deposition of biological weapons in the lungs with 10 μm being
appropriate in this regard. Settling of bacterial cells in lung after envelope
opening has been studied in a swine model to explore risk factors [112], and
viability of spores in aerosols has also been extensively studied [113]. The
preparation by milling was discussed. However, preparation by spray-drying, a
more sophisticated method, is more likely. Altogether 5 people died after expo-
sure to manipulated letters and nearly 20 were infected. The letters were tight-
ly closed and the paper served as a filter for aerosol. No connection between
the perpetrator and Al Qaida or any totalitarian regime has been proved. One
of the suspects, Dr. Steven Hatfill was compensated for accusation in August
2008. The prime suspect Dr. Bruce E. Ivins committed suicide in July 2008.
Both suspected scientists were employed in the US Army Medical Research
Institute of Infectious Diseases (USA MRIID). Guilt for the anthrax letters has
not been unambiguously proven in any case; some conspiratory theories arose
[114].

Future trends

The search for methods to protect civilians as well as soldiers against biologi-
cal weapon fulmination remains current. Some trends are typical in this field.
Protective activities can be divided into topics such as biological crisis man-
agement, detection and identification, prophylaxis and treatment.

Biological crisis management is a continuous effort to predict crisis events,
and to attempt to eliminate technological failures leading to and/or amplifying
crisis. The further trends are based on prevention of hysteria accompanying
crisis [115]. Sophisticated input data are unnecessary for prediction of biolog-
ical weapons impact. In particular, infection through aerosolized particles is
extensively studied in appropriate models [116, 117] to find effective protec-
tion [118]. The safety of civilians in transit and buildings and protection of
selected objects is currently being considered by local governments.

Extensive effort is also being made towards early detection and identifica-
tion of BWA. Improvement of commonly available devices as well as devel-
opment of new methods are being widely carried out [119, 120]. In particular,
methods and parameters of the polymerase chain reaction (PCR) have gradu-
ally matured and could provide unique and valuable information [121, 122].
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Recent research has also been aimed at construction of biosensors [123]. These
devices are considered to be approaches suitable for either detection of BWA
[124, 125] or diagnosis of diseases [126–128].

Other approaches broadly considered refer to improvements in treatment,
prophylaxis and vaccination. Better vaccines may save lives of the intervening
staff. Extensive progress has been made in this field during recent years [129].
Selection of suitable antibiotics and finding of optimal dosage conditions is
also being investigated [130].

Gradual improvements in current methods for detection, identification, pro-
phylaxis and treatment are expected in the future. Although no massive arma-
ment is perceived at the present time, the challenges of the potential misuse of
BWA in the frame of criminal activities as well as naturally occurring epi-
demics related to these pathogens strongly call for continuation of these
research efforts.
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Abstract. Forensic toxicology has developed as a forensic science in recent years and is now
widely used to assist in death investigations, in civil and criminal matters involving drug use,
in drugs of abuse testing in correctional settings and custodial medicine, in road and work-
place safety, in matters involving environmental pollution, as well as in sports doping. Drugs
most commonly targeted include amphetamines, benzodiazepines, cannabis, cocaine and the
opiates, but can be any other illicit substance or almost any over-the-counter or prescribed
drug, as well as poisons available to the community. The discipline requires high level skills
in analytical techniques with a solid knowledge of pharmacology and pharmacokinetics.
Modern techniques rely heavily on immunoassay screening analyses and mass spectrometry
(MS) for confirmatory analyses using either high-performance liquid chromatography or gas
chromatography as the separation technique. Tandem MS has become more and more popu-
lar compared to single-stage MS. It is essential that analytical systems are fully validated and
fit for the purpose and the assay batches are monitored with quality controls. External profi-
ciency programs monitor both the assay and the personnel performing the work. For a labo-
ratory to perform optimally, it is vital that the circumstances and context of the case are
known and the laboratory understands the limitations of the analytical systems used, includ-
ing drug stability. Drugs and poisons can change concentration postmortem due to poor or
unequal quality of blood and other specimens, anaerobic metabolism and redistribution. The
latter provides the largest handicap in the interpretation of postmortem results.

Introduction

Forensic toxicology represents a number of related disciplines aimed to assist
in the detection and interpretation of drugs and poisons for medico-legal pur-
poses. The application of this forensic discipline has evolved substantially over
the last two decades and has become a mainstream forensic discipline requir-
ing experienced personnel with high end analytical skills in the use of modern
instrumental and isolation techniques and with excellent judgment to tailor an
investigation and provide an insight in the possible significance of results.
Knowledge of pharmacology and pharmacokinetics are also important to
understand the likely effects of any reported results and their time course. This
chapter reviews the main elements of forensic toxicology, its applications, the
biological specimens and other samples of greatest use, the techniques applied
as well as the difficulties and complexities facing the application of the science
to case work.
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Applications

Criminal matters and death investigations

Traditionally the science was mainly used in postmortem toxicology to detect
homicidal poisons. These were often plant-derived poisons such as aconite
(aconitine), datura (atropine and scopolamine), hemlock (coniine), deadly
nightshade (hyoscyamine and scopolamine), yew (taxines), etc. [1], but also
domestic or industrial poisons such as cyanide, thallium and arsenic salts.

In the 21st century few homicides are caused by poisons; however, many
people caught up in death investigations consume drugs that have adversely
affected their behavior and/or their health. Behavioral changes could include
disinhibition, aggression and violence. Adverse effects on health could include
seizures, heart disease and even sudden death. These substances may be drugs
of abuse (illicit drugs) or legal drugs used in a non-prescribed manner. These
are most commonly: amphetamine-type stimulants, cocaine, benzodiazepines
and related sedatives, opiates such as heroin, and cannabis products. However,
other substances can also be targeted including: other narcotics, barbiturates,
ketamine, phencyclidine, muscle relaxants, γ-hydroxybutyrate (GHB), lysergic
acid diethylamide (LSD) and many others.

They can also be prescribed drugs, such as the narcotic analgesics (and
other analgesics), sedative drugs such as the benzodiazepines, drugs used to
treat psychiatric conditions including depression and psychoses, drugs used to
treat cardiovascular conditions such as high blood pressure and arrhythmias
and drugs used to treat epilepsy. The presence of a prescribed drug in a blood
specimen indicates that a medical condition probably exists and that treatment
has been sought and obtained. Toxicology will also shed light on whether the
drugs have been consumed as recommended or have been abused, or even if
an adverse combination of drugs has been prescribed.

Road safety

The application of the science to improve road safety has become a major
application both for breath (and blood) alcohol and more recently drugs. For
many years some jurisdictions have conducted breath testing for ethanol at a
roadside or following an accident. This has been possible due to the close rela-
tionship between the concentration of alcohol (ethanol) in alveolar air and
blood [2]. Testing in breath involves hand-held devices and any positive result
requires subsequent confirmatory testing on another (evidentiary) breath
device or by blood testing for alcohol. Excellent reviews on this testing are
available including a description of the analytical techniques [3, 4]. This appli-
cation has been extended to include testing drivers on the spot for drugs using
portable devices on small samples of oral fluid taken from the driver [5]. This
application is both designed to enforce road safety laws such as driving while
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impaired by substances and to act as a deterrence to prevent use of impairing
drugs while driving and reduce road trauma and mortality [6].

Drugs most likely to impair drivers include the amphetamine-type stimu-
lants, cannabis, cocaine and the benzodiazepines, but can also include a raft of
other central nervous system (CNS) active drugs.

In more recent developments involatile metabolites of alcohol can be meas-
ured to provide a longer detection period in blood and even more so in hair [7,
8]. The most important of these metabolites is ethyl glucuronide. Concen-
trations in hair have been correlated with intake of alcohol and can be used to
assess degree of alcoholism [8]. This test is also used to provide objective evi-
dence of abstinence to drugs in persons seeking to regain their driving license
following an impaired driving conviction.

