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Poisoning by paraquat herbicide is a major medical problem in parts of Asia while sporadic cases occur elsewhere. The very high case

fatality of paraquat is due to inherent toxicity and lack of effective treatments. We conducted a systematic search for human studies

that report toxicokinetics, mechanisms, clinical features, prognosis and treatment. Paraquat is rapidly but incompletely absorbed and

then largely eliminated unchanged in urine within 12–24 h. Clinical features are largely due to intracellular effects. Paraquat generates

reactive oxygen species which cause cellular damage via lipid peroxidation, activation of NF-kB, mitochondrial damage and apoptosis

in many organs. Kinetics of distribution into these target tissues can be described by a two-compartment model. Paraquat is actively

taken up against a concentration gradient into lung tissue leading to pneumonitis and lung fibrosis. Paraquat also causes renal and

liver injury. Plasma paraquat concentrations, urine and plasma dithionite tests and clinical features provide a good guide to prognosis.

Activated charcoal and Fuller’s earth are routinely given to minimize further absorption. Gastric lavage should not be performed.

Elimination methods such as haemodialysis and haemoperfusion are unlikely to change the clinical course. Immunosuppression with

dexamethasone, cyclophosphamide and methylprednisolone is widely practised, but evidence for efficacy is very weak. Antioxidants

such as acetylcysteine and salicylate might be beneficial through free radical scavenging, anti-inflammatory and NF-kB inhibitory

actions. However, there are no published human trials. The case fatality is very high in all centres despite large variations in treatment.

Introduction

Self-poisoning with pesticides is a major public health

problem in developing countries with an estimated

300 000 deaths occurring in the Asia–Pacific region alone

each year [1, 2]. For example, in Sri Lanka there are 3–400

self-poisonings with pesticides per 100 000 population

each year [3, 4]. While the organophosphate class

accounts for the majority of hospital admissions, the very

high case fatality (>50%) of paraquat means that it is the

leading single agent causing death from pesticide poi-

soning in many countries including Sri Lanka [5, 6].

Paraquat self-poisoning is not only a problem of the Asia–

Pacific region. In 1986 to 1990, 63% of all suicide deaths in

Trinidad and Tobago were due to paraquat [7]. A similar

high contribution to total suicides was reported from

south Trinidad (76% between 1996 and 1997) [7] and

Samoa (70% between 1979 and 2000) [8]. The problem is

not even confined to developing countries. For example,

between 1945 and 1989, paraquat was responsible for

56% of all pesticide deaths in England and Wales [9, 10]. It

was even responsible for more deaths in the American

Association of Poison Control Centers’ National Poison

Data System in 2008 than any other pesticide [11]. In Sri

Lanka, there have been trials of new formulations to

reduce toxicity and recently a decrease in the maximum

available concentration. These have had only very modest

effects on case fatality [12, 13]. Very recently, paraquat

has been banned in most European countries and also in

Sri Lanka.

The very high case fatality of paraquat is due both to its

inherent toxicity and the lack of any effective treatment.

There are no widely accepted guidelines on treatment of

patients with paraquat self-poisoning and the treatment

varies from supportive care alone to various combinations

of immune-modulation,anti-oxidant therapy,haemoperfu-

sion and haemodialysis. However, the overall mortality

remains >50% in centres routinely practising such inten-

sive measures. Furthermore, these treatment options have

been largely based on extrapolation of evidence from

animal studies which often give the antidote before the

poisoning, and small, mostly uncontrolled, and highly

selected case series conducted in resource-poor settings

with insufficient documentation of severity. Despite (or

because of ) the lack of a strong evidence base or

consistent recommendations, any rational approach to
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treatment should consider both the mechanism of toxicity

and toxicokinetics of paraquat poisoning.

We carried out a systematic search for relevant

clinical studies searching PubMed, the UK National

Research Register, the Injuries Group specialized Register,

Clinicaltrials.gov and the Cochrane database by using the

words‘paraquat’and‘poisoning’.We also used unpublished

information from our ongoing clinical trials and cohort

studies of paraquat self-poisoning that have recruited

close to 800 patients in Sri Lanka to date.

