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[Hermes to Odysseus] Look; here is a drug of real virtue that you must take with
you into Circe’s palace to save yourself from disaster. But I must explain how she
works her black magic. She will begin by mixing you a pottage, into which she will
put her poison. But even with its help she will be unable to enchant you, for this
antidote that I am going to give you and describe will rob it of its power. When
Circe strikes you with her long wand, you must draw your sword from your side
and rush at her as though you meant to take her life. She will shrink from you in
terror and invite you to her bed. Nor must you hesitate to accept the goddess’
favours, if you want her to free your men and treat you kindly. But make her swear
a solemn oath by the blessed gods not to try on you any more of her tricks, or when
she has you stripped she may rob you of your courage and your manhood.

Then the Giant-killer handed me a herb he had plucked from the ground,
and showed me what it was like. It had a black root and milk-white flower. The
gods call it Moly, and it is an awkward plant to dig up, at any rate for a mere
man. But the gods, can do anything.

Homer, The Odyssey. Translated by EV Rieu.
London: Penguin Books, 1946, p. 163
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Preface
The aim of this book is to provide up-to-date information on the development and
clinical use of antidotes, their proposed mechanism of action, toxicity and availability
and practical aspects of their clinical use. The antidotes discussed are primarily those
either in current use or under consideration or development. Some other compounds
of mainly historical interest are also mentioned where appropriate.

Like any other ideal drug, the ideal antidote would be selective in action, efficacious,
non-toxic, easy to administer by lay personnel using a minimum of special apparatus,
cheap and have a long shelf-life. Unfortunately, like most drugs, most antidotes present
various problems in supply and in use, as will become evident in the ensuing pages.

The book contains information on the antidotal treatment of poisoning with
substances encountered in not only Western Europe/North America/Australasia, but
also developing countries. We cover doses and routes of administration, and also
instances where antidote administration complicates or compromises toxicological
analyses. The reader is referred to standard toxicological texts for detailed information
on the diagnosis and management of poisoning.

Most antidotes differ from other drugs not only in the way they are used, but also in
the way in which their efficacy and toxicity can be assessed. Antidotes used to treat
acute poisoning are usually used only in life-threatening situations, and then as only a
single dose or short course of treatment. For many antidotes, detailed toxicity data
such as required for most drugs used chronically are not available. Indeed, many
antidotes, particularly older ones, were introduced into clinical practice after minimal
animal toxicity studies. Furthermore, randomized clinical trials of antidote use are
rarely possible in acutely poisoned patients. Although trials in patients can be designed,
these often use historical controls or patient groups treated conventionally, and therefore
the results may be difficult to interpret. Consequently, the investigator is more than
usually reliant on animal studies when attempting to develop new antidotes.

Despite much research, no effective treatment (antidotal or otherwise) exists for a
number of common poisons. The need for antidotes effective in the later stages of
paracetamol (acetaminophen) poisoning (section 4.16.1) and in paraquat poisoning
(Chapter 8) is clear. Even when effective antidotes are known, the questions of clinical
diagnosis and appropriate use of the antidote remain, as does the logistic problem of
availability and supply of less commonly used or expensive antidotes. Against this
background it is perhaps not surprising that inappropriate use of existing antidotes
and use of obsolete compounds still continues. We hope that this volume will help
encourage (i) proper use of existing antidotes, (ii) recognition of their potential toxicity
and (iii) the development of more effective, safer compounds with a long shelf-life
where needed.

Few books have been devoted to antidotes. This volume is aimed at research workers,
staff of poisons information centres, drug information pharmacists, clinical toxicologists
and veterinary surgeons. It should also be of interest to medical students, trainee
pharmacists, emergency physicians and anaesthetists. The references have been verified
from original sources as far as possible, even to 1585.



Foreword
In times past, when poisoning was probably a more common hazard than it is today
and when wilful poisoning was more likely to be perpetrated, much effort was directed
to fashioning antidotes and, above all, to obtaining one that was ‘universal’ in its action.
Most of the compounds so devised, often secretly and to the accompaniment of much
ceremony, were in all likelihood little more than palliatives. Yet, even to this day, it is a
popular belief than recovery from poisoning rests upon antidotes.

Yet, if this concept is seldom realized in practice, there is still a place for specific
antidotes in clinical toxicology, so long as they are rationally designed and are used
with understanding and discrimination. That is where this book offers valuable guidance,
listing as it does the recognized antidotes and setting out the indications for their use,
together with their limitations.

Invaluable as this text can be educationally, it may well prove indispensable to
accident and emergency departments, besides serving as a reminder to pharmacies as
to the antidotes that may be needed in treating poisoned patients.

Roy Goulding BSc MD FRCP FRCPath OBE
London

February 2001



Antidote Nomenclature
and Dosage
Names of drugs and poisons change with time and often differ between countries. We
have tried to use current international approved names for pharmaceuticals, but so
many subtle changes have been introduced in recent years (use of mesilate rather
than mesylate for methanesulphonate, for example) that it has been impossible to
include every new name. However, we have given Chemical Abstracts Service (CAS)
Registry Numbers (RN) whenever possible (and when appropriate tried to make it
clear which numbers refer to salts, hydrates, racemates, etc., another frequent cause
of confusion). Similarly, when discussing dosages we have tried to be clear when referring
to salts, etc. and when to free bases. However, we would still consider cross-referral to
an appropriate local or national formulary mandatory before any patient treatment is
initiated.



Abbreviations
AACT American Academy of Clinical Toxicology
AAG α1-acid glycoprotein
ACE angiotensin-converting enzyme
AChE acetylcholinesterase
ACTH adrenocorticotrophic hormone
ADH alcohol dehydrogenase
A&E accident and emergency department
AIDS acquired immune deficiency syndrome
ALDH aldehyde dehydrogenase
cAMP 3′,5′-cyclic adenosine monophosphate
ANTU 1-naphthalenylthiourea
4-AP 4-aminopyridine
ARDS adult respiratory distress syndrome
ATA aurintricarboxylic acid
BAL British anti-lewisite (dimercaprol)
BGDTC N-benzyl-D-glucaminedithiocarbamate
BH-6 obidoxime dichloride (see Table 5.1)
BSO buthionine sulphoxamine
CAS Chemical Abstracts Service
CDTA 1,2-cyclohexanediaminetetra-acetate
CNS central nervous system
COHb carboxyhaemoglobin
CP20 deferiprone
CS 2-chlorobenzilidene malononitrile
CSF cerebrospinal fluid
CSL Commonwealth Serum Laboratories (Australia)
DAM diacetylmonoxime
DBcAMP dibutyryl 3′,5′-cyclic adenosine monophosphate
DEDTC diethyldithiocarbamate
DFO deferoxamine (desferrioxamine)
DFP di-isopropyl phosphofluoridate
DHEDTC diethyldithiocarbamate
DMAP 4-(N,N-dimethylamino)phenol
DMHP 1,2-dimethyl-3-hydroxypyridin-4-one (deferiprone)
DMPA N-(2,3-dimercaptopropyl)phthalamidic acid
DMPS sodium D,L-2,3-dimercaptopropanesulphonate
DMSA meso-2,3-dimercaptosuccinic acid
DTPA diethylenetriaminepenta-acetate (pentetic acid)
EAPCCT European Association of Poisons Centres and Clinical Toxicologists
ECG electrocardiogram
EDTA ethylenediaminetetra-acetate
EEG electroencephalogram
EHBP etidronic acid
EHDP etidronic acid
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EHPG ethylene bis-2-hydroxyphenylglycine
ELISA enzyme-linked immunosorbent assay
FDA US Food and Drug Administration
FiO2 proportion of oxygen in inspired air
G6PDH glucose-6-phosphate dehydrogenase
GABA γ-aminobutyric acid
GCS Glasgow coma scale
GF cyclosarin
GFR glomerular filtration rate
GM-CSF granulocyte–macrophage colony-stimulating factor
GSH reduced glutathione
GSSG oxidized glutathione
H bis(2-chloroethyl)sulphide (sulphur mustard, ‘mustard gas’)
Hb haemoglobin
HBED N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic acid
HBO hyperbaric oxygen
HD bis(2-chloroethyl)sulphide
HI-6 asoxime dichloride (see Table 5.1)
HIV human immunodeficiency virus
HJ-6 asoxime dichloride (see Table 5.1)
HMP hexose monophosphate pathway
HMT hexamethylenetetramine
5-HT 5-hydroxtryptamine
i.m. intramuscular
INR international normalized ratio
i.p. intraperitoneal
IPCS International Programme on Chemical Safety
iPTH immunoreactive parathyroid hormone
ITU intensive treatment unit
i.v. intravenous
L1 deferiprone
LD50 median lethal dose
LFT liver function test
LSD lysergic acid diethylamide
LüH-6 obidoxime dichloride (see Table 5.1)
MAOI monoamine oxidase inhibitor
MBGDTC N-(4-methoxybenzyl)-D-glucaminedithiocarbamate
MDA methylenedioxyamphetamine
MDEA methylenedioxyethylamphetamine
MDMA methylenedioxymethylamphetamine
MESH Medical Subject Headings
4-MP 4-methylpyrazole (fomepizole)
NAC N-acetyl-L-cysteine
NAPA N-acetyl-D,L-penicillamine
NAPQI N-acetyl-4-benzoquinoneimine
NBO normobaric oxygen
NMDA N-methyl-D-aspartate
NPIS National Poisons Information Service (UK)
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OP organophosphorus
OPs organophosphorus compounds
2-PAM pralidoxime iodide (see Table 5.1)
2-PAMCl pralidoxime chloride (see Table 5.1)
2-PAMI pralidoxime iodide (see Table 5.1)
2-PAMM pralidoxime methanesulphonate (see Table 5.1)
PAPP 4-aminopropiophenone
PIH pyridoxal isonicotinoyl hydrazone
PNU N-3-pyridylmethyl-N′-(4-nitrophenyl)urea
p.o. by mouth
P2S pralidoxime methanesulphonate (see Table 5.1)
PS-ODN phosphorothioate oligodeoxynucleotide
RN (CAS) Registry Number
SAH S-adenosyl-L-homocysteine
SAIMR South African Institute of Medical Research
SAM S-adenosyl-L-methionine
s.c. subcutaneous
SSRIs selective serotonin reuptake inhibitors
TEPP tetraethylpyrophosphate
TETA triethylenetetramine
TECZA triethylenetetramine
THP-12-aneN4 N,N′,N′′,N′′′-tetrakis(2-hydroxypropyl)1,4,7,10-

tetraazacyclododecane
TNF-α tumour necrosis factor α
TP thiopronine
TCA tricyclic antidepressant
VD volume of distribution
VX O-ethyl-S-[2-(diisopropylamino)ethyl]methyl phosphonothioate
WHO World Health Organization
w/v weight per volume
w/w weight for weight
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1.1 INTRODUCTION

Most poisoned patients recover with little more than reassurance and/or supportive
care. In more severe cases of poisoning, supportive measures directed particularly at
the cardiovascular and respiratory systems may be required. Measures to promote the
elimination of drugs or other poisons from the body are not often indicated, and antidotal
therapy, if available, is rarely needed except in the treatment of paracetamol
(acetaminophen) poisoning. However, the administration of an antidote can be life-
saving in the appropriate circumstances and may also help reduce morbidity and also
health care costs by shortening the duration of treatment. Some antidotes suggested
for use in the treatment of some common types of poisoning are listed in Appendix 1.

In clinical practice, the word ‘antidote’ tends to be used to denote specific drug
therapy for poisoning with a poison or group of poisons. Substances such as activated
charcoal, which is given in the first instance to prevent absorption of poison(s), or
diuretics such as frusemide (furosemide), which is given to maintain or enhance urine
flow and thus aid excretion of water-soluble poisons, tend not to be termed antidotes
(Tables 1.1 and 1.2). This said, it is perhaps not surprising that there is no generally
accepted definition of an antidote. A World Health Organization (WHO) Working Group
has proposed the definition ‘a therapeutic substance used to counteract the toxic action
of a specified xenobiotic’ (Meredith et al., 1993a; Pronczuk de Garbino et al., 1997).
This is a very broad definition, and encompasses nearly all of the drugs and other
agents used to treat poisoning (see Meredith et al., 1984), as does the Index Medicus
Medical Subject Headings (MESH) definition: ‘agents counteracting or neutralizing the
action of poisons’. An alternative definition is ‘a substance used to treat poisoning
which has a specific effect depending on the poison’.

Definition of an antidote

• ‘Medicine given to counteract the action of poison’ (Shorter Oxford Dictionary)
• ‘Therapeutic substance used to counteract the toxic action of a specified

xenobiotic’ (Meredith et al., 1993a)
• ‘Substance used to treat poisoning which has a specific action depending on

the poison’

Unfortunately, it is difficult to evaluate the efficacy of antidotes and/or develop new
ones in clinical practice because patient treatment has to continue notwithstanding,
and thus studies in appropriate laboratory animals are important (Bateman and Marrs,
2000). Use of some antidotes, such as 4-(N,N-dimethyl)aminophenol (DMAP) and
hydroxocobalamin for cyanide poisoning (Germany and France respectively) and
silibinin for poisoning with Amanita fungi (Austria and Germany), appears to reflect
national practices. Nevertheless, the evaluation of antidotes has been the subject of a
major initiative undertaken by the International Programme on Chemical Safety (IPCS)
in recent years (Spoerke et al., 1987; Pronczuk de Garbino, 1997; Pronczuk de Garbino
et al., 1997; Johnson et al., 2000). Three volumes of a planned series of 13 on the evaluation
of antidotes and procedures used in the treatment of poisoned patients have been
published thus far (Meredith et al., 1993a,b, 1995). These volumes discuss naloxone,
flumazenil and dantrolene; antidotes for poisoning by cyanide; and antidotes for poisoning
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by paracetamol. Separate handbooks on the use of antidotes and the use of antivenins
were planned as part of this series.

1.2 MECHANISM OF ACTION OF ANTIDOTES

The antidotes discussed below are thought to act in a variety of ways (Figure 1.1).
Some, such as the opioid antagonist naloxone, simply compete with a poison for receptor
site(s), whereas others, chelating agents for example, aim to bind the poison to form
less toxic complexes that may readily be excreted. Other antidotes act either by
inhibiting toxic metabolism or by aiding detoxification of reactive metabolite(s) once
formed. Examples here include the use of inhibitors of alcohol dehydrogenase such as
4-methylpyrazole (4-MP, fomepizole), which may be used to treat poisoning with
ethylene glycol, and the administration of sulphydryl donors such as N-acetylcysteine
(NAC) or methionine to prevent or ameliorate hepatorenal damage after the ingestion
of paracetamol. Yet other antidotes aim to by-pass or reverse the toxic effects of a
poison. Examples here include the use of glucagon to by-pass the toxicity of β-
adrenoceptor-blocking drugs such as propranolol, and the use of pralidoxime to

TABLE 1.1
Substances given to minimize absorption and/or enterohepatic recirculation of poisons,
or ameliorate external effects

Substance Poison(s) Rationale for use

Activated charcoal Aspirin, barbiturates, digoxin, Inactivate unabsorbed
(multiple dose) paraquat, theophylline poison; interrupt

and others enterohepatic recirculation;
trap poison in the small
intestine

[Apomorphine] Many Induce vomiting

Dimethicone Soaps, shampoos Anti-foaming agent

[Fuller’s earth, bentonite] Paraquat Bind unabsorbed poison

[Ipecacuanha] Many Induce vomiting

Magnesium citrate, Many Induce catharsis; enhance
[magnesium sulphate], elimination of unabsorbed
[lactulose], sorbitol poison

Milk Acids, alkalis ‘Neutralize’ poison

Osmotically balanced Iron, lead, zinc salts, packets Solution used for whole-
polyethylene glycol/ of illicit drugs bowel irrigation
electrolyte solution

Polyethylene glycol Phenol (carbolic acid) Prevent skin absorption/
(Macrogol) damage, whole bowel

irrigation

Starch Iodine Inactivate unabsorbed poison

Note
Substances in square brackets [ ] are no longer recommended.
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TABLE 1.2
Substances given to reverse or ameliorate toxic effects due to particular poisons

Effect Substance Examples of poison

Acidosis Sodium bicarbonate Ethylene glycol, iron, methanol,
salicylates

Allergic reactions Corticosteroids,
promethazine

Bronchospasm Salbutamol, terbutaline, β-Blockers, chlorine
theophylline

Cardiac arrhythmia [Amiodarone] Digoxin
Esmolol Theophylline, methylene-

dioxymethamphetamine (MDMA)
Lignocaine Chloral, tricyclic antidepressants
Magnesium sulphate Drugs causing prolongation of QT

duration
Potassium chloride Digoxin, disopyramide
Sodium bicarbonate Tricyclic antidepressants

Cerebral oedema Mannitol
Convulsions [Chlormethiazole], Many

diazepam, [paraldehyde],
phenytoin, thiopentone

Delirium/agitation Chlorpromazine Amphetamines
Diazepam Lysergide (LSD) and others
Haloperidol

Eye injury Tetracaine
Fluid retention, Frusemide (furosemide)
left ventricular
failure

Hypersensitivity Chlorpheniramine Hallucinogenic mushrooms,
reactions N-acetyl-L-cysteine (NAC)

Hypoglycaemia D-Glucose (dextrose) Insulin, oral hypoglycaemic agents,
ethanol (children)

Hypokalaemia [Potassium chloride] Chloroquine
Hypotension Adrenaline (epinephrine), Barbiturates, chloroquine, digoxin,

dopamine, dobutamine, paracetamol (late presentation)
and others

isoprenaline,
noradrenaline
(norepinephrine)

Hypoxia Oxygen
– Normobaric Many
– Hyperbaric Hydrogen peroxide gas embolism

(Mullins and Beltran, 1998)
Carbon monoxide, cyanide, etc.
Quinine (Wolff et al., 1997)
Rattlesnake venom-induced tissue
necrosis (Kelly et al., 1991)
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Figure 1.1: Simplified summary of the sites/mechanism of action of some antidotes (adapted
from Saviuc and Danel, 1993)

TABLE 1.2 (continued)

Effect Substance Examples of poison

Muscular rigidity Pancuronium bromide
(e.g. during
mechanical
ventilation)

Nausea/vomiting Metoclopramide, Paracetamol
ondansetron

Respiratory tract Sodium bicarbonate Chlorine
injury (nebulized)

Stress ulceration Cimetidine, ranitidine Many

Note
Substances in square brackets [ ] are no longer recommended.
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reactivate acetylcholinesterase after poisoning with organophosphorus (OP) insecticides
or chemical warfare (nerve) agents (Lapostolle et al., 1999a,b).

Only antidotes with clinical value are discussed here in any depth. For many of
these compounds, adequate toxicity and pharmacokinetic data in man are lacking,
particularly in relation to the doses used in the treatment of acute poisoning (Vale and
Meredith, 1986; Pronczuk de Garbino, 1997). Thus, with the possible exception of use
of relatively non-toxic compounds such as D-glucose (dextrose) (Hoffman and Goldfrank,
1995) and naloxone, which may be administered in part as diagnostic tests (Table 1.3),
antidotal therapy should be commenced only after thorough clinical examination of
the patient, due consideration of the evidence that exposure has occurred and evaluation
of the results of appropriate laboratory tests. Some antidotes, such as dicobalt edetate,
may cause serious dose-related adverse effects or hypersensitivity reactions, and the
balance between risk and potential benefit must be clear before the antidote is given.
Teratogenicity and fetotoxicity are concerns when antidotes are given in pregnancy,
although usually treatment of the mother takes precedence and is critical to the survival
of the fetus. Antidotes, such as naloxone, that simply antagonize pharmacological effects
do not alter the pharmacokinetics of the poison and, thus, once the antidote has been
given, the patient must be observed until the risk of recurrence of toxicity has
diminished. This is particularly important where the elimination half-life of the antidote
is short and that of the poison is long. A classic example is the use of naloxone (plasma
half-life 30–80 min) to treat poisoning with dextropropoxyphene (half-life 8–24 h).

As noted above, a few antidotes are given before analytical confirmation of the
diagnosis can be obtained. Lack of response to a particular antidote does not necessarily
indicate the absence of a particular poison or group of poisons. Naloxone, for example,
will usually rapidly and completely reverse coma due to opioids such as morphine and
codeine. However, the absence of response may merely mean that insufficient antidote
has been administered, an agent with partial opioid agonist/antagonist activity has
been taken (for example buprenorphine) or that consciousness is depressed for other
reasons such as head injury, hypoxic brain damage, hypoglycaemia or the presence of
other non-opioid drugs.

Some antidotes react with poisons or their toxic metabolite(s) to form new compounds
or complexes. Examples include the chelating agents used to treat poisoning with metal

TABLE 1.3
Antidotes which have been administered as diagnostic agents

Agent Poison/condition

Calcium disodium edetate Lead (chronic)
Deferoxamine (DFO) [Iron], aluminium (chronic)
Flumazenil Benzodiazepines
D-Glucose (dextrose) Hypoglycaemia
Naloxone Opioid agonists (e.g. morphine, dextropropoxyphene)
Sodium dimercaptopropane- Mercury (chronic)
sulphonate (DMPS)

Notes
Deferoxamine challenge is no longer used as a test for iron overload.
Administration of flumazenil is contraindicated if multiple drug ingestion has occurred (see
section 5.13).
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ions and antidigoxin Fab antibody fragments. Here, not only the toxicity, pharmaco-
kinetics, etc. of the poison and of the antidote, but also the toxicity and pharmacokinetics
of the antidote–poison complex or complexes, must be considered when making the
decision to give the antidote. The possibility of precipitating an acute withdrawal
reaction or of exacerbating the toxicity of co-ingested poison(s) must be borne in mind
in other cases. Examples include the use of naloxone to reverse coma and respiratory
depression in opioid-dependent subjects and the use of flumazenil to reverse the central
effects of a benzodiazepine if a tricyclic antidepressant is also present.

There are concerns regarding the possible adverse effects of some antidotes used
for long periods of time. An example is the use of chronic chelation therapy to help
remove excess iron in people requiring repeated blood transfusion (section 2.3.1). In
addition, there are concerns that some antidotes, such as pyridostigmine used
prophylactically, may exert adverse effects, as has been suggested in the case of the so-
called Gulf War syndrome (Pennisi, 1996; see section 7.3.5).

Any discussion of antidotes is complicated by the need to compare and contrast the
mode of action, efficacy and toxicity of certain antidotes, for example chelating agents
used to treat poisoning with metal ions, while simply listing other compounds whose
use appears relatively straightforward. In addition, some antidotes, most notably those
used to treat cyanide poisoning, are usually used in combination and are thus best
discussed together.

The ideal antidote

• Efficacious
• Non-toxic
• Simple to administer either alone or with other antidotes
• Readily available (long shelf-life)
• Cheap

1.3 ANTIDOTE AVAILABILITY

In Western Europe, Australasia, Scandinavia and the USA, the antidotes (excluding
normobaric oxygen) most commonly used in treating acute poisoning are NAC and
naloxone, which were used, respectively, in 10,586 (0.48 % of all human poison exposures
reported) and 7,044 (0.32 %) cases reported to the Toxic Exposure Surveillance System
of the American Association of Poison Control Centers in 1997 (Litovitz et al., 1998).
Other antidotes used included flumazenil (0.10 % of cases), antivenins (0.039 %),
atropine (0.035 %), ethanol (0.033 %), hyperbaric oxygen (0.024 %), phytomenadione
(0.015 %), pyridoxine (0.013 %) and deferoxamine (desferrioxamine) (0.013 %). Overall,
17 compounds account for all antidote use in the USA, excluding antivenins (Bowden
and Krenzelok, 1997). Note that these data refer to reports of acute poisoning incidents
only, most (74.9 %) of which are managed at home/on-site. Thus, the use of, for example,
deferoxamine in treating iron and aluminium overload does not feature.

A list of antidotes that should be considered for holding at acute hospitals and at
regional/national centres is given in Table 1.4. Further details, including suggested
dosage regimens, are given in Appendix 2. The UK National Poisons Information Service



� 9

GENERAL INTRODUCTION

�
C

H
A

P
T

E
R

 1
�

TABLE 1.4
Antidotes that should be held at acute hospitals/regional centres

Antidote Principal indication(s)

Acute hospitals
N-Acetylcysteine (or D,L-methionine) Paracetamol poisoning
Amyl nitrite Cyanide poisoning
Atropine Poisoning with cholinesterase inhibitors
Benzatropine Drug-induced dystonic reactions
Calcium disodium edetate Lead poisoning
Calcium gluconate

Gel, topical Hydrofluoric acid burns
10 % (w/v), i.v. Poisoning with calcium channel blockers

Dantrolene Drug-induced malignant hyperthermia
Deferoxamine Aluminium poisoning, iron overload
Dicobalt edetate Cyanide poisoning
Dimercaprol Poisoning with arsenic, lead, mercury
Ethanol Poisoning with ethylene glycol, methanol
Flumazenil Benzodiazepine toxicity
Glucagon Poisoning with β-adrenoceptor blockers
Isoprenaline Poisoning with β-adrenoceptor or calcium

channel blockers
Leucovorin Exposure to folate reductase inhibitors
Methylthioninium chloride (methylene blue) Methaemoglobinaemia
Naloxone Poisoning with opioid agonists or partial

agonists
D-Penicillamine Wilson’s disease (copper poisoning)
Phytomenadione (vitamin K1) Poisoning with anticoagulants
Procyclidine Drug-induced dystonic reactions
Pyridoxine (vitamin B6) Poisoning with isoniazid
Sodium nitrite Cyanide poisoning
Sodium thiosulphate Cyanide poisoning

Regional/national centres
Antidigoxin antibody fragments Poisoning with cardiac glycosides
Antivenins Snake bite etc.
Fomepizole Poisoning with ethylene glycol, methanol
Pralidoxime mesilate Poisoning with OP insecticides or nerve

agents
Prussian Blue Thallium poisoning
Sodium 2,3-dimercaptopropanesulphonate Poisoning with arsenic, bismuth, copper,
(DMPS) mercury

meso-2,3-Dimercaptosuccinic acid (DMSA) Lead poisoning

(NPIS) on-line database TOXBASE (http://www.spib.axl.co.uk/) has details of antidote
availability in the UK and information on the calculation of antidote doses etc. The
antidotes cited reflect clinical experience in Western Europe/North America, and these
same antidotes are likely to be needed sooner or later in other parts of the world. The
list does not differ greatly from that suggested to be held in the event of a ‘chemical
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incident’, i.e. a chemical spillage or other accident involving release of toxic chemical(s)
into the workplace or into the environment (Pronczuck de Garbino, 1998) (Table 1.5).

Estimating requirements to hold local/regional/national stocks of effective, but
expensive or rarely needed, antidotes is difficult, especially in countries where there
are many other pressures on health care resources. Special factors may include antidote
suitability to treat poisoning encountered locally and training staff to administer the
antidote appropriately. Identification of a reliable manufacturer or importer, the cost
of production or purchase (many antidotes are used so rarely that production costs
must be subsidized by the state or an equivalent body), the minimum quantity of

TABLE 1.5
Selected antidotes and other drugs that may be needed in the event of a chemical
spillage or other accident (adapted from Pronczuk de Garbino, 1998)

Substance Poison (other indication)

Adrenaline (epinephrine) (Anaphylaxis, cardiac arrest, myocardial
depression)

Amyl nitrite Cyanides
Atropine OP insecticides and nerve agents,

carbamate pesticides
Corticosteroids (Bronchospasm, laryngeal oedema,

mucosal oedema)
Calcium disodium edetate Lead
Calcium gluconate Hydrofluoric acid, fluoride, oxalate
Diazepam OP insecticides and nerve agents

(convulsions, excitation, anxiety,
hypotonia)

Dicobalt edetate Cyanides
Dimercaprol Arsenic, gold, mercury (inorganic)
1,4-Dimethylaminophenol (DMAP) Cyanides
Sodium dimercaptopropanesulphonate (DMPS) Cobalt, gold, lead, mercury (inorganic),

nickel
Dimercaptosuccinic acid (DMSA) Arsenic, mercury (organic, inorganic),

lead, bismuth
Hydroxocobalamin Cyanides
Methylthioninium chloride (methylene blue) (Methaemoglobinaemia)
Naloxone Opioids
Noradrenaline (norepinephrine) (Myocardial depression, vasodilatation)
Obidoxime OP insecticides and nerve agents
Oxygen Carbon monoxide, cyanides, hydrogen

sulphide (hypoxia)
Polyethylene glycol (Macrogol 400) Phenol (skin contamination)
Pralidoxime OP insecticides and nerve agents
Salbutamol (Bronchoconstriction)
Sodium nitrite Cyanides
Sodium thiosulphate Cyanides
Terbutaline sulphate (Bronchospasm)
Tetracaine hydrochloride (eyedrops) (Eye irrigation)
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antidote that has to be purchased, the optimum storage conditions and the most
appropriate location(s) of storage/distribution centre(s), and the shelf-life of the
preparation under different storage conditions, are further considerations. Lall et al.
(1996) have produced a guide to the use of antidotes specifically aimed at India.

Where antidote use has at best a marginal effect on outcome, as with the use of
flumazenil in benzodiazepine self-poisoning, economic as well as clinical considerations
determine that it is rarely used in such patients. On the other hand, where a cheap,
ubiquitous and effective antidote is available, such as ethanol in treating methanol or
ethylene glycol poisoning, economic considerations dictate that it will continue to be
used in this role in many places despite the introduction of fomepizole, which has the
advantages of longer duration of action and fewer adverse effects (section 4.2.2).
Similarly, oral methionine is safe and effective in treating paracetamol poisoning if
the patient presents within 12 h of the ingestion. D,L-Methionine tablets are cheap,
have a long shelf-life and do not require special precautions in storage. In addition,
administration is much simpler than giving intravenous (i.v.) or oral NAC provided the
patient does not vomit and has not been given oral activated charcoal (section 4.16.1).
Methionine thus presents a simple treatment option for paracetamol poisoning if NAC
administration is not practicable.

1.4 HISTORY OF ANTIDOTE DEVELOPMENT

The word antidote comes from the Greek antidotos (anti = against, didonai = to give),
hence the dictionary definition of an antidote (‘any agent administered to prevent or
counteract the action of a poison’). Through the ages the natural human fascination
with, and fear of, poisons has been paralleled by an interest in antidotes. Stones of
both natural (talismans, amulets, ‘snake stones’) and animal origin, parts of plants
and animals and mixtures of the same together with various minerals, incantations
and other devices have at various times been endowed with protective power against
poisons, and indeed against disease in general (Tichy, 1977; Trestrail, 1988; Wax, 1998).

The Chinese Emperor Shen Nung (c. 2000 BC) is said to have experimented with
poisons and antidotes. One of the earliest references to possible use of a pharmacological
antidote occurs in Homer’s Odyssey (approximately ninth century BC), in which Odysseus
is advised to protect himself against Circe’s poison by taking ‘moly’. It has been
suggested that ‘moly’ could have been Galanthus nivalis (snowdrop), which contains an
orally active cholinesterase inhibitor, galanthamine (section 5.8), and which may have
been used as an antidote against poisonous plants containing anticholinergic agents
such as Datura stramonium (thorn apple) (Plaitakis and Duvoisin, 1983). Galanthamine
is also found in Caucasian snowdrop (Voronov’s snowdrop, G. woronowii).

1.4.1 Theriacs and the mithridatium

The widespread study and use of poisons in ancient Greece and in Rome (self-poisoning
was the form of state execution practised in classical Athens, for example) was
accompanied by an intensive search for a universal antidote, the alexipharmica or theriac.
In time, the term alexipharmica was used to refer to a mode of treatment, such as the
induction of emesis by using a feather. Theriac (which had originally been used to
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refer to poisonous reptiles or wild beasts) was used as the term for the actual antidote.
Ingestion of the early theriacs (c. 200 BC) was said to make people ‘poison-proof ’ against
bites of all venomous animals except the asp. Their ingredients included wild thyme,
apoponax, aniseed, fennel, parsley, meru and anmi, and were documented in the works
of Nicander of Colophon (204–135 BC). As simple antidotes, compounds that excite
vomiting – lukewarm oil, warm water, mallow, linseed tea – were recommended.

A well-known universal antidote was that developed by the work of King Mithridates
VI of Pontus (132–63 BC), a survivor of seemingly repeated poisoning attempts. In
perfecting his antidote he performed acute toxicity experiments on criminals and slaves.
His product, the mithridatium, contained at least 36 ingredients and was said to protect
against spiders, scorpions, vipers, aconite, sea slugs and all other poisons. Mithridates
took his mixture every day. Ironically, as an old man, Mithridates is said to have
attempted suicide by poison, but reputedly was unsuccessful because he had become
poison-proof (he may indeed have become tolerant to opium). Galen (c. 129–201 AD)
described Mithridates’ experiences in a series of three books: De Antidotis I, De Antidotis
II and De Theriaca ad Pisonem (Anonymous, 1585; Corner, 1915; Coturri, 1959; Watson,
1966; Jarcho, 1972).

The theriac of Andromachus, also known as ‘Venice treacle’ or ‘galene’, is probably
the most famous theriac. Andromachus the elder (Archiater) (37–68 AD), physician to
the Roman emperor Nero, added to the mithridatium ingredients such as the flesh of
vipers, squill and generous amounts of opium, and removed others. Altogether, 73
ingredients were described. It was claimed to counteract ‘all poisons and bites of
venomous animals’ as well as being of value in a host of other medical problems such
as colic, jaundice and dropsy. It was used both therapeutically and prophylactically. As
evidence of its efficacy, Galen reportedly demonstrated that fowl receiving poison
followed by theriac had a higher survival rate than fowl receiving poison alone.

By mediaeval times the theriac of Andromachus contained over 100 ingredients. Its
initial production period was followed by a process of maturation lasting several years.
The final product was often more solid than liquid in consistency. Other theriacs were
named after famous physicians (Damocrates, Nicolaus, Amando, Arnauld and Abano)
who contributed additional ingredients. Over the centuries, certain localities were
celebrated for their own brand of theriac, notable centres of production including Cairo,
Venice, Florence, Genoa, Bologna and Istanbul (see front cover).

Whether these preparations had any value is doubtful. It has been suggested that
the theriac may have had an antiseptic effect on the gastrointestinal tract, while others
have stated that theriac’s sole benefit derived from its formulation with opium (Bierman,
1994; Hopkins and Lehmann, 1995). The efficacy of theriacs was finally questioned by
William Heberden (1710–1801) in Cambridge in his essay ‘Antitheriaka: An essay on
mithridatium and theriaca’ (Heberden, 1745; Paulshock, 1982; Swann, 1985). Both
mithridatium and theriac were removed from the Edinburgh Pharmacopoeia in 1756;
London followed suit in 1788 (Cowan, 1985). The last ceremonial production of theriac
in Paris took place in 1790. Nevertheless, pharmacopoeias in France, Spain and Germany
continued to list these agents until the late 1870s (Bernhard, 1893). Theriac was still
available in the early twentieth century in France, Italy and Turkey. Even in 1984 ‘Teriaca
secondo la formula di Andromacho’ was still available in Rome, although lacking the
exotic ingredients of former years and recommended not as an antidote, but for
‘insomnia, nerves, and digestive disorders’ (Bierman, 1994).
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1.4.2 Sealed earth and other remedies

Terra sigillata (= ‘sealed earth’) dates from the time of Herodotus (fifth century BC). A
red clay, which came originally from a hill on the island of Lemnos, was mixed with
goat’s blood, and stamped or sealed with a representation of the goddess Diana. It was
said to be an antidote to all poisons: poisoned liquids drunk from a cup made from the
clay were said to be rendered harmless. At one time, it was included as part of the
theriac of Andromachus. Demand for terra sigillata continued into the fifteenth century.
Similar ‘antidotal clays’ were found in Italy, Malta, Silesia and England.

In mediaeval times stones such as serpentine (said to protect against the bites of
serpents and the stings of other animals), turquoise (Turkish or lucky stone – reputed
to provide protection from poisons and venomous reptile bites) and bloodstone
(haematite, which when powdered was said to cure snake bite) were valued, as were
bezoars (calcareous and other growths found inside animals). The word bezoar comes
from the Persian pad-zahr = ‘an expeller of poisons’, cited by the Arab physician Avenzoar
c. 1140, and known to the Hebrews as Bel Zaard = ‘Master’ or ‘every cure for poisons’.
Over the years regional variations of bezoar stones were popularized, including varieties
from Persian wild goat, Peruvian llama and Swiss chamois. Historical antidotes to snake
bite included songs, prayer, ritual dances, onions, garlic, herbs, gunpowder, opium,
vinegar, tobacco, paraffin and alcohol (ethanol). The Neapolitan dance tarantella was
long thought a remedy for tarantism, epidemic dancing mania, thought to be caused
by a bite from the south European wolf spider tarantula (Lycosa tarantula).

In part 1 of his Treatise on Poisons and Their Antidotes (1198), Moses Maimonides (1135–
1204) discussed the bites of snakes and mad dogs, and the stings of bees, wasps, spiders,
and scorpions. He also described the use of cupping glasses for bites (a forerunner of
modern suction devices), and was one of the first to differentiate the haemolytic (hot)
from the neurotoxic (cold) effects of poison (Rosner, 1968). In part 2, he discussed
mineral and vegetable poisons, and their antidotes. He suggested that emesis should
be induced by hot water, Anethum, and much oil, followed by fresh milk, butter and
honey, all of which should be vomited. Although rejecting some contemporary
treatments, he advocated the use of the great theriac and the mithridatium as first-
and second-line agents in the treatment of snake bite (Rosner, 1968).

Toadstones and unicorn horn were also promoted as universal antidotes. Toadstones
(from the heads of old toads) were reputed to have the ability to extract poison from
the site of a venomous bite or sting. Ctesias (390 BC) was the first to chronicle the
wonders of the ‘unicorn’ horn, claiming that drinking water or wine from the ‘horn of
the unicorn’ would protect against poison. The horn was usually narwhal tusk or
rhinoceros horn, and was greatly valued (Lucanie, 1992). In mediaeval times it was
said that the unicorn horn was worth ten times its weight in gold. To give further
credence to its use, a 1593 study on arsenic-poisoned dogs reportedly showed that the
horn was protective. Ambroise Paré (1510–90) argued against the use of bezoars and
unicorn horn and related the tale of a cook who, being condemned to death for theft,
agreed to take corrosive sublimate (mercuric chloride) together with a bezoar so that
the king, Charles IX, should have evidence of the efficacy of the bezoar. The cook died
in agony some seven hours later (Orfila, 1821).

William Piso (1611–78) is said to have been among the first to recognize the emetic
properties of ipecacuanha (ipecac), the ground-up roots of Uragoga ipecacuanha.
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1.4.3 Antidotal treatment in the nineteenth century

In the early nineteenth century the scientific study of toxicology was pioneered by
Matthieu Joseph Bonaventure Orfila (1787–1853) in Paris, his pupil Sir Robert
Christison (1797–1872) in Edinburgh and Alfred Swaine Taylor (1806–80) at Guy’s
Hospital in London. Among other things, rationalization of the use of antidotes, the
‘counter-poisons’ (contre-poisons) of Orfila, was attempted. Contemporary
developments in resuscitation techniques such as laryngeal intubation prior to artificial
ventilation (dating from the 1770s), and in other emergency procedures such as the
stomach pump or its variants, must, however, be borne in mind. A further technique,
i.v. injection, was also developed in the nineteenth century and became in time a major
advance in drug treatment, including antidotal treatment.

The use of the stomach pump {the ‘gum-elastic probe or tube fitted with a syringe
of Boerhaave [Herman Boerhaave (1668–1738) of Leiden], as refined by Dupuytren
[Baron Guillaume Dupuytren (1777–1835) of Paris], and Renault (Casimir Renault of
Paris)’} to wash out the stomach and remove any remaining poison when an emetic
could not be swallowed was suggested by Renault (1801) for use in arsenic poisoning
on the basis of experiments in animals. Christison (1835) states that the first successful
use of the device in a patient (a child) poisoned with opium was by Philip Syng Physick
(1768–1837) in Philadelphia (1812). In Great Britain the stomach pump patented by
John Read (1760–1847) in 1820, and publicized by Sir Astley Paston Cooper (1768–
1841) of Guy’s Hospital for the treatment of poisoning in 1823, enjoyed popularity for
a number of additional applications, including the administration of enemata (Owen,
1995).

Orfila (1821) classed poisons broadly as ‘Irritants, Narcotics, Narcotico-acrids, and Septics
or Putrefiants’. Christison (1835) was among the first to remark upon ‘compound
poisoning’, i.e. poisoning with mixtures of compounds not necessarily having the same
effects as each other. This being said, the sentiments expressed in the introduction to
A Popular Treatise on the Remedies to be Employed in Cases of Poisoning and Apparent Death
(Orfila, 1818) ring true today, even acetic acid in the form of vinegar and sodium chloride
still finding a place in treating poisoned patients (see sections 4.1 and 4.16), although
not for the purposes (usually gastrointestinal decontamination) envisaged by Orfila:

Before speaking of the treatment of poisoned persons, we shall examine, under
the title of Counter-poisons, those substances which have been regarded as such by
several physicians: we shall reject such as are useless or dangerous, and recommend
only those the efficacy of which has been demonstrated by reiterated experiments.
These are the white of eggs, milk, common salt, vinegar, lemon juice, soap, gall-nuts, and
some other substances which may be procured with the greatest facility.

His definition of the ideal antidote too (Orfila, 1821) has hardly aged, even though
his animal experiments seem cruel by today’s standards:

1 It ought to be such as may be taken in a large dose without any danger.
2 It ought to act upon the poison, whether it be in a fluid or solid state, at a temp-

erature equal, or inferior to that of the human body.
3 Its action ought to be prompt.
4 It ought to be capable of combining with the poisons, in the midst of the gastric

liquors, mucous, bilious, and other fluids, which may be contained in the stomach.
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5 Lastly, in acting upon the poison, it ought to deprive it of all its deleterious
properties.

At this time, chemical analysis was in its infancy, and many of the antidotal
treatments recommended were based on reactions observed in vitro, such as the
neutralization of acids by alkali and vice versa or the precipitation of barium sulphate
by adding sodium sulphate to a solution of a soluble barium salt. Associated effects
such as the evolution of heat or carbon dioxide were deemed of secondary importance.
Induction of vomiting remained an almost universal aim, even if poisoning originated
from a mercurial substance applied topically. The method used to treat colic arising
from occupational lead poisoning (painters’ colic) at l’Hôpital de la Charité in Paris is
one of the few examples of contemporary treatment of chronic poisoning, yet even
here induction of vomiting featured prominently (Table 1.6). Christison (1835) noted
that the British method of treating lead colic (a dose of a laxative followed 1 h later by
a dose of opium) was usually effective and was much less traumatic than the French
treatment. This latter purgative regime, with the addition of oral dosage with a mixture
of arsenic trioxide, potassium carbonate, peppermint water, laudanum (tincture of
opium) and lemon juice, was also advocated for snake bite, but only after cauterization
of the bite site with a white-hot iron, concentrated sulphuric acid, boiling oil or some
other caustic agent (Orfila, 1818)!

Orfila’s suggested treatment regime for a patient who had swallowed a concentrated
acid (Table 1.7) aimed not only to induce vomiting, but also to neutralize the poison,
and is notable for its list of contraindicated (‘irritant’) substances. Subsequent treatment
aimed to reduce inflammation by topical administration of compresses or leeches,
rehydrate the patient by administration of oral fluids such as sweetened mallow tea
and bring about pain relief by giving diethyl ether, laudanum, boiled poppy heads or
other mild analgesic preparation, again in sweetened tea. This same regimen was also
recommended for the later stages of poisoning with many other agents. Wine was always
to be avoided until recovery was effected.

Tartar emetic (a highly toxic potassium antimony tartrate) was widely prescribed in
Victorian times (Table 1.7), but proved exceedingly unreliable in inducing emesis when
given orally. Indeed, it was often used as a homicidal poison! Even such apparently
innocuous substances as common salt (sodium chloride) or Epsom salts (magnesium
sulphate), when given in aqueous solution to induce vomiting for example, have been
responsible for many deaths, especially in children, when the patient (victim) failed to
vomit and absorbed a fatal dose of the erstwhile emetic (Taylor, 1859). Deaths from
salt poisoning in children when given as an intended emetic continued even into the
latter part of the twentieth century in Western countries.

1.4.3.1 The ‘black bottle’

Although violently dismissed by Orfila (1818, 1821) on the basis of his own experiments
in dogs, in which he, as usual, tied off the oesophagus after administration of the poison
and putative antidote to prevent vomiting, the first suggestion that orally administered
wood charcoal might have an antidotal role in poisoning came from experiments
reported by the French physician Michel Bertrand (1774–1857). These experiments
were performed in dogs from 2 February 1811, and were reported in November and
December 1813. On 6 February 1813, Bertrand himself claimed to have taken 4 grains
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TABLE 1.6
Treatment of the colic of painters (Orfila, 1818) (dr = drachm, gr = grain, oz = ounce)

Day Treatment Preparation

1 Purgative clyster Boil (10 min) 4 oz senna leaves in 1/2 pint water, and
(enema) – morning  add when strained 1/2 oz sodium sulphate and 4 oz

antimonial wine
Purgative drink Boil (15 min) 2 oz broken-up cassia fistula; add

1 oz magnesium sulphate and 3 gr potassium
antimony tartrate in 1 pint water

‘If the disease be very powerful, an ounce of the
syrup of buckthorn, and 2 dr of the confection
of Hamech are to be mixed with this drink’

Anodyne clyster – evening Mix 6 oz sweet oil and 12 oz red wine. Give 11/2 dr
treacle and (optional) 11/2 gr opium internally

2 Emetic Dissolve 6 gr potassium antimony tartrate in a
large glass of water and give in divided doses 1 h
apart. To facilitate vomiting, give freely warm
water sweetened with honey

Sudorific potion Boil (1 h) 1 oz each of guaiacum, china root and
saraspirilla in 31/2 pints water. Add 1 oz sassafras
and 1/2 oz liquorice, boil for a few minutes and strain

Anodyne clyster – evening Mix 6 oz sweet oil and 12 oz red wine. Give
11/2 dr treacle and (optional) 1 gr opium internally

3a Gently purgative potion Boil 1 oz senna leaves in 1 pint sudorific potion
(day 2) and strain. Give in four doses 45 minutes
apart

4a Purgative drink Boil 1 oz senna leaves in 11/2 glasses water until
reduced to a glass. Strain, and add 1/2 oz sodium
sulphate, 1 dr powdered jalap and 1 oz syrup of
buckthorn

5a Gently purgative potion Boil 1 oz senna leaves in 1 pint sudorific potion
(day 2) and strain. Give in four doses 45 minutes
apart

6a,b Purgative drink Boil 1 oz senna leaves in 11/2 glasses water until
reduced to a glass. Strain, and add 1/2 oz sodium
sulphate, 1 dr powdered jalap (bryony) and 1 oz syrup
of buckthorn

Notes
a On days 3, 4, 5 and 6 the sudorific potion and the anodyne clyster of day 2 were given, except

that the sudorific potion was omitted on day 5.
b ‘If notwithstanding all these means, the patient does not evacuate’, the following mixture

was given orally in 12 bolus doses 2 h apart: 10 gr scammony, 10 gr jalap, 12 gr gamboge, and
11/2 dr confection of Hamech mixed with a ‘sufficient quantity’ of syrup of buckthorn; in
between doses the patient was made to drink of the sudorific potion (see day 2).
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of mercuric chloride mixed with powdered wood charcoal with only minor discomfort,
while on 16 February he is said to have taken 5 grains of arsenic trioxide mixed with
charcoal and sugar, again experiencing minimal discomfort (Orfila, 1821). In 1831,
before the French Academy of Medicine, the pharmacist Pierre Touéry is said to have
survived the ingestion of 10 times the lethal dose of strychnine mixed with 15 g of
charcoal (Andersen, 1946).

One of the first reports of charcoal used in a poisoned patient was by William P.
Hort in North Carolina in 1829. A 40-year-old male patient had accidentally ingested
mercuric chloride. Intense pain in the upper gastrointestinal tract ensued, and a large
quantity of magnesium sulphate was given at 3 h. The patient’s condition having
deteriorated considerably at 20 h, some 3 pints of blood was removed by venesection,
and beaten egg white mixed with sugar prescribed. By 44 h his condition had worsened,
with stomach pain, diarrhoea and hypotension. Finely pulverized charcoal, one
teaspoonful hourly in gruel, was prescribed and recovery began shortly after the first
dose. Charcoal was continued for several days, the interval between doses being
increased slowly. The patient eventually made a full recovery (Hort, 1834).

Meanwhile, the absorptive properties of charcoal of animal origin were being
exploited as a chemical reagent (Rand, 1848). Graham and Hofman (1853) in London,
for example, used ivory-black or animal charcoal as a means of extracting strychnine
from beer. However, [Sir] Alfred Baring Garrod (1819–1907), working at Aldersgate
Medical School in London, performed the first controlled studies of purified animal
charcoal in the treatment of poisoning (Garrod, 1846). The charcoal used (‘carbo
animalis purificatus’) was prepared by digesting bone or ivory-black in dilute
hydrochloric acid, washing and drying, and heating to redness in a covered crucible.
Using frogs, dogs, cats, guinea pigs and rabbits, he demonstrated the potential benefits
of charcoal in the management of strychnine poisoning. He also emphasized the
importance of early utilization of charcoal and the use of the proper ratio of charcoal
to poison. Other toxic substances, such as aconite, morphine, mercuric chloride and
hemlock, were also studied. Subsequently, Benjamin Howard Rand (1827–1883) of
Philadelphia reported a number of animal charcoal efficacy studies in a human subject,
presumably himself. Morphia, extract of belladonna, digitalis, hydrocyanic acid and
strychnine were among the poisons co-ingested with charcoal, minimal toxicity being
reported (Rand, 1848).

By 1855, powdered animal charcoal suspended in sugared water was being used in
London to treat poisoning with atropine, strychnine and other alkaloids (Garrod, 1857;
Taylor, 1859).

TABLE 1.7
Treatment to be administered after ingestion of concentrated acids (Orfila, 1818)

1 Magnesia in water (1 ounce per pint), one glass every 2 min in order to procure vomiting;
whilst obtaining magnesia give several glasses of water, of a decoction of linseed, or of any
other emollient drink

2 If magnesia is unavailable, give half an ounce of soap dissolved in a pint of water
3 If neither magnesia nor soap is available, give Spanish white or chalk, pulverized coral,

crabs eyes, prepared pearls, or burnt hartshorn diffused in water
4 Clysters (enemas) prepared with the same substances should also be given
5 Do not give potashes, soda, treacle, tartar emetic, syrup of ipecacuanha; do not tickle the

throat with a finger, feather, etc.



GENERAL INTRODUCTION

18 �

1.4.3.2 Snake antivenins

Interest in the treatment of snake bite was fuelled by rapid colonial expansion during
the second half of the nineteenth century (Figure 1.2). In 1886–7, Henry Sewall (1855–
1936) working in Michigan had shown that pigeons dosed subcutaneously (s.c.) with
increasing doses of crotalid venom acquired a degree of tolerance or immunity against
the venom. Léon Charles Albert Calmette (1863–1933), working at the Pasteur Institute
in Saigon in 1892 and then in Paris, thought that snake antivenin might be manufactured
by injecting animals with increasing doses of heated venom (Calmette, 1894a,b, 1895,
1896). Calmette and his co-workers used cobra venom, whereas Césaire-Auguste
Phisalix (1852–1906) and Gabriel Bertrand (1867–1962), who in 1884 had discovered
that heat inactivated snake venom while working at the Paris Natural History Museum,
used viper venom (Phisalix and Bertrand, 1894a–d; Phisalix, 1922).

At the Pasteur Institute, horses and donkeys were injected with increasing doses of
cobra venom until they could withstand some 200 times the fatal dose of active venom
in a naive animal without showing signs of toxicity. Serum obtained from such animals
was tested in rabbits that were also given snake venom and, if efficacy was proved, the
serum was preserved with antiseptic precautions in 10-mL tubes. The antiserum so
prepared had a shelf-life of at least 2 years. Low-temperature drying was also introduced,
the product being marketed as dry, light-yellow scales for reconstitution in purified
water before use (Calmette, 1907). At the time it was hoped that a single antivenin
prepared in this way might give protection against bites from a variety of snakes, but
this has not proved to be the case (section 3.1).

Figure 1.2: ‘Australian Experiments in Snake Poisoning’ (Illustrated Sporting and Dramatic News,
6 October 1877, p. 60)
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1.4.4 Antidotes since 1900

Some milestones in the development of modern antidotes are given in Table 1.8. Some
compounds, such as flumazenil and physostigmine, appear to be able to cause serious
toxicity in some patients while playing a useful role in others. Many other ‘antidotes’
have been shown to be ineffective, whereas others are positively dangerous especially
when given to poisoned patients. Some indication of the heroic nature of the emergency
treatment of poisoning even up to the 1960s is given by consideration of the contents
of physicians’ ‘antidote kits’ (Tables 1.9 and 1.10) – many of the remedies applied and
procedures instituted would have been familiar to Orfila at the beginning of the
nineteenth century. Zuck (1987) has noted that some of the suggested treatments, for
example keeping an opiate-poisoned patient awake by encouraging walking while
infusing strong black coffee per rectum, were mutually incompatible aims. It is
noteworthy that the teaching of poisons treatment was long the province of forensic
pathologists/toxicologists, who increasingly had little practical experience of patient
management (Christison, 1835; Taylor, 1859; Blyth and Blyth, 1906; Witthaus, 1911;
Kaye, 1961). This is perhaps one reason why some outmoded remedies continued to be
advocated for so long despite the lack of objective evidence of efficacy.

1.4.4.1 Gastrointestinal decontamination – the role of
activated charcoal

In 1900 the Russian Ostrejko demonstrated that heating (‘activating’) charcoal under
carbon dioxide markedly enhanced its adsorbing power. Leopold Lichtwitz (1908) again
called attention to the potential value of oral activated charcoal in treating acute
poisoning, as did a number of other workers in papers that appeared mainly in the
German literature prior to 1939. After World War II, A. Harrestrup Andersen (1946)
in Copenhagen began to publish a series of quantitative experimental studies on the
absorptive properties of activated charcoal towards a number of compounds at various
times and pH values (Holt and Holz, 1963). However, despite this considerable body of
knowledge, oral activated charcoal was used only rarely in treating acute poisoning
until L. Emmett Holt and Peter Holz (1963) drew renewed attention to its potential
value in limiting the absorption of a wide range of compounds (Corby et al., 1970;
Picchioni, 1970; Greensher et al., 1987; AACT/EAPCCT, 1997a). Crome et al. (1977)
showed that use of multiple doses as opposed to a single dose of activated charcoal
reduced the absorption of nortriptyline in volunteers and thus was more likely to be
effective in limiting drug absorption after overdosage.

More recently the valuable role of multiple-dose oral activated charcoal in treating
acute poisoning with carbamazepine, dapsone, phenobarbitone, quinine and
theophylline has become clear. Leaving a dose of charcoal in the stomach after gastric
lavage may reduce the absorption of residual poison but, more importantly, repeating
the dose every 4 h or so serves to interrupt enterohepatic recirculation should this
occur, and may enhance excretion by adsorbing poison that diffuses into the small
intestine (Neuvonen and Elonen, 1980; Neuvonen et al., 1980; Berg et al., 1982; Lee and
Roberts, 1991; AACT/EAPCCT, 1999). Activated charcoal is cheap and safe when given
by mouth, except for the risk of aspiration into the airway if the patient vomits. Hence
appropriate airway protection must be ensured if charcoal is given to a patient with a
Glasgow coma scale (GCS) score of 8 or less. Vomiting should be treated (for example
with an antiemetic drug) since it may reduce the efficacy of charcoal treatment.



TABLE 1.8
Some milestones in the development of modern antidotes (note that years cited refer
to the date of publication, not necessarily to the date of introduction)

Year Milestone

1813 First use of oral charcoal to limit absorption of poison
1818 Description of intubation and artificial ventilation in treating poisoning with

carbon monoxide and other asphyxiant gases
1829 Use of oral charcoal to treat mercuric chloride poisoning
1846 First controlled trials of purified animal charcoal in limiting absorption of poisons
1868 Supplemental oxygen used to treat carbon monoxide poisoning
1884 Use of supplemental oxygen suggested in cyanide poisoning
1888 Use of amyl nitrite to treat cyanide poisoning
1894 First reports of the preparation of snake antivenin
1894 Cobalt salts suggested for treating cyanide poisoning
1895 Sodium thiosulphate suggested for treating cyanide poisoning
1900 Activation of charcoal perfected
1911 Use of supplemental oxygen to treat barbiturate poisoning
1933 Sodium nitrite plus sodium thiosulphate recommended for use in cyanide poisoning
1933 Use of methylthioninium chloride (methylene blue) to treat chemically induced

methaemoglobinaemia
1941 Synthesis of opioid antagonist nalorphine reported
1942 Hyperbaric oxygen used to treat carbon monoxide poisoning
1945 Dimercaprol (British anti-lewisite, BAL) introduced to treat arsenic poisoning
1948 Discovery that disodium edetate (disodium EDTA) is a strong heavy metal chelator
1949 meso-2,3-Dimercaptosuccinic acid (meso-DMSA) synthesized
1951 Reactivation of acetylcholinesterase by nucleophilic reagents reported
1952 Use of hydroxocobalamin in cyanide poisoning suggested
1953 Clinical use of calcium disodium edetate to treat lead poisoning
1955 Introduction of cholinesterase reactivator pralidoxime
1956 Introduction of sodium dimercaptopropanesulphonate (DMPS)
1956 Use of D-penicillamine to treat Wilson’s disease
1960 Use of dicobalt edetate suggested in cyanide poisoning
1963 Use of oral activated charcoal re-advocated
1964 Introduction of cholinesterase reactivator obidoxime
1965 Use of DMSA in treating occupational lead poisoning
1969 Use of 4-dimethylaminophenol (DMAP) suggested in cyanide poisoning
1970 H (Hagedorn) series oximes introduced for use in soman and sarin poisoning
1971 Use of oral Prussian Blue to treat thallium poisoning
1973 Opioid antagonist naloxone introduced to clinical use
1974 Cysteamine and methionine introduced for treating paracetamol poisoning
1976 Fab antidigoxin antibody fragments made available for clinical use
1977 Use of repeat (multiple) dose oral activated charcoal suggested after overdosage
1978 Introduction of muscle relaxant dantrolene
1979 N-Acetylcysteine (NAC) introduced for treating paracetamol poisoning
1981 Benzodiazepine antagonist flumazenil introduced
1986 Hydroxocobalamin for treating cyanide poisoning becomes practical proposition
1988 Oral DMSA advocated to treat lead poisoning in children
1997 Crotalid venom Fab antivenin fraction used clinically



TABLE 1.9
Suggested composition of a physician’s antidote kit (Blyth and Blyth, 1906)

Instruments
Stomach pump or tube Bistoury, forceps and tubes (for performing
Lancet tracheostomy)
Hypodermic syringe Glass syringe with cannula (for transfusions)

Battery (interrupted current)

Emetics
Apomorphine (2 % solution for Mustard
s.c. injection) Zinc sulphate (30-grain powders, or solid)

Ipecacuanha

Antidotes
Acetic acid (to neutralize poison) Magnesia (calcined) (to neutralize poison)
Aromatic spirits of ammonia Morphine meconate (10 %)
Atropine sulphate (0.8 % for Muscarine (5 %)
s.c. injection) Pilocarpine nitrate (5 %)

Brandy Potassium permanganate (crystals)
Chloral Potassium tri-iodide (to precipitate alkaloids)
Chloroform Strychnine nitrate (2 % solution for s.c. injection)
Chloric ether (i.e. ethyl chloride) Tannin (to precipitate alkaloids)
Coffee extract Wyeth’s dialysed iron (for arsenic poisoning)
French oil of turpentine

TABLE 1.10
Suggested composition of a physician’s antidote kit (Brookes and Alyea, 1946)

‘The kit is suggested for use by the physician with each container having the dose carefully
written on the label.’

Amyl nitrite pearls Magnesia (calcined)
Apomorphine tablets Morphine sulfate tablets (10 mg)
Atropine tablets Olive oil
Caffeine-sodium benzoate Potassium permanganate (1 % aq. Sol.) (to be
Powdered animal charcoal diluted 20 times)
Chloroform Sodium sulphate
Aromatic spirits of ammonia Strychnine sulfate tablets (2 mg)
Cocaine hydrochloride Whiskey
tablets (0.03 g) Hypodermic syringe

Epinephrine tablets (1 mg) Stomach tube
Tincture iodine (7 %) Funnel
Cupric sulfate (powdered)
Limewater

‘The following can be secured at the site where the poisoning occurred: boiled water; hot,
strong, black coffee; eggs; heat applications such as water bottles, etc.; milk; mustard; salt;
soap; starch; tea; vinegar.’
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Mention must be made of ‘Multiple Antidote’ (Blyth and Blyth, 1906). This consisted
of a saturated solution of ferrous sulphate (100 parts), water (800 parts), magnesia (88
parts), and animal charcoal (44 parts). It was recommended that the charcoal and
magnesia were kept mixed together in the dry state in a well-corked bottle. When
needed, the ferrous sulphate solution was mixed with eight times its bulk of water and
the charcoal/magnesia mixture added with constant stirring. This concoction was to
be administered in wineglass-full doses in cases of poisoning with arsenic, zinc, opium,
digitalis, mercury or strychnine. It was said to be useless in poisoning with antimony,
caustic alkalis or phosphorus, but efficacy against other poisons seems unlikely.

A similar preparation, the so-called ‘universal antidote’, originated in the USA in
the 1940s and was said to adsorb/neutralize ingested poisons. It consisted of burnt
toast (two parts), strong tea (one part) and milk of magnesia (one part). The toast was
supposed to adsorb toxic agents in the same way as activated charcoal, the tannic acid
was supposed to precipitate heavy metal ions and some alkaloids, thereby preventing
absorption, and the milk of magnesia was supposed to neutralize acids. However, much
of this was wishful thinking – burnt toast has no adsorptive properties, tannic acid is a
hepatotoxin and neutralization of ingested acids generates heat, thereby exacerbating
the problem. A more modern version marketed in the USA as Unidote and Res-Q
contained activated charcoal (two parts), tannic acid (one part) and magnesium oxide
(one part), but was probably equally useless.

The use of syrup of ipecac to induce emesis after the ingestion of poisons was
advocated widely for many years, even for use outside hospital (Cashman and Shirkey,
1970). The principal emetic constituents of ipecac are the alkaloids cephaeline and
emetine (methylcephaeline; Figure 1.3). However, current thinking is that this mixture
should not be used routinely as there is no evidence that ipecac administration improves
outcome. Ipecac may delay the administration or reduce the effectiveness of oral
activated charcoal, oral antidotes and whole-bowel irrigation, and should not be
administered to a patient with impaired consciousness or in whom impaired
consciousness may develop, or one who has taken a corrosive substance or hydrocarbon,
the ingestion of which is prone to cause aspiration (AACT/EAPCCT, 1997b).

The administration of osmotic cathartics such as sorbitol, magnesium citrate or
magnesium sulphate, either alone or in combination with activated charcoal, has been
said to minimize toxicity arising from oral ingestion of poison(s) and was once routine
treatment (Kaye, 1961). However, there is no evidence that administration of cathartics
reduces the bioavailability of ingested poisons or improves outcome in poisoned patients,
hence the routine use of cathartics has not been endorsed. If a cathartic is used, it
should be limited to a single dose in order to minimize the risk of adverse effects
(AACT/EAPCCT, 1997c). Similarly, there is as yet no evidence that whole-bowel
irrigation via the enteral administration of large amounts of an osmotically balanced
polyethylene glycol electrolyte solution (whole-bowel irrigation) improves outcome in
patients poisoned with sustained- or modified-release (enteric-coated) preparations.
However, it may be considered in such patients, and substantial quantities of tablets
may be recovered this way. This mode of treatment may also have value in treating
patients who have ingested iron, lead or zinc salts, or packets of illicit drugs (AACT/
EAPCCT, 1997d).

Fuller’s earth (terre à Foulon, Lloyd’s reagent), a diatomaceous clay used in mediaeval
and later times for fulling (washing) wool, has been advocated for oral administration
with the aim of adsorbing ingested poisons and is still recommended by some for use in
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paraquat poisoning (see Chapter 8), although activated charcoal is thought to be equally
effective.

1.4.4.2 The Scandinavian experience

A major advance in the treatment of poisoned patients came with the realization that
some antidotes given in hospital often killed rather than cured. Central stimulants
(analeptics) such as methylphenidate, nikethamide and picrotoxin were commonly used
to treat poisoning with sedative drugs such as barbiturates even into the 1960s (Thienes
and Haley, 1964; Loennecken, 1967) despite increasing concern that effects such as
hyperthermia, arrhythmias, convulsions, psychosis and death were due to the treatment
rather than the primary poison (Clemmesen and Nilsson, 1961; Kaye, 1961). Nowadays,
of course, the emphasis on supportive care, pioneered in Denmark from the 1940s
onwards (Clemmesen and Nilsson, 1961), has done away with these practices and
reduced the in-patient mortality from barbiturate overdose from up to 25 % [or even
up to 45 % in moderate to severe poisoning (Heinrich, 1939)] to no more than 1–2 % in
most countries (Locket and Angus, 1952). More recently the administration of sodium
bicarbonate together with large volumes of fluid (so-called forced alkaline diuresis),
sometimes combined with administration of diuretics such as frusemide, to treat
barbiturate poisoning has been discontinued, although sodium bicarbonate alone is
still sometimes used to treat poisoning with relatively water-soluble barbiturates such
as barbitone and phenobarbitone (section 4.16).

Even though the Fell–O’Dwyer apparatus for the treatment of morphine poisoning
by intubation and ventilation had been introduced in the USA in the 1880s (Zuck,
1987), opiate poisoning too used to be treated by giving analeptics such as caffeine
orally or rectally, or nikethamide. The effects of these compounds were transient at
best (Figure 1.4). However, the situation was altered dramatically in the early 1950s
with the introduction of the partial opioid antagonists levallorphan and nalorphine
(Bodman, 1953, 2000; Figure 1.5). Nowadays the pure opioid antagonist naloxone is
used in treating patients acutely poisoned with opioids and related compounds such as
pentazocine. A further opioid antagonist, diprenorphine, is used widely in veterinary
medicine because it has a longer half-life than naloxone in many animal species. Even
naloxone administration can cause problems however, as an acute withdrawal syndrome

Figure 1.3: Structural formulae of cephaeline and emetine
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can be precipitated if it is given incautiously to an opioid-dependent individual (section
5.19.2).

Benzodiazepine poisoning was also made the subject of pharmacological intervention,
this time with i.v. theophylline (aminophylline). Its action in reversing benzodiazepine-
induced sedation was thought to be via an effect on central nervous system (CNS)
adenosine metabolism (Warren et al., 1984). However, simple supportive care and the
availability of the benzodiazepine antagonist flumazenil (section 5.13) have rendered
theophylline treatment of benzodiazepine poisoning obsolete.

Administration of ammonium chloride, arginine or ascorbate was advocated until
quite recently to promote urinary acidification to treat poisoning with basic drugs,
such as amphetamines, fenfluramine, phencyclidine and quinine, that are in part
excreted unchanged. The rationale for the treatment was that pharmacokinetic studies
in volunteers showed that the proportion of the dose excreted unchanged within a
given period was increased in acid as opposed to alkaline urine. However, urine
acidification may be dangerous in the presence of myoglobinuria or rhabdomyolysis,
and has never been shown to be beneficial when used to treat acute poisoning with the
compounds listed above. Arginine administration has been associated with
hyperkalaemia and hyperglycaemia (Spoerke et al., 1986). The use of acetazolamide to
promote urinary alkalinization to treat salicylate poisoning, for example, may be
associated with exacerbation of metabolic acidosis, and is no longer recommended.
Sodium bicarbonate (section 4.16) is the preferred method of enhancing renal
elimination of salicylates.

Dimercaprol (2,3-dimercaptopropanol), the first metal-complexing agent to be used
clinically, was designed by Sir Rudolph Peters (1889–1982) and his group at Oxford to
treat poisoning with the arsenical vesicant war gas lewisite [dichloro(2-chloro-

Figure 1.4: Effect of nikethamide (NIK) on respiration depressed by pethidine in a patient
lightly anaesthetized with thiopentone and cyclopropane (Bodman, 1953)

Figure 1.5: Nalorphine 3 mg reversing respiratory depression caused by 50 mg pethidine in a
patient lightly anaesthetized with cyclopropane. Gaddum’s spirometer (Bodman, 1953)
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vinyl)arsine], hence its original (American) name British anti-lewisite (BAL). Antidotes
to OP pesticides and nerve agents were developed as a result of the search for antidotes
to the nerve agents. Pralidoxime, the first oxime acetylcholinesterase reactivator, was
introduced in 1955 (Wilson and Ginsburg, 1955). However, despite much effort there
is still no effective antidotal treatment for poisoning with the two most effective chemical
warfare agents developed and first used in World War I, phosgene and sulphur mustard
(H, mustard gas) (see Chapter 7).

In more recent times, D-fructose (D-(–)-fructopyranose) was given i.v. to treat severe
ethanol poisoning, but its use is no longer recommended because of the risk of adverse
effects, including lactic acidosis and hyperuricaemia. Prenalterol (2–15 mg slowly i.v.)
was advocated for use in treating poisoning with β-adrenoceptor blockers (Kulling et
al., 1983) but has been replaced by more specific agents such as noradrenaline,
adrenaline and isoprenaline (section 5.17). A list of antidotes no longer recommended
for use is given in Table 1.11. The seemingly ineffective antidotal treatment of paraquat
poisoning is discussed in Chapter 8. Doubtless other compounds discussed in the
following pages will in time join the ever-growing list of obsolete antidotes.

1.4.4.3 Antidotal treatment of paracetamol poisoning

It would not be appropriate to end this historical diversion without mention of
paracetamol (acetaminophen) poisoning. Although hepatorenal damage and, in some
cases, death from liver failure due to paracetamol overdosage are still a major concern
(section 4.16.1), it seems certain that had not effective antidotal therapy for patients
presenting within 10–15 h of the overdose been developed as a result of the basic studies
of Jerry Mitchell, Bernard Brodie and their group (Mitchell et al., 1974) working in
Bethesda, Maryland, paracetamol would not today be one of the most widely used,
effective and safest drugs available provided always that the recommended dose is not
exceeded.

Mitchell et al. (1974) suggested that sulphydryl donors, in particular cysteamine,
should prove effective in treating paracetamol poisoning, and indeed this proved to be
the case when cysteamine was given i.v. within 10 h of the overdose (Prescott et al.,
1974). An important factor here in establishing efficacy was the availability of
quantitative plasma paracetamol data in relation to estimated time after ingestion
and outcome in untreated patients. These same data (see Figure 4.22) have reappeared
many times in different guises throughout the world, often without reference to the
original source.

Unfortunately, cysteamine had unacceptable side-effects (nausea, vomiting,
drowsiness and cardiotoxicity) at the doses used [2 g over 10 min, with a further 1.2 g
over the next 20 h – a regrettable factor here was that, owing to a miscalculation,
twice the intended dose suggested on the basis of dose-ranging studies in volunteers
was given to patients; most of the adverse effects were observed during the loading
dose (LF Prescott, personal communication, 1998)]. Oral methionine (McLean, 1974;
McLean and Day, 1975) was soon found also to be effective and free of adverse effects,
although the occurrence of vomiting complicates treatment with an orally administered
antidote as does prior oral dosage with charcoal. Nowadays, a further sulphydryl donor,
N-acetylcysteine (NAC), given i.v. (Prescott et al., 1979) or orally, has assumed pre-
eminence among antidotes for paracetamol poisoning (section 4.16.1), and indeed is
probably the most commonly administered antidote in the world today (Litovitz et al.,
1998).



