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Toxins have evolved in plants, animals and microbes
multiple times as part of defensive and/or prey capture
strategies. Non-peptide toxins are typically orally active
and include many food-borne toxins of DINOFLAGELLATE

origin, such as the ciguatoxins and brevetoxins which
activate voltage-sensitive sodium channels1, the diar-
rhoetic shellfish poisons which inhibit protein phos-
phatases2,3, and the paralytic shellfish poisons (saxitoxins)
which inhibit sodium channels. Puffer fish and crabs
apparently accumulate lethal levels of another sodium-
channel inhibitor (tetrodotoxin) from bacteria4, whereas
certain frogs can accumulate alkaloids, such as batra-
chotoxin and epibatidine, through their diet5. Many of
these toxins have proven to be invaluable research tools
and have provided leads for potential new therapies.
An example is provided by epibatidine and its ana-
logues, which produce potent antinociception6,7,
probably by activating certain nicotinic acetylcholine
receptors that stimulate the release of noradrenaline
in the spinal cord8.

By contrast, peptide toxins are usually found in
animal venom associated with specialized ENVENOMATION

APPARATUS that allows their delivery into the soft tissue of
animals via subcutaneous, intramuscular or intra-
venous routes (FIG. 1). Most venoms comprise a highly
complex mixture of peptides, often with diverse and
selective pharmacologies. Despite this diversity, venom
peptides seem to have evolved from a relatively small
number of structural frameworks that are particularly

well suited to addressing the crucial issues of potency
and stability (FIG. 2). It is this evolved biodiversity that
makes venom peptides a unique source of leads and
structural templates from which new therapeutic
agents might be developed.

In this review, peptides found in the venom of cone
snails, spiders, scorpions, snakes, the Gila monster lizard
and sea anemone (FIG. 1) are discussed in relation to their
therapeutic potential, and that of the targets they modu-
late. Where possible, we focus on venom peptides that
have been investigated for in vivo efficacy. The reader is
directed to other publications that discuss related venom
peptides that have been investigated in vitro in terms of
their potency, selectivity and mechanism of action.

Unravelling venom biodiversity

As indicated above, crude venoms contain a diverse
array of different peptides, many of which are bioactive.
Nowhere is this diversity more apparent than within the
small peptides (conotoxins and conopeptides) present
in the venom of cone snails, a family of widely distrib-
uted marine molluscs (FIG. 3). These peptides are highly
structured mini-proteins that have evolved in ~500
species of fish-, mollusc- and worm-hunting cone snails
for rapid prey immobilization and defence (see FIG. 3 for
examples). Their small size, relative ease of synthesis,
structural stability and target specificity make them
important pharmacological probes. It is estimated that
>50,000 conopeptides exist, but <0.1% have been
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DINOFLAGELLATES

Unicellular algae that produce 

a range of toxins that enter the

food chain during blooms.

ENVENOMATION APPARATUS

Highly specialized glands

secreting peptides injected via

hollow teeth, stings, harpoons

and nematocyst tubules.
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to overcome the bias associated with assay-directed
methods, which identify the major activity (potency ×
quantity) at the expense of less abundant components.
Chemical synthesis of the peptide allows confirmation of
activity and further characterization across multiple
targets, both in vitro and in vivo.

Optimizing venom peptides

Venom peptides need to be sufficiently stable to survive
chemical degradation in solution at ambient tempera-
ture and enzymatic degradation by processing proteases
present in the venom itself11, as well as those in the tissues
of prey species. This stability is often achieved naturally
through the use of post-translational modifications
(PTMs) and/or disulphide bonds which fold the peptide
into a stabilized structure. Typical PTMs include amida-
tion (C-terminal), sulphation (Tyr), bromination (Trp),
glycosylation (Thr), γ-carboxylation (Glu), hydroxy-
lation (Pro), pyroglutamation, N-C-cyclization and iso-
merization to D-amino acids. Specific enzymes are used
during the production of venom peptides to introduce
these modifications at specific locations, which can
enhance peptide bioavailability and potency in addition
to stability. Despite these modifications, venom peptides
are not always optimal for all requirements associated
with potential therapeutic applications. Issues surround-
ing the therapeutic use of peptides include formulation,
cost of production, stability, selectivity and mechanism

characterized pharmacologically. Of those characterized
to date, a surprising number have been found to be
highly selective for a diverse range of mammalian ion
channels and receptors associated with pain signalling
pathways, including the nicotinic acetylcholine recep-
tors (α-conotoxins), the noradrenaline transporter
(χ-conopeptides), sodium channels (µ- and µO-cono-
toxins), calcium channels (ω-conotoxins), the N-methyl-
D-aspartate (NMDA) receptor (conantokins) and the
neurotensin receptor (contulakins) (TABLE 1). Cone snails
are not the only species that produce peptides in their
venom; however, those found in spiders, snakes, sea
anemones and scorpions are typically of larger size.