Mechanism of toxicity of paraquat
self-poisoning

Generation of free radicals and oxidative stress
Paraquat-induced toxicity is a manifestation of its ability to

undergo redox-cycling and subsequent generation of

reactive oxygen species (ROS) [14–17].Paraquat is metabo-

lized by several enzyme systems (NADPH-cytochrome

P450 reductase, xanthine oxidase, NADH-ubiquinone oxi-

doreductase and nitric oxide synthase) [18–22]. Its

metabolism through these systems generates a paraquat

mono-cation radical (PQ.+). Inside the cell, PQ.+ rapidly gets

re-oxidized to PQ2+ and in the process it generates super-

oxide (O2
.-). O2 acts as an electron acceptor and NADP as an

electron donor in this reaction. This further gives rise to

formation of the hydroxyl free radical (HO.) in the presence

of iron via the Fenton reaction (Figure 1). NO. combines

with O2
.- to generate peroxinitrite (ONOO-) which is a very

strong oxidant and a nitrating intermediate. NO. is enzy-

matically produced from L-arginine by NO synthase, and

PQ also directly or indirectly induces NO synthase-

mediated nitric oxide production [23]. Generation of

highly reactive oxygen and nitrite species results in toxicity

in most organs but the toxicity is particularly severe in the

lungs as paraquat is taken up against a concentration gra-

dient in to the lung [24].

Secondary effects of oxidative stress
Lipid peroxidation Electrophilic free radicals can extract

hydrogen atoms from polyunsaturated fatty acids thus

causing lipid peroxidation. In vitro, animal and human

studies have demonstrated that paraquat can induce lipid

peroxidation [25–27]. Widespread lipid peroxidation com-

promises cell membrane function and may trigger apop-

tosis. Lipid peroxidation is considered by some to be a key
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initial pathophysiological process in the cascade of events

following paraquat poisoning, although the primary

importance of this mechanism is not universally accepted,

with others postulating these effects follow other patho-

logical processes [28, 29].

Mitochondrial toxicity Paraquat has been shown to cause

mitochondrial damage in various cell lines. Paraquat

appears to be principally reduced by complex I (NADH-

ubiquinone oxidoreductase) in mitochondria [30]. Experi-

ments with disrupted mitochondria showed that once in

the matrix, paraquat reduced by complex I in mammals

forms superoxide [31]. Paraquat induces a Ca2+-dependent

permeability increase of the inner mitochondrial mem-

brane (possibly due to lipid peroxidation) leading to mem-

brane depolarization, uncoupling and matrix swelling [32].

There is a time dependency of paraquat effects such that

mitochondrial complex I activities in rat brain as well as

those in rat lung and liver decrease progressively within a

few hours of exposure [33].

Oxidation of NADPH Paraquat redox cycling rapidly oxi-

dizes NADPH and this has been postulated to lead to sec-

ondary changes on cellular metabolism and impairs

defenses against oxidative stress (e.g. decreased glu-

tathione production) [34]. Fructose diphosphate worsens

paraquat toxicity and this effect is attributed to negative

effects on NADPH replenishment through inhibition of the

pentose-phosphate shunt [35].

Activation of nuclear factor kappa B (NF-kB) Reactive

oxygen species are well known to activate NF-kB from its

dormant form [36]. In normal cells NF-kB is bound to an

inhibitory protein (IkBa). IkBa is rapidly phosphorylated by

inducers of NF-kB [37]. Once activated, NF-kB is translo-

cated into the nucleus and binds to promoter regions and

induces target genes involved in inflammation. As a result,

NF-kB induces transcription of inflammatory enzymes,

cytokines and chemokines. This leads to platelet aggrega-

tion, fibrogenesis and attraction of inflammatory cells [38].

Apoptosis Paraquat can induce apoptosis by production

of ROS and activation of NF-kB. This leads to nuclear con-

densation and DNA fragmentation [39–41]. Peroxinitrite

also reacts with proteins, lipids and DNA altering cellular

enzymatic and signalling pathways causing disruption of

homeostasis and apoptosis [42].

Pathological processes in the major target organs The

above mechanisms are not exclusive; indeed, all may occur

and are very likely to be synergistic. The multiplicity of

pathways may be the underlying explanation for the

observation that no agent aimed at any particular mecha-

nism has been shown to alter toxicity substantially when

given after poisoning. Indeed, the most widely used

treatments are aimed at more non-specific secondary

pathological processes such as inflammation.

Paraquat toxicity is most severe in the lungs and leads

to an acute alveolitis. Further effects include diffuse alveo-

lar collapse, vascular congestion and adherence of acti-

vated platelets and polymorphonuclear leucocytes to the

vascular endothelium [43–45]. In the lung, as in most

tissues, paraquat toxicity leads to apoptosis of affected

cells [46–49].