TABLE 1.11
Some antidotes and related agents generally considered obsolete for the designated
indication (adapted from Decker, 1983; Pronczuk de Garbino et al., 1997; Wax, 1998)

Type of antidote Agent(s) Indication(s)

Analeptic (some Amphetamine, bemegride Poisoning with sedative/hypnotic
also emetic) (Eukraton, Megimide), caffeine drugs

(‘strong coffee’), camphor (also
camphorated oil), cocaine,
cycliton, doxapram, hexazole
(cyclohexylethyltriazole, azoman),
hexetone, leptazol (penta-
methylenetetrazole, pentylene-
tetrazole, cardiazol, metrazol),
lobeline, methylamphetamine,
methylphenidate (Ritalin),
neospiran, nikethamide
(Coramine), picrotoxin (cocculin),
sodium benzoate, strychnine

Atropine, caffeine, camphor, Phosgene poisoning
digitalis glycosides, ethanol

Cathartic Castor oil, colocynth, croton oil, Oral ingestion of poison(s)
jalap, magnesium hydroxide,
mannitol, sodium phosphate,
sodium sulphate, syrup of peach
blossom, turpentine

Chelating agents Aurintricarboxylic acid (ATA) Beryllium poisoning
Calcium disodium edetate, Thallium poisoning

cysteine/cystine, diethyldithio-
carbamate (DEDTC), dithizone
(diphenylthiocarbazone)

Demulcent/oral Barley water, bread, butter, Poisoning with corrosive
adsorbent  ‘gruel’, egg white (albumen), substances

fresh meat (finely chopped),
linseed meal, olive oil, rice,
soup, treacle

Emetic (usually Apomorphine, castor oil, copper Oral ingestion of poison(s); snake
aqueous solution sulphate (blue vitriol), gall nuts/ bite; later stages of carbon
or extract) oak bark, linseed, magnesium monoxide poisoning

sulphate, mallow, mustard
powder, potassium antimony
tartrate (tartar emetic), soap
suds, sodium chloride (common
salt), sugar, tincture of iodine,
warm water, willow bark, zinc
sulphate (white vitriol, white
copperas)

Metabolic Dimercaprol, cimetidine, Paracetamol poisoning
cysteamine, D-penicillamine



Type of antidote Agent(s) Indication(s)

Metabolic Cysteine 1-Naphthalenylthiourea (ANTU)
(continued) poisoning

D-Fructose Ethanol poisoning
Guanidine precursors Botulism
Glyceryl monoacetate Fluoroacetate poisoning; fluoride
(Monoacetin) poisoning

Methionine Arsenic poisoning; poisoning with
carbon tetrachloride and other
chlorinated hydrocarbons

Sulphadimidine Poisoning with Amanita fungi
Tocopherol (vitamin E) Paraquat poisoning
Tolonium chloride Methaemoglobinaemia

Miscellaneous Acetic acid (vinegar) Carbon monoxide poisoning;
hydrogen sulphide poisoning;
opiate poisoning; poisoning with
arsenic salts

Acetone Poisoning with cyanoacrylates
Aconitine Poisoning with digitalis glycosides
β-Aminopropionitrile Burns caused by caustic substances
Ammonia Cyanide poisoning; opiate

poisoning; phosgene poisoning;
snake/scorpion bites

Ammonium acetate/ammonia Formaldehyde poisoning
Amyl nitrite Poisoning with sedative/hypnotic

drugs; chloroform poisoning;
digitalis poisoning; iodine
poisoning; poisoning with
nitrates; strychnine poisoning

Ascorbate Lead poisoning, arsenic poisoning;
poisoning with nitrates

Atropine Benzene, cyanides, phenol,
physostigmine, morphine,
nitrobenzene, opium

Auric chloride Snake bite
Bibron’s antidote (potassium Snake bite
iodide, mercurous chloride
and bromine)

Bromobenzene Selenium poisoning
Calcium salts Lead poisoning; poisoning with

chlorinated hydrocarbons
Carbon dioxide Poisoning with bromides,
(5 % v/v)/oxygen (95 % v/v) carbon monoxide, diethyl ether

Chlorine Hydrogen sulphide poisoning;
cyanide poisoning

Corticosteroids Treatment of hydrocarbon-induced
pneumonitis

Cyclophosphamide Poisoning with gold salts; paraquat
poisoning

Curarine Strychnine poisoning
Diacetylmonoxime (DAM) Physostigmine poisoning; OP

pesticide poisoning



TABLE 1.11 ( continued)

Type of antidote Agent(s) Indication(s)

Miscellaneous Emetine Phosgene poisoning
(continued) Fantus’ antidote Mercury poisoning

(calcium sulphide i.v.)
‘Guaco’ juice Snake bite
‘Gum glucose’ (gum arabic + Phosgene poisoning

D-glucose, both 25 % w/v)
Hall’s antidote (potassium iodide Mercuric chloride poisoning

 and quinine)
Hydrogen peroxide Cyanide poisoning
Hypochlorite Snake bite
Magnesium sulphate Poisoning with tetraethyl lead
Methylene blue Carbon monoxide poisoning;

(methylthioninium chloride) cyanide poisoning
Milk Metal fume fever
Muscarine Poisoning with anticholinergics

such as atropine
Nitroglycerine Digitalis poisoning; ergotism
Pilocarpine Poisoning with anticholinergics

such as atropine
Potassium ferrocyanide Copper poisoning
Potassium tri-iodide Lead poisoning; mercury

poisoning; poisoning with opiates
and other alkaloids

Potassium permanganate Poisoning with alkaloids and other
basic drugs, and with fluoride
salts; treatment of snake bite;
cyanide poisoning

Prenalterol Poisoning with β-blockers
Propylene glycol Poisoning with phenolphthalein
Rabbit brain Poisoning with Amanita fungi
Sodium formaldehyde Poisoning with mercuric chloride

sulphoxylate
Sodium lactate Poisoning with procainamide and

quinidine
Sodium salicylate Beryllium poisoning
Sodium salts (citrate, sulphate) Lead poisoning
Sodium thiosulphate Poisoning with hypochlorites;

iodine poisoning
Sulphuric acid (dilute), Lead poisoning

sulphuretted waters (‘sulphur
baths’)

Theophylline Benzodiazepine poisoning
Tincture of gentian Strychnine poisoning
Tincture of iodine Oral ingestion of lead, mercury,

and silver salts; quinine,
strychnine, phenol poisoning

Tobacco (boiling water extract) Mushroom poisoning
Turpentine (spirits, oil) Cyanide poisoning; phosphorus

poisoning
Urease + urea Phosgene poisoning
Yohimbine Tricyclic antidepressant poisoning
Zinc phosphide Mercury poisoning



Type of antidote Agent(s) Indication(s)

Neutralizing agent Chalk, cream, flour, lime water, Acidic poisons
magnesium carbonate,
magnesium hydroxide (‘milk
of magnesia’), potassium
carbonate, sodium bicarbonate,
sodium carbonate (soda), starch
paste, wall plaster

Acetic acid (vinegar), citric acid Alkaline poisons
(lemon juice, lime juice, orange
juice), hydrochloric acid

Opioid antagonist Levallorphan (Lorfan), Poisoning with opioids
nalorphine (Nalline)

Oral adsorbent Cyanide antidote solutions Cyanide poisoning
‘A’ and ‘B’

Cholestyramine Poisoning with digitalis glycosides;
chlordecone poisoning

Ferric hydroxide/magnesium Poisoning with arsenic salts
hydroxide (‘antidotum arsenici’);
‘hydrated sesquioxide of iron’,
‘dialysed iron’

Ferrous sulphate (copperas) Cyanide poisoning
Iron filings Poisoning with copper salts and

mercury salts
Meconic acid Poisoning with mercury salts
Mercury Poisoning with mercuric chloride
Potassium sulphide Poisoning with lead and other toxic

metals
Sodium chloride Poisoning with silver salts
Sodium phosphate (phospho- Poisoning with iron salts; lead
soda) poisoning

Sugar Poisoning with copper salts
Sulphates (calcium, magnesium, Poisoning with soluble barium and
sodium) lead salts

Tannins [cold tea, oak bark or Poisoning with alkaloids and other
galls, Cinchona bark (Peruvian basic drugs; poisoning with
bark)] cardiac glycosides; poisoning

with mercuric chloride and with
potassium antimony tartrate

‘Universal antidote’ Ingested poisons

Sedative Chloral, chloroform, diethyl Agitation/convulsions (as in
ether, potassium bromide, poisoning with picrotoxin or
tribromoethanol (Avertin) strychnine)

Digitalis alkaloids, ethanol, Delirium tremens
paraldehyde, sodium bromide
(intrathecal)

Urine pH modifier Acetazolamide, sodium lactate Alkalinization
Ammonium chloride, arginine, Acidification
ascorbate, hydrochloric acid,
phosphoric acid
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2.1 INTRODUCTION

Metal ions such as lead and cadmium inhibit enzymes containing sulphydryl (thiol)
moieties via mercaptide formation. Other endogenous ligands also contribute to binding
in tissues. The aim of therapy is to administer relatively non-toxic compounds that
bind toxic metal ions more strongly than cellular macromolecules, thus forming non-
toxic complexes that may in turn be readily excreted (Aaseth, 1983; Jones, 1991;
Klaassen, 1996). A range of chelating and other agents is used to treat poisoning with
metal ions, in the treatment of metal storage diseases, in particular in Wilson’s disease
(genetic caeruloplasmin deficiency), and in haemochromatosis, and to aid the
elimination of metallic radionuclides from the body. A list of chelating agents and
related compounds that have been suggested for clinical use is given in Table 2.1. A
further non-water-soluble compound, potassium iron(III) hexacyanoferrate(II)
(Prussian Blue), is given orally to sequester thallium in the intestine prior to elimination
in faeces. A second metal-complexing agent, ammonium tetrathiomolybdate, has been
suggested for use in symptomatic patients with Wilson’s disease, although D-
penicillamine is much more widely used in practice to treat this condition.

A chelate is a coordination compound in which a central atom (usually a metal) is
joined by covalent bonds to two or more other atoms of one or more other molecules or
ions (ligands), so that heterocyclic rings are formed with the central (metal) atom as
part of each ring. Ligands offering two groups for attachment to the metal are termed
bidentate (two-toothed); three groups, tridentate; etc. The ideal chelating agent for
clinical use in treating poisoning with metal ions would be (i) water-soluble, (ii) resistant
to metabolism, (iii) able to reach sites where metal ions accumulate, (iv) able to displace
metal ions from endogenous ligands and (v) form non-toxic, readily excretable chelates
that are stable at physiological pH. In addition, the agent should have a low affinity for
Ca2+ because this ion is readily available for chelation in plasma and should not interfere
in the metabolism of other metal ions present in physiological concentrations.

The word chelate is derived from the Greek ‘χηελα’ = chela, a claw, which alludes to
the way in which the metal atom is bound. The most stable chelate rings are five-
membered; as the number of members increases above six so the stability of the ring
decreases. The stability of metal chelates also varies with the metal ion and with the
ligand. Lead and mercury have greater affinity for sulphur and for nitrogen than for
oxygen in ligands. Calcium, on the other hand, has a greater affinity for oxygen than
for nitrogen or sulphur. These differences in affinity serve as the basis of selectivity of
action of a chelating agent in clinical use. This said, with the exception of the
deferoxamine–Fe3+ complex (ferrioxamine), little is known of the actual form in which
metal ions are excreted after administration of a chelating agent.

Chelating agents which themselves contain thiol moieties may interact with
endogenous thiols, thereby increasing blood reduced glutathione (GSH), for example,
and either directly or indirectly alter the distribution of metal ions in tissues. It has
been postulated that GSH availability is important in moderating the toxicity of
mercuric chloride (Naganuma et al., 1990), and in reversing the inhibition of ∆-
aminolaevulinate dehydratase by lead and in facilitating lead removal by chelation
(Paredes et al., 1985). Dimercaptosuccinic acid (DMSA), either alone or together with
calcium disodium edetate (calcium disodium EDTA), has been found to increase blood
GSH (Flora et al., 1995a).
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Once chelation therapy is initiated there is a tendency for any chelate to dissociate
and release metal ions back into the circulation; for this reason it is important to
maintain a constant excess of chelating agent. Efficacy is usually assessed by urinary/
biliary excretion of metal ion – unfortunately few studies have also looked at clinical
markers of efficacy (Kosnett, 1992). Haemodialysis may be required to remove a chelate
complex in patients, such as those with renal failure, in whom urine flow is inadequate
despite the use of fluids and diuretics. Most agents used to treat poisoning with metal

TABLE 2.1
Summary of chelating agents suggested for use in treating poisoning with metal ions

Chelating agent Metal/metal complexa

N-Acetyl-L-cysteine (NAC) (As, Hg)
N-Acetyl-D,L-penicillamine (NAPA) (Hg)
Aurintricarboxylic acid (ATA) (Be)
N-Benzyl-D-glucaminedithiocarbamate (BGDTC) (Cd, Ni)
Calcium disodium edetate (calcium disodium EDTA) Pb (Be) [ointment: Cr6+

ulcers]
Calcium trisodium diethylenetriaminepenta-acetate (DTPA) Pu, Am (Fe)
1,2-Cyclohexanediaminetetra-acetate (CDTA) (Ni)
Deferiprone (DMHP, L1) Fe
Deferoxamine (desferrioxamine, DFO) Fe, Al
Diethyldithiocarbamate (DEDTC) (Ni)
4,5-Dihydroxy-1,3-benzenedisulphonic acid (Tiron) (Fe)
2,3-Dihydroxybenzoic acid (Fe)
Dihydroxyethyldithiocarbamate (DHEDTC) (Ni)
Etidronic acid (EHDP) (U)
N,N′-bis(2-Hydroxybenzyl)ethylenediamine-N,N′-diacetic acid (Fe)

(HBED)
Dexrazoxane (Fe)
Dimercaprol (British anti-lewisite, BAL) As, Hg, Au (Bi, Cu, Pb in

children)
N-(2,3-Dimercaptopropyl)phthalamidic acid (DMPA) (As, Hg)
meso-2,3-Dimercaptosuccinic acid (DMSA) Pb (Be, Ni)
Ethylenebis-2-hydroxyphenylglycine (EHPG) (Fe)
N-(4-Methoxybenzyl)-D-glucaminedithiocarbamate (MBGDTC) (Cd)
D-Penicillamine As, Pb, Cu
Pyridoxal isonicotinoyl hydrazone (PIH) (Fe)
Rhodotorulic acid (Fe)
Sodium 2,3-dimercaptopropanesulphonate (DMPS) As, Bi, Cu, Hg
Thiopronine (TP) (Bi)
N,N′,N′′,N′′′-Tetrakis(2-hydroxypropyl)1,4,7,10-tetra- (Cd)

azacyclododecane (THP-12-ane N4)
Triethylenetetramine (trientine, TETA) Cu

Note
a Symbols in round brackets = treatment of largely theoretical value rather than established

clinical use.
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ions can chelate several different elements (Aaseth, 1983; Table 2.1). One concern
when giving chronic chelation therapy is thus the risk of causing trace element depletion.
A further consideration is that most chelating agents used clinically are relatively polar
and, hence, water-soluble. For this reason most penetrate cell membranes poorly, and
treatment is most likely to be effective if the chelating agent is given while the metal is
still in the circulation or in the extracellular space.

Chelation of a metal ion tends to increase the lipid solubility of both the metal ion
and the chelating agent. A fundamental concern in the use of chelation therapy is thus
the risk of enhancing toxicity by increasing absorption or by favouring distribution
into lipid-rich tissues such as the CNS (Kosnett, 1992). Calcium disodium edetate, for
example, should not be given orally to treat lead poisoning because of the risk of
enhancing lead absorption from the gastrointestinal tract. On the other hand, oral
deferoxamine (DFO) or DMSA may be used to treat acute ingestion of iron or cadmium
salts, respectively, as these agents effectively prevent absorption of the metal ion in
question and thus reduce the potential for toxic damage. Oral DFO is of no value in
treating haemochromatosis, however, as its bioavailability is negligible when given by
mouth. Despite much research there is still no clinically effective chelating agent for
use in chronic poisoning with not only cadmium, but also beryllium, manganese and
radium (Jones and Cherian, 1990; Jones, 1991).

Chelating agents are usually used alone, but there is interest in developing
combinations of agents, one of which would mobilize the metal ion from tissues into
blood, while the other would favour excretion into urine and/or bile. One practical
example of this has been the concomitant administration of calcium disodium edetate
and dimercaprol in treating lead poisoning in children, although the value of this
approach has been questioned because of the risk of dimercaprol enhancing tissue,
especially brain, lead absorption. More recently, the effect of combined treatment with
calcium disodium edetate and DMSA on lead excretion and other parameters of lead
intoxication has been studied in rats (Flora et al., 1995a).

The steps involved in the mobilization of most metal ions from tissue deposits by
chelating agents are unknown. In the case of iron mobilization from tissues, the rate of
mobilization may be enhanced by reducing agents such as ascorbic acid (vitamin C) or
low-formula-mass chelators such as nitrilotriacetate or phosphonates. Ascorbate or
xanthine may be required to mobilize Fe3+ from ferritin (Funk et al., 1985; Topham et
al., 1989), while the small chelators may act to transfer iron to larger chelators such as
DFO (Harris, 1984; Harris et al., 1987). Ascorbate or B vitamins can also enhance lead
excretion when given with a chelating agent such as edetate in experimental animals,
although the underlying mechanism(s) are unknown (Jones, 1991). There seems no
reason to suppose that such examples of synergy cannot occur with other metal ion/
chelating agent combinations.

Chelation therapy may be indicated in pregnancy, and thus the developmental
toxicology of chelating agents is an important topic (Domingo, 1998). For some chelating
agents, teratogenic or fetotoxic effects have been reported at doses higher than those
currently used to treat poisoning with toxic metals. The teratogenic potential of some
other agents is due to induced trace element deficiencies, at least in part. Hence it is
important that pregnant women given chelation therapy also receive adequate doses
of mineral supplements (Domingo, 1998).
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Chelation therapy – toxic metals I

• The aim is to administer a non-toxic compound that binds metal ions more
strongly than cell macromolecules and forms a water-soluble compound which
can be excreted

• A chelate is a coordination compound in which the central atom (usually a
metal) is covalently bonded to two or more other atoms

• Heterocyclic rings are formed with the metal atom as part of each ring
• The most stable rings are five- or six-membered
• Ligands offering two groups for attachment to the metal ion are termed

bidentate, those offering three groups tridentate, etc.
• A fundamental concern is the risk of enhancing toxicity by forming complexes

that favour absorption and/or distribution of the metal ion to tissues
• There may be a risk of trace element depletion if chelating agents are given

for prolonged periods

Chelation therapy – toxic metals II

•  Chelation therapy is used to treat:
− poisoning with metal ions
– metal storage diseases, notably Wilson’s disease (genetic caeruloplasmin

deficiency) and haemochromatosis
• Sometimes used to aid elimination of metallic radionuclides
• Treatment is most effective if given while the metal ion is still in the

extracellular compartment
• Important to maintain constant excess of chelating agent to minimize

dissociation of the chelate
• Haemodialysis may be necessary to remove the chelate if renal function is

impaired, although chelators such as DMSA probably chelate metal ions in
the gut, facilitating faecal elimination

2.2 AGENTS USED TO TREAT POISONING WITH LEAD
AND OTHER TOXIC METALS

2.2.1 Overview of the clinical features of lead poisoning

Lead toxicity remains an important issue, even in countries where much has been
done to minimize exposure. Lead distributes to three compartments in man: blood,
vascular tissues and bone (Rabinowitz et al., 1976; Figures 2.1 and 2.2). Absorbed lead
that is not retained in bone or soft tissues is excreted in urine (65 %) and in bile (35 %)
(Goyer, 1993). Lead from blood and vascular tissues can be readily removed from the
body. However, animal studies indicate that, even when powerful chelators such as
edetate (EDTA) are used, the bone lead store is not directly chelatable (Doniec et al.,
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1983). Bone lead leaches out into blood in the days that follow chelation therapy and
post-treatment increases in blood lead concentrations are well recognized by those
who treat lead poisoning.

Accumulation of ∆-aminolaevulinic acid in blood and urine is the earliest easily
measurable marker of lead toxicity, other than measurement of blood lead. This occurs
at blood lead concentrations > 100 µg/L (10 µg/dL, 0.5 µmol/L). The commonest
scenarios for clinical effects of lead poisoning to occur are as a result of chronic

Figure 2.2: Radiograph of the knee of a 43-year-old man showing radio-opacity at growing
surfaces due to lead deposition

Figure 2.1: Radiograph of the left hand of a 3-year-old girl showing metaphyseal radio-opacity
due to lead deposition (‘lead lines’)
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environmental exposure in children or chronic occupational exposure in adults.
Although the benefit of chelation therapy for acute lead poisoning is clear, the optimum
use of such therapy for ‘low-level’ lead poisoning, with the aim in children being to
safeguard against possible developmental retardation, remains to be evaluated.

In children, acute lead encephalopathy is usually associated with blood lead
concentrations > 1,000 µg/L, although it has been reported with concentrations as low
as 700 µg/L. The incidence of death or permanent neurological damage including mental
impairment, seizures, blindness and hemiparesis after encephalopathy was 25–35 %
before the introduction chelation therapy (Chisolm, 1968). With blood lead
concentrations between 500 and 700 µg/L a child often shows evidence of hyperirritable
behaviour with decreased interest in play. They may even become labelled as ‘difficult’.
Intermittent vomiting, abdominal pain and anorexia may occur subsequently or
concurrently.

In adults, early symptoms of chronic lead exposure (blood lead concentrations 400–
800 µg/L) include increased tiredness, readiness to fall asleep and irritability. Subclinical
effects on reproductive function and hypertension may also be seen. As exposure
increases (blood lead concentrations > 800 µg/L), symptoms include headache, memory
loss, insomnia, metallic taste, abdominal pain with guarding and tenderness, decreased
appetite, weight loss and constipation (Goyer, 1996). As exposure increases further,
the frequency of abdominal colicky pain increases, anaemia worsens and the patient is
at substantial risk of encephalopathy or peripheral neuropathy with dominant hand or
wrist weakness. In encephalopathy (blood lead concentrations > 1,500 µg/L), coma
and papilloedema are usually present. Interestingly, patients with tetraethyl lead toxicity
do not become anaemic and blood lead concentrations are not necessarily elevated,
even in affected patients.

2.2.1.1 Management of lead poisoning in children

The baseline excretion of lead in urine is not considered a sensitive biomarker of lead
exposure. A blood lead concentration of 100 µg/L has been defined as the ‘intervention
level’ for children in the USA (Centers for Disease Control and Prevention, 1991) and
250 µg/L is the corresponding figure used in the UK. It is noteworthy that current
evidence points to cognitive deficits at a blood lead concentration well below 250 µg/L
in children. The most important aspect of the management of lead poisoning in children
is removal from continuing exposure to lead in domestic drinking water, paint, dust
and other sources such as ayurevic products (Indian cosmetics) containing high
concentrations of toxic metal ions (Landrigan, 1983; Lanphear et al., 1999; Matte, 1999).

Use of chelation therapy is a relatively inefficient process, with a course of therapy
perhaps decreasing body lead burden by as little as 1–2 % (Mortensen and Walson,
1993). The need for chelation therapy is determined by the child’s age, clinical features
of toxicity and blood lead concentration (Table 2.2). Dimercaprol (British anti-lewisite,
BAL) and calcium disodium edetate (calcium disodium EDTA) are used parenterally
in more severe cases. Succimer (dimercaptosuccinic acid, DMSA) is available for oral
therapy (Dart et al., 1994). Full details of the use of each of these antidotes are given in
subsequent sections. DMSA is effective in removing lead from the body when given by
mouth, and this makes it tempting to prescribe this routinely for all paediatric
outpatients. However, some evidence from animal work suggests that DMSA may
enhance lead absorption from the gastrointestinal tract, and therefore it is prudent to
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protect children from continued lead exposure during treatment with this compound
(Chisolm, 1992, 2000). After initial chelation therapy, decisions to repeat courses of
treatment are based on both clinical features and blood lead concentrations. In children
with milder degrees of plumbism, i.e. asymptomatic or with blood lead concentrations
< 700 µg/L, it is reasonable to allow 10–14 days of re-equilibration before restarting
chelation therapy (American Academy of Pediatrics, 1995). D-Penicillamine has also
been used to treat children with mild/moderate lead poisoning, but it has now largely
been replaced by DMSA.

Chelation therapy effectively reduces blood lead, but remarkably it is still unclear
whether it reduces total or critical body burdens of lead in asymptomatic children with
moderately elevated blood lead concentrations ( Kosnett, 1992; Markowitz et al., 1993;
Mortensen and Walsen, 1993). There is fear that chelation therapy may merely
redistribute metal from less vulnerable sites such as bone to more vulnerable target

TABLE 2.2
Guidelines for the use of chelation therapy in treating lead poisoning in children
(modified after Henretig, 1998)

Clinical state Dose and therapy indicated Notes

Encephalopathy Dimercaprol 450 mg m–2 d–1 75 mg m–2 i.m. 4-hourly (5 days) +
+ calcium disodium edetate continuous infusion, or 2–4 divided
1,500 mg m–2 d–1 i.v. doses (5 days, start 4 h after

dimercaprol), with subsequent
courses based on blood lead
concentration and clinical features

Symptomatic (blood Dimercaprol 300–450 50–75 mg/m2 i.m. 4-hourly (3–5
lead above 700 µg/L) mg m–2 d–1 + calcium days) + continuous infusion, or 2–4

disodium edetate divided i.v. doses (5 days, start 4 h
1,000–1,500 mg m–2 d–1 after dimercaprol), with

subsequent courses based on blood
lead concentration and clinical
features

Asymptomatic (blood Succimer (DMSA) 700–1,050 350 mg/m2 8-hourly (5 days), then
lead 450–690 µg/L) mg m–2 d–1 or calcium twice daily (14 days); continuous

disodium edetate 1,000 infusion, or 2–4 divided i.v. doses (5
mg m–2 d–1 (or, rarely, days), with subsequent courses
D-penicillamine) based on blood lead concentration

and clinical features
Blood lead Controversial (American 350 mg/m2 8-hourly (5 days), then
200–440  µg/L Academy of Pediatrics, 1995).  twice daily (14 days)

Routine chelation not
indicated, but consider
DMSA if blood lead > 350
µg/L in a child < 2 years

old and rising despite
aggressive exposure reduction
measures

Blood lead less than Chelation not indicated,
200 µg/L attempt exposure reduction
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organs such as brain (Chisolm, 1987; Kosnett, 1992). However, effective chelation clearly
reduced the morbidity and mortality of clinically overt lead poisoning in the 1960s
(Chisolm, 1968). In the USA and UK, the majority of children with blood lead
concentrations of 250–450 µg/L do not receive either calcium disodium edetate or DMSA
(Norman and Bordley, 1995). Where treatment of lead poisoning with a chelating agent
is required, oral DMSA is now more commonly used than i.v. calcium disodium edetate.

DMSA forms soluble complexes with lead that are excreted by the kidneys. In the
USA, DMSA is approved only for the treatment of children with blood lead
concentrations > 450 µg/L (2.17 µmol/L). However, it is equally effective at lowering
blood lead in children with concentrations of this element < 450 µg/L (Liebelt et al.,
1994; Besunder et al., 1995). DMSA is well tolerated and toxicity is infrequent. It is a
relatively specific chelating agent for lead, producing less undesired excretion of zinc,
copper, iron and calcium than calcium disodium edetate (Graziano, 1993). Few studies
have examined the effect of chelation treatment on neurobehavioural outcomes,
particularly in low-level chronic lead exposure in children, although it is theoretically
appealing. In one clinical trial, Ruff et al. (1993) showed that, after treatment with
calcium disodium edetate, improvements in performance were related to decreases in
blood lead concentrations. Standardized mental development scores increased 1 point
for every 30 µg/L (0.14 µmol/L) decrease in blood lead. Unfortunately, in the major
centres that provide care for lead-poisoned children in the UK and in other parts of
Europe, and in the USA, there is no consensus on the use of chelation therapy for
treating ‘low-level’ lead poisoning. Poisons information centres will advise on the
appropriate management of individual cases.

Children with acute encephalopathy, anaemia and either lead lines or evidence of
recent pica on abdominal radiographs need immediate chelation therapy for lead
poisoning. Confirmation of elevated blood lead should not need to occur before
treatment is instituted if this may cause unnecessary delay. Acute bacterial meningitis
or herpetic encephalitis must of course first be excluded, but lumbar puncture in the
presence of lead encephalopathy is dangerous because of the likelihood that the
intracranial pressure will be raised. Encephalopathy requires treatment by a
combination of parenteral chelation therapy, maximal dose dimercaprol and calcium
disodium edetate, and meticulous supportive care (Table 2.2) (American Academy of
Pediatrics, 1995). If there is radiological evidence of residual gut lead, whole-bowel
irrigation with polyethylene glycol to remove this has been advocated (American
Academy of Pediatrics, 1995). Fluids and electrolytes should be closely monitored.
Seizure control is achieved by use of diazepam (0.1–0.3 mg/kg) or phenytoin (loading
dose 15–20 mg/kg, then 5–10 mg/kg). Hyperventilation, osmotic diuretics and steroids
have not been rigorously evaluated but might offer pragmatic approaches to reduction
of intracerebral pressure (American Academy of Pediatrics, 1995). Patients with
encephalopathy or with initial blood lead concentrations > 1,000 µg/L will often require
repeated courses of treatment. It is suggested that at least 2 days elapse before restarting
chelation therapy after the first course to allow equilibration from other compartments
into the vascular compartment to take place.

Studies to investigate the benefits of combining calcium disodium edetate with DMSA
or dimercaptopropanesulphonate (DMPS; section 2.2.7) have been performed in rats,
and the combination seems more effective in enhancing urine and faecal excretion
and lowering concentrations of lead in blood and the liver but may increase the incidence
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of nephrotoxicity and zinc depletion (Tandon et al., 1994; Flora et al., 1995a). The
appropriate clinical application of this work remains to be elucidated.

2.2.1.2 Management of lead poisoning in adults

The most important aspect of management of lead poisoning is removal from sources
of exposure to lead. Chelation therapy should never be given prophylactically (Seward,
1996). The decision to give chelation therapy to treat lead poisoning is influenced by
the clinical features of toxicity and blood lead concentration, as discussed for children.
However, the threshold for use of chelation therapy is at higher blood lead concentrations
in adults than in children because children’s brains are growing and developing and
are thus thought to be more susceptible to lead-induced toxicity (Table 2.3).

A patient who presents with acute lead encephalopathy, with an occupational history
of lead exposure and laboratory findings such as anaemia, basophilic stippling, elevated
red blood cell protoporphyrin, especially if > 0.44 µmol/L (250 µg/L) and abnormal
urinalysis requires urgent treatment for lead poisoning. Delay in administration of
chelation therapy while waiting for the result of a blood lead measurement is
unacceptable. On the other hand, treatment of patients with poisoning due to tetraethyl
lead is largely supportive, with sedation as necessary. If blood lead concentrations are
very high, chelation therapy may be considered but has not been found efficacious as
yet (Saryan and Zenz, 1994).

TABLE 2.3
Guidelines for the use of chelation therapy in treating lead poisoning in adults (modified
after Henretig, 1998)

Clinical state Dose and therapy indicated Notes

Encephalopathy Dimercaprol 450 mg m–2 d–1 75 mg/m2 i.m. 4-hourly (5 days) +
+ calcium disodium edetate continuous infusion, or 2–4 divided
1,500 mg m–2 d–1 i.v. doses (5 days, start 4 h after

dimercaprol), with subsequent
courses based on blood lead
concentration and clinical features

Symptomatic, blood Dimercaprol 300–450 50–75 mg/m2 i.m. 4-hourly (3–5
lead concentration mg m–2 d–1 + calcium  days) + continuous infusion, or
above 1,000 µg/L disodium edetate 1,000–1,500 2–4 divided i.v. doses (5 days, start

mg m–2 d–1 4 h after dimercaprol), with
subsequent courses based on blood
lead concentration and clinical
features

Mild features of DMSA 700–1,050 mg m–2 d–1 350 mg/m2 thrice daily (5 days),
toxicity, or blood lead then twice daily (14 days), with
concentration 700– subsequent courses based on blood
1,000 µg/L lead concentration and clinical

features
Asymptomatic (blood Usually not indicated Remove from exposure
lead below 700 µg/L)
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2.2.2 Calcium disodium edetate (calcium disodium EDTA)

Disodium edetate (sodium edetate, sodium EDTA) has a strong affinity for calcium
and other divalent cations (Schwarzenbach and Ackermann, 1948). However, disodium
edetate can cause tetany if given i.v. because it chelates calcium. Calcium disodium
edetate (sodium calciumedetate; sodium calcium edetate; calcium disodium EDTA;
calcium disodium ethylenediaminetetra-acetic acid; calcium disodium versenate;
edathamil calcium disodium; Ledclair, Sinclair; Sequestrene) (Figure 2.3) forms water-
soluble complexes with polyvalent metal ions that have a higher affinity for EDTA
than calcium such as lead, iron, copper, cobalt and zinc (Anonymous, 1953). Striking
increases in urinary lead excretion followed i.v. injection of calcium disodium edetate
in patients with chronic lead poisoning (Hardy et al., 1954). Oral administration is less
effective in removing lead from the body in such patients as judged post dose by urinary
and faecal lead excretion (Bell et al., 1956), probably because the oral bioavailability of
the drug is less than 5 % (Lilis and Fischbein, 1976).

Calcium disodium edetate is rapidly absorbed if given intramuscularly (i.m.).
However, it is so painful when given by this route that it is always given i.v. It has a
plasma half-life of 20–60 min, exhibits first-order elimination kinetics, is 10 % bound
to plasma protein and distributes to extracellular space with a volume of distribution
(VD) of some 0.2 L/kg (Klaasen, 1996). It has been estimated that only around 5 % of
the plasma concentration is found in CSF (Foreman and Trujilo, 1954). Calcium
disodium edetate is excreted rapidly in urine, if renal function is normal, at a rate that
equates to the glomerular filtration rate (Morgan, 1975). Some 70 % of an i.v. dose
appears in urine within 2 h, and 90 % within 6 h (Osterloh and Becker, 1986). A reduced
dose is needed in patients with impaired renal function such as in those with lead
nephropathy (Morgan, 1975; Osterloh and Becker, 1986).

Figure 2.3: Molecular formula of calcium disodium edetate (calcium disodium EDTA)

Calcium disodium edetate

CAS registry number 62-33-9 (anhydrous)
Relative formula mass 374.3 (anhydrous)
Oral absorption (%) < 5
Plasma half-life (min) 20–60
Volume of distribution (L/kg) 0.2
Plasma protein binding (%) 10
Urinary excretion (% unchanged) 70 (2 h post dose)
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The affinity constant of a metal for edetate is a measure of the stability of the
resultant complex. A metal with a given affinity constant will displace a metal with a
lower affinity constant (Table 2.4). Thus, the affinity constant of the lead complex is
107 times greater than that of the calcium complex, and therefore the principal clinical
role for calcium disodium edetate is in the treatment of lead poisoning. Castellino and
Aloj (1965) showed in rats a biphasic pattern of lead excretion after EDTA weakly
bound extracellular lead being excreted rapidly, with lead complexed within cells being
removed very slowly. Hammond (1971) further showed that bone provides the primary
source of intracellular lead, which is chelated by EDTA only once it has entered the
blood. There is limited evidence to suggest that folate, pyridoxine and thiamine may
increase the efficacy of calcium disodium edetate treatment of lead poisoning (Tandon
et al., 1987).

Mercury forms a complex with EDTA that is even more stable than that formed by
lead. Unfortunately, this has no clinical application because mercury binds to sulphydryl
groups of intracellular enzymes, and EDTA, which is ionized at physiological pH,
penetrates cell membranes poorly (Osterloh and Becker, 1986). Calcium disodium
edetate also chelates zinc and, to a lesser extent, iron, copper, manganese and cadmium.
However, EDTA is ineffective in iron poisoning because it has less affinity for iron than
transferrin and other iron-binding proteins.

2.2.2.1 Clinical use of calcium disodium edetate

The primary use of calcium disodium edetate is in the management of lead poisoning
in children and adults (Tables 2.2 and 2.3). It has also been used to treat plutonium
intoxication.

TABLE 2.4
Approximate stability constants of some metal ion–EDTA
complexes (Martell and Calvin, 1953)

Metal ion Stability constant (log10)

Na+ 1.7
Li+ 2.8
Ba2+ 7.8
Sr2+ 8.6
Mg2+ 8.7
Ca2+ 10.6
Mn2+ 13.4
Fe2+ 14.4
La3+ 15.4
Co2+ 16.1
Zn2+ 16.1
Cd2+ 16.4
Pb2+ 18.2
Cu2+ 18.3
Ni2+ 18.4
Fe3+ 25.1
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After use of EDTA, urinary lead excretion is increased 20- to 50-fold. Calcium
disodium edetate should be given parenterally to treat lead poisoning because oral
administration may enhance lead absorption from the gut. The dose is calculated using
the body surface area or weight of the patient taking into account the severity of
poisoning. Usually the total daily dose is given i.v. as a single prolonged daily infusion
over 8–24 h for up to 5 days, followed by a rest period of at least 2–4 days. The rest
period allows time for the lead to redistribute, for example from bone. It is important
that before a follow-up blood lead concentration is measured, the edetate infusion
should be interrupted for at least 1 h to avoid a falsely elevated value. The dose of
calcium disodium edetate is 30–40 mg kg–1 d–1 or 1,500 mg m–2 d–1. For infusion, every
2 g Ledclair should be diluted with 250 mL of 0.9 % (w/v) sodium chloride or 5 % (w/v)
D-glucose; it is not compatible with other solutions such as sodium bicarbonate.
Alternatively, the daily dose may be divided into two i.m. injections provided that
procaine 0.5 % is added to reduce the pain at the injection site (Klaasen, 1996). After
not less than 2 days (to allow for redistribution of lead between intra- and extracellular
compartments) the course may be repeated. In theory each 0.5 g of calcium disodium
edetate should result in the excretion of 260 mg lead, but the efficiency is only 0.5 % or
so, probably because release of lead from tissue binding sites is slow.

It is important to monitor renal function closely during calcium disodium edetate
administration and to adjust the dose and dosage schedule should renal dysfunction be
present (Morgan, 1975; Osterloh and Becker, 1986). Induction of nephrotoxicity is
reduced by keeping the total daily dose to 1 g in children or 2 g in adults, though doses
may need to be higher than this, particularly if encephalopathy is present. Small doses,
widely spaced with adequate hydration, increase the efficacy of therapy and decrease
the chance of nephrotoxicity (Morgan, 1975). However, patients with encephalopathy
should not be given large volumes of fluid too rapidly as this may worsen cerebral
oedema and raise intracranial pressure.

There is some evidence that giving dimercaprol by deep i.m. injection (4-hourly,
24 h) enhances the efficacy of calcium disodium edetate in increasing urinary lead
excretion in children and may prevent the effects of lead on haemoglobin synthesis
and limit progression of toxicity (American Academy of Pediatrics, 1995). It has become
accepted that for children or adults with lead encephalopathy or blood lead
concentrations greater than 700 or 1000 µg/L, respectively, treatment should start with
dimercaprol (5 mg/kg or 50–75 mg/m2 i.m.), a second i.m. dose being given 4 h later.
This should be followed immediately by an infusion of calcium disodium edetate (Tables
2.2 and 2.3). This is much more effective than starting calcium disodium edetate before
or at the same time as dimercaprol in children with acute lead encephalopathy, probably
because EDTA alone promotes redistribution of lead from soft tissue to brain (Cory-
Slechta et al., 1987; American Academy of Pediatrics, 1995; Cory-Slechta, 1995).

Combined use of parenteral calcium disodium edetate and dimercaprol increased
urinary lead excretion over 5 days in 20 male patients admitted with petrol-sniffing
encephalopathy (Burns and Currie, 1995). This report is especially interesting as alkyl
lead petrol additives are not themselves chelatable. However, there is concern that
dimercaprol may enhance brain lead and arsenic uptake (Chisolm, 1970; Hoover and
Aposhian, 1983; Kreppel et al., 1990). On the other hand, calcium disodium edetate
itself may enhance brain lead uptake (Cory-Slechta et al., 1987; Kosnett, 1992);
comparable findings have been obtained with bismuth (Slikkerveer et al., 1992).
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The use of calcium disodium edetate challenge in diagnosing subacute lead poisoning
has been described previously (Brangstrup Hansen et al., 1981; Saenger et al., 1982).
For example, a dose of 25 mg/kg was given i.v. over 90 min, or 75 mg/kg was given i.m.
with procaine in three equal parts 8-hourly. Urine was collected over 24 h for lead
measurement, a urinary lead excretion after EDTA of more than 650 µg/d suggesting
the presence of potentially toxic amounts of lead in the body. However, the test is
expensive, relatively difficult to perform, may redistribute lead to the brain in rats,
offers no real advantage over blood lead measurement and is now considered obsolete
(Chisolm, 1987; American Academy of Pediatrics, 1995).

A patient with beryllium poisoning tolerated doses of 10 g/d calcium disodium edetate
up to a total of 99 g. Calcium disodium edetate ointment is valuable in treating
ulceration of the skin and nasal septum caused by hexavalent chromium (Anonymous,
1963; Maloof, 1965) and may also be useful after topical exposure to salts of other
metals.

2.2.2.2 Adverse effects of calcium disodium edetate

The principal toxicity of calcium disodium edetate relates to the metal chelate, and in
lead poisoning this affects the proximal tubule, distal tubule and glomerulus of the
kidney as lead is released from the chelate in the kidneys (Klaasen, 1996). Cases of
anuria have been reported when EDTA has been used to treat lead poisoning (Ohlsson,
1962; Tolot et al., 1978). Such chelate-induced renal damage is reversible (Moel and
Kumar, 1982) and probably results not from the chelate directly, but from reabsorption
of the toxic metal in the tubule (Dally, 1992). Of 130 children receiving dimercaprol
and calcium disodium edetate, 3 % developed acute renal failure, which did not need
haemodialysis, and 13 % had biochemical evidence of nephrotoxicity (Moel and Kumar,
1982). In this context it should be remembered that lead poisoning can also cause
renal damage independent of any chelation therapy. In another series of 122 patients
given EDTA, none showed a post-treatment increase in plasma creatinine (Wedeen et
al., 1983).

Reversible mild increases in plasma hepatic aminotransferase activities are
frequently reported after calcium disodium edetate. Extravasation may result in
development of painful calcinosis at the injection site (Schumacher et al., 1987).
Prolonged systemic therapy with calcium disodium edetate may cause zinc and vitamin
B6 deficiency (Cantilena and Klaasen, 1982; Thomas and Chisolm, 1986). Febrile
reactions with headache, myalgia, nausea and vomiting, and lachrymation, nasal,
mucocutaneous lesions, glycosuria, hypotension, and electrocardiographic (ECG)
abnormalities have also been reported.

The safety of calcium disodium edetate in pregnancy is not established, but in rats
more live fetuses resulted when EDTA was used to treat lead poisoning (Flora and
Tandon, 1987). However, in rats that did not have lead poisoning, increases in submucous
clefts, cleft palate, syndactyly, adactyly, abnormal ribs and vertebrae occurred with
doses of EDTA comparable to those used in man and without noticeable changes in the
mother (Brownie et al., 1986). Use of zinc calcium edetate caused no teratogenicity at
low doses, and therefore it has been proposed that zinc calcium edetate should be
available for use in pregnancy (Brownie et al., 1986).
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Calcium disodium edetate (Ledclair, Sequestrene)

• Chelates many polyvalent metal ions [Fe(III), Hg, Cu, Ni, Pb, Zn, Cd, Co,
Fe(II), Mn, Ca, etc.]

• Principal role is in the treatment of lead poisoning (Ca2+ salt used as sodium
edetate causes tetany)

• Ineffective in iron poisoning as less affinity for iron than iron-binding proteins
• Not useful in mercury poisoning as mercury is protein bound and EDTA does

not cross cell membranes
• Given i.v. because oral dosage may enhance absorption of lead from the

gastrointestinal tract
• Dimercaprol sometimes used as adjunct in lead encephalopathy in children

2.2.3 Calcium trisodium diethylenetriaminepenta-acetate
(DTPA)

Diethylenetriaminepenta-acetic acid (pentetic acid; DTPA; CAS 67-43-6) is a synthetic
polyaminocarboxylic acid with properties similar to those of EDTA (Hammond, 1971).
As with all chelating agents, calcium trisodium DTPA (CAS 12111-24-9) is most effective
if administered shortly after exposure. Oral calcium trisodium DTPA (Figure 2.4) has
been used to treat iron-overloaded patients (Muller-Eberhard et al., 1963;
Constantoulakis et al., 1974). DTPA may be more effective than EDTA in treating acute
poisoning with cobalt salts (Llobet et al., 1985), but appears to have no advantage over
EDTA in treating lead poisoning, at least in mice (Jones, 1991).

Measures to enhance the excretion of plutonium and other actinides such as
americium have been studied extensively. Plutonium-238 can be accidentally inhaled
after accidents in the nuclear power industry. The plutonium(IV) ion complexes with
transferrin in serum and may follow a metabolic path similar to that of iron(III).
Deferoxamine is effective in removing plutonium, but DTPA can be given orally and is
therefore the drug of choice for enhancing plutonium elimination (Truhaut et al., 1966;
Jones, 1991). Long-term zinc DTPA protected against the carcinogenicity of 239Pu(IV)
in mice (Jones et al., 1986). A number of other chelating agents for plutonium have
been investigated, but none has been found to be more effective than DTPA in removing
Pu(IV) from tissues (Jones, 1991). Inhaled plutonium is difficult to remove with oral
DTPA, and bronchoalveolar lavage with the chelating agent should enhance removal
in such cases.

Figure 2.4: Molecular formula of calcium trisodium diethylenetriaminepenta-acetate (DTPA)
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DTPA is provided as a white powder, which is made up in 0.9 % (w/v) sodium chloride
for i.v. use. DTPA is given in a dose range of about 1 g/d (about 30 µmol/kg/d) by slow
i.v. infusion over a few hours. In some cases, treatment has been carried out for one or
more years intermittently and without adverse effect, and with enhanced excretion of
small amounts of plutonium and americium. Combined treatment with early inhaled
DTPA followed by repeated i.v. injection is thought likely to be the most effective
treatment after inhalation of actinides (Stather et al., 1985). DTPA can also be given
additionally as an aerosolized solution (2 µmol/kg) in the case of inhalation of
radionuclides (Dally, 1992). DTPA has side-effects similar to those of EDTA, especially
loss of essential divalent cations such as calcium, copper, iron, zinc and magnesium. At
high dose, renal toxicity is seen, probably due to tubular reabsorption of the metal,
rather than the chelate itself (Dally, 1992). It has been suggested that, during chronic
therapy, calcium DTPA should be replaced by zinc DTPA in the later stages of long-
term DTPA treatment as zinc DTPA does not deplete the body of zinc and manganese
(Taylor and Volf, 1980; Mays et al., 1981).

Puchel [12,15,18,21,24-penta-azapentatriacontanedioic acid, 15,18,21-tris-
(carboxymethyl)-13,21-dioxo; CAS 75977-88-7 (pentasodium salt); Figure 2.5], a
lipophilic analogue of DTPA, was developed with the aim of enhancing the clearance
of plutonium from intracellular sites (Stradling and Bulman, 1981).

Figure 2.5: Structural formula of Puchel

2.2.4 Dimercaprol

Dimercaprol (2,3-dimercaptopropanol; Figure 2.6), the first chelating agent to be used
clinically, was designed to treat poisoning with the arsenical chemical warfare agent
lewisite [dichloro(2-chlorovinyl)arsine] (Peters et al., 1945 – see section 7.5.1), hence
its original name, British anti-lewisite (BAL). Currently, dimercaprol is sometimes
still used to treat arsenic (Eagle and Magnuson, 1946), inorganic mercury (Longcope
and Leutscher, 1946) and gold intoxication, and as an adjunct to calcium disodium
edetate in severe lead poisoning. In the treatment of poisoning with arsenic or with
mercury, dimercaprol has been largely superseded by DMPS and DMSA in many
countries (Mückter et al., 1997). It is thought that all of these compounds form stable,
relatively water-soluble 1,2,5-arsadithiolane derivatives with bifunctional arsenicals
(Figure 2.7).
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Figure 2.6: Structural formulae of some thiols used as chelating agents (DMPA = N-(2,3-
dimercaptopropyl)phthalamidic acid, DMPS = 2,3-dimercaptopropanesulphonic acid, DMSA
= 2,3-dimercaptosuccinic acid, NAC = N-acetyl-L-cysteine, TP = thiopronine [N-(2-
mercaptopropionyl)glycine]). *Chiral centre

Figure 2.7: Proposed structures of organoarsenic complexes with dimercaprol, DMPS and DMSA

Dimercaprol

CAS registry number 59-52-9
Relative formula mass 124.2
Oral absorption Negligible
tmax (i.m.) (min) 30
Plasma half-life (h) < 2
Urinary excretion (% dose) 90+ (4 h)
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In lead encephalopathy it is important to administer the dimercaprol first and the
EDTA several hours later with the second dose of dimercaprol to prevent EDTA
increasing the distribution of lead into the brain. Dimercaprol may also be useful in
antimony, bismuth, chromium, nickel, tungsten and zinc poisoning (Braun et al., 1946;
Petersilge, 1947). It has been employed to chelate copper in Wilson’s disease and may
still have a role in patients allergic to D-penicillamine. Dimercaprol is widely used in
developing countries, possibly because it is cheap and readily available.

Dimercaprol is said not to cause trace element depletion. However, it is not generally
used in adult lead poisoning, and dimercaprol alone is contraindicated in poisoning
with cadmium, iron, selenium, tellurium and organomercurials as it may increase tissue
uptake of the poison. In sodium selenate poisoning, however, use of ascorbic acid (1 g
i.m. and then 4 g/d orally) together with dimercaprol (initially 150 mg 6-hourly i.v.)
has been reported to be effective (Civil and McDonald, 1978). Dimercaprol should not
be used in patients with hepatic damage as rats with damaged livers showed toxicity
with dimercaprol and arsenic (Peters et al., 1945). Haemolytic anaemia may occur in
patients with glucose-6-phosphate dehydrogenase (G6PDH) deficiency, but many
G6PDH deficiencies are partial in nature, so it is not absolutely contraindicated in this
group (Janakiraman et al., 1978). Dimercaprol is known to inactivate the succinate
oxidase system via a specific interaction with the Rieske iron–sulphur cluster in the
respiratory chain of submitochondrial particles (Slater and de Vries, 1980).

Dimercaprol forms relatively stable dimercaptides with the metal ions mentioned
above. Optimal effect seems to be obtained if dimercaprol concentrations sufficient to
favour the formation of a 2:1 dimercaprol–metal complex are maintained and if the
dimercaprol is administered as soon as possible after the exposure (Eagle and
Magnuson, 1946). The hydroxyl moiety of dimercaprol confers some water solubility
and helps excretion of the dimercaprol–metal complex in urine and bile. Dimercaprol–
metal chelates are thought to be more stable at higher pH values, and thus maintenance
of alkaline urine may protect the kidney from renal liberation of the metal (Dally,
1992). Dimercaprol did not impair arsenic clearance during haemodialysis in a patient
poisoned with sodium arsenate (Mathieu et al., 1992). The dimercaprol–mercury
complex is removed by dialysis (Giunta et al., 1983).

Dimercaprol is available in 200-mg ampoules. Although dimercaprol is soluble in
water, the resulting solution is not stable. Secondly, dimercaprol bioavailability is
negligible after oral dosage. Thus, dimercaprol is usually administered in a lipid solvent
(arachis or vegetable oil) by deep i.m. injection to minimize pain and sterile abscess
formation. Sometimes it is formulated in groundnut (peanut) oil and therefore the
patient should be evaluated for nut allergy prior to administration to avoid anaphylaxis.
Studies using 35S-labelled dimercaprol have shown that it is rapidly absorbed from the
injection site, peak blood concentrations occurring within 30 min, and persists for at
least 12 h (Vale and Meredith, 1986). After 1 h approximately 80 %, and after 6 h nearly
90 %, of a dose is absorbed. Hepatic metabolism (by glucuronidation and sulphation)
and excretion are essentially complete within 4 h. This explains the need for repetitive
injections in general every 6 h to achieve therapeutic effect. Dimercaprol is the only
commonly used chelating agent that readily crosses cell membranes. The concentration
in some organs (liver, kidney, small intestine) can be up to five times that in blood.

Dimercaprol is given exclusively by the i.m. route. The usual dose is 2.5–5 mg/kg by
deep i.m. injection 4-hourly for 2 days, then 2.5 mg/kg 12-hourly on day 3, and once or
twice daily thereafter for 1–2 weeks depending upon the response; 36 mg/kg daily for 6
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weeks has been given to rabbits (Dalhamn and Friberg, 1955). It is thought that
dimercaprol may only be effective up to 9 days after acute poisoning with inorganic
arsenic (Mahieu et al., 1981). The injection is often very painful and pain over the
injection site may persist. Rarely, sterile abscesses have been formed (Dally, 1992).

Dimercaprol is the most toxic of the currently used chelating agents – median lethal
dose (LD50) c. 1 mmol/kg (Jones, 1991). In clinical use it causes dose-related increases
in both systolic and diastolic blood pressure up to 50 mmHg, and thus blood pressure
should be monitored regularly, as should the pulse because of the possibility of
tachycardia. Dimercaprol toxicity is dose dependent, and when 4 mg/kg and 5 mg/kg
were given the incidence of adverse effects rose from 14 % to 65 % (Eagle and Magnuson,
1946). Such effects include nausea, vomiting, abdominal pain, tachycardia, headache,
hypertension, sweating, lachrymation, muscle pain and spasm, a burning sensation in
the lips, mouth, throat and eyes, with rhinorrhoea and salivation, and a feeling of
constriction in the throat, chest or hands. These effects are maximal within 10–30 min
and usually settle within 1 h (Eagle and Magnuson, 1946). Febrile reactions sometimes
occur, especially in children, and these often persist during therapy. Convulsions and
coma have been described, and in some cases have related more to the contamination
with trimercaptopropane than to the dimercaprol itself. Haemodialysis or
haemodiafiltration may be required to remove the dimercaprol–metal chelate in the
presence of renal failure (Vaziri et al., 1980; Mathieu et al., 1992).

Dimercaprol (2,3-dimercaptopropanol, BAL)

• Designed to treat poisoning with the war gas lewisite [dichloro(2-
chlorovinyl)arsine], hence known as British anti-lewisite (BAL)

• Now used to treat poisoning with arsenic, mercury and gold, and sometimes
as adjunct to calcium disodium edetate to treat lead encephalopathy in
children

• Sometimes used in Wilson’s disease (copper storage disease) in patients
allergic to D-penicillamine

• Given by deep i.m. injection as oral bioavailability is low. Check that the
patient is not allergic to nuts before injection as it is sometimes formulated
in groundnut oil

• Not used in adult lead poisoning and contraindicated in cadmium, iron,
selenium and tellurium poisoning as it increases tissue uptake of the metal
ion

2.2.5 meso-2,3-Dimercaptosuccinic acid (DMSA)

meso-2,3-Dimercaptosuccinic acid (DMSA; succimer; Chemet, McNeil) is a water-soluble
analogue of dimercaprol (Figure 2.6). It is both less toxic than dimercaprol as evidenced
by animal studies (Table 2.5) and more effective when given orally than either
dimercaprol or calcium disodium edetate as an antidote for heavy metal poisoning
(Aposhian, 1983; Graziano, 1986; Fournier et al., 1988; Aposhian and Aposhian, 1990;
Aposhian et al., 1995). It is a relatively specific chelator that, unlike calcium disodium
edetate, does not cause depletion of essential elements such as copper, iron and zinc.
Although iron supplementation cannot be given concomitantly with dimercaprol because
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the dimercaprol–iron complex is such a potent emetic, iron has been given with DMSA
without such effects (Haust et al., 1989). The acceptability of DMSA to patients makes
it the antidote of choice for a variety of chronic heavy metal poisonings. For children,
DMSA capsules can be opened immediately before use and mixed with fruit juice
(Chisolm, 2000). Unlike D-penicillamine, DMSA does not increase, and may even
decrease, the gastrointestinal absorption of lead (Kapoor et al., 1989). Whereas
dimercaprol can cause haemolysis in patients with G6PDH deficiency, DMSA has been
given to two such patients with no resultant haemolysis.

DMSA was first synthesized as a potential water-soluble chelating agent for arsenic
(Owen and Sultanbawa, 1949). It was subsequently studied with the aim of increasing
antimony uptake during schistosomiasis therapy (Stohler and Frey, 1964), and was
also proposed as an antidote for poisoning with lead or mercury (Wang et al., 1965).
DMSA has two chiral centres. The optically inactive form, meso-DMSA, is commonly
used as a chelating agent and has been shown to be as effective as D,L-DMSA in chelating
arsenic, cadmium, mercury and zinc (Egorova et al., 1971; Aposhian et al., 1983). Racemic
DMSA (race-DMSA), however, is more water-soluble (Fang and Fernando, 1994). DMSA
has an unpleasant ‘egg-like’ taste and smells of hydrogen sulphide. This can be disguised
by co-administrations with food.

After an oral dose, most of the drug is absorbed via the stomach, with a peak plasma
concentration being attained at up to 4 h (Dart et al., 1994). Most (95 %) DMSA in
plasma is protein bound. More than 90 % is present in urine as a disulphide in which
each of the sulphur atoms of DMSA is linked to an L-cysteine molecule (Aposhian et al.,
1992, 1995). DMSA does not cross cell membranes extensively, despite the fact that it
can be given orally (Gabard, 1978; Aposhian et al., 1992). It is possible that metal
chelation after DMSA occurs primarily in the kidney. In vitro Cd2+ and Pb2+ form a
coordination complex with adjacent hydroxyl and thiol moieties of DMSA while Hg2+

forms a complex with adjacent thiols (Rivera et al., 1989). No such complexes have
been isolated from human urine after DMSA administration, however. Of course, the

meso-2,3-Dimercaptosuccinic acid (DMSA)

CAS registry number 304-55-2
Relative formula mass 182.2
Presystemic metabolism Extensive
tmax (oral) (h) 3
Plasma half-life (total DMSA) (h) 2
Plasma protein binding (%) 95
Urinary excretion (% dose) 30

TABLE 2.5
Toxicity of dimercaprol, DMPS and DMSA in mice (Aposhian et al., 1984)

Compound LD50 (mmol/kg) Range (95 % confidence interval)

Dimercaprol 1.48 1.11–1.97
DMPS 6.53 5.49–7.41
meso-DMSA 13.72 11.36–15.22
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excretion of complexes with two DMSA molecules or with DMSA and other thiols such
as L-cysteine is also possible. The half-life of total DMSA (parent drug plus oxidized
metabolites) is longer in lead-poisoned children than in lead-poisoned or healthy adults,
and renal clearance of DMSA metabolites is greater in healthy adults than in poisoned
patients (Dart et al., 1994). DMSA undergoes enterohepatic circulation, and a DMSA
metabolite may be an active chelator (Asiedu et al., 1995). Some 95 % of the drug is
eliminated within 24 h of administration: 16 % in urine, 70 % in faeces and 1.6 % as
carbon dioxide (Dally, 1992). In contrast, if given i.v. 82 % is found in the urine and
only 0.3 % in faeces.

DMSA is as effective as calcium disodium EDTA in treating chronic lead poisoning,
and as effective as DMPS in treating chronic mercury poisoning, as judged by urinary
metal excretion (Wang et al., 1965). In a more recent study, DMSA was given for 6 days
to five lead-poisoned smelter workers (Friedheim et al., 1978). DMSA treatment
consisted of 8–13 mg kg–1 d–1 by mouth on day 1 with increases to 28–42  mg kg–1 d–1 on
the last day. DMSA increased lead excretion and the blood lead concentration fell
from 970 to 430 µg/L. The urinary excretion of iron, zinc and other essential trace
elements was only minimally increased. Controlled trials of DMSA in 18 men with
occupational lead poisoning found a 5-day course of 30 mg kg–1 d–1 (in three divided
doses daily) to be more effective than 10–20 mg kg–1 d–1 (Graziano et al., 1985). Blood
concentrations fell from a mean of 790 to 230 µg/L in response to the drug and there
were no clinically significant effects on excretion of calcium, magnesium, iron, copper
and zinc. DMSA has also been used to treat systemic lead poisoning arising from
fragments of lead bullets (Meggs et al., 1994).

DMSA has been found to be effective in treating chronic lead poisoning in children
(Graziano et al., 1992). DMSA (10 mg/kg 8-hourly for 5 days, followed by 10 mg/kg 12-
hourly for 14 days or 1,050 mg m–2 d–1, for 5 days, followed by 700 mg m–2 d–1) has been
recommended as the sole chelation treatment for children with blood lead
concentrations in the range 450–700 µg/L and in the absence of symptoms suggesting
encephalopathy (Mortensen and Walson, 1983; Graziano et al., 1988; American Academy
of Pediatrics, 1995). The DMSA was well tolerated and no adverse effects were found.
More recently, a regime using 1,050 mg m–2 d–1, in three divided doses for 5 days, followed
by the same regime after a drug-free interval of 7 days, has been proposed and is an
acceptable alternative (Farrar et al., 1999). Chisolm (2000) has reported that oral DMSA
(initially 1,050 mg m–2 d–1, 5 days) for 26–28 days was effective in lowering mean whole-
blood lead concentrations in children (initial blood lead concentrations 250–660 µg/L)
from 400 to 230 µg/L if re-exposure was prevented. Urinary copper and zinc excretion
was not enhanced. Combination therapy with i.m. dimercaprol and calcium disodium
edetate is recommended for children with severe lead poisoning, however, as use of
DMSA alone may exacerbate encephalopathy. Thus, clinical studies of DMSA indicate
that a 5-day course of 30 mg kg–1 d–1 in adults, or the dosage regime given above for
children, is safe and effective in treating lead poisoning. However, as with other chelating
agents, a rebound increase in blood lead concentration occurs following completion of
the 5-day course (Graziano, 1986).

DMSA was found to be useful in treating a 46-year-old man who ingested 2 g of
arsenic in a suicide attempt (Lenz et al., 1981). Treatment with 300 mg of DMSA orally
every 6 h for 3 days caused an increase in the urinary excretion of arsenic. The patient
recovered. DMSA was more effective than N-acetyl-D,L-penicillamine in promoting the
excretion of mercury in 53 patients poisoned by elemental mercury, but as the chelation
therapy was continued for only 2 weeks the clinical benefit could not be evaluated
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(Bluhm et al., 1992). DMSA was also used to treat a 20-year-old man who had ingested
approximately 0.5 L of a 16 % (w/v) solution of monosodium methylarsenate. The
patient made a full recovery after four courses of oral DMSA (30 mg kg–1 d–1, 5 days)
(Shum et al., 1995).

Both DMSA and DMPS have been used in the former Soviet Union and in China to
enhance urinary excretion of copper in the treatment of Wilson’s disease (Konovaloff
et al., 1957; Aposhian, 1983). D-Penicillamine, though, remains the treatment of choice
in the Western world. Either DMSA or DMPS may be the agent of choice for treating
acute bismuth poisoning (Basinger et al., 1983a; Playford et al., 1990; Slikkerveer et al.,
1992). However, DMPS, but not DMSA, appears to have beneficial effects in
experimental beryllium intoxication in rats (Flora et al., 1995b). DMSA has also been
reported to protect against the testicular toxicity of nickel in mice (Xie et al., 1995).

Minor adverse effects such as nausea and rash, especially in the mouth and other
mucous membranes, have been reported in patients treated with DMSA (Grandjean et
al., 1991). Transient elevation of serum aminotransferase activity has been reported in
adults given DMSA, but such effects may in fact be lead related rather than due to
DMSA (Graziano, 1986). Reported adverse effects in children include nausea, vomiting,
diarrhoea, loose stools, appetite loss and foul-smelling urine and/or stools. The
occurrence of an anaphylactoid reaction when starting a second course of DMSA in
one child and dramatic increases in serum alkaline phosphatase activity of bone origin
in two further children have been described previously (Mortensen and Walson, 1993).
The serum alkaline phosphatase returned to normal 5 weeks after the end of DMSA
therapy in both cases. Trace element depletion is not a common problem in man, except
for zinc (Fournier et al., 1988). As DMSA has been introduced into clinical practice in
Europe and North America only in the last decade, there is limited clinical experience
with the drug, particularly with regard to long-term administration. Effects on the
fetus have been found in mice at doses above 410 mg/kg/d s.c. (Domingo et al., 1988).
Thus, administration in pregnancy is a balance between risk to the fetus from the
antidote and risk to both mother and child from the heavy metal.

DMSA mono- and dimethyl esters and the zinc chelate of dimethyl DMSA have
been studied experimentally with the aim of enhancing tissue uptake of chelating agent
(Aposhian et al., 1992). Use of monoalkyl esters (methyl, ethyl, propyl, isopropyl, butyl,
isobutyl, pentyl, isopentyl and hexyl) of DMSA to mobilize cadmium and lead from
tissues has also been investigated in mice (Jones et al., 1992; Walker et al., 1992). All of
these analogues were more effective than DMSA itself in lowering hepatic and renal
cadmium and brain lead concentrations. However, the LD50 of DMSA monoisopentyl
ester, the most active analogue, was estimated to be 750 mg/kg (the reported LD50 of
DMSA is 3 g/kg).

2.2.6 D-Penicillamine

D-Penicillamine (penicillamine, 3,3-dimethyl-D-cysteine; Cuprimine; Distamine; Figure
2.6) can chelate arsenic, mercury, lead, nickel, copper, zinc, bismuth, cadmium, cobalt,
iron and manganese, but its principal clinical use is in the treatment of Wilson’s disease
characterized by abnormal liver function test results, Kayser–Fleischer rings and
haemolysis (Walshe, 1956; Joyce, 1989). The ability of penicillamine to reduce Cu2+ to
Cu+, which is less tightly complexed to protein ligands, may be important in its ability



POISONING WITH TOXIC METALS AND ORGANOMETALLIC COMPOUNDS

58 �

to mobilize plasma protein-bound copper (Joyce, 1989). After 5 days the metal-
mobilizing ability of penicillamine is said to decline – this could be due to removal of
metal from extracellular spaces and limited ability to mobilize metal from tissues.
Penicillamine seems to be ineffective in treating poisoning with bismuth (Nwokolo
and Pounder, 1990; Slikkerveer et al., 1992).

Penicillamine for drug use is derived from the controlled hydrolysis of penicillin and
consists of D-penicillamine only. Penicillamine is absorbed from the gastrointestinal
tract although bioavailability is only about 40 % (Netter et al., 1987). Food, antacids
and iron salts reduce penicillamine absorption from the gut and therefore it should be
taken on an empty stomach (Rudge and Perrett, 1988). Peak blood concentrations are
usually achieved within 1–2 h. Penicillamine in plasma is largely protein bound (up to
85 %), but also occurs as disulphides with itself and with cysteine and homocysteine,
and as S-methylpenicillamine (Perrett, 1981). It is excreted in urine mainly as
metabolites. Its initial plasma half-life after either oral or i.v. administration is about
1 h (range 1–6 h), and its terminal half-life is about 8 days (Rudge and Perrett, 1988).
Pharmacokinetic studies in patients acutely poisoned with copper, lead, mercury and
zinc have not been performed, and the recommended adult oral dose of penicillamine
(0.25–2 g/d in divided doses for 5 days) is based on clinical response and on measurement
of the amount of metal ion excreted in urine (Vale and Meredith, 1986). The
penicillamine dose in children is 20 mg/kg daily in divided doses.

Chelation therapy in Wilson’s disease is often achieved by use of penicillamine, but
this agent would not be clinically useful in the case of deliberate ingestion of copper or
copper-containing salts, particularly if renal failure were present. In such circumstances,
dimercaprol might be of value (section 2.2.4). In Wilson’s disease penicillamine is given
in divided doses of 1.5–2.0 g/d before food. The maximum dose is 2 g daily for 1 year.

With acute arsenic poisoning, chelation therapy should begin as soon as acute toxicity
is suspected and should not be withheld pending laboratory confirmation of a diagnosis
of arsenic poisoning. In chronic toxicity, chelation therapy should be withheld until
there is laboratory confirmation of excessive arsenic accumulation. The recommended
dose of penicillamine is 25 mg/kg 6-hourly until the urinary arsenic concentration is
less than 50 µg/L in 24 h (maximum penicillamine dose 1 g/d). However, a comparison
of the effectiveness of penicillamine, dimercaprol, DMPS and DMSA in animal models
found penicillamine to be ineffective in removing arsenic (Kreppel et al., 1989).

Penicillamine has been used in patients with mild or moderate lead body burden

D-Penicillamine

CAS registry number 52-67-5
Relative formula mass 149.2
pKa 1.8, 7.9, 10.5
Oral absorption (%) 40
tmax (oral) (h) 1–2
Plasma half-life

α (h) (range) 1 (1–6)
β (d) c. 8

Volume of distribution (L/kg) 0.8
Plasma protein binding (%) 85
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(Ohlsson, 1962), but since 1990 it has been largely superseded in this role by DMSA. A
typical dose regime is 10 mg kg –1 d –1 for 1 week increased to 20 mg kg –1 d –1 (two divided
doses) for a further week. Subsequently a maximum of 30 mg kg –1 d –1 (in three divided
doses) is maintained until a satisfactory reduction in blood lead concentration is achieved
(Liebelt and Shannon, 1994). The American Academy of Pediatrics (1995) recommends
penicillamine use only when unacceptable adverse reactions to both DMSA and i.v.
calcium disodium edetate have occurred and yet it remains important to continue
chelation therapy.

In chelating mercury penicillamine has been largely replaced by DMSA. If
penicillamine is used, the duration of therapy should be guided by serial mercury
concentrations in urine, and by clinical evaluation. If prolonged therapy is required, it
has been recommended that treatment courses of 1–2 weeks should alternate with
brief interruptions to minimize the risk of adverse events, particularly haematological
toxicity. Penicillamine should be administered only after complete gastrointestinal
decontamination, as the absorption of mercury may be theoretically enhanced after
chelation with penicillamine.

Penicillamine is contraindicated in patients allergic to penicillin but seems to be
safe in pregnancy (Miranda and Villagra, 1997). Adverse reactions include nausea,
vomiting, fever, haematuria, proteinuria, rash, life-threatening bone marrow depression
with leucopenia and thrombocytopenia, haemolytic anaemia, gastrointestinal distress,
reversible renal and hepatic dysfunction, taste disorders and, rarely, autoimmune
diseases (Goodpasture’s syndrome, myasthenia gravis, polymyositis, systemic lupus
erythematosus) (Gordon and Burnside, 1977; Hill, 1979; Hall et al., 1988). Such adverse
effects have generally been reported in adults on high-dose treatment. In children,
milder gastrointestinal and renal effects tend to predominate (Liebelt and Shannon,
1994). Pyridoxine (vitamin B6; section 4.12) (10–25 mg/d) should be given concurrently
because penicillamine inhibits pyridoxine-dependent enzymes. Only about 10 % of
patients under treatment for Wilson’s disease develop penicillamine-related side-effects
even though the doses used are much higher than in rheumatoid arthritis (Scheinberg,
1981).

D-Penicillamine (Cuprimine, Distamine)

• Chelates arsenic, mercury, lead, nickel, copper, zinc, bismuth, cadmium,
cobalt, iron and maganese

• Major clinical use is in the treatment of Wilson’s disease (copper storage
disease)

• Given orally although bioavailability is only c. 40 %. Food antacids and iron
salts reduce absorption

• Pyridoxine (vitamin B6) should be given concurrently
• Contraindicated in patients allergic to penicillin
• Adverse reactions occur in some 10 % of patients – severe toxic effects such

as autoimmune manifestations are rare
• Other toxic effects may include fever, rash, haematuria, proteinuria, bone

marrow depression, gastrointestinal effects, renal and hepatic dysfunction,
taste disorders
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2.2.6.1 Triethylenetetramine (TETA)

Triethylenetetramine (trientine; trien; TETA; TECZA; Cuprid; CAS 112-24-3; Figure
2.8) is an orally active chelating agent that has been used successfully in Wilson’s disease
and is indicated if intolerance to D-penicillamine develops (Walshe, 1982). Each TETA
molecule is theoretically capable of chelating two copper atoms to form five-membered
rings via the lone pairs on the adjacent primary and secondary amine moieties. It is
given orally. Maximum daily doses of 2 g (adults) or 1.5 g (children) are taken in 2–4
divided portions on an empty stomach. When given at equivalent doses, TETA is less
effective than cyclic analogues, namely Cyclam (1,4,8,11-tetra-azocyclotetradecane;
CAS 295-37-4) and Cyclam 5, a hexamethylated Cyclam derivative (5,7,7′,12,14,14′-
hexamethyl-1,4,8,11-tetra-azocyclotetradecane; CAS not available; Figure 2.8) in
protecting against acute nickel chloride toxicity in rats (Athar et al., 1987).

Figure 2.8: Structural formulae of triethylenetetramine (TETA), N,N′,N′′,N′′′-tetrakis(2-
hydroxypropyl)1,4,7,10-tetraazacyclododecane (THP-12-ane N4), 1,4,8,11-tetra-azocyclo-
tetradecane (Cyclam) and 5,7,7′,12,14,14′-hexamethyl-1,4,8,11-tetra-azocyclotetradecane
(Cyclam 5)

2.2.7 Sodium dimercaptopropanesulphonate (DMPS)

Sodium D,L-2,3-dimercaptopropanesulphonate (DMPS; unithiol; unitiol; Dimaval, Heyl;
CAS 4076-02-2) is a water-soluble analogue of dimercaprol (Figure 2.6). Like DMSA,
DMPS was first synthesized as a potential water-soluble chelating agent for arsenic
poisoning (Johary and Owen, 1955). Some of the metal-binding properties of DMPS
were reported by Petrunkin (1956). It has been used to treat Wilson’s disease in a
patient intolerant of both D-penicillamine and TETA (Walshe, 1985). DMPS is both
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less toxic than dimercaprol (Table 2.5) and more effective when given orally than either
dimercaprol or calcium disodium EDTA as an antidote for heavy metal poisoning
(Aposhian, 1983; Hruby and Donner, 1987; Aposhian et al., 1995). However, DMPS is
more toxic than DMSA when administered to laboratory animals (Jones, 1991). Its
main use is in treating mercury or arsenic poisoning (Aposhian, 1983; Campbell et al.,
1986; Kruszewska et al., 1996). Combined with continuous veno-venous haemo-
diafiltration it can remove as much as 12.7 % of an ingested dose of mercuric sulphate
(Dargan et al., 1999).

DMPS may be given orally or parenterally. Plasma protein binding is about 90 %
(Aposhian, 1983). In acute poisoning 250 mg is given i.v. every 3–4 h initially, reducing
in subsequent days. Hypotension is possible after bolus i.v. dosage of DMPS, and thus
such injections should be given over at least 5 min (Aposhian et al., 1995). In chronic
poisoning 100 mg is given orally three times per day. The metabolism and
pharmacokinetics of DMPS have been studied extensively (Aposhian et al., 1995). After
DMPS, acyclic and cyclic disulphides of DMPS are found in urine. As with DMSA,
DMPS does not cross cell membranes extensively (Gabard, 1978; Aposhian et al., 1992).
Allergic reactions to DMPS occurred in 26 of 168 patients with scleroderma who were
receiving receiving DMPS. Eleven patients felt sick, four felt dizzy and three developed
itch. No renal complications were observed (Dally, 1992). After a therapeutic error
(100 mg/kg was given instead of 5 mg/kg), cutaneous necrosis was found at the injection
site (Dally, 1992).

Like DMSA, DMPS has been found to be effective in arsenic poisoning in man
(Aposhian, 1983; Moore et al., 1994), and in the former Soviet Union it was reported to
be the drug of choice (Aposhian et al., 1984). The relative effectiveness or therapeutic
indices of these compounds, compared with dimercaprol, have been studied in mice by
assessing the protection achieved against an LD99 of sodium arsenite (Aposhian et al.,
1984). The relative efficacy recorded was DMSA > DMPS > dimercaprol in the ratios
42:14:1. Use of intraperitoneal (i.p.) DMPS together with oral DMPS and cholestyramine
was found to enhance faecal arsenic excretion in guinea pigs (Reichl et al., 1995). It
was thought that the enterohepatic recirculation of arsenic had been interrupted. DMPS
and DMSA are more effective than dimercaprol in treating systemic poisoning with
lewisite in rabbits (Inns and Rice, 1993). Like dimercaprol, DMPS is contraindicated
in arsine poisoning.

The successful treatment with DMPS of 60 men with chronic lead poisoning has
been reported from the former Soviet Union (Aposhian, 1983). The patients were given
250 mg/d for 20 days, with a resultant gradual reduction in the clinical features of lead
toxicity. Treatment with DMPS does not redistribute lead or mercury to the brain of
rats (Aposhian et al., 1996). However, clinical experience suggests that DMPS is not
appropriate for use in lead poisoning in children (Chisolm, 1992).

Various metal-binding agents were used to treat victims of the 1971–72
methylmercury poisoning disaster in Iraq (Clarkson et al., 1981). The elimination half-
life of methylmercury from the blood was used as an indication of efficacy. The mean
half-lives obtained were as follows: no treatment, 63 days; DMPS, 10 days; thiolated
resin, 20 days; D-penicillamine, 26 days; and NAPA, 24 days. Thus, DMPS administration
led to a striking reduction of the blood elimination half-life of mercury. Clinical
improvement was not seen in any treatment group, but it seems reasonable to postulate
that reducing the total body burden of methylmercury may limit the progression of
CNS toxicity. DMPS has also been given in inorganic mercury poisoning following the
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inhalation of mercury vapour (six patients) and the ingestion of mercuric oxide (one
patient) and was associated with enhanced urinary mercury excretion (Mant, 1985).
Fluid replacement and DMPS (250 mg i.v. 4-hourly for 60 h, and then twice daily for
18 d) were used to treat a 53-year-old male patient who had ingested approximately
50 g of mercuric iodide (Anderson et al., 1996). DMPS was commenced approximately
8 h post ingestion and the patient made an uneventful recovery, his renal function and
other biochemical parameters remaining within normal limits.

In animals, DMSA is more effective than DMPS in removing organomercurials from
the body (Aposhian, 1983), whereas DMPS removes more inorganic mercury. A
combination of DMSA and DMPS removes most types of mercury from most organs.
Although further studies are necessary, DMSA will probably prove to be the treatment
of choice for methylmercury poisoning because of its low toxicity and reported efficacy
in animal studies. Urinary mercury excretion after DMPS challenge (300 mg orally
after an 11-h fast) may be a better indicator of low-level mercurialism than unchallenged
urinary mercury excretion after exposure to mercury vapour, and to mercurous and
mercuric salts (Aposhian et al., 1992, 1995; Maiorino et al., 1996). However, the clinical
relevance of these observations is unclear as yet. Neurological sequelae, particularly
those resulting from exposure to organomercurials, remain a largely irreversible
problem despite progress in chelation therapies.

DMPS (unithiol) and DMSA (succimer)

• Water-soluble analogues of dimercaprol that are less toxic and more effective
in treating heavy metal poisoning

• Relative efficacies DMSA > DMPS > dimercaprol 42:14:1 in protecting
against arsenic toxicity in mice

• DMSA is given orally (250–500 mg t.d.s.); DMPS is given either orally or
parenterally

• DMSA has been shown to chelate arsenic, cadmium, copper, mercury, lead
and zinc

• Allergic reactions such as rash reported with both drugs

2.2.8 Other agents used to treat poisoning with toxic metals

A large number of chelating agents have been studied in recent years with the aim of
improving treatment of poisoning with metal ions. Areas studied include the use of
dithiocarbamates in treating chronic cadmium poisoning.

