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Paraquat dichloride (methyl viologen; PQ) is an effective and widely used herbicide that has
a proven safety record when appropriately applied to eliminate weeds. However, over the last
decades, there have been numerous fatalities, mainly caused by accidental or voluntary inges-
tion. PQ poisoning is an extremely frustrating condition to manage clinically, due to the elevated
morbidity and mortality observed so far and due to the lack of effective treatments to be used
in humans. PQ mainly accumulates in the lung (pulmonary concentrations can be 6 to 10 times
higher than those in the plasma), where it is retained even when blood levels start to decrease.
The pulmonary effects can be explained by the participation of the polyamine transport system
abundantly expressed in the membrane of alveolar cells type I, II, and Clara cells. Further down-
stream at the toxicodynamic level, the main molecular mechanism of PQ toxicity is based on
redox cycling and intracellular oxidative stress generation. With this review we aimed to collect
and describe the most pertinent and significant findings published in established scientific pub-
lications since the discovery of PQ, focusing on the most recent developments related to PQ lung
toxicity and their relevance to the treatment of human poisonings. Considerable space is also
dedicated to techniques for prognosis prediction, since these could allow development of rigorous
clinical protocols that may produce comparable data for the evaluation of proposed therapies.

Keywords Chemistry, Clinical Features, History, Human Intoxication, Paraquat, Toxicokinetics,
Treatment
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ABBREVIATIONS GIT, gastrointestinal tract.

Ab, antibody.

ACE, angiotensin-converting enzyme.
AP-1, activator protein-1.

ARDS, acute respiratory distress syndrome.
ATP, adenosine triphosphate.

BALF, bronchoalveolar lavage fluid.
BHs, bipyridylium herbicides.

b.w., body weight.

CHP, charcoal hemoperfusion.

CL;, creatinine clearance.

CLpq, paraquat clearance.

Chax, maximum plasma concentration.
CNS, central nervous system.

CP, cyclophosphamide.

CP51, 1-(2’-methoxyethyl)-2-methyl-3-hydroxypyridin-4-one.

Cyt ¢, cytochrome c.

DEX, dexamethasone.

DFO, desferoxamine.

DLo, lung carbon monoxide diffusing capacity.
DNA, deoxyribonucleic acid.

ERG, electroretinogram.

exEth, ethane in the expired breath.

Fe2*, ferrous ion.

Fe?t, ferric ion.

FiO,, fraction of inspired oxygen.

FR, Fenton reaction.

FRD, ferrodoxin.

G6PD, glucose-6-phosphate dehydrogenase.
GFR, glomerular filtration rate.

GGO, ground-glass opacification.

GPx, glutathione peroxidase.

Gred, glutathione reductase.

GSH, reduced glutathione.

GSSG, oxidized glutathione.

H,0,;, hydrogen peroxide.

HMP, hexose monophosphate pathway.

HO’, hydroxyl radical.

HRCT, high-resolution computed tomography.
HWR, Haber—Weiss reaction.

i.p., intraperitoneal.

1.v., Intravenous.

ICI, Imperial Chemical Industries (now Syngenta).
K., Michaelis—Menten constant.

LPO, lipid peroxidation.

MDA, malondialdehyde.

MINA, 4-methylisonicotinic acid.

MGBG, methylglyoxal bis-(guanylhydrazone).
MP, methylprednisolone.

Na™, sodium.

NAC, N -acetylcysteine.

NADP*, oxidized nicotinamide adenine dinucleotide phos-
phate.

NADPH, reduced nicotinamide adenine dinucleotide phosphate.
NaSAL, sodium salicylate.

NF-«B, nuclear factor kappa-B.

NMN, N -methylnicotinamide.

NO, nitric oxide.

NOS, nitric oxide synthase.

0O,, oxygen.

O, superoxide radical.
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PaCO,, partial pressure of carbon dioxide in arterial blood.
PAH, p-aminohippurate.

PaO,, partial pressure of oxygen in arterial blood.
PAQ,, partial pressure of oxygen in the alveolus.
PEEP, positive end-expiratory pressure.

PFTs, pulmonary function tests.

P-gp, P-glycoprotein.

PQ or PQ?*, paraquat.

PQ'*, paraquat monocation free radical.

PUFAs, polyunsaturated fatty acids.

PUS, polyamine uptake system.

RNA, ribonucleic acid.

ROS, reactive oxygen species.

s.c., subcutaneous.

SH, thiol.

SOD, superoxide dismutase.

t)2, half-life.

Tmax, time to maximum plasma concentration.
TPC, TUNEL-positive cells.