The primary target of toxicity in the lung is the alveolar

epithelium. During the acute ‘destructive phase’ both type

I and type II pneumocytes demonstrate swelling, vacuola-

tion and disruption of mitochondria and the endoplasmic

reticulum. Sloughing of the alveoli is associated with pul-

monary oedema. This initial phase is followed by a prolif-

erative phase where the alveolar space is filled with

mononuclear profibroblasts which mature into fibroblasts

within days to weeks.This stage is followed by lung fibrosis

[50–53]. Kidneys exposed to paraquat demonstrate devel-

opment of large vacuolation in proximal convoluted

tubules which leads to necrosis [54]. Congestion and

hepatocellular injury associated with rough and smooth

endoplasmic reticulum degranulation and mitochondrial

damage occur in the liver. These changes can be observed

within a few hours to days [55].

Toxicokinetics of paraquat Upon ingestion, paraquat is

rapidly but incompletely absorbed. It is rapidly distributed

to lung, liver, kidney and muscle. Paraquat has a volume

of distribution of 1.2–1.6 l kg-1 [56]. Within 12–24 h after

ingestion 90% of the absorbed paraquat is rapidly

excreted unchanged in urine. Plasma paraquat concentra-

tions can be well described by a two-compartment model

with time-dependent elimination from the central com-

partment [57]. The kinetic parameters are non-linear

largely due to progressive marked toxic effects on the

organs that determine bioavailability and elimination. Bio-

availability appears to increase substantially with increas-

ing doses, perhaps due to gut and liver toxicity. After a few

hours, renal clearance declines rapidly in severe poisoning.

Thus, the small proportion of paraquat that distributes into

the deeper compartments is only slowly eliminated by the

kidneys over many days to weeks [56]. The initial elimina-

tion half-life is around 6 h but this is around 4 days after the

first day [56]. Paraquat is actively taken up against a

marked concentration gradient into the type II pneu-

mocyte [58, 59] which could be considered a third ‘toxic

effect’compartment.Elimination from this compartment is

even slower than from the other deep compartments.

Clinical course The clinical manifestations that follow

paraquat ingestion depend upon the quantity ingested

[60, 61]. Ingestion of large amounts of liquid concentrate

(>50–100 ml of 20% ion w/v) results in fulminant organ

failure: pulmonary oedema, cardiac, renal and hepatic

failure and convulsions due to CNS involvement. These

Medical management of paraquat ingestion

Br J Clin Pharmacol / 72:5 / 747



patients generally have hypoxia, shock and a metabolic

acidosis at presentation. Death results from multiple organ

failure within several hours to a few days.

Ingestion of smaller quantities usually leads to toxicity

in the two key target organs (kidneys and lungs) develop-

ing over the next 2–6 days. This is often referred to as

‘moderate to severe’poisoning in the clinical literature.This

grading only makes sense relative to the fulminant group

as mortality in this group is still well over 50%. Renal failure

develops quite rapidly, and creatinine and/or cystatin-C

concentrations can be monitored over the first day to

detect this group and these also predict long-term

outcome [62, 63]. However, the major effect of this quantity

of paraquat follows its accumulation in the lungs with lung

cell damage producing decreased gas exchange and

respiratory impairment. The pulmonary lesion has two

phases: an acute alveolitis over 1–3 days followed by a

secondary fibrosis. The patient typically develops increas-

ing signs of respiratory involvement over 3–7 days and

ultimately dies of severe anoxia due to rapidly progressive

fibrosis up to 5 weeks later. Some liver toxicity (jaundice,

transaminase rise) is also common in these patients.

However, neither renal nor liver damage is the usual mode

of death and in survivors no long-term effects on these

organs have been reported.

Gastrointestinal toxicity is universal in those ingesting

paraquat concentrate. Mucosal lesions of the mouth and

the tongue (‘paraquat tongue’) begin to appear within the

first few days and may become ulcerated with bleeding

(Figure 2).These are of little prognostic significance as they

occur even in those who spit paraquat out without swal-

lowing (the products commonly contain stenching and

bittering agents). Mucosal lesions in the pharynx, oesopha-

gus and stomach are also very common and much more

sinister. These may result in perforation, mediastinitis

and/or pneumomediastinum. The contribution of this

direct caustic effect to mortality is probably under-

estimated.