2.2.8.1 N-Acetyl-L-cysteine (NAC)

N-Acetyl-L-cysteine (NAC; CAS 616-91-1; Figure 2.6) is able to chelate heavy metal
ions (Henderson et al., 1985; Girardi and Elias, 1991; Livardjani et al., 1991; Ballatori et
al., 1998). Potential advantages over other chelating agents are that NAC is relatively
safe and can be given orally and in relatively large amounts. Moreover, high tissue
concentrations are achieved. One concern in using NAC is that tissue absorption of
metal ions might be enhanced. Clinical studies that demonstrate the efficacy of NAC
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as a chelating agent for heavy metals are sparse (see Lund et al., 1984), and more
effective agents such as DMSA and DMPS are now available.

NAC is a monodentate ligand whose adducts with arsenic are not as stable as those
formed by dithiols such as dimercaprol or DMSA. However, in rats NAC is more effective
than calcium disodium EDTA or DMSA in increasing elimination of chromium and
boron (Banner et al., 1986), and in animals both cysteine and NAC have ameliorated
arsenic toxicity (Shum et al., 1981; Baker and Czarnecki-Maulden, 1987). A 25-year-old
patient survived after ingesting 16 g of a hexavalent chromium salt when NAC and
haemodialysis were used (Vassallo and Howland, 1988). Thus, in similar patients with
hexavalent chromium poisoning, i.v. ascorbate (1 g initially every 10 min and repeated
frequently) and NAC orally or i.v. in doses equivalent to those used routinely for the
management of paracetamol (acetaminophen) poisoning (section 4.16.1) should be
employed together with haemodialysis. Similarly, oral NAC seems to be effective in
removing methylmercury in mice (Ballatori et al., 1998), although it also appears to
have a complicated effect on uptake of mercuric ions by the different parts of the renal
tubule (Zalups and Barfuss, 1998). NAC is not thought to protect against the
nephrotoxicity of cisplatin (cis-diaminedichloroplatinum(II), cis-[(NH3)2PtCl2]) (Dorr,
1996).

There seems to have been no studies of combined treatment with NAC and a second,
more water-soluble, chelating agent such as DMSA. Parenteral dimercaprol and i.v.
NAC have been used succesfully to treat acute poisoning with sodium arsenate (Martin
et al., 1990) and arsenic pentoxide (Gjonovich et al., 1990). It has been suggested that
i.v. NAC might enhance gold excretion in patients with sodium aurothiomalate-induced
aplastic anaemia. However, 1.2 kg NAC over 4 months was associated with the excretion
of only 48 mg gold in a patient given more than 7 g gold over the previous 5 years
(Hansen et al., 1985). Oral NAC (600 mg/d, 2 weeks) did not enhance the excretion of
iron, zinc or copper in healthy volunteers (Hjortsø et al., 1990).

2.2.8.2 N-Acetyl-D,L-penicillamine (NAPA)

N-Acetyl-D,L-penicillamine (NAPA; CAS 15537-71-0; Figure 2.6) is more effective than
D-penicillamine in protecting against the toxic effects of mercury (Aposhian and
Aposhian, 1959). However, NAPA (250 mg 6-hourly) was less effective than DMSA in
promoting the excretion of mercury in patients poisoned by elemental mercury (Bluhm
et al., 1992), and it has now been superseded by DMSA and DMPS.

2.2.8.3 Aurintricarboxylic acid (ATA)

Aurintricarboxylic acid (5-((3-carboxy-4-hydroxyphenyl)(3-carboxy-4-oxo-2,5-
cyclohexadien-1-ylidene)methyl)-2-hydroxybenzoic acid; ATA; CAS 4431-00-9; Figure
2.9) has been listed for use in the treatment of beryllium poisoning (Meredith et al.,
1993).

2.2.8.4 N-(2,3-Dimercaptopropyl)phthalamidic acid (DMPA)

N-(2,3-Dimercaptopropyl)phthalamidic acid (DMPA; CAS 13312-78-2; Figure 2.6) was
synthesized by Portnyagina and Morgun (1966). Subsequently, Yonaga and Morita (1981)
demonstrated the ability of this substance to increase bile flow and the excretion of
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mercury by this route in mice. DMPA was also shown to be more effective than
dimercaprol for the mobilization and excretion of mercury. DMPA has been investigated
as an antidote for arsenic poisoning in mice, but was less effective than either DMSA
or DMPS (Aposhian et al., 1984). DMPA is neither easy to prepare nor readily available
commercially.

2.2.8.5 Dithiocarbamates

Sodium diethyldithiocarbamate (DEDTC; DDTC; dithiocarb; ditiocarb; CAS 148-18-
5; Figure 2.10), the active metabolite of disulfiram, greatly increases the urinary
excretion of nickel in acute nickel tetracarbonyl [Ni(CO)4] poisoning (Sunderman,
1979, 1990). DEDTC can be given orally in moderately severe nickel poisoning, initially
at a rate of 50 mg/kg in divided doses. At the low pH of the stomach, DEDTC decomposes
to ethylamine and carbon disulphide. This can be minimized by the concomitant oral
administration of 2 g sodium bicarbonate. Alternatively, the drug may be administered
in gelatin capsules or i.v. at a dose of 4 g/m2 body surface area. DEDTC undergoes
hepatic metabolism to give a glucuronide that is excreted renally.

Studies in rodents have shown that DEDTC can ameliorate the nephrotoxicity and
myelosuppression caused by cisplatin while enhancing the elimination of platinum.
Clinical studies with 4 g/m2 DEDTC as a 1.5–3.5 h infusion 45 min after cisplatin
demonstrated reduced renal toxicity (DeGregorio et al., 1989). DEDTC has been shown

Figure 2.9: Structural formula of aurintricarboxylic acid.

Figure 2.10: Structural formulae of some dithiocarbamates used as chelating agents
(BGDTC = N-benzyl-N-D-glucaminedithiocarbamate, DEDTC = diethyldithiocarbamate,
DHEDTC = dihydroxyethyldithiocarbamate; MBGDTC = N-(4-methoxybenzyl)-N-D-glucamine-
dithiocarbamate)
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to enhance platinum biliary excretion 30-fold in rats (Basinger et al., 1989). However,
more recent clinical studies with this agent have shown that, at tolerable doses, DEDTC
has no major benefits when given with platinum-containing anti-cancer drugs (Dorr,
1996). It could, however, be considered in a cisplatin overdose. Physiologically, induction
of a chloride diuresis encourages platinum exchange at the distal convoluted tubule.

DEDTC given up to 4 h after cadmium administration to mice can provide some
protection against the toxicity of this ion (Gale et al., 1981), but was associated with
increased total brain cadmium concentrations. Sodium (dihydroxyethyl)dithio-
carbamate (DHEDTC; CAS 1528-72-9; Figure 2.10) is as effective as DEDTC in
enhancing cadmium excretion and does not enhance cadmium transport to the brain
(Jones, 1991). A range of additional dithiocarbamates has been synthesized and found
to have enhanced cadmium-mobilizing ability in rodents. Jones et al. (1991), for example,
studied the effects of treatment with dimercaprol, DMPA and sodium N-(4-
methoxybenzyl)-N-D-glucaminedithiocarbamate (MBGDTC; CAS 115459-35-3; Figure
2.10) on biliary cadmium excretion in rats. MBGDTC treatment increased the biliary
cadmium concentration 580-fold compared with controls. It remains to be seen whether
MBGDTC or other thiocarbamates (Jones, 1991) will prove effective in treating chronic
cadmium poisoning in humans.

Xie et al. (1995) studied ammonium DHEDTC and sodium N-benzyl-N-D-
glucaminedithiocarbamate (BGDTC; CAS 110771-92-1; Figure 2.10) in addition to
DEDTC and DMSA in mice poisoned with nickel chloride. Treatment with either
BGDTC or DMSA was equally effective, and DHED and DEDTC were both less
effective, in decreasing testicular nickel concentrations.

The principal toxicity of DEDTC occurs with concomitant ethanol ingestion. This
results in the classic ‘Antabuse reaction’ of facial flushing, headache, nausea, vomiting,
weakness, blurred vision and hypotension. In the absence of ethanol, adverse reactions
to the drug are very rare.

2.2.8.6 Etidronic acid (EHDP)

Etidronic acid (ethane-1-hydroxy-1,1-diphosphonate, EHDP; ethane-1-hydroxy-1,1-
biphosphonate, EHBP; 1-hydroxy-1,1-diphosphonoethane; CAS 2809-21-4; Figure 2.11)
has been shown to protect against acute uranium toxicity in rats (Ubios et al., 1994).

Figure 2.11: Structural formula of etidronic acid

2.2.8.7 1,2-Cyclohexanediaminetetra-acetic acid (CDTA)

1,2-Cyclohexanediaminetetra-acetic acid (CDTA; CAS 482-54-2; Figure 2.12) has been
reported to be more effective than DEDTC in removing nickel from heart and brain of
rats after nickel(II) sulphate administration (Tandon and Mathur, 1976). However,
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CDTA was less effective than DMSA or BGDTC in decreasing testicular nickel in mice
after nickel chloride administration (Xie et al., 1995).

2.2.8.8 N,N′,N′′,N′′′-Tetrakis(2-hydroxypropyl)1,4,7,10-tetraazacyclododecane

N,N′,N′′,N′′′-Tetrakis(2-hydroxypropyl)1,4,7,10-tetraazacyclododecane (THP-12-ane N4;
CAS 119167-08-7; Figure 2.8) has been designed with the aid of computer simulation.
Animal experiments have suggested that this agent could be useful in treating poisoning
with mercury and with cadmium (Gulumian et al., 1993).

2.2.8.9 Thiopronine (TP)

Thiopronine [N-(2-mercaptopropionyl)glycine; tiopronin; Thiola; TP; CAS 1953-02-2;
Figure 2.6) has been used as an adjunct to dimercaprol in treating acute poisoning
with mercuric chloride (Giunta et al., 1983). It has also been evaluated for use in treating
acute bismuth poisoning (Slikkerveer et al., 1992).

2.3 DEFEROXAMINE AND OTHER IRON/ALUMINIUM
CHELATORS

2.3.1 Overview of acute iron poisoning and the role of
deferoxamine

Iron salts are used for the treatment or prophylaxis of iron-deficiency anaemia. Oral
iron preparations may be tablets or capsules in immediate-release or modified-release
form, or liquids. Parenteral preparations are also available. In addition, iron is available
in combination with folic acid and vitamins. There are many different iron preparations,
each containing a different amount of ferrous (Fe2+) or ferric (Fe3+) iron; it is the
content of this element that determines toxicity.

Toxic doses of elemental iron in man are (Proudfoot et al., 1986):

< 30 mg/kg – mild toxicity
> 30 mg/kg – moderate toxicity
> 60 mg/kg – severe toxicity

Figure 2.12: Structural formula of 1,2-cyclohexanediaminetetra-acetic acid (CDTA)
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> 150 mg/kg – usually death

Absorbed iron is rapidly cleared from the extracellular space by uptake into
parenchymal cells, particularly in the liver. It can cause mitochondrial damage and
cellular dysfunction, resulting in metabolic acidosis and necrosis (Link et al., 1998).
Eventually widespread organ damage may become apparent and death from hepatic
failure with hypoglycaemia and coagulopathy may ensue.

The early features of iron poisoning are due to the corrosive effects of iron salts,
while later effects are largely due to the disruption of cellular processes (Proudfoot et
al., 1986). Iron tablets may adhere to the stomach, causing irritation and, in severe
cases, haemorrhage and necrosis (Pestaner et al., 1999). The consequential fluid and
blood loss may be substantial and result in severe hypovolaemia. This in turn can lead
to tissue hypoxia, lactic acidosis and circulatory collapse (Proudfoot et al., 1986).

The clinical course of acute iron poisoning may be divided into four phases (Table
2.6). Blood should be taken at approximately 4–6 h post ingestion for measurement of
the serum iron concentration, as iron absorption peaks at this time. It is important to
take the sample carefully to avoid haemolysis. If deferoxamine (DFO) is to be given
before 4–6 h because the history or clinical features suggest that a large dose of iron
has been ingested, then blood should be taken for serum iron measurement before
administration of DFO. Prior administration of the chelating agent renders serum
iron assays uninterpretable. If DFO is not given, measurement in a sample taken after
6 h post ingestion may underestimate the body burden of elemental iron because
distribution from blood into tissues may have occurred. On the other hand, if a modified-
release preparation has been taken, serum iron should be measured at 4 h and again at
8 h post ingestion. It is essential to interpret the serum iron concentration in the context
of the patient’s clinical condition and an accurate history. Measurement of the total
iron-binding capacity is of no value (Proudfoot et al., 1986). In patients who present
more than 8 h post ingestion, the serum iron should be measured on arrival. In such

TABLE 2.6
Possible clinical course of acute iron poisoning (Proudfoot et al., 1986)

Phase Time post ingestion Clinical features and progress

1 30 min to several hours Toxicity is due to the corrosive effects of iron.
Haematemesis, diarrhoea, melaena and
abdominal pain may occur. In severe cases
gastrointestinal haemorrhage can result in shock,
metabolic acidosis and renal failure

2 6–24 h Either the features of poisoning resolve and the
patient recovers or severe toxicity ensues

3 12–48 h Severe lethargy, coma, convulsions,
gastrointestinal haemorrhage, shock,
cardiovascular collapse, metabolic acidosis,
hepatic failure with hypoglycaemia, coagulopathy,
pulmonary oedema and renal failure may occur

4 2–5 weeks Scarring from the initial corrosive damage can
result in small bowel strictures and pyloric
stenosis
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patients a low iron concentration cannot be interpreted, while a high concentration
indicates potential toxicity. If serum iron measurements are not available, the presence
of nausea, vomiting, leucocytosis (> 15 × 109/L) and hyperglycaemia (blood glucose
> 8.3 mmol/L) suggests ingestion of a potentially toxic amount of iron in children but
not necessarily in adults (Palatnick and Tenenbein, 1996).

If < 30 mg/kg of elemental iron has been ingested, patients are unlikely to require
active treatment but may vomit. If vomiting is severe, rehydration may be necessary. If
> 30 mg/kg of elemental iron has been ingested, an abdominal radiograph should be
performed to assess the need for gut decontamination. If undissolved iron tablets are
visible then gastric lavage (if tablets are present in the stomach – see Figure 2.13) or
whole-bowel irrigation (if tablets are seen in the small bowel) with polyethylene glycol
electrolyte lavage solution should be undertaken (Everson et al., 1991; AACT/EAPCCT,
1997). (Note that dissolved iron is not visible on radiographs.) In addition, the patient’s
serum iron concentration should be measured. The decision to give parenteral DFO is
based on assessment of the patient’s clinical condition and on the results of serum iron
measurements (Proudfoot et al., 1986):

• Patients with a serum iron concentration of 3–5 mg/L (55–90 µmol/L) should be
observed for 24–48 h. They do not require chelation therapy unless they develop
features of serious toxicity such as haematemesis or melaena (Proudfoot, 1995).

• Intravenous DFO should be given urgently to any patient with hypotension, shock,
severe lethargy, coma or convulsions, or a serum iron concentration of > 5 mg/L
(> 90 µmol/L). The decision to treat is based not only on the serum iron
concentration, but also on the clinical condition of the patient.

DFO should be continued until the urine colour has returned to normal, clinical
features of toxicity have resolved and no tablets are detectable on abdominal
radiographs. Haemodialysis may be needed to remove the iron–DFO complex in patients
with renal failure. Measurement of uncomplexed iron in serum is helpful in deciding
when to stop DFO (Chapter 9).

Figure 2.13: Abdominal radiograph of a 24-year-old patient who had ingested approximately
30 ferrous sulphate tablets 1 h previously – note the radio-opaque tablets in the stomach
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2.3.2 Clinical pharmacology of deferoxamine

Deferoxamine (desferrioxamine; DFO) mesilate (Desferal, Novartis; Figure 2.14) is
at present the agent of choice in the treatment of acute iron poisoning and is commonly
used in treating transfusion haemosiderosis and other iron storage diseases (Proudfoot
et al., 1986; Kontoghiorghes, 1995a). DFO is also effective in controlling
haemochromatosis (Cutler, 1989) and has been used for the treatment of aluminium
toxicity in dialysis patients. DFO is a sideramine produced by Streptomyces pilosus
(Actinomycetes), and was introduced to clinical practice in 1963. It is a water-soluble,
aliphatic compound containing three hydroxylamine moieties and one free amine group.
It is relatively expensive.

DFO has a very high affinity for ferric iron [iron(III), Fe3+; complex formation
constant, Ka = 1031] coupled with a very low affinity for divalent cations such as calcium
(Ka = 102), ferrous iron [iron(II), Fe2+], copper or magnesium (Ka = 1014 or below).

Deferoxamine mesilate

CAS registry number 138-14-7
Relative formula mass (free base) 656.7 (560.7)
Oral absorption Poor
Presystemic metabolism Negligible
Plasma half-life

(α) (h) 1
(β) (h) 6

Volume of distribution (L/kg) 2.9

DFO also has a high affinity for trivalent aluminium (Al3+; Ka = 1025) and is of value in
removing aluminium (Ackrill et al., 1980, 1986; Malluche et al., 1984) as well as iron(III)
(Baker et al., 1976) from the body in patients undergoing chronic dialysis. Recently,
treatment of aluminium overload using a cartridge containing immobilized DFO has
been reported (Anthone et al., 1995).

DFO is theoretically capable of binding iron and aluminium in a 1:1 molar ratio;
thus, 100 mg DFO can bind approximately 8.5 mg iron(III) and 4.1 mg aluminium. In
practice, the amount of iron excreted in patients with iron storage disease under
treatment with i.v. DFO is much less than that predicted by theory. DFO can remove
iron from haemosiderin and ferritin when present in tissues in excessive amounts, and
to a lesser extent from transferrin, but not from haemoglobin or cytochrome oxidases.
DFO does not significantly enhance iron or aluminium excretion in healthy individuals.
Early use of DFO in an amount proportional to the transfusional iron load reduces the
body iron burden and helps protect against iron toxicity in patients with thalassaemia
major (Brittenham et al., 1994). A cardioprotective effect of DFO has been reported
(Bel et al., 1996).

The red DFO–ferric iron complex (ferrioxamine; Figure 2.14) is soluble in water
and is slowly metabolized (Porter, 2001). However, unless renal failure is present, some
50 % is rapidly excreted unchanged in urine, to which it imparts an orange/red
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Figure 2.14: Structural formulae of desferrioxamine B and ferrioxamine B

colouration, with the remainder being excreted in bile (Pippard et al., 1982). The DFO–
aluminium chelate (aluminoxamine) is treated similarly. It is thought that the basic
primary amine moiety at the end of the pentyl chain of ferrioxamine and aluminoxamine
confers water solubility on the molecules, thereby facilitating renal and biliary excretion.
Oral ascorbate, up to 200 mg/d in divided doses, can increase urinary iron excretion in
patients with iron storage disease under treatment with DFO (Cohen et al., 1981;
Nienhuis, 1981; Pippard et al., 1982). However, ascorbate administration in such patients
is not without risk (Hershko, 1988).

2.3.3 Clinical use of deferoxamine

Animal studies have established that DFO reduces morbidity and mortality in acute
iron poisoning, but no controlled trials in human poisoning have been performed
(Lovejoy, 1983; Proudfoot et al., 1986). Many anecdotal reports testify to its value,
however, although it is not always effective in preventing serious sequelae such as acute
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liver failure (Kozaki et al., 1995). The mechanism(s) by which DFO protects against
acute iron poisoning remain uncertain (Lovejoy, 1983). Clinical studies suggest that
DFO does not exert its beneficial action simply by increasing iron elimination as
relatively trivial amounts are recovered in urine (Proudfoot et al., 1986). It is possible
that DFO binds sufficient free iron to prevent interference with mitochondrial enzyme
systems or disruption of mitochondrial membranes without directly affecting the iron
bound in haemoglobin, haemosiderin and ferritin.

DFO is poorly absorbed after oral administration (Kattamis et al., 1981), but
ferrioxamine is thought to be more readily absorbed. Thus, parenteral DFO
administration is preferred. Nevertheless, although there is no clear evidence of efficacy,
oral DFO (5–10 g in 50–100 mL of water) has been given after gastric aspiration and
lavage (Henretig and Karl, 1983). High-formula-mass chelators for i.v. use have been
obtained by covalently bonding DFO to dextran or hydroxyethylstarch. These
compounds are reported to be much more effective antagonists for acute iron
intoxication than DFO itself and have the advantage of not exacerbating the
hypotension usually apparent in acute iron poisoning (Mahoney et al., 1989). However,
these compounds are not widely available.

Within 3 min of an i.v. infusion of DFO [10 mg (15.24 µmol) per kg] to six volunteers
and seven patients with iron overload, peak DFO concentrations of 4.5–7.3 mg/L (80–
130 µmol/L) were achieved (Summers et al., 1979). There was rapid clearance from the
blood, with the DFO concentration falling to half the initial value in 10–60 min
(Summers et al., 1979; Allain et al., 1987a). This is probably the result of different
processes, including penetration into both intra- and extracellular spaces, renal
excretion and metabolism. Four DFO metabolites have been isolated in urine from
patients with iron overload. Ferrioxamine is eliminated at a similar rate to DFO, but
has a low VD and remains in the extracellular space.

During a 24-h s.c. infusion of DFO (100 mg/kg) to 29 subjects, 21 of whom had iron
overload, plasma DFO concentrations rose at different rates in different individuals,
but a plateau was almost always reached by 12 h (Summers et al., 1979). The height of
the plateau appeared to be directly related to the degree of iron overload, so that
heavily loaded subjects had relatively low concentrations of DFO in the plasma. The
half-life of DFO in healthy subjects is about 1 h, but is about 19 h in patients with
renal failure (Allain et al., 1987b) – this may be advantageous in enhancing aluminium
removal in such patients. DFO alone is not dialysable to any great extent.

No pharmacokinetic studies have been carried out in patients following oral
overdosage of iron salts (Vale and Meredith, 1986), and thus the currently recommended
DFO dosage regimens are based on clinical observation alone. It is now unusual to give
the previously recommended doses of 2 g for an adult and 1 g for a child i.m., combined
with an i.v. infusion at a rate which does not exceed 15 mg kg –1 h–1, although some
would still advocate such a regimen for ‘mild to moderate’ poisoning. The compelling
argument against i.m. dosing is that more stable plasma concentrations are achieved
with infusions (Propper et al., 1976; Tenenbein, 1996). It is now much more common to
give DFO at a dose of 15 mg/kg over at least 5 h to avoid hypotension, repeated as
necessary until free iron is no longer detectable in plasma (Jones and Dargan, 2001).

The total i.v. DFO dose should not exceed 80 mg/kg in 24 h, though this is based on
theoretical calculations rather than clinical data and higher doses have been used
successfully (Howland, 1996; Tenenbein, 1996). One patient in particular was given
DFO 425 mg/kg i.v. over 24 h without adverse events, although the increase in urinary
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iron excretion seen when the DFO dose was increased may not have been clinically
important (Propper et al., 1976). Severely poisoned patients probably require higher
i.v. dosing for 24 h, whereas mildly poisoned patients are often given excessive DFO
doses (Howland, 1996). DFO should be stopped when the condition of the patient has
improved, free iron is no longer present in the plasma or no iron is detectable in urine.
If oliguria develops, haemodialysis or peritoneal dialysis may be required to aid excretion
of ferrioxamine (Stivelman et al., 1989). DFO (6–12 g/d i.v.) has been successful in
reducing serum, liver, cardiac and other tissue iron concentrations in individuals with
severe iron overload with no adverse effects (Cohen et al., 1989). Cardiac abnormalities
associated with iron overload were also reversed.

2.3.4 The deferoxamine challenge test

In cases of suspected iron overload when the results of serum ferritin measurements
were equivocal, measurement of urinary iron excretion over 6 h after DFO (500 mg
i.v.) followed by a light breakfast and ingestion of 400 mL fluid was used as a diagnostic
test (DFO challenge test). Excretion of 1–1.5 mg (18–27 µmol) iron per kilogram body
weight over the 6-h period has been said to confirm a diagnosis of iron overload. If the
amount of iron excreted exceeded 1.5 mg/kg, pathological iron deposition was said to
be confirmed (Baldus et al., 1978). However, the appearance of the orange/red colour
of ferrioxamine in urine after DFO administration (50 mg/kg up to a maximum of 1 g)
is not a reliable diagnostic aid in acute iron poisoning (Klein-Schwartz et al., 1990;
Proudfoot, 1995).

A variant of the DFO challenge test (5 mg/kg DFO i.v. during the last hour of a
haemodialysis session in patients with serum aluminium > 60 µg/L associated with
serum ferritin > 100 µg/L) may be used to test for aluminium overload. The test was
considered positive if the post-test serum aluminium was more than 150 µg/L above
the pre-test value (Anonymous, 1993; De Broe et al., 1993). More recently, D’Haese et
al. (1995) suggested that an increase in the serum aluminium of more than 50 µg/L
associated with an initial serum immunoreactive parathyroid hormone (iPTH)
concentration of < 150 ng/L was indicative of aluminium overload.

2.3.5 Toxicity of deferoxamine

Rapid i.v. administration of DFO may cause flushing, erythema, urticaria, hypotension
and cardiovascular shock. The patent’s blood pressure should therefore be monitored
throughout the infusion. Histamine release is probably responsible at least in part for
infusion rate-related hypotension, although intravascular volume depletion due to iron
poisoning almost certainly also contributes. Pulmonary toxicity (adult respiratory
distress syndrome, ARDS) has been described in acute iron overdose or haemosiderosis
following i.v. DFO at doses of 15 mg kg–1 h–1 for more than 24 h (Tenenbein et al., 1992).
The underlying mechanism is unknown but may result from chelation of intracellular
iron, free radical toxicity or from direct toxicity of the iron itself (Howland, 1996;
Tenenbein, 1996). Use of a DFO infusion rate of no more than 15 mg kg–1 h–1 minimizes
the risk of adverse reactions (Westlin, 1971; Tenenbein, 1996).

Cataract formation and renal failure (Cianciulli et al., 1994) have been reported in
patients undergoing prolonged DFO therapy such as those with thalassaemia.
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Sensorineural hearing loss, night blindness, visual field defects, toxic retinal pigmentary
degeneration, optic neuropathy and acute visual loss have been associated with chronic
DFO therapy in such patients (Olivieri et al., 1986; Bentur et al., 1991; Kanno et al.,
1995). It is possible that these effects are due to reaction of DFO with superoxide free
radical (O2

–⋅ ) to form the relatively stable nitroxide free radical. However, these effects
have not been observed in patients treated for acute iron intoxication. There is no
evidence of trace element depletion in patients treated with DFO, although not only
iron, but also copper and zinc, excretion is increased in such patients (Davies et al.,
1983; Pall et al., 1989; Uysal et al., 1993).

Deferoxamine (desferrioxamine, DFO, Desferal)

• DFO is a siderochrome produced by Streptomyces pilosus. It is an aliphatic
compound with three hydroxylamine groups and one primary amine

• DFO has a very high affinity for iron(III) and aluminium, but low affinity for
calcium, copper, iron(II) and magnesium

• The red DFO–iron(III) complex (ferrioxamine) is water-soluble and is
normally excreted in urine and bile. The DFO–aluminium complex
(aluminoxamine) behaves similarly

• DFO can remove iron from haemosiderin and ferritin, but not from
haemoglobin or cytochrome oxidases

• DFO does not increase excretion of iron(III) or aluminium from healthy
individuals

• DFO is used to treat acute iron poisoning and transfusion-related iron
overload

Clinical use of deferoxamine (DFO)

• DFO probably acts by binding free iron as well as enhancing excretion of
iron(III)

• DFO is given parenterally as it has poor oral bioavailability (ferrioxamine
readily absorbed)

• Flushing, erythema, urticaria, hypotension and shock may follow rapid i.v.
dosage – monitor blood pressure and do not infuse at a rate greater than
15 mg kg–1 h–1

• A daily dose of no more than 80 mg/kg should be used, except in severe iron
poisoning

• Range of eye problems observed in patients undergoing long-term DFO
therapy – use cautiously

•  DFO half-life prolonged in renal failure – an advantage when DFO used to
remove aluminium in dialysis encephalopathy
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2.3.6 Overview of the role of deferoxamine in acute iron
poisoning

Acute poisoning with preparations containing iron salts is common, especially in
children. Although deaths have resulted when relatively large amounts of elemental
iron have been ingested, in general mortality is low when the dose of iron ingested has
not exceeded 60 mg ferric or ferrous iron per kilogram body weight (a 200-mg tablet of
ferrous sulphate contains 60 mg of ferrous iron). Acute iron overdose in pregnancy is
also common, and concern over possible teratogenic effects of DFO should not be a
reason for witholding DFO in serious cases (McElhatton et al., 1991). Parenteral DFO
is the treatment of choice for severe iron poisoning, and indeed clinical experience
suggests that survival may depend upon DFO administration at the earliest opportunity.
DFO is widely used despite the fact that there are no controlled studies of efficacy in
severe iron poisoning. Calcium trisodium DTPA (section 2.2.3) has been suggested for
use in iron-overloaded patients who become intolerant to DFO.

Parenteral DFO should be given without awaiting the result of a serum iron
measurement if it is clear that poisoning is severe, i.e. if coma or shock are present.
Otherwise, the decision to treat iron poisoning with DFO is based on the clinical features
of poisoning and the serum iron concentration. Initial serum iron concentrations in
poisoned children correlate with clinical features such as shock or coma that suggest a
poor prognosis. It has thus been recommended that an initial serum concentration
greater than 5 mg/L (90 µmol/L) is an indication for DFO treatment. The kinetics of
iron after acute overdose in humans remain to be investigated, but probably the peak
serum concentration is achieved within 4–6 h post ingestion. Therefore, low serum
iron concentrations 6 h or more post ingestion are uninterpretable, except after
ingestion of a sustained-release formulation.

2.3.7 Other iron/aluminium chelators

A large number of chelating agents have been studied with the aim of producing a
cheap, orally effective, non-toxic alternative to DFO (Jones, 1991; Porter, 1996). By
analogy with DFO, these compounds may also be effective in enhancing aluminium
and possibly plutonium excretion (Durbin et al., 1989).

2.3.7.1 Deferiprone

Deferiprone (1,2-dimethyl-3-hydroxypyridin-4-one; L1; CP20; DMHP; CGP 37 391; CAS
30652-11-0; Figure 2.15) is one of a group of orally active iron chelators that form
water-soluble, coloured, stable (stability constant 1036), 3:1 [chelator–iron(III)] molar
ratio complexes at physiological pH (Kontoghiorghes, 1985; Porter et al., 1989a; Barman
Balfour and Foster, 1999). These compounds are uncharged at pH 7.4 and are thus
able to cross cell membranes more easily than negatively charged species. Maximal
efficacy in chelating iron(III) from isolated hepatocytes was associated with an octanol–
pH 7.4 buffer partition constant of 1 or thereabouts (Porter et al., 1988).

Deferiprone has an iron-binding constant (1019) similar to that of transferrin (1020)
and has proved as effective as DFO in treating experimental iron overload in animals.
Deferiprone (0.5–3 g daily by mouth) enhanced urinary iron excretion, but not the
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excretion of calcium, magnesium or zinc, in three patients with iron overload
(Kontoghiorghes et al., 1987). Oral deferiprone (75 mg/kg daily) showed similar efficacy
to s.c. DFO in 26 patients with transfusion-related iron overload (Olivieri et al., 1990).
It is rapidly absorbed from the stomach. Peak plasma deferiprone concentrations were
attained at 45–60 min post dose in 14 thalassaemia patients given the drug either with
or without food (Matsui et al., 1991). Deferiprone is excreted as a glucuronide and as
an iron complex in the urine (Kontoghiorghes et al., 1990). The plasma half-life of
deferiprone is in the range 0.8–2.3 h.

There are major concerns as to the safety of deferiprone (Kontoghiorghes et al.,
2000). Eye toxicity and reduction of blood haemoglobin and white cell count have been
reported in mice and in rats (Kontoghiorghes et al., 1989; Porter et al., 1989b), and
preclinical studies showed a pattern of toxicities typical of a cytotoxic (antiproliferative)
compound at doses similar to those used to treat thalassaemia in humans (Berdoukas
et al., 1993; Pfannkuch et al., 1993). Embryotoxicity and teratogenicity at doses as low
as 25 mg/kg were observed in rats and rabbits. Deferiprone may interfere with cell
proliferation by removing intracellular iron needed for this process (Berdoukas et al.,
1993).

In humans, the development of reversible neutropenia and agranulocytosis during
deferiprone therapy was described in one patient in 1989 (Hoffbrand et al., 1989) and
there have been further reports (Berdoukas et al., 1993; Hershko, 1993). In addition,
use of deferiprone has been associated with arthralgias and arthritis, and possibly with
induction of systemic lupus erythematosus (Berdoukas, 1991; Mehta et al., 1991, 1993).
Arthropathy in 3 of 16 thalassaemia patients receiving deferiprone has been described
previously (Berkovitch et al., 1994), and visual and auditory toxicity has also been
reported, although deferiprone is undoubtedly effective in decreasing and sustaining
lower hepatic iron concentrations in this condition (Olivieri et al., 1995). Deferiprone
may thus only be of value in iron-overloaded patients who are unable or unwilling to
receive i.v. DFO but who have potentially life-threatening serum iron concentrations
or serious iron toxicity such as coma or metabolic acidosis (Hershko, 1993; Olivieri et
al., 1995). Deferiprone may also be valuable when used in combination with DFO
(Richardson, 2001). Frequent haematological monitoring is mandatory, however, and
embryotoxicity and teratogenicity are major concerns and therefore a negative
pregnancy test must be obtained before deferiprone is given to a woman of child-bearing
age.

Kontoghiorghes (1995b) reported on over 600 patients given oral deferiprone in
over 15 countries. In most iron-loaded patients doses of 55–100 mg/kg deferiprone
were associated with iron excretion greater than accumulation from transfusion (25–
35 mg/d) and reduction in plasma ferritin and liver iron to near normal. Aluminium
was removed from aluminium-loaded patients at similar deferiprone doses. Adverse

Figure 2.15: Structural formulae of deferiprone, CP21, CP51 and CP94
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effects included (reversible) agranulocytosis (six patients), musculoskeletal and joint
pain (up to 30 % of patients), gastric intolerance (up to 6 %) and zinc deficiency (up to
2 %).

All of the 3-hydroxypyridin-4-ones studied are equally effective in binding iron in
vitro, but their pharmacological properties differ according to the substituents at the 1
and 2 positions. Other 3-hydroxypyridin-4-ones which are possibly less toxic than
deferiprone are thus being studied (Porter et al., 1989a), notably the 1-ethyl- (CP21;
CAS 30652-12-1) and 1-(2-methoxyethyl)- (CP51; CAS 118178-79-3) and 1,2-diethyl-
(CP94; CAS 115900-75-9) analogues (Figure 2.15).

2.3.7.2 Dexrazoxane

Esters and lactones of aminocarboxylic acids have been studied as prodrugs for iron
removal (Pitt et al., 1986). Notable in this group is dexrazoxane [(+)-(S)-4,4′-
propylenebis-2,6-piperazinedione; ADR-529; ICRF-187; Cardioxane; Eucardion; CAS
24584-09-6; Figure 2.16], a cyclized analogue of EDTA, which undergoes extra- and
intracellular hydrolysis to yield a bidentate chelator. This compound can protect against
doxorubicin-induced cardiac toxicity, thus permitting higher, longer doxorubicin dosage
in women with breast cancer (Speyer et al., 1992). Dexrazoxane is thought to act by
chelating iron required by doxorubicin for the generation of free radicals (Lewis, 1994).
It is given parenterally. It is thought not to compromise the anti-cancer activity of co-
administered anthracyclines, and has relatively mild toxicity at the doses used as a
cardioprotectant (Lewis, 1994).

Figure 2.16: Structural formula of razoxane

2.3.7.3 4,5-Dihydroxy-1,3-benzenedisulphonic acid

Sodium 4,5-dihydroxy-1,3-benzenedisulphonate (sodium catechol-3,5-disulphonate;
tiron; CAS 149-45-1; Figure 2.17) is as effective as some other agents in protecting
against acute uranyl acetate poisoning in mice (Basinger et al., 1983b), and as effective
as DFO in protecting against vanadium toxicity and in enhancing vanadium excretion
in mice (Domingo et al., 1986). In a further study, tiron, gallic acid (3,4,5-
trihydroxybenzoic acid; CAS 149-91-7), and DTPA were more effective than other agents
in protecting against acute uranyl acetate poisoning (Ortega et al., 1989). The efficacy
of a number of novel chelating agents based on carboxylic acid derivatives of catechol,
for example catecholamic acid [catechol-3,6-bis(methyleneiminodiacetate); CAS 82773-
07-7], in enhancing uranium excretion after chronic exposure has been studied (Jones,
1991).
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2.3.7.4 2,3-Dihydroxybenzoic acid

2,3-Dihydroxybenzoate (3-hydroxysalicylic acid; CAS 303-38-8) and its derivatives have
been studied as orally active iron chelators. Although 2,3-dihydroxybenzoate itself has
proved ineffective in clinical trials, a large number of derivatives including 2,3-
dihydroxyterephthalamides have been studied. Analogues of enterobactin such as
TRENCAM (CAS not available; Figure 2.18), whose iron(III) complex has a formation
constant of 1043.6, have also been prepared (Rodgers et al., 1987).

Figure 2.18: Structural formula of TRENCAM

Figure 2.17: Structural formula of 4,5-dihydroxy-1,3-benzenedisulphonic acid

2.3.7.5 Ethylenebis-2-hydroxyphenylglycine

N,N′-Ethylenebis[2-(2-hydroxyphenyl)glycine] (EHPG; CAS 1170-02-1; Figure 2.19)
has been studied as an iron chelator. The iron(III) complex with this agent has a stability
constant of 1033.9, which is greater than the corresponding value for EDTA by about 9
log units. A related compound, N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic
acid (HBED; CAS 35998-29-9; Figure 2.19), forms a complex with iron(III) with a
stability constant of 1039.68. Both of these compounds are effective in enhancing the
urinary excretion of iron, but EHPG is superior in vivo and can be given orally (Pitt,
1981). However, interest in these compounds has waned in recent years.
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2.3.7.6 Phosphorothioate oligodeoxynucleotides

Phosphorothioate oligodeoxynucleotides (PS-ODNs) are modified DNA molecules that
have a sulphur atom incorporated into the deoxyribose chain in place of one of the
non-bridging oxygen atoms of the phosphate moiety. This creates polyanionic molecules
that may have a role as heavy metal chelators, although other therapeutic possibilities
are also under investigation. Continuous low-dose i.v. infusion (0.05 mg/kg hourly) of a
PS-ODN known as OL(1)p53 increased the urinary excretion of iron 7.5-fold in a group
of 16 patients being given the drug primarily for other purposes (Mata et al., 2000).

2.3.7.7 Pyridoxal isonicotinoyl hydrazone (PIH)

Pyridoxal isonicotinoyl hydrazone (PIH; CAS 737-86-0; Figure 2.20) and its analogues,
and related Schiff bases, have been studied extensively as iron chelators (Williams et
al., 1982). PIH itself has been given orally to patients, with complete recovery
(Brittenham, 1990). Some of the PIH analogues studied, notably pyridoxal 2-
pyrimidinylethoxycarbonyl methbromide (CAS not available), seem to be more effective
than PIH itself (Hershko, 1988; Hershko and Weatherall, 1988).

Figure 2.20: Structural formula of pyridoxal isonicotinoyl hydrazone (PIH)

Figure 2.19: Structural formulae of N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic
acid (HBED) and N,N′-ethylenebis[2-(2-hydroxyphenyl)glycine] (EHPG)

2.3.7.8 Rhodotorulic acid

Natural and synthetic siderophores and hydroxamic acids such as rhodotorulic acid
(CAS 18928-00-2; Figure 2.21) have been studied as oral iron chelators (Jones, 1991).
In general, these compounds have been found to be not only unstable in the
gastrointestinal tract, but also too toxic for clinical use.



� 79

POISONING WITH TOXIC METALS AND ORGANOMETALLIC COMPOUNDS

�
C

H
A

P
T

E
R

 2
�

2.4 METAL-COMPLEXING AGENTS

2.4.1 Potassium iron(III) hexacyanoferrate(II)
(Prussian Blue)

Potassium iron(III) hexacyanoferrate(II) (potassium ferric ferrocyanide; Iron Blue;
Prussian Blue; Berlin Blue; CAS 12240-15-2; Figure 2.22) is used to treat poisoning
with thallium. It is not a chelating agent, and indeed thallium does not respond to
traditional chelation therapy such as EDTA, dimercaprol, D-penicillamine or DTPA.
Ingested thallium (Tl+) is absorbed and distributed rapidly. Like potassium, thallium
is excreted via the kidneys and into the gastrointestinal tract via saliva and bile, and
through the intestinal mucosa, across which a secretion/reabsorption cycle operates.

Oral Prussian Blue (250 mg/kg daily in 2–4 divided doses) given via a fine-bore
nasogastric tube prevents reabsorption of the thallium ion – thallium is exchanged for
potassium in the Prussian Blue crystal lattice and is then excreted in the faeces
(Heydlauf, 1969). ‘Prussian Blue’ is available in a variety of preparations that differ in
efficacy. The colloid or ‘soluble’ form (CAS 12240-15-2) is more effective than the
insoluble form [iron(III) hexacyanoferrate(II); Fe4[Fe(CN)6]3; CAS 14038-43-8] (Stevens
et al., 1974). Adsorption of thallium to Prussian Blue is dependent on the size of the
crystal lattice of the particular batch of the material used (Kravzov et al., 1993).

While some reports suggest that oral Prussian Blue is not absorbed (Stevens et al.,
1974), this is difficult to reconcile with the observation of bluish sweat and tears in
patients receiving oral therapy. Oral potassium supplements should not be given at
the same time as Prussian Blue as they compete for entry into the matrix of the antidote.
The exchange in the lattice is favoured by the smaller ionic radius of thallium, creating

Figure 2.22: Molecular formula of potassium iron(III) hexacyanoferrate(II)

Figure 2.21: Structural formula of rhodotorulic acid
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‘sink’ conditions analogous to those created by repeat-dose oral activated charcoal (see
section 1.4.4.1). In essence, Prussian Blue acts as an ion exchanger for univalent cations,
its affinity increasing with increasing atomic radius of the cation. Oral Prussian Blue
thus also enhances the faecal elimination of caesium (Iinuma et al., 1971) and rubidium
(Schäfer and Forth, 1983). A nickel iron(II)cyanide–anion exchange resin has been
developed for oral administration to enhance elimination of 137Cs (Iinuma et al., 1971).

Prussian Blue is the antidote of choice for the treatment of thallium poisoning
(Stevens et al., 1974), although for ethical reasons there are no controlled trials that
compare Prussian Blue with other agents. During treatment with Prussian Blue, plasma
thallium concentrations fall and urinary thallium excretion declines exponentially
(Kamerbeek et al., 1971; Stevens et al., 1974). In contrast, faecal excretion of thallium
is detectable even when urinary thallium excretion is not measureable. Administration
of Prussian Blue should therefore be continued until thallium can no longer be detected
in the faeces, or at least until urinary thallium excretion is < 0.5 mg/d. Oral Prussian
Blue may be combined with other forms of therapy to enhance thallium excretion
(Thompson, 1981; de Groot et al., 1987), but probably use of haemodialysis is no better
than diuresis as the amount of thallium removed by such methods is trivial (De Backer
et al., 1982). The elimination half-life of thallium in man is reduced by treatment with
Prussian Blue alone from more than a week to 3.0 ± 0.7 days; the addition of forced
diuresis further reduces the half-life to 2.0 ± 0.3 days. Charcoal haemoperfusion may
also be of value, especially within 2 days of exposure. Thallotoxicosis is commonly
associated with intestinal stasis and severe constipation, and thus a laxative such as
mannitol or lactulose should be co-administered regularly. Prussian Blue, 10 g in 100 mL
15 % (w/v) mannitol, is convenient.

2.4.2 Ammonium tetrathiomolybdate

Ammonium tetrathiomolybdate (CAS 15060-55-6; Figure 2.23) aids the elimination of
copper and is under investigation for the initial reduction of plasma copper
concentrations in the treatment of Wilson’s disease (Brewer, 1995). When taken with
food, ammonium tetrathiomolybdate, which can form a complex with protein and
copper, prevents copper absorption. When given between meals it is absorbed and
combines with albumin- and caeruloplasmin-bound copper. It may be particularly
suitable for patients with impaired neurological function (Brewer et al., 1994). Reversible
bone marrow depression has been reported in two patients treated with ammonium
tetrathiomolybdate (Harper and Walshe, 1986).

Figure 2.23: Molecular formula of ammonium tetrathiomolybdate
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3.1 ANTIVENINS

Antibodies have been used to inactivate protein poisons from animals and microbes in
vivo for many years. Antivenins used to treat poisoning with snake venom are one
example. This topic has been reviewed previously (Sullivan, 1986; Howland and
Smilkstein, 1991). The term antivenin was used for the first antiserum for snake venom
poisoning prepared for human use (Calmette, 1907 – see section 4.3.2). It has been
retained in many parts of the world on the basis of historical precedent, and because it
identifies a specific process, immunization, in its preparation. The term antivenom, on
the other hand, is frequently used for any product that acts against venom, such as
trypsin.

3.1.1 The treatment of snake bite

In Africa, snake bite causes hundreds of deaths annually and thousands of cases of
permanent physical disability. In Nigeria, some 70 % of hospital beds are occupied by
snake bite victims at times of the year when people are working outdoors (Theakston
and Warrell, 2000). There are 50–70,000 deaths annually in India and Pakistan (Warrell,
1999). There are some 50,000 cases of snake bite every year in the USA, of which about
8,000 are inflicted by a venomous snake, with some 6,000 being treated with antivenin.
Pit vipers (Crotalinae) are responsible for about 98 % of all bites and considerable
morbidity. There were some 7–15 deaths per annum between 1960 and 1990 (Stolpe et
al., 1989; Johnson, 1991; Consroe et al., 1995). In Australia, although cases of
envenomation reported to poisons centres are dominated by spider bites and insect
stings, snake bites affect 1,000–3,000 people per year with two or so deaths annually
(White, 1998). Brown snakes (Pseudonaja) cause most deaths and bites, with tiger snakes
(Notechis) and taipans (Oxyuranus) accounting for nearly all other fatalities. Up to 500
cases require antivenin treatment annually, most victims coming from the rural areas
of the most populated states. All Australian venomous snakes are front-fanged elapids.

Snake envenomation is a medical emergency that requires urgent clinical judgement.
As more people engage in outdoor activities there has been an increase in both the
occurrence of snake bite and the need for treatment. Unfortunately, cost is an important
factor influencing antivenin availability, especially in less developed countries
(Theakston and Warrell, 2000). Treatment protocols, even for venomous bites, are
controversial. The wider availability of snake venom detection kits in countries such as
Australia has allowed specific antivenin, rather than polyvalent antivenin, to be used
more frequently, but polyvalent antivenin is still used in some 50 % of cases. The use of
adrenaline premedication before antivenin administration also remains controversial
(Tibballs, 1994).

The amount of venom injected via a bite is very variable as it depends on the length
of time since the snake has eaten, the size of the prey and the degree of aggression
shown by the snake. Snake venoms are complex mixtures of proteins and small
polypeptides with enzymatic activity (Russell, 1991). Venom composition within a species
can show considerable geographical variation (Daltry et al., 1996). Crotalid venoms
produce changes in capillary walls that lead to fluid loss into tissues, particularly into
the bitten area, but also into other organs. These phenomena are recognized clinically
as oedema, bruising, hypoproteinaemia and haemoconcentration (Johnson, 1991). The
arbitrary grouping of snake venoms into neurotoxins, haemotoxins and cardiotoxins is
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toxicologically misleading and can result in serious clinical errors. This is because a so-
called neurotoxin can produce marked cardiovascular changes or direct haematological
effects (Russell, 1991).

Poisonous species of snakes mainly fall into the following families or subfamilies:
Viperidae, including the true vipers (Viperinae) such as Russell’s viper and puff adder;
the pit vipers (Crotalinae); and Elapidae, the elapids, which include the cobras, king
cobras, kraits, coral snakes and sea snakes.

3.1.2 Crotalinae: pit vipers

The pit vipers consist of rattlesnakes and moccasins (copperheads and cottonmouths).
The snakes are distinguishable by the pit located between each eye and nostril. The pit
viper’s head appears triangular as a result of the venom glands located in the temporal
region. They have two sharp, canalized fangs that are long and movable and retract
posteriorly.

The rattlesnakes are divided into two types. The genus Crotalus contains the more
dangerous rattlesnakes, as well as a greater number of species, and is distributed over
a far greater range. It is distinguished from the genus Sistrurus because it has small
scales on the crown of the head whereas the latter has large plates. As the name implies,
both possess rattles at the end of the tail, and together they account for about 65 % of
all venomous snake bites in the USA every year. Most fatal bites result from the Eastern
(C. adamanteus) or Western (C. atrox) diamondback rattlesnake. The Mojave rattlesnake
(C. scutulatus scutulatus) has the most neurotoxic venom of all rattlesnakes but is
fortunately responsible for only a few bites every year (Jansen et al., 1992).

There are two species of moccasins: the cottonmouth (Agkistrodon piscivorus) and the
copperhead (A. contortrix). Moccasins are distinguished by their facial pits, elliptical
pupils, the absence of rattles and the presence of a single row of scales on the
undersurface of the tail. They do, however, vibrate their tails like a rattlesnake. The
cottonmouth is an aquatic snake that lives in swamps, lakes, ditches and rice fields. It
is usually dark olive with dark cross-bands. When disturbed, the snake will often open
its white mouth in a characteristically threatening manner. Copperheads have inverted
Ys and hourglass configurations on their bodies. Their heads may be copper or brown.
The average adult varies in length from 50 to 100 cm. They are often found on
mountains, hillsides, rocks and sawdust piles but may also live within city limits and in
suburban developments. When disturbed they can strike very quickly, but the majority
of bites by copperheads do not result in death.

3.1.2.1 Crotalid poisoning: clinical features

These vary considerably depending on the species, the amount of venom injected and
the premorbid state of the patient. The most diagnostic sign is rapid, progressive,
painful swelling. Usually there is some swelling around the bite area within 5–10 min,
often spreading to involve the entire hand or foot. Superficial lacerations produced by
fangs usually do not result in envenomation. A common symptom following the bites of
the Eastern diamondback rattlesnake and the Pacific rattlesnakes is tingling around
the mouth, forehead and scalp. Bruising is common in most cases of moderate or severe
rattlesnake poisoning and usually appears around the bite within 3–6 h. It tends to be
severe following bites by Eastern and Western diamondbacks, the prairie and Pacific
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rattlesnakes, and less severe following copperhead bites. Vesicles may form in the area
of the bite within the first 8 h, often becoming blood filled. It is difficult to determine
the severity of envenomation during the first few hours after a crotalid snake bite, and
estimates may need to be revised as poisoning progresses. A bite may appear minor at
1 h but prove serious or fatal at 3 h. In about 20 % of rattlesnake bites, the snake may
not inject venom.

There may be swelling, pain, bruising, weakness, nausea, vomiting and alteration of
temperature, pulse and blood pressure. Paraesthesiae, fasciculations, haemo-
concentration, platelet loss, petechiae and shock can also occur. Severe envenomation
may be accompanied by low blood pressure, which usually occurs 30 min or more after
the bite, facial numbness and generalized fasciculations due to neurotoxin (Gold and
Barish, 1992). If a bite is close to a vein, local swelling may be minimal, but patients
may develop coagulopathy and haemorrhage. Particularly after bites by the Mojave
rattlesnake, respiratory distress may occur, and muscular weakness may be seen in
severe cases. If oedema and erythema or systemic effects have not occurred within 4 h
of the bite, it is safe to assume that the patient does not have pit viper envenomation
(White and Weber, 1991).

Most of the grading systems for crotalid bites are poor, as they depend upon a few
key clinical features, and these are often stipulated for a specific time. It is more
practical, however, to grade them as minimal, moderate or severe based on all clinical
findings and laboratory data (Table 3.1; Johnson, 1991). The grading may need to be
changed as the course of poisoning or treatment progresses. Bites by the Mojave
rattlesnake, for example, may be graded as minimal, but the consequences of giving
too little antivenin may be a poor outcome or even death. The grading of poisoning
after crotalid envenomation is often determined by the most severe clinical feature.

After a crotalid snake bite, the bitten part and preferably the whole patient should
be immediately immobilized to limit the spread of venom (Burgess et al., 1992; Gold
and Barish, 1992). If the snake was killed it should be brought to hospital for
identification. If a live snake is brought to hospital it should be placed in a refrigerator
in its container for at least 30 min. This allows for safer identification. Wound excision,
cryotherapy and the use of ligatures have been tried and may increase morbidity after
pit viper envenomation (Burgess et al., 1992). Suction, using an extractor applied to
the fang punctures, may be of value in the first 30–60 min. The wound should be cleaned.

TABLE 3.1
Assessment of the severity of crotalid envenomation

Mild poisoning Moderate poisoning Severe poisoning

Local swelling Local swelling Marked swelling
Erythema Erythema Marked erythema
Bruising Bruising Marked bruising
No systemic Mild systemic Marked systemic manifestations:
features manifestations hypotension, tachycardia, respiratory

compromise, neurological changes
No laboratory Some laboratory Coagulopathy: abnormal prothrombin time,
abnormalities abnormalities abnormal partial thromboplastin time,

abnormal platelet count, abnormal fibrinogen
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Broad-spectrum antibiotic treatment is generally recommended. The critical therapy
for moderate to severe envenomation is appropriate antivenin.

3.1.2.2 Crotalid antivenins

Polyvalent Crotalinae antivenin (Wyeth) contains globulins that neutralize the systemic
toxicity of venoms of crotalids native to North, Central and South America, including
rattlesnakes (Crotalus, Sistrurus), cottonmouth (Agkistrodon piscivorus) and copperhead
(A. contortrix) moccasins, species of Bothrops including B. atrox (Fer-de-lance), the tropical
rattlesnake (C. durissus terrificus and similar species), the cantil (A. bilineatus) and
bushmaster (Lachesis mutus) of Central and South America,  A. hayls, Trimeresurus
flavoviridis and T. purpureomaculatus. The antivenin is not effective against the venoms of
coral snakes and should never be used in the management of poisoning by these snakes.

Antivenin should not be routinely administered to every patient suffering from pit
viper bite. It is unnecessary in most cases of copperhead bites, unless the bite is
considered moderate to severe, or possibly when the victim is a small child.
Envenomation from cottonmouths usually requires lower antivenin doses (Russell,
1991). Although antivenin appears to be effective in neutralizing the lethality of the
venom, it is less effective in protecting against local tissue damage (Kelly et al., 1991).

Before starting antivenin therapy, careful inquiry must be made about any history
of allergy. An intradermal sensitivity test should be performed before antivenin is given
therapeutically, regardless of the history. This is done by injection of 0.02 mL of 0.9 %
(w/v) sodium chloride-diluted antiserum at a site distant from the bite. The injection
site is then observed for at least 10 min for the development of redness, hives, pruritus
or other adverse effects. A syringe containing 0.5 mL of 1:1,000 adrenaline must be
available for treating allergic reactions whenever antivenin is administered. In general,
the shorter the interval between injection and reaction, the greater the degree of
sensitivity. However, a negative skin test does not indicate whether serum sickness will
occur after administration of full doses of the antivenin. If an immediate hypersensitivity
reaction occurs, it usually happens within 30 min of administration of the antivenin
(Table 3.2).

Antivenin-induced serum sickness is generally dose related. If a hypersensitivity
reaction occurs, administration of the antivenin should be immediately discontinued
and the patient given an oral antihistamine if the reaction is mild or i.m. adrenaline if

TABLE 3.2
Crotalid antivenin hypersensitivity reactions

Immediate reaction (within minutes) Delayed (5–24 days) serum sickness

Apprehension Malaise
Itch or urticaria Fever
Swelling of face, tongue or throat Urticaria
Dyspnoea Lymphadenopathy
Cyanosis Arthralgia
Nausea Nausea
Vomiting Vomiting
Cardiovascular collapse Peripheral neuropathy (arms)

Meningism
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the reaction is moderate to severe. If infusion of the antivenin is restarted,
administration should be at a slower rate. Steroids are commonly given to treat serum
sickness reactions, although their value remains to be established.

Antivenin must not be injected into a finger or toe. For i.v. infusion, a 1+1 to 1+9
dilution of reconstituted antivenin in 0.9 % (w/v) sodium chloride or 5 % (w/v) D-glucose
is prepared. To avoid foaming, dilutions of antivenin should be mixed not by shaking,
but by gentle swirling. An initial 5–10 mL of diluted antivenin should be infused over
3–5 min with careful observation of the patient; if there are no indications of any
immediate systemic reaction (Table 3.2), the infusion should be continued at the
maximum safe rate of i.v. fluid administration. The rate of administration should be
based on the severity of the case and the patient’s tolerance to the antivenin. Pregnancy
is not a contraindication to administration of antivenin.

The greatest danger from snake bites occur within the first day or two after the
bite, and therefore the entire initial dose of antivenin should be given as soon as possible
and preferably within 4 h of the bite. Antivenin is less effective when given after 8 h
and is of questionable value beyond 12 h. However, in severe envenomation, antivenin
may be given even 24 h after the time of the bite and has been shown to reverse
coagulation deficits even at 30 h. The recommended doses for children and adults are
given in Table 3.3.

Bites by large snakes may need relatively high doses, particularly in children or
small adults. The dose of antivenin given to children is based not on body weight, but
on the clinical response to the initial dose and continuing assessment of the patient in
respect to the severity of poisoning. If swelling continues to progress, systemic features
of envenomation increase in severity or new manifestations appear, such as low blood
pressure or reduced haematocrit, an additional 10–50 mL (contents of 1–5 vials) should
be administered.

Details of some further crotalid antivenins are given in Table 3.4. Broadly speaking,
these antivenins should be used in the same way as described for polyvalent crotalid
antivenin, although local advice on their use should be sought if possible.

3.1.2.3 Fab antibody fragments and other approaches

A preparation is now being investigated that consists of fragments of antibodies raised
in sheep and specific for crotalid venom (FabAV, Therapeutic Antibodies). The production
of these fragments is very similar to the method of generating antidigoxin antibody
fragments (section 3.2.1). It should provide a less immunogenic alternative than the
antivenin produced from horse serum. Use of the product in three patients was
associated with rapid and complete reversal of neurotoxicity (Clark et al., 1997). It has

TABLE 3.3
Crotalid polyvalent antivenin dosage recommendations

Degree of envenomation Antivenin dose

Nil None
Minimal 20–40 mL (2–4 vials)
Moderate 50–90 mL (5–9 vials)
Severe 100–150 mL or more (10+ vials)
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recently been approved by the Food and Drug Administration of the USA (FDA), but
costs £6,000 per treatment (Theakston and Warrell, 2000).

Molecular and DNA immunization techniques are also being used to generate venom
toxin-specific antibodies as the source material for developing improved antivenins
(Harrison et al., 2000). It is thought that, by generating a bank of antibodies, each
specific to a distinct venom toxin, more rational antivenins than those resulting from
conventional, whole-venom immunization can be prepared. Moreover, it is thought
that antivenins prepared in this way are less likely to induce anaphylaxis and allergic
reactions, such as often occur when conventional equine and ovine antivenins are given
to humans.

3.1.3 Elapidae (including cobras and coral snakes)

3.1.3.1 Diagnosis of envenomation by elapids

Elapidae envenomations differ significantly from those of pit vipers. They may be little
or no pain or swelling immediately after the bite. Occasionally there is a delay of 1–6 h
before the onset of systemic symptoms (Table 3.5). Clinical features of poisoning include
difficulty in speaking and swallowing and intense salivation. Loss of deep reflexes and
respiratory depression occur later as a result of the neurotoxin component. In contrast
to crotalid bites, severe poisoning can be present without indications of a substantial
local tissue reaction. The earliest signs may be euphoria or drowsiness, followed by
nausea and vomiting, salivation and paralysis. Systemic features of poisoning usually
occur within 6 h of the bite, although they may be delayed for up to 18 h. Once systemic
poisoning becomes manifest, progression is often rapid. Paralysis has occurred within

TABLE 3.4
Some further Crotalid snake bite antivenins (see also Warrell, 1999)

Antivenin Origin Effective against

Sharp-nosed pit viper National Institute of Agkistrodon acutus (= Deinagkistrodon
Preventive Medicine, acutus)
Taiwan

Malayan pit viper Thai Red Cross, Bangkok Calloselasma rhodostoma (= Agkistrodon
 rhodostoma)

Green pit viper Thai Red Cross, Bangkok Trimermesurus poperum
Trimermesurus bivalent National Institute of Trimermesurus mucrosquamatus (Chinese

Preventive Medicine, habu), T. gramineus (= T. stejnegeri –
Taiwan Chinese bamboo viper)

Polyvalent Perum Bio Pharma Calloselasma rhodostoma, also Bungarus
(Pasteur Institute),  fasciatus (banded krait), Naja naja
 Bandung, Indonesia sputatrix (= N. sumatrana –

Sumatran spitting cobra)
Costa Rica Crotalus durissus terrificus(tropical

rattlesnake, cascabel), Bothropsatrox
(Fer-de-lance), Lachesis mutus
(bushmaster)
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2–3 h after a bite and has involved the cranial motor nerves. Death from respiratory
paralysis has occurred within 4 h of a bite. Children are prone to fits after coral snake
bites. The mechanism for this is unclear because the toxins do not cross the blood–
brain barrier, but hypoxia may be a factor. Cardiac failure has also been noted. With
vigorous supportive therapy and close observation, patients with complete
neuromuscular paralysis have recovered, but death may result from either cardiac or
respiratory failure.

3.1.3.2 Treatment of coral snake bite

Coral snakes (in North America the Arizona coral snake, Micuroides euryxanthus; Eastern
coral snake, Micrurus fulvius fulvius; Texas coral snake, M. fulvius tenere) bite, chew and
hang on to the area attacked in order to envenomate. Hence flat surfaces are not
usually bitten and death rarely results (Norris and Dart, 1989). Coral snake bites
probably result in envenomation in less than 40 % of cases. However, there is no reliable
method of predicting those bitten individuals that have been injected with venom.

Coral snakes may be completely black, completely white or partially pigmented but
are usually not seen because they are shy and nocturnal. The small size of the fangs
makes it difficult for a coral snake bite to penetrate clothing. Most bites occur on the
hands as a result of direct handling of the snakes. The most deleterious components of
the venom appear to be various neurotoxic, low-formula-weight polypeptides that cause
a curare-like post-synaptic block at the neuromuscular junction by binding competitively
to the acetylcholine receptor. This is delayed in onset and extremely prolonged. Unlike
pit viper venoms, coral snake venom lacks proteolytic enzymes, which explains the
relative paucity of local signs and symptoms following the bite. There may be very mild
swelling and pain or paraesthesiae at the bite site, but often only fang marks are seen.

Suspected coral snake bites should receive prompt evaluation, and if there is evidence
of a break in the skin the patient should be hospitalized for observation for at least
24 h. The bite site should be cleaned. As the venom is very rapidly absorbed by the
venous system, there is no point in bandage occlusion. Although acetylcholinesterase

TABLE 3.5
Diagnosis of Elapidae envenomation

Local effects Systemic effects

Little or no pain Anxiety
Little/no early swelling Diplopia
Scratch marks Drowsiness
Small degree of erythema Dysphagia

Dyspnoea
Headache
Lethargy
Motor paralysis/weakness
Respiratory depression
Salivation
Fits
Nausea and vomiting



IMMUNOTHERAPY

104 �

(AChE) inhibitors might have a theoretical use in reversing neuromuscular blockade,
no studies have been performed in man.

Hospital management is based on the use of specific ‘Wyeth North American coral
snake antivenin’ or multivalent coral snake antivenin (Costa Rica). It is important
before giving the antivenin to be sure that the victim has indeed been bitten by a coral
snake, as the Wyeth antivenin is made from horse serum and has the same potential
adverse effects as crotalid antivenin (Gold and Barish, 1992). For this reason, skin
testing and enquiry about a history of allergy is essential (see Crotalid antivenin test,
section 3.1.2.2). If fang marks are present, even in the absence of other clinical features
of poisoning, it is important to begin antivenin therapy. Once systemic poisoning
becomes manifest, it may be difficult to reverse them or slow their progression even
with the use of antivenin.

After a negative skin test, the reconstituted antivenin should be diluted in 0.9 %
(w/v) sodium chloride. There are no studies on appropriate dosage (Norris and Dart,
1989). Some suggest that 50–60 mL (contents of 5–6 vials) be given to patients if pain
or neurological features of toxicity are evident. Doses up to 80–100 mL (contents of 8–
10 vials) should be given if bulbar signs of paralysis are present. Bites from large snakes
may need relatively high doses, particularly in children or small adults. The dose given
to children is not based on body weight. The need for additional doses is based on the
clinical response to the initial dose and on the severity of poisoning. If necessary,
additional antivenin may be administered, usually in doses of 10–50 mL. Some patients
may need 100 mL or more. It should be noted that the Wyeth antivenin is not effective
in bites by the Arizona coral snake (Micruroides). However, the venom from this snake is
relatively non-toxic and there has not been a report of a fatality.

3.1.3.3 Treatment of snake bite in South-East Asia

The diagnosis and treatment of snake bite in the Indian subcontinent, Myanmar,
Thailand, Lao PDR, Cambodia, Vietnam, Malaysia, Singapore, Brunei, the Philippines
and parts of Indonesia are the subjects of a recent WHO publication (Warrell, 1999).
Some antivenins used in this area, the Middle East and in Africa are listed in Table 3.6.

3.1.3.4 Treatment of snake bite in Australia

Australia’s venomous snakes fall into five groups based on clinical features of poisoning
and the specific antivenin required (White, 1998). Group 1 consists of the brown snakes,
the most common cause of bites and deaths. Group 2 contains the tiger snakes,
copperheads, the rough-scaled snake and the broad-headed snakes. These snakes should
be considered potentially deadly as it has recently been established that their bite can
cause massive coagulopathy. The third group consists of the mulga and black snakes,
the fourth group the taipans and the last group the death adders.

Australian snakes do cause some local effects around the bite, but these are more
important for their diagnostic utility than for the morbidity caused, which is usually
minor. However, the systemic effects are of major importance. Of these, four
predominate, though not all species cause all four. Neurotoxic paralysis is rarely lethal
given modern intensive care facilities. Rhabdomyolysis is still occasionally fatal, most
often through development of secondary renal failure or hyperkalaemia. Coagulopathy
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is probably the leading cause of deaths at present. Primary or secondary renal failure
remains an important problem.

Complete defibrination may be seen as soon as 20 min after a brown snake bite.
However venoms targeting extravascular sites, such as neurotoxins and myotoxins,
may take longer to reach effective concentrations and cause clinically detectable effects.
Thus, myolysis or paralysis is often not obvious for 2–6 h post bite. Whatever the
dynamics of individual components, the clinician may be faced with a complex
multisystem disorder as evidenced by a taipan bite with complete paralysis,
coagulopathy, secondary haemorrhage and anaemia, rhabdomyolysis, acute renal failure
and secondary pneumonia (White, 1995).

The hospital management of snake bite revolves around early recognition of the
diagnosis and prompt effective response. It is vital to look for paralysis. The first sign
is usually ptosis, followed by ophthalmoplegia, then fixed dilated pupils and dysarthria,
after which early intubation may be needed. Myolysis may mimic paralysis, with muscle
weakness, but this is invariably accompanied by myoglobinuria, unless there is acute
renal failure. Coagulopathy may be silent or obvious. Investigations are always useful
in ascertaining the type and extent of systemic envenomation, especially snake venom
detection, coagulation tests and creatine phosphokinase assay. Classic defibrination
results, as seen in brown snake bite, show a very low fibrinogen, with fibrin degradation
products being grossly elevated. The prothrombin time (international normalized ratio,
INR) is also prolonged. In contrast, in anticoagulation as caused by mulga snakes and
their relatives, there will be prolongation of the INR but concentrations of fibrinogen
and its degradation products are unaffected.

All current Australian Commonwealth Serum Laboratories (CSL) snake antivenins
are F(ab)2

 equine liquid products. There is a dominance of use of brown snake and
tiger snake antivenin, but in 31 % of cases polyvalent antivenin is used (White, 1998).
Snake venom detection kits use enzyme-linked immunosorbent assays (ELISAs) and
can detect the type of snake involved, allowing use of specific antivenin (Table 3.7). A
result can be obtained in 25 min, based on bite site or urine. Blood is less reliable.
Sometimes the bite is too severe to wait for a result. There are many other clues to the
type of snake involved, including geographic location, physical description of the snake
and local and systemic effects, particularly the presence or absence of paralysis,
coagulopathy or myolysis (White, 1998). Using a combination of all the available
information, it is often possible to guess the type of snake most likely to be involved,
thus allowing the use of specific antivenom. Later venom detection can verify the validity
of diagnosis.

3.1.3.5 Viperidae: European adder

The adder, Vipera berus, is found throughout Western Europe and is the only naturally
occurring poisonous snake in the UK. Bites usually result from trying to pick up the
snake in the summer months, as they hibernate in winter (Hawley, 1988). Probably
less than 50 % of bites are associated with venom injection.

The bite usually comprises two puncture marks about a centimetre apart on the
extremity of a limb. It may go unnoticed until swelling develops, but often there is
immediate pain. Swelling at the site often occurs within an hour and indicates that
injection of venom has occurred. Rarely, systemic poisoning may occur in the absence
of a local reaction. Vomiting, abdominal pain and diarrhoea may occur within a few
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minutes, and hypotension and loss of consciousness can also occur at an early stage
(Cederholm and Lennmarken, 1987). Gastrointestinal symptoms may continue for 2
days, and over this time the limb swells further and becomes haemorrhagic, blood loss
often being sufficient to cause anaemia. Hypotension may persist for up to 36 h after
the bite and this, together with development of bleeding, oliguria, a neutrophil
leucocytosis and non-specific ECG changes, such as T-wave inversion, indicate severe
systemic poisoning (Moore, 1988).

The bite should not be cut or sucked, but cleaned and covered with a dry dressing. If
hospital is more than 30 min away a bandage or light ligature should be placed around
a limb proximal to the bite to impede venous return. Every victim should be referred
to hospital and observed for at least 24 h. The heart rate and blood pressure should be
recorded hourly and a careful note made of urine output and volumes of fluid lost

TABLE 3.7
Poisonous snakes of Australia

Group Latin name Common name Type of antivenin

1 Pseudonaja textilis Eastern brown snake CSL brown snake antivenin
P. nuchalis Western brown snake

or Gwardar
P. affinis Dugite
P. inframacula Peninsula brown snake
P. guttata Speckled brown snake
P. ingrami Ingram’s brown snake

2 Notechis scutatus Common tiger snake Monovalent CSL tiger
N. ater Black tiger snake snake antivenin
N.occidentalis Western tiger snake
Austrelaps superbus Lowland copperhead
A. ramsayi Highland copperhead
A. labialis Pygmy copperhead
Tropidechis carinatus Rough-scaled snake
Hoplocephalus bungaroides Broad-headed snake
H. bitorquatus Pale-headed snake
H. stephensi Stephen’s banded snake
Rhinoplocephalus nigrescens Eastern small-eyed snake

3 Pseudechis australis Mulga or king brown snake CSL black snake antivenin
P. butleri Butler’s mulga snake
P. colletii Collett’s snake
P. guttatus Spotted or blue-bellied

black snake
P. porphyriacus Red-bellied black snake

4 Oxyuranus scutellatus Common taipan CSL taipan antivenin
O. microlepidotus Inland taipan

5 Acanthophis antarcticus Common death adder CSL death adder antivenin
A. pyrrhus Desert death adder
A. praelongus Northern death adder
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through vomiting or diarrhoea. The extent of swelling should be recorded, and the
white cell count, plasma urea and electrolytes should be measured daily. A coagulation
screen is recommended if bleeding occurs. Death from adder bites is extremely rare.
Adults usually take slightly longer to recover than children.

The only generally available antivenin is Zagreb antivenin, although clinical trials
of a viper-specific F(ab′)2 antibody fragment (Viperfav) have started (de Haro et al.,
1996; Scherrmann et al., 1996). European adder (Zagreb) antivenin can be used for
bites by the long-nosed viper, Vipera berus, and by V. aspis. The principal indications for
the use of Zagreb antivenin are:

• persistent or recurrent hypotension;
• bleeding;
• ECG changes such as T-wave inversion;
• white blood count 20,000 per mm3 or greater;
• in adults, swelling extending up the limb within 2 h of the bite (to reduce disability

from the local effects of the poison).

The benefits of antivenin have to be weighed against the risk of hypersensitivity
reaction to the serum. Therefore, a history of asthma or other allergies is a relative
contraindication. However, it is remarkably safe. The s.c. injection of a small dose as a
test of hypersensitivity may give misleading results and is not recommended. A small
amount (0.5 mL) of 1:1,000 adrenaline (0.5 mg) must be drawn into the syringe before
giving antivenin. Two ampoules (total of 4 mL) of European viper venom antiserum
should be added to 100 mL of 0.9 % (w/v) sodium chloride and infused at a rate of
15 mL/min. Immediate reactions to the antivenin can be controlled by temporarily
stopping the infusion and oral administration of antihistamines or i.m. injection of the
adrenaline. In severely affected patients, in whom swelling continues, the dose of
antivenin may need to be repeated.

3.1.4 Spiders

3.1.4.1 Black widow spider

The black widow spider (Lactrodectus mactans) is one of the most potent envenomators
of humans, and its bites cause a massive transmitter release from nerve terminals,
with resultant pain and cramping of large muscles. One high-molecular-weight
neurotoxin, ‘α-latrotoxin’, activates cation channels in the presynaptic membrane after
binding to a specific receptor (Clark et al., 1992). Although both male and female spiders
are venomous, only the females have fangs large and strong enough to penetrate human
skin. The black widow spider is easily recognized by the jet-black body with a red
hourglass mark on the underside of the abdomen. Black widows stay close by webs
placed on or close to the ground and in secluded, dimly lit areas that have access to
flying insects. Other common preferred sites are abandoned rodent burrows, nests,
sheds and garages.

Most bites are a pinprick or painless and occur on the extremities, and generalized
pain in the back or abdomen is the most frequent presenting complaint of patients.
Two tiny red marks are occasionally identifiable at the site of the bite. The middle of
the site may be white, with surrounding erythema and a reddish blue border (Allen,
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1992). Pain usually progresses from the bite up the limb and will finally localize in the
abdomen and back. The abdominal muscles become rigid and severe cramps develop.
In addition, nausea, vomiting, urine retention, insomnia, tremors, speech defects,
sweating and a small rise in body temperature may be noted within 1 h. The symptoms
may appear within a few hours or a few minutes of the bite. Other clinical features
may include headache, eyelid oedema, skin rash, conjunctivitis and an increase in blood
pressure. Severely poisoned patients may lapse into coma. Respiratory muscle paralysis
and cardiovascular collapse may also occur (Clark et al., 1992).

If pain is intense, ice can be placed over the wound. Therapy is mainly supportive
and should include stabilization of vital signs if necessary, with attention being paid to
end-organ damage resulting from acetylcholine release. Supplemental oxygen, i.v. access
and cardiac monitoring are indicated in symptomatic young and elderly patients. As
with any break in the skin, tetanus prophylaxis should be updated if necessary. Although
calcium salts have been recommended for abdominal pain, there is limited evidence
that they are of value. In the acute phase, oral diazepam may help with muscle cramps
as well as with the symptoms of less severe poisoning.