How are peptides of interest identified amongst the
large numbers of related molecules that are present in
animal venoms? In general, three approaches are taken.
Traditionally, assay-directed fractionation has been
used. The development of novel high-throughput assays
for a diversity of targets, along with improved separa-
tion and sequencing capabilities, have simplified peptide
isolation and characterization. For example,ω-conotoxin
GVIA (ω-GVIA) was first isolated from Conus geogra-

phus venom fractions that caused shaking in mice follow-
ing intracerebroventricular administration9, whereas
ω-CVIA–D were isolated from fractions that inhibited
binding of 125I-GVIA to rat brain membranes10. The
polymerase chain reaction and chemical approaches (for
example, mass spectrometry) are increasingly being used

Figure 1 | Cone snail, sea anemone, snake, Gila monster, spider and scorpion produce venom peptides with therapeutic

potential. All groups are widely distributed in tropical to temperate regions, except the Gila monster which is found from southwestern
United States to central America. The envenomation apparatus are highlighted (harpoon, nematocysys, teeth and sting).
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particularly relevant to the larger venom peptides, which
are unlikely to escape the surveillance of the immune
system. One limitation of peptides is their inability to
cross epithelial layers, including the blood–brain barrier.
Owing to their relatively large size and hydrophilic
nature, the oral bioavailability of venom peptides
(~10–40 amino acids) is generally poor. This typically
means that peptides need to be administered to the site
of action by either intravenous, intrathecal, intraperi-
toneal, intramuscular, subcutaneous or epidural injec-
tion. Emerging approaches to improving peptide

of action. Chemical synthesis of analogues allows struc-
ture–activity relationships (SARs) to be developed that
can guide the coordinated optimization of these features.
As part of this process, optimized oxidation conditions
need to be established to favour the correct formation of
disulphide bonds after synthesis (see TABLE 1).

Identified complementary interactions between the
peptide and its target can be used to define the docking
of the peptide with the goal of guiding the design of ana-
logues (including small molecules) with tailored proper-
ties at specific molecular targets (BOX 1). This approach is
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Figure 2 | Molecular structures of toxins with therapeutic potential. a | ω-CVID10. b | α-GID (1MTQ)121. c | µ-PIIIA50. d | ShK
(1ROO)122. e | χ-MrIB (1IEO)96. f | GsMTx4 (1LQR)99. g | Chlorotoxin (1CHL)123. h | Margatoxin (1MTX)124. For each structure a ribbon
representation showing overall fold and disulphide connectivity (left), and an electrostatic surface (right) are shown (red areas
negative, blue positive, grey hydrophobic). Note the structural similarities, but different electrostatic surfaces, displayed by a
chloride-channel toxin (g) and a K+ channel toxin (h). By contrast, the structures of the two K+ channel toxins illustrated (d and h)
show considerable structural divergence.
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The selectivity and mechanism of action of venom
peptides also needs to be taken into consideration in
anticipation of putative adverse side effects. Most ion-
channel modulators that are used in the clinic and that
have good therapeutic indices are state-dependent block-
ers13. These compounds preferentially associate with a
gating conformation of the channel that is relevant for
drug efficacy; they derive safety from their lower affinity

delivery, such as lipophilic modifications12, might even-
tually allow oral delivery to peripheral and central tar-
gets. However, combining targeted delivery with a
restricted target distribution can be an advantage when a
particular target of interest is found both centrally and
peripherally, and efficacy is derived from drug interac-
tion at the central sites, but side effects arise from an
action of the drug in the periphery, for example.
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Figure 3 | Complexity of crude venom revealed by liquid chromatography/mass spectrometry (LC/MS) analyses of

fish-, mollusc- and worm-hunting cone snails. a | Conus geographus. b | Conus marmoreus. c | Conus imperialis. The insets
show mass spectra of known (labelled in the corresponding LC/MS) and uncharacterized venom peptides. A shell of each species is
also shown indicating the typically wide aperture for fish-hunting cones (a), intermediate aperture for mollusc-hunting cones (b), and
the narrow aperture for worm-hunting cones (c). LC/MS analysis was performed on a Zorbax SB-300A (150 × 2.1 mm, 5 µm
particle size) C3 column eluted with a linear gradient from 0.1% formic acid (aq) to 90% acetonitrile in 0.1% formic acid (aq) at a flow
rate of 300 µl per min (Agilent 1100)). Electrospray mass spectra were acquired on a SCIEX QSTAR Pulsar QqTOF mass
spectrometer equipped with an atmospheric-pressure ionization source. Samples were analysed in the positive ion mode at a
sprayer potential of 5kV over m/z 650–2600. Note that several known conotoxins (ω-GVIA, χ-MrIA and δ-MrVIA) were present
in large quantities, whereas other known conotoxins, including, for example, α-GI, µ-GIIIA, α-ImI and α-ImII, were present at
trace levels or were undetectable in these batches of pooled venom. Spectra of three other marked peaks contained multiple
uncharacterized conotoxins, typical of most peaks on each LC/MS trace. It is estimated that the venom of each species contains
>100 unique peptides. Note also the different polarity profiles (the more hydrophobic peptides elute later) of the venom peptides of
each species that further illustrates the chemical diversity in these venoms. cps, counts per second.
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initiates neurotransmitter release. In recent years, much
has been learned about the nature of VSCCs. These
channels have been classified into six groups according
to their electrophysiological and pharmacological prop-
erties, and are termed L-, N-, P-, Q-, T- and R-type
channels19–21. Studies investigating the role of VSCCs in
neurotransmitter release have indicated that the release
of a particular neurotransmitter is coupled to the activ-
ity of different calcium channel subtypes in different
neurons. In addition, multiple splice variants of calcium
channels exist in central and peripheral tissues22. Given
this diversity, considerable opportunity exists to develop
selective inhibitors of VSCCs.