TUNEL, terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick end-labeling.

VER, verapamil.

Viax, maximal rate.

WBC, white blood cell.

XD, xanthine dehydrogenase.

X0, xanthine oxidase.

1. HISTORY, USE, AND USEFULNESS OF PARAQUAT

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride; PQ)
[CAS number 1910-42-5] is an herbicide belonging to the
chemical family of bipyridylium (also called bipyridyl) qua-
ternary ammonium herbicides. PQ and diquat (1,1’-ethylene-
2,2'-dipyridylium dibromide; DQ) [CAS number 85-00-7] are
the most commonly used herbicides of this group (Figure 1).
They have similar chemical and physical properties and have
a similar mode of action on plants (Calderbank, 1968). Of the
two bipyridylium herbicides (BHs) in use, PQ is by far the most
clinically significant in terms of number of intoxication cases,
and it is the main subject of this review.

H?‘C—+|“I \_/ / \ N-'-—CH3

PQ (1,1"-dimethyl-4,4"-bipyridylium ion)

DQ (1,1-ethylene-2,2"-dipyridylium ion)

FIG. 1. Chemical structures of paraquat (PQ) and diquat (DQ).

TABLE 1
Some paraquat trade names

Paraquat Paraquat—diquat mixtures
Crisquat Preeglone
Dextrone X Priglone

Esgram Weedol
Gramoxone

PQ was first described in 1882 (Weidel and Rosso, 1882).
Its redox properties were discovered in 1933 by Michaelis and
Hill (1933). By that time it was used as an oxidation—reduction
indicator because an electron donation to the PQ ion (PQ?**)
forms a stable [in the absence of molecular oxygen (O,)]
free radical monocation (PQ") having a violet or blue color
(Michaelis and Hill, 1933); hence, PQ is commonly called
methyl viologen (Figure 1).

The PQ herbicidal properties were discovered at the Jealott’s
Hill International Research Centre, Bracknell, UK, in 1955, and
in August 1962, PQ was introduced into the market as an herbi-
cide by the Plant Protection Division Ltd of Imperial Chemical
Industries (ICI; now Syngenta) (Homer et al., 1960; Calderbank,
1968; Smith and Heath, 1976). Gramoxone, manufactured by
Syngenta, is the most common trade name for PQ, but the her-
bicide is also sold under many different trade names by several
different companies (Table 1).

In spite of numerous intoxications, PQ is now registered and
used in over 120 developed and developing countries throughout
the world (Table 2). The main reasons for such widespread use
are the following:

¢ PQ is an excellent herbicide for destroying weeds that
may decrease crop yields. It is also used in pasture
renovation and on noncrop areas such as public airports,
electronic transformer stations, and around commercial
buildings. Its success as a weed killer lies in the fact that
small quantities of a PQ solution rapidly kill plants on
contact with the leaves, and is also due to its low cost.
In addition, PQ allows the roots to remain intact, thus
holding the soil together and preventing soil erosion.

¢ PQ is highly hydrophilic and thus not absorbed through
intact skin.

¢ Aerosolized PQ particles are large in diameter and thus
do not reach the humans alveoli when exposed by in-
halation route. Indeed, typical spray equipment gener-
ates droplet sizes with a median volume diameter over
100 pm.

¢ PQ is rapidly inactivated and metabolized once in the
soil, preventing its accumulation in the ecosphere.

Since its introduction in the market, numerous successful
practical uses of the herbicide have been implemented. PQ is
an extremely effective, fast-acting, and nonselective foliage-
applied contact herbicide, killing a wide range of grass and
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TABLE 2
Countries in which paraquat is registered as of June 2005 (adapted from paraquat information center,
www.paraquat.com)

Albania El Salvador Malaysia Sierra Leone
Algeria Ethiopia Mali Singapore
Angola Fiji Malta Slovakia
Antigua & Barbuda France Mauritania Somalia
Argentina Gabon Mauritius South Africa
Australia Gambia Mexico South Korea
Bahamas Germany Morocco Spain
Bahrain Ghana Mozambique Sri Lanka
Bangladesh Greece Myanmar Sudan
Barbados Grenada Namibia Suriname
Belgium Guatemala Netherlands Swaziland
Belize Guinea New Zealand Tahiti
Bolivia Guinea-Bissau Nicaragua Taiwan
Botswana Guyana Niger Tanzania
Brazil Haiti Nigeria Thailand
Burkina Faso Honduras Oman Trinidad & Tobago
Burundi India Pakistan Turkey
Cameroon Indonesia Panama Uganda
Canada Iran Papua New Guinea United Kingdom
Cape Verde Iraq Paraguay USA