Antivenin against the black widow spider is of horse origin (Pasteur Merieux, MSD)
and is recommended for patients who have heart disease or respiratory distress, for
pregnant patients who show features of poisoning and for those younger than 16 and
older than 65 years of age who show signs of envenomation or serious poisoning (Allen,
1992; Clark et al., 1992). Patients with allergies to horse serum products can be given
the infusion, albeit with caution. One vial of antivenin can be added to 15–100 mL of
5 % (w/v) D-glucose or 0.9 % (w/v) sodium chloride solution and then infused over 20–
30 min. The normal dose is 1–2 vials, and prompt resolution of features of poisoning is
characteristic within 1 h. Although treatment with antivenin may be beneficial in
individuals, its efficacy is unproven.

3.1.4.2 Funnel web spiders

These spiders occur in Australia. They are irritable and possess a venom that is
potentially deadly to humans. The toxic component, atraxotoxin, is a neurotoxin that
acts directly on nerve membranes, causing widespread release of neurotransmitters.
Therefore, acetylcholine is released at motor end plates and acetylcholine, adrenaline
and noradrenaline through the autonomic nervous system. Clinical features include
neuromuscular paralysis and hypertension. Funnel web spider antivenin (CSL Australia)
covers the funnel web spider (Atrax robustus) and Hadronyche and Missulena species and
should be used for any patient developing more than a local bite reaction.

3.1.4.3 Brown recluse spider

The brown recluse spider (Loxosceles reclusa) is also called the Arizona brown spider and
tends to be found in central and south-eastern USA. Adults are 7–30 mm in length and
vary in colour from yellow to dark brown. The violin-shaped dark markings immediately
behind the eyes are the most conspicuous recognition characteristic (Madrigal et al.,
1972). Unlike black widow spiders, both sexes are equal in size and danger. Brown
recluse spiders have six eyes in three pairs. As most other spiders have eight eyes, this
feature eliminates many spiders suspected of being a brown recluse. They are usually
nocturnal and live in warm, dry areas, such as undisturbed cellars or abandoned
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buildings. The largest populations are found in indoor areas. They will bite only if
molested or otherwise threatened. Human victims are often bitten while putting on
clothing in which the spider is accidentally trapped and traumatized (Madrigal et al.,
1972; Magrina and Masterson, 1981).

The venom of the brown recluse spider is complex and composed of at least eight
different proteins (Arnold, 1976). These induce injury to arteries and veins, which
become occluded with thrombus composed of white cells and platelets. Capillary stasis
ensues followed by tissue infarction (Alario et al., 1987; Allen, 1992). Membrane damage
along with other activities of brown recluse spider venom results in a chain reaction
with release of inflammatory mediators such as leukotrienes and prostaglandins.

The clinical response to envenomation varies from a mild local stinging reaction to
severe systemic involvement and death (Gendron, 1990). Because the bite frequently
occurs at night, the spider is crushed, hence the origin of the bite is rarely positively
identified. Only after 2–80 h as pain, varying from mild to severe, begins at the site of
the bite does the victim notice transient erythema, followed by a blister with an irregular
area of ischaemia. A zone of haemorrhage with a surrounding halo is seen, which, over
several days, turns dark in colour and tender to touch (Arnold, 1976). Within 7 days,
the central area is depressed, sharply demarcated and dark, and between 7 and 14 days
a scar falls off, leaving a wound that heals by secondary intention (Alario et al., 1987).
The two features of colour and configuration help differentiate these bites from other
venomous spider bites. Others tend not to be necrotic (Alario et al., 1987).

Although the skin lesions are painful and disfiguring, death is usually related to
circulatory or renal failure. In nearly all fatalities, haemoglobininuria and acute renal
failure have been preterminal events (Madrigal et al., 1972). In severe cases, systemic
features occur 24–72 h post bite and include a morbilliform rash, urticaria, fever, nausea
and vomiting and haemolysis (Vorse et al., 1972; Eichner, 1984). The systemic symptoms
are not directly proportional to the severity of the skin lesions. Next come haemorrhage,
ecchymoses, haemoglobinuria and renal failure.

Symptomatic support with red cell transfusions is important in treatment (Eichner,
1984). Maintenance of good hydration and monitoring of renal function help ensure
that haemoglobinuria does not cause renal failure. Systemic steroids (1–2 mg/kg daily,
4 days), although not of proven efficacy, may be given in the acute phase (4–5 days) in
an attempt to stop red cell destruction (Gendron, 1990). There are no controlled human
studies evaluating other treatment options for brown recluse bites, including local
excision, polymorphonuclear inhibitors and, most recently, hyperbaric oxygen. Most
skin lesions can be managed by good wound care, elevation, ice packs and mobilization.
Although bites can become infected, prophylactic antibiotics are controversial and
probably not indicated (Gendron, 1990).

More recently, a goat-derived specific antivenin to the brown recluse spider was
developed and tested in the field. This is the Brazilian Butanan Institute (Titus phonentria,
Loxosceles spider) antivenin. When administered within 24 h of the bite, it prevented or
markedly attenuated toxicity. The product is not yet readily available commercially.

3.1.4.4 Red back spider

The red back spider (Latrodectus hasselti) is often found in urban habitats in Australia
and, although not aggressive, the sheer volume of encounters with humans ensures
several thousands bites annually. CSL red back spider antivenin is the most commonly
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used antivenin in Australia. It is reported as being efficacious in 94 % of cases, with
one ampoule being used in 75 % of cases, two ampoules in 18 % and three or more in
6 %. Clinical experience suggests that only 20 % of red back spider bites require
antivenin therapy. Premedication with adrenaline was used in 45 % of cases and the
incidence of adverse reactions was low (White, 1998).

3.1.5 Scorpions

Scorpions are found throughout the tropics, arid deserts and semiburied grasslands.
They frequently concentrate in areas of human habitation to take advantage of shelter,
water and prey. There are some 30 species of scorpions found in the New World; of
these, about seven are of medical importance. The scorpion is characterized by a long,
segmented tail, which ends in a bulbous sack and a conspicuous sting. They may be
black with yellow in colour, and can vary from 1.5 to 20 cm in length. They are nocturnal
and during the day remain hidden under stones and other objects. When indoors, they
hide in shoes and stored materials. The sting response is commonest in circumstances
in which scorpions become trapped in clothing or sleeping bags. If movement persists
multiple stings may result. The most deadly scorpion is Centruroides sculpturatus.

There are two distinct types of scorpion venom. One has local effects but is relatively
harmless. The other contains a neurotoxin that causes dramatic and sometimes fatal
reactions. The venom of the North American scorpion (Centruroides) is the most toxic.
The venom simulates the clinical features of strychnine poisoning by acting on both
smooth and striated muscle, causing increased excitability and muscle contraction,
trembling and, finally, paralysis. Sodium channels are disturbed with resulting
prolongation of the action potential as well as spontaneous nerve repolarization.
Stimulation of the autonomic system results in a massive outpouring of adrenaline,
and sympathetic overdrive manifestations may include tachycardia, hypertension and
seizures as well as sweating and piloerection. The venom of non-lethal scorpions causes
local reactions such as burning, swelling, and discoloration at the site of the skin lesion.
Rarely, anaphylaxis occurs.

The poisonous varieties that possess very potent neurotoxins may produce no local
swelling or discoloration. The sharp pain first produced by the sting is quickly followed
by paraesthesiae in the bite area, which extends very rapidly. This may be followed by
numbness or drowsiness. Local muscle contractions may begin in close proximity to
the sting site and may advance to more central effects. Excessive peripheral
neuromuscular activity may manifest as simple restlessness from apprehension or pain,
but may progress to uncontrollable spasm. Stings by more toxic American scorpions
produce additional symptoms of skin flushing, parasympathetic activity, hyperirritability
and hyperactivity, hypertension and muscle weakness.

Local pain and paraesthesiae both at the site and peripherally are best treated with
local compresses and oral analgesia. More severe symptoms may require intensive
support. Tachyarrhythmias may be treated with propranolol. If hypertension is a
concern, an α-blocker should be used (Gueron et al., 1992). Other treatments, such as
antihistamines, calcium, steroids and sympathetic drugs, have been shown to be of
little value. Systemic toxicity, or a painless sting from a lethal species in an individual
thought to be at risk, is best treated with antivenin.

One prospective, randomized, controlled trial found no benefit in routine
administration of scorpion antivenin after scorpion sting, irrespective of the severity
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of poisoning as assessed clinically, even though the antivenin dose used was twice that
normally employed (Abroug et al., 1999). However, no very seriously poisoned patients
were included (Burdett et al., 2000), and the efficacy of the antivenin used was questioned
(Possani, 2000). Whatever the benefit of antivenin, meticulous supportive care is critical
to a good outcome if serious poisoning occurs (Elatrous et al., 1999; Gueron and Ilia,
1999).

3.1.5.1 North African scorpion antivenin

North African scorpion antivenin (Twyford Pharmaceuticals) covers Androctonus australis,
A. aeneas, A. crassicauda, Buthacus arenicola, B. occitanus, Leiurus quinquestriatus, Buthus,
Buthiscus and Buthotus species.

3.1.5.2 Centruroides antivenin

Since the early 1960s Centruroides scorpion antivenin (Myn Laboratories, Mexico City)
has been made by lyophilizing microfiltered hypersensitized goat serum. The rapid
and safe resolution of the severe symptoms of Centruroides envenomation following
antivenin therapy has led some to recommend its use in unselected patients. Others,
seeking to avoid any potential risks associated with the administration of the foreign
protein, have pronounced against its use. The fact that the antivenin has not been
subjected to FDA controls has also been cited as a cause for caution. When making a
decision about the use of antivenin, consideration must be given to the benefits of
immediate symptom resolution, cost savings by patient discharge from the emergency
room and the avoidance of sedation, paralysis and intubation. Antivenin is usually
administered to severely poisoned patients, but particularly the very young, the old or
those individuals with hypertension. There is less justification for the use of the antivenin
in mildly affected children or adults (Bond, 1992; Bush, 1999).

3.1.5.3 SAIMR scorpion antivenin

SAIMR (South African Institute of Medical Research) scorpion antivenin covers
Parabuthus granulatus, P. transvaalicus and other Parabuthus species.

3.1.6 Stonefish

This specific antivenin (CSL, Australia) works against envenomation by Synanceja
trechynis and S. verrucosa.

3.2 USE OF Fab ANTIBODY FRAGMENTS
TO TREAT POISONING WITH
LOW-FORMULA-MASS COMPOUNDS

The aim of immunotoxicotherapy is to sequester, extract or redistribute and eliminate
toxins by giving antibodies or antibody fragments that possess specific active binding
sites for the poison in question. For immunotoxicotherapy to be possible and cost-
effective, the toxin must be able to stimulate the production of antibodies and carry a
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high risk either of causing death through acute toxicity (e.g. tricyclic antidepressants)
or of having long-term effects due to accumulation in tissues (e.g. polychlorinated
biphenyl compounds) (Bismuth et al., 1997).

The ability to prepare antisera to low-formula-mass drugs and other poisons
suggested that ‘immunotherapy’ might be used similarly to inactivate such compounds
in vivo and facilitate their excretion. However, the ability to manufacture an antibody
with the necessary affinity for the poison and to administer it in the quantities needed
to reverse toxicity fully have so far limited the practical development of this approach
to treating severe poisoning with digoxin and other digitalis glycosides, colchicine and
tricyclic antidepressants (Scherrmann, 1994). Stoichiometric neutralization with
antibodies is effective against toxins present in microgram quantities, such as cardiac
glycosides. Fortunately, for some toxins taken in doses that are 100–1,000 times higher,
such as tricyclic antidepressants and colchicine, partial neutralization is effective as
the cost of full stoichiometric neutralization would be prohibitive (Schaumann et al.,

Figure 3.1: Schematic diagram of the human immunoglobin (IgG) molecule. The molecule is
composed of two ‘heavy’ and two ‘light’ polypeptide chains and has two antigen binding sites
(Fab) and a complement-fixing site (Fc). VL and VH denote light- and heavy-chain variable regions,
respectively, and CH1, CH2 and CH3 and ‘constant’ regions on the ‘heavy’ chain; CL is a ‘constant’
region of the ‘light’ chain. Reproduced from Kabat (1982) with the permission of the American
Society for Pharmacology and Therapeutics
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1986). Most antibodies are polyclonal and have broad specificity, which permits
successful treatment of poisoning with closely related compounds (Bismuth et al., 1997).

In recent years there have been dramatic innovations in the safety and efficacy of
immunotherapy, highlighted by the successes seen in digitalis and colchicine poisoning.
It should be emphasized, however, that immunotherapy is only an adjunct to the
intensive supportive care of poisoned patients. The limitations of immunotherapy are
its high costs and restriction, at present, to drugs having toxic doses in the low milligram
range.

3.2.1 Antidigoxin Fab antibody fragments

Mortality is high in severe digoxin poisoning. The development of antidigoxin antibodies
for use in measuring plasma concentrations of this drug, and the subsequent use of the
antibodies to abolish digoxin toxicity in animals, were important advances (Schmidt
and Butler, 1971). Unfortunately, whole antibodies are themselves immunogenic by
virtue of the presence of the Fc fragment (Figure 3.1), and they are also too large to be
readily excreted in urine. Moreover, degradation of the circulating antibody–digoxin
complexes could eventually release large quantities of digoxin back into the circulation
(Butler et al., 1977a).

The use of digoxin-specific Fab antibody fragments derived from antibodies raised in
sheep has overcome these problems (Smith et al., 1976, 1982). Papain digestion cleaves
the IgG molecule into three fragments: a crystallizable fraction (Fc), which is unwanted,
and two Fab fragments. These fragments include the digoxin binding sites (Figure 3.1).
Fab fragments lack immunogenicity and are small enough (relative formula mass c.
50,000) to diffuse into the interstitial space and then be readily excreted in the urine.
The fragmentation of antibodies limits the risk of anaphylaxis but reduces the stability
of the toxin–antibody complex. The plasma half-life of Fab antibody fragments in the
baboon is 9–13 h and that of the parent IgG antibody is 61 h; the total VD of Fab antibody
fragments in the baboon is 8.7 times greater than that of IgG (Smith et al., 1979). The
affinity constant for digoxin is high (1010), and greater than that of digoxin for its
receptor (Na+,K+-activated ATPase), implicated in the development of digoxin toxicity.
The affinity constant of the antibody fragment for digitoxin is also high (109).
Administered i.v., the fragments bind to circulating glycoside, forming relatively stable
complexes that are unable to bind to tissue digitalis receptors. Fab fragments cannot
cross membranes and hence stay in the extracellular compartment. In animals, Fab
antibody fragments reverse digoxin effects much more quickly than does IgG. There is
a suggestion that reversal of inotropy lags behind reversal of electrical arrhythmic
effects (Ochs et al., 1978).

The antibody fragments were first used in man in 1976, and many patients have
now been treated with them (Smith, 1985; Schaumann et al., 1986; Sullivan, 1986;
Stolshek et al., 1988; Antman et al., 1990; Howland and Smilkstein, 1991). Digibind
(GlaxoWellcome) is generally available in North America and in the UK, and Digitalis
Antidot BM (Boehringer Mannheim GmbH) has been released in Europe (Smolarz et
al., 1985). Both show some cross-reaction with digitoxin (Hess et al., 1983; Smolarz et
al., 1985; Wenger et al., 1985) and lanatoside C (Hess et al., 1979). Digibind has been
shown to reverse β-methyldigoxin- and β-acetyldigoxin-induced arrhythmias in guinea
pigs (data on file, GlaxoWellcome, 1995). Unfortunately, both preparations are very
expensive. A new preparation is under development (Therapeutic Antibodies) but is
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not licensed yet. Antidigoxin antibody fragments should be stored in a refrigerator (2–
8 °C) or in a freezer (–20 °C or below). Their efficacy is not impaired by brief freezing
and thawing before use (Baud et al., 1992). Indications for use of Fab fragments for
digoxin poisoning are shown in Table 3.8.

Sixty-three patients with severe digitalis toxicity, i.e. with life-threatening
arrhythmias or hyperkalaemia, or both, were given the Wellcome preparation i.v. over
15–30 min. They ranged in age from a few days to 85 years and included 28 who had
taken massive overdoses. Fifty-three of the 56 patients suitable for analysis recovered
completely (Wenger et al., 1985). Digibind can reverse ventricular arrhythmias within
2 min, with persistence of ventricular extrasystoles for a further 15 min, and in general
rhythm and conduction disturbances settle within 30 min (Smith et al., 1982). In a trial
of Digitalis Antidote BM, 32 of 34 patients were successfully treated (Smolarz et al.,
1985). Of 29 children and adolescents (aged up to 18 years) with severe digoxin poisoning
treated with Digibind (GlaxoWellcome), digoxin toxicity was resolved in 27; three
patients required additional Fab treatment (Woolf et al., 1992). In no series could deaths
be attributed to failure to reverse toxicity.

In some cases, the rate of reversal of toxicity has been dramatic: gastrointestinal
features of toxicity disappeared almost immediately, and hyperkalaemia was corrected
within 30–60 min of ending the infusion (Spiegel and Marchlinski, 1985). Arrhythmias
were corrected equally quickly in some patients (Spiegel and Marchlinski, 1985), but
more slowly (up to 13 h; mean 3.2 h) in others (Smolarz et al., 1985). Even digitoxin-
induced thrombocytopenia was considerably improved within hours (Hess et al., 1983).

Reported values for the elimination half-life of digoxin after the administration of
Fab antibody fragments are conflicting. Claimed elimination half-lives are 16–20 h
(Wenger et al., 1985) or 20–30 h compared with 160 h for spontaneous elimination
(Smolarz et al., 1985). During the first 12 h after infusion of Fab fragments all of the
free digoxin in serum is bound to the fragments and therefore rendered inactive (Smith
et al., 1976). Treatment with Fab fragments increases the renal clearance of digoxin by
20–30 % (Butler et al., 1977b). Thus, Fab fragments for digoxin have both toxicokinetic
and toxicodynamic actions. Conventional serum immunoassays of glycoside
concentration are no longer useful when the patient has been treated with Fab fragments
(Gibb et al., 1983; Gibb and Adams, 1985; Hursting et al., 1987; Sinclair et al., 1989).

The dose of Fab fragments required is governed by the need for equimolar
neutralization of the body load of digoxin or other cardiac glycoside (Smith et al., 1982).
The body burden of digoxin can be estimated in two ways. The first is from information
on the amount acutely ingested, multiplied by 0.8 to take account of digoxin
bioavailability (80 %) (Figure 3.2). The second is from the plasma concentration in the
quasi-steady state, which in practice is the plasma (or serum) digoxin concentration
4–6 h or more post dose. The plasma digoxin concentration (µg/L) is multiplied by

TABLE 3.8
Indications for use of Fab antibody fragments in digoxin poisoning (Smith et al., 1982)

Cardiovascular shock
Heart rhythm disturbances including any degree of heart block or ventricular arrhythmias
History of large ingested dose, confirmed by very high plasma digoxin concentrations
Hyperkalaemia (serum potassium 5 mmol/L or more)
Use early if patient over 55 years of age or has pre-existing cardiovascular disease
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0.005 × body weight (kg) to obtain an estimate of total body burden in milligrams (Figure
3.2). The plasma concentration factor is derived from the VD (5 L/kg body weight)
divided by 1,000 to reduce the body load estimate to milligrams. The approximate
formula mass ratio of Fab and digoxin is 80. Hence, the approximate dose of Fab fragments
(mg) required is 80 times the digoxin body burden (mg). There is no correction for per
cent absorbed dose in digitoxin poisoning (bioavailability of digitoxin 100 % – Baud et
al., 1992). However, the plasma concentration factor is 10-fold smaller in digitoxin
poisoning than in digoxin poisoning (Figure 3.2) (digitoxin VD 0.5 L/kg). If neither the

Estimation of body burden

Digoxin
1 If the dose (mg) ingested is known, multiply by 0.8 (oral bioavailability of digoxin 80 %)
2 If the dose ingested is not known, the digoxin body burden (mg) is calculated thus:

[Plasma digoxin concentrationa (µg/L) × 5 (L/kg) × body weight (kg)]/1000

Digitoxin
1 If the dose (mg) ingested is known, use this figure directly (oral bioavailability of digitoxin

100 %)
2 If the dose ingested is not known, the digitoxin body burden (mg) is calculated thus:

[Plasma digitoxin concentrationa,b (µg/L) × 0.5 (L/kg) × body weight (kg)]/1000

Calculation of dose of Fab fragments

As 80 mg Fab fragments will sequester approximately 1 mg of digoxin or digitoxin, the dose of Fab

fragments (mg) is calculated from:

Estimated digoxin body burden (mg) × 80

The number of vials of Fab fragments used [Digibind (GlaxoWellcome) vials each contain 38 mg
Fab fragments] should be rounded up to the nearest whole vial.

Notes

aNormally, blood for therapeutic monitoring of cardiac glycosides is taken at least 6 h post dose
to allow time for absorption and tissue distribution to be completed. However, after massive
acute oral overdosage these processes may not be complete even at 6 h. Moreover, the time of
ingestion may not be known accurately. In these circumstances it may not be appropriate to
delay taking blood for plasma glycoside assay if the clinical condition of the patient and any
accompanying history suggests that use of Fab fragments may be indicated. If the blood is taken
before absorption/distribution is complete, use of the resulting plasma digoxin concentration in
the above equation may lead to overestimation of the digoxin body burden and thus of the Fab

fragment dose required. However, in a life-threatening situation this is preferable to undue delay.
bPlasma digitoxin assays are not widely available, but digitoxin cross-reacts on digoxin assay
kits and thus a plasma ‘digitoxin’ result can be obtained.

Figure 3.2: Estimation of dose of Fab fragments required for digoxin and digitoxin poisoning
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dose ingested nor the plasma digoxin concentration is known, it is conventional practice
in an adult to infuse the contents of 10 vials of Digibind (GlaxoWellcome), i.e. 380 mg
Fab fragments.

The fragments are given i.v. diluted to at least 250 mL by plasma protein solution
(except in infants, in whom the volume infused can be reduced) over 15–30 min. A
longer duration of infusion diminishes the efficacy of the antidote (Smith et al., 1982).
Factors limiting the efficacy of Fab fragments are the dose given, the duration of the
infusion and any delay in administration. In one case, where the dose given was
insufficient, the patient died from recurrence of ventricular fibrillation (Smith et al.,
1991). Administration at too slow a rate (over 4 h) in one case resulted in reduced
efficacy (Smolarz et al., 1985). Rapid infusion of Fab fragments seems necessary for them
to ‘catch’ the glycoside in the extracellular compartment.

The gastrointestinal tract, kidney, liver, spleen and lymph nodes are among the
potential sites of catabolism of Fab antibody fragments. Circulating Fab fragments are
filtered through the glomeruli and rapidly and extensively reabsorbed in the proximal
tubules. However, some 60–70 % of Fab total body clearance is non-renal (Scherrmann,
1994). The elimination half-life of Fab fragments in humans is about 12 h (Thanh-Barthet
et al., 1993).

Infusion of Fab fragments is generally well tolerated. A case of erythema at the
injection site and a case of urticaria have been reported. No delayed hypersensitivity
reactions have been reported. The risk of anaphylaxis on repeated administration of
Fab fragments has not been evaluated. However, adverse effects attributable to Fab
treatment, notably hypokalaemia and exacerbation of congestive cardiac failure, have
been recorded (Smolarz et al., 1985; Wenger et al., 1985; Smith, 1991), and there is
concern that renal function could be impaired in some patients. A recent study has
shown that Fab fragments reduce glomerular filtration rate in the rabbit (Timsina and
Hewick, 1992).

Digoxin-specific Fab antibody fragments have also been used to reverse toxicity from
cardiac glycosides present in plants such as Digitalis purpurea (purple foxglove) and
Nerium oleander (oleander) (Eddleston and Warrell, 1999). In vitro trials have been
undertaken of their possible use in treating poisoning due to the rodenticide scilliroside,
one of the cardiac glycosides present in the bulb of red squill [sea onion, the red variety
of Urginea (Scilla) maritima], and proscillaridin, a drug derived from scilliroside that has
been used to treat cardiac failure in patients with poor renal function (Sabouraud et
al., 1990). Digidot (Boehringer Mannheim) antibody fragments were used. The affinity
constants for the fragments for scilliroside and proscillaridin were, respectively, 80-
and 500-fold weaker than for digoxin. Nevertheless, it was thought that sufficient
binding to give clinical benefit might be achieved in treating poisoned patients.

Yew (Taxus baccata and other Taxus species) contains toxic alkaloids (taxanes) in almost
all parts of the plant. Although these alkaloids are arrhythmogenic, they are structurally
unrelated to the cardiac glycosides found in Digitalis purpurea for example, and it is
unlikely that digoxin-specific Fab fragments have any role in treating poisoning with
Taxus species (Cummins et al., 1990).

3.2.2 Other potential applications of Fab antibody fragments

The possibility of using antiparaquat Fab antibody fragments to remove paraquat from
lung cells has been investigated (section 8.3). Antibodies from IgG- and IgM-secreting
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cell lines show high affinity for paraquat. After i.v. injection of 0.1 mg/kg paraquat, the
plasma paraquat concentration in rats pretreated with antiparaquat antibodies was
increased and the amount excreted in the urine was significantly decreased compared
with controls (Nagao et al., 1989). However, use of antiparaquat antibodies could not
prevent paraquat from accumulating in tissues and is therefore unlikely to be of
therapeutic benefit in man (Nagao et al., 1989).

Infusion of anticolchicine, antidesipramine and antiphencyclidine Fab antibody
fragments causes redistribution of these drugs into plasma in animals (Owens and
Mayersohn, 1986; Hursting et al., 1989; Sabouraud et al., 1992a,b).

Until recently, there was no successful specific therapy for colchicine poisoning,
which is associated with a mortality of 90 % at doses of 0.8 mg/kg or more. Anticolchicine
antibodies were prepared many years ago in rabbits (Wolff et al., 1980). More recently,
anticolchicine antibody Fab fragments infused over 7 h have been used to treat a patient
poisoned with colchicine (Scherrmann et al., 1992). A very successful example of the
use of immunotoxicotherapy in colchicine poisoning using goat colchicine-specific Fab
fragments was reported by Baud et al. (1995). Despite cardiogenic shock, bone marrow
aplasia, sepsis, alopecia and transient peripheral neuropathy, the patient survived with
no permanent physical sequelae. Substantial amounts of colchicine were removed from
peripheral sites and redistributed into the extracellular space by Fab infusion. The
urinary colchicine excretion rate increased sixfold.

Tricyclic antidepressants (TCAs) are the commonest cause of death by intentional
overdose of tablets in the USA. High-affinity TCA-specific monoclonal Fab fragments
have been prepared (Bowles et al., 1988). Monoclonal Fab or sheep polyclonal Fab
fragments rapidly reverse the cardiovascular toxicity of TCAs in rats, prolonging survival
(Pentel and Keyler, 1995; Pentel et al., 1995). The therapeutic effect occurs within
minutes and is evident with Fab doses that are 10–30 % of the stoichiometric dose. At
the higher end of this dose range, cardiovascular deterioration or death has occurred,
and thus strategies for reducing the required dose are desirable. As an example,
combining TCA-specific Fab with sodium bicarbonate is more effective than either
treatment alone (Brunn et al., 1992; Pentel et al., 1995).

Similarly, antidesipramine antibody Fab fragments administered in quantities
equivalent to approximately 10 %, 20 % and 30 % of the desipramine dose caused dose-
dependent amelioration in signs of toxicity (QRS interval, heart rate) in rats poisoned
with desipramine (Brunn et al., 1992; Dart et al., 1996). There have been early anecdotal
reports of the clinical value of this approach, but no reports of controlled studies have
been published as yet.

3.3 IMMUNIZATION AGAINST BEE
(Hymenoptera) STING

For most people, a bee sting is merely unpleasant and is followed by the development
of small hives and itching that may persist for several hours. All traces of the sting
usually disappear within a few hours. About 10 % of people who are stung develop a
large local reaction consisting of extensive and persistent swelling at the sting site.
The pathogenesis involves IgE-mediated late-phase and cell-mediated hypersensitivity
reactions (Graft, 1989).

Systemic allergic reactions to insect stings may present in a variety of ways. In most
severe episodes there is cardiovascular collapse or bronchospasm (Reisman and
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Livingston, 1989). These reactions may first be indicated by cough, chest tightness,
itching around the eyes, massive urticaria, sneezing, wheezing, tachycardia, hypotension
and pallor. Some patients have a delayed serum sickness syndrome with symptoms
including fever, headache and polyarthritis.

Local bites should be treated with oral antihistamines. If the swelling becomes
extremely extensive and painful, steroid therapy is indicated (prednisolone 20–40 mg
orally daily, for several days). When confronted with a patient with a severe reaction,
adrenaline 1:1,000 in a dose of 0.3–0.5 mL for adults (0.2–0.3 mL for a child) should be
given by deep s.c. injection, and the site massaged vigorously to enhance the rate of
absorption. Patients should be observed closely because their response will determine
whether or not the dose should be repeated. Patients at risk are taught how to self-
inject.

Venom immunotherapy is indicated in individuals who have had an acute allergic
reaction following an insect sting and have positive skin test reactions (Reisman and
Livingston, 1989; Valentine et al., 1990). The regimen begins with weekly injections of
0.01 µg of the appropriate venom and advances rapidly to 100 µg. The maintenance
dose of 100 µg is given every 4 weeks for a year, after which the interval is lengthened
to 6–8 weeks (Valentine et al., 1990). It has been suggested that all patients who have
had the more severe features of anaphylaxis, such as respiratory distress, hypotension
or upper airway oedema, should receive venom immunotherapy regardless of age or
the time interval since the sting reaction. Patients without systemic symptoms should
not be given venom immunotherapy. Patients with large local reactions are not
considered candidates for this form of therapy. Venom immunotherapy is 97 % effective
in reducing the risk of anaphylaxis from stings in adults with previous systemic reactions.
These reactions are potentially life-threatening in adults and children. A novel Fab-
based antivenin for the treatment of mass bee attacks (both Apis mellifera scutellata and
A. m. mellifera) has recently been developed (Jones et al., 1999).
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4.1 ACETIC ACID

Acetic acid (in the form of vinegar) inhibits nematocyst discharge after contact with
Chironex fleckeri, the deadly north Australian box jellyfish. Vinegar application has become
accepted first aid not only for box jellyfish stings, but also for stings by other jellyfish
(Fenner et al., 1993). However, in the case of stings by a newly differentiated species of
Physalia found in Australian waters that can cause severe envenomation, vinegar was
found to cause discharge of up to 30 % of nematocysts, and vinegar is therefore not
recommended for the treatment of such stings as it may actually increase envenomation.
Stings from the single-tentacled Physalia utriculus (the ‘bluebottle’) are not severe
(tentacles with unfired nematocysts rarely adhere to the victim’s skin), and vinegar
dousing is not required. Vinegar treatment is therefore an unnecessary step in the
first aid management of any Physalia sting but remains essential first aid for all cubozoan
(box) jellyfish stings (Fenner et al., 1993).

4.2 ALCOHOL DEHYDROGENASE INHIBITORS

Serious toxicity due to ethylene glycol (1,2-ethanediol) and to methanol is the result of
hepatic metabolism to glycolate and thence to oxalate (Figure 4.1) and to formaldehyde
and thence to formate respectively (Figure 4.2). The initial steps are catalysed by alcohol
dehydrogenase (ADH, alcohol:NAD+ oxidoreductase, EC 1.1.1.1), and it is possible to
minimize production of these toxic metabolites by giving the ADH inhibitors ethanol
or fomepizole (4-methylpyrazole) (Kowalczyk et al., 1998; Jacobsen, 1999). Sodium
bicarbonate should be used to correct significant metabolic acidosis (Table 1.2), and
haemodialysis may be needed to remove unchanged toxin and any toxic metabolites
already formed, especially if renal function is impaired. Haemodialysis incorporating
bicarbonate buffer and ethanol in the dialysate is commonly used where acidosis is a
clinical problem. If haemodialysis is not available, peritoneal dialysis removes unchanged
toxin and metabolites, albeit less effectively.

Figure 4.1: Mammalian metabolism of ethylene glycol (ADH, alcohol dehydrogenase; ALDH,
aldehyde dehydrogenase)
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Methanol is often added in relatively small amounts (5–10 % v/v) to denature ethanol
intended for industrial or domestic use, for example as a fuel (‘methylated spirit’,
‘meths’). Ingestion of such mixtures rarely results in serious methanol poisoning as
relatively large amounts of antidote (ethanol) will have been co-ingested.

2-Chloroethanol (ethylene chlorohydrin) is also metabolized to a toxic metabolite
(chloroacetaldehyde) by ADH. Chloroacetaldehyde is detoxified by reaction with
reduced glutathione (GSH). Administration of ethanol and also methionine was
associated with survival in a 21-month-old girl who had ingested film cements containing
2-chloroethanol (Kvistad et al., 1983). A further compound that is activated in vivo by
ADH is 1,3-difluoro-2-propanol, the major ingredient of the pesticide Gliftor, and thus
ethanol or fomepizole might be of use in treating poisoning with this agent (Feldwick
et al., 1998). Recent case reports suggest that ethanol or fomepizole may also be useful
in diethylene glycol [O(CH2CH2OH)2] and triethylene glycol [HO(CH2)2O-
(CH2)2O(CH2)2OH] poisoning (Vassiliadis et al., 1999; Brophy et al., 2000).

4.2.1 Ethanol

Ethanol is readily available and blocks ADH by competitive inhibition. Ethanol should
be given if (i) the history suggests that a potentially toxic amount of ethylene glycol or
methanol has been ingested or (ii) features compatible with serious toxicity (significant
metabolic acidosis, drowsiness, visual disturbances) are present and hyperglycaemia is
absent (it is important to exclude the common medical differential diagnosis of diabetic
ketoacidosis) (Barceloux et al., 1999). The results of biochemical investigations
(osmolality, anion gap) may provide additional useful information in the differential
diagnosis of metabolic acidosis due to either diabetic ketoacidosis or toxic alcohols.

The aim of antidotal therapy is to maintain blood ethanol concentrations of 1–1.5
g/L until the blood ethylene glycol and/or methanol concentration is < 0.2 g/L. Oral
ethanol may be given if the patient is conscious – 100–150 mL of whisky or brandy
[40 % (v/v) or 320 g/L ethanol] is a suitable loading dose for an adult and will need to
be supplemented with an i.v. infusion or further oral doses of at least 7 g/h. A suitable
paediatric dose of 95 % (v/v) ethanol is 0.8–1.0 mL/kg, diluted in orange juice (Litovitz,
1986).

Figure 4.2: Mammalian metabolism of methanol (ADH, alcohol dehydrogenase; ALDH,
aldehyde dehydrogenase; MEOS, microsomal ethanol oxidizing system; THF, tetrahydrofolate)
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If the patient is drowsy or severely poisoned, ethanol should be given i.v., ideally
with a glucose infusion. The dose is 1 g/kg initially, and the infusion should be continued
at a rate of 66 mg kg–1 h–1 using a 10 % (v/v) ethanol solution in 5 % (w/v) D-glucose or
0.9 % (w/v) sodium chloride. Thereafter, the maintenance infusion rate is adjusted on
the basis of plasma ethanol concentration. Regular consumers of alcohol and patients
undergoing dialysis require higher ethanol dosage (Table 4.1). Massive ethylene glycol
ingestion can be treated in this way using an ethanol-enriched, bicarbonate-based
dialysate (Nzerue et al., 1999).

The dose of ethanol required is difficult to predict because the initial rate of ethanol
metabolism is very variable between patients. Secondly, ethanol metabolism is saturable,
the plasma ethanol concentration at which saturation is achieved also varying between
patients (Holford, 1987). It is thus important that blood ethanol concentrations are
measured frequently. Adverse effects of ethanol at the doses used may include nausea
and vomiting, drowsiness, confusion and, particularly in children, hypoglycaemia. The
blood glucose concentration should thus also be monitored regularly. If the patient
requires haemodialysis, the dose of ethanol will have to be increased by up to 100
mg kg–1 h–1. Alternatively, ethanol (1–2 g per litre of dialysate) may be added to
peritoneal dialysis or to haemodialysis fluid (Chow et al., 1997).

If the patient (i) is prescribed or has co-ingested metronidazole, (ii) has
gastrointestinal ulceration, (iii) is a child aged under 5 years or (iv) has severe hepatic
disease, use of fomepizole, if available, rather than ethanol might be preferable.

TABLE 4.1
Suggested dose of ethanol for maintenance treatment (oral or i.v.) of methanol or
ethylene glycol poisoning

Amount of ethanol 5 % (v/v) Ethanola 10 % (v/v) Ethanola

Patient needed (mg kg–1 h–1) (mL kg–1 h–1)b (mL kg–1 h–1)b

Non-drinker or child 66 1.65 0.83
Average adult 110 2.76 1.38
Chronic drinker 154 3.90 1.95

Notes
a 5 % (v/v) ethanol = 40 g/L; 10 % (v/v) ethanol = 80 g/L.
b Prepared in 5 % (w/v) D-glucose or 0.9 % (w/v) sodium chloride.

4.2.2 Fomepizole

Fomepizole [4-methylpyrazole (4-MP); Antizol, Orphan Medical; CAS 5547-65-6; Figure
4.3) is a potent competitive ADH inhibitor and has advantages over ethanol in that it
has a longer duration of action and has no central depressant or other toxic effects at
the doses used clinically (Baud et al., 1988; McMartin and Heath, 1989; Harry et al.,
1994, 1998; Borron et al., 1999; Goldfarb, 1999). On the other hand, it is much more
expensive than ethanol and availability is limited. Fomepizole is sometimes used for
treatment of ethylene glycol and methanol poisoning, on occasions avoiding the need
for haemodialysis. Elimination is largely by metabolism, with only some 1 % of a dose
being excreted unchanged in urine (Jacobsen et al., 1989). 4-Hydroxymethylpyrazole
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and 4-carboxypyrazole are major urinary metabolites (McMartin et al., 1987). An N-
glucuronide is also formed. Fomepizole is easily removed by dialysis, and this must be
taken into account when it is used clinically (Jacobsen et al., 1996a; Brent et al., 1999).
Fomepizole also inhibits ethanol metabolism and vice versa (Jacobsen et al., 1996b),
and has been suggested at a dose of 2.5–10 mg/kg for use in treating severe disulfiram–
ethanol reactions in alcoholics (Lindros et al., 1981) and for alleviation of acute
acetaldehyde toxicity in hypersensitive individuals (Inoue et al., 1985).

Indications for giving fomepizole rather than ethanol to treat methanol/ethylene
glycol poisoning are: (i) ingestion of more than one poison and/or decreased level of
consciousness and (ii) lack of adequate intensive care staffing or laboratory support to
monitor ethanol administration adequately. The only absolute contraindication to use
of fomepizole is if the patient is prescribed or has co-ingested disulfiram because of
the risk of an Antabuse-type reaction.

In treating ethylene glycol or methanol poisoning, the loading dose of fomepizole is
15 mg/kg i.v., followed by 10 mg/kg i.v. 12-hourly for four doses, and then 15 mg/kg i.v.
12-hourly until the plasma concentration of ethylene glycol and/or methanol is less
than 0.2 g/L. If ethanol is also being given at a dose of 1 g kg–1 h–1, the rate of fomepizole
elimination is reduced by 50 %.

An oral preparation of fomepizole (100 mg in 20 mL) is available is some countries
and, although logic suggests that this is probably the most effective way to give the
antidote in the early stages of methanol or ethylene glycol poisoning, in many countries
fomepizole is given exclusively i.v. The oral dose is 15 mg/kg as a loading dose, followed
by 5 mg/kg 12 h later and then 10 mg/kg every 12 h until the ethylene glycol or methanol
is no longer detectable in plasma (Baud et al., 1992). At doses between 10 and 100
mg/kg fomepizole demonstrates zero-order kinetics.

Adverse reactions to fomepizole include headache, nausea and dizziness (McMartin
et al., 1987; Jacobsen et al., 1988). Rash, eosinophilia, anaemia, leucopenia and
thrombocytopenia have also been reported (Baud et al., 1986/7). A hepatitic reaction
and cholestasis have been described, as has renal failure. However, provided a dose of
less than 20 mg/kg is given for no more than 5 days, then, by analogy with pyrazole
(Wilson and Bottiglieri, 1962), adverse effects are thought to be unlikely. In clinical
trials in adults there were no adverse effects of fomepizole at doses of either 7 mg/kg
i.v. or 10–1,000 mg orally (Jacobsen et al., 1990).

4.3 CALCIUM SALTS

Calcium gluconate (calcium D-gluconate; CAS 299-28-5; Figure 4.4) gel (2.5 % w/w) is
used topically to treat hydrofluoric acid burns. Insoluble calcium fluoride is formed,
thus preventing further skin penetration of the poison. The gel should be applied to
the affected area for at least 30 min. If pain persists, 10 % (w/v) calcium gluconate

Figure 4.3: Structural formula of fomepizole
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should be injected (0.5-mL depots) under the site of the injury to achieve intradermal
and subcutaneous penetration. Intra-arterial or i.v. infusion of calcium gluconate [10 mL
10 % (w/v) calcium gluconate diluted with 40 mL 5 % (w/v) D-glucose] has also been
suggested to treat hydrofluoric acid burns on the arms or legs (Velvart, 1983; Vance et
al., 1986; Caravati, 1988; Graudins et al., 1997; Ryan et al., 1997). Oral calcium gluconate
administration has been suggested for treating poisoning due to the ingestion of fluoride
salts (Lheureux et al., 1990).

Calcium gluconate given i.v. has also been used to raise extracellular calcium
concentrations after overdosage with calcium channel blockers such as nifedipine or
verapamil, although its efficacy remains unproven (Jaeger et al., 2000). Calcium
gluconate has also been claimed to have a role in severe poisoning with β-blockers such
as atenolol (Pertoldi et al., 1998). Calcium chloride can be used for these same purposes
and has the advantage that it contains more calcium (w/w) than calcium gluconate.
Calcium chloride is preferable to calcium gluconate in patients with hepatic impairment.
A dose of 0.2–0.5 mL/kg of a 10 % (w/v) solution of the gluconate (maximum 10 mL) is
given i.v. over 5–10 min. If necessary, the dose may be repeated in 10–15 min. It should
never be coadministered with a sodium bicarbonate infusion as insoluble calcium
carbonate will be formed in vitro. A similar regimen (0.1–0.2 mL gluconate per kilogram)
has been used to reverse hypocalcaemia in severe poisoning with ethylene glycol or
oxalates, although only symptomatic hypocalcaemia should be corrected as excessive
administration can lead to increased calcium oxalate deposition in the kidneys and
hence potentiate renal damage.

Finally, calcium gluconate may reverse the neuromuscular paralysis associated with
hyperkalaemia and hypermagnesaemia as well as muscle spasm occurring after
Lactrodectus mactans (black widow spider) envenomation (section 3.1.2.1), although it
appears ineffective in relieving pain associated with such bites (Clark et al., 1992). It
also protects against the cardiotoxicity associated with drug-induced hyperkalaemia
(except that associated with digoxin and related glycosides), and can stabilize the
situation until the hyperkalaemia can be corrected either by haemodialysis or by i.v.
infusion of D-glucose and insulin.

4.4 COPPER SALTS

Copper salts are used in veterinary medicine to treat chronic molybdenum poisoning
in ruminants (Underwood, 1977). Copper sulphate is a topical antidote to yellow
phosphorus. Yellow phosphorus is sometimes picked up by people on beaches as the
contents of old munitions dumps are washed ashore.

Figure 4.4: Molecular formula of calcium gluconate
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4.5 IODATES

Potassium iodate is used to enhance elimination of radioactive iodine. It has been
considered for distribution to civilians at time of nuclear threat and acts by competitive
displacement of radioactive iodine from the thyroid. In overdosage it has been associated
with retinopathy (Singalavanija et al., 2000).

4.6 IOPANOIC ACID

Iopanoic acid (Telepaque; CAS 96-83-8; Figure 4.5) is an iodinated radiocontrast agent
and is a potent inhibitor of the conversion of thyroxine to tri-iodothyronine. Iopanoic
acid (125 mg/d orally, 5 days) has been used to treat a boy aged 2.5 years who had
ingested an unknown amount of thyroxine and who was showing only limited response
to propylthiouracil (75 mg/d) and propranolol (15 mg 6-hourly) (Brown et al., 1998). In
general, however, thyroxine overdoses are not sinister and seldom even require
symptomatic treatment with β-adrenoceptor blockers (section 5.2).

Leucovorin

CAS registry number 58-05-9
Relative formula mass 473.4
pKa 3.1, 4.8, 10.4
Oral absorption (6-S isoform) (%) 90
Presystemic metabolism (6-S isoform) High
Plasma half-life (6-S isoform) (min) 32
Volume of distribution (6-S isoform) (L) 17.5
Plasma protein binding (%) 54

Figure 4.5: Structural formula of iopanoic acid

4.7 LEUCOVORIN

Folate antagonists such as methotrexate, pyrimethamine and trimethoprim inhibit
dihydrofolate reductase (EC 1.5.1.3) and prevent the formation of tetrahydrofolate,
which is required for nucleoprotein synthesis and erythropoiesis. Mild poisoning with
folate antagonists often requires nothing more than monitoring of the full blood count.
Significant or potentially significant poisoning with folate antagonists can be treated
with the 5-formyl tetrahydrofolate derivative leucovorin (folinic acid; Figure 4.6). The
pharmaceutical formulation of leucovorin is a mixture of the 6-S and 6-R stereoisomers
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of 5-formyltetrahydrofolate. Leucovorin should be given, preferably within 1 h of the
overdose, if there is evidence to suggest marrow depression, although administration
of the antidote should not await the development of overt bone marrow depression.
The initial i.v. leucovorin dose is equal to the amount of folate antagonist ingested, if
known. Otherwise 100 mg/m2 body surface area should be given. Further (oral) doses
(15 mg for an adult) should be given 6-hourly after methotrexate until the blood
methotrexate concentration is < 23 µg/L (50 nmol/L), and daily after trimethoprim,
for 5–7 days. Allergic reactions should be treated with conventional antihistamine
therapy.

It has been suggested that leucovorin administration (1 mg/kg orally or i.v., 6-hourly)
may enhance methanol and formate metabolism via the folate-dependent one-carbon
cycle pool (Figure 4.2), but this is of little practical value in acute methanol poisoning
as unchanged methanol and metabolites are readily excreted in urine or removed by
dialysis. However, successful treatment of serious acute formic acid poisoning with
leucovorin together with supportive measures including urinary alkalinization has been
described previously (Moore et al., 1994); seven doses of leucovorin (1 mg/kg i.v. 4-
hourly) were given.

4.8 MAGNESIUM SALTS

Many poisons cause prolongation of the QT interval in the heart with risk of torsade de
pointes arrhythmia (Figure 4.7). An infusion of magnesium ions is sometimes effective
in stopping associated ventricular tachycardia or ventricular fibrillation, especially if
hypokalaemia has occurred (hypomagnesaemia is often also present in such cases).
The usual dose (magnesium sulphate) is 8 mmol Mg2+ i.v. over 10 min for an adult,
repeated once if necessary (British National Formulary, 2000a).

Barium compounds can cause neuromuscular blockade and hypokalaemia. Patients
with barium poisoning may present with headache, paraesthesiae, peripheral weakness,
paralysis, diarrhoea and arrhythmias or other ECG abnormalities. Magnesium ion
infusions are effective in treating tachycardia associated with barium poisoning. The
same dose as used to treat arrhythmias associated with the long QT syndrome is used
(see above).

Figure 4.6: Structural formulae of leucovorin (folinic acid) and folic acid
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The magnesium ion is thought to have an antioxidant effect in vivo. Dietary
magnesium restriction enhances paraquat toxicity in rats, but attempts to use
magnesium salts to treat paraquat poisoning in man have shown no clear effect (section
8.3). Magnesium sulphate (1 g/h i.v. for 4 h, then 1 g i.v. every 4–6 h up to a maximum
of 5 days) was used to treat 25 patients poisoned with aluminium phosphide (Chugh et
al., 1997). Mortality was 25 % as opposed to 40 % in an untreated group, suggesting
possible benefit from the treatment.

4.9 NICOTINAMIDE

Nicotinamide [niacinamide; vitamin B3 (this latter term is also used to refer to nicotinic
acid); CAS 98-92-0; Figure 4.8] is used for the management of intoxication with pyriminil
(N-3-pyridylmethyl-N′-(4-nitrophenyl)urea, PNU), a yellow–green powder used as a
rodenticide. Insulin-dependent diabetes mellitus and a severe peripheral neuropathy
developed in a fit 25-year-old man several days after ingesting PNU (Prosser and Karam,
1978). After 10 months, a glucose tolerance test was abnormal and nerve conduction
studies showed sensory and motor neuropathy. At least 15 other cases of PNU-induced
diabetes in humans have been reported. Its mechanism of action may be by interference
with nicotinamide metabolism in the pancreas, where it destroys β-cells (Kallman et
al., 1992), CNS and heart. Nicotinamide is the suggested antidote. The dosage regimen
for an adult is 500 mg i.v. or 200 mg i.m., followed by 200 mg i.v. or i.m. every 2 h to a
total of 3 g/d (Flomenbaum, 1998). Subsequent dosage is 100 mg orally three times
daily for 2 weeks. Vigilance to the later development of diabetes is required. Neurological
deficit may progress despite later nicotinamide administration (LeWitt, 1980).

Figure 4.7: Torsade de pointes arrhythmia, treated successfully with intravenous magnesium
sulphate

Figure 4.8: Structural formula of nicotinamide

4.10 PHYTOMENADIONE (VITAMIN K1)

Phytomenadione (vitamin K1; phytononadione; phylloquinone; 2-methyl-3-phytyl-1,4-
naphthoquinone; Konakion, Roche; Figure 4.9) is a fat-soluble compound that is
required for the hepatic synthesis of blood coagulation factors II (prothrombin), VII
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(proconvertin), IX (Christmas) and X (Stuart-Prower) (Stenflo and Suttie, 1977). Excess
vitamin K is rapidly metabolized. In adequate doses phytomenadione reverses the
inhibitory effects of coumarin and indandione anticoagulants on the synthesis of these
factors. It is probable that a phytomenadione concentration of 0.5 mg/L is needed to
drive clotting factor synthesis in most clinical situations (10 mg should be given slowly
i.v. to an adult in most cases) (Park et al., 1984). Phytomenadione will not reverse either
low-molecular-weight heparin or conventional heparin-induced bleeding which
necessitates the use of protamine sulphate injections (section 5.22). Phytomenadione,
unlike vitamin K3 (menadione), is effective in treating poisoning with ‘superwarfarins’
such as brodifacoum, and oral treatment with phytomenadione may need to be continued
for several months (Corke, 1997; Bruno et al., 2000).

Phytomenadione dosage (2–10 mg i.v. or i.m.) is repeated every 4–8 h based on serial
prothrombin time or international normalized ratio (INR) measurements. If the patient
has a metal heart valve and anticoagulation therefore cannot be wholly reversed, use
of DE-Fix or fresh-frozen plasma is recommended, rather than phytomenadione. Some
clinicians use 1–2 mg of phytomenadione in such patients but risk over-reversal of

Figure 4.9: The phytomenadione (vitamin K1)–phytomenadione epoxide cycle
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anticoagulation. The infusion rate should not exceed 1 mg/min to minimize the risk of
side-effects due to histamine release (flushing, sweating, bronchoconstriction, chest
tightness). Dilution of the phytomenadione solution in 20 mL 0.9 % (w/v) sodium
chloride with infusion over 15 min reduces this risk (Park et al., 1984; Choonara et al.,
1985). In severe poisoning with warfarin or similar compounds phytomenadione doses
of up to 50 mg i.v. may be needed initially (Bjornsson and Blaschke, 1978). Injection
i.m. is best avoided in the presence of haemorrhage because of the risk of haematoma
formation at the injection site and because an oily mixture is extremely painful on
injection. The onset of action is delayed until the activated clotting factor concentrations
in blood reach an effective amount, usually after 4–6 h. The maximum effect occurs
about 24 h post dose. Severe haemorrhage may require infusion of fresh-frozen plasma,
DE-fix or fresh whole blood, in addition to i.v. phytomenadione. Close observation is
required to detect falls in blood pressure, development of tachycardia and more obvious
signs of bleeding such as blood in the mouth.

4.11 POTASSIUM SALTS

An infusion of a potassium salt (normally potassium chloride) has been shown to correct
the potassium-displacing capacity of absorbed soluble barium salts (Berning, 1975).
To prevent the risk of sudden cardiac death, no more than 20 mmol K+ should be infused
per hour into an adult.

In thallium poisoning, the administration of potassium chloride i.v. has been
suggested in order to enhance the excretion of thallium into the gut, but the effect is
small and the procedure potentially dangerous. However, sufficient potassium should
be administered to keep the serum potassium between 4.5 and 5.0 mmol/L. Oral
potassium supplements should be avoided if Prussian Blue is being given because
potassium ions may interfere with the exchange between potassium and thallium ions
in the gut.

Potassium permanganate (1 % w/v) solution can be used topically in conjunction
with sodium bicarbonate to treat yellow phosphorus burns.

4.12 PYRIDOXINE (VITAMIN B6)

Pyridoxine (vitamin B6; Figure 4.10) is sometimes given prophylactically to patients
being treated with the antitubercular drug isoniazid in order to prevent the development
of peripheral neuropathy. Isoniazid is thought to react with pyridoxal 5-phosphate, the

Phytomenadione

CAS registry number 84-80-0
Relative formula mass 450.7
pKa Not ionizable
Oral absorption (range) (%) 10–63
Plasma half-life (h) (mean, range) 2.2 (1.2–3.5)
Volume of distribution (L) 3.5
Plasma protein binding Extensive
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biologically active form of the vitamin, to form a hydrazone (Figure 4.11). The hydrazone
is a very strong inhibitor of pyridoxal phosphate kinase, and thus tissue depletion of
this essential cofactor may occur unless supplemental pyridoxine is given. Pyridoxal
5-phosphate itself has been advocated in the treatment of cyanide poisoning (Keniston
et al., 1987), but has not found application in this role (section 6.2.1).

In acute overdosage, isoniazid may induce convulsions, which are thought to be caused
by inhibition of pyridoxal 5-phosphatase leading to γ-aminobutyric acid (GABA)
deficiency in the brain. Pyridoxine is used to prevent or control isoniazid-induced
convulsions and the consequent lactic acidosis, and also shorten the period of coma
(Wason et al., 1981).

Pyridoxine may also reduce the hepatic, renal and CNS toxicity resulting from
monomethylhydrazine inhibition of pyridoxine metabolism in Gyrometria (false morrel)
poisoning. In addition, pyridoxine has been advocated for treating poisoning with
cycloserine and hydrazine, and it has been suggested that it may enhance the
detoxification of the toxic metabolites of ethylene glycol. Pyridoxine (1 g i.v.) had no

Figure 4.10: Structural formula of pyridoxine (vitamin B6)

Pyridoxine (hydrochloride)

CAS registry number 58-56-0
Relative formula mass (free base) 205.6 (169.2)
pKa 5.0, 9.0
Oral absorption High
Presystemic metabolism Negligible
Plasma half-life (days) 15–20
Plasma protein binding Nil for non-phosphorylated forms

Figure 4.11: Reaction of pyridoxal 5-phosphate with isoniazid to form a hydrazone
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effect on either level of consciousness or rate of metabolism of ethanol after acute self-
poisoning with ethanol (Mardel et al., 1994).

In acute isoniazid poisoning, a single i.v. infusion (gram for gram equivalent basis,
up to 10 g) in 5 % (w/v) D-glucose over 30–60 min is used. If the amount of isoniazid
ingested is unknown, give 5 g pyridoxine to an adult (Yarborough and Wood, 1983).
One dose is usually enough to reverse isoniazid-induced convulsions, which usually
settle within 30 min of administration of the antidote. Benzodiazepines can be given
concurrently, but usually smaller doses are needed. In a child give 70 mg/kg by infusion
as above. For monomethylhydrazine toxicity the dose is 25 mg/kg i.v. This may be
increased up to 300 mg kg–1 d–1 if necessary. Pyridoxine (10–25 mg/d) should be given
concurrently with D-penicillamine (section 2.2.6).

Pyridoxine is metabolized to pyridoxal 5-phosphate, the active form of the vitamin
and a cofactor in more than 100 enzymic reactions. It is relatively safe in therapeutic
doses. At such doses, more than 50 % is eliminated by metabolism to a 4-pyridolic acid.
However, 0.5–2 g/d over several years may lead to progressive sensory neuropathy,
although there is considerable inter-individual variation in susceptibility (Schaumberg
et al., 1983; Bendich and Cohen, 1990). Pyridoxine should be stored in the dark.

4.13 REDOX REAGENTS

Methaemoglobin (oxidized haemoglobin) may be formed after exposure to oxidizing
agents such as aniline, chlorates, dapsone, ferricyanide, nitrates, nitrites, nitrobenzene,
primaquine, sulphonamides and some local anaesthetics (Table 4.2). The diagnosis
should be suspected in any patient who has cyanosis unresponsive to oxygen
administration (Stambach et al., 1997). Patients with more than 30 % methaemo-
globinaemia and who are breathless require treatment. Methylthioninium chloride is
the preferred treatment (section 4.1.3.2).

TABLE 4.2
Some agents causing methaemoglobinaemia

Toxin Use

Acetanilide, phenacetin Analgesics
Aniline derivatives Dyes
Benzocaine, prilocaine Local anaesthetics
Chlorates Weedkiller
Dapsone Treatment of dermatitis herpetiformis
Methylthioninium chloride Treatment of methaemoglobinaemia
Nitrates Cardiovascular drugs, munitions
Nitrites Cardiovascular and recreational drugs,

treatment of cyanide poisoning
Nitrobenzene and derivatives Synthetic chemistry
Nitroglycerine Cardiovascular drug, munitions
Nitrous oxide Inhalational anaesthetic, propellant gas,

‘injected oxygen’
Nitrotoluene and derivatives Munitions, synthetic chemistry
Primaquine Antimalarial drug
Quinine Antimalarial drug
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4.13.1 Ascorbic acid (vitamin C)

Ascorbic acid (CAS 50-81-7; Figure 4.12) promotes conversion of methaemoglobin to
haemoglobin and should be used instead of methylthioninium chloride in poisoning
with oxidizing agents and other chemicals causing methaemoglobinaemia in patients
with glucose-6-phosphate dehydrogenase (G6PDH) deficiency. The dose is 1 g i.v. or
200 mg by mouth three times daily. The possible contribution of ascorbate in enhancing
iron excretion in iron-overloaded patients treated with DFO, for example, has been
discussed above (section 2.3.2). Ascorbate protects against the toxicity of sodium
metavanadate in mice, possibly by reducing V5+ to the less toxic V4+ (Domingo et al.,
1986).

Ascorbate (10 mg/kg daily) has also been used to remove the odour of garlic from
the breath in selenium and in tellurium poisoning (Hunter, 1978). In sodium selenate
poisoning, use of ascorbic acid (1 g i.m. and then 4 g/d orally) together with dimercaprol
(initially 150 mg 6-hourly i.v.) has been reported to be effective (Civil and McDonald,
1978 – section 2.2.4).

Figure 4.12: Structural formula of ascorbic acid

4.13.2 Methylthioninium chloride (methylene blue) and
tolonium chloride

The transport of oxygen in the blood in man and animals at atmospheric pressure is
dependent on haemoglobin, and for transport to occur the constituent iron of
haemoglobin must be in a reduced state (ferrohaemoglobin, Fe2+). A physiologically
normal subject is exposed to endogenous oxidizing substances that oxidize about 3 %
of his or her haemoglobin to methaemoglobin (Fe3+) each day. This is normally easily
converted back to haemoglobin by an endogenous NADH-dependent reductase
(diaphorase), so that in normal adults only about 1 % of the total haemoglobin is in the
oxidized form (1 % methaemoglobinaemia).

This endogenous methaemoglobin reductase system has limited capacity, and
exposure to several oxidizing agents (Table 4.2) can induce pathological
methaemoglobinaemia. This impairs the oxygen-carrying capacity of the blood, causing
hypoxia. The diagnosis of methaemoglobinaemia clinically rests on four key elements:
clinical history, including circumstances of poisoning; the clinical features of
methaemoglobinaemia, i.e. blue coloration or central cyanosis, breathlessness and
tiredness; direct measurement of the blood methaemoglobin; and the confirmatory
test of failure of the hypoxia to correct after the administration of oxygen at a high
flow rate via a face mask. There is a rough correlation between clinical features of
poisoning and blood methaemoglobin concentration (Table 4.3). Classically, the blood
is said to look chocolate brown, although this seems not to be a universal finding.

At low concentrations methylthioninium chloride (methylene blue; tetra-
methylthionine chloride; Swiss blue; Figure 4.13) either acts as an electron acceptor
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for an NADPH-dependent methaemoglobin reductase or is reduced by a further enzyme.
A colourless product that rapidly and non-enzymically reduces methaemoglobin to
haemoglobin within the red blood cell is formed (Figure 4.14). At high concentrations,
methylthioninium may catalyse the oxidation of ferrous iron in haemoglobin to ferric
iron, hence forming methaemoglobin, but the evidence for this is conflicting (Smith,
1969). Tolonium chloride (toluidine blue O; CAS 92-31-9; Figure 4.13) acts similarly to
methylthioninium chloride but is very rarely used in clinical practice.

The effect of i.v. methylthioninium chloride in reversing chemically induced
methaemoglobinaemia was observed by accident in a chemist who had been exposed
to 4-bromoaniline and who presented with an intense cyanosis (Williams and Challis,
1933). Steele and Spink (1933) also reported rapid reversal of severe methaemo-
globinaemia by i.v. methylthioninium chloride in patients poisoned with substances
thought to be aniline or a related compound and acetanilide. Subsequent animal and
clinical studies confirmed that the drug was effective in reversing methaemoglobinaemia
due to a wide range of poisons (Table 4.2), although the efficiency with which
methaemoglobin is reduced varies between different poisons. Even with hydroxylamine,
which generates a methaemoglobinaemia that is particularly difficult to reverse with
methylthioninium chloride, some efficacy has been demonstrated in animal studies
(Smith, 1969). The continued action of methylthioninium chloride in reducing
methaemoglobin in the presence of an oxidizing agent depends upon a continued supply
of NADPH, and it is possible that these observed differences in efficiency between
different poisons reflect further actions of the compounds in question in interrupting
the supply of NADPH.

TABLE 4.3
Interpretation of blood methaemoglobin concentrations

Methaemoglobin (% of total haemoglobin) Clinical features

0–15 % Nil
16–20 % Cyanosis
21–45 % Dyspnoea, syncope
46–55 % CNS depression
56–70 % Coma, convulsions, cardiac failure, arrhythmias
> 70 % Possible death

Figure 4.13: Structural formulae of methylthioninium chloride and of tolonium chloride
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Methylthioninium chloride is given as a 1 % (w/v) aqueous solution at doses of
1–2 mg/kg i.v. over 5 min. The dose may be repeated at hourly intervals depending on
the blood methaemoglobin concentration and clinical response (Mansouri, 1985). Doses
higher than 7 mg/kg i.v. over 5 min may produce nausea, vomiting, abdominal/chest
pain, dizziness, sweating, confusion, haemolysis and cyanosis as a result of
methaemoglobin formation (Finch, 1948; Mansouri, 1985).

Methylthioninium chloride is given only if a patient shows features of poisoning
such as breathlessness, and usually only once methaemoglobinaemia exceeds 40 %.
Oxygen should be given to increase the amount of oxygen delivered to tissue dissolved
in blood as opposed to carried by haemoglobin. Methylthioninium chloride acts within
1 h of administration. Arterial blood gases and methaemoglobin concentration should
be monitored regularly. The drug should not be given s.c. as necrotic ulcers have been
reported at injection sites (Perry and Meinhard, 1974). The frequency of
methylthioninium chloride administration will often depend on the cause of the

Methylthioninium chloride

CAS registry number 61-73-4
Relative formula mass 373.9
pKa 3.8
Oral absorption (%) 53–97
Presystemic metabolism Negligible

Figure 4.14: In vivo reduction of methaemoglobin by methylthioninium chloride
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methaemoglobinaemia. A dapsone overdose, for example, may necessitate
methylthioninium chloride administration for much longer than after ingestion of
nitrites because of the long half-life of dapsone.

Methylthioninium chloride should not be used if methaemoglobinaemia is not
present, as it may then itself induce methaemoglobinaemia. Anaphylactic reactions to
the drug are recognized. The methylthioninium ion is eliminated largely by renal
excretion, and thus methylthioninium chloride should be used cautiously in patients
with renal dysfunction. The methylthioninium ion can be excreted in its unchanged
blue form or its leuco (colourless) form (DiSanto and Wagner, 1972). Renal excretion
starts from c. 30 min post injection and can continue for up to 3–5 days (Nadler et al.,
1934). Methylthioninium chloride may cause haemolysis if administered to G6PDH-
deficient patients (Beutler, 1969) and ascorbic acid or exchange transfusion should be
considered as an alternative treatment for methaemoglobinaemia in such patients.

4.14 RIBOFLAVIN (VITAMIN B2)

Riboflavin (vitamin B2; CAS 83-88-5; Figure 4.15) has been reported to provide some
protection against the toxicity of boric acid in laboratory animals (Roe et al., 1972).
However, supportive care alone has been used thus far to treat borate poisoning in
man. Riboflavin has also been reported to be of value in activating the NADPH-
dependent methaemoglobin reductase system, and can be used to treat congenital
methaemoglobinaemia (Hirano et al., 1981). It is particularly useful in patients with
methaemoglobinaemia who cannot tolerate methylthioninium chloride or ascorbate
(section 4.13). Oral dosage (20–120 mg/d, divided doses) has been used (Donovan,
1990). Riboflavin administration is not associated with adverse reactions.

Figure 4.15: Structural formula of riboflavin (vitamin B2)

4.15 SODIUM SALTS

Oral sodium chloride precipitates silver as silver chloride. Sodium chloride may also
be used to enhance the urinary excretion of bromide ion in acutely poisoned patients
who do not require haemodialysis. Administration of 0.9 % (w/v) sodium chloride i.v.
decreased the plasma half-life of bromide from 332 h to 65 h in one patient (Wieth and
Funder, 1963). Antidotal uses of sodium nitrite and sodium thiosulphate are discussed
in sections 6.2.3.1 and 6.2.5 respectively.

Sodium bicarbonate given i.v. or orally has a non-specific role in correcting acidosis
in severe poisoning with compounds such as ethylene glycol, iron, methanol and some



� 143

METABOLIC ANTIDOTES

�
C

H
A

P
T

E
R

 4
�

other compounds (Table 1.2). It tends to be reserved for more seriously poisoned patients
(blood pH < 7.2) as there is a theoretical risk that exogenous bicarbonate could worsen
intracellular acidosis. Sodium bicarbonate in combination with other agents has also
been suggested for use in poisoning with OP insecticides (section 5.9.1).

Sodium bicarbonate given i.v. is valuable in treating severe poisoning with strong
acids such as salicylates and chlorophenoxy herbicides, and some weaker acids
(chlorpropamide, barbitone, phenobarbitone) (Wax and Hoffman, 1991). Here sodium
bicarbonate administration acts not only by correcting acidosis, but also by promoting
diffusion of the poison from tissues into plasma and hence promoting metabolism or
excretion in urine or in bile (Flanagan et al., 1990; Wax and Hoffman, 1991 – Figures
4.16 and 4.17).

The dose used to promote an alkaline diuresis is 1 L of 1.26 % (w/v) sodium
bicarbonate infused i.v. over 2 h, repeated as necessary. Urine pH should be closely
monitored to ensure that it remains between 7 and 8 so that effective renal elimination
can occur. The blood pH should not exceed 7.55. When giving sodium bicarbonate by
infusion it is important to monitor serum potassium and ensure adequate potassium
replacement – an effective alkaline diuresis cannot occur without renal potassium loss.

Sodium bicarbonate finds extensive use in the prophylaxis of arrhythmias in tricyclic
antidepressant poisoning. It should be given whenever the QRS complex on the ECG
is widened (> 110 ms for example), even in the absence of acidosis (Figure 4.18). It is
also effective in stopping ventricular arrhythmias and is first-line therapy. Its
prophylactic and antiarrhythmic action is most probably due to sodium channel blockade
(Frommer et al., 1987; McCabe et al., 1998; Love et al., 2000), although an effect on
blood pH and thus on drug or metabolite ionization and therefore tissue (especially
CNS) penetration may also be important (Wax and Hoffman, 1991; Newton et al., 1994;

Figure 4.16: Effect of changes in blood and urine pH on the ionization of salicylate
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Figure 4.17: Effect of i.v. sodium bicarbonate given some 32 h post ingestion on blood and
urine pH and on plasma concentrations and urinary excretion of 2,4-dichlorophenoxyacetic
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) (Flanagan et al., 1990)

Figure 4.18: Significant QRS prolongation on an ECG (QRS 200 ms), an indication for the use
of i.v. sodium bicarbonate in tricyclic antidepressant poisoning

aVR V1 V4

aVL V2 V5

aVF V3 V6
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Mackway-Jones and Thomas, 1999). In rats, the effect of sodium bicarbonate in tricyclic
antidepressant poisoning is in addition to the effect of adrenaline (Knudsen and
Abrahamsson, 1997). There is recent evidence that sodium bicarbonate may be of value
in treating ventricular tachycardia associated with acebutolol overdosage (Donovan
et al., 1999) and hypotension due to verapamil (Tanen et al., 2000). However, i.v.
administration was ineffective in treating experimental propranolol poisoning in dogs
(Love et al., 2000).

The dose of sodium bicarbonate used for the prophylaxis and treatment of cardiac
arrhythmias is normally 1–2 mmol/kg 8.4 % (w/v) sodium bicarbonate i.v. infused over
15 min. Repeat bolus doses may be used as necessary. Care should be taken not to
exceed a blood pH of 7.55. If multiple doses of 8.4 % (w/v) sodium bicarbonate are
anticipated, patients may benefit from insertion of a central line as peripheral sodium
bicarbonate administration causes venous damage.

Sodium bicarbonate should not be given orally after ingestion of strong acids, as it
gives rise to a severe exothermic reaction with the risk of increasing tissue injury. Oral
sodium bicarbonate could be given after ingestion of ferrous salts such as ferrous
sulphate as it forms insoluble ferrous carbonate and thus should minimize further iron
absorption. However, in practice it is rarely used in this way. Sodium bicarbonate is
used topically in conjunction with potassium permanganate (section 4.11) to treat yellow
phosphorus burns.

4.16 SULPHYDRYL DONORS

Administration of sulphydryl donors, notably D,L-methionine (racemethionine) or NAC
(acetylcysteine; N-acetyl-L-cysteine; N-acetyl-3-mercaptoalanine; L-α-acetamido-
mercaptopropionic acid; mercapturic acid; Mucomyst; Parvolex, Evans), has achieved
great prominence as either of these compounds can protect against paracetamol
(acetaminophen) cytotoxicity if given with 12 h or so of ingestion (Prescott et al., 1979;
Meredith et al., 1995; Vale and Proudfoot, 1995). NAC especially may protect against
the cytotoxicity of some other compounds (Anonymous, 1991; Flanagan and Meredith,
1991; Holdiness, 1991).

4.16.1 Treatment of paracetamol poisoning

The cytotoxicity of paracetamol is probably mediated by a reactive metabolite, N-acetyl-
4-quinoneimine (NAPQI), a strong electrophile and oxidizing agent formed in the liver
and in the kidney by oxidative metabolism. Cells in which NAPQI is formed are normally
protected by intracellular GSH (Figure 4.19). However, if mitochondrial and cytosolic
GSH become depleted (to 20–30 % of normal), covalent binding of NAPQI to
nucleophilic cell macromolecules and other reactions followed eventually by cell death
may ensue. Disturbed calcium homeostasis due to oxidation of intracellular thiol-
containing enzymes, in particular Ca2+ translocases, may be important in this process
(Reed, 1990).

4.16.1.1 Mechanism of action of sulphydryl compounds

In animals, prior administration of high doses of inhibitors of oxidative metabolism
such as cimetidine can reduce NAPQI formation and thus the frequency and severity
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Figure 4.19: Summary of paracetamol metabolism (GSH, reduced glutathione; RSH, cell
macromolecule)
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of hepatotoxicity. However, such an approach is impractical for the treatment of
poisoning in man because the agent concerned would have to be given before the
paracetamol overdose (Kaufenberg and Shepherd, 1998). The use of other sulphur
compounds to prevent the development of hepatorenal damage has been investigated.
However, cysteine is unstable in solution. In one study, dimercaprol and D-penicillamine
were found to provide little or no protection against paracetamol-induced hepatorenal
toxicity in humans at the doses used (Prescott, 1983). Cysteamine (mercaptamine,
2-mercaptoethanolamine), an effective protective agent when used in paracetamol
poisoning up to 10 h post ingestion, has unacceptable side-effects including nausea,
vomiting, drowsiness and cardiotoxicity at the doses used (Prescott, 1983).

Carbocysteine (S-carboxymethyl-L-cysteine) has shown similar activity to NAC in
protecting against paracetamol poisoning in animals (Ioannides et al., 1983). However,
this compound does not contain a free sulphydryl moiety, and clinical data on its use
are lacking. Although NAC can act as a precursor of inorganic sulphate (Lin and Levy,
1981), NAC and L-methionine are more likely to act by repleting intracellular GSH
(Miners et al., 1984; Burgunder et al., 1989). Clearly, both L-methionine and NAC require
conversion to cysteine prior to incorporation in GSH, NAC being deacetylated and L-
methionine undergoing sequential metabolism by five enzymes (Kretzschmar and
Klinger, 1990; Figure 4.20). However, L-cysteine synthesis from L-methionine is not
possible in individuals with homocystinuria, and there is thus a theoretical argument
against the use of methionine to treat paracetamol poisoning in such cases (Meredith
et al., 1995).

Figure 4.20: Hepatic L-cysteine synthesis from L-methionine: the cystathionine pathway
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Pretreatment of mice with buthionine sulphoximine, a specific inhibitor of GSH
synthesis, removed the protective effect of NAC and of methionine against paracetamol
toxicity (Miners et al., 1984). The exertion of a general cytoprotective effect by NAC
via other mechanisms including reduction of NAPQI, oxidized thiol enzymes and other
cell constituents is also a possible mechanism of action in humans; NAC may even be
conjugated directly with NAPQI (Figure 4.21). Other mechanisms by which NAC could
exert a cytoprotective effect include inhibition of neutrophil accumulation (Mitchell,

Figure 4.21: Some possible modes of action of N-acetylcysteine in preventing or ameliorating
paracetamol-induced hepatorenal damage
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1988) and restoration of the ability of proteolytic enzymes to dispose of arylated protein
(Bruno et al., 1988). However, direct interaction with NAPQI seems less likely as it
appears that covalent binding, GSH depletion, etc. occur relatively soon after the
overdose yet NAC or methionine can prevent progression to overt hepatocellular damage
if given in time.

4.16.1.2 Antidotal treatment

NAC or methionine should be given if the plasma paracetamol concentration is above
a line joining 200 mg/L (1.32 mmol/L) at 4 h post ingestion and 30 mg/L (0.20
mmol/L) at 15 h post ingestion on a semilogarithmic plot (Prescott, 1983; Figure 4.22).
In the USA, a treatment line is used that is 25 % lower than the above, a factor which
should be borne in mind when comparing studies between different centres (Meredith
et al., 1995). A plasma paracetamol measurement performed before 4 h post ingestion
can be misleading because absorption may be incomplete. Treatment should not await
a paracetamol measurement if the patient presents more than 8 h after ingesting a
paracetamol dose of more than 150 mg/kg as the efficacy of NAC diminishes if it is
given more than 10 h post ingestion (Prescott et al., 1979). The time after ingestion,
the occurrence of coma or vomiting and the risk of adverse reactions to i.v. NAC should
also be considered when taking the decision to give an antidote.