The ω-conotoxins are unique tools with which to
identify and determine the physiological role of differ-
ent neuronal VSCCs. A range of different VSCC pep-
tides are produced by cone snails9,10,23, spiders24–27 and
snakes28. As N-type (Ca

v
2.2) VSCCs participate in the

ascending pain pathways (see FIG. 5), and are upregu-
lated in the spinal cord in chronic pain states29 along
with the auxiliary α2δ1 subunit30, it is not surprising
that ω-conotoxins specific for N-type VSCCs are
potent analgesics31,32. Extensive SAR studies have
allowed the development of a pharmacophore model
for ω-conotoxins33 that might allow the rational devel-
opment of specific N-type VSCC inhibitors. Recently,
ω-CVID was found to inhibit an otherwise resistant
VSCC found in parasympathetic nerve terminals,
despite being ~106-fold selective for N-type over P/Q-
type VSCCs34. The implications of inhibiting this ‘R-type’
calcium channel for pain conditions are unclear, but
these neurons arise from cell bodies in the spinal cord
that could be involved in spinal signal processing.

for different conformational states of the channel that are
present in other tissues, or which are found only  in the
absence of disease. So, small molecules can often  achieve
functional selectivity despite lacking target selectivity. In
the case of pore-blocking peptides, the mechanisms of
functional selectivity are not obvious, as it is thought that
these agents bind with similar affinity to the different
gating conformations of the channel. To overcome this
limitation, it might be possible to exploit the relatively
undeveloped families of gating-modifying peptides.
Potassium-channel-gating modifiers, for example, seem
to bind to a region of the protein that is only available
when the channel opens14–16, and could display target
selectivity because there is little conservation in the
sequence of the putative receptor site for these peptides
within related channels17.However, channel-gating modi-
fiers have not been investigated for therapeutic benefit in
animal models. One of the limitations in their use could
be related to the difficulty of obtaining large amounts of
these peptides. Improvements in their synthesis and fold-
ing will facilitate the evaluation of these agents18.

Pharmacology of venom peptides

Venom peptides target a wide variety of membrane-
bound protein channels and receptors. Examples of the
structural diversity of membrane protein targets with
therapeutic potential are shown in FIG. 4 (see BOX 1 for
further details). Venom peptides acting at these and
other targets are described below.

Calcium channel peptides. It has long been established
that Ca2+ influx into nerve terminals through voltage-
sensitive calcium channels (VSCCs) is the trigger that

Table 1 | Sequence, disulphide connectivity and pharmacology of selected venom peptides

Source Name Sequence Connectivity* Action of class

Cone snail α-GI ECCNPACGRHYSC‡ 1–3, 2–4 Muscle nAChR 
antagonist

α-GID IRγCCSNPACRVNNOHVC Neuronal nAChR 
antagonist

Cone snail µ-PIIIA PRLCCGFOKSCRSRQCKOHRCC‡ 1–4, 2–5, 3–6 TTX-sensitive VSSC 
inhibitor

Cone snail ω-MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC‡ 1–4, 2–5, 3–6 Cav2.2 inhibitors
ω-CVID CKSKGAKCSKLMYDCCSGSCSGTVGRC‡

Cone snail χ-MrIA NGVCCGYKLCHOC 1–4, 2–3 NET inhibitor

Cone snail ρ-TIA FNWRCCLIPACRRNHKKFC‡ 1–3, 2–4 α1-Adrenoceptor 
inhibitor

Cone snail Conantokin G GEγγLQγNQγLIRγKSN None NMDA receptor 
inhibitor

Cone snail Contulakin G PSEEGGSNATgKKPYIIL None neurotensin receptor 
agonist

Spider GsMTx4 GCLEFWWKCNPNDDKCCRPKLKCSKLFK 1–4, 2–5, 3–6 Mechanosensitive 
LCNFSSG channel inhibitor