Workplace and correctional testing

Workplace and correctional drug testing has also grown enormously over the
last two decades to stamp out illicit drug use and improve workplace safety.
This form of testing has been largely based on urine testing but the develop-
ment of alternative testing methods now allow use of oral fluid (saliva) rather
than urine since drugs are more likely to have been consumed recently and be
detectable in oral fluid and are more likely be associated with elevated risks of
accidents [5]. Drugs in hair can provide a much longer period of detection than
the other specimens and importantly can also provide a weekly or monthly his-
tory of drug use [9].

Drug-facilitated crimes

Drug-facilitated crimes have become more popular in recent times, particular-
ly sexual assaults. Forensic toxicology plays a vital role in determining possi-
ble exposure to impairing substances hours to weeks after an alleged offence,
often using trace analyses [10]. Drugs most commonly used in these crimes are
CNS depressant drugs such as the benzodiazepines and related sedatives,
GHB, antidepressants, antihistamines, alcohol, etc.

Sports testing

Sports doping has been a well-publicized activity particularly for the Olympic
Games and other major international sporting events [11, 12]. Sporting codes
are now often monitoring their athletes for use of illicit drugs both in and out
of competition. Wider applications in sport include horse and greyhound rac-
ing; including testing the animals themselves [13]. This testing is often based
on urine but also can involve blood. The type of substances in these applica-
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tions often focus on anabolic steroids, stimulants, β-blockers, diuretics as well
as erythropoietin (blood) and growth hormone (blood) and a long list of other
banned substances.

Environmental testing

Increased focus on Governments to regulate and monitor the environment
(e.g., air and the waterways) for pollutants leads to corporations and individu-
als being charged with offences [14]. A number of biomarkers are known and
can be used to identify the source of pollution [15]. The evidence against these
defendants is often analytical, requiring valid and defendable medico-legal
procedures to successfully prosecute cases. 

Representative applications encompassing forensic toxicology are listed in
Table 1.

Specimens and sampling

One of the features that distinguish forensic toxicology from other toxicology
disciplines is the necessity to collect, transport, analyze and store specimens
and other samples (exhibits) in such a manner to guarantee chain-of-custody.
This means that it is known who handled the exhibit, when and why. This
allows the evidence to be tested in a court of law if for any reason there is a
concern over the security and propriety of the item examined. This means in

Table 1. Key applications of forensic toxicology

Application Most common specimen1

Road safety (alcohol) Breath, blood, urine

Road safety (drugs of abuse2) Blood, oral fluid, urine

Postmortem toxicology Blood, urine, liver, gastric contents

Clinical forensic toxicology (drug-facilitated Blood, urine
crimes, fitness for interview)

Workplace testing – employment Urine, oral fluid
and post incident

Workplace testing – pre-employment Hair, urine

Sports testing (humans and veterinary) Urine, blood

Environmental Water, air, solids

Custodial programs (prisoners, parolees) Urine

1 Listed in approximate rank order
2 Drugs of abuse include amphetamines, cocaine, cannabis (marijuana), opiates (morphine, heroin)

and the benzodiazepines, but can also include other abused drugs such as barbiturates, ketamine,
methadone, etc.
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practice that all handling of the items must be recorded and the items are trans-
ported to the laboratory sealed to ensure no interference has occurred or could
be inferred by another party.

There is a large selection of specimens available in forensic toxicology,
dependent largely on the type of application [16]. As for clinical toxicology
and therapeutic drug monitoring, blood and urine are the most common spec-
imens; however, there are others that can be sampled depending on the appli-
cation (Tab. 1).

Blood

Blood is the most universally preferred biological specimen if it is available
and the collection of the specimen is taken sufficiently close to the event in
question. This provides the most direct evidence of a drug in the body and
allows toxicologists to infer its likely pharmacological effects. Blood is gener-
ally preferred over plasma or serum since most of the forensic literature has
results reported in blood; however, some jurisdictions prefer plasma/serum
since it can be more easily compared to clinical data. To avoid post collection
fermentation and putrefaction at least 1% w/v fluoride should be added to the
collection tube. It is preferable to collect two blood specimens. One can be
used for alcohol and drug screening and the other for confirmatory tests.

In postmortem situations blood must, wherever possible, be collected from
a peripheral site, i.e., in the leg or arm. Collection of blood from the heart or
another central site is very likely to be severely contaminated from drugs dif-
fusing from the gastrointestinal tract or neighboring organs (i.e., lungs, heart,
stomach). Blood collected from a peripheral site is not immune to drug diffu-
sion (known as redistribution); however, it is likely to be substantially less than
at a central site (see section on redistribution).

When deaths have occurred in hospital it will be useful to obtain any spec-
imens taken in hospital for the purpose of biochemical or hematological tests
since these will often be closer to the event (causing the forensic interest) than
many hours or days later. This will require urgent action to avoid loss of these
samples since their retention by hospitals may not be long.

Urine

This specimen is ideal to screen for the presence of drugs since these sub-
stances and their metabolites are often present in much higher concentrations
than in blood and the volume is not usually limiting. Once drugs are found in
urine it is usual practice to analyze blood for the presence of the substances
found in urine. Since urine is a waste product stored in the bladder it cannot be
used to infer a dose consumed or the likely effects of the drug on the person at
the time of sampling.
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In cases of drug-facilitated assault, the trace presence of a drug metabolite
in urine many hours or days later can be useful evidence of potential exposure
[10]. In contrast, workplace drug screening cut-offs are applied to drug screen-
ing and confirmation well above the limits of detection of analytical assays
[17]. For example, detection limits for benzodiazepines are in the sub-
nanogram per milliliter range when attempting to detect clandestine exposure
to these substances in victims [18]. However, in workplace, drug testing urine
cut-offs for benzodiazepines are around 300 ng/mL [19]. Urine is the most
common specimen used in workplace testing.

Water loading is often employed to dilute urine-based drug tests. For this
reason urinary creatinine is measured to determine the likelihood of this occur-
ring [20].

Hair

Hair provides an ideal specimen to provide a history of exposure to substances.
Drugs and poisons are deposited in hair as hair grows out of the follicle and
remains in that location until the hair is cut off. Consequently, analyses for
content along the shaft of the hair can provide a history of exposure [9, 21].

Drugs bind primarily to the melanin pigment in hair; hence persons with
black hair will generally have higher concentrations than individuals with non-
pigmented hair particularly for basic drugs (e.g., amphetamines, antidepres-
sants, opiates). As a rule acidic drugs tend to have much lower concentrations
than basic drugs (e.g., benzodiazepines); however, modern instrumental tech-
niques based on tandem mass spectrometry (MS/MS) have sufficient sensitiv-
ity for even a small number of strands of hair.

It is important to remember that drugs are also present in sweat and seba-
ceous secretions. Consequently, small amounts of drugs can diffuse into the
external shaft of the hair. Hence the interpretation may not be straightforward
unless there are clear “spikes” in the concentrations along the shaft and/or con-
centrations are moderate to high.

Hair grows at about 1 cm per month, but can vary from about 0.7 to 1.4 cm
per month and can exist in either the anagen (active growing stage), catagen
(transition stage), or telogen (resting stage) phases [22, 23]. Hair taken from
the nape of the head has the most constant growth and tends to be present in
most persons (Fig. 1).

Oral fluid

There are a number of glands that secrete fluids in the mouth. They all contain
drugs depending on the characteristics of the drug, pH and degree of protein
binding in blood and the oral fluid [24, 25]. For the most part there is a rela-
tionship between drug concentration in oral fluid to that in blood; however,



Forensic toxicology 585

drugs may be locally deposited into the mucosa of the mouth if drugs are
smoked (e.g., cannabis, cocaine, methamphetamine) or tablets are retained in
the mouth for a period of time [25]. One of the advantages of this specimen is
that it can be collected with little infringement of privacy in the view of the
collector thus avoiding potential issues of adulteration and substitution some-
times seen with urine tests.

This specimen is used to detect recent use of illicit drugs in drivers through
on-site tests [26, 27] as well as in workplaces to detect past use of illicit drugs
[28, 29].

Postmortem specimens

While blood, urine and hair can also be collected in deceased persons and
indeed should be part of a routine collection in all cases subjected to a medico-
legal death investigation, there are a number of specimens unique to post-
mortem toxicology. The most common are gastric contents, liver and vitreous
humor [16, 30].