N-Acetylcysteine D,L-Methionine

CAS registry number 616-91-1 59-51-8
Relative formula mass 163.2 149.2
pKa 3.2; 9.65; 11.2 2.3, 9.2
Oral absorption Extensive High
Presystemic metabolism (%) 90–95 –
Plasma half-life (h) (mean, range) 2.6 (0.5–6.6) –
Volume of distribution (L/kg) 0.5 –
Plasma protein binding (%) > 80 –

Further considerations that may complicate the interpretation of plasma paracetamol
concentrations are that the time of ingestion may be difficult to determine precisely
and concomitant ingestion of opioids or anticholinergic drugs may delay gastric
emptying. Some patients ingest several paracetamol overdoses in succession before
being admitted to hospital, and in such cases antidotal therapy should be considered
irrespective of the plasma paracetamol concentration (Vale and Proudfoot, 1995),
especially if an adult is thought to have ingested more than 150 mg/kg over 24 h (75
mg/kg in ‘high-risk’ patients – Dargan et al., 2001).

Some 20–40 % of patients with paracetamol concentrations above the 200 mg/L
‘treatment line’ after a single overdose (Figure 4.22) will escape serious hepatorenal
damage even if untreated; such damage occurs only rarely in patients with
concentrations below this line. However, there are several groups that may be at special
risk. In particular, chronic alcohol abusers may be at risk of hepatic toxicity from high
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therapeutic paracetamol dosage as hepatic GSH may be low initially (Seeff et al., 1986;
Lauterberg and Velez, 1988), although this view has been challenged (Prescott, 2000).
For the same reason, individuals who are infected with human immunodeficiency virus
(HIV) and those with eating disorders may be particularly susceptible to paracetamol-
induced hepatotoxicity (Henry, 1990; Vale and Proudfoot, 1995). Patients may also be
at greater risk because of other factors, for example those taking anticonvulsants or
other enzyme inducers such as isoniazid may form NAPQI more readily, thus depleting
endogenous GSH more quickly (Pirotte, 1984; Bray et al., 1992; Crippin, 1993). Those
considered at special risk (enzyme induction or GSH depletion) should be treated
according to a ‘high-risk’ line that joins 100 mg/L paracetamol at 4 h to 15 mg/L at
15 h (British National Formulary, 2000b).

The incorporation of methionine into tablets containing paracetamol has been
suggested as a means of protecting against hepatorenal toxicity following paracetamol
overdosage (McLean and Day, 1975). This has been recommended for patients who
are at special risk of self-poisoning, but concern has been voiced about possible
carcinogenicity, cardiovascular toxicity and risk in pregnancy due to production of excess
homocysteine (Jones et al., 1997a). However, methionine loading at the amount ingested
when taking combination paracetamol–methionine tablets may not in fact raise plasma
homocysteine concentrations markedly, hence cardiovascular toxicity may be a
theoretical rather than a real problem (McAuley et al., 1999), although there may still
be risk in pregnancy. Adding methionine to paracetamol preparations might be
especially valuable in less developed countries where overdose treatment facilities are
sparse (Krenzelock, 1997).

Although young children seem to be less susceptible than adults to the hepatorenal
toxicity of paracetamol, those thought to be at risk of hepatorenal damage on the basis

Figure 4.22: Nomogram relating time post ingestion and plasma paracetamol concentration
to the suggested requirement for antidotal therapy. The lower ‘treatment line’ should be used
for alcoholics, AIDS patients, patients with eating disorders and patients prescribed enzyme-
inducing drugs such as anticonvulsants and isoniazid (see text)
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of a plasma paracetamol measurement should be treated in the same way as adults.
No adverse sequelae were reported when two pregnant paracetamol overdose patients
were treated with oral or i.v. NAC, one at 36 and one at 32 weeks (Byer et al., 1982;
Rosevear and Hope, 1989). In a study of 60 pregnant patients who had ingested an
overdose of paracetamol, 24 were thought to be at risk of developing hepatorenal damage
on the basis of plasma paracetamol concentrations and were given oral NAC (Riggs et
al., 1989). There was a significant correlation between time to loading dose of NAC
and outcome, with an increase in the incidence of spontaneous abortion or fetal death
when treatment was delayed. This suggests that treatment should be given to all such
patients as soon as possible after the overdose. Administration i.v. would result in
protection being achieved more quickly and reliably than with oral dosing.

NAC administered both orally and i.v. has been used to treat paracetamol poisoning,
whereas methionine is normally given orally. The dosage regimens advocated were
derived empirically, and it is therefore difficult to compare the relative efficacy of
treatments, particularly as patients show great variation in the severity of hepatorenal
damage sustained after paracetamol overdosage, even if similar amounts have been
ingested. Some reports suggest possible benefit from i.v. NAC (20-h regimen) when
commenced up to 24 h (Harrison et al., 1990), and possibly even up to 36 h (Parker et
al., 1990), after the overdose, while some protection up to 24 h seems apparent with
the 72-h oral NAC regimen (Smilkstein et al., 1988).

NAC given i.v. to patients with paracetamol-induced fulminant hepatic failure
appears to improve survival (Keays et al., 1991). The mechanism underlying this
observation is a matter of much interest (Proudfoot, 1995; Jones, 1998). Although once
felt to be due to improved tissue microperfusion, and hence oxygen delivery (Harrison
et al., 1991), this view has recently been challenged using end-tidal carbon dioxide
measurements, a sensitive measure of oxygen kinetics (Walsh et al., 1998). NAC may
act by protecting protein thiols against oxidation, by haemodynamic effects on regional
blood flow to critical organs, by free radical scavenging or by interfering with the
production of cytokines.

There have been many attempts to find compounds effective in the later stages of
paracetamol poisoning when the efficacy of NAC or methionine is reduced or absent.
Recent work has suggested that activated Kupffer cells and compounds secreted by
these cells, such as cytokines (chemokines), may play a role in the progression of
paracetamol-induced liver injury (McClain et al., 1999; Hogaboam et al., 2000). Some
studies suggested that inhibition of tumour necrosis factor α (TNF-α) is effective in
preventing hepatic necrosis after exposure to certain hepatotoxins, but studies in mice
showed no protective effect after exposure to paracetamol (Simpson et al., 2000). The
possible use of ELR-containing CXC chemokines (chemokines are low-molecular-
weight, 8–12 kDa, basic proteins that have been classified into four distinct families,
CXC, CC, C and CX3C, based on the position of their first two conserved cysteine
residues), i.e. CXC chemokines containing the amino acid sequence Glu–Leu–Arg, to
induce hepatocyte proliferation and liver regeneration after paracetamol poisoning
has been discussed (Hogaboam et al., 1999a,b, 2001).

4.16.1.3 Clinical use of N-acetylcysteine and methionine

Both methionine and NAC are effective in treating paracetamol poisoning in humans,
although both are less effective if given more than 10–12 h post ingestion (Prescott
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et al., 1979). Methionine is safe and oral therapy (4 × 2.5 g over 12 h; child < 6 years,
4 × 1 g) has been used widely (Vale et al., 1981). Oral NAC (140 mg/kg then 17 × 70
mg/kg 4-hourly) is also effective if given within 10 h (Smilkstein et al., 1988). Note that
the dose of methionine in a 70-kg adult (10 g over 12 h) is much less than the dose of
NAC (93 g over 72 h) yet efficacy appears similar. However, oral therapy is difficult if
the patient is unconscious, and efficacy may be reduced if the patient vomits or is given
oral activated charcoal.

NAC given i.v. is used extensively to treat paracetamol poisoning in the UK and in
Australia (Buckley et al., 1999a). An initial dose of 150 mg/kg is infused in 200 mL of
5 % (w/v) D-glucose over 15 min, followed by 50 mg/kg in 500 mL of 5 % D-glucose over
4 h and 100 mg/kg in 1 L of 5 % D-glucose over the next 16 h, i.e. 300 mg/kg NAC (21 g
in a 70-kg adult) over 20 h (Prescott et al., 1979, 1983). The quantity of i.v. fluid used in
children should take into account age and weight, but fluid overload remains a potential
risk in patients under 10 kg body weight. Decision trees have been developed to guide
management (Dargan et al., 2001; see Appendix 3).

NAC treatment may need to be prolonged (50 mg/kg i.v. over 8 h repeated as
necessary) in patients presenting more than 12 h post ingestion. In the presence of
evidence of hepatic damage, prolonged NAC administration is continued until the
prothrombin time, the most sensitive marker of such damage, begins to improve. In
general, antidotal therapy commenced before the result of a plasma paracetamol
measurement becomes available should be withdrawn in patients subsequently found
not to be at risk using the standard nomogram (Figure 4.22). However, if the patient
presents to hospital 16 or so hours post ingestion, commonly available paracetamol
assays may not have sufficient sensitivity to measure the plasma paracetamol accurately.
In such circumstances, antidotal treatment should be continued notwithstanding.

Smilkstein et al. (1991) reported that in 179 patients i.v. NAC dosage over 52 h [an
initial dose of 140 mg/kg followed by 12 × 70 mg/kg doses – hourly, i.e. a total dose of
980 mg/kg (68.6 g in a 70-kg adult)] was more effective than the 20-h protocol in
preventing hepatotoxicity in patients presenting 16–24 h post ingestion. The efficacy
of this regimen appears to be similar to that of the 72-h oral NAC regimen (Perry and
Shannon, 1998). The use of a lower NAC dosage in the early stages of the infusion
should reduce the risk of adverse reactions while still giving adequate cytoprotection.

NAC is given orally as a 5 % (w/v) solution in a soft drink or, if given intragastrically,
in water. NAC preparations suitable for oral use are available in other countries. If the
patient vomits within 1 h of a dose, the dose should be repeated. In the absence of FDA
approval for the use of methionine or i.v. NAC to treat paracetamol poisoning, oral
NAC has been employed extensively in the USA. One argument used in favour of oral
therapy is that NAC and metabolites absorbed from the intestine pass directly to the
liver via the portal circulation. However, this argument takes no account of the fact
that the kidney is also at risk.

In six volunteers activated charcoal had no significant effect on oral NAC absorption
(Renzi et al., 1985) but was associated with a mean reduction in NAC bioavailability of
40 % in a second study in 19 subjects (Ekins et al., 1987). Vomiting is a contraindication
to oral therapy (charcoal, methionine or NAC), although it may itself be associated
with the use of oral NAC. On the other hand, prompt administration of activated
charcoal to paracetamol overdose patients presenting within 1–2 h of the ingestion
may reduce the need for i.v. NAC (Buckley et al., 1999b).
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4.16.1.4 Pharmacokinetics and metabolism of N-acetylcysteine

Study of the pharmacokinetics of NAC is complicated because of the variety of forms
(free, protein-bound in either reduced or oxidized form, mixed disulphides with other
thiols, including protein thiols) in which NAC can be present. Thus, NAC is deacetylated
to give cysteine, cystine, methionine, GSH and other products; mixed disulphides (N,N′-
diacetylcystine, N-acetylcysteine-cysteine, etc.) also occur (Olsson et al., 1988). NAC
absorption occurs rapidly after oral administration of doses of 100–200 mg, although
bioavailability is less than 12 % (Burgunder et al., 1989; Borgström and Kågedal, 1990).
This is thought to be because of extensive deacetylation, most probably in the intestinal
mucosa (Sjödin et al., 1989). After i.v. administration, plasma half-lives of 2–6 h have
been reported; 20–30 % of the dose is excreted unchanged in urine (Borgström et al.,
1986; Prescott et al., 1989). NAC does not accumulate in plasma on chronic dosing
(Borgström and Kågedal, 1990), although NAC clearance is impaired in the presence
of chronic liver disease (Jones et al., 1997b).

In plasma, most of a dose of NAC is present as disulphides. In one study, oral NAC
increased free cysteine in plasma although total cysteine and free and total glutathione
concentrations remained unchanged (Burgunder et al., 1989). Plasma total NAC
concentrations soon after the start of an infusion (20-h i.v. regimen) range from 300 to
900 mg/L, whereas concentrations of only 11–90 mg/L are maintained towards the end
(Prescott et al., 1989). The latter concentrations are similar to those attained following
oral NAC administration (Burgunder et al., 1989).

4.16.1.5 Adverse reactions to N-acetylcysteine

When used to treat paracetamol poisoning, oral NAC is rarely accompanied by serious
adverse reactions although, after repeated oral doses, nausea/vomiting and diarrhoea
have been reported in up to 50 % and 35 % of patients respectively. Headache, rash,
hypotension and respiratory distress occur (Miller and Rumack, 1983). Urticaria has
also been reported (Charley et al., 1987). Hepatotoxicity following combined oral and
rectal administration of NAC in high doses (106 g in 3 days) to treat meconium ileus
equivalent in a 3-year-old boy with cystic fibrosis has also been observed (Bailey and
Andres, 1987).

NAC given i.v. may be accompanied by anaphylactoid reactions such as flushing,
rash/pruritus, angioedema, bronchospasm, nausea/vomiting, hypotension, tachycardia
and respiratory distress. These reactions occur 15–60 min into the infusion in some
5 % of patients (Dawson et al., 1989). Asthmatics are at special risk – respiratory arrest
during the early stages of an infusion in a previously healthy 17-year-old girl with mild
asthma has been reported (Reynard et al., 1992). These toxic reactions appear to be
due to histamine release by NAC rather than any other component of the infusion
(Bateman et al., 1984) and occur at the time of peak plasma concentration, i.e. within
1 h of starting the infusion when plasma total NAC concentrations exceed 300 mg/L
(Prescott et al., 1989). Flushing may also be caused, at least in part, by vasodilatation
due to the hyperosmolarity of the NAC infusion (Jones et al., 1994).

Following accidental NAC overdosage the adverse effects observed are similar but
of greater severity (Mant et al., 1984). In a recent study, the ratio of the measured to
intended NAC concentrations (median, range) in 198 infusion bags (66 patients, three
bags each) used in treating paracetamol poisoning were: bag 1 – 1.07 (0.61–3.58), bag
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2 – 1.34 (0.46–2.90) and bag 3 – 1.36 (0.56–2.93). Over twice the intended NAC dose
was given to four patients while one received only 60 % of that intended. Overall, only
about 25 % of patients had a NAC dose within 10 % of that intended (Ferner et al.,
1999). It was thought that volumetric errors in preparing the dilutions rather than
miscalculation were responsible for most errors.

Treatment of NAC toxicity is normally directed at the reversal of anaphylactoid
features and/or controlling nausea and vomiting. Airway support, reversal of
bronchospasm and maintenance of vital functions may also be required. If a patient
exhibits a severe anaphylactoid reaction but still needs treatment on the basis of a
plasma paracetamol measurement, an antihistamine such as chlorpheniramine or
diphenhydramine (Bailey and McGuigan, 1998) (Table 1.2) may be given orally and
the infusion recommenced at a lower rate. Alternatively, oral NAC/methionine may be
administered provided that there is no contraindication, although this is rarely done
in practice. Donovan et al. (1986) reported sudden onset of respiratory distress with
resultant fatal cardiac arrest in a patient with pre-existing chronic obstructive
pulmonary disease who was given probably too much NAC (20-h i.v. regimen) for
paracetamol overdose. Other deaths after accidental i.v. NAC overdosage have been
reported (Flanagan and Meredith, 1991).

4.16.2 Additional potential uses of sulphydryl donors

The use of NAC in acute poisoning with halogenated hydrocarbons such as chloroform,
carbon tetrachloride and 1,2-dichloropropane has been discussed (Flanagan and
Meredith, 1991). These compounds are potent hepatorenal toxins – the fatal dose in
an adult may be as little as 5–10 mL. There is a clear theoretical rationale for the use
of NAC in the treatment of poisoning with either chloroform or 1,2-dichloropropane.
Phosgene (COCl2) is an important metabolite of chloroform. Phosgene depletes GSH
to form diglutathionyl dithiocarbonate (GS-CO-SG) and also binds to cell
macromolecules and causes tissue necrosis. 1,2-Dichloropropane administration is also
associated with hepatic GSH depletion in rats (Imberti et al., 1990). NAC could thus be
used to replenish intracellular GSH and thereby may mitigate the hepatorenal toxicity
of the parent compounds as with paracetamol. Intratracheal NAC protects against the
toxicity of inhaled phosgene in rabbits (Sciuto et al., 1995 – see section 7.4).

With carbon tetrachloride, the mechanism of toxicity, and thus the possible role of
NAC in treatment, is more complex. The trichloromethyl free radical (·CCl3) formed
initially may bind covalently to macromolecules or react further by several routes.
Chloroform is a minor metabolite and may be metabolized to phosgene, but the
importance of this is unclear – carbon tetrachloride does not deplete hepatic GSH to
the same extent as chloroform in animals. A number of antioxidants/free radical
scavengers have been advocated for use as cytoprotective agents in carbon tetrachloride
poisoning, including vitamin E and sulphydryl compounds. Hyperbaric oxygen has also
been used to treat one patient (Flanagan and Meredith, 1991).

Despite much discussion, NAC has not found wide application in reducing the toxicity
of chemotherapeutic agents, or in preventing or ameliorating tissue radiation damage.
Other sulphydryl donors, such as amifostine (S-[2-(3-aminopropylamino)ethyl]
dihydrogen phosphorothioate; ethiophos; WR-2721; Ethyol; CAS 53028-04-9) and mesna
(sodium 2-mercaptoethanesulphonate; mesnum; CAS 19767-45-4), are under
investigation in this role (Lewis, 1994; Alberts and Bleyer, 1996). Clinical studies have
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reported no protective effect of NAC in doxorubicin poisoning, and the iron chelator
dexrazoxane (section 2.3.7.2) is thought to be effective.

Acute poisoning with acrylonitrile, bromobenzene or naphthalene is very rare and,
although there are theoretical arguments for the use of NAC, there are no reports
demonstrating the efficacy of NAC in treatment (Flanagan and Meredith, 1991). NAC
may be of benefit in acute poisoning with 2-chloroethanol (Kvistad et al., 1983). Oral
NAC (140 mg/kg initially and then 70 mg/kg 4-hourly for 17 doses) is claimed to have
been effective in treating sodium valproate-induced hepatic damage in three children
(Farrell et al., 1989).

NAC has been advocated as treatment for acute poisoning with potassium
permanganate, and with sodium dichromate and/or chromate, the clinical course of
which can resemble severe untreated paracetamol poisoning, with hepatorenal damage
developing some hours after ingestion (Vassallo and Howland, 1988; Young et al., 1996).
NAC may also have a protective action against dimethylformamide-induced liver
damage (Buylaert et al., 1996) and against pulmonary toxicity caused by inhalation of
perfluoroisobutene in rats (Lailey, 1997).

Recently, NAC has been suggested for use in Amanita phalloides (death cap mushroom)
poisoning (Montanini et al., 1999).

4.17 THIOCTIC ACID

Thioctic acid [lipoic acid; 1,2-dithiolane-3-pentanoic acid; CAS (d-form) 1200-22-2;
Figure 4.23] is a cofactor in the metabolism of pyruvate to acetylcoenzyme A by the
hepatic pyruvate dehydrogenase complex. Administration of thioctic acid has been
advocated in poisoning from cyclopeptide-containing fungi such as Amanita phalloides
and A. virosa (Plotzker et al., 1982; Hanrahan and Gordon, 1984). A dose of 75–125 mg
in 5 % (w/v) D-glucose i.v. every 6–24 h for up to 1 week has been suggested, increasing
to 300–500 mg if hepatic damage becomes obvious. This use is questionable, but thioctic
acid is relatively non-toxic.

Figure 4.23: Structural formula of thioctic acid (d-form)

4.18 ZINC SALTS

Zinc acetate or sulphate (50 mg orally thrice daily) is used in the later stages of treating
Wilson’s disease as maintenance therapy, and in presymptomatic patients (Brewer,
1995). Zinc acetate is preferred as this is less irritating to the stomach than the sulphate.
Zinc induces synthesis of metallothionein in the intestine. Metallothionein has a higher
affinity for copper than for zinc, and thus copper absorption is prevented. However, the
onset of action of zinc is slow, and therapy with ammonium tetrathiomolybdate (section
2.4.2), D-penicillamine (section 2.2.6) or TETA (section 2.2.6.1) is needed to reduce
plasma copper concentrations in symptomatic patients.
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5.1 α-ADRENOCEPTOR ANTAGONISTS

Phenoxybenzamine (CAS 59-96-1) and phentolamine (Rogitine, Alliance; CAS 50-60-
2; Figure 5.1) are, respectively, long- and short-acting α-adrenoceptor antagonists and
cause peripheral vasodilatation. Phentolamine also has a direct action on vascular
smooth muscle. These drugs are used to treat severe hypertension due to amphetamines,
cocaine, clonidine, methylphenidate, monoamine oxidase inhibitors (MAOIs), oxedrine
and phenylephrine. The use of β-blockers in such instances would lead to unopposed α-
stimulation and hence worsened hypertension.

Phenoxybenzamine hydrochloride (1 mg/kg) is given i.v. in 250–500 mL 5 % (w/v) D-
glucose over at least 2 h, while 2–5 mg phentolamine mesilate is given slowly by i.v.
injection, repeated as necessary. In a child 20–100 µg/kg phentolamine mesilate is given
i.v. as a loading dose, then 10–40 µg kg–1 h–1 as a maintenance dose if necessary
(maximum 1 mg kg–1 d–1).

Figure 5.1: Structural formulae of phenoxybenzamine and phentolamine

5.2 β-ADRENOCEPTOR ANTAGONISTS

Propranolol (CAS 525-66-6; Figure 5.2) is a non-selective β-adrenoceptor blocking drug
and suppresses sympathetic overactivity, reducing rate-related myocardial ischaemia.
Propranolol has been used to control tachycardia, agitation and tremor after thyroxine
overdose (Roesch et al., 1985). Propranolol is also said to reverse hypokalaemia due to
overdosage with β-adrenoceptor stimulants such as ephedrine, thyroxine and
theophylline (Amin and Henry, 1985). In adults, propranolol hydrochloride (1–2 mg
i.v. over 1 min initially, repeated every 2 min up to 5–10 mg, or 40 mg orally 6- to 8-
hourly) is given, after atropine (0.6–1.2 mg i.v.). Propranolol is contraindicated for use
in asthmatic patients or patients with chronic obstructive airways disease. Caution
should be exercised in its use in patients with hepatic impairment as it normally
undergoes extensive first-pass metabolism in the liver.

Esmolol (CAS 81147-92-4; Figure 5.2) is a short-acting cardioselective β1-
adrenoceptor blocker. It is commonly used to treat supraventricular tachycardia in
theophylline or methylenedioxymethamphetamine (MDMA) poisoning (Jones and
Dargan, 2001). The adult dose is 40 mg esmolol hydrochloride i.v. over 1 min, repeated
as necessary. Esmolol can also be used to control hypertension where use of a longer
acting β-blocker might be inappropriate, as in an elderly patient in whom some degree
of chronic airway obstruction is a possibility. The infusion dose (esmolol hydrochloride)
for an adult is 4 mg/min up to a maximum of 12 mg/min. It is ineffective in the
management of ventricular tachycardia. Like propranolol, esmolol is contraindicated
if the patient is known to have chronic airway obstruction or asthma.
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Sotalol is not a suitable β-blocker for use in poisoned patients as it prolongs the QT
interval and may precipitate ventricular arrhythmias.

5.3 ATROPINE

Atropine, an alkaloid extracted from Atropa belladonna, is a racemic mixture of
hyoscyamine (Figure 5.3), of which l-hyoscyamine is almost entirely responsible for its
antimuscarinic properties. The related compound hyoscine (scopolamine; Figure 5.3)
has muscle relaxant properties. The activity of atropine towards different muscarinic
receptor subtypes has been studied (Trovero et al., 1998). Atropine is used to overcome
the muscarinic features of anticholinesterase poisoning such as may be seen after
exposure to carbamate and organophosphorus (OP) insecticides or OP nerve agents,
i.e. nausea, vomiting, abdominal cramps, diarrhoea, bronchorrhoea, bronchospasm,
miosis, bradycardia and involuntary micturition. In OP poisoning, atropine is usually
used in combination with a cholinesterase reactivator such as pralidoxime (sections
5.9.2 and 7.3.2). Some compounds having greater antimuscarinic action than atropine,
such as benactyzine (CAS 302-40-9), show greater protection in experimental OP
poisoning when combined with a cholinesterase reactivator, but these compounds have
not been used clinically in this role (Das Gupta et al., 1991).

Figure 5.2: Structural formulae of esmolol and propranolol

Atropine (sulphate)

CAS registry number (free base) 5908-99-6 (51-55-8)
Relative formula mass (free base) 676.8 (289.4)
pKa (20 °C) 9.9
Oral absorption (%) 95
Presystemic metabolism Negligible
Plasma half-life (h) (range) 2–5
Volume of distribution (L/kg) 1–6
Plasma protein binding (%) 50
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In anticholinesterase poisoning the dose of atropine is titrated against clinical
improvement, and in particular the heart rate (Heath and Meredith, 1992). At the
doses used, atropine has little or no effect at the nicotinic receptors of the autonomic
ganglia and neuromuscular junctions, where accumulation of acetylcholine in OP
poisoning causes weakness, and eventually paralysis, of skeletal muscles, including those
responsible for respiration; mechanical ventilation is then required (section 5.9.1). In
severe poisoning, atropine sulphate should be given in an initial dose of 0.015–0.05
mg/kg (2 mg in adults) i.v. (i.m. or s.c. in less severe cases) followed by further doses at
5–10 min intervals until the clinical features of full atropinization become apparent. A
dry mouth, a heart rate of 70–80 beats per minute, and reduction of bronchial secretions
as judged by auscultation are the most reliable clinical features. Full atropinization
should be continued for 2–3 d and large doses of the drug may be required (1–2 g
atropine may be needed in a single day).

Features of atropine overdose are those of anticholinergic excess, i.e. dilated pupils
(mydriasis), paralysed accommodation (cycloplegia), flushed dry skin, tachycardia, fever,
ileus, disorientation, delirium, urinary retention and excessive drying of secretions.
Adequate oxygenation is important as atropine can precipitate ventricular fibrillation
in the presence of hypoxia. Atropine should be used with caution in the presence of

Figure 5.3: Structural formulae of atropine (hyoscyamine) and hyoscine (scopolamine)

Atropine in clinical toxicology – I

• Atropine can reverse muscarinic features of carbamate and OP poisoning
including nausea, vomiting, abdominal cramps, diarrhoea, bronchorrhoea,
bronchospasm, miosis, bradycardia, involuntary micturition

• Atropine has little effect at nicotinic receptors, where accumulation of
acetylcholine may paralyse skeletal muscles including those involved in
respiration

• In severe OP poisoning in an adult, 2 mg atropine sulphate should be given
i.v. and repeated as necessary

• Clinical features of atropinization include dry mouth, flushed red skin, dilated
pupils and a heart rate of 70–80 beats/minute

• Adequate oxygenation important as atropine can cause ventricular fibrillation
if hypoxia is present
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glaucoma, hypertension, hyperthermia and hypothyroidism, although in life-threatening
OP poisoning such issues are peripheral. Physostigmine (section 5.8) should not be
used to reverse atropinization if an anticholinesterase is present because of the risk of
precipitating bronchospasm and cardiac arrhythmias.

In addition to its use in anticholinesterase poisoning, atropine may be indicated if
physostigmine has been administered to excess, if synthetic choline esters (for example
carbachol, urecholine) have been administered and after ingestion of Amanita muscaria,
Clitocybe or Inocybe fungi if clear muscarinic features are present. Atropine (0.6 mg i.v.
or s.c.) may also be given before intubation is performed after overdosage with
β-adrenoceptor blocking drugs such as propranolol with the aim of preventing
cardiovascular collapse due to vagal stimulation during the procedure.

5.4 BENZATROPINE AND DIPHENHYDRAMINE
(TREATMENT OF DRUG-INDUCED DYSTONIAS)

Benzatropine [benztropine; (1R,3r,5S)-3-benzhydryloxytropane; Cogentin, MSD; Figure
5.4] and also diphenhydramine (Figure 5.4) can reverse dystonias associated with
treatment with neuroleptics such as haloperidol, phenothiazines and thioxanthines,
and with metoclopramide, by competitive inhibition of muscarinic receptors and
blockade of dopamine reuptake. An example is oculogyric crisis, which is common in
young women given i.v. metoclopramide. Benzatropine is also effective in drug-induced
Parkinsonism as well as in true Parkinson’s disease.

Benzatropine mesilate (mesylate, methanesulphonate) (either i.m. or i.v. at doses
of 1–2 mg) or diphenhydramine (1–3 mg/kg i.m. or slowly i.v. up to 50 mg) rapidly
reverse acute dystonias in adults (Hasan et al., 1999). Patients with dystonias who have
been poisoned by long-acting neuroleptics should be given continuation oral therapy
for 3 days to prevent relapse (benzatropine 1–2 mg twice daily, diphenhydramine 25 mg
thrice daily – one dose only is usually adequate in the case of metoclopramide toxicity).
Benzatropine toxicity arises from its anticholinergic activity and diphenhydramine is
the preferred agent in patients expected to tolerate anticholinergics poorly, such as

Atropine in clinical toxicology – II

• Doses of 1–2 g/d atropine sulphate for several days may be needed in severe
OP poisoning

• Features of atropine overdose include cycloplegia, tachycardia, fever, ileus,
disorientation, delirium, urinary retention

• Physostigmine should not be used to reverse atropinization if an
anticholinesterase is present

• Additional uses of atropine may include:
– physostigmine overdose
– poisoning with synthetic choline esters such as carbachol
– after ingestion of Amanita muscaria or other fungi if muscarinic features

are present
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those with pre-existing cardiovascular disease. Benzatropine is contraindicated in
patients with glaucoma or with prostatic hypertrophy.

Benzatropine Diphenhydramine
(mesilate) (hydrochloride)

CAS registry number 132-17-2 147-24-0
Relative formula mass (free base) 403.5 (307.4) 291.8 (255.4)
pKa 10.0 9.0 (25 °C)
Oral absorption (%) – > 90
Presystemic metabolism (%) – 50
Plasma half-life (h) (mean, range) – 3.3 (2.4–8)
Volume of distribution (L/kg) – c. 3
Plasma protein binding (%) – 85–98

Figure 5.4: Structural formulae of benzatropine and diphenhydramine

5.5 BENZYLPENICILLIN

High-dose benzylpenicillin sodium (penicillin G; CAS 69-57-8; Figure 5.5), 250 mg/kg
i.v. daily in divided doses, has been advocated in treating death-cap mushroom (Amanita
phalloides) poisoning. One suggestion is that benzylpenicillin displaces Amanita toxins
from binding sites on plasma albumin, thereby facilitating their excretion in urine.
Alternatively, benzylpenicillin may inhibit hepatic uptake of the toxins (Hruby et al.,
1983). The evidence of efficacy is sparse, although, as the toxicity of benzylpenicillin is
so low, it is often given. A history of penicillin allergy is an absolute contraindication to
use of benzylpenicillin.

Figure 5.5: Structural formula of benzylpenicillin
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5.6 CALCITONIN

Calcitonin (CAS 9007-12-9) is a peptide hormone (formula weight c. 4,500). Salmon
calcitonin (4 U/kg twice daily i.m., 15 days) was used to treat hypervitaminosis D in an
8-month-old boy who had been given 300,000 IU vitamin D orally four times over 60
days. He had presented with nausea and vomiting and had failed to respond to
conventional treatment (Mete et al., 1997). His serum calcium was 3.95 mmol/L
(15.8 mg/dL) on admission and 2.45 mmol/L (9.8 mg/L) after calcitonin treatment.

5.7 CALCIUM CHANNEL AGONISTS

The calcium entry promoter 4-aminopyridine (4-AP; CAS 504-24-5; Figure 5.6) has
been used in conjunction with haemodialysis in treating severe poisoning with verapamil
(ter Wee et al., 1985). The investigational calcium entry promoter BAYK8644 (methyl
[1,4-dihydro-2,6-dimethyl-5-nitro-4-(2-(trifluoromethyl)phenyl]pyridine-3-carboxylate;
CAS 71145-04-4; Figure 5.6) was found to be effective in treating verapamil poisoning
in rabbits (Korstanje et al., 1987) but was less effective than 4-AP in treating verapamil
poisoning in rats (Tuncok et al., 1998).

Figure 5.6: Structural formulae of 4-aminopyridine and BAYK8644

5.8 CHOLINESTERASE INHIBITORS

The active site of acetylcholinesterase (AChE) is thought to be based on the hydroxyl
moiety of serine. An adjacent anionic site based on the imidazole group of histidine
attracts the positively charged quaternary nitrogen atom of acetylcholine and brings
the serine hydroxyl into juxtaposition with the electrophilic carbon atom of the carbonyl
group of the molecule. Choline is split off, leaving the acetylated enzyme, which then
undergoes hydrolysis, and the enzyme is regenerated (Figure 5.7). The time taken for
a molecule of acetylcholine to undergo this reaction is about 80 µs.

Edrophonium (Figure 5.8) is a quaternary ammonium compound that is available
as either the chloride (CAS 116-38-1) or the bromide. It is a reversible cholinesterase
inhibitor and has actions similar to those of neostigmine, except that the effect of
edrophonium on skeletal muscle is claimed to be particularly prominent. Edrophonium
may be preferred to neostigmine in reversing intense block due to the short-acting
competitive agent mivacurium. Edrophonium has also been suggested for reversal of
neuromuscular blockade in patients poisoned with anticholinesterase nerve agents who
require surgery (Karalliedde et al., 1991). Its action is rapid in onset and of short
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duration. Studies in mice have suggested that edrophonium may have a role in
preventing reinhibition of AChE after reactivation by certain oximes (obidoxime,
trimedoxime – see section 5.9.2) if used in the treatment of OP pesticide poisoning
(Luo et al., 1999a,b).

Galanthamine (galantamine; CAS 357-70-0; Figure 5.8) is found in Caucasian
snowdrop (Voronov’s snowdrop, Galanthus woronowii) and other Galanthus species.
Galanthamine, possibly Homer’s ‘moly’ (section 1.4), is an orally active reversible
cholinesterase inhibitor with actions similar to those of neostigmine but with a longer

Figure 5.7: Schematic of the hydrolysis of acetylcholine by acetylcholinesterase

Figure 5.8: Structural formulae of edrophonium, galanthamine, neostigmine, pyridostigmine
and physostigmine
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plasma half-life (Bickel et al., 1991). It is under investigation for use in Alzheimer’s
disease and other conditions where it is thought that prolonged cholinesterase inhibition
might be beneficial.

Neostigmine (Figure 5.8) reversibly inactivates cholinesterases via carbamylation
of the active site, giving rise to cholinergic reactions that commence after 0.5–1 h and
last for about 4 h. Neostigmine is a quaternary ammonium compound and, unlike
physostigmine, does not cross the blood–brain barrier. It is given i.m. to terminate the
effects of competitive neuromuscular blocking drugs such as tubocurarine. Adverse
effects include bradycardia, increased salivation, anorexia, nausea and vomiting,
abdominal cramps and diarrhoea.

Pyridostigmine (Figure 5.8) is an anticholinesterase with actions similar to those of
neostigmine but slower in onset and of longer duration. Like neostigmine, it is a
quaternary ammonium compound and penetration into the CNS is poor. It is thought
to be less satisfactory than neostigmine in reversing neuromuscular blockade due to
drugs such as tubocurarine, and is used mainly in the treatment of myasthenia gravis.
However, pyridostigmine has also been given prophylactically to protect against attack
with anticholinesterase chemical warfare agents (section 7.3.5). Pyridostigmine binds
reversibly to AChE and provides a protected store from which active AChE is later
regenerated. Pyridostigmine prophylaxis greatly enhances the efficacy of atropine
(section 5.3) and pralidoxime (section 5.9.2) against soman exposure, but it is not
effective alone and may not be uniformly effective against other OP nerve agents. An
oral dose of 30 mg pyridostigmine bromide 8-hourly provides optimum protection –
although adverse effects are common at this dosage the ability to perform military
duties is not impaired (Keeler et al., 1991; section 7.3.5).

Physostigmine (eserine; Figure 5.8) reversibly inactivates cholinesterases via
carbamylation of the active site, giving rise to cholinergic reactions that last for several
hours. Unlike neostigmine, physostigmine does cross the blood–brain barrier, and thus
central effects occur. Physostigmine can be used to treat serious poisoning with atropine,
hyoscine, tricyclic and tetracyclic antidepressants and other anticholinergics, as
discussed in recent reports (Schmidt and Lang, 1997; Sopchak et al., 1998). However,
the risks of administration generally outweigh the possible benefits. Thus,

Neostigmine Physostigmine Pyridostigmine
(bromide) (sulphate) (bromide)

CAS registry number 114-80-7 64-47-1 101-26-8
Relative formula mass 303.2 648.8 261.1
pKa 12.0 1.8, 7.9 –
Oral absorption (%) < 40 Good Low
Presystemic – 11–37 –

metabolism (%)
Plasma half-life (range) 1 (0.4–1.3) h 20 (12–40) min 0.4–1.9
Volume of distribution 0.1–1.1 0.2–1.2 0.53–1.8

(L/kg)
Plasma protein Negligible – Negligible

binding (%)
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physostigmine does not affect the mortality rate in poisoning with tricyclic and
tetracyclic antidepressants, and may exacerbate the risk of grand mal seizures and
arrhythmias (Aquilonius and Hedstrand, 1978; Knudsen and Heath, 1984). Similarly,
although i.v. physostigmine has been shown to reverse the central effects of baclofen,
including coma, within 2 min of administration (Müller-Schwefe and Penn, 1989), it is
not always effective and there may be major side-effects, including bradycardia, urinary
retention and increased airway secretions. Further relative contraindications to the
use of physostigmine include the presence of cardiovascular disease, gastrointestinal
obstruction or asthma.

Anticholinesterases such as neostigmine have been used in treating snake bite and
in patients poisoned with tetrodotoxin. Edrophonium given i.v. has produced an increase
in motor power in patients with respiratory distress and paresis or reduced muscle
power following ingestion of puffer fish (Sphaeroides maculatus or Arothron stellatus) (Chew
et al., 1984). Recovery was thought to be accelerated by subsequent treatment with
neostigmine. In mild poisoning, neostigmine i.m. alone has brought about improvement
in paraesthesia and numbness. There have been no controlled trials in this area, however.

5.9 CHOLINESTERASE REACTIVATORS

5.9.1 Organophosphorus anticholinesterases

OP insecticides were developed in the 1930s as replacements for nicotine, pyrethrum
and rotenone. The OP insecticide tetraethylpyrophosphate (TEPP) was marketed in
Germany in 1944. More toxic, more volatile, but less persistent OPs were also developed
as chemical warfare agents in Germany at this time (section 7.1). Nowadays, more
than 100 OP insecticides are used worldwide (Johnson et al., 2000). Although OP
insecticides and chemical warfare agents (nerve agents) have many complex actions,
their principal effect is inhibition of cholinesterases, particularly acetylcholinesterase
(AChE, EC 3.1.1.7) (Minton and Murray, 1988; Wagner, 1997). This leads to
accumulation of acetylcholine at muscarinic receptors (cholinergic effector cells),
nicotinic receptors (skeletal neuromuscular junction and autonomic ganglia) and in
the CNS. OP insecticides are well absorbed by ingestion, inhalation and through the
skin; with chemical warfare agents exposure is normally by inhalation or through the
skin. The onset, severity and duration of poisoning are dependent on the route of
exposure and the agent involved. The onset of clinical effects is usually within 1–2 h
but can be as early as 5 min after exposure or delayed for up to 12 h.

Features of acute OP poisoning include muscarinic effects (vomiting, abdominal
pain, diarrhoea, miosis, sweating, hypersalivation and dyspnoea due to broncho-
constriction and excessive bronchial secretions), nicotinic effects (muscle fasciculation,
tremor and later weakness) and CNS effects (anxiety, headache, loss of memory,
drowsiness and coma). Although bradycardia would be predicted from the mechanism
of action, tachycardia occurs in some 30 % of cases. Later, flaccid muscle paralysis with
paralysis of limb muscles, respiratory muscles and sometimes extraocular muscles
occurs. Respiratory muscle paralysis, bronchoconstriction and the presence of copious
respiratory secretions contribute to respiratory failure, but depression of respiratory
drive is probably the single most important factor. Coma occurs in severely poisoned
patients; rarely hyperglycaemia, complete heart block and arrhythmias also occur.
However, respiratory complications are the major cause of death in severely poisoned
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patients. In animals, diaphragm muscle fibre necrosis can be demonstrated 24 h after
exposure to a variety of OPs (Cavaliere et al., 1998).

5.9.1.1 Delayed features in OP poisoning

Some 10–40 % of patients poisoned with OP insecticides develop the so-called
‘intermediate syndrome’ (Johnson et al., 2000). This is characterized by cranial nerve
and brain stem lesions and a proximal neuropathy commencing 1–4 days after exposure
and lasting for some 3 weeks. Respiratory depression is a complication, and ventilatory
support is required as the ‘intermediate syndrome’ is said to be unresponsive to atropine
and oximes. The syndrome has been said to be due to inadequate oxime therapy, but
the aetiology is probably more complicated. Treatment with glycopyrrolate in addition
to atropine and oximes has been advocated in such cases (Choi et al., 1998).

OP-induced delayed neuropathy is rare and starts 2–5 weeks after massive exposure
to only a few OPs and is the result of degeneration of large myelinated motor and
sensory fibres (Johnson et al., 2000). An initial flaccidity and muscle weakness in the
arms and legs gives rise to a clumsy shuffling gait and is followed later by spasticity,
hypertonicity, hyperreflexia and clonus. In many patients, recovery is limited to the
arms and hands, and damage to lower extremities such as foot drop is permanent. The
OPs that can give rise to delayed neuropathy have been phased out in most developed
countries. Early antidotal treatment (see below) is ineffective in preventing the onset
of neuropathy in susceptible individuals.

5.9.1.2 Assessment of severity and management

In general, clinical features are more helpful than red cell AChE measurements in
assessing the severity of intoxication and the prognosis. There is wide inter-individual
variation in cholinesterase activity, although there is a rough correlation between
cholinesterase activity and clinical effects (~ 50 % cholinesterase activity in subclinical
poisoning, 20–50 % activity in mild poisoning and < 10 % activity in severe poisoning).
An ECG should be carried out in all OP-poisoned patients, and blood glucose, urea and
electrolytes should be monitored.

The management of acute poisoning with OPs includes clearing the airway, ensuring
adequate ventilation and giving high-flow oxygen. After dermal exposure, soiled clothing
should be removed and placed in double-sealed bags and the skin thoroughly washed
with soap and water. If the compound has been ingested, gastric lavage may be
undertaken if the patient presents within approximately 1 h of ingestion. Activated
charcoal (50 g in an adult) should be left in the stomach. If possible, it is wise to confirm
the diagnosis by measuring cholinesterase activity, preferably in both red cells and
plasma. Patients who are severely poisoned with OPs should be managed in an intensive
care unit. Convulsions and twitching should be controlled with intravenous diazepam
(10–20 mg for an adult, 0.2 mg/kg for a child), which may also have additional benefits
(section 7.3.3).

Sodium bicarbonate (section 4.15) was found to decrease mortality by 85 % in dogs
poisoned with an OP (Cordoba et al., 1983) and has been used to treat arrhythmias in
patients with OP poisoning. The adult i.v. dose is 50 mL of 8.4 % (w/v) sodium
bicarbonate (50 mmol). Subsequent doses may be given to maintain blood pH at 7.4–
7.5. There are anecdotal reports of efficacy (Johnson et al., 2000).
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Atropine (section 5.3) reduces bronchorrhoea, bronchospasm, salivation and
abdominal colic and should be repeated every 10 min until signs of atropinization
(flushed red skin, tachycardia, dilated pupils and dry mouth) develop. Up to 30 mg of
atropine or more may be required in the first day, and therapy may have to be continued
for a prolonged period. Atropine in conjunction with supportive measures has been
used successfully to treat severe OP poisoning (de Silva et al., 1992).

Cholinesterase reactivators, such as the oximes pralidoxime and obidoxime, are
helpful if given before the OP–cholinesterase enzyme complex ‘ages’. In the UK,
pralidoxime should be given in addition to atropine to every symptomatic patient by
slow i.v. injection. Clinical improvement (cessation of convulsions and fasciculation,
improved muscle power and recovery of consciousness) usually occurs within 20–30
min. The need for further therapy is guided by clinical observation together with
monitoring of red cell AChE activity. If necessary, further doses of pralidoxime can be
given (see below). Side-effects are seen at high rates of administration (more than
500 mg/min). They include tachycardia, muscular rigidity, neuromuscular blockade,
hypertension and laryngospasm. Haemoperfusion and haemodialysis are of no benefit
in OP poisoning.

5.9.2 Mechanism of action and use of cholinesterase
reactivators

The toxicity of OP insecticides and of carbamate insecticides is due to inhibition of
cholinesterase with consequent accumulation of acetylcholine at nicotinic and
muscarinic receptors in autonomic ganglia, neuromuscular junctions, smooth muscle,
glands and the CNS (Ballantyne and Marrs, 1992; Johnson et al., 2000). OP nerve agents,
such as tabun, sarin and soman, act similarly (section 7.3). The excess of acetylcholine
at synapses leads to stimulation and later inhibition of neurotransmission. As discussed
above, atropine (section 5.3) blocks the effects of anticholinesterase agents at muscarinic
receptors, whereas asoxime, obidoxime (LüH-6; Toxogonin) and pralidoxime (2-pyridine
aldoxime methyl; 2-PAM) and some other oximes (Table 5.1; Figures 5.9 and 5.10) can
reactivate phosphorylated cholinesterase and form inert complexes with many OPs
(some exceptions are given in Table 5.2).

OPs react with cholinesterase to produce, for example, phosphorylated enzyme.
With some OPs, hydrolysis at the phosphorylated site occurs over a period of hours and
active enzyme is regenerated. However, with OPs such as di-isopropyl phosphofluoridate
(DFP), hydrolysis does not occur to any marked extent and return of enzyme activity is
dependent upon synthesis of new enzyme. Oximes used in treatment can react with
the phosphorylated enzyme to form an oxime–OP complex, thus regenerating active
enzyme (Figure 5.11). The speed of this reaction varies depending on the nature of the
phosphoryl group. Pralidoxime, for example, is a more potent reactivator of
cholinesterase after some OPs than others (Sterri et al., 1979). Pralidoxime has no
effect against AChE inhibited by soman (section 7.3.2).

Ideally, an oxime should be given simultaneously with atropine to treat OP poisoning
but, if not readily available, the oxime should be administered as soon as possible after
atropine (Bismuth et al., 1992). Phosphorylated or phosphonylated cholinesterase
appears to ‘age’ so that it becomes resistant to reactivation by oximes. This probably
results from the loss of an alkyl or alkoxy group to produce the much more stable



TABLE 5.1
Classification of oximes evaluated for use in OP insecticide and nerve agent poisoning

CAS registry
number (may
sometimes
refer to various

Class Subclass Examples salts)

Monopyridinium – Pralidoxime iodide (2-PAM, 2-PAMI) 94-63-3
oximes Pralidoxime methanesulphonate/ 154-97-2

mesilate (P2S, PAMM)
Pralidoxime methylsulphate 1200-55-1

(Contrathion)
Pralidoxime chloride 51-15-0

(2-PAMCl, Protopam chloride)
Pyrimidoxime dibromide 69445-02-9
Obidoxime dichloride (BH-6, 114-90-9

LüH-6, Toxogonin)
Bispyridinium – Trimedoxime dibromide (obidoxime

dioximes + methyl, TMB-4) 56-97-3
Methoxime dichloride (MMB-4) 61444-84-6

Bispyridinium Carboxamides Asoxime (HI-6, HJ-6) dichloride 34433-31-3
[Hagedorn (H)] BI-6 dibromide –
oximes HS-6 dichloride 22625-23-6

HS-7 dibromide 34211-36-4
Dioxime HS-3 dichloride 25487-36-9
Dioxime HLö-7 diiodide 120103-35-7
carboxamide

Mono-oxime HS-14 dichloride 34211-28-4
Benzoyl HGG-12 dichloride 83972-73-0
Cyclohexylcarboxy HGG-42 dichloride 71752-85-7

Figure 5.9: Structural formulae of the monopyridinium oximes pralidoxime and pyrimidoxime

TABLE 5.2
OP pesticides against which oximes have limited efficacy

Crotoxyphos (Ciodrin) Morphothion
Demeton Schradan
Dimethoate Prothoate
Dimefox Triamiphos
Methyl-phenkapton



Figure 5.10: Structural formulae of some bipyridinium oximes
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monoalkyl- or monoalkoxy-phosphoryl–enzyme complex. The rate of ‘ageing’ is different
with different OPs, and different people have different sensitivities to OPs.

Reactivation by some oximes has been reported to be faster in the presence of
quaternary ammonium AChE ligands such as 1,1′-(oxybis(methylene))bis(4-(1,1-
dimethylethyl)pyridinium) dichloride (SAD-128; CAS 40225-02-3) and decamethonium
bromide (CAS 541-22-0). This phenomenon was first observed in experiments with
human erythrocyte AChE using soman and sarin to obtain inhibited enzyme (Harris
et al., 1978). It was found that SAD-128 slowed the ageing of soman-inhibited AChE
and thereby extended the period during which obidoxime and trimedoxime were able
to restore enzyme activity before ageing took place. A similar effect has been observed
in the presence of other monoquaternary and bisquaternary ligands, such as
tetramethylammonium, suxamethonium, hexamethonium and edrophonium (Luo
et al., 1998). For sarin-inhibited AChE, it was suggested that the enhancement of
reactivation could not simply be attributed to delayed ‘ageing’ because of the slow
ageing of the AChE–sarin conjugate compared with that of the AChE–soman complex.
Explanations such as decreasing the rate of inhibition by parent OP or conformational
changes due to tight binding of the quaternary ammonium ligands at the peripheral
site of the enzyme were suggested (Harris et al., 1978). However, recent studies in mice
have suggested that, with obidoxime or trimedoxime, the cholinesterase inhibitor
edrophonium (section 5.8) may act by preventing reinhibition of AChE by
phosphorylated oxime formed during the oxime–OP inhibited AChE reactivation
sequence (Luo et al., 1999b). Edrophonium may have a practical role in preventing
reinhibition of AChE after reactivation by obidoxime and trimedoxime if these
compounds are used in the treatment of OP pesticide poisoning (Luo et al., 1999a).

Figure 5.11: Schematic of the reaction of di-isopropyl phosphofluoridate (DFP) with
acetylcholinesterase and subsequent reactivation of the enzyme with pralidoxime



� 181

PHARMACOLOGICAL ANTIDOTES

�
C

H
A

P
T

E
R

 5
�

It is thought that oximes such as pralidoxime and obidoxime have no beneficial
effect in carbamate poisoning as the oxime–carbamate–enzyme complex formed does
not hydrolyse rapidly to leave the regenerated enzyme. Indeed, this process is thought
to be slower for the oxime complex than for the carbamaylated enzyme alone (Figure
5.12). Furthermore, work in animals suggests that pralidoxime and obidoxime may
exacerbate toxicity in poisoning with some carbamates, especially carbaryl (Natoff
and Reiff, 1973; Sterri et al., 1979), although this work has not been validated in humans.
Be this as it may, there have been two reports of carbamate (aldicarb and methomyl)
poisoning in which administration of pralidoxime was thought to be associated with
clinical improvement (Burgess et al., 1994; Ekins and Geller, 1994), and the whole topic
has been reviewed (Kurtz, 1990; Mortensen, 1990).

5.9.2.1 Clinical use of cholinesterase reactivators

Oximes in general are most effective when given within 24 h of OP exposure, and
should preferably be given within a few hours (Johnson et al., 2000). They are less
effective if given more than 36–48 h after exposure. The effects of pralidoxime are
most prominent at skeletal neuromuscular junctions, and muscle weakness and
fasciculation should improve within 10 min of oxime administration; little effect is
seen at autonomic receptor sites and almost none in the CNS. The efficacy of each
oxime is also dependent on the compound involved. OPs against which pralidoxime is
said to be effective include amiton, demeton-methyl, diazinon, dichlorvos, disulfoton,
dyflos, fenthion, malathion, mevinphos, parathion, parathion-methyl, phosphamidon
and TEPP. Agents against which pralidoxime appears to be less effective include
dimefox, dimethoate, methyl diazinon, mipafos and schradan.

Obidoxime, a dioxime, has been said to be a more effective reactivator than
pralidoxime (Erdmann and Engelhard, 1964; Vasić et al., 1977; Schoene et al., 1988).
Like pralidoxime, obidoxime may also detoxify some OPs directly (Finkelstein et al.,
1988). Also, like pralidoxime, obidoxime is more effective against some OPs (parathion,
for example) and less effective against others (malathion, dimethoate, fenthion). In
animals, obidoxime is ineffective against triamphos, mevinphos and demeton-O-

Figure 5.12: Schematic of the reaction of carbaryl with acetylcholinesterase
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methylsulphoxide (Hahn and Henschler, 1969). Low-dose obidoxime has an
anticholinergic, atropine-like effect, while high-dose obidoxime can inhibit AChE
activity and lead to mild cholinergic signs (Schoene et al., 1988). However, concern
about the possible hepatic toxicity of obidoxime has limited clinical use of the drug
(Finkelstein et al., 1989).

Parenteral administration of pralidoxime to volunteers can cause heaviness of the
eyes, blurred vision and difficulty in accommodation. Patients should be warned about
its effects before it is given if they are conscious (Holland and Parkes, 1976). Rapid i.v.
administration of pralidoxime has been associated with apparently dose-related
dizziness, blurred vision, diplopia, headache, drowsiness, nausea, tachycardia, muscle
rigidity, neuromuscular blockade, hypertension, hyperventilation and laryngospasm.
Pralidoxime must be used cautiously in patients with myasthenia gravis because it
may precipitate a myasthenic crisis in patients under treatment with anti-
cholinesterases. In such patients mechanical ventilation is preferable.

A further oxime, 2,3-butanedione monoxime (diacetylmonoxime, DAM; CAS 57-
71-6), was once used in the treatment of OP pesticide poisoning but is now considered
obsolete.

Obidoxime Pralidoxime
(dichloride) (chloride)

CAS registry number 114-90-9 51-15-0
Relative formula mass (free base) 359.2 (289.2) 172.6 (137.1)
pKa (25 °C) 7.6, 8.3 8.0
Oral absorption (%) Poor < 30
Presystemic metabolism Negligible –
Plasma half-life (min) 83 75
Volume of distribution (L/kg) 0.17 0.6
Plasma protein binding (%) Very low Very low

5.9.2.2 Pralidoxime formulation and dosage

Pralidoxime was originally formulated as the iodide (2-pyridine aldoxime methiodide,
2-PAM, 2-PAM iodide, 2-PAMI). The chloride (2-PAM chloride, 2-PAMCl),
methanesulphonate (P2S, 2-PAM mesylate, 2-PAMM) and methyl sulphate salts have
replaced the iodide in many countries as they are more soluble in water and produce
fewer adverse effects. 2-PAMCl and P2S are equally effective. Early experiments in
cats suggested that plasma pralidoxime concentrations of 4 mg/L or more are required
to counteract fully neuromuscular block, bradycardia, hypotension and respiratory
failure due to cholinesterase inhibition (Vale and Meredith, 1986). The duration of
action is 1.5–2 h after parenteral administration. If the poison is still present, prolonged
administration may be necessary – atropine and pralidoxime were continued for 30
and 37 days, respectively, in one patient poisoned with fenthion (Merrill and Mihm,
1982). Pralidoxime is primarily excreted by glomerular filtration and active transport
in the kidney, hence reduced dosage may be needed if renal failure is present, but only
if the glomerular filtration rate (GFR) is less than 30 mL/min (Sidell and Groff, 1971;
Vale and Meredith 1986). Heat and exercise decreased the renal excretion of
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pralidoxime in volunteers (Swartz and Sidell, 1972). Pralidoxime is not significantly
bound to plasma protein.

The bioavailability of pralidoxime after oral doses of P2S or 2-PAMCl is 20–30 %
(Thompson et al., 1987). The administration of aqueous 2-PAMI (71–143 mg/kg) to
volunteers produced pralidoxime concentrations above 4 mg/L 3 h after dosing,
concentrations which were maintained above 4 mg/L for a further 2 h (Kondritzer et
al., 1968). The administration of 5 g (71 mg/kg in 10 tablets) 2-PAMCl 4-hourly produced
plasma pralidoxime concentrations above 4 mg/L, though most subjects experienced
gastrointestinal symptoms such as diarrhoea and vomiting (Sidell et al., 1969). The
terminal elimination half-life of pralidoxime in these studies was 1.7–2.7 h (Kondritzer
et al., 1968; Sidell et al., 1969). However, the delay in obtaining therapeutically effective
plasma concentrations and the oxime-induced side-effects are arguments against the
use of oral therapy in OP poisoning. In addition, for military purposes, the need to
wear a face mask precludes the use of oral pralidoxime except in prophylaxis.

In volunteers, i.m. injection of more than 7.5 mg/kg 2-PAMCl was required to produce
plasma pralidoxime concentrations above 4 mg/L (Sidell and Groff, 1971). This
concentration was reached within 5–10 min and sustained for 1 h. The plasma half-life
of pralidoxime was 1.3 h. P2S (20–30 mg/kg) i.m. produced peak pralidoxime
concentrations of 8–25 mg/L after 5–20 min, although the rate of absorption and the
maximal plasma concentration varied considerably between resting subjects, perhaps
because of different depths of injection. Therapeutic pralidoxime concentrations were
maintained for 90–170 min. In a further study, therapeutic pralidoxime concentrations
in humans were maintained for more than 6 h after i.m. 2-PAMCl (30 mg/kg). There is
no significant difference in the rate of uptake of P2S as judged by plasma concentrations
following a single i.m. injection of P2S (500–750 mg) and atropine (2 mg) or P2S (500–
750 mg) alone (Holland et al., 1975; Vale and Meredith, 1986).

Sidell and Groff (1971) administered 2-PAMCl (2.5–10 mg/kg) i.v. to volunteers and
found that doses above 7.5 mg/kg were necessary to produce plasma pralidoxime
concentrations of more than 4 mg/L for 1 h. The plasma half-life of pralidoxime was
1.2 h. Injection of 2-PAMCl i.v. (15–30 mg/kg) gave pralidoxime concentrations of more
than 4 mg/L for 6 h. In the same study, i.v. P2S (45 mg/kg) produced ‘therapeutic’ plasma
pralidoxime concentrations for only 4 h (Vale and Meredith, 1986). However, plasma
pralidoxime concentrations up to 20 mg/L may be needed to achieve enzyme reactivation
in serious OP poisoning.

Administration of 2-PAM to children poisoned with OP pesticides [25 mg/kg loading
dose in 0.9 % (w/v) sodium chloride i.v. over 15–30 min, followed by i.v. infusion of 10–
20 mg kg–1 h–1 for 18–60 h] has been advocated on the basis of clinical experience in
seven patients (Farrer et al., 1990). A pralidoxime infusion (500 mg/h) was used in the
treatment of a 2-year-old boy who had ingested chlorpyriphos (Tush and Anstead, 1997).

In summary, plasma pralidoxime concentrations of 4 mg/L and above may be achieved
by giving pralidoxime: (i) orally (7l mg/kg) 4-hourly, although adverse effects, including
diarrhoea and vomiting, may be limiting; (ii) i.m. (30 mg/kg) 4- to 6-hourly; and (iii)
i.v. (30 mg/kg over 5–10 min) 4-hourly (P2S) and 6-hourly (2-PAMCl). In severe OP
poisoning, we would advocate the i.v. route. The rate of i.v. administration should not
exceed 500 mg/min otherwise weakness, blurred vision, diplopia, dizziness, headache,
nausea and tachycardia may develop. After two bolus doses of P2S have been given 4 h
apart, the drug may be given as an i.v. infusion (8 mg kg–1 h–1) in either 5 % (w/v) D-
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glucose or 0.9 % (w/v) sodium chloride. It is possible that higher doses of pralidoxime
will be needed to achieve AChE reactivation in severe OP poisoning.

5.9.2.3 Obidoxime dosage

Obidoxime chloride is poorly absorbed after oral administration and is normally given
parenterally. When given i.m. in doses of 2.5–10 mg/kg, obidoxime reached dose-related
peak plasma concentrations of between 5.3 and 26.5 mg/L after 20 min and had a
plasma half-life of approximately 80 min (Sidell and Groff, 1970). Up to 90 % of a
parenteral dose is excreted unchanged in urine (Sidell et al., 1972), hence the drug
should be used with caution in the presence of renal impairment.

Obidoxime has a much smaller VD than pralidoxime and a longer plasma half-life,
and thus plasma concentrations are five times those of pralidoxime after similar (w/w)
i.v. doses (Sidell et al., 1972). An i.v. dose of 250 mg obidoxime (4 mg/kg in a typical
adult) has proved to be effective and largely free of adverse effects, except hepatotoxicity,
in treating OP poisoning. Plasma obidoxime concentrations of 1 mg/L are thought to
be effective, and thus the duration of action of obidoxime in the presence of an OP is
about 4 h, by which time plasma concentrations have dropped to 1–2 mg/L (Sidell et
al., 1972). Obidoxime has a wide therapeutic range, and even neuromuscular blockade
due to AChE inhibition is minimal with i.v. doses of 4 mg/kg repeated 4-hourly
(Finkelstein et al., 1988). Obidoxime has been given as an initial i.v. bolus (250 mg)
followed by i.v. infusion (750 mg/d) to treat OP poisoning in adults (Thiermann et al.,
1997; Zilker et al., 1997).

5.9.2.4 Asoxime and other oximes

Asoxime chloride (1-[[[4-(aminocarbonyl)pyridinio]methoxy]methyl]-2-[(hydroxy-
imino)methyl] pyridinium dichloride; HI-6; HJ-6; CAS 34433-31-3; Figure 5.10) is one
of a family of bispyridinium oximes (H-series oximes, Hagedorn oximes; Table 5.1)
which have been shown to reactivate soman-inhibited AChE in vitro as well as possessing
activity against AChE inhibited by other OPs (Kassa, 1998). The series is named after
Professor Hagedorn, the leader of the group that first synthesized these compounds.
H-series oximes are thought to act not only by reactivation of AChE, but also via their
ganglion blocking, antimuscarinic and post-junctional non-depolarizing actions as well
as effects on cardiovascular and respiratory systems (Rousseaux and Dua, 1989).

Obidoxime was more potent and more efficacious than pralidoxime, asoxime and
HLö-7 in reactivating AChE after treatment with various OP insecticides and tabun in
vitro (Worek et al., 1997). However, asoxime was more effective against the OP nerve
agents soman, sarin, cyclosarin and VX (O-ethyl-S-[2-(diisopropylamino)ethyl]methyl
phosphonothioate). Asoxime has been found to be relatively non-toxic in laboratory
animals (Clement et al., 1988), and has been used (4 g/d i.v. or 500 mg i.m. 4-hourly)
with success together with atropine, diazepam and supportive therapy in treating acute
OP insecticide poisoning in man (Jovanović et al., 1990; Kušić et al., 1991). The shelf-
life of asoxime solutions may be a problem, however (Briggs and Simons, 1986). A
trans-2-butene analogue of asoxime, BI-6, was found to have lower efficacy against the
nerve agent GF (cyclosarin) than the H-series oximes tested (Kassa and Cabal, 1999).
Further discussion of OP nerve agents is to be found in section 7.3.



Antidotes to anticholinesterases

• The toxicity of OP insecticides and nerve agents, and of carbamate
insecticides, is due to inhibition of cholinesterase

• Acetylcholine accumulates at nicotinic and muscarinic receptors in autonomic
ganglia, the CNS and elsewhere

• Death from respiratory failure or circulatory collapse may ensue in severe
cases

• Atropine blocks the effects of acetylcholine at muscarinic receptors
• Pralidoxime, obidoxime and other oximes such as asoxime can reactivate

phosphorylated or phosphonylated cholinesterase and form inert complexes
with OPs

• Oximes are thought to have little beneficial effect in carbamate poisoning

Oximes in anticholinesterase poisoning – I

• Pralidoxime and obidoxime interact with phosphorylated or phosphonylated
enzyme to form an oxime–phosphate complex, thus allowing regeneration
of active enzyme

• The speed of the reaction varies depending on the nature of the phosphoryl
or phosphonyl moiety

• Oximes should be given as soon as possible after atropine as derivatized
enzyme ‘ages’ and within hours becomes resistant to reactivation

• ‘Ageing’ is due to loss of an alkyl or alkoxy moiety to give a more stable
monoalkyl or monoalkoxyphosphate at the cholinesterase active site

• Oxime–carbamate–enzyme complexes may be more stable than carbamate–
enzyme complexes, and thus oximes are contraindicated in poisoning with
carbamate insecticides

Anticholinesterases: mechanism of action

• In hydrolysing acetylcholine, a serine residue at the cholinesterase active
site is acetylated. Hydrolysis is rapid (total reaction time c. 80 µs) and active
enzyme is regenerated

• OPs phosphorylate or phosphonylate and carbamates carbamylate the active
site of cholinesterase

• With some OPs, hydrolysis at the phosphorylated or phosphonylated site
regenerates active enzyme over a period of hours

• With other OPs, no hydrolysis occurs and regeneration of enzyme activity is
dependent on synthesis of new AChE

• Carbamylated AChE is regenerated at different rates depending on the
carbamate involved
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5.10 DANTROLENE

Dantrolene (1-{[5-(4-nitrophenyl)furfurylidene]amino}hydantoin, sodium salt;
Dantrium, Procter and Gamble; Figure 5.13) was introduced to clinical practice in
1978. It causes skeletal muscle relaxation by preventing calcium flux across the
sarcoplasmic reticulum (Meredith et al., 1993), and is effective in controlling
hyperthermia and muscular spasm in malignant hyperthermia and in neuroleptic
malignant syndrome. Hyperthermia due to or associated with increased muscular
rigidity, such as may occur in poisoning with, for example, strychnine, phencyclidine
and Cicuta species (water hemlock etc.), may also respond to dantrolene. In addition,
amphetamines, including ‘ecstasy’ (methylenedioxymethylamphetamine, MDMA) and
its analogues methylenedioxyamphetamine (MDA, ‘Adam’) and methylenedioxyethyl-
amphetamine (MDEA, ‘Eve’), MAOIs, lysergic acid diethylamide (LSD) and cocaine
can all cause hyperthermia, which is thought to be due to release of serotonin. When
accompanied by confusion, muscular rigidity and autonomic dysfunction this is called
the ‘serotonin syndrome’. Dantrolene may be of benefit in such cases either in addition
to conventional cooling therapy and diazepam or when such therapy has failed (Meredith
et al., 1993; Denborough and Hopkinson, 1997). Dantrolene would not be expected to

Oximes in anticholinesterase poisoning – II

• Oximes should be given as soon as possible and may be ineffective unless
given within 36–48 h of exposure

• Pralidoxime and obidoxime do not penetrate the CNS
• OPs against which pralidoxime is effective include amiton, demeton-

demethyl, diazinon, dichlorvos, disulfoton, dyflos, fenthion, malathion,
mevinphos, parathion, phosphamidon

• Pralidoxime appears to be less effective against dimefox, dimethoate, methyl
diazinon, mipafos, schradan

• Obidoxime is sometimes preferred to pralidoxime and may detoxify certain
OPs directly

• Obidoxime is more effective than pralidoxime against parathion and less
effective against malathion, dimethoate and fenthion

Dantrolene (sodium)

CAS registry number (dantrolene) 7261-97-4
Relative formula mass (dantrolene sodium) 337
pKa 7.5
Oral bioavailability (%) 80
Presystemic metabolism Variable
Plasma half-life range (h) (mean, range) (oral) 8.7 (4–24)
Volume of distribution (L/kg) c. 1.2
Plasma protein binding (%) 80–90
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be effective in treating hyperthermia due to poisoning with (i) salicylates, dinitrophenol,
ioxynil and other compounds that uncouple oxidative phosphorylation and (ii) tricyclic
antidepressants and other anticholinergic drugs that reduce sweating and thereby
impair heat loss.

5.10.1 Malignant hyperthermia

Malignant hyperthermia results from genetic susceptibility to some anaesthetics
(inhalational agents plus suxamethonium) or stress and is usually fatal unless treated
appropriately. Usually, while under anaesthesia, the patient develops a rectal
temperature in excess of 39 °C. There is a rapid rise in intracellular calcium. The
syndrome is characterized by tachycardia, unstable blood pressure, arrhythmias,
hyperventilation, hyperthermia, muscular rigidity, cyanosis, hypoxia, respiratory and
metabolic acidosis, raised creatinine kinase of muscle origin in plasma, renal failure
and hyperkalaemia. The risk of death is predicted from the extent of temperature
rise. Once it is recognized, active cooling measures must be employed, together with
dantrolene. Untreated, malignant hyperthermia has a mortality in excess of 80 %
(Bismuth, 1992).

5.10.2 Neuroleptic malignant syndrome

Neuroleptic malignant syndrome may arise after exposure to an antipsychotic drug
after therapeutic dosage or after overdosage. It tends to occur within 24–72 h of starting
treatment with the drug. It occurs in 0.2–1 % of patients taking neuroleptics, especially
when haloperidol or depot phenothiazines such as fluphenazine are used (Guzé and
Baxter, 1985), but has also been described with clozapine and lithium (Pope et al., 1986).
It is characterized by confusion, agitation, myoclonus, sweating, renal failure and gross
hyperpyrexia. The risk of death is said to be between 20 % and 30 % (Burke et al.,
1981). It should be treated by withdrawal of the antipsychotic drug and, in severe cases,
by sedation with diazepam and application of cooling measures such as i.v. fluids, and
by administration of dantrolene. Diazepam i.v. is very effective at both controlling the
patient’s agitation and reducing muscular generation of heat. Adequate hydration is
also required.

5.10.3 Serotonin syndrome

This may be caused by interaction between MAOIs and many drugs, including selective
serotonin reuptake inhibitors (SSRIs), dextromorphan and tricyclic antidepressants

Figure 5.13: Structural formula of dantrolene
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(Gillman, 1998). It can also be seen after overdosage with SSRIs and in amphetamine
and MDMA intoxication. It is characterized by confusion, agitation, tremor, myoclonus,
sweating, autonomic instability and hyperpyrexia. It should be treated by withdrawal
of the serotonergic drug and, in severe cases, sedation with diazepam and application
of active cooling measures. Dantrolene can also be used, although recent evidence
suggests that it may not be as effective as once thought, possibly because it acts only on
peripheral thermogenesis, i.e. muscle spasm. Agents, such as chlorpromazine and
ketanserin, which act on central serotonin (5-hydroxtryptamine, 5-HT) receptors may
be more effective under such circumstances (Jones and Simpson, 1999).

5.10.4 Dantrolene: clinical use

Peak serum dantrolene concentrations of 4.3–6.5 mg/L were achieved in six patients
with malignant hyperthermia treated with 2.5 mg/kg dantrolene sodium i.v. over 10–
30 min before surgery (Flewellen and Nelson, 1985). Studies in humans have shown
that 2.4–2.5 mg/kg dantrolene sodium i.v. permits muscle relaxation and protects
against the risk of hyperthermia (Kolb, 1982; Flewellen et al., 1983). Dantrolene has a
large VD. It is metabolized in the liver by 5-hydroxylation. The resulting metabolite has
only half of the activity of the parent compound against muscle contraction. Both
dantrolene and 5-hydroxydantrolene are eliminated in urine.

The median plasma half-life of dantrolene is 6 h (range 4–22 h) and that of
5-hydroxydantrolene is 15 h (range 8–29 h) (Lietman et al., 1974; Meyler et al., 1979;
Flewellen et al., 1983). When dantrolene sodium was given i.v. at a rate of 0.1 mg/kg
(cumulative dose 2.4 mg/kg) every 5 min to 12 volunteers, there was a linear increase
in the plasma dantrolene concentration to a peak of approximately 4.2 mg/L at 2.9 h
after the first dose. Thereafter, the plasma dantrolene concentration was maintained
until 5.5 h after the first dose and then fell to 1.7 mg/L at 20 h and 0.3 mg/L at 48 h.
The mean plasma half-life was 12.1 h (Flewellen et al., 1983).

In malignant hyperthermia in adults, dantrolene sodium (total dose 1–10 mg/kg
i.v.) together with active cooling measures are effective if treatment is commenced
within 6 h of exposure to the precipitating anaesthetic agent. Death may supervene if
treatment is delayed for longer (Kolb et al., 1982). A response should be apparent within
minutes. In children, the time factor is even more critical as dantrolene administration
is often ineffective if delayed for more than 2 h after onset of hyperthermia and children
are prone to febrile convulsions. Dosage at a rate of 1 mg kg–1 min–1 i.v. up to a total of
10 mg/kg or even more is recommended (Meredith et al., 1993). All anaesthetic agents
should be discontinued as soon as possible after the presence of malignant hyperthermia
is recognized (Kolb et al., 1982). For individuals with proven predisposition to
hyperthermia, a prophylactic dantrolene sodium dose of 4–8 mg kg–1 d–1 can be given
starting 1–2 days before surgery, with the last dose given 3–4 h after surgery.
Alternatively, 2–5 mg/kg can be given i.v. just before surgery (Bismuth, 1992).

In neuroleptic malignant syndrome, single i.v. doses of dantrolene sodium (less than
3–10 mg/kg) and repeated oral doses (25–600 mg/d) have been used, often in
combination with other drugs and supportive therapy such as active cooling, correction
of metabolic acidosis and administration of high-flow oxygen (Ward et al., 1986; Harrison,
1988). Dantrolene apparently reduces the pyrexia, usually within 12 h of i.v. therapy
and over a somewhat longer period after oral dosage. Most patients also improve
clinically, although this tends to lag behind temperature reduction. In some cases,
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withdrawal of oral dantrolene has been associated with deterioration of the patient’s
condition and an increase in body temperature. In such circumstances, dantrolene
therapy should be reinstituted.

In serotonin syndrome, a minimum dantrolene sodium dose of 1 mg kg–1 d–1

increasing to a maximum of 10 mg kg–1 d–1 should be given i.v., titrated to control the
degree of hyperpyrexia. If signs of the disorder reappear, further doses can be given. A
patient who had taken an overdose of phenelzine was treated successfully with i.v.
dantrolene after conventional therapy had failed (Kaplan et al., 1986), as was a patient
with carbon monoxide poisoning with hyperthermia and rigidity (ten Holter and
Schellens, 1988). In a fatal case of theophylline poisoning with rhabdomyolysis,
dantrolene administration was claimed to be useful in controlling the hypermetabolic
state, but the evidence in this instance is not convincing (Parr and Willatts, 1991).

It is important that dantrolene administration is accompanied by aggressive
supportive therapy, including active cooling techniques, an inspired oxygen
concentration of up to 100 % and correction of metabolic acidosis. Serum potassium
concentrations should be closely monitored as they increase in hyperthermia as a result
of muscle injury. Further supportive therapy may need to be directed towards
complications such as respiratory acidosis, cardiac arrhythmias, unstable blood pressure
and renal failure induced by rhabdomyolysis (Meredith et al., 1993). Dantrolene is
contraindicated if calcium channel blockers are being used.