Scorpion Chlorotoxin MCMPCFTTDHQMARKCDDCCGGKGRGK 1–4, 2–6, 3–7, 5–3 Chloride 
CYGPQCLCR channel inhibitor

Scorpion Margatoxin TIINVKCTSPKQCLPPCKAQFGQSAGAKCM 1–4, 2–5, 3–6 Kv1.1, 1.2, 1.3 
NGKCKCYPH channel blocker

Sea ShK RSCIDTIPKSRCTAFQCKHSMKYRLSFCR 1–4, 2–5, 3–6 Kv1.1, 1.3 channel 
anemone KTCGTC blocker

*Connectivity indicates the position of the cysteines involved in each specific disulphide bonds (for example, first to third and second to
fourth as in α-GID). ‡Amidated. γ, γ-carboxyglutamate; O, hydroxyproline; P, pyroglutamate; Tg, glycosylated threonine.
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PN3/Na
v
1.8 and NaN/PN5/Na

v
1.9 channels (REF. 37).

A number of these VSSC subtypes are implicated in
clinical states such as pain (see FIG. 5), stroke and
epilepsy. For example, there is now compelling evidence
that PN3/SNS/Na

v
1.8, a TTX-R sodium channel located

specifically in sensory neurons38,39, is important in neu-
ropathic pain40,41. Given their crucial role in the central
and peripheral nervous system, it is not surprising that a
number of venoms from spiders42,43, sea anemone and
coral44–46, scorpions47, and cone snails48–50 have evolved
to target these channels. In addition, an unusual spider
toxin has been identified that inhibits proton-gated
sodium channels associated with pain pathways51.

Although sodium-channel activators are typically
toxic, subtype-selective inhibitors might have consider-
able therapeutic potential. Despite this therapeutic
potential, little progress has been made towards the
development of peptides that are subtype-selective
inhibitors of VSSCs. Given the latent pharmacology
revealed by TTX, pore blockers such as the µ-conotoxins52

seem to hold most potential as subtype-selective
inhibitors of VSSCs. By contrast, the intra-membrane
local anaesthetic site, where many classes of small
molecules act, is conserved across the different VSSCs
and could be more problematic for conferring sub-
type discrimination. However, state- and frequency-
dependent blockade for many drugs that bind in this

Sub-nanomolar bolus intrathecal doses ofω-MVIIA or
ω-CVID produce analgesia for up to 24 hours in inflam-
matory35 and neuropathic36 pain models (see FIG. 5),
with ω-CVID displaying a wider therapeutic index than
ω-MVIIA.ω-MVIIA (SNX111/Ziconotide/Prialt; Elan)
is in late Phase III trials, and ω-CVID (AM336;
AMRAD) is entering Phase II trials for the treatment of
chronic pain. Inhibitors able to target specific VSCC
splice variant/auxilliary subunit combinations specifi-
cally associated with ascending pain pathways could
produce analgesia with fewer side effects.

Sodium-channel toxins. Like the structurally related
VSCCs, voltage-sensitive sodium channels (VSSCs) are
crucial to the functioning of the nervous system. On the
basis of their susceptibility to blockade by tetrodotoxin
(TTX), which acts at ‘site 1’ in the P-loop region of the
α-subunit, VSSCs can be divided into TTX-sensitive
(TTX-S) and TTX-resistant (TTX-R) classes; members
of both classes share considerable sequence similarity
and are closely related structurally37. The former class
includes the neuronal TTX-S type I/Na

v
1.1 channel, the

type II/Na
v
1.2 channel, the type III/Na

v
1.3, PN1/Na

v
1.7

and PN4/Na
v
1.6 channels, and the skeletal muscle TTX-S

µ1/Na
v
1.4 channel. The TTX-R sodium channels

include the cardiac H1/Na
v
1.5 channel, which is par-

tially TTX-resistant, and the neuronal TTX-R SNS/

Box 1 | Docking of an αα-neurotoxin onto the nicotinic acetylcholine receptor  

The figure shows an homology model of the α7 receptor constructed from acetylcholine (ACh)-binding protein129 with

α-cobratoxin docked into the aromatic cage that forms the ACh-binding pocket130 (a). The expanded view (b) shows the

Arg of cobratoxin interacting with aromatic residues that constitute the orthosteric site for ACh. With this knowledge,

one can start to imagine how to design smaller inhibitors, or perhaps even agonists131, that act selectively at different

nicotinic ACh receptors. On the basis of similar principles, it might be possible to design selective potassium-channel

blockers based on our understanding of the modelled BgK–K
v
1.1 complex132. Homology models of G-protein-coupled

receptors built from the X-ray structure of bovine rhodopsin133 also seem to have sufficient precision to guide the design

of new modulators of these therapeutically important targets. Recent crystal structures of a voltage-dependent potassium

channel15, a chloride channel134, and the N-methyl-D-aspartate receptor ligand-binding core135 might also prove suitable

for similar pursuits. However, the lack of suitable crystal structures of membrane proteins closely related to the voltage-

sensitive sodium and calcium channels, natriuretic peptide receptor A and noradrenaline transporter presently limits

their precision. Another approach to ligand design is to graft active-site residues into smaller scaffolds, such as those

provided by toxins136.