Gastric contents can provide useful information in relation to the degree of
oral administration if an overdose is suspected, and if positive for large
amounts of drugs can supplement data obtained on blood. It is essential that
the contents are quantified since a distinction needs to be made from trace
amounts from a previous non-toxic ingestion and from a significant ingestion.
Unless the whole contents are submitted for analysis the results will have lim-
ited relevance.

Figure 1. Diagrammatic hair shaft showing how segmental analysis can provide a time line of expo-
sure.
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A section of liver is useful when the significance of the concentration of
drug in blood is marginal and additional information is required to determine
a possible role of the drug in the death. In putrefied bodies blood may not be
available, hence there will be greater reliance on data from solid tissues. The
section of liver should be taken from the right side of the body to minimize dif-
fusion of drugs from the intestines near the left lobe.

Vitreous humor is a most useful fluid and should be collected in all cases,
particularly if significant postmortem changes or trauma are likely to have
occurred. For example, alcohol concentrations in vitreous humor are little
higher than in blood and helps to substantiate the reliability of blood alcohol
concentrations. The measurement of glucose is useful in cases of significant
hyperglycemia, and urea and chloride are useful to determine possible kidney
dysfunction and/or dehydration.

Other specimens may at times be useful depending on the circumstance but
these tend to be exceptional compared to those already mentioned. These
include lungs (or lung fluid in cases of exposure to volatile substances), brain,
kidneys, bone and bone marrow.

Techniques

This chapter cannot hope to review all techniques applicable to forensic toxi-
cology; rather this section provides a snapshot of the most common methods
and some of the more recent developments in analytical methodology [31].
The first step in any analysis is the isolation of drugs from the matrix. There
are a number of isolation techniques used depending on the sample, substances
being screened and the detection method used.

Isolation procedures

A small aliquot of specimen (<0.1 mL) is usually applied directly to
immunoassay-based procedures, i.e., urine or blood, but when chromato-
graphic procedures are used some form of clean-up is inevitably required.
Typically these are either liquid-liquid or solid-phase procedures.

Liquid-liquid extraction (LLE) is the oldest technique and is still the most
commonly used. This technique involves the extraction of the analyte(s) from
the biological material or solubilized solid material with an organic solvent.
The aqueous phase is buffered or pH adjusted to ensure the analyte(s) are not
in an ionized form, i.e., acidic pH is used for acids and basic pH for basic sub-
stances. Common solvents include butyl chloride, hexane, ethyl or butyl
acetate or solvent combinations such chloroform/2-propanol (3:1), hexane:
isoamyl alcohol (98:2), dichloromethane:isopropanol:ethyl acetate (1:1:3)
[32]. Solvents of high polarity may have higher extraction efficiencies but give
much dirtier extracts and should be avoided, e.g., ethyl acetate. Diethyl ether
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is an effective solvent but is too volatile and is potentially explosive. It should
be avoided. The retained solvent is then removed from the mixture and is evap-
orated to dryness, or further treated to remove extraneous substances. The
residue is then re-constituted into a solvent suitable for analysis, usually chro-
matographic separation on a liquid chromatography (LC) or gas chromatogra-
phy (GC) system.

Solid-phase extraction (SPE) methods are also widely used and are based
on the absorption of the analyte(s) onto a solid support that allows selective
absorption. The excess fluid containing the analyte(s) is washed through the
mini-column and the retained substances are then eluted off with a suitable sol-
vent. Most common supports are alkyl-bonded silica mini-columns, such as
C18 or mixed-phase columns [33].

This and other solid-phase or solvent-less methods such as solid-phase
microextraction, single-drop microextraction, hollow-fiber liquid-phase
microextraction, and sub-critical water extraction are also used [34, 35]. The
choice of the preferred isolation method is not simple and is usually obtained
empirically. For urine analyses, LLE has been shown to be superior using
acetylation and hydrolysis compared to other LLE isolation and extraction
methods and SPE [36]. This will not necessarily be the case for other speci-
mens or detection methods. Each application needs to be assessed for effi-
ciency and accuracy.

There are a large number of detection techniques that can be used in foren-
sic toxicology; however, by far the most common can be grouped into
immunoassay and chromatography-based methods.

Immunoassays

Immunoassay screening techniques rely on the competition of the analyte and
the labeled antigen with an antibody showing selectivity for a class of related
drugs. This can be performed on urine using one of a number of different kits
relying on different chemical principles, such as enzyme multiplied immuno-
assay (EMIT), fluorescence polarization (FPIA), cloned enzyme donor
immunoassay (CEDIA) and kinetic interaction of microparticles in solution
(KIMS). Drugs that are predominately present in urine as conjugates (sulfates
and glucuronides) require prior hydrolysis before being subjected to immuno-
assay, e.g., benzodiazepines and opiates. This technique can be automated
allowing large batches of tests to be conducted very quickly.

Drugs of abuse can be tested with microplate enzyme-linked immunosor-
bent assay (ELISA) tests. These also represent a quick and convenient method
for the analysis of drugs in blood, hair extracts and tissue homogenates.
Sensitivities to drugs will vary from kit to kit due to manufacturer, chemical
principle used for identification and batch of antibodies used. Drug classes tar-
geted most commonly include the amphetamines, barbiturates, benzodi-
azepines, cannabinoids, cocaine metabolites and opiates. Kits for other drugs
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are also available and include 6-acetylmorphine (6-AM), lysergic acid diethyl-
amide (LSD), fentanyl, methadone and phencyclidine. The range of drugs and
drug classes tested will depend on their local availability and use.

The performance of immunoassays can be adversely affected by sample
quality. For example, in postmortem cases significant putrefaction can lead to
false results. This can be reduced by the use of a purification technique such
as methanol treatment. False positives are common for the amphetamines due
to amine putrefactive products [37].

Substances added to urine to avoid drug detection are well known and cause
strong interferences. Each kit is likely to be affected differently depending on
the chemical principle used. Adulterants include glutaraldehyde, detergent,
bleach, lemon juice, vinegar, sodium hydroxide, bicarbonate, and salts such as
sodium chloride [38].

Chromatography-based methods

High-performance LC and GC have become the mainstay of chromatographic
methods. The use of phase-bonded capillary columns with GC enables the
chromatography of a large range of drugs underivatized. These include the
amphetamines, barbiturates, cocaine, some benzodiazepines and other hyp-
notics, some opioids (e.g., codeine, heroin, methadone and oxycodone), most
antidepressants and antipsychotics; many others are often included. Highly
polar compounds can be made amenable to GC by suitable derivatization.
These include morphine, benzoylecgonine and some benzodiazepines [32].
The most common detector used in forensic toxicology is the nitrogen phos-
phorous detector (NPD) due to its selectivity for nitrogenous compounds (as
well as the uncommon phosphorous containing compounds). The flame ion-
ization detector (FID) is mainly used for ethanol determination.

When using GC, less volatile substances or substances with poor thermal
stability can be derivatized to stabilize the substance and facilitate improved
chromatography. The most common derivatizing agents for amines include
perfluorinated anhydrides (e.g., trifluoroacetic anhydride or pentafluoropropi-
onic anhydride) or silyl derivatives. Carboxyl groups can be derivatized with
activated silyl agents, diazomethane, iodobutane or a perfluorinated alcohol in
the presence of a perfluorinated anhydride. The latter compounds can also be
used to derivatize amino, hydroxyl and carboxyl groups.

Forensic laboratories now use mass spectrometry (MS) as the detector of
choice. This produces spectroscopic data of peaks that allow an identification
to be made, which is not possible with other detectors where only retention
time can be used to presume the presence of a drug [39] (Fig. 2).

LC was a very popular technique in the 1970s and 1980s until capillary col-
umn GC and later GC-MS became the chromatographic technique of choice. In
this period ultraviolet detectors and multi-wavelength or photodiode array de-
tectors were common and relatively inexpensive; some specific analytes could
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be detected using electrochemical (e.g., morphine and some other opiates) or
fluorescence detectors (e.g., quinine, propranolol, morphine). Over the last
10 years LC-MS instruments became more readily available to forensic labora-
tories and are now arguably more popular than GC-based instruments. The abil-
ity to separate both polar and slightly polar compounds in one chromatograph-
ic system underivatized is an advantage both in terms of time and cost.