Chad Ireland Peru Uruguay
Chile Israel Philippines Venezuela
China Italy Poland Vietnam
Colombia Jamaica Portugal Yemen
Costa Rica Japan Romania Yugoslavia
Cote d’lvoire Jordan Rwanda Zambia
Croatia Kenya Sao Tome & Principe Zimbabwe
Cuba Lebanon St Kitts & Nevis

Czech Republic Liberia St Lucia

Dominica Macedonia St Vincent & Grenadines

Dominican Republic Madagascar Samoa

Ecuador Malawi Senegal

dicot weeds. PQ is rapidly inactivated by the majority of
surrounding soils in the event of overspray (Amondham et al.,
2006). Inactivation on contact with soil means that no biologi-
cally active residues remain in the soil, thus allowing planting
or sowing to be carried out almost immediately after spraying.
The PQ?™ is strongly attracted to the negative charge of soil clay
particles, and once the equilibrium is established (Figure 2), PQ,
at typical environmentally expected concentrations, becomes a
strongly adsorbed residue that is biologically unavailable due
to having an extremely low concentration in the soil solution.

Soil Surfaces Soil Pore Water
>99.99% = + Microbial |.
E CO, + H,0
Strongly Adsorbed - Degradation 2+ M2

FIG. 2. Equilibrium dynamics for paraquat between the soil and
soil solution. Adapted from Roberts et al. (2002).

The soil’s natural deactivation capacity for this herbicide is sev-
eral times the normally recommended application rate (Smith
and Oehme, 1991), with existing evidence demonstrating that
adsorption is capable of deactivating the equivalent of hundreds
or even thousands of PQ applications over a wide range of soils.
This also means that PQ is effectively immobilized in soils with
no leaching to groundwater (Roberts et al., 2002).

Although the nonsystemic (contact) property of PQ makes it
less than ideal for the long-term control of perennial weeds, the
same property is of real advantage when parts of crop plants are
sprayed accidentally and thus only the part receiving the spray
is affected (Sagar, 1987). PQ is rainfast within only minutes of
application. This property reduces the operator’s dependence on
weather and allows great precision in the timing of applications.
In relation to the crop, PQ may be applied preharvest, preemer-
gence, or preplant. The herbicidal activity becomes obvious as a
rapid decolorization and desiccation of green plant tissue when
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illuminated. It is the rupturing of the cell membranes, allowing
water to escape from the plant material, that leads to the rapid
desiccation of the foliage. PQ has also been used for control of
aquatic weeds in irrigation ditches, from where residues disap-
pear rapidly due to its strong adsorption to bottom mud and onto
aquatic weeds (Grover et al., 1980). The best herbicidal results
are achieved by spraying in late afternoon or evening. However,
the herbicidal activity is slower in the dark, owing to the de-
crease of naturally occurring reducing agents characteristics of
photosynthesis.

Product formulations differ among countries. Typically, PQ
is available as a 10% to 30% concentrated solution (according
to the manufacturer’s instructions, correctly diluted spray solu-
tions should contain no more than 0.05 to 0.2% of PQ ion) for
agricultural use. PQ formulations are broadly neutral but can be
irritant and corrosive, and the concentrate may also contain an
aliphatic detergent to enhance entry of PQ into the cells and thus
its toxicity. PQ can be applied safely when used according to the
manufacturer’s guidelines (Hart, 1987). It is generally with the
liquid formulations (especially the concentrated ones) for agri-
cultural use that the vast majority of fatal cases of intoxication
have occurred. Proudfoot et al. (1987) reported a mortality of
65% in patients who ingested the concentrated formulation and
only 4% in those who ingested the diluted solutions (2.5% w/v).
Originally, marketed aqueous PQ formulations were brown in
color. Due to mistakes with other common beverages such as
coffee and cola drinks, among others, the color is now dark
blue-green. The formulations also contain a powerful stenching
and emetic agent. Recently, Syngenta scientists have developed a

f

FRD°x

formulation, Gramoxone Inteon, which contains a gelling agent
(alginate) that is activated at the pH of stomach acid, and in-
creased levels of an emetic and a purgative. Once formed, the
gel minimizes and slows dispersion and passage of PQ to its site
of absorption in the small intestine, allowing more time for pro-
ductive emesis caused by the emetic, reducing the absorption of
PQ into the blood (Heylings et al., 2007). The new formulation
improved overall survival following PQ ingestion from 25.6%
to 35.3% (Wilks et al., 2006).