α7 nAChR

 CbTX

a b

Arg33
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Figure 4 | Predicted topologies of membrane proteins targeted by venom peptides. a | Calcium channel Cav2.2 α-subunit
(human, NCBI-Protein accession Q00975) is inhibited by ω-conotoxins that seem to act in or near the P-loops (partial membrane-
spanning segments that create the selectivity filter), particularly those in domains II and IV of the channel125. b | K+ channel Kv1.3 
α-subunit (human, accession NP_002223) forms a tetrameric assemblage. c | Sodium channel Nav1.2 α-subunit (human, accession
Q99250). Site 1 toxins (TTX, STX and µ-conotoxins) act at the P-loops (see a)126. d | Chloride channel, ClC-3 (guinea-pig, accession
Q9R279) is a functional dimer. e | Nicotinic ACh receptor α7 (human, accession P36544) is a pentamer. f | NMDA receptor (human,
accession Q05586, Q13224] is probably a tetramer comprising, for example, dimers of two NR2B (right) and two NR1 (left)
subunits. g | Natriuretic peptide receptor A (human, accession OYHUAR) which dimerizes on activation. h | Glucagon-like
peptide 1 receptor (human, accession P43220) is a member of the GPCR superfamily. i | α1B-Adrenoceptor (hamster, accession
P18841) is a member of GPCR superfamily (can form functional dimers). j | Neurotensin receptor NT1 (human, accession P30989) is
a member of the GPCR superfamily. k | Angiotensin-converting enzyme (human, accession P22966) is a monomer. l | Noradrenaline
transporter (human, accession P23975) can be a functional dimer. Representatives of several of these classes of membrane proteins
have been crystalized, allowing predictive homology models of drug targets to be developed (see BOX 1). The shaded blue area in
each panel represents the lipid bilayer of the cell. Membrane proteins are drawn to scale. ACE, angiotensin-converting enzyme;
AR, adrenoceptor; GLP, glucagon-like peptide; GPCR, G-protein-coupled receptor; nAChR, nicotinic acetylcholine receptor;
NET, noradrenaline transporter; NMDA, N-methyl-D-aspartate; NPRA, natriuretic peptide receptor A; NTR, neurotensin receptor;
STX, saxitoxin; TTX, tetrodotoxin.



NATURE REVIEWS | DRUG DISCOVERY VOLUME 2 | OCTOBER 2003 | 797

R E V I EW S

enhance the stimulus-evoked release of neurotransmit-
ters, including acetylcholine, in the central nervous sys-
tem, and to improve learning and memory in behav-
ioural animal models. In a number of clinical trials with
chronic spinal cord injury and multiple sclerosis
patients, the nonselective potassium-channel blocker
4-aminopyridine has been shown to produce improve-
ments in sensory and motor function56. It is thought
that in demyelinated axons, the expression and distribu-
tion of channels such as K

v
1.1 and K

v
1.2 is altered, lead-

ing to increased channel activity and, as a consequence,
to axonal dysfunction. The erythrocyte calcium-activated
potassium channel is the pathway responsible for potas-
sium efflux from the cell that drives chloride and water
loss. As such, blockers of the erythrocyte channel have
utility in the treatment of sickle-cell anaemia by pre-
venting erythrocyte dehydration58. Blockers of the 
voltage-gated potassium channel K

v
1.3 have been shown

to inhibit the delayed-type hypersensitivity reaction to
tuberculin in YUCATAN MINI-PIGS, indicating that these chan-
nels could be targets of immunosuppressants59,60.
Together, these findings indicate that the inhibition of
potassium channels can have important therapeutic con-
sequences. Peptide blockers of potassium channels that
bind to external epitopes represent an interesting alterna-
tive for drug intervention61. These peptides have been
shown to display good selectivity and potency for certain
potassium channels and, because of their lack of cell pen-
etration, should not cause the side effects that result
from binding to intracellular targets.

region, such as phenytoin, carbamazepine, lamotrigine
and lidocaine, has allowed the therapeutic use of these
compounds in the treatment of epilepsy, neuropathic
pain and arrhythmias.