Medical management of paraquat
self-poisoning (Table 1)

Resuscitation
Patients in extremis have no realistic hope of recovery with

current treatments. Treatment of such patients should be

palliative once the diagnosis is established. Otherwise, the

standard principles of resuscitation (assessment and man-

agement of airway, breathing and circulation) should gen-

erally be followed as per routine guidelines. The airway

may be compromised due to mucosal toxicity or the pres-

ence of vomitus. Tachypnoea and/or hypoxia may be due

to metabolic acidosis, aspiration and/or acute alveolitis

and a blood gas and chest radiograph may help make the

correct diagnosis. However, mild to moderate hypoxia

should not be routinely treated with oxygen as it will

worsen oxidative stress [64] and it greatly increases lethal-

ity in animal models [65].

Initially, hypotension is generally due to hypovolaemia

and should be treated with boluses of fluids (15–20 ml kg-1

over 15–30 min) repeated as necessary. A high urine

output is desirable. However, as renal failure commonly

develops over the first 24 h, close monitoring of fluid

balance is required to do this safely.

Patients generally maintain a normal level of con-

sciousness. Any impairment usually indicates either

co-ingestion of other agents (e.g. ethanol) or severe toxic-

ity resulting in altered consciousness from hypoxia,

hypotension and severe acidosis. In the latter cases, it is

worth emphasizing that intubation and mechanical venti-

lation are futile in severe cases of paraquat poisoning.

Confirming the diagnosis and risk assessment
A semi-quantitative test using bicarbonate and sodium

dithionite can be used as a bedside test to confirm sys-

temic paraquat toxicity. In an alkaline medium, sodium

dithionite reduces paraquat to a blue radical. If the urine

Figure 2
(A) ‘Paraquat tongue’ early lesion, within 24 h after ingestion. (B) ‘Paraquat

tongue’ late lesion, 2 weeks after ingestion with extensive ulceration
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paraquat concentration is more than 1 mg l-1, the urine will

appear blue and this finding alone indicates a very poor

prognosis [62]. Measurement of plasma paraquat concen-

tration is also useful both to confirm poisoning and predict

prognosis. There are five nomograms and formulae of

plasma paraquat concentrations to predict outcome after

self-poisoning [62, 66–69]. These offer prediction of

outcome from 4 to 200 h after ingestion. All these nomo-

grams and formulae have acceptable performance in pre-

dicting death within the range of their application [70].The

same very simple colorimetric methods used in urine can

be used on plasma samples [71], although several more

accurate and sensitive assays are available in specialized

laboratories [70]. Plasma concentrations are useful for

advising patients and making decisions on monitoring. As

yet they do not have any role in guiding interventions and

thus they are not urgent or essential.

Clinical and laboratory features also may provide an

indication of the prognosis. Patients who present with

overt systemic toxicity within the first day (e.g. hypoten-

sion, severe hypoxia, acidosis and low GCS) have no hope

of survival. Other signs of toxicity have been used to differ-

entiate those who are likely to succumb eventually over

the next month from survivors. The development of renal

failure, changes on chest radiograph and gastrointestinal

lesions are all adverse prognostic signs [72]. We have

recently observed that patients who complain of a

‘burning sensation’ in their skin also have a very poor

prognosis [73].

Gastrointestinal decontamination
Gastric lavage followed by a dose of activated charcoal has

been recommended for patients who present within 1 h of

ingestion of paraquat [74, 75]. However, neither procedure

has been proven to be of clinical benefit in pesticide self-

poisoning [76, 77]. As paraquat is a life-threatening poison

with no known antidote, a single dose of activated char-

coal or Fuller’s earth is recommended for consenting

patients who have a protected airway. We do not recom-

mend gastric lavage as its use is contraindicated in caustic

injury and it is likely to add little to the amount removed by

spontaneous vomiting and adsorbents.

Investigations
In addition to the paraquat concentrations discussed

above, biochemistry (electrolytes and renal and liver func-

tion tests), and haematology (full blood count) should be

done at least daily. A chest radiograph should be per-

formed if pneumomediastinum, pneumothorax or lung

fibrosis (Figure 3) is suspected. A CT scan of the chest may

be useful in detecting early lung fibrosis (Figure 4) or

assessing long-term damage in survivors. Amylase and

lipase may diagnose acute pancreatitis.This should be sus-

pected if patients develop abdominal pain and a raised

blood sugar.

Clinical monitoring and ongoing care
Patients should be monitored for the development of:

1 Acute renal failure. Daily fluid balance should be main-

tained with the aim of ensuring a good urine output

without overloading the patient.