1.1. Mode of Action as Herbicide

Herbicidal activity, as well as PQ-induced toxicity to mam-
mals, was found to be linked to PQ redox potential (Bird and
Kuhn, 1981). Initial work on the mode of action of BHs by
Mees (1960) indicated that their ability to cause rapid kill is
dependent on the photosynthetic activity of plants (sunlight)
and on O,. Zweig et al. (1965) further found that BHs cause
a deviation of electron flow from Photosystem I (which nor-
mally transfers its electron to ferredoxin), leading to an inhi-
bition of oxidized nicotinamide adenine dinucleotide phosphate
(NADP) reduction during photosynthesis (Figure 3). Resulting
from this process, PQ™* is produced in the cell at the expense of
NADPH. Thus, PQ is only toxic to the green parts of the plant,
where the photosynthesis occurs (Slade, 1966). PQ?** is then
rapidly reoxidized by the O, produced in chloroplasts (Slade,
1966). During the reoxidization, a superoxide radical (O;") is
generated, with the subsequent oxidation deleterious effects and
consequent cell death. This redox cycle occurs until the supply

NADPH

A___NADP*+H*

|

FRDred

PQ2: PQ+ PQ2-
\x,<‘ P 0; ;0 - —.CELLULAR
I Pt I 2 D AMAGE

e

PSI

FIG. 3. Herbicidal mechanism of paraquat. In photosystem I (PSI), plastocyanin (PC) transfers its electron (e ) through a series
of steps (P700, Ag, Aj, Fx, Fa) to ferrodoxin (FRD) and finally to NADP™. Paraquat ion (PQ?*) binds near the FRD binding
site in PSI and accepts an e¢~, becoming paraquat monocation free radical (PQ'™), which initiates a series of reactions leading to
cell membrane disruption and plant death. The formation of such free radicals stops electron transport to NADP™' and effectively
inhibits normal functioning of PSI. A, Ferrodoxin-NADP™ reductase.
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of free electrons ceases. Therefore the mechanism of toxic ac-
tion of PQ involves cyclic reduction—oxidation reactions, which
produce reactive oxygen species (ROS) and depletion of reduced
nicotinamide adenine dinucleotide phosphate (NADPH). After
application, penetration through the leaf surface occurs almost
immediately. This absorption is increased by high light intensity
and humidity and by added nonionic adjuvant in the formulation,
which ensure good spray retention and wetting of target foliage.
An excellent review of this subject is given by Dodge (1971).

1.2. Biodegradation Pathways

When bound to soil, PQ is virtually biologically inactive,
unavailable for either herbicidal or ecotoxicological action and
unavailable for microbial degradation or photodecomposition
(Burns and Audus, 1970; Smith and Oehme, 1991). The strong
binding of PQ to clay minerals (e.g., bentonite) forms the basis
of a suggested method for preventing systemic absorption in
human poisoning cases (Smith et al., 1974a). Such soil-bound
residues may persist essentially indefinitely, with only a 10%
annual loss and a field half-life (#;2) of 6.6 years (Hance et al.,
1980). PQ is only significantly available for degradation during
the immediate period after soil application (especially during
the first 96 h), when the herbicide is only weakly adsorbed to
the soil particles (Burns and Audus, 1970).

0,, UV radiation

o (0) /

PQ monopyridone

0,, UV radiation

=

0
/ N—CH,
N

1.2.1. Photochemical Degradation

The photochemical degradation of PQ has been observed in
laboratory conditions, as well as on the surface of plant mate-
rial and soils. It is the predominant mechanism of PQ degra-
dation in soils (Smith and Mayfield, 1978), and it is related
to the availability of ultraviolet (UV) between the wavelengths
of 290 and 310 nm during daylight hours (Slade, 1965, 1966).
The main intermediates of photochemical PQ degradation on
plants or soil surfaces are of low toxicity. They decompose
easily and are not expected to produce adverse environmental
effects.

1.2.1.1. OnPlantSurfaces. Inagricultural practice, much
of the sprayed PQ is initially deposited on plant surfaces.
Slade (1965, 1966) applied PQ dichloride droplets to maize,
tomato, and broad-bean plants and studied the degradation
pathways. Determinations carried out at intervals of 100 days
showed that degradation was caused by photochemical decom-
position on the leaf surfaces and not by metabolism. Degra-
dation products isolated from plants sprayed with ['*C]PQ
dichloride included 4-carboxyl-I-methyl-'#C-pyridylium chlo-
ride or 4-methylisonicotinic acid (MINA) and methylamine l4c.
hydrochloride. The photochemical degradation of PQ dichloride
continued after the plants were dead (Figure 4). The photochem-
ical degradation of PQ is rapid. A 0.1% PQ solution was com-
pletely degraded in 3 days under a UV lamp (Slade, 1965). PQ