Dantrolene can cause tissue necrosis due to extravasation during i.v. injection. After
high doses, pancreatitis and hepatitis have occurred in 1.8 % of patients. The hepatic
reaction is commoner in women over 30 years of age taking oestrogens and in those on
prolonged or high-dose therapy with dantrolene, i.e. doses of more than 300 mg/d or
treatment for more than 60 days (Utili et al., 1977). Histologically, necrosis of the liver
or chronic active hepatitis is seen (Utili et al., 1977). Rarely, cholestasis also occurs
(Schneider and Mitchell, 1976). Dantrolene has also been associated with diarrhoea,
abdominal cramps, constipation, drowsiness, headache, rash, dysphagia, tachycardia,
erratic blood pressure, haematuria, pericarditis and pleural effusion (British National
Formulary, 2000a). More rarely its use is associated with hallucinations (Andrews et al.,
1975), respiratory depression (Rivera et al., 1975) and leucopenia (Greenspun and Pacho,

Clinical use of dantrolene sodium (Dantrium)

• Dantrolene causes skeletal muscle relaxation by preventing Ca2+ flux across
the sarcoplasmic reticulum

• In adults 1–7 mg/kg i.v. within 6 h is effective in treating malignant
hyperthermia (children up to 10 mg/kg i.v. within 2 h)

• Dantrolene sodium (3–10 mg/kg i.v. followed by 25–600 mg/d p.o. as needed)
is also effective in neuroleptic malignant syndrome, in which case supportive
therapy (central cooling, 100 % oxygen, correction of metabolic acidosis, etc.)
is also needed

• Dantrolene may also be useful in poisoning with compounds causing increased
muscle rigidity (strychnine) or hyperthermia due to motor overactivity
(amphetamines, MAOIs)
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1981). In the context of malignant hyperthermia and neuroleptic malignant syndrome
the benefits outweigh risks of its use. For treatment of hyperthermia due to serotonin
syndrome, such as in subjects with MDMA intoxication, the risk–benefit ratio is much
less clear-cut (Jones and Simpson, 1999).

5.11 DAPSONE

Dapsone (Figure 5.14) has been used to inhibit local wound infiltration by
polymorphonuclear leucocytes in patients developing a central purplish bleb or vesicle
within 6–8 h of being bitten by a brown recluse spider (Loxosceles reclusa). In one case an
8 × 8 cm area of erythema resolved when treated with dapsone within 24 h (King and
Rees, 1983). One study reported dapsone alone to be as effective as antivenin (section
3.1.4.3) alone or dapsone plus antivenin in bite victims (Rees et al., 1987). A
recommended dosing schedule is 50–100 mg dapsone i.v. once or twice daily. Dapsone
should only be used in adults with a proven history of brown recluse spider bite; it
should not be used in children (Gendron, 1990). There has been one report of
methaemoglobinaemia after dapsone used to treat a suspected brown recluse spider
bite (Iserson, 1985).

Figure 5.14: Structural formula of dapsone

Dapsone

CAS registry number 80-08-0
Relative formula mass (anhydrous) 248.3
pKa 1.3, 2.5
Oral bioavailability (%) > 90
Plasma half-life range (h) (mean, range) 27 (12–48)
Plasma protein binding (%) c. 50

5.12 DIAZEPAM

Diazepam (Figure 5.15) (0.1–0.3 mg/kg) given by slow i.v. injection (repeated as
necessary) is very effective at controlling convulsions induced by drugs or other poisons
(Table 1.2). In addition, diazepam has been said to have a specific protective action in
severe chloroquine poisoning. N’Dri et al. (1976) reported that some patients who
ingested chloroquine and diazepam concomitantly did not have clinical features of
chloroquine poisoning. Further studies (Bondurand et al., 1980; Vitris and Aubert, 1983)
suggested that diazepam administration reduced cardiovascular mortality in severe
poisoning with this agent. Crouzette et al. (1983) subsequently reported that diazepam
reduces mortality in rats acutely poisoned with chloroquine, while Riou et al. (1986)
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demonstrated cardioprotection and increased urinary chloroquine excretion in
chloroquine-poisoned pigs after diazepam.

Diazepam (2 mg/kg i.v. over 30 min) together with early mechanical ventilation and
i.v. adrenaline (0.25 µg kg–1 min–1, and increased until systolic blood pressure
> 100 mmHg) for up to 4 days was used to treat 11 patients with severe chloroquine
poisoning, all of whom would have been expected to die on the basis of historical control
data. Ten patients survived (Riou et al., 1988). Mechanical ventilation was instituted in
part because of the respiratory depressant effect of high-dose diazepam. Adrenaline
was administered to counteract chloroquine-induced myocardial depression and
vasodilatation, effects not counteracted by diazepam. An initial dose of 0.5 µg kg–1 min–1

is recommended as inotropic support, increased until a systolic blood pressure of
100 mmHg is attained.

The mechanism of the protective effect of diazepam in acute chloroquine poisoning
is unknown. Croes et al. (1993) reported a patient with severe chloroquine poisoning
who had also ingested clorazepate (initial whole-blood chloroquine and plasma
nordiazepam concentrations 7.9 and 2.3 mg/L respectively) and in whom mechanical
ventilation was instituted. She was treated successfully with diazepam (2 mg/kg over
30 min, followed by 1–2 mg/kg over 24 h) and noradrenaline (0.25 µg kg–1 min–1 for
18 h). However, despite plasma diazepam + nordiazepam concentrations of 3 mg/L
and above, she required additional sedation with piritramide-facilitated mechanical
ventilation. Although it is possible that chloroquine antagonized the sedative effects
of diazepam, the patient could have acquired tolerance to these effects because of

Figure 5.15: Structural formulae of diazepam and flumazenil

Diazepam Nordiazepam

CAS registry number 439-14-5 1088-11-5
Relative formula mass 284.8 270.7
pKa 3.3 –
Oral absorption (%) 100 50
Presystemic metabolism Negligible Negligible
Plasma half-life (h) (mean, range) 30 (20–100) (30–200)
Volume of distribution (L/kg) 1.1 0.5–2.5
Plasma protein binding (%) 98–99 97
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prior use of clorazepate. Recent animal work suggests that barbiturate anaesthesia
and isoprenaline infusion may be a more effective combination than diazepam and
adrenaline in treating severe chloroquine poisoning (Buckley et al., 1996).

5.13 FLUMAZENIL

5.13.1 Clinical toxicology of benzodiazepines

In general, benzodiazepines are remarkably safe in overdosage, and after deliberate
self-poisoning full recovery usually takes place within 24 h. However, performance in
skilled tasks such as driving may be impaired for several days as the plasma half-life of
some benzodiazepines and their metabolites are long. Poisoning with benzodiazepines
may be particularly severe if such drugs are ingested in overdosage (i) together with
other CNS depressants such as tricyclic antidepressants, opioids or alcohol or (ii) by
susceptible groups of patients such as those with pre-existing respiratory disease or
the elderly.

Clinical features of benzodiazepine poisoning include drowsiness and mid-position
or dilated pupils, often occurring within 2–3 h of ingestion. Ataxia, dysarthria,
nystagmus and confusion can occur. Coma, seldom less than grade 10 on the Glasgow
coma scale (GCS) and lasting for < 24 h may follow. Minor hypotension may also occur.
Impairment of consciousness should be treated conventionally, with particular attention
being paid to maintaining the airway. Observation should be for at least 6 h after
ingestion (24 h in more severe cases). Pulse oximetry is useful for monitoring adequacy
of ventilation if marked CNS depression is present.

5.13.2 Clinical pharmacology of flumazenil

Flumazenil (RO 15-1788; Anexate, Roche; Figure 5.15), an imidazobenzodiazepine,
can reverse the sedative, anticonvulsant, anxiolytic, amnesic, anaesthetic and muscle
relaxant effects of therapeutic doses of benzodiazepines by competing at central GABA
receptor sites (GABAA) but does not seem to block peripheral (renal, cardiac, etc.)
benzodiazepine effects (Hunkeler et al., 1981). Flumazenil also reverses benzodiazepine-
induced respiratory depression, increasing the minute volume and the respiratory rate,
and has been used to reverse benzodiazepine-induced respiratory depression in neonates
(Dixon et al., 1998). It has no inherent convulsive properties and has been used to
antagonize benzodiazepine-induced toxicity and to reverse sedation after procedures
such as endoscopy (Weinbroum et al., 1991; Höjer, 1994). Even cases of paradoxical
reaction to midazolam in elderly patients (confusion and aggression) (Ricou et al., 1986)
and first-degree atrioventricular block after alprazolam overdose (Mullins, 1999) have
been treated successfully with flumazenil.

Flumazenil also antagonizes the sedative effects of other compounds that act through
GABA receptors, such as zopiclone (Hunkeler et al., 1981) and zolpidem, though the
clinical course of poisoning with zopiclone would seldom require use of the antidote
(Lheureux et al., 1990). Flumazenil has been reported to be effective in countering the
central effects of baclofen overdose (Saissy et al., 1992), but this has not been confirmed
(Byrnes et al., 1996). The use of flumazenil to reverse the sedative effects of
promethazine has been reported (Plant and MacLeod, 1994). Flumazenil (5 mg i.v.)
may have a transient effect in ethanol-induced coma (Martens et al., 1990). The use of
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flumazenil in clinical toxicology has been reviewed (Amrein et al., 1987; Brogden and
Goa, 1991; Geller et al., 1991; Weinbroum et al., 1991; Hoffman and Warren, 1993;
Cone and Stott, 1994).

Flumazenil is active orally, but bioavailability is less than 20 %, and this, together
with the delay in attaining a peak serum concentration using the oral route, is why an
i.v. preparation is used. Flumazenil is 50 % bound to plasma protein and has a VD of
approximately 1 L/kg. Its plasma half-life is about 1 h (Roncari et al., 1986; Breimer et
al., 1991). Less than 1 % of a dose of flumazenil is excreted unchanged in urine. The
metabolites do not have pharmacological activity. In the doses used in humans (2–
100 mg), flumazenil demonstrates linear kinetics, which are not influenced by the
presence of other benzodiazepines in high concentrations. The disposition of flumazenil
appears to be similar in healthy young and elderly volunteers (Roncari et al., 1993).

The effect of flumazenil is to shift the dose–response curve for each modality of
benzodiazepine agonist effect to the right. Relatively low doses of flumazenil will lighten
midazolam-induced hypnosis and muscle relaxation, while progressively higher doses
are required to ensure complete reversal of sedation and anxiolysis. When given before
or with other benzodiazepines it modifies their effects. For example, 5 mg flumazenil
i.v. will block the effect of a subsequent dose of up to 6 mg midazolam, while doses of
6–10 mg midazolam will reverse the antagonist effect of flumazenil (Gath et al., 1984).
The duration of action of flumazenil after a single dose of 3.5 mg i.v. was at least 3–5 h
(Lheureux and Askenasi, 1988). However, this time is very variable and probably depends
on the type of benzodiazepine ingested and the presence of other drugs (Hofer and
Scollo-Lavizzari, 1985). Many patients require more than a single dose of the drug.

Use of flumazenil may only be considered in benzodiazepine poisoning after all the
contraindications (see below) have been evaluated, and then only in deeply unconscious
patients (e.g. GCS < 8). Its routine use in benzodiazepine poisoning cannot be justified.
Flumazenil is not licensed for the treatment of benzodiazepine self-poisoning in the
UK (Burkhart and Kulig, 1990; Hoffman and Goldfrank, 1995). The vast majority of
patients taking benzodiazepines alone are best left to recover without active treatment.
Flumazenil is contraindicated if a benzodiazepine has been ingested together with
other drugs, particularly tricyclic antidepressants, as it may reduce the seizure threshold
and provoke ventricular arrhythmias. Flumazenil may be helpful in the diagnosis of
coma of unknown aetiology (Höjer et al., 1990), in the reversal of iatrogenic
benzodiazepine poisoning in hospitalized patients or in patients with respiratory
depression of such severity that endotracheal intubation and a short period of
mechanical ventilation would otherwise be indicated. In elderly benzodiazepine overdose

Flumazenil

CAS registry number 78755-81-4
Relative formula mass 303.3
pKa 1.7
Oral absorption (%) > 95
Presystemic metabolism (%) 70–80
Plasma half-life (h) (mean, range) 0.85 (0.7–1.3)
Volume of distribution (L/kg) 0.95
Plasma protein binding (%) 50
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patients or those with pre-existing respiratory disease, it is probably better to accept
the need for mechanical ventilation rather than attempt repeated use of flumazenil.
However, a single adequate dose of flumazenil may be worth trying. Flumazenil is
contraindicated in patients:

• with epilepsy or hypersensitivity to benzodiazepines;
• who have received prolonged treatment with benzodiazepines (because of the risk

of precipitating withdrawal reactions);
• in whom reversal of anaesthesia in the presence of neuromuscular blockade is

considered (Watanabe et al., 1998);
• with head injury – flumazenil has been reported to cause a marked rise in

intracranial pressure in patients with severe head injury (Chiolero et al., 1988);
• who have ingested other drugs, especially tricyclic antidepressants, in overdose.

In one patient who took an overdose of oxazepam and chloral hydrate, the
administration of 0.5 mg flumazenil precipitated multifocal ventricular beats with
episodes of ventricular tachycardia (Short et al., 1988). In other patients who had co-
ingested benzodiazepines and tricyclic antidepressants, flumazenil precipitated
convulsions (Passeron et al., 1987; Haverkos et al., 1994). The ability of flumazenil to
precipitate seizures in dogs poisoned with amitriptyline has been demonstrated
(Lheureux et al., 1992).

If flumazenil is to be given, the recommended method of administration of flumazenil
is by titration starting with 0.2 mg i.v. over 30 s followed by incremental doses of 0.3 mg
i.v. until the desired end-point is reached. It is usual to give each dose at least 60 s to
work before giving a further dose. The normal dose is 0.5 mg i.v. to a maximum of
about 5 mg. If there is no response then benzodiazepine poisoning is unlikely to be the
cause of the CNS depression. Following benzodiazepine overdose or in critical care
situations, doses of 1–3 mg may be required and may need to be repeated (Weinbroum
et al., 1996). The maximum recorded dose to date (with good effect) has been 9.4 mg
over 10 h in nine separate doses.

The duration of action of flumazenil following a single i.v. dose has varied between
15 and 150 min (Klotz et al., 1984, 1985; Lauven et al., 1985), depending on the relative
doses of the agonist and antagonist, their relative receptor binding affinities, half-lives
and VD, and the interval between their administration. Flumazenil may also be given
by continuous infusion in 0.9 % (w/v) sodium chloride or 5 % (w/v) D-glucose at a rate
of 0.5–1 mg/h for an adult provided there is a response (Bodenham et al., 1988; Chern
et al., 1998). It is vital that, once the first dose of flumazenil has been given, the patient
is adequately monitored for recurrence of respiratory depression. There are no specific
recommendations as to the use of flumazenil except for potentially high-risk groups
such as young children. If indicated in children aged 4 years and over, 10 µg/kg may be
given i.v. and repeated once.

Adverse reactions to flumazenil may include nausea, vomiting, mild dizziness, facial
erythema or flushing, anxiety and headache. Such reactions are most frequent after
i.v. doses of more than 5 mg, and usually resolve within a few minutes. Anxiety has also
been reported in patients awakening after flumazenil administration, but this is most
probably due to the amnesic patient waking up in an unfamiliar clinical environment.
Similarly, in elderly patients a tachycardia and brief period of hypertension may be
seen on waking (Baud and Brouard, 1992). Convulsions have been reported rarely, and
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Flumazenil (Anexate)

• Flumazenil is an imidazobenzodiazepine that can reverse the sedative,
anticonvulsant, anxiolytic, amnesic, anaesthetic and muscle relaxant effects
of benzodiazepines

• Flumazenil also reverses respiratory and cardiovascular depression due to
benzodiazepines

• It competes at central GABA receptors and hence does not antagonize
peripheral benzodiazepine effects (renal, cardiac, etc.)

• it antagonizes the sedative effects of other compounds, such as zopiclone,
which act through GABA receptors

• It is a competitive inhibitor – higher doses are needed if large amounts of
agonist are present

Clinical use of flumazenil

• Flumazenil is occasionally used to antagonize benzodiazepine effects after
iatrogenic poisoning in the endoscopy suite or in critical care

• Flumazenil is contraindicated if more than one drug has been taken
• The initial adult dose is 0.2 mg i.v., with further doses of 0.1–0.5 mg being

given i.v. if necessary. In overdose patients, 1–2 mg is often needed
• Adverse reactions may include dizziness, facial erythema or flushing, anxiety

and headache
• Flumazenil should not be used in patients poisoned with chloral hydrate or

tricyclic antidepressants (risk of ventricular dysrhythmias and convulsions
respectively)

may represent effects of withdrawal in those dependent on benzodiazepines (Prischl et
al., 1988). When the effect of flumazenil declines, recurrence of benzodiazepine agonist
activity may occur.

5.14 GACYCLIDINE

Gacyclidine (GK 11; cis(Pip/Me 1-[1-(2-thienyl)-2-methylcyclohexyl]piperidine; CAS
68134-81-6; Figure 5.16) is an antagonist at brain glutaminergic N-methyl-D-aspartate

Figure 5.16: Structural formula of gacyclidine
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(NMDA) receptors. It has been suggested as an additional neuroprotective agent in
OP poisoning (Lallement et al., 1997).

5.15 GLUCAGON

Glucagon (GlucaGen, Novo Nordisk; CAS 9007-92-5; Figure 5.17) is a peptide hormone
produced by the pancreas that stimulates gluconeogenesis and glycogenolysis. It is
now produced commercially for medicinal use to reverse hypoglycaemia in diabetic
patients and for the treatment of poisoning with certain drugs. Glucagon is used in
symptomatic β-adrenoceptor blocker poisoning as, although myocardial depression can
be antagonized by β-agonists such as isoprenaline, large doses may be required and the
safety margin between the desired effect and toxicity is small. Glucagon directly
stimulates myocardial adenylate cyclase by a non-β-receptor mechanism, thereby
increasing muscle contractility, i.e. it is a positive inotrope (Parmley et al., 1968; Peterson
et al., 1984; Critchley and Ungar, 1989; Mansell, 1990; O’Mahony et al., 1990) (Figure
5.18). Glucagon has a small effect on reducing systemic vascular resistance but does
not reduce left ventricular end-diastolic pressure.

Despite its efficacy, glucagon is not licensed in the UK for treating β-blocker
poisoning, although it is commonly used in such circumstances. Use of dopamine (Toet
et al., 1996) or amrinone (Love et al., 1993) together with glucagon to treat β-blocker
poisoning may not be advisable. Glucagon may also have a role in treating severe
poisoning with calcium channel blockers such as diltiazem (Mahr et al., 1997) and
nifedipine (Fant et al., 1997), but there are conflicting reports of efficacy (Pollack, 1993).
Glucagon has also been used to treat hypotension encountered in a case of severe
poisoning with imipramine (Sener et al., 1995) and dothiepin (Sensky and Olczak, 1999).

Glucagon cannot be given orally as it is broken down by peptidases in the
gastrointestinal tract. Glucagon can be administered s.c., i.m. or i.v. Commonly it is
given i.v. (initial bolus dose 10 mg in an adult). It should be reconstituted in either 5 %
(w/v) D-glucose or 0.9 % (w/v) sodium chloride in treating β-blocker poisoning as the
diluent provided (the preparation is intended for giving 1-mg doses to diabetic patients)
may contain phenol (2 g/L) as a preservative (Pollack, 1993). Such a glucagon solution
has a stability of 14 days if refrigerated (2–8 °C). An i.v. dose of 50–150 µg/kg over 1
min should be followed by 10–50 µg kg–1 h–1 by i.v. infusion over 5–12 h, titrated to
haemodynamic response (Hall-Boyer et al., 1984; Peterson et al., 1984). Glucagon cannot
be used to treat β-blocker-induced convulsions. Alternatively, i.v. boluses can be given
every 20–30 min (Hall-Boyer et al., 1984). The effects of i.v. glucagon usually begin
within 1–3 min and peak at 5–7 min after administration, and last for 15–20 min
(Peterson et al., 1984). The plasma half-life is between 3 and 6 min. The drug is largely
catabolized by the liver and metabolism is impaired in patients with chronic liver disease,
portocaval shunts or obstructive jaundice. Glucagon is excreted by the kidney and
undergoes tubular reabsorption, such that in chronic renal failure clearance is reduced
(Assan, 1978; Sornay et al., 1988). Higher doses may be needed in some patients; the

Figure 5.17: Schematic representation of glucagon



� 197

PHARMACOLOGICAL ANTIDOTES

�
C

H
A

P
T

E
R

 5
�

effective dose is often the dose required to make the patient vomit. However, this said,
probably no more than 30 mg i.v. should be given to an adult within 10 min.

Children can be given 50–150 µg/kg i.v., or up to 50 µg/kg hourly by i.v. infusion. If
glucagon is given s.c. the actions are more prolonged than if given i.v. (Assan, 1978),
but nowadays it is preferable to start with a bolus dose and then establish a continuous
infusion if required (10–50 µg/kg hourly i.v. over 5–12 h). Isoprenaline (section 5.17)
and/or adrenaline may be needed for additional positive inotropic support but are of
second-line use in β-blocker poisoning (Weinstein, 1984). Adrenaline is preferred
because isoprenaline possesses β2-agonist activity, and may induce vasodilatation,
especially after overdose with cardioselective β-blockers.

Adverse effects of glucagon may include nausea, vomiting, hypokalaemia and
hyperglycaemia (which seldom requires treatment) (Pollack, 1993). Rarely, paradoxical
hypoglycaemia has been reported, due to stimulation of insulin secretion.
Hypersensitivity reactions have also been described previously (Parfitt, 1999). Glucagon
is a teratogen in animals, causing cataracts, glaucoma and microphthalmos. Little is
know about possible teratogenicity in humans, but it is not listed as a drug to be avoided
in pregnancy and its duration of use is short when used to treat β-blocker poisoning.
Patients should be placed on a cardiac monitor. Glucagon should not be used in patients
with hypoglycaemia due to sulphonylureas, alcohol, phaeochromocytoma or insulinoma.
Glucagon potentiates the effect of vitamin K as an anticoagulant (Hall-Boyer et al.,
1984).

Other drawbacks to the use of glucagon in the relatively high doses needed to treat
β-blocker poisoning are its high cost and limited availability. More recently, a lyophilized
preparation (GlucaGen, Novo Nordisk) has become available, which obviates the need
for repeated doses from 1-mg syringes (which occasionally led to phenol poisoning in
the past). The lyophilized preparation may be stored for up to 3 years if refrigerated. If
glucagon fails, adrenaline (section 5.17) is the next step in treating serious β-blocker
poisoning.

Figure 5.18: Mechanism of action of β-blockers and glucagon
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5.16 HEPARIN

Heparin (CAS 9005-49-6; Figure 5.19) (30,000–50,000 units daily i.v.) is used to reverse
hypercoagulation states such as may occur in chronic poisoning with ergotamine or in
poisoning with aminocaproic or tranexamic acids. It is not known if low-molecular-
weight heparins would be an adequate substitute, but it is likely they would have efficacy
in such conditions.

Figure 5.19: Antithrombin binding site of heparin

5.17 INOTROPIC AGENTS

Inotropes are frequently used to treat hypotension and low cardiac output due to acute
poisoning with a variety of agents including verapamil (Kalman et al., 1998) once
hypovolaemia has been excluded or treated.

Isoprenaline (isoproterenol; Saventrine, Pharmax; Figure 5.20) is a β-adrenoceptor
agonist. It is used in addition to glucagon (section 5.15) to treat hypotension or low
cardiac output due to β-adrenoceptor blocking drugs, and to treat poisoning by calcium
channel-blocking drugs if there is no response to calcium gluconate (section 4.3). The
adult dose is 5–10 µg/min by i.v. infusion in either 5 % (w/v) D-glucose or 0.9 % (w/v)
sodium chloride, titrated to cardiovascular response (mean arterial blood pressure > 60 mmHg).
Much higher doses may be needed in severe cases. In children, 0.02 µg kg–1 min–1 is given i.v.
(maximum of 0.5 µg kg–1 min–1). Isoprenaline has the disadvantage that it may reduce the
diastolic blood pressure due to vasodilatation, especially following the ingestion of
cardioselective β-blockers. It is pro-arrhythmic and therefore should be used with
vigilance after overdosage with cardiotoxic agents.

Adrenaline (epinephrine; Figure 5.20) (β1-, β2- and α-receptor agonist) increases
heart rate and stroke volume (via peripheral vasoconstriction) and may be used as a
positive inotrope. It is very useful when glucagon is ineffective in β-blocker poisoning.
Adults and children should be given 1–5 µg kg–1 min–1, titrating the dose to cardiovascular
response. At low doses, the primary effect is increased cardiac output, while at higher
doses there is additional potent vasoconstriction. It is useful in low-output states with
low peripheral vasomotor tone and low mean arterial blood pressure. It is the drug of
choice in emergency hypotensive states when the overall haemodynamic status is not
clear. However, if a drug that sensitizes the myocardium to the action of adrenaline,
such as a tricyclic antidepressant or an amphetamine, has been taken, use of adrenaline
may precipitate arrhythmias and the dose should therefore be kept as modest as possible.

Noradrenaline (norepinephrine, N-demethyladrenaline; Figure 5.20) is often used
in combination with adrenaline to treat vasodilatation such as encountered after
overdose with calcium channel blockers as it is a potent vasoconstrictor as well as a
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positive inotrope. The dose is 1–5 µg kg–1 min–1 titrating the dose to cardiovascular
response.

Dobutamine (Figure 5.20) (β1- and less a β2-agonist) increases heart rate and cardiac
output, but causes peripheral and splanchnic vasodilatation. It is used at a dose of 1–
20 µg kg–1 min–1. It is useful in low cardiac output states when the blood pressure is
reasonably maintained. It is not commonly used in managing poisoned patients.

At low doses (up to 5 µg kg–1 min–1) the primary action of dopamine is on dopamine
receptors, resulting in increased splanchnic and renal perfusion. It may therefore be
useful in helping to maintain renal blood flow and promote urine output, though has
unproven value in alleviating morbidity or mortality from renal failure. At doses above
5 µg/kg/min, dopamine is a predominant vasoconstrictor and cardiac effects
predominate, i.e. it is a positive inotrope.

Angiotensin II (Figure 5.20) has been suggested as an alternative inotrope when
conventional drugs prove only partially effective. Its use to treat a severe combined
overdose of calcium antagonists and angiotensin-converting enzyme (ACE) inhibitors
has been described (Tovar et al., 1997).

5.18 OCTREOTIDE

Octreotide (D-phenylalanyl-L-cysteinyl-L-phenylalanyl-D-tryptophyl-L-lysyl-L-threonyl-
N-[2-hydroxy-1-(hydroxymethyl)propyl]-L-cysteinamide cyclic (2®7)-disulphide; SMS-
201-995; Sandostatin, Novartis; Figure 5.21) is a long-acting octapeptide analogue of
somatostatin. It has some opioid antagonist activity (Maurer et al., 1982). Among eight
subjects given glipizide (1.45 mg/kg), octreotide (30 ng kg–1 min–1 i.v.) significantly
reduced plasma insulin concentrations, and eliminated the need for exogenous D-glucose
in four and reduced the D-glucose requirement in the remainder (Boyle et al., 1993).
Diazoxide (300 mg i.v. 4-hourly) was ineffective in reducing plasma insulin and the

Figure 5.20: Structural formulae of adrenaline and noradrenaline, dopamine, dobutamine,
isoprenaline, and schematic representation of angiotensin II
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Figure 5.21: Schematic representation of octreotide

Octreotide

CAS registry number 83150-76-9
Molecular weight 1019.3
pKa 6.8, 9.7
Oral absorption (%) Nil
Plasma half-life (i.v., min) 72–98
Volume of distribution (L/kg) 0.3
Plasma protein binding (%) 65

exogenous D-glucose requirement. Subcutaneous octreotide (50 µg 12-hourly) can also
suppress stimulated endogenous insulin secretion (Krentz et al., 1993). Octreotide may
eliminate the need for prolonged infusion of hypertonic D-glucose and the resultant
risks associated with central venous access. It has been used successfully to restore
euglycaemia in patients with sulphonylurea poisoning refractory to D-glucose infusion
(Spiller, 1999).

The severe hyperinsulinaemia and thus hypoglycaemia that complicates quinine
treatment of Plasmodium falciparum malaria also responds to octreotide (Phillips et al.,
1986). In Thai volunteers, octreotide (100 µg i.m.) suppressed quinine-induced
hyperinsulinaemia within 15 min. The effect lasted for 6 h. Octreotide (50 µg i.v. over
15 min followed by 50 µg/h by i.v. infusion, rising to 200 µg/h or reducing to 10 µg/h as
appropriate) together with i.v. glucagon and/or D-glucose was effective in treating
hyperinsulinaemia and hypoglycaemia in five patients with P. falciparum malaria who
were treated with quinine (Phillips et al., 1993).

Short-term octreotide (300 µg over 24 h) has been associated with acute pancreatitis
in a 55-year-old male patient with acromegaly (Fredenrich et al., 1991) and single doses
(100 or 200 µg s.c.) with inducing attacks in two patients with relapsing pancreatitis
(Bodemar and Hjortswang, 1996).

5.19 OPIOID ANTAGONISTS

Opioid antagonists are used primarily to reverse the central actions of opioids in overt
or suspected poisoning cases that may include perioperative use. Nalorphine (N-
allylnormorphine; Figure 5.22) was the first opioid antagonist used clinically but has
partial agonist activity and is no longer employed (McNicholas and Martin, 1984).
Levallorphan is not used nowadays for the same reason. Diprenorphine (Revivon; Figure
5.23) is used as an opioid antagonist in veterinary medicine as it has a longer plasma
half-life than naloxone in many species. Naloxone finds greatest use clinically.
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Figure 5.22: Structural formulae of naloxone and some other opioid partial agonists/antagonists

Figure 5.23: Structural formulae of buprenorphine and diprenorphine

The hallmarks of opioid poisoning are (i) depressed respiration, (ii) pin-point or
small pupils, (iii) depressed consciousness and (iv) signs of i.v. drug abuse (e.g. needle
track marks). Respiratory arrest, systemic hypotension, pulmonary oedema and
hypothermia indicate severe poisoning. Convulsions are common in children. Toxicity
can persist for 24–48 h, particularly after ingestion of methadone, a drug that has a
particularly long half-life. Steps should be taken to ensure a clear airway and respiratory
support if necessary. The need for endotracheal intubation can be avoided by prompt
administration of an opioid antagonist.

5.19.1 Nalmefene

Nalmefene (6-desoxy-6-methylenenaltrexone; nalmetrene; CAS 55096-26-9; Revex,
Ohmeda; Figure 5.22) is a parenterally active opioid antagonist. At doses in the range
0.1–1 µg/kg it has effectively reversed post-operative opioid-induced respiratory
depression without ablating the analgesic response to subsequently administered opioids
(Konieczko et al., 1988; Glass et al., 1994). When given at higher doses (0.5–1.6 mg),
nalmefene has been shown to be effective in reversing respiratory depression in opioid
overdose patients (Kaplan and Marx, 1993). Drowsiness, agitation/irritability and
muscle tension were the only adverse effects reported after oral nalmefene (25, 50 or
100 mg) in volunteers (Fudala et al., 1991).

Nalmefene is primarily eliminated (up to 65 %) by conjugation with glucuronic acid
with subsequent elimination in urine (Dixon et al., 1986). It is widely distributed with
an average steady-state VD of 1.7 L/kg and has a terminal elimination half-life of
approximately 8 h in healthy middle-aged (Gal et al., 1986; Matzke et al., 1996) and
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elderly (Frye et al., 1996) volunteers. The longer elimination half-life contributes to
the observation that nalmefene has a longer duration of action than naloxone (Kaplan
et al., 1999) (section 5.19.2), and is more effective in reversing opioid-induced respiratory
depression and sedation (Konieczko et al., 1988; Barsan et al., 1989). However, nalmefene
is not as yet widely available for clinical use.

5.19.2 Naloxone

Naloxone (17-allylnoroxymorphone; Narcan, Du Pont) (Figure 5.22) is a pure opioid
antagonist and is widely used in the treatment of opioid overdosage. It has no agonist
activity (Martin, 1976). The precise mechanism of action of naloxone in opiate
overdosage is not known, but involves competitive binding at µ (strongest binding), δ
and κ CNS opioid receptors (Martin, 1976; Benoist, 1988; Chamberlain and Klein,
1994). Sometimes, at high doses, when CNS effects are seen, naloxone antagonizes
GABA receptors and stimulates cholinergic activity (Dingledine et al., 1978). Naloxone
has no direct cardiovascular or respiratory actions. It is effective against opiates such
as codeine and morphine, and most synthetic opioids such as dextropropoxyphene,
diphenoxylate, methadone and pethidine (Buchner et al., 1972). It is also effective against
partial agonists such as butorphanol and nalbuphine (Evans et al., 1973; Handal et al.,
1983 – see Table 5.3). Oral naloxone at a dose of 10–20 % of that of concurrent opioid
analgesia has been suggested for reversal of opioid-induced constipation in cancer
patients (Sykes, 1991).

High doses of some synthetic opioids, such as dextropropoxyphene, have been
reported to produce toxic effects that are not reversed by naloxone (Barraclough and
Lowe, 1982). These effects have been attributed to a direct effect of the drug or its
metabolite norpropoxyphene on cardiac cell membranes, but it is possible that not
enough naloxone was given to reverse opioid toxicity fully (Barraclough and Lowe,
1982; Hantson et al., 1995). Respiratory depression due to partial agonists
(buprenorphine – Figure 5.23, pentazocine) is not, however, readily reversed by naloxone.

Naloxone has been used to treat coma and respiratory depression following clonidine
overdose, but in children precipitation of hypertension severe enough to warrant
treatment has been reported (Gremse et al., 1986) and its routine use in this situation
is not recommended (Chamberlain and Klein, 1994). Inconsistent findings have been
obtained when naloxone has been administered after nitrous oxide (Berkowitz et al.,

Naloxone Naltrexone
(hydrochloride) (hydrochloride)

CAS registry number 357-08-4 16676-29-2
Molecular weight (free base) 363.8 (327.4) 377.9
pKa 7.9 8.1
Oral absorption (%) 95 100
Presystemic metabolism (%) Low 95
Plasma half-life 60–90 min 1.1–10.3 h
Volume of distribution (L/kg) 5 14–16
Plasma protein binding (%) 50 20
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1977; Gillman et al., 1980; Yang et al., 1980). Naloxone has no reliable use in the reversal
of ethanol-induced intoxication (Mattila et al., 1981; Guerin and Friedberg, 1982; Nuotto
et al., 1983; Chamberlain and Klein, 1994), but may be of value in reversing hypotension
due to captopril and other ACE inhibitors (Varon and Duncan, 1991). Reversal of
camylofin-induced coma by naloxone in neonates and babies has been reported
(Schvartsman et al., 1988), as has reversal of coma induced by sodium valproate in an
adult (Montero, 1999).

Oral naloxone has a bioavailability of less than 3 %, and thus the drug has to be
given parenterally in order to reverse central opioid effects (Chamberlain and Klein,
1994). Naloxone is available in 1-mL ampoules each containing 0.4 mg naloxone
hydrochloride. The contents of the ampoules can be diluted with 0.9 % (w/v) sodium
chloride or 5 % (w/v) D-glucose before injection. Naloxone is very lipid soluble (VD 2.9 L/kg)
and rapidly crosses the blood–brain barrier. The plasma half-life of naloxone in adults is
1–2 h (Benoist, 1988). Metabolism is largely via glucuronide formation in the liver and

Alfentanil
Alletorphine
Alphaprodine
Anileridine
Azidomorphine
Bezitramide
Buprenorphine
Butorphanol
Carfentanil
Ciramadol
Codeine
Conorphone
Dextromoramide
Dextropropoxyphene
Dezocine
Diamorphine (diacetylmorphine, heroin)
Difenoxin
Dihydrocodeine
Diphenoxylate
Dipipanone
Eptazocine
Ethoheptazine
Ethylmorphine
Etorphine
Fentanyl
Hydrocodone
Hydromorphone
Ketobemidone
Levomethadone
Levomethadyl

TABLE 5.3
Opioid agonists and partial agonists antagonized by naloxone

Levorphanol
Lofentanil
Loperamide
Meptazinol
Methadone
Metofoline
Morphine
Nalbuphine
Nicomorphine
Normethadone
Norpipanone
Oxycodone
Oxymorphone
Pentazocine
Pethidine (Meperidine)
Phenadoxone
Phenazocine
Phenoperidine
Picenadol
Piminodine
Piritramide
Propiram
Spiradoline
Sufentanil
Thebacon
Tilidine
Tonazocine
Tramadol
Trimeperidine
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urinary excretion (Benoist, 1988). In neonates, immaturity of glucuronidation is
responsible for a more prolonged therapeutic effect than in adults, but this does not
occur in children (Benoist, 1988). In adults, the initial dose of naloxone hydrochloride
is 0.4 or 0.8 mg slowly i.v. or i.m. At least 2.4 mg (bolus dose) is needed to constitute an
adequate trial in suspected opioid poisoning; more may be needed to counteract toxicity
if a large overdose has been taken (20 mg has been needed in some cases). After i.v.
injection, signs of opioid antagonism appear within 1 min if enough drug has been
given. In children, the initial dose is 5–10 µg/kg i.v. However, a dose of 0.1 mg/kg has
been said to constitute an adequate trial in children (Moore et al., 1980). The drug may
be given via an endotracheal tube, or i.m. or s.c. if i.v. access is not available. If these
other routes are used then the onset of action may be 5–10 min, or even longer if the
patient is hypotensive (Tandberg and Abercrombie, 1982).

Naloxone administration may be repeated if pupillary constriction and respiratory
depression (as assessed by respiratory rate and tidal volume) are not reversed within
1–2 min. The dose can be repeated every few minutes as necessary until the level of
consciousness and respiratory rate improve. As the half-life of naloxone is much shorter
than the half-life of most opioids, naloxone administration may have to be repeated at
intervals which may be as short as 20–30 min (Berkowitz, 1976; Hoffman and Goldfrank,
1995), or the drug given by infusion. Infusion of two-thirds of the bolus dose initially
required to wake the patient should be given hourly – this can be given diluted in 0.9 %
(w/v) sodium chloride and should be titrated to individual patient response (Goldfrank
et al., 1986). Treatment may need to be continued for 2–3 days (either by intermittent
dosage or by infusion) after overdosage with long-acting opioids such as methadone
and normethadone (Gourlay and Coulthard, 1983). Patients must be carefully observed
for recurrence of coma and respiratory depression, usually for at least 18–24 h, though
the main features of poisoning tend to occur within 1–2 h after the overdose.

When up to 24 mg was given s.c. to adult volunteers naloxone only produced slight
drowsiness. At higher doses (up to 4 mg/kg), behavioural disturbances including
reluctance to move, sweating, yawning, anxiety, anger, depression, confusion and
decreased cognitive function may occur (Martin, 1976; Cohen et al., 1981). Benign
transient increases in blood pressure are common after naloxone. However,
hypertension, pulmonary oedema and atrial and ventricular dysrhythmias have been
associated with post-operative use of naloxone, mostly in patients with known cardiac
or pulmonary disease (Chamberlain and Klein, 1994). Two deaths have occurred in
previously healthy young adults after naloxone was given i.v. (Andree, 1980). Naloxone
use may precipitate fits, especially when large doses are used (Dingledine et al., 1978).
There are also a number of isolated reports of anaphylactic reactions to naloxone, but
such reactions are seemingly very rare (Goldfrank, 1984).

In opioid-dependent subjects, use of naloxone may precipitate a moderate to severe
withdrawal reaction similar to that seen after abrupt withdrawal of opioids such as
heroin. The reaction typically appears within minutes of naloxone administration but
usually subsides within 2 h or so. It is characterized by abdominal cramps, diarrhoea,
piloerection and vasoconstriction causing hypertension (Sun, 1998). Arrhythmias
attributed to a rise in catecholamine secretion occur rarely, and are often accompanied
by hypoxia or hypercapnia (Michaelis et al., 1974). It is therefore important to ensure
adequate oxygenation before naloxone is given (Mills et al., 1988).
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5.19.3 Naltrexone

Naltrexone (17-cyclopropylmethylnoroxymorphone; Nalorex, Du Pont; Figure 5.22),
an analogue of naloxone, is a long-acting opioid antagonist, modifying responses at µ
(where it has four times more activity than naloxone), δ and κ receptors (Benoist,
1988). It has twice the opioid antagonist activity of naloxone (Martin et al., 1973) and

Diagnostic use of naloxone

• Naloxone is given as a diagnostic test in patients with coma/respiratory
depression which may be due to opioids

• Lack of response does not always mean that no opioids are present as:
– brain damage secondary to hypoxia/anoxia may have occurred
– other drugs may be present
– insufficient naloxone may have been given (2.4 mg absolute minimum

needed for adequate trial in adults)
• Naloxone may have an effect in poisoning with clonidine, but the response is

very variable

Naloxone (17-allylnoroxymorphone, Narcan)

• Naloxone is a pure opioid antagonist at the doses used clinically in humans
• Its precise mechanism of action is not known but presumably involves

competitive binding at CNS opioid receptors
• It is effective against codeine, heroin, morphine and most synthetic opioids

(dextropropoxyphene, diphenoxylate, methadone, pethidine, etc.)
• It is also effective against partial agonists (butorphanol, nalbuphine)
• Diprenorphine (Revivon) is used as an opioid antagonist in veterinary practice

as it has a longer plasma half-life in many species

Clinical use of naloxone

• Naloxone is used to reverse the action of opioids – this may include
perioperative use

• The normal dose (adults) is 0.4 or 0.8 mg slowly i.v. (or i.m.), titrated according
to pupil dilation and response (Glasgow coma scale and respiratory rate)

• It is rapidly metabolized – repeat doses may be needed after 30–60 min, and
may need to be continued for 2–3 days (e.g. with methadone)

• It may cause a moderate to severe withdrawal reaction in opioid-dependent
subjects

• Naloxone may not reverse respiratory depression due to buprenorphine or
pentazocine

• It is relatively safe, although two deaths have been reported in previously
healthy young adults after i.v. naloxone
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also weak opioid agonist actions that are clinically insignificant (Gritz et al., 1976). The
duration of action of naltrexone is dose related and much longer than that of naloxone.
A single dose of naltrexone can be effective for up to 3 days, due in part to the activity
and long half-life of its metabolite, β-naltrexone (Verebey et al., 1976). Like naloxone,
naltrexone will precipitate an acute withdrawal reaction in patients dependent on
opioids. However, naltrexone does not antagonize the effects of phencyclidine, a delta
agonist (Moerschbaecher et al., 1988). Despite its low bioavailability (5 % or so) after
oral dosage (Meyer et al., 1984), naltrexone is only available commercially in tablet
form and is prescribed (one 50-mg tablet daily) to help detoxified opioid addicts to
remain abstinent (Miotto et al., 1997). It is not widely available in Europe and tends to
be mostly used in the USA.

Recently, naltrexone has been suggested as a possible adjunct to psychosocial
treatment of ethanol dependence (Volpicelli, 1995). This additional use of naltrexone
was suggested by animal data that demonstrated that ethanol self-administration could
be reduced by naltrexone. The underlying mechanism may involve antagonism of the
effects of endogenous opioids (McNicholas and Martin, 1984). In alcoholics naltrexone
may reduce the pleasure associated with drinking and perhaps the subsequent craving
for ethanol (Volpicelli et al., 1995).

5.20 ORG-2766

Org-2766 (CAS 50913-82-1; Figure 5.24) is a 4–9 analogue of corticotrophin
(adrenocorticotrophic hormone, ACTH) that protects against the neurotoxicity of
cisplatin and of paclitaxel in rats and which is under investigation in man (Lewis,
1994).

Figure 5.24: Schematic representation of Org-2766

Figure 5.25: Structural formula of procyclidine

5.21 PROCYCLIDINE

Procyclidine (Figure 5.25) is a competitive inhibitor of acetylcholine at muscarinic
receptors and is used to treat dystonic reactions caused by antipsychotic drugs and
metoclopramide. The i.m. dose is 5–10 mg of procyclidine hydrochloride repeated if
necessary after 20 min (maximum 20 mg/d). When given i.v., procyclidine (5 mg) is
usually effective within 5 min, but 30 min may be needed before an effect becomes
apparent. In some patients, 10 mg or more may be required. In children, 0.5–2 mg (<2



PHARMACOLOGICAL ANTIDOTES

208 �

years) or 2–5 mg (2–10 years) procyclidine hydrochloride should be given i.v. (over at
least 2 min) or i.m. The dose may be repeated if necessary after 20 min.

5.22 PROTAMINE SULPHATE

Protamine, a basic protein derived from fish sperm, has weak anticoagulant activity.
Protamine forms a stable complex with heparin that has no anticoagulant activity and
is thus used to stop bleeding after heparin overdose. Protamine has no effect on bleeding
caused by coumarin or indandione anticoagulants, hence the use of phytomenadione
in these cases (section 4.10). One milligram of protamine i.v. neutralizes 90–115 units
of heparin (maximum protamine dose 5 mL of a 10 mg/mL solution over 5 min) if
given within 15 min of heparin. If given after this time, less protamine is required as
heparin is rapidly excreted. Anaphylactoid reactions (hypotension, dyspnoea, flushing,
bradycardia) may occur. The prothrombin time should be monitored after 15 min to
assess efficacy. If used in excess, protamine has an anticoagulant effect.

5.23 SILIBININ

The flavonolignan silibinin (3,5,7-trihydroxy-2-[3-(4-hydroxy-3-methoxyphenyl)-2-
(hydroxymethyl)-1,4-benzodioxan-6-yl]-4-chromanone; silybin; CAS 22888-70-6; Figure
5.26) is the major component of silymarin, the active principle from the fruit of Silybum
marianum. It has been suggested that disodium silibinin hemisuccinate at a dose of 5–
12.5 mg/kg i.v. in 500 mL 5 % (w/v) D-glucose four times daily can prevent liver damage
when given up to 48 h after ingestion of Amanita phalloides (Hruby et al., 1983). It is
thought that silibinin may act by inhibiting hepatic uptake of α-amanitin. Its efficacy
is unproven.

Procyclidine (hydrochloride)

CAS registry number 1508-76-5
Molecular weight (free base) 323.9 (287.4)
pKa 10.7
Oral absorption (%) 100
Presystemic metabolism (%) 25
Plasma half-life (h) mean 12.6
Volume of distribution (L/kg) 1

Figure 5.26: Structural formula of silibinin
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5.24 SODIUM NITROPRUSSIDE

Sodium nitroprusside (disodium nitrosylpentacyanoferrate; CAS 14402-89-2; Figure
5.27) is a potent, short-acting peripheral vasodilator and as such reverses
vasoconstriction and severe hypertension due to amphetamines, ergotamine, MAOIs
and methysergide. It is given by i.v. infusion at an initial dose of 0.5–1.5 µg kg–1 min–1 in
either 5 % (w/v) D-glucose or 0.9 % (w/v) sodium chloride. The dose should be increased
depending on response by increments of 0.5 µg kg–1 min–1 every 5 min within a range of
0.5–8 µg/kg/min (British National Formulary, 2000b). The infusion should be protected
from light (Palmer and Lasseter, 1975). Adverse effects associated with over-rapid
infusion include headache, dizziness, nausea, abdominal pain, palpitations and chest
pain. All settle with reduction of the infusion rate. Rarely, reduced platelet count and
phlebitis are seen as complications of therapy.

Ideally, an infusion should not be continued for more than 24 h, but in the case of
ergotamine especially a longer duration of infusion may be needed. Sodium nitroprusside
is metabolized to cyanide and then to thiocyanate, which is excreted via the kidneys
and has a long plasma half-life (8 days or so). The treatment of toxicity arising from
sodium nitroprusside administration is discussed in section 6.2.4.2. Monitor the blood
pressure continuously, and the blood thiocyanate concentration if the duration of
treatment exceeds 3 days. Avoid sudden withdrawal; terminate the infusion over 15–
30 min. Contraindications to its use include severe hepatic impairment, severe vitamin
B12 deficiency, Leber’s optic atrophy and compensatory hypertension.

5.25 TRIMETAZIDINE

It has been suggested that the anti-ischaemic drug trimetazidine (CAS 5011-34-7; Figure
5.28) can protect against the cardiac toxicity of phosphine. Phosphine is a very toxic
gas and is widely used as a grain fumigant (Wilson et al., 1980). It is easily produced by
hydrolysis of aluminium phosphide. In patients poisoned with aluminium phosphide,
elevated malondialdehyde concentrations and lowered reduced glutathione
concentrations have been found, indicating the occurrence of oxidative stress in the
cardiovascular system (Chugh et al., 1997). Most aluminium phosphide deaths result
from cardiovascular collapse. Trimetazidine reduces tissue accumulation of
malondialdehyde. One case report suggested that an adult patient’s ventricular
premature complexes were abolished by oral trimetazidine therapy (20 mg twice daily)

Figure 5.27: Molecular formula of sodium nitroprusside
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(Dueñas et al., 1999). One case cannot be justification for widespread use and further
evaluation is required.
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Jovanović D, Randjelović S, Joksović D. A case of unusual suicidal poisoning by the

organophosphorus insecticide dimethoate. Hum Exp Toxicol 1990; 9: 49–51.
Kalman S, Berg S, Lisander B. Combined overdose with verapamil and atenolol: treatment with

high doses of adrenergic agonists. Acta Anaesthesiol Scand 1998; 42: 379–82.
Kaplan JL, Marx JA. Effectiveness and safety of intravenous nalmefene for emergency department

patients with suspected narcotic overdose: a pilot study. Ann Emerg Med 1993; 22: 187–90.
Kaplan RF, Feinglass NG, Webster W, Mudra S. Phenelzine overdose treated with dantrolene

sodium. J Am Med Assoc 1986; 255: 642–4.
Kaplan JL, Marx JA, Calabro JJ, Gin-Shaw SL, Spiller JD, Spivey WL, Gaddis GM, Zhao N,

Harchelroad FP. Double-blind, randomised study of nalmefene and naloxone in emergency
department patients with suspected narcotic overdose. Ann Emerg Med 1999; 34: 42–50.

Karalliedde L, Gauci CA, Carter M. Chemical weapons [letter]. Br Med J 1991; 302: 474.
Kassa J. A comparison of the therapeutic efficacy of conventional and modern oximes against

supralethal doses of highly toxic organophosphates in mice. Acta Med (Hradec Králové) 1998;
41: 19–21.

Kassa J, Cabal J. A comparison of the efficacy of actylcholinesterase reactivators against
cyclohexyl methylphosphonofluoridate (GF agent) by in vitro and in vivo methods. Pharmacol
Toxicol 1999; 84: 41–5.

Keeler JR, Hurst CG, Dunn MA. Pyridostigmine used as a nerve agent pretreatment under
wartime conditions. J Am Med Assoc 1991; 266: 693–5.

King LE, Rees RS. Dapsone treatment of a brown recluse bite. J Am Med Assoc 1983; 250: 648.
Klotz U, Ziegler G, Reimann IW. Pharmacokinetics of the selective benzodiazepine antagonist

Ro15–1788 in man. Eur J Clin Pharmacol 1984; 27: 115–17.



� 215

PHARMACOLOGICAL ANTIDOTES

�
C

H
A

P
T

E
R

 5
�

Klotz U, Ziegler G, Ludwig L, Reimann IW. Pharmacodynamic interaction between midazolam
and a specific benzodiazepine antagonist in humans. J Clin Pharmacol 1985; 25: 400–6.

Knudsen K, Heath A. Effects of self-poisoning with maprotilene. Br Med J 1984; 288: 601–3.
Kolb ME, Horne ML, Martz R. Dantrolene in human malignant hyperthermia. A multicenter

study. Anesthesiology 1982; 56: 254–62.
Kondritzer AA, Zvirblis P, Goodman A, Paplanus SH. Blood plasma levels and elimination of

salts of 2-PAM in man after oral administration. J Pharm Sci 1968; 57: 1142–6.
Konieczko KM, Jones JG, Barrowcliffe MP, Jordan C, Altman DG. Antagonism of morphine-

induced respiratory depression with nalmefene. Br J Anaesth 1988; 61: 318–23.
Korstanje C, Jonkman FAM, van Kemenade JE, van Zweiten PA. Bay K 8644, a calcium entry

promoter, as an antidote in verapamil intoxication in rabbits. Arch Int Pharmacodyn Ther 1987;
287: 109–19.

Krentz AJ, Boyle PJ, Justice KM, Wright AD, Schade DS. Successful treatment of severe refractory
sulfonylurea-induced hypoglycemia with octreotide. Diabet Care 1993; 16: 184–6.

Kurtz PH. Pralidoxime in the treatment of carbamate intoxication. Am J Emerg Med 1990; 8: 68–
70.
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6.1 CARBON MONOXIDE POISONING

6.1.1 Introduction

The commonest source of inhaled carbon monoxide is incomplete combustion of fossil
fuels. In smoke inhalation, however, poisoning may be due to hydrogen sulphide and
cyanide as well as carbon monoxide. In smoke inhalation it is important also to look for
inhalational injury of the upper airways (Lee-Chiong, 1999).

Carbon monoxide combines with haemoglobin (Hb) to form carboxyhaemoglobin
(COHb ), the affinity of haemoglobin for carbon monoxide being 200–300 times greater
than that for oxygen. Thus the oxygen-carrying capacity of the blood is reduced and its
ability to deliver oxygen to tissues is also decreased as the oxyhaemoglobin dissociation
curve is moved to the left. In addition, carbon monoxide inhibits cytochrome aa3 and,
thereby, cellular respiration. These effects are compounded by the haemodynamic
actions of carbon monoxide, which lead to reduced cardiac output and tissue perfusion.

COHb readily dissociates when the partial pressure of carbon monoxide in the
alveolar air falls below that in venous blood. This situation may be induced by reducing
the partial pressure of inspired carbon monoxide to zero and increasing the inspired
oxygen tension (Gréhant, 1901a,b; Figure 6.1). The blood half-life of carbon monoxide
is 250 min when breathing air at normal atmospheric pressure (760 mmHg), but this
can be reduced to 50 min if 100 % oxygen is given (Pace et al., 1950). However, the
blood carbon monoxide half-life can range up to 164 min in poisoned patients given
100 % oxygen at atmospheric pressure (normobaric oxygen, NBO) (Levasseur et al.,
1996). Administration of hyperbaric oxygen (HBO) (2.5 atm) reduces the half-life to
22 min and also increases the amount of oxygen dissolved in blood from 0.25 to 3.8
vol % – this is sufficient to allow tissue respiration to proceed in the absence of
oxygenated Hb. Hyperbaric oxygen also dissociates CO from cytochrome aa3 and other
tissue cytochromes.

Figure 6.1: Effect of breathing 90 % (v/v) oxygen (atmospheric pressure) on the elimination of
carbon monoxide in dogs exposed to 1 % (v/v) carbon monoxide, approximately 15 min (Gréhant,
1901a)
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Chronic (subacute) carbon monoxide poisoning may occur as a result of a blocked
flue or incomplete combustion of domestic gas in a poorly ventilated room (Crawford
et al., 1990). Clinical features of poisoning are vague and mimic those of influenza, and
patients and clinicians alike often miss the diagnosis (Maynard and Waller, 1999).
Patients usually recover quickly once the source of exposure is removed.

6.1.2 Antidotal treatment of acute carbon monoxide
poisoning

Oxygen (100 %, delivered at atmospheric pressure) is an effective treatment for acute
carbon monoxide poisoning, and few acutely poisoned patients who survive to reach
hospital, except the elderly or those with pre-existing cardiovascular disease, die.

There have been only five controlled trials of hyperbaric oxygen for the treatment
of acute carbon monoxide poisoning (Raphael et al., 1989; Ducassé et al., 1995; Thom et
al., 1995; Mathieu et al., 1996; Scheinkestel et al., 1999). The results reported range
from apparent benefit to possible harm. The studies are difficult to compare because
the hyperbaric treatments were different, some studies included patients poisoned in
fires and who therefore may have been exposed to additional toxins, and objective end-
points were sometimes lacking. In the one study that suggested a poorer outcome in
those treated with HBO compared with normobaric oxygen, 46 % of patients did not
return for follow-up at 1 month (Scheinkestel et al., 1999). HBO is currently reserved
for those who have been unconscious at any stage since exposure, those with blood
COHb concentrations exceeding 40 % at any time and those with neurological or
psychiatric features suggesting poisoning or patients who are pregnant. However, the
logistical problems posed by transporting such patients to hyperbaric facilities remain.
There is no evidence that treatment with hyperbaric oxygen would be of any value
after chronic carbon monoxide poisoning.

Neuropsychiatric disturbances (intellectual deterioration, memory impairment,
cerebral, cerebellar and mid-brain damage such as Parkinsonism and akinetic mutism,
and personality changes such as irritability, violence, verbal aggressiveness,
impulsiveness, and moodiness) may develop some weeks after apparent full recovery
(Howard et al., 1987; Meert et al., 1998). At present, there are no reliable prognostic
indicators of who will develop sequelae, though those who have been unconscious for a
prolonged period of time may be at greater risk (Mathieu et al., 1985). Hyperbaric
oxygen may reduce the incidence of neuropsychiatric sequelae from c. 40 % to less
than 5 % (Mathieu et al., 1985; Myers et al., 1985; Norkool and Kirkpatrick, 1985),
although this remains controversial (Weaver, 1999).

Neuropsychiatric sequelae after acute carbon monoxide poisoning may be due to
oxidative damage as oxygen tension rises in a reducing environment (hypoxic/
reperfusion injury) (Werner et al., 1985). Such sequelae develop in about 12 % of victims,
especially those over 50 years of age. Of these, 80 % will have made a full recovery
within a year. Howard et al. (1987) reported a 26-year-old man who had been comatose
for 35 h after carbon monoxide poisoning (COHb 25 % at 40 h); his cardiorespiratory
status was satisfactory and he was not given supplemental oxygen. The patient remained
unrousable for 4 days, but on day 5 he was given i.v. NAC (300 mg/kg over 20 h) together
with the xanthine oxidase inhibitor allopurinol (100 mg/d, 14 days) via a nasogastric
tube. Signs of recovery were apparent 8 h post infusion; a full recovery was made over
3 weeks. There was no evidence of neurological or mental impairment on examination
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6 weeks later. Meert et al. (1998) reported that delayed neurological toxicity was
uncommon in children treated with normobaric oxygen. If neuropsychiatric sequelae
from acute carbon monoxide poisoning are due to hypoxic/reperfusion injury, then
cytoprotective therapy before, or very soon after, oxygen is administered is worthy of
consideration. However, the role of NAC and allopurinol, and of other antioxidants
such as vitamin E (tocopherol) is unproven.

6.2 CYANIDE POISONING

6.2.1 Introduction

In acute cyanide poisoning, the time of onset of toxicity is determined by the nature of
the cyanide involved (hydrogen cyanide acts most rapidly, followed by inorganic cyanides,
aliphatic organocyanides such as acetonitrile and acrylonitrile, and finally cyanogenic
glycosides). Exposure may occur by inhalation, skin absorption or ingestion. Hydrogen
cyanide has been employed as a chemical warfare agent (section 7.2). Ingestion of
cyanide salts may lead to inhalation of hydrogen cyanide as the gas may be released on
contact with acidic stomach contents.

Cyanide toxicity is attributed to cellular hypoxia resulting from inhibition of
cytochrome oxidase, the terminal member of the mitochondrial electron transport
chain, as cyanide ion binds strongly to the haem moiety of the enzyme. In the presence
of cyanide, electron transfer is blocked, the tricarboxylic acid cycle is paralysed and
cellular respiration ceases. There are endogenous cyanide detoxification mechanisms,
the most important of which involve sulphur transferases, namely rhodanese and
mercaptopyruvate:cyanide sulphur transferase (Marrs, 1988). Although these systems
have low capacity and are thus easily overwhelmed, contrary to popular belief most
patients do not die within minutes of ingestion of inorganic salts such as sodium cyanide
and therefore antidote administration, in addition to general supportive measures, is
a rational option (Hall et al., 1987). Antidotes to cyanide ion or hydrogen cyanide
(‘cyanide’) are often given in combination (Ballantyne and Marrs, 1987; Meredith et al.,
1993).

After exposure to hydrogen cyanide, the most important measure is removal from
continued exposure, although care must be taken to minimize the risk of poisoning in
those attending the victim. After ingestion of cyanide salts, limiting further absorption
from the stomach by giving activated charcoal is a rational option. There is no evidence
that gastric lavage alters outcome after ingestion of cyanide salts. Similarly, there is no
evidence that the traditional oral cyanide antidote prepared by freshly mixing solutions
A (ferrous sulphate and citric acid) and B (sodium carbonate) to give a ‘ferrous
hydroxide’ suspension has any clinical value. This mixture was administered with the
aim of forming non-toxic iron/cyanide complexes with cyanide in the stomach but also
acted sometimes as an emetic.

As suggested above, cyanide forms stable complexes of low toxicity with certain
metal ions, notably iron(III) and cobalt(III), but also silver(II), palladium(II),
chromium(III) and rhodium(III) (Hambright, 1986). Two metal ions have been exploited
as cyanide antidotes: iron (in methaemoglobin) and cobalt. Although stroma-free
methaemoglobin has been used to treat cyanide poisoning in animal studies, in humans
methaemoglobin is invariably generated in vivo by giving nitrites (amyl nitrite and/or
sodium nitrite) or 4-dimethylaminophenol (DMAP) (Marrs, 1988). Aminophenones,
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particularly 4-aminopropiophenone (para-aminopropiophenone, PAPP), can form
methaemoglobin in vivo and have also been studied in cyanide poisoning. However,
because they require metabolic activation before beginning to produce methaemoglobin
it is thought that aminophenones make better prophylactic than post-poisoning
treatments for cyanide poisoning. These and some similar compounds are considered
further in section 7.2.

In summary, rational antidotal therapy of cyanide poisoning aims to (i) by-pass the
toxic effects of cyanide by giving oxygen; (ii) form methaemoglobin to chelate cyanide
by giving nitrites or DMAP; (iii) give dicobalt edetate or hydroxocobalamin to chelate
cyanide; and (iv) maintain or enhance metabolic detoxification of cyanide by giving
sodium thiosulphate, a source of sulphane sulphur needed as a substrate by rhodanese.
Many of these compounds have drawbacks; thiosulphate is thought to work slowly,
nitrites reduce the oxygen-carrying capacity of the blood and dicobalt edetate has
unwanted cardiovascular effects. Recent research suggests that with nitrites
vasodilatation is a more important mechanism of action than methaemoglobin
formation. Because some antidotes (hydroxocobalamin, oxygen, and sodium
thiosulphate excepted) are potentially dangerous in the absence of cyanide ion, the
diagnosis of serious cyanide poisoning must be beyond doubt before antidotal treatment
is commenced. As a minimum requirement, the consciousness of the patient should be
impaired before antidotal treatment is considered.

Many other compounds have been studied as potential cyanide antidotes (Marrs,
1988). These include D-glucose, sodium pyruvate (Schwartz et al., 1979), α-ketoglutaric
acid, glyceraldehyde and pyridoxal 5′-phosphate (Keniston et al., 1987) as well as a
number of drugs such as etomidate, naloxone (Leung et al., 1984) and meclofenoxate
(centrophenoxine) (Rump and Edelwejn, 1968). However, not one of these compounds
has been used clinically to treat cyanide poisoning.

Antidotal treatment of cyanide poisoning

• Cyanide toxicity is attributed to cellular hypoxia due to inhibition of
cytochrome oxidase

• Electron transfer is blocked, the tricarboxylic acid cycle paralysed and cellular
respiration ceases

• Antidotal therapy aims to:
– by-pass toxic effects: give oxygen
– form methaemoglobin: give nitrites (may act via vasodilatation) or DMAP
– form cobalt complex: give dicobalt edetate or hydroxocobalamin (vitamin

B12a)
– enhance metabolism: give sodium thiosulphate

6.2.2 Oxygen

It appears possible to by-pass the toxicity of cyanide by giving 100 % oxygen (atmospheric
pressure), the action of which is probably synergistic with that of other cyanide antidotes.
Although in serious cyanide poisoning cytochrome oxidase is inhibited and tissue
utilization of oxygen prevented, animal experiments suggest that inhibition of
cytochrome oxidase is prevented, and recovery accelerated, in the presence of oxygen
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(Wirth, 1937; Gordh and Norberg, 1947; Way et al., 1966; Takano et al., 1980).
Administration of high-flow oxygen [at least 60 % (v/v) inspired oxygen through a high-
flow mask] may also be valuable when methaemoglobin-forming cyanide antidotes
(nitrites or DMAP) have been given, or if co-exposure to carbon monoxide has occurred.
Administration of sodium nitrite and sodium thiosulphate in combination has been
reported in five smoke inhalation victims with combined carbon monoxide and cyanide
intoxication (mean blood cyanide concentration 1.62 mg/L). These patients also received
hyperbaric oxygen – one patient died (Hart et al., 1985).

6.2.3 Methaemoglobin formation

Methaemoglobin (oxidized haemoglobin) contains iron in the ferric [iron(III), Fe3+]
rather than the ferrous [iron(II), Fe2+] state. Cyanide has a low affinity for haemoglobin,
but combines with methaemoglobin to form cyanmethaemoglobin. Almost 40 % of the
haemoglobin in the body may be converted to methaemoglobin without clinically
significant effects. This represents about 300 g haemoglobin or 1 g iron, which
theoretically could chelate 500 mg cyanide ion. Two main groups of methaemoglobin-
forming substances have been studied as cyanide antidotes: nitrites and aminophenols.
Normally methaemoglobin is reduced to haemoglobin by methaemoglobin reductase,
which reduces methaemoglobin concentrations by about 8 % per hour in adults, so
that chemically induced methaemoglobinaemia is a temporary phenomenon. This
means that the presence of methaemoglobin, and hence the binding of cyanide, is of
limited duration. Although there is an endogenous system for the detoxication of
cyanide, this does not have sufficient capacity to produce adequate detoxication of
cyanide before methaemoglobinaemia is reversed. Thus, a second antidote such as a
cobalt-containing compound or sodium thiosulphate is thought to be necessary.

Patients suffering from smoke inhalation and combined carbon monoxide and cyanide
intoxication should not be given sodium nitrite unless they are to be treated with high-
flow or hyperbaric oxygen. For this reason, alternative antidotal therapy (sodium
thiosulphate and/or a cobalt-containing compound) may be preferred. Patients with
G-6-PDH deficiency are at particular risk from sodium nitrite because of the risk of
severe haemolysis. Patients with hereditary methaemoglobinaemia will attain
proportionately higher concentrations of methaemoglobin than other patients given
similar doses of nitrites, and methaemoglobinaemia greater than 40 % should not be
allowed to develop. Note that commonly used methods for measuring methaemoglobin
measure cyanmethaemoglobin as haemoglobin. This will give a falsely optimistic
impression of the fraction of haemoglobin that is available to carry oxygen.

Treatment of excess methaemoglobinaemia during the management of cyanide
intoxication is controversial. Administration of either methylthioninium chloride or
tolonium chloride (section 4.13.2) is sometimes recommended, but this will merely
convert cyanmethaemoglobin to haemoglobin with concomitant release of cyanide.

Methylthioninium chloride has itself been investigated as a potential cyanide antidote
as it was thought that i.v. injection of the drug quickly generated methaemoglobin in
vivo. However, Nadler et al. (1934) found that 50 mL of a 1 % (w/v) solution i.v. produced
less than 10 % methaemoglobinaemia in volunteers. Nevertheless, methylthioninium
chloride does appear to have exerted slight but significant effects in antagonizing
cyanide toxicity in a number of animal studies (Smith, 1969a). There have also been a
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few reports of dramatic clinical improvement in serious cyanide poisoning. In two
patients who had ingested at least 1 g potassium cyanide, methylthioninium chloride
apparently produced prompt clinical improvement and complete recovery, even though
both patients were unconscious and one was apnoeic. In a further patient who was
thought to have ingested 6.5 g potassium cyanide, the drug was again successful (Geiger,
1932, 1933). Even Chen and Rose (1956) reported a patient who did not respond to
nitrite-thiosulphate but responded dramatically to methylthioninium chloride.
Nevertheless, methylthioninium chloride is not now considered a viable cyanide
antidote.

6.2.3.1 Nitrites

Organic nitrites such as ‘amyl nitrite’, principally isoamyl nitrite (isopentyl nitrite, 2-
methylbutyl nitrite), and inorganic nitrites, sodium nitrite (NaNO2) for example,
produce methaemoglobin in vivo and have been used as antidotes in cyanide poisoning
for many years. Amyl nitrite was the first nitrite used to antagonize cyanide intoxication
(Pedigo, 1888), the drug being given by inhalation. Sodium nitrite (CAS 7632-00-0)
was introduced in the early 1930s (Chen et al., 1933a–c), the rationale being that amyl
nitrite could be inhaled while sodium nitrite was being prepared for i.v. administration.
There is some disagreement about how much methemoglobin amyl nitrite is capable
of producing in humans (Paulet, 1954). However, it seems clear that only c. 5 %
methaemoglobinaemia can be achieved before profound hypotension and bradycardia
occur.

There are three reasons to doubt the traditional rationale, i.e. methaemoglobin
formation, for the use of nitrites in cyanide poisoning. Firstly, the antidotal effect of
nitrite is very rapid, whereas nitrite-generated methaemoglobin formation is relatively
slow (Way, 1984). Secondly, when comparable degrees of methaemoglobinaemia were
induced in mice by DMAP, hydroxylamine, or sodium nitrite, cyanide toxicity was better
antagonized following sodium nitrite administration (Kruszyna et al., 1982). Thirdly,
following pretreatment with methylthioninium chloride (to prevent significant
methaemoglobinaemia) the efficacy of sodium nitrite in mice was unchanged (Holmes
and Way, 1982). These studies strongly suggest that methaemoglobin formation by
nitrites plays a minimal role, if any, in the treatment of cyanide poisoning.

Sodium nitrite causes relaxation of vascular smooth muscle in vitro (Kruszyna et al.,
1985), and both amyl nitrite and sodium nitrite are potent vasodilators in man (Baskin
et al., 1996). It has been suggested, therefore, that vasodilatation with improved
myocardial capillary blood flow may underlie the antidotal efficacy of these agents
(Way et al., 1987). In this regard, it is noteworthy that chlorpromazine and
phenoxybenzamine, both of which have α-adrenoceptor blocking activity, potentiate
the antidotal effects of sodium thiosulphate in the treatment of cyanide toxicity
(Burrows and Way, 1976; Way and Burrows, 1976; Vick and Froehlich, 1985).

The efficacy of sodium nitrite as a cyanide antidote is not known with certainty,
although a protective effect in rats fed potassium cyanide has been described (Odunuga
and Adenuga, 1997). Only one case of acute cyanide poisoning treated with sodium
nitrite alone has been reported (Meredith et al., 1993). Many other patients have received
sodium nitrite and sodium thiosulphate, or amyl nitrite and sodium nitrite plus sodium
thiosulphate. In other cases, sodium nitrite has been administered in combination with
sodium thiosulphate, methylthioninium chloride, dicobalt edetate and hydroxo-
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cobalamin. Animal studies show clear evidence of synergism between sodium nitrite
and sodium thiosulphate (Meredith et al., 1993) as well as with oxygen (Way et al.,
1972).

Sodium nitrite is rapidly absorbed following oral administration. Some 60 % of
absorbed nitrite ion is metabolized while the rest is excreted unchanged in urine.
Although nitrite ion disappears from blood quickly, little is known about its fate.
Injection of 400 and 600 mg sodium nitrite i.v. in humans produced peak
methaemoglobinaemia of 10.1 % and 17.5 % respectively (Meredith et al., 1993).

Sodium nitrite is administered i.v. in an initial adult dose of 300 mg [10 mL of a 3 %
(w/v) solution over 3–5 min], usually followed by sodium thiosulphate. Hypotension
may occur and is best prevented by diluting the solution with 0.9 % (w/v) sodium chloride
and infusing the drug over 20 min. The rate of infusion may be increased if hypotension
does not develop. The average paediatric dose is 0.33 mL/kg of a 3 % (w/v) solution
(about 10 mg/kg); if anaemia is suspected, a reduced dose should be calculated
(Meredith et al., 1993). In both adults and children, the dose (one-half the initial amount)
may be repeated after 30 min if clinical improvement is judged inadequate. Excessive
methaemoglobinaemia may occur (van Heijst et al., 1987), especially when larger than
recommended doses are administered to children. Blood methaemoglobin should be
monitored whenever possible to avoid this occurrence, particularly if repeat doses are
contemplated.

6.2.3.2 Dimethylaminophenol

It has been known since 1913 that aminophenols generate methaemoglobin in vivo
(Heubner, 1913), this property generally being considered disadvantageous. Kiese and
Weger (1969) showed that dimethylaminophenol [4-(N,N-dimethylamino)phenol;
dimetamfenol; DMAP; CAS 619-60-3; Figure 6.2] generated methaemoglobin more
rapidly than the other compounds studied. Indeed, DMAP generates methaemoglobin
more quickly and in larger amounts than either amyl nitrite or sodium nitrite (Klimmek
et al., 1979; Bhattacharya, 1995). In Germany, DMAP has been adopted as the treatment
of choice for cyanide poisoning in combination with sodium thiosulphate (Jacobs, 1984).

The mechanism by which DMAP catalyses methaemoglobin formation is complex
(Meredith et al., 1993). DMAP auto-oxidizes readily at pH values above 7, and this
process is accelerated in the presence of oxyhaemoglobin. The product of auto-oxidation
is the 4-(N,N-dimethylamino)phenoxyl radical (Figure 6.2), which in turn rapidly decays
to form DMAP and N,N-dimethylquinoneimine (Eyer et al., 1975). In the absence of
oxyhaemoglobin, this product may hydrolyse to 1,4-benzoquinone and dimethylamine,
or to formaldehyde and N-methyl-4-aminophenol, and in turn the 1,4-benzoquinone
may react with dimethylamine or with N-methyl-4-aminophenol to form 2-N-substituted
quinone derivatives (Eyer et al., 1974).

The autocatalytic formation of the phenoxyl radical, which is responsible for the
oxidation of ferrohaemoglobin to methaemoglobin (ferrihaemoglobin), is terminated
by binding of N,N-dimethylquinoneimine to thiol groups of haemoglobin and to GSH
in erythrocytes (Eyer and Kampffmeyer, 1978; Eyer and Lengfelder, 1984). Subsequent
metabolism of the DMAP–glutathione conjugate within the erythrocyte in man and in
dog yields S,S-(2-dimethylamino-5-hydroxy-1,3-phenylene)bis-glutathione and S,S,S-
(2-dimethylamino-5-hydroxy-1,3,4-phenylene)tris-glutathione (Eyer and Kiese, 1976;
Jansco et al., 1981). This is excreted into plasma (Eckert and Eyer, 1986), and subsequent



ANTIDOTES TO CO, CYANIDE AND HYDROGEN SULPHIDE

230 �

renal metabolism yields S,S,S-(2-dimethylamino-5-hydroxy-1,3,4-phenylene)tris-
cysteine, which is excreted in urine. Most of a dose of DMAP is, however, excreted in
urine as conjugates with D-glucuronate and with sulphate (Eyer and Gaber, 1978; Jansco
et al., 1981; Klimmek et al., 1983).

The dose of DMAP recommended in cyanide poisoning in man is 3–5 mg/kg, which
oxidizes 30–50 % of the body’s haemoglobin to methaemoglobin (Meredith et al., 1993).
Some 50 % of the methaemoglobin to be formed is present within 1–2 min, and the

Figure 6.2: Schematic of the catalytic production of methaemoglobin by 4,4′-dimethyl-
aminophenol (DMAP) via formation of the corresponding phenoxyl radical/quinoneimine, and
the subsequent detoxification of the quinoneimine. Tris-(GS)-DMAP = S,S,S-(2-dimethylamino-
5-hydroxy-1,3,4-phenylene)tris-glutathione; tris-(Cys)-DMAP = S,S,S-(2-dimethylamino-5-
hydroxy-1,3,4-phenylene)tris-cysteine.
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process is complete within 5–10 min. However, most clinicians remain cautious about
using DMAP. There is poor dose–response curve reproducibility, attributed to genetic
haemoglobin anomalies, which may lead to very high circulating amounts of
methaemoglobin after even a single dose of DMAP (Meredith et al., 1993). The need to
monitor blood methaemoglobin after the administration of DMAP is often stressed
(van Dijk et al., 1987; van Heijst et al., 1987). Children are at particular risk of excessive
methaemoglobin formation because of a comparative lack of methaemoglobin reductase
activity.