2 Liver toxicity. Clinical examination will usually detect

jaundice and right hypochondrial pain.

3 Respiratory failure: respiratory rate, auscultation of the

lungs (for crepitations) and measurement of peripheral

oxygen saturation should be performed on at least a

twice-daily basis. However, supplementary oxygen

Table 1
Summary of treatment recommendations

Treatment/investigation Indications Comment

Decontamination If within 2–4 h Use activated charcoal or Fuller’s earth

Nasogastric tube Pharyngeal/oesophageal burns or PQ in urine Insert prophylactically as early as possible as swallowing becomes difficult later

Urine dithionite test All patients. If negative, repeat within 24 h Indicate prognosis. Survival expected if negative test – confirm with plasma paraquat

Plasma paraquat All patients Indicate prognosis

EUC, FBC, LFTs, ABG Repeat at least daily and when clinically indicated Look for reversible causes. Progressive changes indicate prognosis

Monitor fluid balance All patients Declining urine output- correct fluid balance and screen for acute renal failure

Intravenous fluids Inability to swallow, hypotension

Haemoperfusion/Haemodialysis Presentation within 2 h. Acute renal failure

WITHOUT pneumonitis

Most likely of use early and in cases with ‘borderline exposures’. Futile in very severe or

late poisoning

Monitor respiratory rate and

oxygen saturation

All patients.

AVOID OXYGEN

Look for treatable causes (e.g. infection and pneumothorax). Acute pneumonitis (early)

and fibrosis (late) indicate very poor prognosis

Monitor cardiovascular status All patients Hypotension not responsive to fluid indicates a very poor prognosis.

Monitor level of consciousness All patients If CNS toxicity secondary to hypoxia or acidosis, there is a very poor prognosis

Pain relief and sedation All patients Pain relief with opiates and sedation with benzodiazepines as required

Intubation and ventilation Acute stage – as for any other medical condition Avoid in acute pneumonitis due to large ingestions and lung fibrosis

Experimental therapy Consenting patients and clinical trials No evidence from human clinical trials. Dexamethasone, salicylates and NAC have most

support in animal models

Medical management of paraquat ingestion
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should not be given except as a palliative measure in

patients determined to be in terminal decline.

4 Mucosal injury:patients develop severe oral ulcers within

a few days after ingestion of paraquat. This generally

prevents patients from taking adequate food or oral

fluids for up to 10 days. Early insertion of a nasogastric

feeding tube will ensure adequate nutrition. This in turn

may be important in ensuring innate anti-oxidant

mechanisms are not compromised. In addition, pain

relief with opiates is often required and these can then

be given.

Elimination enhancement: haemodialysis
(HD)/haemoperfusion (HP)
Haemodialysis and HP are part of the standard treatment

in many centres [78–80]. However, the kinetics of

paraquat suggest the benefits of this will be very limited

for two reasons. Firstly, the endogenous clearance is high

in the first 6 to 12 h and thus most paraquat is eliminated

rapidly anyway and the additional amount eliminated will

be relatively modest. Secondly, the timeframe in which

the increased elimination will have an impact on the dis-

tribution into lungs is very short. In a dog model it was

shown that HP was ineffective in reducing paraquat lung

exposure unless it was started within 2 h post ingestion

[57]. Using the data from this study it can be shown that

commencing HD/HP after 2 to 4 h removes paraquat from

the plasma compartment but reduces paraquat taken up

by the lungs by negligible amounts and hence is unlikely

to change overall outcome (Figure 5). The subsequent

elimination of accumulated paraquat from the lung is

minimally dependent on the plasma concentration. These

conclusions are supported by the clinical studies that

have been performed. Koo et al. in an uncontrolled study

compared HP alone with HP followed by continued veno-

venous haemofiltration (CVVH) in a group of 80 patients

with paraquat self-poisoning [78]. While survival was

significantly longer with the additional intervention

(5.0 � 5.0 vs. 2.5 � 2.1 days; P < 0.05), there was no differ-

ence in mortality between the two groups (66.7% vs.

63.6%; P = 0.82). Paraquat concentrations very similar to

the blood concentration at the start of treatment were

found in muscle and lung at post mortem 5 days after

ingestion despite achieving clearances of 150 ml min-1

from combined HD/HP done for two half-lives from 3 to

8 h post ingestion achieving much lower blood con-

centrations [81]. The overall case fatality in centres

routinely performing HP/HD is still over 50% [78, 79], com-

parable with that in our centres that never use the

technique [12].