The availability of tandem MS (MS/MS or MSn) has further revolutionized
analytical toxicology. In general, tandem MS has a higher specificity than MS
alone, since spectra are obtained from a characteristic ion formed in the first
stage MS. Ion-trap instruments operate somewhat differently in that all ions
are produced in one chamber; however, the net effect is derivative MS. This
instrument can produce ions to the third or forth generation if required.
Usually, small bore LC columns allow relatively quick chromatography enab-
ling a high throughput of samples on LC-MS/MS using automated sample
injectors. Reverse-phase systems are frequently used with an aqueous-alcohol
based system buffered to a particular pH. Columns are hydrocarbon-linked
chains (e.g., C18, C8, phenyl-alkyl) to fine silica beads packed into 2- or 4-mm
i.d. stainless steel tubes that can accommodate high pressures.

Time of flight (TOF) MS provides high accuracy masses that can be used to
identify unknown substances in biological extracts, particularly urine [40, 41].
Two-dimensional chromatography has also been employed and offers impro-
ved separation characteristics compared to one-dimensional techniques [42,

Figure 2. Scheme illustrating drug tests conducted in a typical forensic toxicology case. B, blood; Ur,
urine; GC, gas chromatography; LC, liquid chromatography.
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43]. Capillary electrophoresis (CE) in its various forms [32, 44] has been used
successfully to detect a range of drugs. However, sensitivity is limiting so that
it has found more use in illicit drug analyses of powders and reaction mixtures
from clandestine laboratory investigations [45–47]. Thin-layer chromatogra-
phy (TLC) is still used in a few laboratories since it is inexpensive and can
cover a range of common drugs and poisons. Its sensitivity is limited and is
usually restricted to urine extracts due to the relatively high concentration of
drugs and metabolites and the large volume of specimen available. However,
the use of over-pressurized TLC can be used for liver extracts [48]. More
recently matrix-assisted laser desorption/ionization TOF MS (MALDI-TOF)
has been used on TLC “spots” as an experimental technique [49].

Screening and confirmation

It is also vital that a distinction is made from screening tests and confirmatory
tests. Screening, or initial tests, provide an indication of the absence or pres-
ence of a drug or drug class, but does not provide unequivocal proof of the
presence of a drug or drug class. For example, drug screening using immuno-
assays, no matter how good the antibody, cannot provide a medico-legal proof
of presence of any targeted substance. Unless mass spectrometry (MS) has
been used and the obtained spectra are sufficiently unique for unequivocal
identification, drugs (and other chemical substances) are not confirmed as
present in a sample (Tab. 2).

The usual practice is to conduct two independent tests before a result is
reported in a medico-legal environment. In situations where testing is restrict-
ed to common drugs of abuse, immunoassays are often used as the initial test
to see if any drugs from those classes are present and then mass spectrometry
is used to identify the drug. Initial tests could include other techniques such as
TLC, LC using ultraviolet or multi-wavelength detectors, or GC using NPD,
for example. Initial tests also help to eliminate quickly (and relatively cheap-
ly) the negative samples from the smaller number of positive samples.

Table 2. Methods in forensic toxicology

Screening methods Confirmatory methods

Immunoassays

GC-NPD GC-MS

GC-MS GC-MS/MS or GC-MSn

LC-UV (DAD) LC-MS/MS or LC-MSn

TLC

TOF-MS

GC, gas chromatography; LC, liquid chromatography; MS, mass spectrometry; NPD, nitrogen phos-
phorous detector; UV, ultraviolet detector; DAD, photodiode array detector; TLC, thin layer chro-
matography; TOF, time-of-flight.
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The performance of two tests conducted at different times, and possibly also
by a different person can provide a further surety that no sample mix-up has
occurred in the laboratory while preparing the tubes for analysis. While initial
tests are not always confirmed, it is good practice to investigate cases where
confirmatory results are not consistent with the initial test.

The use of more sophisticated analytical equipment available to some labo-
ratories makes it feasible to both screen and confirm samples for drugs in one
step. This applies particularly to tandem MS either connected to a GC (GC-
MS/MS) or an LC (LC-MS/MS). This approach is best suited to targeted ana-
lyses in which characteristic product ions from a specific number of analytes
are scanned at relevant retention times, and post-analysis macros allow rela-
tively rapid interrogation of the acquired data. While MS/MS is usually more
specific than MS alone, it is essential that at least two product ions are chosen
in the last MS stage to ensure sufficient identification power [50]. One-point
or a limited number of calibration standards is used to semi-quantify any drug
present.

Performance of assays

An often neglected area of forensic toxicology is to ensure assays are not only
fully validated but also each assay is monitored for performance. Validation
refers to a process to establish that the assay works sufficiently well to meet
the intended purpose and that any interference or inaccuracies are evaluated
and preferably minimized. This means establishing adequate detection limits,
defining the concentration response curve (i.e., linearity or otherwise), deter-
mining precision at different concentrations within an assay and between
assays and ensuring it is robust and can perform equally well with different
analysts. Importantly, the specificity needs to be established to ensure no inter-
ferences occur [51].

Once the assay is validated and documentation can be provided to support
this work, day-to-day performance of routine assay batches must be monitored
by way of quality controls. These controls use the same matrix as the unknown
samples (i.e., blood for blood specimens) and contain drug(s) at a predeter-
mined concentration. The acceptance range of each batch of controls is then
determined and used to establish the acceptability of a particular batch assay.
Typically acceptance ranges are ± 2 SD but can be ±15% or 20% depending
on the analyte and method used. For alcohol determination in blood the rela-
tive SD (RSD) (SD/mean) is often around 2%, requiring much tighter accept-
ance limits. The use of multiple controls at the same concentration or different
concentrations enables a better statistical treatment of results that fall outside
the acceptance limit, such as the Westgard rules [52].

Since recoveries of analytes will vary from specimen to specimen, it is
essential that matrix matching is employed. This means that calibration sam-
ples are performed in the same matrix as the unknown sample. This can create
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problems if a particular drug needs to be quantified in various tissues in a case,
i.e., blood, liver, vitreous humor, etc. Although use of deuterated internal stan-
dards can compensate for variable recoveries, it is prudent to validate this
approach against true matrix matching.

Quality control materials are available from organizations including the
College of American Pathologists (CAP), the United Kingdom National
External Quality Assessment Scheme (UKNEQAS) for therapeutic drug
assays and the Dutch Association for Quality Assessment in therapeutic drug
monitoring and clinical toxicology (KKGT). Various in-house national pro-
grams also exist in many jurisdictions. Proficiency programs are also used to
independently monitor laboratory performance for both identification of for-
eign substances and for quantitative accuracy [53, 54]. Proficiency programs
have also been made for hair [55] and oral fluid analyses [56]. These data also
provide a guide over the spread of results for particular drugs over many lab-
oratories often using different techniques.

Toxicology testing policies

All laboratories, whether they are publicly funded organizations especially
designed for forensic work in the jurisdiction or private laboratories, that
engaged in contract work need to have developed a policy (and procedure) for
drug testing that is both clear to their clients and most relevant for the case sub-
mitted. Case is defined here as a test or series of tests on a specimen or col-
lection of specimens pertaining to a matter.

The concept of performing a drug screen (on a sample) infers that the tests
conducted cover a wide range of drugs (and possibly poisons); however, no
laboratory is able to cover all substances. The laboratory (and client) needs to
be realistic in the scope of drug testing, but not to cover too small a range of
substances as to render the testing wholly inadequate. For example, if the drug
screening is meant to cover “drugs of abuse”, then those substances targeted
should be clearly defined. Similarly, if other drugs are included in the screen,
then some indication of the extent of these tests needs to be made so that it is
both clear to the client and satisfies the purpose of the testing in the first place.
While this can be done during contract negotiations, it is also vital that the test
certificate or report provides sufficient information to the reader on what tests
have been conducted, even if the result is negative for substances.