Another complication observed after DMAP administration is haemolysis (van Heijst
et al., 1987), and in animals a Heinz-body anaemia has been noted (Marrs et al., 1984).
Nephrotoxicity has also been observed in animals (Szinicz, 1984). DMAP is mutagenic
in V79 (Chinese hamster) cells in vitro (Meredith et al., 1993). The preferred route of
administration of DMAP is i.v. because when given i.m. (for example by an auto-injector)
it may cause local pain and swelling with fever (Klimmek et al., 1983).

6.2.4 Cobalt-containing compounds

It has long been known that cyanide ion forms stable complexes with cobalt ions (Antal,
1894; Spenzer, 1895). Cobalticyanides and cobaltocyanides are relatively non-toxic,
with LD50 values in the region of 1 g/kg. Cobalt salts were considered too toxic to use
clinically, but Mushett et al. (1952) showed that hydroxocobalamin (vitamin B12a) could
be used to treat cyanide poisoning in experimental animals. Paulet (1960) studied the
antidotal efficacy and toxicity of various other cobalt salts and complexes in cyanide
poisoning. He concluded that dicobalt edetate was the most satisfactory cyanide
antidote. The combination of sodium nitrite and sodium thiosulphate was superseded
by dicobalt edetate in the UK and France on the basis of animal studies that showed
the cobalt compound to be more effective and to have a better therapeutic index (Paulet,
1961; Terzic and Milosevic, 1963). Other cobalt salts (chloride, acetate, glutamate,
gluconate) and complexes (cobalt histidine, cobamide) have also been studied as
potential cyanide antidotes (Marrs, 1987), but not used clinically. Use of sodium
cobaltinitrite is a further potential option – this compound can form methaemoglobin
as well as providing a source of cobalt ion (Smith, 1969b, 1970).

Figure 6.3: Molecular formula of dicobalt edetate (dicobalt ethylenediaminetetra-acetate,
dicobalt EDTA)
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6.2.4.1 Dicobalt edetate

Dicobalt edetate (dicobalt ethylenediamine-N,N,N′,N′-tetra-acetate; dicobalt EDTA;
CAS 36499-65-7; Figure 6.3) is now the treatment of choice in the UK for serious
cyanide poisoning from all routes of exposure. Dicobalt edetate reacts with cyanide
ion to form cobalticyanide [Co(CN)6] and monocobalt EDTA, both of which are excreted
in urine within 24 h (Hillman et al., 1974). Dicobalt edetate has a higher affinity for
cyanide ion than cytochrome oxidase and thus will reverse cyanide-induced inhibition
of respiration (Nagler et al., 1978). Dicobalt edetate is excreted unchanged in urine in
the absence of cyanide ion.

If the patient is thought to be at risk from cyanide toxicity, 600 mg dicobalt edetate
should be given i.v. over 1–5 min depending on the patient’s condition. A further 300 mg
i.v. may be given if the initial response is minimal. The response to dicobalt edetate is
rapid, comatose patients generally recovering consciousness within minutes.
Electroencephalogram (EEG) abnormalities and oxygen consumption are also
normalized. Concomitant administration of glucose (50 mL, 500 g/L D-glucose) has
been recommended to mitigate dicobalt edetate toxicity (Meredith et al., 1993).

Dicobalt edetate must not be given to patients who are not suffering from potentially
serious cyanide poisoning. Immediate adverse reactions to dicobalt edetate may include
vomiting, tachycardia, severe hypotension, vasodilation, chest pain, restlessness,
sweating and flushing and facial oedema, especially in periorbital areas, tongue, lips
and neck. These effects mostly last for 0.1–3 h; oedema normally resolves within 24 h.
Severe facial and pulmonary oedema after dicobalt edetate which resolved slowly over
36 h has been reported in one patient (Dodds and McKnight, 1985). Collapse and
convulsions occur rarely. Delayed responses (up to 2 days post treatment) may include
facial flushing, nervousness, coarse tremor of the fingers and headache, all of which

Figure 6.4: Structural formulae of hydroxocobalamin (vitamin B12a) and cyanocobalamin
(vitamin B12)
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resolve in a few days (Nagler et al., 1978). In the absence of cyanide adverse effects are
more severe hence the need to confirm severe cyanide poisoning before giving the
drug (Bryson, 1978, 1987; McKiernan, 1980).

6.2.4.2 Hydroxocobalamin

Hydroxocobalamin [α-(5,6-dimethylbenzimidazolyl)hydroxocobamide; vitamin B12a
(Co3+); CAS 13422-51-0; Figure 6.4] is normally present in minute quantities in humans
and plays an essential role as coenzyme B12 (cobamamide) once it is activated in the
liver. Normally a minor route of cyanide metabolism is reaction with hydroxocobalamin
to form cyanocobalamin (vitamin B12). Hydroxocobalamin detoxifies cyanides in
foodstuffs, etc., but endogenous supplies quickly become exhausted in cyanide poisoning.

Hydroxocobalamin is an effective antidote to cyanide in vitro (Riou et al., 1990). When
used as an exogenous antidote in cyanide poisoning, hydroxocobalamin has little in
the way of secondary effects, a rapid onset of action and does not reduce blood oxygen
transport. Comparative efficacy with other cyanide antidotes has not been evaluated
fully, but during an infusion of potassium cyanide (0.1 mg kg–1 min–1), a 50 mg/kg bolus
of hydroxocobalamin, followed by infusion of 100 mg kg–1 h–1, was less effective than
thiosulphate in reversing toxicity in dogs (Ivankovitch et al., 1980). The optimum use
of hydroxocobalamin is in acute cyanide intoxication, when rapidity of action and
absence of side-effects are of value. No toxicity has been observed even when massive
doses have been given to guinea pigs (Posner et al., 1976). At therapeutic doses in dogs,
no haemodynamic effects were observed, but above 140 mg/kg there was a moderate
negative inotropic effect (Riou et al., 1991). The injection of hydroxocobalamin is often
associated with a rose coloration of skin and urine. Anaphylaxis has been reported
after 1-mg doses of hydroxocobalamin i.m. (James and Warin, 1971), but impurities in
the preparations used may have been responsible.

One mole of hydroxocobalamin can theoretically inactivate one mole of cyanide ion
(relative formula mass 26.0) via an essentially irreversible reaction (Mushett et al.,
1952), but the hydroxocobalamin molecule is much bigger (relative formula mass
1346.4), and thus relatively high doses (w/w) of hydroxocobalamin are needed to treat
serious cyanide poisoning (Brouard et al., 1987). Up to 60–70 % of a dose of
hydroxocobalamin may be used in chelating cyanide ion (Friedberg et al., 1965). The
reaction of hydroxocobalamin with cyanide is more rapid if the blood pH is acidic, and
this is often the case in cyanide poisoning (Reenstra and Jenks, 1979; Marques et al.,
1988). Hydroxocobalamin infusion is incompatible with reducing agents such as
saccharose, sorbitol and ascorbate (Frost et al., 1952). Hydroxocobalamin reacts with
thiosulphate, and thus the two compounds should be administered at the very least 1
min apart (Evans, 1964). Hydroxocobalamin forms complexes with nitroprusside that
prolong activity at vascular muscle (Hewick et al., 1987).

Use of the 1 g/L solution commonly used to treat pernicious anaemia is impractical
in cyanide poisoning – several litres would have to be infused into each patient (Brouard
et al., 1987). Nevertheless, cyanide poisoning has been treated successfully with
hydroxocobalamin in France in combination with sodium nitrite, sodium thiosulphate,
methylthioninium chloride and dicobalt edetate. In the USA, hydroxocobalamin has
been used to treat cyanide toxicity arising from infusion of sodium nitroprusside
(Cottrell et al., 1978). Hydroxocobalamin (5 g i.v.) may be capable of binding all available
cyanide up to a blood cyanide concentration of approximately 1 mg/L (40 µmol/L)
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(Demedts et al., 1995; Houeto et al., 1995) and may be able to inactivate intracellular
cyanide (Astier and Baud, 1996). Concentrated hydroxocobalamin solutions (5 % w/v,
i.e. 5 g in 100 mL) are now becoming more readily available in Europe and the USA.
The dose for an adult is 5 g i.v. over 10 min. In some countries, France for example,
hydroxocobalamin is combined with thiosulphate in a cyanide antidote kit.
Hydroxocobalamin crosses the blood–brain barrier rapidly (Worm-Petersen and Poulsen,
1961). Hydroxocobalamin is rapidly filtered from the plasma by the kidney and tubular
reabsorption is negligible, i.e. it behaves just like inulin (Weeke, 1968). The
pharmacokinetics of hydroxocobalamin in smoke inhalation victims have been described
previously (Houeto et al., 1996).

6.2.5 Sulphane sulphur donors

The major route of detoxification of cyanide in vivo is conversion to thiocyanate (Figure
6.5). This reaction requires a source of sulphane sulphur (a divalent sulphur atom
bonded to another sulphur atom) and it is catalysed by the sulphane transferases
rhodanese (thiosulphate:cyanide sulphur transferase, EC 2.8.1.1) and mercapto-
pyruvate:cyanide sulphur transferase (EC 2.8.1.2) (Isom and Johnson, 1987). Rhodanese
was isolated and named by K. Lang (1933a,b) – Rhodanid is German for thiocyanate.
Rhodanese is distributed widely in the body, notably in hepatic mitochondria.
Mercaptopyruvate:cyanide sulphur transferase is also widely distributed and is found
throughout cells, notably in erythrocytes, liver and kidney.

It seems likely that there is a physiological pool of sulphane sulphur that can act as
a source of sulphur for cyanide detoxification (Westley et al., 1983; Way, 1984; Westley,
1988). Thiosulphate can act as a source of sulphane sulphur, but is probably not
important normally – sulphane sulphur may also be derived from L-cysteine via
mercaptopyruvate, which can then react with its sulphur transferase. The various forms
of sulphane sulphur are interconverted by rhodanese and are thought to circulate bound
to albumin. NAC may act as an antidote in acute acrylonitrile poisoning by acting as a
source of L-cysteine thence sulphane sulphur (Benz et al., 1990; section 4.16.2).

Sodium thiosulphate (sodium hyposulphite; Na2S2O3) is used as an antidote in
poisoning due to sulphur mustard and nitrogen mustards (section 7.5.2), bromate,
chlorate, bromine, iodine, cisplatin and certain drugs [dactinomycin, mechlorethamine
(nitrogen mustard), mitomycin] when extravasated (Dorr, 1990; Meredith et al., 1993).
However, its principal use is in cyanide poisoning. Use of sodium thiosulphate in cyanide
poisoning was first suggested by S. Lang (1895). Combination therapy with sodium

Figure 6.5: Metabolic detoxification of cyanide (EC 2.1.8.2 = 3-mercaptopyruvate:cyanide
sulphurtransferase)
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nitrite and sodium thiosulphate was introduced in the 1930s as a result of the work of
Chen et al. (1933a–c, 1934) and of Hug (1933, 1934). This combination is sometimes
referred to as the ‘classical therapy’ for cyanide poisoning. A notable feature, in
experimental studies, is the marked synergy between sodium nitrite and sodium
thiosulphate (Table 6.1).

In the presence of high concentrations of cyanide ion the availability of thiosulphate
appears to be a rate-limiting factor in the conversion of cyanide to thiocyanate by
rhodanese. Pharmacokinetic studies in volunteers suggest that the total extracellular
thiosulphate content of a 70-kg man is about 125 mg (Ivankovich et al., 1983). Rhodanese
is present in tissues in large amounts, has a high turnover rate, and catalyses a reaction
that, in the case of cyanide, is essentially irreversible. Unfortunately, rhodanese is
localized in mitochondria and thiosulphate is thought to penetrate cell membranes
slowly, even though a mechanism that transports thiosulphate in rat liver mitochondria
has been described (Crompton et al., 1974). Thiosulphate has therefore been assumed
to be slow-acting in cyanide poisoning, and has thus always been used in conjunction
with other agents that were thought to act more rapidly.

On the other hand, several studies (Ivankovich et al., 1980; Krapez et al., 1981) have
indicated that thiosulphate can act very rapidly in cyanide poisoning. Sylvester et al.
(1983) undertook a pharmacokinetic analysis of cyanide distribution and metabolism,
with and without sodium thiosulphate, in mongrel dogs. The mechanism of thiosulphate
protection appeared to be due to extremely rapid formation of thiocyanate in the central
compartment, thereby limiting the amount of cyanide distributed to tissues.
Thiosulphate increased the rate of conversion of cyanide to thiocyanate over 30-fold.
These observations are in accord with the sulphane sulphur hypothesis regarding the
mechanism of action of thiosulphate (Westley et al., 1983).

Thiosulphate is absorbed poorly after oral administration and is thus normally given
i.v. Ivankovich et al. (1983) studied the available thiosulphate pool and the
pharmacokinetics of administered thiosulphate in volunteers. The mean plasma
thiosulphate concentration in 26 healthy volunteers was 11.3 ± 1.1 mg/L and the mean

TABLE 6.1
Effect of different treatments on outcome in dogs poisoned with sodium cyanide (Chen
et al., 1934). MLD = minimum lethal dose

Number of MLDs of sodium
Medication cyanide required to kill

None �

Nitrogylcerine �

Methylthioninium chloride ���

Sodium thiosulphate ����

Sodium tetrathionate ����

Amyl nitrite �����

Sodium nitrite �����

Methylthioninium chloride and sodium tetrathionate �������

Amyl nitrite and sodium thiosulphate �����������

Sodium nitrite and sodium tetrathionate ��������������

Sodium nitrite and sodium thiosulphate �����������������
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urine concentration was 2.8 ± 0.2 mg/L (n = 24). After i.v. injection of 150 mg/kg
thiosulphate to five normal male volunteers, the peak plasma thiosulphate concentration
was 1,012 ± 89 mg/L at 5 min. The half-life of the distribution phase was 23 min, and
that of the elimination phase 182 min. The VD was 0.15 L/kg. Urine concentration,
clearance and the rate of thiosulphate excretion increased markedly after injection.
At 3 h, the total amount excreted was 42.6 % ± 3.5 % of the injected dose; at 18 h it
was 47.4 % ± 2.4 %. Similar findings were reported in eight cancer patients given
thiosulphate by i.v. infusion over 6 h (Shea et al., 1984). ‘Therapeutic’ doses of
thiosulphate therefore elevate the thiosulphate plasma concentration about 100 times,
and this may facilitate penetration into cells to allow detoxification of cyanide by
rhodanese. Renal excretion is largely by glomerular filtration, although tubular
transport may also take place (Sörbo, 1972).

Sodium thiosulphate

CAS registry number 7772-98-7
Relative formula mass (anhydrous) 158.1
pKa 1.6
Oral absorption Poor
Plasma half-life (h) c. 3
Volume of distribution (L/kg) 0.15

Sodium thiosulphate has the advantage over other cyanide antidotes (oxygen and
hydroxocobalamin excepted) in that it is essentially non-toxic. While it has most often
been used in conjunction with sodium nitrite, it is likely in the future to be used with
dicobalt edetate or hydroxocobalamin for the treatment of serious cyanide toxicity.
Sodium thiosulphate has been most often used as a single cyanide antidote in the context
of sodium nitroprusside infusions for hypertension. In these circumstances, concomitant
infusion of thiosulphate prevents cyanide accumulation (Schultz et al., 1979; Schulz et
1982), although (less desirably) it may also be given as a bolus once cyanide has
accumulated (Perschau et al., 1977).

Together with oxygen and necessary supportive therapy, sodium thiosulphate alone
is probably adequate treatment for mild to moderate cyanide poisoning. The adult
dose is 12.5 g [25 mL of a 50 % (w/v) solution] or 150–200 mg/kg i.v. over 10–15 min.
Additional doses may be required depending on the clinical course. Children appear to
require a larger initial dose (300–500 mg/kg). To prevent cyanide intoxication during
sodium nitroprusside therapy, sodium thiosulphate should be given by simultaneous
i.v. infusion in a dose 5–6 times (w/w) that of sodium nitroprusside (Schulz et al., 1979,
Schulz et al., 1982; Johanning et al., 1995). In these circumstances it is possible to calculate
the appropriate dose of sodium thiosulphate based on the rate of formation of cyanide
during sodium nitroprusside therapy.

The adverse effects of sodium thiosulphate are mild. Rapid injection of a
hyperosmolar sodium thiosulphate solution has caused nausea and vomiting (Ivankovich
et al., 1983). Hypotension has also been reported, perhaps due to the formation of
thiocyanate or due to the hyperosmolar nature of the solution (Meredith et al., 1993).
Other side-effects attributed to excessive thiocyanate production are nausea, headache
and disorientation.
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Attempts have been made to improve upon the perceived slow onset of action of
sodium thiosulphate by using other sulphane sulphur donors such as sodium
ethanethiosulphonate and sodium propanethiosulphonate. By comparison with sodium
thiosulphate any superiority observed has been small, but combined with i.v.
administration of exogenous sulphur transferases (rhodanese from bovine heart or
bacteria, or β-mercaptopyruvate:cyanide sulphur transferase) greater advantage was
seen (Frankenberg, 1980). Despite their superiority in animal studies, none of these
alternative sulphane sulphur donors have been used clinically. Disulphanedisulphonic
acid (tetrathionic acid; thioperoxydisulphuric acid; CAS 13760-29-7; Figure 6.6) (Baskin
and Kikby, 1990) and 3-mercaptopyruvate (CAS 2464-23-5) (Way et al., 1985) have also
been suggested for use in cyanide poisoning. Some more complex sources of sulphane
sulphur have been suggested recently (Baskin et al., 1999).

6.2.6 Summary

Table 6.2 gives recommended antidotal treatment for cyanide poisoning in different
locations. Oxygen (100 %) should be given in all suspected cases of cyanide poisoning
together with cardiorespiratory support as appropriate. If the diagnosis is unequivocal,
and especially if the patient is unconscious, give dicobalt edetate, 600 mg i.v. over 1
min, followed by 300 mg i.v. if recovery does not occur within 1 min. Alternatively, give
10 mL of 3 % sodium nitrite (300 mg) i.v. over 5–20 min, followed by 50 mL 25 % sodium
thiosulphate (12.5 g) over 10 min. Amyl nitrite (0.2–0.4 mL) administered via an Ambu
bag with 100 % oxygen or one ampoule (0.3 mL) on a cloth inhaled for 30 s in each
minute (new ampoule every 3 min, maximum six ampoules) may be used as first aid
treatment prior to arrival at a facility where other antidotes are available, but is unlikely
to be efficacious alone.

TABLE 6.2
Summary of cyanide antidotes used clinically

Place of use Antidote

Industry Amyl nitrite
Ambulance Amyl nitrite; oxygen (100 %)
A&E and/or ITU Oxygen (100 %); nitrites or DMAP; dicobalt edetate

(Kelocyanor)a or hydroxocobalamin; sodium thiosulphate

Note
aNot to be used unless diagnosis of poisoning with cyanide is certain

Figure 6.6: Structural formula of disulphanedisulphonic acid
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6.3 HYDROGEN SULPHIDE POISONING

Hydrogen sulphide is an extremely toxic gas. Fortunately, acute poisoning with this
agent is relatively rare. If a victim is found in time then removal from the contaminated
atmosphere is usually efficacious in bringing about recovery, and thus clinical experience
with antidotal treatment is very limited. Nevertheless, it appears possible to by-pass
the toxicity of hydrogen sulphide as well as that of cyanide by giving oxygen. Secondly,
sodium nitrite (section 6.2.3.1) has also been advocated in hydrogen sulphide poisoning
and in poisoning with other sulphides as sulphide is an even more potent inhibitor of
cytochrome oxidase than cyanide (Nicholls, 1975; Smith et al., 1977) and also binds to
ferric iron in methaemoglobin. In animal models, sodium nitrite is effective in
ameliorating the toxicity of sulphides (Scheler and Kabisch, 1963; Smith, 1969a).
However, Beck et al. (1981) have suggested that in the presence of oxygen the
sulphmethaemoglobin complex is short-lived and leads directly to the oxidation of
sulphide by molecular oxygen. Thus, nitrite might only be effective in the first few
minutes after hydrogen sulphide exposure.
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7.1 INTRODUCTION

On 22 April 1915, the German army launched a massive chlorine gas cloud attack at
Ypres, France. Some 5,000 Allied troops died and a further 15,000 became casualties.
Subsequently, both sides strove not only to find new, more effective chemical warfare
agents for a range of purposes (Table 7.1) and to devise improved methods of deploying
them on the battlefield, but also to develop and mass produce means whereby their
own forces could be provided with some protection against chemical attack. In addition,
methods of treating casualties were continually scrutinized with the aim of not only
minimizing suffering, but also speeding the return of casualties to their units.

An activated charcoal filter was at the heart of the British small box respirator and
animal respirators that were introduced in response to the use of chlorine in 1915.
With entry of the USA into the war in 1917, it was found that charcoal derived from
red cedar or other conifers was a good adsorbent for chlorine and phosgene but provided
little protection against chloropicrin. Charcoal from coconuts was more effective – a
factory set up in the Philippines had 1,000 tons in stock in early 1919. Charcoal made
from other nuts was also an effective adsorbent for a range of compounds. In Germany,
denied overseas resources by blockade, it had been found that impregnating softwood
with zinc chloride before heating produced an effective adsorbent (Moore, 1987).

Massive preparations for chemical warfare were made before and during World War
II. Sulphur mustard was used in quantity by Italy in Ethiopia in 1935–6 and by Japan in
China, but the substances available were not released in Europe, except perhaps in
anger in very small quantity or by accident (83 people died and some 500 were seriously
injured in Bari, Italy, in December 1943 when, during an air raid, the ammunition ship
John Harvey exploded, releasing large quantities of sulphur mustard into the harbour).
This was despite the fact that in Germany a new class of volatile organophosphorus
(OP) acetylcholinesterase (AChE) inhibitors were developed (Table 7.1) and some
compounds, notably tabun, were produced in large quantity (some 12,000 tons were
seized by the Allies in 1945, the human lethal dose being thought to be c. 1 mg).

Since 1945 chemical warfare agents have been used sporadically, notably in the Iran–
Iraq war in the 1980s, when sulphur mustard and an OP nerve agent, probably tabun,
were used extensively. In addition to use in warfare, terrorist actions, such as the release
of an OP on the Tokyo subway, and accidental exposure, such as that experienced by at
least 23 Baltic fisherman in 1984 resulting from sulphur mustard from shells caught in
nets (Aasted et al., 1987) – some 50,000 tons of German chemical warfare munitions
were dropped into the Baltic by Allied forces at the end of World War II – provide
examples whereby human exposure to chemical warfare agents continues to this day.
Finally, mention must also be made of a related class of agents, so-called tear gases or
riot control agents, some of which were used in gas attacks in World War I. Later
variants (notably CS) continue to be employed at times of civil unrest.

Of course many chemical warfare agents or related compounds are used in industry.
Phosgene, for example, is commonly used as a synthetic intermediate, whereas
chloropicrin has been used as a soil fumigant. Thus, human exposure from accidental
or deliberate release of such compounds is always a possibility. Sulphur mustard has
even been used to treat psoriasis. Although prevention of poisoning remains the first
line of defence against industrial chemicals and chemical warfare agents alike, such
measures may not be always either practicable or totally effective.



TABLE 7.1
Some chemical warfare and riot control agents

Code Name Formula

World War I and II chemical agents
AC (French 4) Hydrogen cyanide (prussic acid) HCN
BA Bromoacetone CH3COCH2Br
BBC 70 % CA/30 %

phenylacetonitrile

BZ 3-Quinuclidinyl benzoate

CA Camite C6H5CHBrCN
(phenylbromoacetonitrile)

CBR Arsenic trichloride/CG
CG (D-stoff) Phosgene COCl2

CK Cyanogen chloride CNCl
CX Phosgene oxime Cl2CNOH
DA (Clark I) Diphenylchloroarsine (C6H5)2AsCl
DC (CDA; Clark II) Diphenylcyanoarsine (C6H5)2AsCN

DM Adamsite (10-chloro-5,
10-dihydrophenarsazine)

DP Diphosgene ClCOOCCl3

ED Ethyldichloroarsine C2H5AsCl2

H (HD, HS, Sulphur mustard (mustard, ClCH2CH2SCH2CH2Cl
LOST, BB) mustard gas)

HL 37–50 % H/50–63 % L
HN-1 Nitrogen mustard (ClCH2CH2)2NC2H5

HN-2 Nitrogen mustard (ClCH2CH2)2NCH3

HN-3 Nitrogen mustard (ClCH2CH2)3N
HT 60 % H/40 % T
L (M-1) Lewisite ClCH=CHAsCl2

MD Methyldichloroarsine CH3AsCl2

NC 80 % PS/20 % tin(IV) chloride
PD Phenyldichloroarsine C6H5AsCl2

PG 75 % PS/25 % CG
PS Chloropicrin (Klop) Cl3CNO2

Q Sesquimustard Cl(CH2)2S(CH2)2S(CH2)2Cl
SA Arsine AsH3

SK (KSK) Ethyl iodoacetate ICH2COOC2H5

T Bis[2-(2-chloroethylthio) Cl(CH2)2S(CH2)2O(CH2)2S(CH2)2Cl
ethyl]ether

VN Vincennite (50 % AC/30 %
arsenic trichloride/16 %
tin(IV) chloride/5 %
chloroform)

Z Disulphur decafluoride F5SSF5



Code Name Formula

OP nerve agents
GA Tabun (ethyl-N,N-dimethyl

phosphoramidocyanidate)

GB Sarin (isopropylmethyl
phosphonofluoridate)

GD Soman (pinacolylmethyl
phosphonofluoridate)

GE Isopropylethyl
phosphonofluoridate

GF Cyclosarin (cyclohexylmethyl
phosphonofluoridate)

VEa O-Ethyl-S-[2-(diethylamino)
ethyl]ethyl phosphonothioate

VGa O,O-Diethyl-S-[2-
(diethylamino)ethyl]
phosphorothioate

VMa O-Ethyl-S-[2-(diethylamino)
ethyl] methyl
phosphonothioate

VXa O-Ethyl-S-[2-(diisopropylamino)
ethyl]methyl
phosphonothioate

Riot control agents
CN 2-Chloroacetophenone

CS 2-Chlorobenzilidene
malononitrile

CR Dibenz(b,f)-1,4-oxazepine

Note
a Sometimes referred to as A or F agents.
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Battlefield antidotes to hydrogen cyanide, OP nerve agents, phosgene and sulphur
mustard are discussed below. The development of OP nerve agents especially prompted
much research into pharmacological protection against these agents as well as antidotal
treatment of casualties. However, the treatment of poisoning with OP nerve agents
has clearly much in common with the treatment of OP pesticide poisoning (section
5.9). Similarly, the treatment of cyanide poisoning is discussed extensively in section
6.2, while the use of dimercaprol and other sulphydryl-containing compounds to treat
poisoning with organoarsenicals is also discussed briefly in section 2.2.

7.2 HYDROGEN CYANIDE

Hydrogen cyanide, used either alone or as a mixture with other poisons (Vincennite,
Table 7.1), was not thought particularly effective when used as a chemical warfare
agent during World War I, primarily because it is easily dispersed. However, the
possibility of future use in chemical warfare remains. Of course, cyanide poisoning
may also occur as a result of industrial accident, occupational exposure, deliberate
self-poisoning and in a range of other circumstances.

It is important to be realistic about the efficacy of cyanide antidotes, used in the
field, against hydrogen cyanide deployed as a chemical warfare agent. Most antidotes
to cyanide (section 6.2) have been developed for use in civilian practice, which commonly
involves ingestion of cyanide salts such as sodium cyanide. By comparison, hydrogen
cyanide is very rapidly absorbed when inhaled. Moreover, blood cyanide concentrations
start to fall when hydrogen cyanide exposure ceases and, therefore, if the dose of
hydrogen cyanide has not proved fatal, and if there is no further exposure, the casualty
will usually recover without antidotal treatment (Marrs et al., 1996). On the other
hand, if potentially lethal blood cyanide concentrations have been attained, antidotal
treatment would have to be instituted within a minute or two in order to have any
chance of success.

For many years it was believed that oxygen had no role in treating cyanide poisoning.
It was thought that the blood was fully oxygenated in cyanide poisoning and it was
oxygen utilization that was interrupted. However, a number of experimental studies
have suggested that this view might be wrong, and nowadays oxygen is recommended
as a component of the first-line treatment of cyanide poisoning (section 6.2.2).

A large number of compounds have been studied as antidotes for cyanide, and several
have been introduced into clinical practice with varying degrees of success (section
6.2). The antidotal regimes use the principle of enhanced enzymic detoxification (e.g.
administration of sodium thiosulphate) and enhanced binding of cyanide to heavy
metals, such as cobalt or iron, the latter in the form of endogenous methaemoglobin
generated from haemoglobin using, for example, sodium nitrite or 4-dimethyl-
aminophenol (DMAP), although nitrites (sodium nitrite, amyl nitrite) may act simply
as vasodilators. All the antidotes in clinical use have been shown to be effective in
experimental animals. However, the relatively poor clinical results obtained probably
reflect the difficulty of treating poisoning of rapid onset that is rarely seen in clinical
practice.

With the exception of amyl nitrite and oxygen, all cyanide antidotes have to be
administered i.v., generally in large (> 10 mL) volumes. On a battlefield this is not
likely to be practicable, as the attendant and the casualty would probably be wearing
full chemical/biological protective equipment. At a first aid post it might be possible to
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administer other cyanide antidotes, but this might well be too late. As a result, the
possibility of administering cyanide antidotes such as hydroxylamine hydrochloride,
DMAP or sodium nitrite i.m. has been studied (Vick and von Bredow, 1996).

7.2.1 Prophylaxis against cyanide poisoning

Because of the potential difficulties with field treatment of hydrogen cyanide poisoning
as discussed above, the possibility of prophylaxis against cyanide poisoning has been
studied. Bright (1987) concluded that an orally active drug with a long duration of
activity and low toxicity would be required. One group of compounds that has been
studied with this application in mind is the aminophenones. These substances are
methaemoglobin formers, superficially similar to the aminophenols, but their
mechanism of action is rather different. The proximate methaemoglobin former with
4-aminopropiophenone (para-aminopropiophenone, PAPP; CAS 70-69-9) is N-hydroxyl-
aminopropiophenone (Graffe et al., 1964; Marrs et al., 1991). Oxidation of Fe2+ to Fe3+

in haemoglobin is accompanied by conversion of the hydroxylaminopropiophenone to
the nitroso derivative, which is reduced, in the erythrocyte, back to the hydroxy-
aminopropiophenone by NADPH, thus setting up a catalytic cycle (Figure 7.1). A
methaemoglobinaemia of 12–15 %, generated by PAPP, was effective against the
sublethal effects of a dose of about the LD50 of hydrogen cyanide. PAPP is thought to
show promise as a prophylactic agent because of its long half-life (Bright and Marrs,
1986).

Other compounds have been studied as candidate prophylactic cyanide antidotes,
including long-chain aminophenones such as 4-aminooctanoylphenone (Bright, 1987)
and 8-aminoquinoline derivatives (Steinhaus et al., 1990). Combined sodium nitrite/
hydroxylamine prophylaxis has also been suggested (Bhattacharya et al., 1993).

Figure 7.1: Suggested mechanism of methaemoglobin production by 4-aminopropiophenone
(PAPP)
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7.3 ORGANOPHOSPHORUS NERVE AGENTS

The standard treatment for OP nerve agent poisoning, as with OP insecticide poisoning,
is combination therapy with atropine, or another anticholinergic drug, and an oxime
enzyme reactivator such as pralidoxime or obidoxime (Marrs et al., 1991; Bismuth et
al., 1992; Heath and Meredith, 1992). This combination has been evaluated in numerous
studies and, in animals, can ensure survival of many multiples of lethal doses of nerve
agents. A CNS depressant, such as diazepam, further increases survival in animal studies
and has specific effects in humans in the management of convulsions and muscle
fasciculations (Sellström, 1992).

7.3.1 Use of atropine

Atropine (section 5.3) is a muscarinic cholinergic antagonist. It has little effect at
nicotinic sites such as autonomic ganglia and almost none at the neuromuscular
junction. The efficacy of atropine in treating OP poisoning has been studied in a variety
of experimental animals, often in combination with other drugs, usually oximes, and
also in conjunction with diazepam and pyridostigmine pretreatment. It is often said
that these drugs act synergistically, but that is a generalization (Marrs et al., 1996). It
is important to institute treatment of OP nerve agent poisoning as soon as possible.
The initial dose of atropine should be 2 mg i.v., and this should be repeated at 15-min
intervals. Reversal of bradycardia and drying of salivary secretions are the most useful
clinical signs for assessing the adequacy of atropinization. In severe OP poisoning,
very large doses of atropine may be needed.

Casualties overdosed with atropine may experience hallucinations and delirium,
and care is necessary in the use of atropine in hot climates because the drug interferes
with sweating. Atropine may also interfere with bladder function.

Atropine eyedrops have proved more useful in OP nerve agent poisoning than in OP
pesticide poisoning, presumably because of the route-specific effects of OPs of high
vapour pressure, such as miosis and ciliary muscle paralysis; these can be distressing
and painful (Nozaki and Aikawa, 1995).

7.3.2 Use of oximes

Oximes (section 5.9.2) hasten the reactivation of the phosphorylated or phosphonylated
complex formed when OP nerve agents react with AChE, thereby reactivating the
enzyme. There are some national differences in the oxime favoured. Clinicians in
France, the UK and the USA all favour the monopyridinium oxime, pralidoxime,
although the pralidoxime salts used differ. In France, the methylsulphate is preferred,
in the UK the mesilate (methanesulphonate) and in the USA the chloride. The
methiodide is also described in some pharmacopoeias. Pralidoxime is a quaternary
ammonium compound, and thus fully ionized at all pH values, and therefore pralidoxime
bioavailability from formulations using the different salts should be similar.
Nevertheless, the product literature reveals disconcerting differences in the doses
advocated in terms of pralidoxime itself (Anonymous, 1986, 1987). German clinicians
favour obidoxime, a bispyridinium oxime that, unlike pralidoxime, is effective against
tabun but which is possibly hepatotoxic (section 5.9.2). The Hagedorn oximes, especially
HI-6 and HLö-7 (Table 5.1), are attractive options as they have some activity against
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nearly all OP nerve agents, including tabun and GF (Worek et al., 1998a,b; Kassa and
Cabal, 1999). Indeed, on the basis of animal studies, HLö-7 comes near to being a
universal antidote against OPs (section 5.9.2).

The most serious gap in the efficacy of combinations of atropine and oximes is in
poisoning by soman, in which case ageing, that is monoalkylation of the phosphonylated
AChE complex, renders oximes ineffective. Although ageing of the inhibited enzyme
is a potential problem with all OP anticholinesterases if treatment is delayed, ageing
with soman occurs with a half-life of a few minutes. Some studies of newer oximes such
as HI-6 and HLö-7 (Bismuth et al., 1992; Kassa, 1995; Worek et al., 1997; Kassa and
Bajgar, 1998; Worek et al., 1998b) have shown some indication of efficacy in the
peripheral nervous system, but the usefulness of these oximes in the field is not well
established. There have been several approaches to the problem of the treatment of
soman poisoning, including prophylaxis with carbamates such as pyridostigmine or
physostigmine (as discussed below), the injection of cholinesterase itself and the use
of antibodies to soman and other nerve agents (Inns and Marrs, 1992; Ci et al., 1995;
Liao and Rong, 1995). A range of quinuclidinium–imidazolium compounds (Figure
7.2) have also been synthesized and investigated as to their effects on soman poisoning
in mice (Simeon-Rudolf et al., 1998). The rationale for this approach was that some
ligands bind to the allosteric site adjacent to the catalytic site of AChE (section 5.9.2),
thereby providing protection to the catalytic site.

As discussed above, pralidoxime, but not obidoxime, seems to be ineffective in tabun
poisoning. The reason for this is not connected to ageing, but may be due to the fact
that the nitrogen atom bonded to the phosphorus atom causes the phosphorus in the
phosphonylated enzyme to be less prone to nucleophilic attack as a result of electron
donation (Bismuth et al., 1992).

Figure 7.2: Structures of some quinuclidinium–imidazolium compounds investigated as possible
protective agents against OP poisoning (Simeon-Rudolf et al., 1998). I, 3-Oxo-1-methyl-
quinuclidinium; II, 2-hydroxyiminomethyl-1,3-dimethylimidazolium; III, 3-oxo-1-[3-(2-hydroxy-
iminomethyl-3-methyl-1-imidazolio)propyl]quinuclidinium; IV, 3-oxo-1-[3-(2-hydroxy-
iminomethyl-3-methyl-1-imidazolio)-2-oxapropyl]quinuclidinium
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7.3.3 Use of central nervous system depressants

The third component of the standard treatment of OP poisoning, including poisoning
with OP nerve agents, is the use of CNS depressants, usually diazepam (Sellström,
1992). Diazepam was introduced primarily on a symptomatic basis to counteract
convulsions. It also has a beneficial action on muscle fasciculations. There is evidence
that in animals the combination of an oxime, atropine and diazepam is considerably
superior to the individual drugs alone against the lethal effects of OP nerve agents
(Inns and Leadbeater, 1983).

Other CNS depressants have been suggested for use in treating OP poisoning,
including other benzodiazepines (clonazepam, midazolam), barbiturates (pheno-
barbitone, pentobarbitone) and phenytoin.

7.3.4 Use of enzymes

A number of workers have studied the possible use of AChE or butyrylcholinesterase
as treatment for, or prophylaxis against, OP nerve agent poisoning. Reports of recent
developments in this area, including the use of modified human enzyme or enzymes
from other sources such as bacteria, can be found in Broomfield et al. (1999), Maxwell
et al. (1999) and Hoskin et al. (1999).

7.3.5 Prophylaxis

One possible answer to the problem of ageing of soman-inhibited AChE is the use of
prophylaxis so that either reactivation takes place before there is time for ageing to
occur or inhibition is prevented. The former approach consists of prophylactic treatment
with oximes; at one time pralidoxime mesylate tablets were issued to British military
forces. More recently, the most widely used approach to the prophylaxis of soman
poisoning has been undertaken using the carbamate drugs physostigmine or
pyridostigmine (Dunn and Sidell, 1989). In military circles these drugs are called OP
pretreatments, as they have no antidotal effect if given after poisoning. These
carbamates react with AChE by carbamylating the active site of the enzyme in a manner
similar to carbamate pesticides (section 5.9.2). However, the carbamylated enzyme
reactivates much more rapidly than the phosphorylated/phosphonylated enzyme, and
no reaction takes place analogous to ageing. Moreover, the carbamylated enzyme is
unavailable for reaction with the OP. It is necessary to ensure that not too large a
proportion of the enzyme is carbamylated: sufficient carbamylation is required to protect
against any OP which may be present, but not so much as to interfere with military
performance.

The action of pyridostigmine, unlike that of physostigmine, is almost entirely
peripheral, but the action of the latter is shorter in duration and it is pyridostigmine
that has generally been adopted for military prophylaxis (Keeler et al., 1991). On the
battlefield, the dose of pyridostigmine bromide is one tablet (30 mg) 8-hourly. After
approximately 24 h the erythrocyte AChE stabilizes at about 20 % inhibited.

A number of animal studies have shown the efficacy of pyridostigmine in protecting
against soman poisoning, generally in combination with post-exposure treatment with
an anticholinergic drug and an oxime, and often diazepam as well (Gordon et al., 1978;
Inns and Leadbeater, 1983; Leadbeater et al., 1985; Anderson et al., 1991). As discussed
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above, the potential problem that carbamate prophylaxis might inactivate sufficient
enzyme to interfere with military performance has been considered. This problem has
been addressed in some small animal studies, and has also been the subject of studies
in primates and in human volunteers (Marrs et al., 1996). A study in marmosets showed
that physostigmine prophylaxis at a dose causing approximately 30 % blood AChE
depression did not affect behavioural parameters, EEG and cortical evoked visual
response. Moreover, the treatment was effective, in combination with post-poisoning
atropine treatment, against the lethal effects of twice the lethal dose of soman
(Philippens et al., 2000).

The first use of pyridostigmine bromide tablets on a large scale as OP nerve agent
prophylaxis took place during the Gulf War and some adverse effects were recorded.
Thus, Sharabi et al. (1991) recorded rhinorrhoea, nausea, abdominal pain and frequency
of micturition. These effects were mostly mild, occurring some 1.6 h after dosing, and
were not associated with AChE depression. Overall, AChE depression of about 20 %
was recorded: 18.8 ± 3.5 in the symptomatic group (n = 9); 19.3 ± 6.6 in the
asymptomatic group (n = 12). On the other hand, pyridostigmine bromide has been
suggested as a possible cause of the so-called Gulf War syndrome (Pennisi, 1996; Haley
et al., 1997a,b; Haley and Kurt 1997; Iowa Persian Gulf Study Group, 1997).

7.4 PHOSGENE

Like sulphur mustard, phosgene (Table 7.1) was developed as a chemical warfare agent
during World War I. It was used first by the German army in December 1915. Phosgene
was the most effective lethal agent used in the Great War, sulphur mustard the most
effective incapacitating agent. These compounds have other similarities: both are
alkylating agents, and in neither case is there a specific and effective antidote. Of
course, there are also differences: phosgene causes pulmonary oedema due to damage
to the gas-exchanging region of the lung and is not a vesicant. Phosgene is the only
compound that (i) has been used in chemical warfare and (ii) is produced on a large
scale and transported in large quantities in peacetime. The risk of an accident involving
many civilian casualties is real (World Health Organization, 1997).

Phosgene weakens the tight junctions between epithelial (type I alveolar) and,
perhaps, endothelial cells of the blood–air barrier in the lung. Once the junctions are
damaged, the permeability of the barrier to water, electrolytes and colloids is increased,
and flooding of the alveoli may follow. Permeability pulmonary oedema (non-cardiogenic
pulmonary oedema) is difficult to treat as no means of restoring the normal permeability
of the barrier is available. Because of this, therapy has been largely supportive, with
rest and supplementary oxygen forming the mainstays (Gilchrist and Matz, 1933).
That rest is important was clearly demonstrated during World War I: men exposed to
phosgene, but apparently unharmed, collapsed with florid pulmonary oedema when
they undertook heavy work (Vedder, 1925). The latent period before adverse effects
appear can last for 24 h after exposure.

Recent studies have shown that phosgene damages F-actin filaments in both
pulmonary artery endothelial cells and bronchial epithelial cells maintained in culture
(Werrlein et al., 1994). This offers an explanation for the increase in barrier permeability
that follows exposure. In addition to disruption of F-actin organization within cells,
disruption of the basal lamina was also recorded. Interestingly, phosgene caused a
phenotypic shift in the cultured airway epithelial cells: the cells developed dendritic
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processes and came to resemble the antigen-presenting cells of the normal airway
epithelium. Whether this change occurs in vivo and, if so, whether it is significant is
unknown. These observations link with that of Gurtner et al. (1992), who showed that
3′,5′-cyclic adenosine monophosphate (cAMP) played a role in maintaining cytoskeletal
structure. Raising concentrations of cAMP might then be a rational way of treating
poisoning with phosgene.

Sciuto et al. (1996a) exposed rabbits to 1500 ppm phosgene. After sacrifice, lungs
were removed and perfused. At about 1 h after exposure to phosgene, dibutyryl(DB)
cAMP was administered either via a pulmonary artery cannula or directly into the
trachea. DBcAMP is known to increase concentrations of cAMP by direct formation of
cAMP as a result of intracellular deacylation, and by inhibition of phosphodiesterase
(DBcAMP is a more effective inhibitor of phosphodiesterase than theophylline). A
significant reduction in both the increase in lung weight (reflecting trans blood–air
barrier leakage) and formation of arachidonic acid-derived mediators of inflammation
was noted in the group treated with DBcAMP compared with the control group. It was
further noted that GSH concentrations were maintained; in fact, the GSH/GSSG ratio
was increased 3.6-fold. It was reported that DBcAMP produced these effects when
given via the trachea – very much reduced effects were produced following dosing via
the vascular perfusate. Perhaps the most remarkable finding of this study was that the
proposed therapy worked when given an hour after exposure to phosgene.

Phosgene exposure is believed to lead to free radical generation in lung tissue. This
may in turn lead to lipid peroxidation. If free radical formation forms a part of the
mechanism by which phosgene damages the lung, then the increase in the GSH/GSSG
ratio reported by Sciuto et al. (1996a) may form part of the mechanism by which DBcAMP
opposes the effects of phosgene. Recent studies have linked free radical formation to
activation of the transcription factor NFκB and thence to the upregulation of production
of inflammatory mediators (Gilmour et al., 1997). Reduced glutathione is an important
antioxidant found in high concentrations in airway lining fluid. If it plays a part in
defending against the effects of phosgene then the administration of aerosolized
antioxidants might also be useful. Furthermore, Sciuto et al. (1995) have shown that
NAC given in the same way as DBcAMP in the work described above, i.e. after exposure
to phosgene, prevented much of the increase in lung weight and the release of
inflammatory mediators seen in control subjects. NAC (section 4.16) is available for
inhalational as well as i.v. and oral use in man and thus might be tried as a treatment
for phosgene poisoning. Sciuto et al. (1996b) have also shown that ibuprofen given after
exposure to phosgene in animal models can reduce the toxic effects of phosgene. This
work follows that of Kennedy et al. (1989, 1990).

The developments described above may represent very important progress in treating
phosgene poisoning.

A drug that has been advocated by some (Stavrakis, 1971), but not by others (Diller,
1978, 1980), in the management of phosgene poisoning is hexamethylenetetramine
(HMT, hexamine, methenamine, Urotropin; CAS 100-97-0; Figure 7.3). This compound
has a long history in the chemical warfare literature. It was discovered in Russia
(Prentiss, 1937) that hexamine could ‘neutralize’ phosgene, and the compound was
used in the PH (phenolate–hexamine) anti-gas helmet issued to British troops in 1916.
Steroids and aminophylline have also been recommended for use in treating phosgene
poisoning. The evidence on the efficacy of steroids is inconclusive: Diller (1978) thought
that a case for their use could be made, whereas Bradley and Unger (1982) took the
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opposite view. The similarity of phosgene-induced pulmonary oedema to the adult
respiratory distress syndrome (ARDS) has encouraged some clinicians to use steroids
in phosgene poisoning. The case for aminophylline, a phosphodiesterase inhibitor, is
strengthened by the work on DBcAMP referred to above. Despite this, clinical efficacy
remains unproven.

Antibiotics should be used to treat pneumonia that may occur following exposure to
phosgene, and prophylactic use immediately on diagnosing phosgene-induced lung
damage has been advocated. Support for such an approach was provided by Selgrade et al.
(1995), who showed in rats that exposure to phosgene leads to impairment of defences
against bacterial challenge.

7.5 VESICANTS

7.5.1 Arsenicals

In contrast to other vesicants, such as sulphur mustard, there is effective and specific
therapy for poisoning with organic arsenicals. Since World War II, dimercaprol (British
anti-lewisite, BAL, 2,3-dimercaptopropanol; section 2.2.4) has been the standard
treatment for poisoning by arsenic compounds, including lewisite as well as other organic
arsenicals (Table 7.1), and would be used on the battlefield. Dimercaprol is thought to
bind to lewisite to form a less toxic compound which can then be excreted (Figure 7.4).

In animals, it has been shown that dimercaprol is able to protect against the effects
of lewisite and reverse the enzyme inhibition produced after exposure to the poison.
Dimercaprol has to be used parenterally, and in systemic lewisite poisoning has to be
given i.m. It was also available as an ointment for use against skin burns, and was used
effectively in treating previously intractable dermatitis contracted from exposure to
Adamsite (10-chloro-5,10-dihydrophenarsazine, DM – Table 7.1) dust (Longcope et al.,
1946). Because it cannot be given by mouth or i.v., dimercaprol is less than ideal as an
antidote. Moreover, the dose is limited by the toxicity of the drug, and i.m. injections of
dimercaprol (the drug is formulated dissolved in groundnut oil and benzyl benzoate is
added as a preservative) are painful (Modell et al., 1946; Sulzberger et al., 1946).

Figure 7.3: Molecular structure of hexamethylenetetramine

Figure 7.4: Proposed reaction of dimercaprol with lewisite
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Furthermore, the fact that it cannot be given i.v. means that administration of a loading
dose is impractical.

The dosage schedule given below has been recommended for use in severe arsenic
poisoning (Parfitt, 1999):

Day 1: 400–800 mg i.m. in divided doses
Days 2–3: 200–400 mg i.m. in divided doses
Days 4–12: 100–200 mg i.m. in divided doses

The range of doses is to allow for variations in the severity of poisoning and in body
weight. The UK Ministry of Defence (1972) suggested doses of 2.5 mg/kg 4-hourly for
four doses, then 2.5 mg/kg twice daily.

Administration is by deep i.m. injection. The injection site should be varied. The
drug may produce unpleasant reactions. Systemic reactions may include headache,
feelings of constriction of the chest, increased blood pressure, tachycardia, nausea and
vomiting. Conjunctivitis, lachrymation, rhinorrhoea, sweating, anxiety and agitation
have also been reported. These effects pass in a few hours. Pain at the injection site
may last for up to 24 h. Despite the potential for adverse effects from dimercaprol,
Klaassen (1996) has emphasized the need to maintain a high plasma dimercaprol
concentration in treating arsenic poisoning so that the rapidly excreted 2:1 complex of
dimercaprol–arsenic should predominate over the 1:1 complex.

Dimercaprol can be used topically. Skin contamination should be treated with
dimercaprol ointment (see above). This should not be used in conjunction with silver
sulfadiazine ointment as dimercaprol will chelate silver (Maynard, 1999). Eye
contamination can be treated by dimercaprol (5–10 % w/v in vegetable oil) instilled
into the conjunctival sac. As the eye is very rapidly damaged by lewisite, this should be
performed as a matter of urgency.

Two water-soluble analogues of dimercaprol, meso-2,3-dimercaptosuccinic acid
(DMSA) and 2,3-dimercapto-1-propanesulphonate (DMPS), have also been studied in
the treatment of poisoning with metal ions (sections 2.2.5 and 2.2.7). These drugs
have two major advantages when compared with dimercaprol: they can be given orally
and their therapeutic ratios are more favourable (in mice DMSA and DMPS are about
20 and 10 times less toxic, respectively, than dimercaprol – Table 2.5). The disadvantages
of dimercaprol largely relate to systemic administration and the water-soluble analogues
are unlikely to be better than dimercaprol ointment.

DMSA and DMPS appear to be effective lewisite antidotes in animal studies. Inns et
al. (1990) have shown that in rabbits poisoned with i.v. lewisite, dimercaprol, DMPS,
and DMSA were equieffective antidotes in molar terms, as would be expected, but
that the water-soluble analogues could be given at higher doses. Inns and Rice (1993)
studied the antidotal efficacy of dimercaprol, DMSA, and DMPS against lewisite applied
to the skin of rabbits and concluded that, at equimolar doses (40 µmol/kg), there was
little difference between the efficacy of dimercaprol, DMPS and DMSA. However, the
low toxicity of DMPS and DMSA enabled their use at higher doses. Protection ratios
(LD50 with treatment/LD50 without treatment) were 13 and 16.9, respectively, for DMPS
and DMSA at a dose of 160 µmol/kg i.m.

In addition to effects on LD50, there appeared to be beneficial activity against the
hepatocellular damage characteristic of lewisite poisoning. There may be further
advantages to using DMSA and DMPS. Aposhian et al. (1984) showed that, in the kidneys
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of mice or in a mouse kidney system in vitro, dimercaprol was less effective than DMPA,
DMPS or DMSA in reversing arsenite inhibition of the pyruvate dehydrogenase complex.
Furthermore, they observed that dimercaprol increased the arsenic content of brains
of rabbits poisoned with sodium arsenite (i.e. mobilized the arsenic in a biologically
disadvantageous direction), whereas DMPS and DMSA did not. It is, however, possible
that the arsenic mobilized was not biologically active.

7.5.2 Sulphur mustard

Sulphur mustard (mustard gas, bis(2-chloroethyl)sulphide, dichlorodiethylsulphide,
H, HD) is a highly reactive, lipophilic, alkylating agent (Marrs et al., 1996). Exposure
to vapour leads to damage to the upper respiratory tract, eyes and skin. Absorption
across these surfaces is followed by damage to rapidly dividing cells throughout the
body, the gut epithelium, the lymphatic system and the bone marrow being particularly
affected. Damage to the bone marrow leads to the marked leucopenia seen in severely
affected casualties (Balali-Mood and Navaeian, 1986). The rapid reaction of the
ethylenesulphonium ion formed by internal rearrangement of sulphur mustard (Figure
7.5) with endogenous nucleophilic molecules leading to the formation of covalent bonds
suggests that finding effective therapeutic agents will be difficult (Lindsay and
Hambrook, 1998).

Employed on a large scale during World War I and in Ethiopia in 1936, sulphur
mustard was used again during the Iran–Iraq war in the mid 1980s (Balali-Mood and
Navaeian, 1986; Balali-Mood et al., 1986). Sulphur mustard casualties from this conflict
were treated in London (Marrs et al., 1996) and in Belgium (Colardyn et al., 1986;

Figure 7.5: Formation of ethylenesulphonium ions by internal rearrangement of sulphur
mustard and subsequent reaction with nucleophilic molecules
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Willems, 1989). Sulphur mustard has considerable potential as a terrorist weapon: it is
comparatively easy to produce and exposure can lead to severe injuries that require
prolonged hospital treatment. As far as is known, sulphur mustard, unlike the OP
nerve agents, has not been used by terrorist groups.

Research in treating sulphur mustard casualties has been sporadic, depending on
the use of the compound in warfare. Research designed to find antidotes to blister-
producing compounds, including sulphur mustard and lewisite (section 7.5.1), carried
out in the UK during World War II led to the discovery of dimercaprol, but this substance
proved ineffective as regards sulphur mustard poisoning (Dixon and Needham, 1946).
More recent work has shed much light on the biochemical toxicity of sulphur mustard
but has done little to either (i) explain the remarkable blistering property of the
compound or (ii) suggest effective antidotes. At present, it seems to be impossible to
reverse the binding of sulphur mustard to key intracellular components, though some
advances have been made in developing substances with potential as prophylactic
compounds. None has yet, to the authors’ knowledge, developed to the stage of being
issued to troops or civilians likely to be asked to deal with sulphur mustard casualties.

Treatment of lesions produced by mustard gas is dealt with below by the organ system
affected. Before treatment is begun, thorough decontamination must be carried out.
This is essential both from the patient’s standpoint and to ensure that medical and
nursing staff are not exposed to vapour emitted from contaminated clothing and skin.
Decontamination of casualties should not be undertaken by anyone unprotected against
the effects of sulphur mustard present either as a liquid or as a vapour. Thus, gloves
(two pairs of standard surgical gloves, changed regularly and disposed of safely) are
essential. Protection of the eyes and respiratory tract by a satisfactory respirator is
desirable, although civilian attendants may not have immediate access to such
equipment. The desirability of working in a well-ventilated area, preferably outdoors,
is obvious. Decontamination may be accomplished by thorough washing with soap and
water. Fuller’s earth has been a standard decontaminant in military circles, but recently
dilute bleach has been preferred and is very effective (Morgan-Jones and Hodgetts,
1996). Checking that casualties have been adequately decontaminated before they are
moved indoors is desirable, but difficult to achieve unless equipment such as the UK
Chemical Agent Monitor is available. It should be noted that the detector can be ‘misled’
by substances other than chemical warfare agents, including harmless substances, and
clinical judgement should be exercised in interpreting positive readings from the
detector.

Details of the management of skin and eye damage are given in Marrs et al. (1996),
and thus only a brief summary is provided here.

7.5.2.1 Skin lesions

Silver sulfadiazine (silver sulphadiazine, Flamazine) (1 % w/w) cream is useful for
preventing infections of damaged areas. Steroid creams such as beclometasone
(beclomethasone) dipropionate (Propaderm) have been used and are of value in
reducing itching, which may be severe. Damaged skin should be treated in the same
way as thermal burns. Management by exposure is probably more effective and less
troublesome than treatment by application of wet dressings. Use of the topical antiseptic
chloramine T (sodium N-chloro-4-methylbenzenesulphonamide; CAS 127-65-1) may
inactivate sulphur mustard (Klimmek et al., 1983; Figure 7.6), but clinical experience
in the use of this agent in sulphur mustard exposure is lacking.
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7.5.2.2 Effects on the respiratory tract

Inhalation of sulphur mustard vapour damages the epithelium of the upper respiratory
tract. Damage seldom extends to the gas exchange part of the lung though alveoli
lying adjacent to small conducting airways may be damaged, presumably by diffusion
of the poison through the wall of the airway. The damaged airway epithelium sloughs
and is expectorated. Cough may be troublesome and retrosternal pain has been
described. Healing is by epithelial regeneration, and experimental work suggests that
inhaled steroids may increase the rate of healing (Calvet et al., 1996). It seems likely
that epithelial regeneration in the airways depends on secretory cells rather than basal
cells. Damage to the epithelium also occurs in asthma, inflammatory mediators being
responsible (Barnes, 1994). Studies of patients suffering from asthma support the
finding that inhaled steroids can enhance airway epithelial repair (Laitinen et al., 1992).

7.5.2.3 Effects on the eye

The urgency with which eye decontamination is required if liquid sulphur mustard has
found its way into the eye cannot be stressed too strongly. Nitrogen mustards (less
likely to be encountered than sulphur mustard) produce even more severe eye damage.
Water or 0.9 % (w/v) sodium chloride should be used, but do not delay while looking for
some fluid other than water! The suggested treatment of sulphur mustard-induced
eye damage is outlined in Table 7.2.

It will be appreciated that a number of different ‘drops’ could be used, and an expert
ophthalmological opinion is needed as soon as possible. Eye damage from sulphur
mustard can lead to long-lasting photophobia and involuntary lachrymation. Years later,
keratitis, leading to blindness, may occur in a minority of cases.

7.5.2.4 Prophylaxis

Sulphur mustard is a very reactive alkylating agent and forms covalent bonds with
nucleophilic moieties. Given this, attempts have been made to develop compounds
that would bind avidly to sulphur mustard and to nitrogen mustards and thus prevent
these compounds attacking key intracellular components. Thiols have been examined

Figure 7.6: Proposed reaction of chloramine T with sulphur mustard (Klimmek et al., 1983)
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in detail as candidate drugs, though none has been shown to be effective if given some
time after exposure (Callaway and Pearce, 1958; Connors et al., 1964; Fasth and Sörbo,
1973; Dorr et al., 1988). In animal models, if the thiol is provided prior to exposure
then some protection has been demonstrated both in vitro and to a lesser extent in vivo.
Early work focused on a thiosulphate/citrate mixture. More recently, GSH (Amir et al.,
1998), cysteine, N-acetylcysteine (NAC) and esters of cysteine (cyclohexyl, cyclopentyl,
isopropyl, methyl) have been considered (Wilde and Upshall, 1994; Langford et al.,
1996) in addition to diisopropylglutathione ester (Lindsay and Hambrook, 1998). Aryl
thiols (2,6-dimethoxybenzenethiol and 2,3,4-trimethoxybenzenethiol) have also been
studied (Langford et al., 1996), as has HMT (Lindsay and Hambrook, 1997; Andrew
and Lindsay, 1998).

The lipophilicity of esters seems to confer some advantage, probably as a result of
more rapid uptake into cells. It is clear that providing a high extracellular concentration
of substances likely to bind rapidly and permanently to sulphur mustard might offer
some degree of protection: such is the part played by the high concentration of GSH in
the lining fluid of the airways and gut (Kosower and Kosower, 1978; Bray and Taylor,
1993; Hiraishi et al., 1994). The role of intracellular GSH is less well understood. It has
been shown that 90 % depletion of intracellular GSH in cultured macrophage/monocytes
(J774 cell line) by buthionine sulphoxamine (BSO) did not cause cell death (Amir et al.,
1998). This is a greater degree of depletion than that caused by a dose of sulphur
mustard that would be lethal to the cell. Raising intracellular GSH concentrations
prior to exposure to sulphur mustard did confer a measure of protection. Taking this
work forward to clinical use presents considerable difficulties. In the civilian setting
prophylaxis has no part to play and will not be discussed further.

One approach that has been suggested but not, as far as is known, tried is the use of
colony-stimulating factors such as granulocyte–macrophage colony-stimulating factor
(GM-CSF) to oppose the effects of sulphur mustard on the bone marrow. The reader is
referred to textbooks of haematology for details of these compounds.

In conclusion, the management of sulphur mustard exposure remains symptomatic:
no specific and effective antidote is available. The lack of a specific antidote for sulphur
mustard poisoning has led to a number of compounds including heparin, atropine,
vitamin E and the vitamin B complex being advocated as therapies. No evidence of
their clinical efficacy has appeared in the western literature. The work of Anguelov et al.
(1996) may be consulted for details of studies in rats and rabbits. A modest level of
protection was achieved when a complex cocktail of drugs was used in prophylaxis.

TABLE 7.2
Treatment of sulphur mustard-induced eye damage

1 Saline irrigation
2 Petroleum jelly (Vaseline) on follicular margins to prevent sticking
3 Potassium ascorbate (10 % w/v) and sodium citrate (10 % w/v) drops alternately every 30

min of the waking day – discontinue as soon as a stable epithelial covering has formed
4 Pain relief

– hyoscine drops (0.25 % w/v) to reduce pain due to spasm of the iris and to prevent
sticking of the iris to the lens

– tetracaine (amethocaine) hydrochloride (0.5 % w/v) drops
5 Chloramphenicol eyedrops to prevent infection
6 Dark glasses to ease photophobia
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8.1 INTRODUCTION

Paraquat (1,1′-dimethyl-4,4′-dipyridinium dichloride; methyl viologen) is available in
more than 100 countries and is sold in concentrated (up to 20 % w/v) form for
professional use and as granules (2.5–8 % w/w) for use in the garden. Occupational
poisoning has occurred by dermal absorption when concentrated spray solutions have
leaked from backpacks, but in general paraquat is poorly absorbed through intact skin
or from the respiratory tract. However, paraquat is sometimes used as a means of
suicide by deliberate ingestion and has a high fatality rate. Deaths have also occurred
from accidental ingestion of concentrates.

Paraquat is rapidly absorbed from the gastrointestinal tract and may become
sequestered in the epithelial alveolar cells in the lung, where it sets up a redox cycle
involving molecular oxygen, resulting in the production of superoxide radical anion
and depletion of intracellular NADPH (Figure 8.1). Detoxification of superoxide by
superoxide dismutase within the cell results in the formation of hydrogen peroxide,
and this in turn may cause further NADPH depletion by reaction with GSH catalysed
by the selenium-containing enzyme glutathione peroxidase. Reduction of ferric iron to
ferrous iron by superoxide and subsequent oxidation to ferric iron by reaction with
hydrogen peroxide (Fenton reaction) can result in the production of hydroxyl radicals,
which are highly reactive and can cause lipid peroxidation, destruction of cell
membranes and ultimately cell death (Figure 8.1).

Clinically, an acute alveolitis develops, causing haemorrhagic pulmonary oedema
or adult respiratory distress syndrome. The lethal dose of paraquat for an adult is
estimated to be 2–4 g; therefore, ingestion of as little as 10–20 mL of a 20 % (w/v)
solution can be fatal. The features of upper gastrointestinal and respiratory tract
damage reflect the corrosive nature of the solution swallowed, whereas the systemic
features depend more on the amount of paraquat ingested. The development of renal
failure compromises the only efficient method of eliminating absorbed paraquat.

Reduction of morbidity and mortality in paraquat poisoning relies at present on
methods designed to prevent absorption. These measures include limiting the supply
of concentrates, the addition of stenching and emetic agents and adequate labelling/
public awareness campaigns. Despite much research into the mechanisms of paraquat
poisoning and its potential treatment, only early gastrointestinal decontamination and
supportive measures have a therapeutic role (Vale et al., 1987). No clinical evidence as
yet supports the use of any antidote in the management of paraquat poisoning.

8.2 INVESTIGATIONS AND PROGNOSIS

The diagnosis of paraquat poisoning is usually made on the basis of a history of ingestion
together with the presence of oral injury. A urine spot test should be performed to
confirm paraquat exposure: 100 mg sodium dithionite should be added to 10 mL of
1 mol/L sodium hydroxide solution, and 1 mL of this mixture is in turn added to 1 mL
urine – an intense royal blue colour (due to the production of paraquat radical cation,
Figure 8.1) indicates the presence of paraquat. A negative test within 4–6 h of exposure
indicates that not enough paraquat has been absorbed to cause toxicity in the lungs in
the ensuing days. Patients who have a positive urine spot test should therefore have a
blood sample taken for plasma paraquat measurement. The prognosis for an individual
who has ingested paraquat can be predicted from a nomogram that relates plasma
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paraquat concentrations up to 24 h after exposure to the probability of survival
(Proudfoot et al., 1979).

8.2.1 Supportive care

In vitro and in vivo activated charcoal absorbs paraquat and is as effective as fuller’s
earth (Gaudreault et al., 1985). The administration of adsorbent as soon as possible
effectively reduces paraquat absorption from the gastrointestinal tract in animal models
(Idid and Lee, 1996), and thus activated charcoal should be given if the patient presents
within 1 h of ingestion. Symptomatic measures include use of antiemetics, mouthwashes
and analgesics and rigorous rehydration to replace gastrointestinal fluid loss.

As the absorption of paraquat peaks at 2 h post ingestion and sequestration of
paraquat into the alveolar epithelial cells occurs within 4 h, any technique designed to

Figure 8.1: Possible mechanisms by which paraquat causes depletion of lung NADPH and cell
death [adapted from Smith (1988)]. Formation of superoxide radical anion is followed by (1–5)
detoxification of superoxide radical anion and associated reactions
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increase elimination of absorbed paraquat must be instituted as soon as possible
(Honoré et al., 1994). Most elimination methods, such as haemoperfusion and
haemodialysis, appear to remove only a very small proportion of absorbed paraquat
(Vale et al., 1977). When renal function is conserved, elimination by the kidney is 3–10
times more efficient than haemoperfusion (Proudfoot et al., 1987). It is therefore possible
that methods for enhancing elimination may prove ineffective.

Palliative care is the best approach in patients with plasma paraquat concentrations
above the ‘survival’ line (Proudfoot et al., 1979). There is a range of treatment options
available for patients whose plasma paraquat concentrations lie below the line, but the
efficacy of the majority of options is unproven. Supplemental oxygen is not given unless
absolutely necessary because of animal evidence of increased severity of pulmonary
damage where the proportion of oxygen in the inspired air (Fio2) is raised (Rhodes et
al., 1976; Fogt and Zilker, 1989). Producing low inspired oxygen concentrations in
patients by increasing the proportion of nitrogen in the air is generally unsuccessful as
the hypoxaemia produced worsens lung oedema, in turn necessitating increase of the
Fio2 (Fogt and Zilker, 1989). Attempts to reduce the extent of lung inflammation and
scarring using radiotherapy are of limited efficacy (Webb et al., 1984; Smith, 1988).
Lung transplantation has been used in a few patients (Matthew et al., 1968; Kamholz et
al., 1984), but without success.

8.3 ANTIDOTAL TREATMENT

Some potential antidotes have shown promise in experimental studies, partly because
they are administered prophylactically or early in the course of poisoning and partly
because of interspecies differences. Antidotes that show promise in rodents, such as
those containing the magnesium ion, which is thought to have an anti-oxidant role in
vivo, sadly do not show the same promise in clinical studies. Clinical efficacy data are
lacking because of heterogeneity of patient populations, the paucity of controlled trials
and numerous confounding variables, and the fact that most patients present after
most of the ingested paraquat has been absorbed.

Most efforts to develop an antidote have been directed towards maintaining or
enhancing detoxification of the superoxide radical (Table 8.1). These have included
administration of superoxide dismutase (Harley et al., 1977; Michelson et al., 1981;
Bateman, 1987), vitamin E (Bus et al., 1977; Redetzki and Wood, 1980; Combs and
Peterson, 1983), ascorbate (Harley et al., 1977; Schvartsman et al., 1984), selenium (as
sodium selenate – Combs and Peterson, 1983), N-acetylcysteine (NAC) (Dawson et al.,
1984; Wegener et al., 1988), riboflavin and niacin (Brown et al., 1981; Schvartsman et
al., 1984), and methylthioninium chloride (Kelner et al., 1988). None of these has been
shown to have a beneficial effect in human poisoning.

The use of the iron chelator deferoxamine (DFO) has been suggested because ferric
iron can catalyse the production of hydoxyl radicals from hydrogen peroxide (Figure
8.1). DFO decreases cytotoxicity of paraquat on alveolar cells in mice, and protects
mice from lethal doses of paraquat (Kohen and Chevion, 1985; Ogino and Awai, 1988;
van der Wal et al., 1990). DFO might act not only by inhibition of paraquat-induced
iron-catalysed free radical generation, but also by inhibiting paraquat uptake by alveolar
type II epithelial cells (van der Wal et al., 1990). DFO seems to be an interesting
therapeutic possibility, but efficacy and optimal dosing regimes have not been evaluated
in humans.



PARAQUAT POISONING

274 �

Others have tried to prevent the accumulation of paraquat in alveolar epithelial
cells via blockage of the polyamine uptake pathway(s). In vitro studies with putrescine
and spermine (Figure 8.2), and also with the cyclic antibiotic valinomycin (Figure 8.3),
have demonstrated competition for uptake (Smith, 1988; Masek and Richards, 1990;
Hoet et al., 1994), but studies in vivo have not shown antidotal effect (Bateman, 1987;
Dunbar et al., 1988; Pond, 1995).

Recently, antibodies from IgG- and IgM-secreting cell lines have been raised in
murine hybridomas and show high selectivity and affinity for paraquat (Bowles et al.,
1988; Johnston et al., 1988). Paraquat-specific antibodies inhibit the uptake of paraquat
by type II alveolar cells from the rat and reduce toxicity (Wright et al., 1987; Chen et al.,
1994). After i.v. injection of 0.1 mg/kg paraquat, the plasma paraquat concentration in
rats pretreated with anti-paraquat antibodies was increased and the amount excreted
in the urine was significantly decreased compared with controls (Nagao et al., 1989).
However, although use of anti-paraquat antibodies succeeded in sequestering paraquat
in the plasma compartment, it could not prevent paraquat from accumulating in tissues
(Nagao et al., 1989). Such in vitro and in vivo studies suggest that, as the concentrations
of paraquat in the lung are not changed, paraquat antibodies neither prevent paraquat
uptake by the lung nor favour its release. More recently a single-chain Fv fragment
specific for paraquat has been produced from hybridoma cells secreting a paraquat-
specific murine monoclonal antibody (Devlin et al., 1995). It remains to be seen if these
paraquat antibodies have different efficacy in vitro and in vivo.

It has been noted that magnesium and/or potassium restriction enhances paraquat
toxicity in rats (Minakata et al., 1998). When activated charcoal and magnesium citrate
were administered concomitantly, the survival rate in mice improved significantly, but
this may be due to catharsis alone and may not be a direct protective effect (Gaudreault

TABLE 8.1
Some suggested antidotal treatments for paraquat poisoning [modified from Hall
(1998)]

N-Acetylcysteine (sections 2.2.8.1 and 4.16) Nitric oxide (CAS 10102-43-9)
Ambroxol (surfactant synthesis inducer; Paraquat-specific antibodies

CAS 18683-91-5)
Ascorbate (vitamin C, section 4.13.1) Putrescine (CAS 110-60-1)
Clofibrate (CAS 637-07-0) Riboflavin (vitamin B2; section 4.14)
Colchicine (CAS 64-86-8) Selenium-containing compounds
Corticosteroids (dexamethasone, Spermine (CAS 71-44-3)

CAS 50-02-2; methylprednisolone,
CAS 83-43-2)

Deferoxamine (desferrioxamine, DFO; Superoxide dismutase (CAS 9054-89-1)
section 2.3)

Hypo-oxygenation Valinomycin (CAS 2001-95-8)
Immunosuppressants (cyclophosphamide; Vitamin E (α-tocopherol; CAS 59-02-9)

CAS 6055-19-2)
Magnesium salts Xanthine oxidase inhibitors
Methylthioninium chloride (methylene blue; Zinc salts (section 4.18)

section 4.13.2)
Niacin (nicotinic acid, CAS 59-67-6)
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et al., 1985). Case reports of the use of magnesium salts in man have appeared (Ochoa
Gomez and Gil Paraiso, 1993), but early results from controlled studies are equivocal
(M Wilks, personal communication, 2000).

Cyclophosphamide and glucocorticoids alter the polymorphonuclear granulocyte
reaction to paraquat and, although high doses of both agents have been used, variable
efficacy has been reported (Addo et al., 1984; Nogué et al., 1989; Perriëns et al., 1992;
Lin et al., 1996, 1999). Cyclophosphamide (1 g/d, 2 days) and methylprednisolone (1 g/d,
3 days) was given as pulse therapy and reported mortality was 25 % versus 70.6 % (Lin
et al., 1996). However, a previous study and a case report of high-dose cyclophosphamide

Figure 8.2: Molecular formulae of paraquat, putrescine and spermine showing geometric
standards of the distance between nitrogen atoms. There is thought to be a paraquat
accumulation receptor on the outside of the alveolar epithelial cell membrane containing two
negatively charged sites more than 0.5 nm apart (actual distance unknown) [adapted from Smith
(1988)]

Figure 8.3: Structural formula of valinomycin
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and dexamethasone in paraquat poisoning indicated that treatment with these drugs
was ineffective (Nogué et al., 1989; Perriëns et al., 1992).

Inhaled nitric oxide has also been suggested for use in the later stages of poisoning
(Köppel et al., 1994; Hall, 1998). One patient treated with fuller’s earth, forced diuresis,
haemofiltration, NAC, methylprednisolone, cyclophosphamide, vitamin E, colchicine
and delayed continuous nitric oxide inhalation survived with return to normal pulmonary
function, despite a predicted chance of survival of only 30 % (Eisenman et al., 1998).
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9.1 INTRODUCTION

Toxicological analyses will often be performed before antidotal treatment is initiated,
either to establish the diagnosis or to confirm the severity of exposure (Table 9.1).
Clearly, normal precautions in sample collection, transport and storage apply, as in
other situations (Flanagan, 1995). Transfusion, for example, will invalidate blood or
plasma drug or poison assays until equilibrium between blood and tissue drug or poison
concentrations has been re-established. Infusion of large amounts of fluid could also
unduly influence sample integrity if the sample were to be collected too close to the
infusion site.

If an antidote is administered before sample collection for toxicological analysis the
possible effect on either the analytical procedure to be used, or on the interpretation
of the results obtained, needs to be considered. Some known or potential problem areas
are discussed below.