The choice of method may be a moot point but has

been studied. In an experimental model, HP provided

moderately superior clearance to HD for 90 min after ini-

tiation of the procedure [79]. While, HD clearance

remained static, clearance by HP then rapidly decreased.

The plasma paraquat was reduced substantially by 4 h of

HP in both survivors (80%) and non-survivors (76%).

However, the most important consideration is starting the

treatment within a few hours and the choice of method is

secondary.

Haemodialysis could be considered in patients who

have developed symptomatic acute renal failure. However,

such patients have a very poor prognosis in terms of their

lung injury, so this is unlikely to change outcome [63].

Other treatment options
There are no widely accepted treatment guidelines for

paraquat self-poisoning or good-quality evidence to

support the following treatments. However, given the

dismal prognosis most physicians adopt one or more of

the following into their practice.

Figure 3
Chest radiograph demonstrating diffuse alveolar shadowing of a patient

7 days after ingestion of paraquat

Figure 4
High resolution CT scan of chest demonstrating bilateral pulmonary

fibrosis 11 days after paraquat poisoning
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Immunosuppression

‘Immunosuppression’ is widely practised as a treatment of

paraquat self-poisoning. The theory is that as paraquat

leads to an acute inflammatory response, interference with

this may inhibit the processes that follow that then lead to

lung fibrosis and death. The most widely studied regimen

uses cyclophosphamide, MESNA, methylprednisolone and

dexamethasone (Table 2). This includes agents with mul-

tiple other potential mechanisms (i.e. anti-inflammatory,

induction of transporters, anti-oxidant) and thus the termi-

nology is confusing.Dexamethasone in particular has been

shown to increase the expression of P-glycoprotein in rats

[82] (and may well increase expression of other transport-

ers).There was a significant reduction of paraquat accumu-

lation in the lung tissue and an increase of faecal excretion

of paraquat in rats treated with lethal doses of paraquat.

Dexamethasone has also been shown to possess the

ability to ameliorate the histological and biochemical

changes induced by paraquat and to reduce lipid peroxi-

dation and survival rates in Wistar rats [83].

There are no animal studies that have demonstrated

benefit of this ‘immunosuppression’ combination in

experimental paraquat poisoning. The clinical evidence is

also very limited. The regimen was promoted by Addo &

Poon-King when they reported an uncontrolled study

that used this combination along with supplementary K+

and Mg2+ [84]. They claimed improved survival on the

basis that six of the 18 patients who had plasma paraquat

concentrations over 2 mg l-1 survived and that the mor-

tality in this group should be 100%. The six survivors were

all plotted close to the Proudfoot cut-off line [84] and

their survival was not remarkable enough for this to be

regarded as strong evidence. Following this initial report,

a group from Taiwan carried out a series of further clinical

studies using immunosuppression [80, 85, 86]. The first

study was a cohort of 16 patients with moderate to

severe paraquat poisoning treated with 1 g of cyclophos-

phamide daily for 2 days and 1 g of methylprednisolone

daily for 3 days. Mortality was four out of 16 (25%) com-

pared with 12 of 17 (71%) in a historical control group

that had received only conventional therapy. This encour-

aged them to go on to perform a randomized controlled

trial (RCT). On an intention to treat analysis, 12 of 65

control patients and 18 of 56 patients receiving immuno-

suppression survived (P = 0.09). The authors presented a

post hoc analysis in which only patients who survived the

first week after randomization were compared and

claimed they had demonstrated benefit in this subgroup.

This led to a third study of 23 patients randomized in a

ratio of 1:2 ‘if their plasma paraquat concentrations were

between the predictive mortality of >50% and <90%

according to the formula of Hart et al. and Lin et al. [67,

86] All patients also underwent two sessions of charcoal

haemoperfusion. The mortality rate (85.7%, six of seven)

of the control group was higher than that of the study

group (31.3%, five of 16). This study had no power calcu-

lation and indeed there is no power calculation that

would feasibly have given rise to such a small study with

mortality as the primary outcome. Another very small trial

(n = 20) with an improbably large treatment effect (mor-

tality 33.3% with immunosuppression vs. 81.8% in con-

trols) has also been reported [87]. Even in the best-

designed studies early termination of small RCTs ‘for

benefit’ inevitably greatly exaggerates the effectiveness

of the intervention [88]. An uncontrolled study showed
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Figure 5
A model of the time-dependent effect of haemodialysis on plasma (black