Potassium-channel toxins. Potassium channels are a
large and diverse family of proteins that are implicated
in the regulation of many cellular functions, such as
smooth muscle and neuronal excitability, proliferation,
electrolyte secretion and volume regulation. Peptide
inhibitors have helped elucidate the physiological role of
some potassium channels in native tissues, including
K

v
1 channels in the enteric nervous system53, and high-

conductance calcium-activated potassium channels in
smooth muscle tissues such as bladder54. Obviously,
blocking potassium channels will lead to many patho-
physiological conditions. There are, however, examples
in which the blockade of a specific potassium channel
can produce a desired therapeutic outcome. For
instance, first-line therapy for the treatment of type 2
diabetes are sulphonylureas, a group of compounds that
block the ATP-dependent potassium channel in pancre-
atic β-cells55. In addition, dofetilide (Tikosyn; Pfizer), an
inhibitor of the cardiac rapid delayed rectifier channel
IK

r
, has been approved by the US FDA for the conver-

sion and maintenance of sinus rhythm in patients with
atrial fibrillation56. Cognitive enhancers, such as linopir-
dine and XE-991, are blockers of cloned KCNQ chan-
nels that underlie the native muscarinic current in a
variety of neurons57. These agents have been shown to
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different species are not known, and ways to deliver
therapeutic concentrations of the peptide need to be
considered. ShK is expected to produce similar side
effects to MgTX, including effects on the enteric ner-
vous system53. The potential central effects of ShK also
need to be considered, because the blood–brain barrier
could be compromised in autoimmune diseases.

Selective potassium-channel blockers might also
have potential in the treatment of cancer, as human
ether-a-go-go-related gene (hERG) K+ channels seem to
be overexpressed in different tumours69,70. In this regard,
the selectivity of ErgTx toxins71, BeKM-1 (REF. 72) and
APETx-1 (REF. 73) for hERG K+ channels might have
therapeutic implications.

Chloride-channel toxins. Chloride channels are also
among the many membrane proteins overexpressed in
different types of cancers. Chlorotoxin isolated from the
scorpion Leiurus quinquestriatus74 binds to specific
Ca2+-activated chloride channels75 and certain tumours
and gliomas, and therefore might have potential in the
treatment of cancer76. Although recent studies indicate
that chlorotoxin inhibits matrix metalloproteinase 2,
which is also upregulated in gliomas77, and might not be
a general chloride-channel inhibitor78, the radioactive
131I-chlorotoxin analogue has cytolytic activity, and there-
fore the potential to selectively affect tumours and
gliomas of neuroectodermal origin79,80. On the basis of
these findings, TransMolecular Inc. is running trials with
131I-TM-601 (131I-chlorotoxin) as an investigational new
drug for the treatment of gliomas.

Toxins inhibiting nicotinic acetylcholine receptors. The 
α-conotoxins are a rapidly growing class of small pep-
tides that competitively inhibit nicotinic acetylcholine
receptors (nAChRs). Similarly to the snake α-neurotox-
ins which have been intensively studied81,α-conotoxins
bind at the interface between specific subunits, allowing
them to discriminate among different nAChR subtypes82.
Muscle-selective α-conotoxins (for example,α-GI, see
TABLE 1) or miniproteins engineered from α-neurotoxins
(BOX 1) could represent an alternative to the use of small-
molecule curare-mimetic muscle relaxants, which are
used during surgery but have slower than ideal recovery
periods83. As mentioned in the introduction, agonists 
of nAChRs function as analgesics. However, a novel 
α-conotoxin,Vc1.1, has been recently identified as having
potential analgesic properties84.

Venom peptides for cardiovascular disease. The first
example of a successful venom-based drug is capto-
pril (Capoten; Anakena), which inhibits angiotensin-
converting enzyme (ACE), an essential enzyme for the
production of angiotensin, which is in turn a vaso-
constrictor associated with hypertension. The route 
by which Cushman and Ondetti developed captopril 
at Bristol-Myers Squibb is described in BOX 2. ACE
inhibitors continue to be an important class of antihy-
pertensive agents, despite the development of alternative
pharmacologies85, such as B-type natriuretic peptides86,
which are approved for use in acutely decompensated

Of the numerous potassium-channel-blocking pep-
tides that have been identified, only a small number
have shown promising results in animals. The first pep-
tide to be tested in vivo was margatoxin (MgTX) from
the scorpion Centruroides margaritatus, which is a
potent blocker of the voltage-gated potassium channels
K

v
1.1, K

v
1.2, and K

v
1.3 (REF. 70). In human T cells, K

v
1.3

channels control the resting membrane potential, and
their blockade causes membrane depolarization62 and,
as a consequence, an attenuation of the increase in cyto-
plasmic calcium levels that occur on T-cell activation59.
In in vitro assays, K

v
1.3 blockers inhibit human T-cell

proliferation, indicating that K
v
1.3 channels represent a

target for the development of novel immunosuppres-
sants59,63,64. MgTX depolarizes the T cells of both pigs
and humans in vitro59, with a plasma t

1/2
of ~2 hours in

pigs. MgTX also inhibits the delayed-type hypersensitiv-
ity reaction to tuberculin in the mini-pigs, as determined
by both the size of induration and the extent of T-cell
infiltration59. The effect of MgTX was similar in magni-
tude to that of the immunosuppressant agent FK506,
although lower concentrations of peptide were needed
to achieve similar efficacy. No major toxicity events were
noticed in these experiments, with hypersalivation and
diarrhoea53 observed during continuous infusion of the
peptide. However, bolus intravenous injection of higher
doses of MgTX led to plasma concentrations >10 nM
that caused transient hyperactivity in the pigs, indi-
cating a possible effect on K

v
1.1 and K

v
1.2 channels in

the brain. A possible central effect has particular rele-
vance to immunosuppressed patients who might have a
compromised blood–brain barrier.