The preferred approach in forensic toxicology cases is to perform a drug
screen that covers as large a range of substances as feasible for the jurisdiction
and laboratory. This approach is sometimes termed “general unknown screen”
(GUS) or “systematic toxicological analysis” (STA). This might include the
range of substances listed in the Table 3.

Those drug or drug classes on the left side of Table 3 are commonly abused
and can cause significant behavioral changes, even if an overdose is not
expected. Those on the right are less commonly examined in forensic cases
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but can be important to rule out exposures to these substances. Both sides of
Table 3 include drugs used in therapeutic settings, e.g., anticonvulsants, anti-
depressants, benzodiazepines, most opioids, etc. The detection of these sub-
stances assists in understanding what ailments the person might have had and
whether the concentration of drug detected indicates compliance to prescribed
medication.

Skills and qualifications

There is no universally accepted minimum qualification or skill level for foren-
sic toxicologists. It is preferable for practitioners to have had experience in
analytical chemistry before becoming forensic toxicologists. This allows a
greater breadth of experience and applications than those traditionally prac-
ticed in a toxicology laboratory. It is also preferable that practitioners have
knowledge of pharmacology and pharmacokinetics since this allows them to
better tailor their analytical tests and most importantly enables them to provide
an interpretation of the results for clients and courts.

Traditionally practitioners have entered the discipline from an analytical
chemistry or biochemistry background or from a background of pharmacy or
pharmacology in which analytical chemistry is a major. Increasingly persons
with higher degrees, particularly doctoral degrees, are sought since these grad-
uates have a higher skills base and are able to work better independently on
case investigations or method development than those without a research back-
ground. In some jurisdictions local organizations assist in the training and
development of toxicologists and provide a level of certification. For example,
the American Board of Forensic Toxicology (ABFT) and the German Society
of Toxicological and Forensic Chemistry (GTFCh) certifies toxicologists
through an examination process.

Table 3. Target substances in systematic toxicological analyses

Common target drugs Other target drugs

Alcohol (ethanol) Anticonvulsants (e.g., carbamazepine,
lamotrigine, phenytoin, valproate, etc.)

Amphetamine and related stimulants Cardiovascular drugs (e.g., β-blockers,
including ecstasy digoxin, other antiarrhythmics, etc.)

Cocaine (including at least benzoylecgonine) Antidiabetics (orally active)

Benzodiazepines and related hypnotics High potency opioids (e.g., fentanyl,
(i.e., zolpidem, zopiclone) hydromorphone, buprenorphine, etc.)

Cannabis (Δ9-tetrahydrocannabinol in blood) γ-Hydroxybutyrate (GHB)

Opiates/opioids [e.g., morphine, 6-acetyl- Muscle relaxants, i.e., carisoprodol, quinine
morphine (6-AM), oxycodone, methadone, etc.]

Antidepressants Barbiturates and related anxiolytics

Antipsychotic drugs Volatile substances (e.g., hydrocarbons)
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Interpretation of toxicology data

The process of obtaining a valid result in a case can be long and complex, par-
ticularly if a number of tests were conducted to exclude a large range of sub-
stances and any detected substances are confirmed by another method. This is
not the end of the line for the laboratory: the result(s) must be given some
interpretation to guide the investigator (e.g., police officer, medical examiner
and coroner), and, potentially, other stakeholders.

It is far too easy to refer to a published database of toxicological informa-
tion to guide such interpretations. However, these databases rarely, if at all,
provide the context of the case from which the data derive, or whether the data
refer to single exposure to a substance or multiple exposures, or even if other
factors influence the resultant response.

Heroin or other potent opioids can easily cause death in certain circum-
stance, particularly if a person is unaccustomed to the dose being administered
or there are other drugs consumed that also depress the CNS and cause cardio-
respiratory arrest. On the other hand, persons regularly exposed to opioids will
develop substantial tolerance and can easily tolerate doses (and consequently
blood and tissue concentrations) that would kill an opioid-naïve person.
Without knowledge of the circumstances of drug use, a blood concentration
cannot be usefully interpreted, no matter how high a concentration is. A user
of opioids who suffered a fatal gun shot wound is likely to have died from the
injury, not the drug, presuming of course the person was alive at the time of
the shooting. This situation applies effectively to all drugs. It is therefore vital
that the context of the case, i.e., the circumstances, are known and are consid-
ered in any interpretation of results. If the context of the case is not known then
no interpretation is possible.

More often than not in forensic toxicology more than one substance is
detected. The interpretation must consider the role of these other drugs. Fur-
thermore, deaths do not always occur during the apparent peak concentration
of drugs; indeed many deaths due to drugs can be delayed. Coma can occur for
many hours before death ensures. In this situation the blood concentration may
be quite low due to continuing drug clearance before death ultimately occurs.
This applies particularly to opioids.

Artifacts

Analysts need to be aware that artifacts can occur that affect the blood con-
centration. These can occur before sample collection and after due to instabil-
ity of the analyte or other processes that can affect the concentration. Table 4
summarizes the most common reasons.
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Instability and anaerobic metabolism

Some analytes are instable for physiochemical reasons, leading to progressive
loss of these drugs with time. Examples include cocaine, cyanide, fenoterol,
heroin, salicylate, olanzapine and some benzodiazepines. These losses are
variable and can be reduced by the use of ultra-low temperature freezers
(–60 °C or lower) [37, 57–60]. Some drugs can be metabolized in the body
after death or in collection tubes due to anaerobic bacteria. These include
dothiepin, thioridazine, flunitrazepam, clonazepam, nitrazepam and morphine
conjugates [61–63]. The use of fluoride in collection tubes prevents bacterial-
mediated metabolism post collection [64]. Unfortunately, fluoride can acceler-
ate losses for organophosphates, leading to rapid degradation of dichlorvos
and possibly related poisons [65].

Blood:plasma ratios

Blood concentrations are rarely the same as those in plasma/serum. This fact
is often not considered when comparing results with published data performed
in other blood products. For example, Δ9-tetrahydrocannabinol (THC) con-
centrations in blood are almost half that of plasma since almost all of the THC
is found in plasma [66]. Moreover, these ratios are variable. Studies have
shown a mean blood:plasma ratio of 0.39 with a range of 0.28–0.48 [66].
Similarly, variable ratios have been observed for the antipsychotic clozapine
and its metabolite norclozapine [67].

Hydroxychloroquine used in the treatment of rheumatoid arthritis has blood
concentrations several times that of plasma [68]. However, most drugs do have
ratios within a factor of two; however, even this difference can impact on an
interpretation. Most pharmacokinetics studies have measurements performed
in plasma or serum. These studies can be useful to determine the relevance of

Table 4. Artifacts affecting concentration of analytes

Before sample collection After sample collection

Instability of analyte Instability of analyte

Quality of specimen (particularly postmortem Blood:plasma concentration ratios
due to putrefaction or inhomogeneity of blood)

Diffusion of analyte from neighboring tissues Recovery of drug from specimen not 
in deceased persons (redistribution) corrected in calculations (e.g., absence 

of internal standard)

Contamination of analyte from gastric or 
intestinal contents in deceased persons

Postmortem metabolism (anaerobic) of 
susceptible drugs
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a blood concentration in a forensic or clinical toxicology case providing the
blood:plasma ratio is known.

Quality of specimen

In postmortem cases blood settles in the body causing an uneven distribution
of red blood cells and serum and indeed other bodily fluids. Blood may there-
fore not be of a composition typical of the body as a whole thereby producing
variable results depending on where the blood was sampled. The variation in
alcohol concentration in different sites is illustrative of this problem [69, 70].
Blood:plasma ratios that are not close to unity will further compound these
regional variations in deceased cases.

Delays in sampling are inevitable in deceased cases since bodies are not
always discovered and transferred to the mortuary within hours of the death.
Putrefactive changes will occur quite quickly depending on the ambient tem-
perature and storage conditions. Consequently, the quality of the specimens
obtained will be affected. In some circumstances bacteria can produce poison-
ous substances, e.g., ethanol and cyanide [37]. γ-Hydroxybutyrate (GHB)
sometimes known as fantasy is a more recent drug of abuse. In living persons
small amounts are produced naturally and appear in blood and urine, usually
in concentrations under 10 mg/L. It can also be produced postmortem in the
body and even in the collection tube if fluoride preservative is not present.
Concentrations produced can easily exceed those considered potentially toxic,
particularly if blood collected is not peripheral (>100 mg/L) [71].