It is possible that antidote administration will interfere in certain clinical chemistry
tests. For example, the cyanide antidote hydroxocobalamin (section 6.2.4.2) is thought
to interfere in a number of measurements (Curry et al., 1994; Gourlain et al., 1994) and
N-acetylcysteine interferes in chloride ion assay performed using a silver/silver chloride

TABLE 9.1
Emergency toxicological analyses that may influence antidotal treatment

Plasma concentration
Treatment Poison associated with serious toxicity

1. Protective therapy
N-Acetylcysteine or methionine Paracetamol 200 mg/L at 4 h, 30 mg/L at 16 ha

Ethanol or fomepizole Ethylene glycol 0.5 g/L
Methanol 0.5 g/L

2. Chelation therapy
Deferoxamine Aluminium 50–250 µg/L (serum)

Iron 5 mg/L (serum, children)
8 mg/L (serum, adults)

Edetateb or DMSAc Antimony 200 µg/L (whole blood)
Cadmium 20 µg/L (whole blood)
Lead 600 µg/L (whole blood)

DMSAc or DMPSd Arsenic 50 µg/L (whole blood)e

Bismuth 100 µg/L (whole blood)
Mercury 50 µg/L (whole blood)

3. Active elimination therapy
Prussian Bluef Thallium 50 µg/L (whole blood)

Notes
a100 mg/L at 4 h, 15 mg/L at 16 h for ‘high-risk’ patients (e.g. those treated with anticonvulsants
or rifamipicin, alcoholics, AIDS patients; see Figure 4.22).
bCalcium disodium edetate.
cmeso-Dimercaptosuccinic acid.
dDimercaptopropane sulphonate.
eRecent ingestion of fish or shellfish renders total arsenic measurements uninterpretable.
fPotassium ferrihexacyanoferrate.
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electrode (Bishell et al., 1994). However, detailed consideration of this topic is outside
the scope of the present work.

9.2 N-ACETYLCYSTEINE

N-Acetylcysteine can interfere in some enzyme-based plasma paracetamol assays by
reducing colour formation, leading to underestimation of the paracetamol concentration
(Tarpey and Leonard, 1997; Mayer and Salpeter, 1998; Tyhach, 1999). The magnitude
of the interference reported in the GDS Technology AR1000 paracetamol assay kit, for
example, was much greater at plasma NAC concentrations of 1 g/L (some 30 %
reduction at a paracetamol concentration of 150 mg/L) than at lower NAC
concentrations (Mayer and Salpeter, 1998), but this NAC concentration is similar to
those attained at the start of the i.v. NAC dosage schedule used in the UK (section
4.16.1.4). Accidental NAC overdosage of up to 3.6 times in the initial infusion bag has
been reported (Ferner et al., 1999), hence it would seem possible that NAC
concentrations of 3–4 g/L could be attained in exceptional circumstances. Clearly, if
the plasma paracetamol concentration in individual patients is measured on a sample
obtained before NAC infusion is commenced then this potential problem is obviated,
but it would seem prudent to test methods for this problem before accepting them for
clinical use, especially if manipulation of the specified test conditions is undertaken to
adapt the methods to particular instruments. There are also anecdotal reports of false
positives due to the presence of bilirubin or haemolysis in the GDS method.

9.3 α1-ACID GLYCOPROTEIN

Administration of exogenous α1-acid glycoprotein (AAG) could give rise to raised plasma
concentrations of protein-bound analyte (basic drugs and/or metabolites). Thus
interpretation of analytical results obtained using methods that measure total (free +
protein-bound) drug will be rendered difficult to interpret as regards correlation with
the clinical condition of the patient, and procedures such as in vitro equilibrium dialysis
or ultrafiltration would be required in order to measure non-protein-bound (‘free’)
drug.

9.4 ANTIDIGOXIN Fab ANTIBODY FRAGMENTS

As in the case of α1-acid glycoprotein above, equilibrium dialysis or ultrafiltration is
required to measure free, pharmacologically active digoxin after the administration of
Fab antibody fragments using conventional immunoassays (Gibb et al., 1983; Hursting
et al., 1987). Digestion of the Fab antibody fragment–digoxin complex using a proteolytic
enzyme is also required before measurement of ‘total’ digoxin as the affinity of the Fab

fragment for digoxin may well be similar to or greater than the affinity of the antibody
used in the immunoasay. Using these techniques, it has been shown that plasma free
digoxin falls to almost zero a few minutes after Fab administration, whereas the total
digoxin rises rapidly to values some 20- to 40-fold above pretreatment values. Plasma
digoxin measurements using conventional methodology are not reliable for 1–2 weeks
post treatment (Antman et al., 1990).

Similar considerations would, of course, apply if immunoassays were to be used to
measure other potential analytes (Chapter 3) after antivenin/whole antibody or Fab
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antibody fragment administration. If chromatographic or other conventional analytical
methods were to be used, then again the ‘total’ plasma drug concentration should bear
little relation to the clinical condition of the patient assuming the treatment had been
successful in mobilizing poison from tissues into plasma.

9.5 CHELATING AND OTHER AGENTS USED TO TREAT
POISONING WITH TOXIC METALS

Guidance on interpretation of analytical toxicology results and mass/amount
concentration conversion factors for some metals and trace elements is given in Appendix
4. As with AAG above, administration of a chelating agent should enhance blood or
plasma ‘total’ metal ion concentration, thus rendering any measurement of total metal
ion of limited value as regards assessing the severity of exposure or the efficacy of
treatment. Urinary excretion of total metal ion, however, can still be used as a means of
assessing efficacy and also the need for treatment to be continued. Moreover, as many
chelating agents have short plasma half-lives, blood or plasma metal ion assays can be
used quite quickly after a course of chelation therapy to assess efficacy and the need for
further treatment. Note that administration of oral Prussian Blue (section 2.4.1) does
not invalidate whole-blood or urinary thallium assays as the antidote is not absorbed to
any notable extent.

9.6 CHOLINESTERASE INHIBITORS AND
CHOLINESTERASE REACTIVATORS

Prior administration of cholinesterase inhibitors such as pyridostigmine may
compromise subsequent plasma or red cell cholinesterase assay if this is required to
help assess the severity of poisoning with an OP compound.

Administration of cholinesterase reactivators such as pralidoxime will often reverse
inhibition of plasma cholinesterase and red cell (acetyl)cholinesterase, and this effect
will, of course, be reflected in any measurements of these parameters performed once
the antidote has been given. However, the results may not reflect inhibition of
cholinesterase in central compartments and thus must be interpreted in the light of
the clinical condition of the patient.

9.7 CYANIDE ANTIDOTES

Most methods used to measure blood cyanide rely on liberation of hydrogen cyanide
from an acidified sample. Use of amyl nitrite and sodium nitrite aims to generate
methaemoglobin and thus to increase chelation of cyanide ion in erythrocytes.
Administration of dicobalt edetate or hydroxocobalamin also aims to chelate cyanide
ion in blood. Thus, both procedures aim to enhance blood total cyanide, making
conventional cyanide assay procedures difficult to interpret as regards the severity of
exposure and the progress of treatment. A further complication in cyanide measurement
is that cyanide is unstable in blood and thus special precautions are needed in the
storage and transport of samples if even pretreatment samples are not to be analysed
immediately (Flanagan, 1995).

Note also that commonly used methods for measuring methaemoglobin measure
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cyanmethaemoglobin as haemoglobin. This will give a falsely optimistic impression of
the fraction of haemoglobin that is available to carry oxygen (section 6.2.3).

9.8 FLUMAZENIL

It is possible that commercially available immunoassays designed to detect
benzodiazepines and their metabolites in plasma and urine will also detect flumazenil.
However, Doem and Unger (1988) and Martens et al. (1990) did not observe any such
interference after patients had been given up to 5 mg flumazenil. Flumazenil does not
appear to have been tested for cross-reactivity in the following currently available
benzodiazepine immunoassays: Emit II Plus (Dade Behring), CEDIA (Microgenics)
and DRI (Microgenics). Note that interference tests in commercial benzodiazepine
and other drugs of abuse immunoassays are usually performed using pure compounds
and so the possibility that metabolites will show greater cross-reactivity than parent
compounds must always be borne in mind, even if the parent compound shows little or
no cross-reactivity.

9.9 OPIOID ANTAGONISTS

As with benzodiazepine immunoassays, there is the possibility that commercially
available urine opiate immunoassays will also detect opioid antagonists. Again,
interference tests in commercial opiate drugs of abuse immunoassays are usually
performed using pure compounds and so the possibility that metabolites will show
greater cross-reactivity than parent compounds must always be borne in mind. Table
9.2 gives opioid antagonist cross-reactivity data in some opiate immunoassays that are
currently available.

TABLE 9.2
Cross-reactivity data in some opiate immunoassays

Emit II Plus CEDIA DRI
(Dade Behring)a (Microgenics)b (Microgenics)

Diprenorphine No information No information No information
Nalorphine 90 mg/L (positive Positive reaction at No information

reaction above) 500 mg/L
Nalmefene 20 mg/L No information No information
Naloxone 150 mg/L Positive reaction at No reaction at 100 mg/L

500 mg/L
Naltrexone 1,000 mg/L Positive reaction at No reaction at 1 g/L

500 mg/L

Notes
a No cross-reactivity up to the concentration cited; not tested above this limit except where

stated.
b Concentrations in samples likely to be much lower than 500 mg/L.
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9.10 OXYGEN

Carboxyhaemoglobin (COHb) begins to dissociate once the patient begins to breathe
uncontaminated air. Administration of 100 % oxygen at atmospheric pressure
accelerates this process; hyperbaric oxygen acts even more quickly. It is thus important
that a blood sample for COHb measurement is obtained as soon as possible after CO
exposure if the measurement is to be of any value in helping assess the severity of
poisoning. A further complication in COHb measurement is that carbon monoxide is
unstable in blood, and thus special precautions are needed in sample storage and
transport if the analysis is not to be performed immediately (Flanagan, 1995).

9.11 SODIUM BICARBONATE

Administration of an adequate dose of sodium bicarbonate will promote diffusion of
strongly acidic drugs such as salicylates and chlorophenoxy herbicides from tissues
into plasma if poisoning is serious, and especially if an acidosis was present before
bicarbonate administration (Flanagan et al., 1990; Wax and Hoffman, 1991). Plasma
drug/poison concentrations in samples drawn after bicarbonate administration may
thus bear little relation to the clinical condition of the patient.
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See Appendix 2 and individual sections for details of dose and administration.

Poison Antidote (suggested route of administration)

β-Agonists (e.g. salbutamol) β-Blockers (i.v.) – avoid in asthmatic patients
Aluminium Deferoxamine (i.v.)
Amanita phalloides and some other Benzylpenicillin (i.v.)

Amanita species
Antiarrhythmic agents Sodium bicarbonate (i.v.)
Arsenic Dimercaprol (i.m.), D-penicillamine (oral), DMSA

(oral)
Barium Magnesium sulphate (oral)
Benzodiazepines Flumazenil (i.v.) – seldom used in practice
β-Blockers (e.g. propranolol) Glucagon (i.v.), adrenaline (i.v.), isoprenaline (i.v.)
Calcium channel blockers Calcium chloride or calcium gluconate (i.v.);

[glucagon (i.v.)]
Carbamate insecticides Atropine (i.v.)
Carbon monoxide Oxygen (high-flow, tight-fitting face-mask);

[hyperbaric oxygen]
Carbon tetrachloride N-Acetylcysteine (i.v.)
Chloroquine Diazepam (i.v.); adrenaline (i.v.)
Colchicine Colchicine-specific Fab antibody fragments (i.v.)
Copper salts D-Penicillamine (oral)
Cyanide Hydroxocobalamin (i.v.), sodium thiosulphate

(i.v.), dicobalt edetate (i.v.); oxygen (high-flow,
tight-fitting face mask); amyl nitrite (inhaled as
a first aid measure)

Digoxin (and some other cardiac Digoxin-specific Fab antibody fragments (i.v.)
glycosides)

Ethylene glycol Ethanol (oral or i.v.); fomepizole (i.v.)
Gold Dimercaprol (i.m.)
Gyrometria mushroom Pyridoxine (vitamin B6) (oral or i.m.)
Heparin Protamine sulphate (i.v.)
Hydrofluoric acid burns Calcium gluconate gel (topical or s.c.)
Insulin, oral hypoglycaemics D-Glucose (i.v.); glucagon (i.v.)
Iron salts (e.g. ferrous sulphate) Deferoxamine (i.v., rarely i.m.)
Isoniazid Pyridoxine (vitamin B6) (oral or i.m.)
Lead Calcium disodium edetate (i.v.); DMSA (oral);

DMPS (i.v.); D-penicillamine (oral – rarely used)
Mercury Dimercaprol (i.m.); D-penicillamine (oral);

DMSA (oral); DMPS (i.v.)
Methaemoglobin-forming agents Methylthioninium chloride (methylene blue) (i.v.)

 (chlorates, nitrites, etc.)
Methanol Ethanol (oral or i.v.); fomepizole (i.v.)
Methotrexate Folinic acid (i.v.)
Opioids (e.g. methadone, Naloxone (i.v. or i.m); diprenorphine (i.v.,

morphine) veterinary practice)
Organophosphorus compounds Atropine (i.v.); pralidoxome (i.v.)
Paracetamol N-Acetylcysteine (oral or i.v.); D,L-methionine (oral)
Thallium Prussian Blue (Berlin Blue) (oral)
Theophylline β-Blockers (i.v.)
Thyroxine β-Blockers (oral)
Warfarin and superwarfarins Phytomenadione (i.v.); fresh-frozen plasma (i.v.)
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The following information is adapted, with permission, from Poisons Quarterly 2000;
1(4) (Suppl). For further details of doses of antidotes used in the UK consult TOXBASE
(http://www.spib.axl.co.uk/), the UK National Poisons Information Service (0870 600
6266), or the British National Formulary (41st edn, London: British Medical Association
and Royal Pharmaceutical Society of Great Britain, March 2001).

A cyanide antidote kit containing amyl nitrite ampoules and dicobalt edetate for
injection is available from Cuxson Gerrard (Warley, West Midlands, UK).

N-ACETYLCYSTEINE

Presentation/supply Injection: 2 g in 10-mL ampoule (200 mg/mL) (Parvolex, Evans)
Principal indication Paracetamol poisoning (section 4.16.1)
Dose (adult and child) Initial infusion of 150 mg/kg in 0.2 L 5 % (w/v) D-glucose i.v. over

15 min, then 50 mg/kg in 0.5 L 5 % (w/v) D-glucose over 4 h, then
100 mg/kg in 1 L 5 % (w/v) D-glucose over 16 h

Comments N-Acetylcysteine is stable in 0.9 % (w/v) sodium chloride for 24 h.
NAC is most effective if given up to 10 h post ingestion, but may
be used up to 36 h or more post ingestion. The volume of infusion
fluid used in children should take into account age and weight.

ACTIVATED CHARCOAL

Presentation/supply Powder: 25-g and 50-g bottles (Carbomix, Penn); granules: 5-g
sachets (Medicoal, Torbet); suspension: 50 g (Actidose-Aqua,
Cambridge), 25 g and 50 g (Liqui-Char, Oxford)

Indication Potentially serious ingestion of many poisons (section 1.4.4.1)
Dose Ten times amount of drug ingested if known, otherwise

Adult 50–100 g immediately and for certain drugs continue with 50 g
4-hourly until charcoal is seen in stools and/or clinical
improvement is observed

Child 1 g/kg immediately and for certain drugs continue 4-hourly until
charcoal appears in stools or clinical improvement is observed.
Charcoal can be given via a nasogastric tube if the child is unable
to swallow the material

Comments Concurrent administration of a laxative such as sorbitol or
lactulose may be useful, especially if doses of charcoal are
repeated

AMYL NITRITE

Presentation/supply Vittrella: 0.3 mL (Norton)
Indication Cyanide poisoning (section 6.2.3.1)
Dose (adult) 0.2–0.4 mL via Ambu bag or one vittrella on a cloth inhaled for

30 s every min, new vittrella every 3 min (maximum six
vittrellae)
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ANTIDIGOXIN ANTIBODY FRAGMENTS

Presentation/supply Injection: 38 mg fragments/vial (Digibind, GlaxoWellcome)
Principal indication Digoxin poisoning (section 3.2.1)
Dose (adult and child) Related to plasma digoxin concentration before antidote

administration or amount ingested – see package insert or Figure
3.2

ATROPINE (SULPHATE)

Presentation/supply Injection: 600 µg in 1-mL ampoule (600 µg/mL); 2 mg in 1-mL
ampoule (2 mg/mL) (both Martindale Pharmaceuticals)

Indication (1) OP or carbamate insecticide poisoning (section 5.3) and OP
nerve agent poisoning (section 7.3.1)

Dose
Adult 1–2 mg i.v. every 10 min until atropinization achieved (dry mouth,

pulse> 100 beats/min)
Child 0.05 mg/kg i.v. every 10 min until atropinization achieved

Comment Large quantities may be needed over several days
Indication (2) Pretreatment before gastric decontamination in β-blocker

overdose
Dose

Adult 600 µg s.c. or i.v. (section 5.3)
Child 30 µg/kg s.c. or i.v. (maximum 600 µg)

BENZATROPINE (MESILATE)

Presentation/supply Injection: 2 mg in 2-mL ampoule (1 mg/mL) (Cogentin, MSD)
Indication Dystonic reaction caused by antipsychotic drugs or meto-

clopramide (section 5.4)
Dose

Adult 1–2 mg i.m. or i.v., repeated if necessary
Child Not recommended for use in children under 3 years of age, but the following

doses have been used in all age groups: 20 µg/kg i.m. or i.v over 1–2
min, repeated after 15 min if necessary

CALCIUM DISODIUM EDETATE

Presentation/supply Injection: l g in 5-mL ampoule (200 mg/mL) (Ledclair, Sinclair)
Indication Poisoning with metals, especially lead (section 2.2.2)
Dose (adult and child) 30–40 mg/kg i.v. infusion in 5 % (w/v) D-glucose or 0.9 % (w/v)

sodium chloride twice daily for up to 5 days, repeated if necessary
after 48 h for a maximum of further 5 days

CALCIUM GLUCONATE

Presentation/supply Gel: 2.5 % (w/v) in 25-g tube; injection: 10 % (w/v) solution in
10-mL (100 mg/mL) ampoules (both H-F Antidote, Industrial
Pharmaceutical Services)
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Indication (1) Hydrofluoric acid skin burns (section 4.3)
Dose (adult and child) Rub gel into affected area for at least 30 min. If pain persists,

inject 10 % solution under site of injury – multiple small volume
(0.5 mL) injections are best; aim for intradermal site

Indication (2) Poisoning with calcium channel blockers (section 4.3)
Dose (adult and child) 10 % solution i.v. 0.2–0.5 mL/kg up to 10 mL over 5–10 min,

repeated in 10–15 min if necessary

DANTROLENE (SODIUM)

Presentation/supply Injection: 20-mg vials (Dantrium Intravenous, Procter and
Gamble)

Indications Severe hyperthermia caused by MAOIs, MDMA, cocaine,
amphetamine; neuroleptic malignant syndrome; malignant
hyperthermia (section 5.10)

Dose (adult and child) 1 mg/kg by rapid i.v. injection, repeated as required (cumulative
maximum 10 mg/kg)

DEFEROXAMINE (MESILATE)

Presentation/supply Injection: 500-mg and 2-g vials (Desferal, Ciba)
Principal indication Iron poisoning (section 2.3)
Dose (adult and child) Up to 15 mg/kg each hour i.v. by slow infusion in 5 % (w/v)

D-glucose or 0.9 % (w/v) sodium chloride (normal maximum
80 mg/kg in 24 h)

Comment Larger doses have been used in serious cases

DICOBALT EDETATE

Presentation/supply Injection: 300 mg in 20-mL ampoule (15 mg/mL) (Cambridge
Laboratories)

Indication Cyanide poisoning (section 6.2.4.1)
Dose (adult) 300 mg i.v. over 1 min followed by a further 300-mg i.v. if response

does not occur within 1 min
Comment To reduce the toxicity of dicobalt edetate follow the injection

immediately with 50 mL i.v. infusion of 50 % (w/v) D-glucose

DIMERCAPROL

Presentation/supply Injection: 100 mg in 2-mL ampoule (50 mg/mL) in arachis oil
(Boots)

Indications Poisoning with mercury, lead, arsenic (section 2.2.4)
Dose (adult and child) 2.5–3 mg/kg i.m. 4-hourly for 2 days, 2–4 times on day 3, then

once or twice daily for 10 days or until recovery
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ETHANOL

Presentation/supply Injection: 5-mL ampoule dehydrated alcohol BP, approximately
4 g ethanol (Macarthy Medical)

Principal indications Poisoning with ethylene glycol or methanol (section 4.2.1)
Dose (adult and child) 1 g/kg (oral or i.v.), followed by i.v. infusion in 5 % (w/v) D-glucose

or 0.9 % (w/v) sodium chloride to achieve ethanol plasma
concentration of 1–1.5 g/L (see Table 4.1)

Comment Ethanol can be added to peritoneal dialysis fluid at a
concentration of 1–2 g/L of dialysate

EUROPEAN VIPER VENOM ANTIVENIN (ZAGREB)

Presentation/supply Injection: one dose (10-mL) ampoule (Farillon; should be
available in all UK health regions and is held by UK NPIS)

Indication Adder (Vipera berus) bite (section 3.1.3.5)
Dose (adult and child) One ampoule diluted in 2–3 volumes of 0.9 % (w/v) sodium

chloride by slow i.v. injection (over 10–15 min) or i.v. infusion.
May be repeated after 1–2 h if no clinical improvement

FOMEPIZOLE

Presentation/supply Injection: 1.5 mg in 1.5-mL vial (1 g/mL) (Antizol, Cambridge
Laboratories)

Principal indications Poisoning with ethylene glycol or methanol (section 4.2.2)
Dose

Adult Loading dose: 15 mg/kg, then 10 mg/kg 12-hourly (four doses),
then 15 mg/kg 12-hourly until plasma ethylene glycol or
methanol concentration below 0.2 g/L (all doses given by slow
i.v. infusion over 30 min)

Child Not established but commonly assumed to be same as adult dose;
discuss with Poisons Information Service

FOLINATE (CALCIUM) (LEUCOVORIN)

Presentation/supply Injection: 3 mg in 1-mL and 30 mg in 10-mL ampoules (3 mg/mL
calcium folinate); tablets: 15 mg calcium folinate

Indication (1) Methotrexate rescue (section 4.7)
Dose (adult and child) Oral or i.v. 6-hourly until blood methotrexate concentration

below 23 µg/L (50 nmoI/L):
(a) Calcium folinate dose equal to the methotrexate dose if

known, or
(b) 100 mg/m2 body surface area if methotrexate dose not known

Indication (2) Poisoning with methanol or formic acid (section 4.7)
Dose (adult and child) 1 mg/kg i.v. or orally, 6-hourly
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FLUMAZENIL

Presentation/supply Injection: 500 µg in 5-mL ampoule (100 µg/mL) (Anexate,
Roche)

Indication Reversal of benzodiazepine sedation in anaesthetic, intensive
care and diagnostic procedures – not licensed or recommended for use
in benzodiazepine self-poisoning (section 5.13)

Dose (suggested for
benzodiazepine overdose)

Adult Initially 200 µg i.v. over 30 s. If minimal response within 60 s,
further 300 µg over 30 s. Further doses of 500 µg over 30 s, at 1-
min intervals to total dose of 3 mg. If still no response flumazenil
is unlikely to reverse CNS/respiratory depression

Child Not recommended, but if aged over 4 years l0 µg/kg i.v. for not
more than two doses

GLUCAGON

Presentation/supply Injection: 1-mg vial (10-mg vials discontinued)
Indication Poisoning with β-adrenoreceptor blocking drugs (section 5.15)
Dose

Adult 10-mg i.v. bolus repeated as required, or 1–10 mg/h i.v. infusion
in either 5 % (w/v) D-glucose or 0.9 % (w/v) sodium chloride,
depending on response

Child Not recommended in children, but the following dose has been used: Up to
50 µg/kg hourly i.v. or initial bolus of 50–150 µg/kg over 1 min

Comment Do not use diluents containing phenol

ISOPRENALINE (HYDROCHLORIDE)

Presentation/supply Injection: 2 mg in 2-mL ampoule (1 mg/mL) (Saventrine IV,
Pharmax)

Indication Hypotension or low cardiac output due to cardiotoxic drugs such
as β-adrenoreceptor blocking drugs and calcium channel blockers
if no response to calcium gluconate (section 5.17)

Dose
Adult 5–50 µg/min i.v. infusion in either 5 % (w/v) D-glucose or 0.9 %

(w/v) sodium chloride
Child 0.02 µg/kg each min by i.v. infusion (maximum 0.5 µg/kg each

min)
Comment Huge doses may be needed in adults as response is variable – 10

times the therapeutic dose has been used

KLEAN-PREP®

Presentation/supply Powder: four sachets to be dissolved in 4 L purified water
(Norgine)
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Indication Gut decontamination for substances not bound by activated
charcoal such as iron and (especially) slow-release preparations
such as those containing lithium salts

Dose
Adult 2 L/h by mouth until rectal effluent resembles irrigating fluid

(usually 2–6 h)
Child > 10 kg 0.5 L/h, given as above

Comment Discuss use beyond 12–16 h with Poisons Information Service

METHIONINE

Presentation/supply Tablets: 250 mg (Evans)
Indication Paracetamol poisoning (section 4.16.1)
Dose

Adult and child 2.5 g initially followed by three doses (2.5 g) 4-hourly
> 6 years

Child < 6 years 1 g initially followed by three doses (1 g) 4-hourly
Comment Most effective up to 8 h post ingestion; thereafter use NAC

METHYLTHIONINIUM CHLORIDE (METHYLENE BLUE)

Presentation/supply Injection: 50 mg in 5-mL ampoule (10 mg/mL, 1 % w/v) (David
Bull Laboratories)

Indication Methaemoglobinaemia (section 4.13.2)
Dose (adult and child) 1–2 mg/kg i.v. over 5 min

NALOXONE (HYDROCHLORIDE)

Presentation/supply Injection: 40 µg in 2-mL ampoule (20 µg/mL) and 400 µg in 1-
mL ampoule (400 µg/mL) (Narcan, Du Pont)

Indication Poisoning with opioids (section 5.19.2)
Dose

Adult Initial bolus 400 µg i.v. repeated every 2–3 min to maximum bolus
dose of 2 mg (total maximum dose 10 mg). Repeat as required
to maintain response

Child 10 µg/kg i.v. repeated every 2–3 min. Up to 100 µg/kg has been
used. Repeat as necessary.

Comment May also be given as an infusion in either 5 % (w/v) D-glucose or
0.9 % (w/v) sodium chloride

Warning The plasma half-life of many opioids is long and that of
naloxone short, and thus a continuous infusion is often
required after an initial bolus dose has been given

PENICILLAMINE

Presentation/supply Tablets: 50, 125, 200 mg
Indication Poisoning with lead, copper, arsenic (section 2.2.6)
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Dose
Adult 1–2 g/d in divided doses
Child 20 mg/kg daily in divided doses (100 mg/kg daily has been used

for arsenic poisoning; maximum dose 1 g daily, 5 days)

PHENTOLAMINE (MESILATE)

Presentation/supply Injection: 10 mg in 1-mL ampoule (10 mg/mL) (Rogitine,
Novartis)

Indication Severe hypertension caused by amphetamines, MAOIs, clonidine
(section 5.1)

Dose
Adult Infusion of 0.2–2 mg/min i.v. in either 5 % (w/v) D-glucose or

0.9 % (w/v) sodium chloride – in some cases 5 mg/min may be
given initially

Child Infusion of 20–100 µg/kg loading dose, then 250–1,000 µg/kg
daily (approximately 10–40 µg/kg hourly)

PHYTOMENADIONE (VITAMIN K1)

Presentation/supply Injection: 2 mg in 0.2-mL ampoule and 10 mg in 1-mL ampoule
(both 10 mg/mL) (Konakion MM Paediatric and Konakion MM,
Roche)

Indication Poisoning with coumarin anticoagulants (section 4.10)
Dose (adult and child) Dependent on severity of poisoning and INR

PRALIDOXIME (MESILATE)

Presentation/supply Injection: 1 g in 5-mL ampoule (200 mg/mL, 20 % w/v) (manu-
factured for the UK Department of Health and available in the
UK through the NPIS and regional centres)

Indication OP insecticide and OP nerve agent poisoning (sections 5.9 and
7.3.2)

Dose (adult and child) 30 mg/kg i.v. over 5–10 min, repeated 4- to 6-hourly if necessary.
Comment May be given as i.v. infusion in either 5 % (w/v) D-glucose or

0.9 % (w/v) sodium chloride at 8 mg/kg hourly after two bolus
injections of 30 mg/kg have been given 4 h apart

PROCYCLIDINE (HYDROCHLORIDE)

Presentation/supply Injection: 10 mg in 2-mL ampoule (5 mg/mL) (Kemadrin,
GlaxoWellcome)

Indications Dystonic reactions caused by antipsychotics and metoclopramide
(section 5.21)

Dose
Adult 5–10 mg i.m. repeated if necessary after 20 min; maximum

20 mg/d, or 5 mg i.v. (usually effective within 5 min, but 10 mg
or more may be needed, and 30 min may be required for effect)



� 297

APPENDIX 2

�
A

P
P

E
N

D
IX

 2
�

Child Not recommend in children but the following dose has been used:
Single dose i.v. (over at least 2 min) or i.m.

< 2 years: 0.5–2 mg
2–10 years: 2–5 mg
> 10 years: 5–10 mg

Repeat if necessary after 20 min

PRUSSIAN BLUE (BERLIN BLUE SOLUBLE, POTASSIUM
FERRIC HEXACYANOFERRATE)

Presentation/supply Powder: 25-g bottle (Sigma Aldrich, Poole – available through
UK NPIS)

Indication Thallium poisoning (section 2.4.1)
Dose (adult and child) 250 mg/kg daily by mouth in divided doses (fine-bore nasogastric

tube)

PYRIDOXINE (HYDROCHLORIDE)

Presentation/supply Injection: 1 g in 10-mL ampoule (100 mg/mL, 10 % w/v)
(Martindale Pharmaceuticals)

Indication Poisoning with isoniazid, Gyrometria species (section 4.12)
Dose

Adult 1 g for each gram of isoniazid ingested (maximum 10 g – give
up to 5 g if history uncertain) by slow i.v. infusion in 5 % (w/v)
D-glucose at approximately 500 mg/min. Larger doses have been
used but there is a risk of neuropathy

Child 70 mg/kg by slow i.v. infusion to a maximum of 5 g as above
Comment Pyridoxine not compatible with alkaline solutions; no inform-

ation on compatibility with 0.9 % (w/v) sodium chloride

SNAKE VENOM ANTIVENIN
(SNAKES NOT INDIGENOUS IN UK)

Presentation/supply Numerous antivenins to non-indigenous snakes held by UK NPIS
and by the Pharmacy, Fazakerley Hospital, Liverpool (telephone
in UK: 0151 529 5980)

Indication Bites from snakes not indigenous to the UK (section 3.1)
Dose (adult and child) As per package insert or TOXBASE

(http: //www.spib.axl.co.uk/)

SODIUM BICARBONATE

Presentation/supply Infusion: variety of sterile solutions available
Indication (1) Poisoning with salicylates, chlorophenoxy herbicides (section

4.15)
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Dose
Adult 1 L 1.26 % (w/v) (iso-osmotic with serum) + 40 mmol potassium

ion i.v. over 4 h and/or 50-mL boluses of 8.4 % (w/v) solution i.v.
(if i.v. administration impossible 3 g orally 4-hourly)

Child 1 mL/kg 8.4 % (w/v) (= 1 mmol/kg) + 20 mmol potassium ion
in 0.5 L 5 % (w/v) D-glucose [or 0.9 % (w/v) sodium chloride]
infused i.v. at 2–3 mL/kg hourly

Indication (2) Poisoning with tricyclic antidepressants, class 1a and 1c
antiarrhythmics (section 4.15)

Dose (adult and child) 1–2 mmol/kg [1–2 mL/kg 8.4 % (w/v)] i.v. over 15 min

SODIUM 2,3-DIMERCAPTOPROPANESULPHONATE
(DMPS)

Presentation/supply Capsules: 100 mg; injection: 250 mg in 5-mL ampoule (50 mg/mL)
(Dimaval, Heyl, Berlin – available through UK NPIS)

Indication Poisoning with metals especially mercury, arsenic, bismuth,
copper (section 2.2.7)

Dose (adult) Chronic poisoning: 100 mg orally three times daily
Acute poisoning: 250 mg i.v. every 3–4 h initially, reducing
thereafter

SODIUM NITRITE

Presentation/supply Injection: 300 mg in 10-mL ampoule (30 mg/mL, 3 % w/v)
(available as special order from Martindale, Penn or hospital
manufacturing unit)

Indication Cyanide poisoning (section 6.2.3.1)
Dose

Adult 10 mL of 3 % (w/v) solution (i.e. 300 mg) i.v. over 5–20 min
followed by sodium thiosulphate

Child 0.33 mL/kg of 3 % (w/v) solution (approximately 10 mg/kg) given
as for adults

SODIUM NITROPRUSSIDE

Presentation/supply Injection: 50 mg in 5-mL ampoule (10 mg/mL)
Indication Severe hypertension due to ergotamine, amphetamine, MAOIs

(section 5.24)
Dose (adult and child) Initially 0.3 µg/kg each min by i.v. infusion in either 5 % (w/v) D-

glucose or 0.9 % (w/v) sodium chloride, increased until desired
response (usual dose 0.5–0.6 µg/kg each min)

Comment In ergotamine poisoning may be needed for 12–36 h or more
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SODIUM THIOSULPHATE

Presentation/supply Injection: 10 g in 20-mL ampoule (500 mg/mL, 50 % w/v)
(available as special order from Martindale, Penn or hospital
manufacturing unit)

Indication Cyanide poisoning (section 6.2.5)
Dose

Adult 25 mL of 50 % (w/v) solution (i.e. 12.5 g) i.v. over 10 min
Child 0.825 mL/kg of 50 % (w/v) solution (i.e. 412.5 mg/kg) (maximum

25 mL over 10 min)

SUCCIMER (MESO-2,3-DIMERCAPTOSUCCINIC
ACID, DMSA)

Presentation/supply Capsules: 100 mg (Chemet, McNeil); 300 mg (Guy’s Hospital
Pharmacy), both available through UK NPIS

Indication Lead poisoning (section 2.2.5)
Dose (adult and child) 30 mg/kg daily, 5 days then 20 mg/kg daily, 14 days





Decision Trees to
Aid Treatment of
Paracetamol Poisoning

The decision trees that follow are based, with permission, on those of Dargan et al.
(2001) and assume the availability of N-acetylcysteine for i.v. use. Although aimed
primarily at the treatment of adults, the trees are valid for use in pregnant women and
children. It should be emphasized that when patients are discharged they should receive
written instructions to return if they develop vomiting or abdominal pain. Particular
caution is advised in dealing with children who may have ingested multiple doses of
paracetamol, and thus in whom an accurate assessment of the dose has not been possible.

(a) Management of a patient after a single acute ingestion of paracetamol.
(b) Management of a patient after ingestion of more than one potentially toxic dose

of paracetamol in the preceding 4–48 h.

REFERENCE

Dargan PI, Wallace CI, Jones AL. Acetaminophen (paracetamol) overdose: an evidence
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ACE inhibitors, poisoning 199
acetaminophen see paracetamol
acetic acid, after jellyfish stings 127
N-acetyl-3-mercaptoalanine see N-

acetylcysteine (NAC)
N-acetyl-4-quinoneimine (NAPQI), and

paracetamol poisoning 145–54
N-acetyl-D,L-penicillamine (NAPA) 63

mercury poisoning 63
N-acetylcysteine (NAC) 25, 62–3

adverse reactions 153–4
carbon monoxide poisoning 224
CAS and information 149
clinical use 8, 63, 151–2
dosage and dosage form 290
interference in toxicological analyses

282
overdosage 153–4
paracetamol poisoning 145–54

modes of action 148
treatment nomogram 149

paraquat poisoning 272
pharmacokinetics and metabolism

153
structure 52

acetylcholinesterase (AChE)
active site 172
mechanism of hydrolysis of acetyl-

choline 173
protection against organo-

phosphaorus nerve agents 254
quaternary ammonium AChE ligands

180
reaction with carbaryl 181

acetylcysteine see N-acetylcysteine
(NAC)

acids, treatment of poisoning 17
acrylonitrile poisoning 155
actinides clearance, DTPA 50
activated charcoal

airway protection 19

dosage and dosage form 290
used to treat poisoning 19

acute poisoning incidents, history 8–10
adamsite 257
adders

European 106–8
see also snake envenomation, viperids

ADR-529 see dexrazoxane
adrenaline 198–9

in β-blocker poisoning 197
CAS and information 200
structure 199

adult respiratory distress syndrome
(ARDS) 72

alcohol dehydrogenase inhibitors 127–
30

alexipharmica 11–12
alkaline diuresis, sodium bicarbonate

143
allopurinol, carbon monoxide poisoning

224
17-allylnoroxymorphone see naloxone
α-acetamido-mercaptopropionic acid see

N-acetylcysteine (NAC)
α-adrenoceptor agonists 167
α 1-acid glycoprotein, interpretation of

analytical results 282
aluminium, analytical toxicology

results, mass/amount conversion
factors 308

aluminium chelators see iron/aluminium
chelators

aluminium overload 72
aluminium phosphide poisoning 209
aluminoxamine, DFO–aluminium

chelate 70
Amanita poisoning

atropine 170
benzylpenicillin 171
silibinin 208

americium clearance, DTPA 50

Note: page numbers in bold indicate tables; page numbers in italic indicate figures
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amifostine 154
δ-aminolaevulinic acid, in blood, lead

toxicity 41
4-aminopropiophenone (PAPP), met-

haemoglobin formation 226
4-aminopyridine, verapamil poisoning

172
aminotransferases, hepatic enzymes 49
ammonium tetrathiomolybdate 80
amphetamine poisoning

hyperthermia 186–7
dantrolene 292

phentolamine 296
sodium nitroprusside 209, 298

amyl nitrite
cyanide poisoning 227–9
dosage and dosage form 290

analeptics 23, 26
analytical toxicology, mass/amount

conversion factors 308
Anexate see flumazenil
angiotensin II, in ACE inhibitor

poisoning 199
structure 199

animal charcoal
used to treat poisoning  17
in multiple antidote 22

Antabuse reaction, DEDTC 65
antidigoxin Fab antibody fragments 282–

3
anticholinesterase poisoning

antidotes 185
atropine 169
oximes 185

anticholinesterases 172–5
mechanism of action 185
see also organophosphate insecticides

antidepressants see tricyclic anti-
depressant poisoning

antidote interference in toxicological
analyses 279–86

α1-acid glycoprotein 282
antidigoxin Fab antibody fragments

282–3
chelating and other agents for

treating toxic metal poisoning 283
cholinesterase inhibitors and

reactivators 283
cyanide antidotes 225–37, 283–4

emergency analyses influencing
treatment 281

flumazenil 284
N-acetylcysteine 282
opioid antagonists 284

cross-reactivity data in opiate
immunoassays 284

oxygen 226–7, 285
sodium bicarbonate 285

antidotes
absorption, minimization of 4
in amelioration of toxic effects 5–6
availability 8–11
chemical spillages, treatment of 10
definitions 3
as diagnostic agents 7
history 11–29
holding at local hospitals/regional

centres 9
ideal 8
mechanism of action 4–8, 6
minimization of absorption 4–5
obsolete 26–9
reversal of toxic effects 5–6
sites of action 4–8, 6
suggested for holding at regional

centres 9
summary list 288
universal antidote, history 22
see also history of antidotes

antimony poisoning
analytical toxicology results, mass/

amount conversion factors 308
dimercaprol 53

antipsychotic poisoning, procyclidine
296

antivenins 95–112, 293, 297
see also snake envenomation

Antizol see fomepizole
Apis mellifera (honey bee), immunization

118–19
Arothron stellatus, puffer fish poisoning

175
arrhythmias, TCA-associated, prophyl-

axis with sodium bicarbonate 143–
5

arsenic poisoning
analytical toxicology results, mass/

amount conversion factors 308
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arsenicals, vesicants 257–9
chelating agents

DMPS 61
NAC 62–3
penicillamine 58, 295–6

organic complexes with DMPS,
DMSA 52, 257–9

ascorbate/ascorbic acid 139
iron storage disease 70
structure 139

asoxime 177, 184
asthma, esmolol contraindications 167
atropine 168–70

carbamate poisoning 291
CAS and information 168
dosage and dosage form 291
organophosphate nerve agents 252
overdose 169–70

aurintricarboxylic acid (ATA) 63, 64
Australia

venomous snakes 104–6, 105, 107
venomous spiders 109, 110

funnel web spiders 109
red back spider 110–11

baclofen overdose, flumazenil 192
barbitone poisoning, sodium

bicarbonate 143
barium poisoning 133

analytical toxicology results, mass/
amount conversion factors 308

BAYK8644, verapamil poisoning 172
bee stings, immunization 118–19
benactyzine 168
benzatropine 170–1

CAS and information 171
dosage and dosage form 291

3-benzhydryloxytropane see benz-
atropine

benzodiazepine poisoning 192–4, 294
flumazenil 192–4

benzylpenicillin 171
structure 171

Berlin Blue see potassium iron(III)
hexacyanoferrate(II) (Prussian
Blue)

beryllium poisoning
analytical toxicology results, mass/

amount conversion factors 308

ATA 63
calcium disodium EDTA 49

β-adrenoceptor agonists 167–8
β-adrenoceptor antagonist poisoning

glucagon 196–7, 294
isoprenaline and adrenaline 197, 294

BGDTC, structure 64
bipyridinium oximes, structures 179
bismuth poisoning

analytical toxicology results, mass/
amount conversion factors 308

dimercaprol 53
penicillamine 57
thiopronine 66

black widow spider (Latrodectus mactans)
108–9

blood reduced glutathione (GSH) 37
boric acid toxicity, riboflavin 142
box jellyfish envenomation 127
British anti-lewisite (BAL, dimercaprol)

25, 51–4
bromide poisoning, sodium chloride 142
4-bromoaniline poisoning, methyl-

thioninium chloride 140
bromobenzene poisoning 155
brown recluse spider (Loxosceles reclusa)

109–10
buprenorphine, structure 202
bushmaster snake see snake envenom-

ation, crotalids
2,3-butanedione monoxime (DAM) 182
buthionine sulphoximine 148
butyrylcholinesterase, organopho-

sphorus nerve agent poisoning 254

cadmium poisoning
analytical toxicology results, mass/

amount conversion factors 308
DEDTC 65
dimercaprol contraindications 53

caesium poisoning, oral Prussian Blue
80

calcitonin 172
hypervitaminosis D 172

calcium channel agonists 172
calcium channel antagonist poisoning

196, 198, 294
calcium disodium edetate 46–50

absorption 46
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adverse effects 49
CAS and information 46
clinical use 47–9

with dimercaprol 48, 51
dosage and dosage form 291
and lead poisoning 40, 291

lead encephalopathy 53
mercury poisoning, contraindications

49
metal ion–EDTA complexes, stability

constants 47
molecular formula 46
in pregnancy 49
toxic blood lead concentration 281

calcium disodium ethylenediamine-
tetra-acetic acid see calcium
disodium edetate

calcium disodium versenate see calcium
disodium edetate

calcium gluconate 130–1
dosage and dosage form 291–2
structure 131

calcium salts, used to treat poisoning
130–1

calcium trisodium diethylenetriamine-
penta-acetate (DTPA) 50–1

Puchel structure 51
structure 50

camylofin 204
cantil snake see snake envenomation,

crotalids
carbamate poisoning 180–1

atropine 291
carbaryl, reaction with acetylcholin-

esterase 181
carbocysteine, similarity to NAC 147
Carbomix see activated charcoal
carbon monoxide poisoning 223–5

acute, treatment 224–5
oxygen therapy, assay of blood

carboxyhaemoglobin 285
carbon tetrachloride poisoning

oxygen 226–7
sulphydryl donors 154

cardiac arrhythmias
prophylaxis, sodium bicarbonate 145
TCA poisoning 143–5

cardiac toxicity, phosphine 209

cardioprotectants, dexrazoxane 76
Cardioxane see dexrazoxane
catecholamic acid, uranium excretion

76
cathartics 26

osmotic, history 22
central nervous system depressants and

OP poisoning 254
Centruroides sculptura (scorpion) 111–12
cephaeline, structure 23
charcoal see activated charcoal; animal

charcoal
chelating agents 26, 37–40

lead poisoning 43–5, 45
metal complexes 38
interpretation of metal ion analyses

283
structures 52

Chemet see meso-2,3-dimercaptosuccinic
acid (DMSA)

chemical spillages 10
chemical warfare agents 245–67

hydrogen cyanide 250–1
OP nerve agents 252–5
phosgene 255–7
summary 248–9
vesicants 257–63

chloramine T 260–1
2-chlorethanol, metabolism 128
chloroform poisoning, sulphydryl donors

154
chlorophenoxy herbicide poisoning,

sodium bicarbonate 143, 297–8
chloroquine poisoning, diazepam 190–2
chlorpromazine, serotonin syndrome

189
chlorpropamide poisoning, sodium

bicarbonate 143
cholinesterase, OP nerve agents 175–86,

253
cholinesterase inhibitors 172–5, 283
cholinesterase reactivators 175–85, 283

action and clinical use 177–82
asoxime and others 184
obidoxime, dosage 184
OPs 175–7
pralidoxime 182–3

chromium poisoning
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analytical toxicology results, mass/
amount conversion factors 308

dimercaprol 53
Cicuta (water hemlock) poisoning 186
cimetidine, reduction of NAPQI

formation 145
cisplatin poisoning 207

DEDTC 65
Clitocybe poisoning, atropine 170
clonidine poisoning, phentolamine 296
cobalt, dicobalt edetate, dosage and

dosage form 292
cobalt poisoning, analytical toxicology

results, mass/amount conversion
factors 308

cobalt-containing compounds, cyanide
poisoning 231–4

cobras see snake envenomation, elapids
cocaine, dantrolene 292
Cogentin see benzatropine
colchicine, anticolchicine Fab antibody

fragments 118
colic of painters, treatment 16
copper chelators, summary 39
copper poisoning

ammonium tetrathiomolybdate 80,
155

analytical toxicology results, mass/
amount conversion factors 308

treatment
DMPS 298
penicillamine 295–6

copper salts, molybdenum poisoning
131

copper storage disease 58
see also Wilson’s disease

copperhead snake see snake envenom-
ation, crotalids

coral snakes see snake envenomation,
elapids

corticotrophin analogues 207
cottonmouth snake see snake envenom-

ation, crotalids
coumarin anticoagulant poisoning 296
CP21 76
CP51 76
Cuprimine see penicillamine
cyanide poisoning 225–37

antidotes, summary 237
interpretation of cyanide analyses
225–37, 283–4

cobalt-containing compounds 231–4
dicobalt edetate 232–3, 292
hydroxocobalamin 233–4

cyanides as chemical warfare agents
250–1
prophylaxis 251

methaemoglobin formation 227–31
dimethylaminophenol 229–31
nitrites 228–9, 290

oxygen 226–7
sulphane sulphur donors 234–7

sodium thiosulphate 236
treatments, MLDs 235

Cyclam (1,4,8,11-tetra-azacyclotetra-
decane) 60

1,2-cyclohexanediaminetetra-acetic acid
(CDTA) 65–6

structure 66
cystathionine pathway, paracetamol

poisoning 147
cysteamine 25

contraindications in paracetamol
poisoning 147

2,4-D herbicide poisoning, sodium
bicarbonate 143, 144

dantrolene 186–90
CAS and information 186
clinical use 188–9
dosage and dosage form 292
neuroleptic malignant syndrome 292
structure 187

dapsone
CAS and information 190
structure 190

Datura stramonium (thornapple) 11
DEDTC see sodium diethyldithio-

carbamate
deferiprone (DMHP) 74–6

structure 75
deferoxamine (DFO) 66–73

acute iron poisoning 74, 292
CAS and information 69
challenge test 72
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clinical pharmacology 69–70
clinical use 70–2
dosage and dosage form 292
paraquat poisoning 273
structure 70
toxic serum iron concentration 281
toxicity 72–3

demulcents 26
Desferal, desferrioxamine see

deferoxamine (DFO)
desferrioxamine see deferoxamine

(DFO)
desipramine, antidesipramine Fab

antibody fragments 118
dexrazoxane 76

doxorubicin poisoning 155
dextromorphan, serotonin syndrome

187–8
dextropropoxyphene 203
diacetylmonoxime (DAM) 182
diagnosis of poisoning, use of antidotes

7
diazepam 190–2, 254

CAS and information 191
clinical toxicology 192
structure 191

1,2-dichloropropane poisoning,
sulphydryl donors 154

dicobalt edetate
cyanide poisoning 231–3
dosage and dosage form 292

diethylenetriaminepenta-acetate
(DTPA) 50–1

digoxin poisoning, anti-digoxin Fab

antibody fragments 114–17, 291
dosage and dosage form 291
dose estimation 116
indications 115

4,5-dihydroxy-1,3benzenedisulphonic
acid 76

structure 77
uranate poisoning 76

2,3-dihydroxybenzoic acid 77
2,3-dihydroxyterephthalamides 77
di-isopropyl phosphofluoridate (DFP)

177
reactions with acetylcholinesterase

180

see also organophosphorus insecticides
Dimaval see 2,3-dimercaptopropane-

sulphonic acid
dimercaprol see 2,3-dimercaptopropanol
2,3-dimercaptopropanesulphonic acid

(DMPS) 44, 60–2, 258-9, 298
arsenical poisoning 258–9, 298
dosage and dosage form 298
lead poisoning 44
metal poisoning 258–9, 298
organomercurial removal 62
structure 52
toxic metal ion blood concentration

281
2,3-dimercaptopropanol (BAL) 51–4

arsenical poisoning 257–9, 292
CAS and information 52
contraindications 53–4
dosage and dosage form 292
lead poisoning 48, 292
and lewisite 24–5, 257–9
mercury poisoning 292
topical use 258
toxicity 53–4

N-(2,3-dimercaptopropyl)phthalamidic
acid (DMPA) 63–4

mercury poisoning 64
meso-2,3-dimercaptosuccinic acid

(DMSA) 54–7, 258-9
CAS and information 55
dosage and dosage form 299
lead poisoning 42–5
metal poisoning 258–9
mono- and dimethyl esters 57
structure 52
toxic blood lead concentration 281

1,2-dimethyl-3-hydroxypyridin-4-one see
deferiprone (DMHP)

1,1′-dimethyl-4,4′-dipyridinium
dichloride see paraquat

3,3-dimethyl-D-cysteine see
penicillamine

4-dimethylaminophenol (DMAP),
methaemoglobin formation 225,
229–31

diphenhydramine 170–1
CAS and information 171

diprenorphine 23, 202
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opiate immunoassays, cross-reactivity
data 284

structure 202
in veterinary studies 23

disodium edetate 46–50
Distamine see penicillamine
disulfiram, use of fomepizole 130
disulphanedisulphonic acid 236

structure 237
dithiocarbamates 64–5

structures 64
1,2-dithiolane-3-pentanoic acid see

thioctic acid
ditiocarb, dithiocarb see dithio-

carbamates
diuretics, use in barbiturate poisoning

23
DMPS see 2,3-dimercaptopropane-

sulphonic acid
DMSA see meso-2,3-dimercaptosuccinic

acid
dobutamine 199

structure 199
dopamine 199

structure 199
doxorubicin poisoning, dexrazoxane 76,

155
doxorubicin-induced cardiac toxicity 76
drug-induced dystonias 170–1
DTPA see calcium trisodium diethyl-

enetriaminepenta-acetate
dystonias, drug-induced 170–1

ecstasy see methylenedioxymeth-
amphetamine (MDMA)

edathamil calcium disodium see calcium
disodium edetate

edetates, EDTA see calcium disodium
edetate; sodium edetate

edrophonium 172–3
emetics, used to treat poisoning 26
emetine, structure 23
enterobactin analogues 77
enzymes, used to treat

organophosphorus nerve agent
poisoning 254

ephedrine overdose, propranolol 167
epinephrine see adrenaline

ergotamine poisoning
heparin 198
sodium nitroprusside 209, 298

eserine see physostigmine
esmolol 167

contraindications 167
ethane-1-hydroxy-1, 1-diphosphonate see

etidronic acid
1,2-ethanediol see ethylene glycol
ethanol, used to treat ethylene glycol

and methanol poisoning
dosage and dosage form 293
with metronidazole 129
toxic plasma concentration 281

ethiophos 154
1-ethyl-3-hydroxypyridin-4-one

(deferiprone analogue, CP21) 76
N, N′-ethylenebis[2-(2-hydroxyphenyl]-

glycine see ethylenebis-2-hydroxy-
phenylglycine (EHPG)

toxic plasma concentration 281
ethylene chlorohydrin, metabolism 128
ethylene glycol

metabolism 127
poisoning 129, 293

ethylenebis-2-hydroxyphenylglycine
(EHPG) 77

structure 78
ethylenesulphonium ion, from sulphur

mustard 259
Ethyol 154
etidronic acid, structure 65
Eucardion see dexrazoxane
European adder/vipers 106–8

Zagreb antivenin, dosage and dosage
form 293

Fab antibody fragments
antidigoxin Fab fragments 114–17
other potential applications 117–18
principles of use 112–13
snake antivenin fragments

Australia 106
crotalids 101
viper-specific 108

false morel (Gyrometria) poisoning 137–8
fer-de-lance snake see snake envenom-

ation, crotalids
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ferrioxamine B 70, 72
structure 70

flumazenil 192–5
adverse effects 194
benzodiazepine poisoning 192–4, 294

contraindications 294
CAS and information 193
clinical pharmacology 192–3
contraindications 193–4
dosage and dosage form 294
interference in toxicological analyses

284
structure 191

fluphenazine, neuroleptic malignant
syndrome 187

folate antagonists 132–3
see also methotrexate;

pyrimethamine; trimethoprim
folinate (calcium)

dosage and dosage form 293
methotrexate poisoning 293

fomepizole 129–30
dosage and dosage form 293
structure 130
toxic plasma ethanol concentration

281
fructose, in ethanol poisoning 25
fuller’s earth, use in poisoning 22
fungal poisoning

atropine 170
benzylpenicillin 171
Gyrometria (false morel) 137–8

funnel web spiders 109

gacyclidine 195–6
galanthamine 173–4
Galanthus (snowdrop) 173

G. nivalis 11
G. woronowii 11, 173

gastrointestinal decontamination,
activated charcoal 19

GK-11 see gacyclidine
glucagon 196–7

adverse effects 197
β-blocker poisoning 196–7
dosage and dosage form 294
lyophilized 197
potentiation of phytomenadione 197

schematic representation 196
glutathione, blood reduced (GSH) in

blood 37
GS-CO-SG, phosgene poisoning 154
GSH/GSSG ratio, phosgene

poisoning 256
glycine see thiopronine
gold, analytical toxicology results, mass/

amount conversion factors 308
gold poisoning, dimercaprol 51
G6PDH deficiency 53
Gyrometria (false morel) poisoning 137–

8, 297

H-series oximes see Hagedorn oximes
haemosiderosis 72
Hagedorn oximes 175–86, 252
haloperidol, neuroleptic malignant

syndrome 187
heparin

antithrombin binding site 198
ergotamine poisoning 198
protamine sulphate 208

hepatic enzymes, aminotransferases 49
herbicide poisoning, sodium

bicarbonate 143–4, 297–8
hexamethylenetetramine (HMT) 256–7

structure 257
history of antidotes 11–29

nineteenth century 14–18
milestones 20

sealed earth 13
suggested antidote kits 21
theriac/alexipharmica 11–12
twentieth century 19–29

milestones 20
hospitals, antidotes for holding at

regional centres 9
hydrazone, pyridoxal with isoniazid 136
hydrofluoric acid burns, calcium

gluconate 130–1, 292
hydrogen cyanide see cyanide poisoning
hydrogen sulphide poisoning 238
hydroxamic acids 78
hydroxocobalamin, cyanide poisoning

233–4
1-hydroxy-1,1-diphosphonoethane see

etidronic acid
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N,N′-bis-(2-hydroxybenzyl)ethylene-
diamine-N,N-diacetic acid
(HBED) 77

structure 78
Hymenoptera, bee stings, immunization

118–19
hyoscine 168–70

structure 169
hyoscyamine see atropine
hypercoagulation, heparin 198
hyperglycaemia, glucagon 196–7
hypertension

drug-associated
α-adrenoceptor agonists 167
β-adrenoceptor agonists 167

treatment 298
hyperthermia, drug causes 186–7
hyperthermia, malignant 187–90, 292
hypoglycaemia, paradoxical 197

ibuprofen, in phosgene poisoning 256
ICRF-187 see dexrazoxane
immunoglobulins, IgG molecule 113
immunotherapy 95–123
Inocybe poisoning, atropine 170
inotropes 198–9
insecticides see organophosphorus

insecticides
iodates 132
iopanoic acid 132

structure 132
ipecac, use in poisoning 22
Iron Blue see potassium iron(III) hexa-

cyanoferrate(II) (Prussian Blue)
iron poisoning

analytical toxicology results, mass/
amount conversion factors 308

clinical course 67
clinical dosages of iron(II/III) 74
clinical treatment 67–9
deferoxamine (DFO) 74, 292
dimercaprol contraindications 53
pro-drugs for iron removal 76
toxic doses of iron 66–7
treatment 67–9

iron storage disease, ascorbate 70
iron/aluminium chelators 66–78

deferiprone (DMHP) 74–6

deferoxamine (DFO) 66–73, 292
dexrazoxane 76
4,5-dihydroxy-1,3-benzene-

disulphonic acid 76
ethylenebis-2-hydroxyphenylglycine

(EHPG) 77
phosphorothioate oligodeoxy-

nucleotides (PS-ODNs) 78
pyridoxal isonicotinoyl hydrazone

(PIH) 78
rhodotorulic acid 78
summary 39

isoniazid, structure 137
isoniazid poisoning, vitamin B6

(pyridoxine) 136–8, 297
isoprenaline 198–9

in β-blocker poisoning 197
CAS and information 200
dosage and dosage form 294
structure 199

jellyfish envenomation, vinegar
treatment 127

Kayser–Fleischer rings 57
see also Wilson’s disease

ketanserin, serotonin syndrome 189
Klean-Prep, dosage and dosage form

294–5
Konakion see phytomenadione

Latrodectus hasselti (red back spider) 110–
11

Latrodectus mactans (black widow spider)
108–9

calcium gluconate 131
lead, tetraethyl lead 42
lead chelators, summary 39
lead encephalopathy

dimercaprol 53–4
treatment 43, 44, 45, 53

lead poisoning 40–66
in adults 42, 45–6
analytical toxicology results, mass/

amount conversion factors 308
in children 42–5
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clinical features 40–5
early marker 41

treatment
calcium disodium edetate 40, 45,
46–50, 291
dimercaprol 51–4, 292
DMPS 61, 298
penicillamine 59, 295–6
succimer 299

Ledclair see calcium disodium edetate
leucovorin 132–3

CAS and information 132
dosage and dosage form 293
methotrexate poisoning 132–3, 293
structure 133

levallorphan 23, 202
lewisite, 2,3-dimercaptopropanol (BAL)

treatment 24–5, 257
lipoic acid 155
Loxosceles reclusa (brown recluse spider)

109–10
lysergic acid (LSD) diethylamide,

hyperthermia 186–7

magnesium salts, used to treat
poisoning 133–4

analytical toxicology results, mass/
amount conversion factors 308

malignant hyperthermia 187–90
clinical treatment 188–9

dantrolene 292
manganese, analytical toxicology

results, mass/amount conversion
factors 309

mangrove snake 98
MBGDTC, structure 64
MDMA see methylenedioxymeth-

amphetamine
2-mercaptopropionylglycine see

thiopronine
3-mercaptopyruvate 237
3-mercaptopyruvate:cyanide sulphur

transferase 234
mercapturic acid see N-acetylcysteine

(NAC)
mercury poisoning

analytical toxicology results, mass/
amount conversion factors 309

dimercaprol 51, 292
DMPA 63–4
methylmercury poisoning 61–2
N-acetyl-D,L-penicillamine (NAPA) 63
organomercurial removal

dimercaprol contraindications 53
DMPS vs. DMSA 62

penicillamine 59
thiopronine 66

mesilate see deferoxamine (DFO)
metabolic antidotes 27
metal-complexing agents 79–80
metallothionein 155
metals, toxic 35–93

analytical toxicology results, mass/
amount conversion factors 308

interference in toxicological analyses
279–86

metal ion–EDTA complexes, stability
constants 47

see also iron/aluminium chelators;
lead poisoning; metal-complexing
agents

methaemoglobinaemia
causes 138
clinical features 140
cyanide poisoning 225, 227–31
dapsone 190
interpretation of blood

concentrations 140
treatment 140–2

in vivo reduction by methyl-
thioninium chloride 138, 141
riboflavin 142

methanol, metabolism 128
methanol poisoning 127–8, 129, 293

ethanol 293
fomepizole 293

methionine
action in paracetamol poisoning 145–

6
CAS and information 149
clinical use 151–2
dosage and dosage form 295
paracetamol poisoning 11, 25, 145–

52, 294
treatment nomogram 150

toxic plasma concentration 281
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methotrexate poisoning 132–3, 293
1-methoxyethyl-3-hydroxypyridin-4-one

(deferiprone analogue, CP51) 76
methyl viologen see paraquat
2-methyl-3-phytyl-1,4-naphthoquinone

see phytomenadione
methylene blue see methylthioninium

chloride
methylenedioxymethamphetamine

(MDMA) poisoning
dantrolene 292
esmolol 167
hyperthermia 186–7
serotonin syndrome 187–8

methylenedioxymethylamphetamine
(MDEA, Eve) poisoning, serotonin
syndrome 186

methylmercury poisoning 61–2
methylphenidate 23
4-methylpyrazole (4-MP) see fomepizole
methylthioninium chloride 139–42

CAS and information 141
contraindications 142
cyanide poisoning 227
dosage and dosage form 295
structure 140
treatment of methaemoglobinaemia

138, 141
methysergide, sodium nitroprusside 209
metoclopramide poisoning

benzatropine 291
procyclidine 296

metronidazole, with ethanol poisoning
129

midazolam 192
mithridatium 11–12
moccasin snakes see snake envenom-

ation, crotalids
molybdenum poisoning

analytical toxicology results, mass/
amount conversion factors 309

ruminants 131
monoamine oxidase inhibitor (MAOI)

poisoning
dantrolene 292
phentolamine 296

serotonin syndrome 187–8
sodium nitroprusside 209, 298
morphine poisoning, history 23–4

Mucomyst see N-acetylcysteine (NAC)
multiple antidote 22
mushroom poisoning

atropine 169
benzylpenicillin 171
Gyrometria (false morel) 137–8

nalmefene 202–3
nalorphine 24, 202
naloxone 23, 203–6

CAS and information 203
clinical use 206
cross-reactivity data 284
dosage and dosage form 295
immunoassay cross-reactivity data
284
list of opioid agonists 204
structure 202
usage (1997) 8

naltrexone 206–7
immunoassay cross-reactivity data

284
naphthalene poisoning 155
neostigmine 173, 174

CAS and information 174
Nerium oleander, digoxin poisoning 117
neuroleptic malignant syndrome 187

clinical treatment 188–9
dantrolene 292

neutralizing agents 29
niacinamide see nicotinamide
nickel poisoning

analytical toxicology results, mass/
amount conversion factors 309

DEDTC 64
dimercaprol 52

nicotinamide 134
structure 134

nikethamide 23–4
respiration effects 24

nitrites
cyanide poisoning 227–9, 290
dosage and dosage form 290, 298
methaemoglobin formation, cyanide

poisoning 227–9, 290
1,5,(4-nitrophenyl)furfurylideneamino-

hydantoin see dantrolene
NMDA receptors, gacyclidine 196
noradrenaline 198–9
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CAS and information 200
structure 199

North Africa, scorpions 111

obidoxime 173, 177, 252
CAS and information 182
compared with pralidoxime 182
dosage 184
structure 179

obsolete antidotes 26–9
octreotide 199–201

CAS and information 201
oleander (Nerium oleander), cardiac

glycoside poisoning 117
oligodeoxynucleotides (PS-ODNs) 78
opiate immunoassays, cross-reactivity

data 284
opioid antagonists 29, 202–7

interference in toxicological analyses
284

opioid/opiate poisoning 202
history of treatment 23–4

oral adsorbents 29
org-2766 207
organomercurials

dimercaprol contraindications 53
removal, DMPS vs. DMSA 62

organophosphorus insecticides
assessment of severity of poisoning

176
atropine 170, 177, 252
central nervous system depressants,

use in treatment 254
cholinesterase reactivators 177
clinical features of poisoning 175–6
enzymes, used to treat poisoning 254
OP nerve agents 252–5
oximes 252–3

pralidoxime indications/contra-
indications 181, 296

prophylaxis 254–5
sodium bicarbonate 143, 176
see also anticholinesterases; di-

isopropyl phosphofluoridate (DFP)
organophosphorus nerve agents 252–3

structures 179
use of oximes in OP poisoning 178
see also obidoxime; pralidoxime

osmotic cathartics, use in poisoning 22
oximes 175–85

classification 178
organophosphate nerve agents 252–3

structures 179
use in OP poisoning 178
see also obidoxime; pralidoxime

oxygen
carbon monoxide poisoning 223–25,

285
carbon tetrachloride poisoning 226–7
cyanide poisoning 226

paracetamol poisoning 25
cysteamine 25
decision trees 301–5
methionine 11, 25, 149–52, 294
N-acetylcysteine (NAC) 25, 145–54,

290
treatment nomogram 150
sulphydryl donors 145–54

summary of metabolism 146
paraquat poisoning 269–78

antidotal treatments 273–6
suggested 274

investigations and prognosis 271–3
supportive care 272–3

Parvolex see N-acetylcysteine (NAC)
penicillamine 57–9

CAS and information 58
contraindications 59
dosage and dosage form 295
mercury poisoning 59
N-acetyl-D,L-penicillamine (NAPA)

63
structure 52

penicillin G 171
pentetic acid see calcium trisodium

DTPA
petrol-sniffing encephalopathy 48
Pharmax see isoprenaline
phencyclidine, antiphencyclidine Fab

antibody fragments 118
phenobarbitone poisoning, sodium

bicarbonate 143
phenoxybenzamine 167
phentolamine 167

dosage and dosage form 296
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phosgene 154, 255–7
phosphine, cardiac toxicity 209
phosphorothioate oligodeoxynucleotides

(PS-ODNs) 78
phosphorus, yellow

antidote 131
potassium permanganate 136, 155
phylloquinone see phytomenadione
physostigmine

atropine poisoning 174
contraindications 170

CAS and information 174
structure 173

physostigmine poisoning
atropine 170
risks 175

phytomenadione 134–6
anticoagulant poisoning 296
CAS and information 136
dosage and dosage form 296
epoxide cycle 135
potentiation by glucagon 197

phytononadione see phytomenadione
picrotoxin 23
pit vipers see snake envenomation,

crotalids
Plasmodium falciparum malaria,

octreotide 201
plutonium clearance

deferoxamine 50
DTPA 50
Puchel 51

potassium ferric ferrocyanide see
potassium iron(III)
hexacyanoferrate(II)

potassium iodate 132
potassium iron(III) hexacyano-

ferrate(II) (Prussian Blue) 79–80,
297

potassium permanganate, poisoning
136, 155

potassium salts, thallium poisoning
135–6

pralidoxime 177, 182–3, 252, 253, 254
action 177
CAS and information 186
compared with obidoxime 182
dosage and dosage form 296

formulation and dosage 182–3
indications/contraindications,

organophosphate poisoning 181,
296

interference in toxicological analyses
283

structure 178
pregnancy, iron overdose 74
procyclidine

dosage and dosage form 296
structure 207

promethazine 192
propranolol 167
proscillaridin 117
protamine sulphate 208
Prussian Blue [potassium iron(III)

hexacyanoferrate(II)] 79–80
dosage and dosage form 297
toxic plasma thallium concentration

281
Puchel

plutonium clearance 51
structure 51

puffer fish poisoning 175
putrescine 275
2-pyridine aldoxime methoxide (2-PAM)

see pralidoxime
pyridostigmine 174, 252, 254

CAS and information 174
interference in toxicological analyses

283
structure 173

pyridostigmine bromide 255
pyridoxal 2-pyrimidinylethoxycarbonyl

methbromide 78
pyridoxal isonicotinoyl hydrazone (PIH)

78
pyridoxine 136–8

CAS and information 137
dosage and dosage form 297

N-3-pyridylmethyl-N′-(4-nitrophenyl)-
urea (PNU) 134

pyrimethamine poisoning 132–3
pyrimidoxime, structure 178
pyriminil (PNU) poisoning 134

quinuclidinium–imidazolium
compounds, structures 253
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racemethionine see methionine
rattlesnakes see snake envenomation,

crotalids
razoxane, structure 76
recirculation, minimization 4–5
red back spider (Latrodectus hasselti) 110–

11
redox reagents 138–42

ascorbic acid 139
methylthioninium chloride 139–42
rhodanese (thiosulphate:cyanide

sulphur transferase) 234
rhodotorulic acid 79

structure 79
riboflavin 142

boric acid toxicity 142
structure 142

riot control agents 248–9
rubidium poisoning, oral Prussian Blue

80

salicylate poisoning, sodium
bicarbonate 143, 297

Sandostatin see octreotide
sarin 249

see also organophosphorus nerve
agents

Saventrine see isoprenaline
Schiff bases, pyridoxal isonicotinoyl

hydrazone (PIH) 78
scilliroside 117
scopolamine, structure 169
scorpion antivenins 111–12
sealed earth/terra sigillata 13
sedatives 29
selenium poisoning

analytical toxicology results, mass/
amount conversion factors 309

dimercaprol contraindications 53
dimercaprol indications 53

Sequestrene see calcium disodium
edetate

serotonin antagonists (SSRIs) 187–8
serotonin syndrome 187–8

clinical treatment 188–9
sideramines 69
siderophores, synthetic 78

silibinin, structure 208
silver, analytical toxicology results,

mass/amount conversion factors
309

silver sulphadiazine 260
Silybum marianum 208
SMS-201-995 see octreotide
snake envenomation 95–108

antivenins
dosage and dosage form 293, 297
history 18
tolerance induced 18

Australian species 104–6, 105, 107
colubrids 98
crotalids (pit vipers) 98–102
elapids 98, 102–6
hydrophids 98
viperids 98, 106–8

sodium bicarbonate 142–5
dosage and dosage form 297–8
effect on interpretation of

toxicological analyses 285
salicylate poisoning 143, 297
sodium calcium edetate see calcium

disodium edetate
sodium catechol-3,5-disulphonate see

4,5-dihydroxy-1,3-benzene-
disulphonic acid

sodium chloride, used to treat poisoning
142

sodium diethyldithiocarbamate
(DEDTC) 64–5

Antabuse reaction 65
structure 64

see also dithiocarbamates
sodium 4,5-dihydroxy-1,3-benzene-

disulphonate see 4,5-dihydroxy-1,3-
benzenedisulphonic acid

sodium dimercaptopropanesulphonate
see 2,3-dimercaptopropane-
sulphonic acid (DMPS)

sodium dithionite, test for paraquat 271
sodium edetate 46–50
sodium nitrite

cyanide poisoning 227–9
dosage and dosage form 298

sodium nitroprusside 209
dosage and dosage form 298
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sodium salts, used to treat poisoning
142–5

sodium thiosulphate
CAS and information 236
cyanide poisoning 234, 236
dosage and dosage form 298–9

sodium valproate poisoning, NAC 155
soman 249, 253

pyridostigmine 254
see also organophosphorus nerve

agents
soman-inhibited AChE 254
somatostatin analogues 199
sotalol, contraindications 168
South Africa

polyvalent antivenins, scorpions 112
polyvalent snake antivenins 105

spermine 275
Sphaeroides maculatus, puffer fish

poisoning 175
spider antivenins 108–11
stonefish antivenin 112
Streptomyces pilosus, sideramines 69
strontium, analytical toxicology results,

mass/amount conversion factors
309

succimer see meso-2,3-dimercaptosuccinic
acid (DMSA)

succinate oxidase, inactivation with
dimercaprol 53

sulphane sulphur donors 234–7
sulphur mustard

eye effects 261–2
prophylaxis 262–3
respiratory tract effects 261
skin lesions 260–1
see also vesicants

sulphydryl donors 25
action 145–6
in paracetamol poisoning 145–54
potential additional uses 154–5
summary of metabolism 146
see also methionine; N-acetylcysteine

(NAC)
Swiss blue see methylthioninium

chloride

2,4,5-T herbicide poisoning, sodium
bicarbonate 143, 144

tabun 247, 253
see also organophosphorus nerve
agents

Taxus spp. (yew) 117
Telepaque see iopanoic acid
tellurium poisoning, dimercaprol

contraindications 53
terra sigillata 13
1,4,8,11-tetra-azacyclotetradecane,

structure 60
tetraethyl lead 42
tetraethylpyrophosphate (TEPP) 175
N,N′,N′′,N′′′-tetrakis(2-hydroxypropyl)-

1,4,7,10-tetra-azacyclododecane 66
tetramethylthionine chloride see methyl-

thioninium chloride
tetrodotoxin, puffer fish poisoning

175
thalassaemia, DFO 75
thallium poisoning

analytical toxicology results, mass/
amount conversion factors 309

oral Prussian Blue 79–80, 297
potassium salts 135–6

theophylline overdose, propranolol 167
theriac/alexipharmica 11–12
thioctic acid 155
Thiola see thiopronine
thiopronine

bismuth poisoning 66
mercury poisoning 66
structure 52

THP-12-ane N4 66
structure 60

thyroxine ingestion, iopanoic acid 132
thyroxine overdose, propranolol 167
tiopronine see thiopronine
tiron see 4,5-dihydroxy-1,3benzene-

disulphonic acid
tolonium chloride, structure 140
torsade de pointes arrhythmia 133, 134
TRENCAM, structure 77
tricyclic antidepressant poisoning

anti-TCA Fab antibody fragments 118
prophylaxis of arrhythmias, sodium

bicarbonate 143–5
serotonin syndrome 187–8

trien, trientine see triethylenetetramine
(TETA)
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triethylenetetramine (TETA) 60
structure 60

trimedoxime 173
trimetazidine 209–10

structure 210
trimethoprim poisoning 132–3
tungsten poisoning

analytical toxicology results, mass/
amount conversion factors 309

dimercaprol 53

unithiol, unitiol see 2,3-dimercapto-
propanesulphonic acid (DMPS)

universal antidote, history 22
uranate poisoning, 4,5-dihydroxy-1,3-

benzenedisulphonic acid 76
uranium excretion, catecholamic acid

76
urine acidification 24
urine pH modifiers 29

valproate poisoning, NAC 155
vanadium poisoning

analytical toxicology results, mass/
amount conversion factors 309

4,5-dihydroxy-1,3-benzene-
disulphonic acid 76

verapamil poisoning
4-aminopyridine 172
BAYK8644 172

vesicants 257–63
arsenicals 257–9
sulphur mustard 259–63

prophylaxis 262–3

vinegar treatment, jellyfish
envenomation 127

vipers
pit see snake envenomation,

 crotalids
true see snake envenomation,

viperids
vitamin B2 (riboflavin) 142
vitamin B3 (nicotinamide) 134
vitamin B6 (pyridoxine), isoniazid

poisoning 136–8, 297
vitamin B12a (hydroxocobalamin) 233–4
vitamin C (ascorbic acid) 139
vitamin D, hypervitaminosis D,

calcitonin 172
vitamin K1 see phytomenadione

Wilson’s disease
ammonium tetrathiomolybdate 80,

155
DMSA and DMPS 56
penicillamine 57–9
triethylenetetramine (TETA) 60
zinc salts 155

WR-2721 154

yew (Taxus spp.) 117

zinc poisoning, dimercaprol 53
zinc salts, used to treat poisoning 155

analytical toxicology results, mass/
amount conversion factors 309

Wilson’s disease 155
zolpidem 192
zopiclone 192
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