ShK from the sea anemone Stichodactyla helianthus

also blocks K
v
1.1 and K

v
1.3 channels and has shown

efficacy in animal models of multiple sclerosis. ShK has
a different three-dimensional structure to MgTX and
related scorpion toxins (see FIG. 2)65, but blocks potas-
sium channels by binding to the outer vestibule and
plugging the pore, in a similar manner to MgTX.
Multiple sclerosis is a disease of the central nervous sys-
tem of immunological aetiology, and is characterized by
disseminated patches of demyelination in the brain and
spinal cord, which results in multiple and varied neuro-
logical symptoms and signs, usually with remissions and
exacerbation. Recently, K

v
1.3 channels have been pro-

posed to be crucial in the pathogenesis of multiple
sclerosis and other autoimmune diseases66,67. Myelin-
reactive encephalitogenic rat T cells express high levels
of K

v
1.3 channels after repeated antigenic stimulation 

in vitro67. Adoptive transfer of these T cells into rats
induces experimental autoimmune encephalomyelitis,
which can be reversed by ShK. In humans, activated
myelin-reactive T (T

EM
) cells from patients with multi-

ple sclerosis express significantly higher levels of K
v
1.3

channels than naive or central memory T cells, and
K

v
1.3 inhibitors such as ShK suppress proliferation of

T
EM

cells68. Therefore, selective K
v
1.3 inhibitors might

represent an appropriate therapy for the treatment of
autoimmune diseases such as multiple sclerosis, as well
as perhaps type 1 diabetes, psoriasis and rheumatoid
arthritis. The pharmacokinetic properties of ShK in
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Agkistrodon rhodostoma, and batroxobin from the
venom of Bothrops atrox moojeni, enzymatically cleave
blood fibrinogen93 and seem to reduce neurological
deficits when used in the early stages of stroke94.

Snake venoms also contain peptides with anti-
haemorrhagic properties. These include textilinin, a
novel antifibrinolytic serine protease inhibitor from
common brown snake (Pseudonaja textilis) venom95

that is now in preclinical development as a novel anti-
bleeding product for use in open-heart surgery
(Q70033; QRxPharma). Many of the wide range of
haemostatic factors found in snake venoms have been
used in the development of laboratory diagnostics (for
example, those produced by Pentapharm Ltd and
Gradipore) to measure levels of fibrinogen, prothrom-
bin, blood-clotting factors and protein C associated
with haemostatic disorders.

Venom peptides might also prove useful in the
development of novel treatments for hypertension 
(ρ-conopeptides) and atrial fibrillation (GsMTx-4).

chronic heart failure. A stabilized synthetic form of the
natriuretic peptide from the green mamba Dendroapsis

augusticeps also seems to have therapeutic potential87.
Snake-venom peptides have since been used to

guide the development of novel antithrombotics that
act as competitive antagonists of the binding of ligand
(for example, fibrinogen) to integrin αIIbβ3 on acti-
vated platelets. Among the most specific αIIbβ3
inhibitors is eptifibatide (Integrilin; Millennium
Pharmaceuticals), a cyclic heptapeptide developed to
mimic the high selectivity of barbourin88, a snake dis-
integrin that possesses a KDG motif, rather than the
RGD motif found in other disintegrins89 and inte-
grins90. Eptifibatide and the small-molecule RGD-
mimetic tirofiban (Aggrastat; Merck)91 are both used
clinically in intravenous formulations. Orally active
αIIbβ3 antagonists with limited bioavailability have
since been developed, but seem to be no more effective
than widely used antiplatelet agents such as aspirin92.
Ancrod from the venom of the Malayan pit viper

Box 2 | The development of captopril  

a | Teprotide was isolated from Bothrops jararaca venom and chosen as a lead because of its long-lasting in vivo

activity, even though it was not orally active137,138. b | Structure–activity relationship (SAR) studies of teprotide

indicated that a Phe-Ala-Pro sequence was a minimal pharmacophore to fit a hypothetical substrate-binding site on

angiotensin-converting enzyme (ACE) (shown in red) developed from the crystal structure of carboxypeptidase A139.

c | Succinyl-Pro was the first ‘designed’ ACE inhibitor, but showed low affinity despite ACE selectivity139. d | Further

SAR studies around succinyl-Pro, including the addition of a sulphydryl group to improve interactions at the Zn2+

pocket, led to the orally available captopril, a true peptidomimetic one-fifth the size of teprotide139. In captopril,

almost all of the functional groups contribute to overall activity, filling each of the substrate-binding sites to produce

a high-affinity interaction with the active site on ACE140. The recent crystal structure of the ACE–lisinopril complex

marks a new era in the development of better ACE inhibitors by revealing little structural similarity to

carboxypeptidase A141.
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subtype-specific inhibitors of NMDA receptors are
devoid of central adverse effects, including effects on
memory and learning.