Redistribution

The diffusion of drug from a higher concentration in tissue surrounding blood
vessels into pooled blood in vessels leads to an elevation in the concentration
of drug in that vessel (Fig. 3). This process of redistribution is widespread and
unless proven otherwise should be considered to have occurred for all drugs
postmortem. This phenomenon is greatest for drugs with high lipid solubility
or high tissue concentrations relative to blood. Drugs showing increases of over
200% are numerous with reports of increases of 10-fold in some situations
(Tab. 5). The worst offenders are digoxin, (dextro)propoxyphene, methadone,
tricyclic antidepressants and many antipsychotic drugs and possibly THC
[72–80].

Water-soluble morphine shows little change in blood concentration after
death in humans [81, 82]. The same is true for most benzodiazepines and
cocaine metabolites since these have relatively low lipid solubility [83].
However, the concentrations of more lipid soluble opioids can show significant
increases after death. The rate and extent of these changes are quite variable
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and cannot be estimated for a particular situation when only blood measure-
ments are conducted postmortem.

Figure 3. Scheme illustrating process of redistribution. Diffusion of drug occurs from high concen-
tration in muscle or fat to a lower concentration in blood vessel.

Table 5. Extent of postmortem redistribution for selected drugs

Drugs Extent of redistribution

Antipsychotic drugs (e.g., fluoxetine, quetiapine, etc.)

Tricyclic antidepressants (e.g., amitriptyline)

Chloroquine

Digoxin

Hydroxychloroquine

Ketamine
Moderate to high > 200%

Fat soluble opioids (methadone, propoxyphene, etc.)

Serotonin reuptake inhibitors (fluoxetine, paroxetine,
sertraline, venlafaxine)

MDMA (3,4-methylene dioxy methamphetamine, “ecstasy”) 
and other fat soluble amphetamines including methamphetamine

Amphetamine

Barbiturates (most)

Benzodiazepines (most)

Cocaine and metabolites

Pethidine (meperidine)
Low ≤ 200%

Morphine and 6-acetylmorphine (6-AM)

Cocaine

Zolpidem and zopiclone
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While peripheral blood shows fewer changes than blood taken from the cen-
tral sites, changes still occur in the postmortem period. These processes also
take place in liver and lung tissue since these tissues have reserves of drugs and
are well served by blood vessels. Nevertheless, if sampling is appropriate, liver
can complement the interpretation of a blood result. Therefore, it is recom-
mended that concentrations of drugs are also quantified in liver (and other tis-
sues depending on the circumstance) when blood results are marginally high
and may, or may not, be subject to redistributive changes.

Selected case reports

To illustrate the complexity of forensic toxicology in a death investigation con-
sider the following:

Case 1

A 45-year woman was found deceased in her bed in the morning. She had been
on narcotic analgesics in the form of oxycodone (sustained release) 20 mg
twice daily for chronic back pain. An autopsy found no significant natural dis-
ease or injuries that could explain her death; however, she was found to have
heavy lungs (edema). Peripheral blood, a section of her right liver lobe and her
gastric contents were taken during her postmortem examination. Systematic
toxicological analyses on her blood found oxycodone at 0.15 mg/L using a
combination of immunoassay (drugs of abuse), GC screen and LC-MS/MS
analysis and confirmation for over 100 common drugs and poisons. Her liver
results were consistent with the blood concentration. The concentration of this
drug was consistent with therapeutic use and would not be expected to cause
death given the use of this analgesic for many months. Examination of her
medication found in her bedroom indicated that she had taken 20 oxycodone
tablets in the 10 days since her last visit to her medical practitioner who had
prescribed her next months’ doses. This reconciliation of medication indicated
compliance to her prescribed medication.

The toxicological analysis also detected 0.4 mg/L methadone in her blood
as well as 0.2 mg/L codeine and 40 mg/L paracetamol (acetaminophen).
Gastric contents found only traces of methadone, codeine and paracetamol.
These results were unexpected, particularly the methadone which is a potent
long-acting narcotic analgesic that not only requires a prescription but also
requires the treating physician to apply for a patient permit. Examination of
her medical records showed that she had visited a specialist pain doctor who
had prescribed the methadone. While she was meant to have ceased her oxy-
codone she had continued to take this drug while starting on methadone.
Deaths are well known in persons starting methadone therapy who do not have
sufficient tolerance to the drug [84–86]. She should have been tolerant to oxy-
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codone given her weeks of therapy and it is likely that the additional metha-
done was too much causing her death from respiratory depression. Slowing of
respiration during sleep causes fluid build-up in the lungs, leading to slowly
developing coma and eventual death, invariably during sleep. The use of over-
the-counter codeine preparation (also containing paracetamol) would have
contributed to her death. It was not apparent why the methadone tablets were
not discovered in her home but they may have been stored in another room.

The performance of a systematic drug screen, being to able to reconcile her
medications and being able to obtain information on her medical history pro-
vided relevant evidence that led to a coroners finding of accidental death from
drug toxicity.

Case 2

A 45-year old man was found deceased in his home. He had been shot in the
chest some hours earlier by a woman who claimed she had been assaulted by
her “crazy” boy friend who had accused her of seeing someone else. The post-
mortem examination confirmed the gunshot wound as the cause of death and
found no significant natural disease. Peripheral blood was taken from the upper
thigh for toxicology as well as vitreous humor and urine. The forensic toxicol-
ogy laboratory conducted wide-ranging drug screens using immunoassays for
drugs of abuse in urine and GC-MS on a basic/neutral blood extract. These
found methamphetamine in blood at 1.2 mg/L, amphetamine at 0.2 mg/L,
alprazolam at 0.5 mg/L. Urinalysis confirmed the presence of methamphet-
amine and alprazolam. Alcohol was not detected in blood and urine.

The deceased had a known history of violence and drug use and had become
increasingly paranoid and aggressive in recent months. Methamphetamine-
associated violence in long-term users is well known and can be associated
with paranoid psychoses. The presence of methamphetamine proved a recent
moderate dose; low dose use usually has blood concentrations below 0.2 mg/L.
The toxicology does not prove the behavior occurred but does support the cir-
cumstances alleged by the accused. Alprazolam is commonly seen in “drug
users” and, while it is often used to soften the rough edges caused by amphet-
amine use, it actually can increase disinhibitive and violent behavior.

Conclusion

Forensic toxicology is an important science that supports a range of medico-
legal applications. Foremost for the practitioner is to have a strong background
in analytical chemistry including isolation, separation and detection tech-
niques particularly those involving MS. The selection of the appropriate range
of samples will depend on the application but will always require proper doc-
umentation, transport and storage to guarantee the integrity of the items for
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analysis. Knowledge of drug effects and pharmacokinetics, together with an
appreciation of possible limitations in the interpretation of results, ensures
credible evidence that has not been overstated.
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Glossary

AAPCC American Association of Poison Control Centers 
AC activated charcoal 
AChE acetylcholinesterase 
ACTX atracotoxin
ADH alcohol dehydrogenase 
AFB1 aflatoxin B1

ALI acute lung injury 
6-AM 6-acetylmorphine (= 6-MAM)
APAP N-acetyl-p-aminophenol (acetaminophen, paracetamol)
APCI atmospheric pressure chemical ionization 
ARDS acute respiratory distress syndrome 
ASP amnesic shellfish poisoning 
AST aspartate aminotransferase
ATA alimentary toxic aleukia 
AUC area under the curve
AZA azaspiracid 
BAL British anti-lewisite (2,3-dimercaptopropanol, dimercaprol)
BIA benzylisoquinoline alkaloid
BLL blood lead level
BoNT botulinum neurotoxin 
BTX PbTX, brevetoxin 
BUN blood urea nitrogen 
BWA biological warfare agents 
CBC complete blood count 
Cdt cytolethal distending toxin
CE capillary electrophoresis
CFTR cystic fibrosis transmembrane conductance regulator 
CIRL calcium-independent receptor for latrotoxin 
CK creatine kinase 
CNS central nervous system 
COMT catechol O-methyltransferase 
COPD chronic obstructive pulmonary disease 
CPK creatinine phosphokinase 
CPR cardio-pulmonary resuscitation
CT computed tomography
CTX ciguatoxin
CWA chemical warfare agents 
DAD diode-array detection 