line), tissue (dashed line) and lung (red line) paraquat concentrations. It

should be noted that there is minimal reduction in lung concentrations

when instituted at 3 or 6 h post ingestion (parameters from model devel-

oped by Pond et al. [57])
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no survival benefit of immunosuppression with cyclo-

phosphamide and dexamethazone [89]. A 2003 system-

atic review of the effectiveness of immunosuppressive

therapy in paraquat poisoning found no other RCT [90]. A

much larger double-blind RCT of immunosuppression

(ISRCTN85372848) should report in 2011. While no analy-

sis has been performed, it is clear that the high overall

mortality we have observed in the study is not consistent

with the treatment more than halving the number of

fatalities.

Antioxidants

Several antioxidants have been tested as potential anti-

dotes for paraquat poisoning. As a general statement they

have had impressive results in vitro, with mixed but modest

results in animal studies. Human studies have either been

absent or small and uncontrolled. As a further complica-

tion, none of these has established indications as anti-

oxidants and the optimal dose to achieve this effect

in humans is unknown. The following are those with

therapeutic preparations and for which there is the most

information.

Vitamin E
Vitamin E-deficient rats poisoned with paraquat have

lower LD50 values and have shorter survival times [91]. Pre-

treatment of rats with a-tocopherol liposomes [92] was

shown to modify paraquat-induced lung toxicity. Further-

more, rat lungs, directly treated with vitamin E 24 h after

exposure to paraquat, demonstrated less lipid peroxida-

tion than controls [93]. Potential mechanisms may involve

membrane stabilization of polyunsaturated fatty acids and

ROS scavenging. Vitamin E also inhibits the activation of

NF-kB [94].

However, in the only human study, only two of nine

patients treated with vitamin E (200–4000 mg day-1) sur-

vived [28]. Other animal models have also failed to show

either a survival benefit or an improvement in histology of

lungs following paraquat toxicity [95].

Vitamin C
Vitamin C is an antioxidant based on its ability to donate an

electron to free radicals thereby neutralizing them. When

mutant rats unable to synthesize ascorbic acid were fed

paraquat they developed signs and symptoms of paraquat

toxicity at concentrations that do not produce features of

toxicity in normal rats [96]. In mouse embryonic stem cells

administration of ascorbic acid reduced the total ROS gen-

erated by exposure to paraquat [97]. However, while pre-

treatment with intravenous vitamin C reduced oxidative

stress from paraquat toxicity in rats, vitamin C given soon

after paraquat ingestion worsened oxidative stress [98].

The latter effect was reduced by the iron chelator, desfer-

oxamine and therefore attributed to the promotion of the

Fenton reaction (see Figure 1) and increased redox-cycling

of metals [98]. In the only published human study, 10

patients with paraquat poisoning with positive urine

paraquat but ‘stable vital signs’, all survived after a com-

bination of high-dose vitamin C and multiple other

anti-oxidants. It was noted that the total anti-oxidant

status increased progressively with increasing doses of

vitamin C [99].

N-acetylcysteine (NAC)
N-acetylcysteine replenishes cysteine which is rate-

limiting in the synthesis of glutathione, a critical antioxi-

dant defence. NAC reduced paraquat-induced apoptosis

[48] and inflammatory response [100] in human lung cul-

tures. In rats, NAC improved survival after paraquat poison-

Table 2
Summary of clinical studies

Study Description Treatment Mortality Comments

Addo & Poon-King [84] Uncontrolled 72

patients

CP, Dex, MP, vitamin B,

vitamin C

28% No follow-up after discharge. Plasma paraquat measured in only 25

patients. Of the patients who had concentrations over 2 mg l-1,

only 6/18 survived

Afzali & Gholyaf [87] RCT 20 patients CP, Dex, MP vs. conventional

treatment

33% vs. 81% Plasma paraquat not measured. Sample size and power calculation

not performed, no follow-up after discharge

Perriens et al. [89] Uncontrolled 47 patients CP, Dex vs. conventional treatment 63% vs. 61% Exposure confirmed

Lin et al. [86] RCT 23 patients CP, Dex, MP vs. conventional

treatment

31% vs. 86% Power calculation not done. No follow-up after discharge

Lin et al. [80] RCT 50 patients CP, Dex, MP vs. conventional

treatment

68% vs. 82% 71 patients were excluded from post hoc analysis. Plasma paraquat

not measured. No follow-up after discharge

Lin et al. [85] 16 patients 17 historic

controls

CP, Dex, MP 25% vs. 70% Exposure unconfirmed. Used historic controls. No follow-up after

discharge

Yasaka et al. [28] Uncontrolled 9 patients Vitamin E 100–4000 mg day-1 78%

Hong et al. [99] Uncontrolled 5 patients Vitamin C escalating doses 0%

CP, cyclophosphamide; Dex, dexamethasone; MP, methylprednisolone; DFO, desferroxamine.
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ing, doubling the LD100 from 100 to 200 mg kg-1 [100].