Neurotensin receptor agonists. Cone snails produce a
glycosylated neurotensin analogue named contulakin-
G115 that is a potent analgesic in a wide range of animal
models of pain116. Interestingly, contulakin-G is 100-fold
less potent than neurotensin for neurotensin receptor 1
(NTSR1), but ~100-fold more potent as an analgesic,
indicating an additional mechanism(s) of action besides
the neurotensin receptor. On the basis of its potency
and wide therapeutic window, contulakin-G (CGX-
1160) is in early stage clinical development by Cognetix
for the treatment of pain.

Venom peptides useful in diabetes. Glucagon-like pep-
tide-1 (GLP1) is an insulinotropic hormone secreted
from endocrine cells of the small and large intestine in
a nutrient-dependent manner. GLP-1 inhibits gastric
emptying and food intake, and controls blood glucose
levels. A GLP-related peptide, exendin-4 from the
venom of the Gila monster Heloderma suspectum117,
has been shown to be active in vivo118. On the basis of
this activity, exendin-4 (Exenatide; Amylin Pharma-
ceuticals) is presently in Phase III clinical trials for the
treatment of type 2 diabetes. Surprisingly, GLP-
related peptides, including exendin-4, share structural
homology to α-latrotoxin from the black widow spi-
der119 and might have potential in the treatment of
Alzheimer’s disease120.

Future prospects

As a consequence of their high selectivity, venom peptides
have proved particularly useful for in vitro and in vivo

proof-of-concept studies. However, for therapeutic
applications, a number of issues associated with safety,
pharmacokinetics and delivery need to be addressed.
Optimization of peptide delivery to peripheral and
central targets will help to determine whether or not
these peptides can be considered candidates for drug
development. Peptides that block channels by altering
the gating mechanism might have potential to become
selective potassium-channel inhibitors, whereas pore-
blocking toxins could be designed to be selective
inhibitors of subtypes of sodium channels. It remains
to be determined how many of the peptides that are
present in venoms can find a clinical utility.

The ρ-conopeptides are selective, non-competitive
inhibitors of the α

1
-adrenoceptor96,97. GsMTx-4 from

the tarantula Grammostola spatulata98 is a novel
blocker of mechanosensitive ion channels99 that
inhibits atrial fibrillation100.

Noradrenaline transporter inhibitors. The noradrena-
line transporter (NET) is important in reducing the
concentration of neuronally released noradrenaline,
and as a consequence influences learning and memory,
as well as endocrine and autonomic functions101.
Drugs that inhibit the NET have antidepressant and/or
psychostimulant effects102, produce antinociception
through the enhancement of descending inhibitory
pathways in the spinal cord103, and might also be useful
in the treatment of cardiovascular disorders and uri-
nary incontinence104. The χ-conopeptides are highly
specific, non-competitive inhibitors of noradrenaline
uptake by human and rat NET96. The pharmacology of
the χ-conopeptides was first identified in rat vas defer-
ens contractility studies, which are sensitive to inhibi-
tion by NET96. Intrathecal χ-MrIA produces analgesia
in a hot-plate assay105, and is more potent and effica-
cious than morphine in a rat chronic constriction
injury model of neuropathic pain106.A variant of χ-MrIA
(Xen2174), is being developed as a novel analgesic by
Xenome Ltd. Interestingly, the binding site for χ-cono-
peptides on the NET partially overlaps the tricyclic
antidepressant binding site107,108.

NMDA receptor antagonists. Conantokins are specific
inhibitors of the NMDA receptor. They are helical pep-
tides109,110 that competitively inhibit glutamate activa-
tion, especially at NR2B receptors111. Analogues of
conantokin-G discriminate among different NMDA
receptor subtypes in human brain112, and the anti-
epileptic effects of the conantokins113 have been
explored by Cognetix Inc. Reflecting the probable role
of NMDA receptors in pain neuroplasticity, Malmberg
et al.114 showed that intrathecal conantokin-G and -T
also have analgesic activity in pain models of tissue
damage (formalin test), nerve injury (partial sciatic
nerve ligation) and inflammation (complete Freund’s
adjuvant) in mice at doses that were ~20-fold lower
than those required to impair motor function. So, sub-
type-specific inhibitors of the NMDA receptor also
have therapeutic potential in the management of pain.
Further studies are required to determine whether
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