605



DIC disseminated intravascular coagulation 
DMSA 2,3-dimercaptosuccinic acid 
DMSO dimethyl sulfoxide 
DON deoxynivalenol 
DSP diarrheic shellfish poisoning 
DTX dinophysistoxin 
ECG electrocardiogram 
ED emergency department 
EDTA ethylenediamintetraacetic acid 
EEG electroencephalogram
EI electron ionization 
ELISA enzyme-linked immunosorbent assay 
EMIT enzyme multiplied immunoassay technique
EPA U.S. Environmental Protection Agency 
ERK extracellular signal-regulated kinase
ESI electrospray ionization 
FDA U.S. Food and Drug Administration 
FID flame ionization detector 
FUM fumonisin 
GABA γ-aminobutyric acid 
Gb gambierol 
GC gas chromatography
GCS Glascow coma score 
GHB γ-hydroxybutyrate 
GI gastrointestinal 
GOT glutamic oxaloacetic transaminase 
GPCR G protein-coupled receptor
GPT glutamic pyruvic transaminase 
GSH glutathione 
HAB harmful algal bloom
Hb hemoglobin 
HBV hepatitis B virus 
HCC human hepatocellular carcinoma 
Hck hematopoietic cell kinase 
HCN hydrogen cyanide
HFV hemorrhagic fever virus
HIET high-dose insulin euglycemia therapy 
HMWPT high-molecular weight protein toxins 
HPLC high-performance liquid chromatography 
5-HT3 5-hydroxytryptamine (serotonin) 
i.c. intracutaneous
i.m. intramuscular 
i.p. intraperitoneal 
i.v. intravenous 
IARC International Agency for Research on Cancer 
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IC50 inhibitory concentration 50%
IFN interferon 
Ig immunoglobulin 
IL interleukin 
INH isoniazid 
IP3 inositol triphosphate 
IPCS International Programme on Chemical Safety 
IR infrared spectroscopy 
JNK c-Jun N-terminal protein kinase 
LAAO L-amino acid oxidase 
LC liquid chromatography 
LD50 lethal dose 50%
LDH lactate dehydrogenase 
LLE liquid-liquid extraction 
LOD limit of detection 
LSD D-lysergic acid diethylamide 
LTX latrotoxin 
mAb monoclonal antibody
MAHA microangiopathic haemolytic anaemia 
MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight 
6-MAM 6-monoacetylmorphine (= 6-AM)
MAM methylazoxy-methanol 
MAPK mitogen-activated protein kinase
MDAC multiple-dose AC 
MDMA 3,4-methylenedioxymethamphetamine 
MHC major histocompatibility complex 
MRM multiple-reaction monitoring 
MS mass spectrometry
MTX maitotoxin or methotrexate
NAC N-acetylcysteine 
NAPQI N-acetyl-p-benzoquinone imine 
NICI negative ion chemical ionization 
NIDA U.S. National Institute of Drug Abuse 
NIV nivalenol 
NMDA N-methyl-D-aspartate 
NMR nuclear magnetic resonance 
NRU neutral red uptake 
NSAID non-steroidal anti-inflammatory drug
NSCC non-selective cation channels 
NSP neurotoxic shellfish poisoning 
OA okadaic acid 
OEL occupational exposure limits 
OTA ochratoxin A 
OTC ornithine transcarbamylase
PA pyrrolizidine alkaloid
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PBM peripheral blood mononuclear (cells)
PBTK physiologically based toxicokinetic (model)
PbTX brevetoxin, BTX
PCP phencyclidine 
PDB Protein Databank 
PEEP positive end-expiratory pressure
PEG polyethylene glycol 
PEPCK phosphoenolpyruvate carboxy kinase
PFT pore-forming toxin
PKA protein kinase A 
PKC protein kinase C 
PKS polyketide synthases 
PLA2 phospholipase A2

PLC phospholipase C 
PlTX palytoxin 
PM particulate matter 
PPase phosphoprotein phosphatase
PSP paralytic shellfish poisoning 
PTX pectenotoxin
QSAR quantitative structure-activity relationship
RBC red blood cell 
REACH Registration, Evaluation, Authorization and Restriction of

Chemicals 
RIA radioimmunoassays 
ROS reactive oxygen species 
s.c. subcutaneous 
SAg superantigen 
SAR structure activity relationship
SD standard deviation
SEB staphylococcal enterotoxin B 
SIM selected-ion monitoring 
SNARE soluble N-ethylmaleimide-sensitive factor attachment receptor
SPE solid-phase extraction 
SPME solid-phase microextraction 
STX saxitoxin 
SVDK snake venom detection kit 
TCA tricyclic antidepressant 
TCM Traditional Chinese Medicine 
TCR T cell receptor 
TDM therapeutic drug monitoring 
TEM transmission electron microscopy 
TeNT tetanus neurotoxin 
THC Δ9-tetrahydrocannabinol 
TLC thin-layer chromatography 
TNF tumor necrosis factor 
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TSS toxic shock syndrome 
TTX tetrodotoxin 
UDS urine drug screening 
UV ultraviolet 
VGNC voltage-gated sodium channel 
VOC volatile organic compound
VPA valproic acid 
WBCT whole blood clotting time 
WBI whole bowel irrigation 
WHO World Health Organization 
YTX yessotoxin
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abrin  553, 564
Abrus precatorius  553
absinthe  357
Acanthaster planci  226
acetaminophen (paracetamol)  405,

413, 598
acetylcholinesterase (AChE)  544
N-acetylcysteine (NAC)  52, 410,

413–415
N-acetyl-D,L-penicillamine 375
AChE reactivators (“oximes”)  545,

546
aconitine  304, 306, 580
Aconitum napellus  306
acrodynia  371, 374
actinoporin  220
activated charcoal (AC)  171, 405,

406
acute lung injury 343, 355
adamsite  552
adders 256, 266
aerosols  81, 83, 101, 102, 106, 462,

463
aflatoxicol  45
aflatoxicosis  32, 555
aflatoxins  32, 33, 36, 42, 46, 47,

554, 564
ω-agatoxins 302
Agelenopsis aperta  302
Agkistrodon  268
air freshener  357
airborne chemical exposure 463, 472
Akakabio-byo  32, 39
alcohol testing  580
Alexandrium  69
alfalfa  166
alimentary toxic aleukia (ATA)  32,

39

alkali disease  163
alkalinization, urinary  407, 408
aloe-emodin  200, 201
alopecia  385
alprazolame  599
amalgam  373
L-amino acid oxidase (LAAO)  214,

222–224
amnesic shellfish poisoning (ASP)

94, 103
AMPA receptor  92–94
amphetamine  322, 493, 502, 504,

505, 520, 524, 579, 582, 584,
587, 588, 593, 597

amygdalin  159
amyl nitrite  159, 550
anagyrine  156, 157
anaphylaxis  258, 275
anatoxin  556, 557
Androctonus australis  270, 303
angiotensin converting enzyme

(ACE) inhibitor  430, 439
anhydroecgonine  493, 502, 509
anionic gap 348, 349, 353
anorexia  42, 53
Anthopleura xanthogrammica  303
anthopleurin-B  303
anthracyclines  426, 427
anthraquinones  36
anthrax  561, 564–566, 571
antiarrhythmics  322
anticholinergics  157, 545
anticonvulsants  322, 545
antidepressants  581, 584, 588, 593,