Beneficial effects of NAC appear to be mediated through

reduction of ROS and inflammatory markers [101, 102].

NAC increased glutathione in alveolar type II pneumocytes

in rats given paraquat [103].

Despite NAC having potentially beneficial effects

through multiple mechanisms (scavenging of ROS, increas-

ing glutathione and reducing inflammation, lipid peroxida-

tion and apoptosis),strangely it has been minimally studied

in human paraquat poisoning. S-carboxymethylcysteine

1500 mg day-1, a related cysteine/glutathione precursor,

was used in 35 cases of paraquat poisoning with a case

fatality of only 23% [104]. However, there is insufficient

information to indicate how severely poisoned these

patients were to contrast with the expected mortality.

Deferoxamine (DFO)
Iron is an important contributor to the generation of ROS

through the Fenton reaction (Figure 1). Iron enhanced tox-

icity of paraquat in bacteria [105] and in mice [106]. Addi-

tion of DFO was protective in these experiments [105, 106].

However, DFO led to no survival benefit in rats poisoned

with paraquat [107]. No human studies have looked at the

efficacy of DFO in paraquat poisoning.

Salicylic acid (SA)
In addition to its established anti-inflammatory mecha-

nism of inhibiting cyclo-oxygenase, SA has a variety of anti-

oxidant effects. It can scavenge hydroxyl radicals and

inhibit their production through the Fenton reaction [108].

SA can reduce oxidative stress [109, 110] and inhibit the

activation of NF-kB [111].The latter effect may be direct or

mediated through inhibition of TNFa, a potent stimulator

of NF-kB [112]. SA inhibits lipid peroxidation in both

neuronal cells and mitochondria in vitro [113, 114].

Furthermore, SA reduces other inflammatory mediators

such as IL4 [115] and activator protein-1 [116] indepen-

dent of NF-kB inhibition.

A single dose of sodium salicylate (200 mg kg-1) to

Wistar rats, 2 h after exposure to a toxic dose of paraquat

(25 mg kg-1) resulted in no deaths compared with 100%

mortality in the control group [43]. Treatment with salicy-

late significantly reduced oxidative stress, NF-kB activa-

tion, lipid peroxidation, platelet activation and histological

lung damage.This was associated with reduced myeloper-

oxidase activity, reduced platelet activation, reduced mito-

chondrial dysfunction and apoptosis. There have been no

published human studies.

Conclusions

Rational use of highly experimental
treatment options
Based on animal studies and limited human data, it is our

opinion that NAC, vitamin C, salicylate and dexamethasone

appear to have the most promising mechanisms to

counter the principle pathophysiological events following

paraquat, and also have established safety profiles.

However, more evidence is needed to guide the choice of

doses, duration and combinations. Thus, these agents/

combinations of agents should be tested first in small

phase II studies utilizing biomarkers to select regimens to

take into larger phase III clinical studies that can determine

if any of these might significantly reduce the very high

case fatality. We have recently completed two small phase

II studies (n = 20–40) with combinations of the above.

Laboratory results are pending but clinical results to date

have been only slightly better than historical controls and

we believe many further studies will be required to find an

antioxidant regimen worth evaluating in large RCTs (full

reports should be published in 2011).

Management conclusions
There are two competing philosophies that drive man-

agement decisions. The first recognizes that the outcome

is dire and that no treatments are likely to be effective

and aims to do minimal low-risk interventions (charcoal,

i.v. fluids and maybe an anti-oxidant) and keep patients

comfortable. The second recognizes that the outcome is

dire and that no treatments are likely to be worse than

the disease. This group does HP/HD, immunosuppression

and often adds to this a cocktail of other treatments. We

would encourage anyone seeing a substantial number of

paraquat poisonings to adopt a consistent strategy for

a number of patients, measure the paraquat concentra-

tion (the best prognostic predictor) and report their

outcomes.
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