596, 597
antidiabetics  323
antifreeze agent  348, 353
antihistamines  322, 581



antipsychotic drugs  593, 597
antivenom  248, 251–253, 256, 258
anuric renal failure  168
Aplysia  214, 222
arachidonic acid  224
ARDS (acute respiratory distress

syndrome)  346, 354 
Aristolochia  124, 202
aristolochic acid  200, 202
arsenic  365–370, 580
arsine  369, 549, 550
Artemisia  193, 357
Aspergillus  32, 33, 554
asphyxia  354, 469
Astragalus  151
atracotoxins (ACTX)  293, 302–305,

307
Atrax  271, 294, 295, 301, 302
atraxin  301
atropine  157, 180, 181, 430, 545,

546, 580
Aum Shinrikyo 543, 561
autism  373, 377
avizafon  545, 546
Azadinium spinosum  74
azaspiracids (AZAs)  68, 70, 73–75,

85, 97–100, 106, 107
Bacillus anthracis  561, 564, 566
baicalein  199, 200
Balkan nephropathy  32
banana spiders 273, 294
barbiturates  322, 493, 502, 505,

506, 580, 582, 587, 588, 593, 597
batrachatoxin  277, 304, 306
beauvericin  36
benzalkonium chloride  341
benzodiazepine  322, 401, 412, 439,

440, 493, 502, 505, 506, 527,
529, 579–582, 584, 587, 588,
593, 595–597

benzoylecgonine  502, 510, 524,
491, 509, 588, 593

benzylisoquinoline alkaloids (BIAs)
182, 186, 194

Bitis  265, 266

black-spot disease (kokuten-byo)  39
blister 

– agents  545
– beetles  276

blood lead level (BLL)  378, 381,
382

blue ringed octopus
(Hapalochlaena) 281

boomslang  261
Bordetella pertussis  8
Bothrops  260, 267, 268
botulinum neurotoxin (BoNT)  13,

14, 16–18, 214, 553, 561, 564,
570

botulism  13, 564
box jellyfish  216–219, 278
bracken fern  162
breath analyzers  494, 503
brevenal  83, 85, 103, 105
brevetoxin (PbTX)  70, 79, 83, 85–

87, 89, 90, 102, 103, 303, 304,
306, 307

British anti-lewisite (BAL,
dimercaprol)  369, 373, 374, 384,
547, 548

bromocriptine  412
brucellosis  564, 565, 567
bubonic plague  560, 569
bufadienolide  161
Bufo  277, 432
bufogenin  277
bufotoxins  277
Bungarus  262
buprenorphine  323, 432, 439, 494,

511, 520, 522, 593
Burkholderia  564
buthid scorpions  270
cadmium  359, 468, 470
calcium channel 

– antagonists (CCB)  323, 429–
431, 527

– voltage-gated (VGCC)  87–94,
98

camphor  180, 181, 357, 358
camptothecin  178, 179
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cannabinoids  493, 506, 507, 508,
587

cannabis  130, 153, 579, 580–582,
585, 593

cantharadin  276
carbon 

– monoxide  344
– tetrachloride  354

cardenolides  125, 128, 133, 138,
141, 160 

cardiac beriberi  32, 40
cardiotoxicity  160, 218, 221, 237,

267, 344, 354, 356, 526
Carukia barnesi (Irukandji jellyfish)

217, 259, 278, 280
Carybdea  218
castor bean plant  571
catecholamine storm  259, 270, 271,

280
Catharanthus roseus  195, 202
CDC agents  563, 564
Celery harvester’s disease  32
centipedes  241, 274
chelating therapy  360, 369, 373,

375, 383
Chironex fleckeri  216–219, 235,

241, 278
Chiropsalmus quadrigatus  218
chloracetophenone (CN)  551, 552
o-chlorobenzilidine malononitrile

(CS) 551, 552
chloropicrin  551
chloroquine  440, 595, 597
cholera toxin  9, 564
Chondria armata  65, 73
chromated copper arsenate  370
chronic obstructive pulmonary

disease (COPD)  469
cicutoxin  130, 152
ciguatoxin (CTX)  70, 79, 83–87,

89, 90, 104, 105, 304, 306
citreoviridin  40
citrinin  36, 46, 56, 57
Claviceps purpurea  32, 41
clonidine  400, 430, 439

Clostridium  14, 564, 570
coagulopathy  238, 247, 249, 265–

269, 271, 273, 276
cobras  236, 244, 259, 262, 264
cocaethylene  494, 509, 524
cocaine  180, 181, 493, 502, 508–

510, 520, 524, 579–582, 585,
587, 588, 593, 595–597

codeine  510, 511, 521, 588, 598
colchicine  180, 181, 192, 193
Colchicum autumnale  131, 181
colicins  4
colubrid snakes  240, 261, 262
coma cocktail  398
cone snails  235, 241, 280, 302, 306,

308
coniine  131, 154, 180, 181, 580
Conium maculatum  151, 153, 181
conotoxins  236, 241, 280, 302, 304,

306, 308, 564
Conus  221, 236, 241, 280, 302,

306, 308
copperheads  236, 240, 268
Coxiella  11, 564
crack 509, 524
crotoxin  214
crown-of-thorns starfish  226
Cubozoa  216–219
cyanide  158, 159, 171, 550, 580,

595, 596
cyanoacrylate  358
cyanobacteria  65, 69, 556
cyanogens  549
cyclic imines  70, 82, 83, 86, 94,

107
cyclopamine  157
cyclophosphamide  426
cyclopia  157
cyclopiazonic acid  36, 42, 46, 55
cyclosarin  544
cytochalasins  36
cytolethal distending toxin (Cdt)

227
dantrolene  412
Datura 133, 151, 157, 580
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deadly nightshade  128, 580
Dendroaspis  263
dendrodochiotoxicosis  32
Dengue  563, 564, 570
deoxynivalenol (DON)  33, 36, 555,

556
detergent

– anionic  339, 340 
– cationic  339, 341
– non-ionic  339, 340 

diacetoxyscirpenol  44, 564
diarrheic shellfish poisoning (DSP)

74, 76, 77, 80, 103, 104, 106
diazepam  358, 401, 493, 499, 506,

527, 533, 545, 546
2,4-dichlorophenoxyacetic acid  407,

408
Digitalis purpurea  192
digitoxin  133, 192, 193, 432
digoxin 161, 431, 432, 593, 596, 597
digoxin-specific antibody  161, 171,

431, 432
dimercaprol (BAL, British anti-

lewisite)  369, 373, 374, 384, 547,
548

2,3-dimercaptopropane sulfonate
375

dimethicon  340
4-dimethyl-aminophenol  171
dinoflagellate(s)  65, 69, 74–76, 80,

83, 84, 214, 303, 306
Dinophysis  75–77
dinophysistoxin (DTX)  75–77, 85
diosgenin  143, 200
diphtheria toxin  2, 4, 5, 297
disinfectants  341, 342, 352, 480
DMSA (meso-2, 3-dimercapto-

succinic acid)  369, 373–375,
383, 384

domoic acid  65, 68, 70, 72, 73, 86,
88, 92–94, 103

doping  317, 318, 321, 330, 581 
drug testing  489, 500, 501, 509,

581, 584, 592
dry land drowning  547, 551

Ebola  561, 563, 564, 570
ecstasy (MDMA)  504, 593, 597
edetate calcium disodium (calcium

EDTA)  383, 427
elapid snakes  236, 240, 262–265
ELISA (enzyme-linked

immunosorbent assays)  491, 587
ephedrine  327, 524, 529
erethism  371–374
ergot alkaloids  33, 41, 43, 151
ergotism  32, 40
Erythroxylon/-um coca  508, 523
essential oils  142, 357
ETEC (enterotoxigenic E. coli) 3
ethanol  346, 494, 501–504, 580,

588, 593, 596
ethylene glycol  347–352
Fab antivenoms  251, 252
fatty acid ethyl esters (FAEEs)  494,

504
fire 

– ants  275
– coral  225, 226

flumazenil  398, 439, 440
fomepizole (4-methylpyrazole)  349,

350, 352, 410
food poisoning  5, 555
formaldehyde  342, 465, 466, 470,

477
Francisella tularensis  564, 567
freon (chlorofluorocarbons)  354,

355
fumonisins (FUMs)  33, 36, 40, 42,

43, 57
funnel-web spiders  271, 294, 301,

304
fusarenon X  50
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