H,C—N \7 y /N N"—CH,

/ N\

0,, UV radiation, microbial

N

Monoquat

0,, UV radiation, microbial

N /

+
H,C— N \ / COOH — = CO,+ CH,NH,HCI

0,, UV radiation
N-methylisonicotinic acid (MINA)

microbial

'

CO, + CH;NH,HCI + formate + oxalate + succinate

NH, + CO, + H,0

FIG. 4. Photochemical and microbial degradation of paraquat. Adapted from Slade (1965).



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

20 R.J. DINIS-OLIVEIRA ET AL.

photodegradation products were not translocated from the des-
iccated leaves of the plants; nor were they found in the crops
(cereals and fruits), when weeds were treated with PQ during
3—4 successive seasons (Slade, 1965).

1.2.1.2. On Soil and Other Mineral Surfaces. Slade
(1966) showed that there was a breakdown, similar to that ob-
served on plant surfaces, if spots of PQ on silica gel were directly
exposed to sunlight. When ['*C]PQ dichloride was sprayed on
the bare soil surface of a field during a hot sunny period, traces of
MINA were detected in the top inch of soil for the first few weeks
afterward (Calderbank and Slade, 1976). Radioassay showed
that the total soil residue did not markedly decrease during a 6-
to 18-month period, so that, in agricultural practice, UV degra-
dation of herbicide reaching the soil should be regarded as in-
significant.

1.2.2. Microbial Degradation

Microbial PQ degradation was thoroughly reviewed by Ha-
ley (1979). In soils, it does not occur at appreciable rates due
to the sequestering of the herbicide at mineral or organic an-
ionic sites. Nevertheless, the biodegradation of PQ has been
observed by a wide variety of soil microorganisms in aqueous
solution. Baldwin et al. (1966) identified many soil microorgan-
isms capable of degrading PQ. The herbicide was decomposed
by Corynebacterium fascians, Clostridium pasteurianum, and
Lipomyces starkeyi. Several other microorganisms were found
to degrade PQ (Smith and Heath, 1976), but Lipomyces starkeyi
proved to be the most active (Burns and Audus, 1970). In pure
culture, degradation of PQ has been reported to occur under
both aerobic and anaerobic conditions by Clostridium pasteuri-
anum (Baldwin et al., 1966). In the case of the yeast Lipomyces
starkeyi, the ability to degrade PQ was only seen under aerobic
conditions (Funderburk, 1969).

Several biodegration products of PQ have been character-
ized. The demethylated product, 1-methyl,-4,4’-bipyridylium or
monoquat (Figure 4) was recovered from an unidentified bacte-
rial culture, as well as the N-methyl betaine of isonicotinic acid
or MINA (Summers, 1980). Whether these compounds occur
sequentially in one degradation pathway or in separate path-
ways is unknown. The N-methyl betaine has been shown to
be readily degraded in soils into methylamine and CO, by mi-
crobial activity (Wright and Cain, 1970). The pyridylium ring
carbons are known to be lost as CO, by #C-labeling studies. The
methylamine can be utilized as a source of nitrogen and carbon.
However, the enzymology of the degradation of PQ has not been
reported and the other intermediates have not been identified.

2. CHEMISTRY OF PARAQUAT

The chemistry of PQ is dominated by its ability to act as a
one-electron carrier. The electron can be transferred to PQ either
partially (from a nucleophile or other electron-rich compound)
or completely (from a reducing agent). In the first case, colored
charge-transfer complexes are formed; in the second case, the
blue-colored PQ'* is formed.

2.1. Physical and Chemical Properties

The physical and chemical properties of PQ?>* are summa-
rized in Table 3. PQ is highly water soluble, slightly soluble
in alcohol, and practically insoluble in organic solvents (Haley,
1979). PQ is nonexplosive and nonflammable in aqueous formu-
lations. It is corrosive to metals and incompatible with alkylaryl-
sulfonate wetting agents and strong oxidizing substances. Al-
though nonionic surfactants may be used in combination, PQ is
inactivated by anionic ones. Itis stable in acid or neutral solutions
but is readily hydrolysed by alkaline solutions (at pH > 12). In
the original container and under normal conditions, the shelf life
of PQ is indefinitely long, and it is also stable at temperatures
above the general environmental range.

The basic chemical nucleus of PQ (Figure 1) is a bipyridylium
consisting of two quaternized pyridine rings bonded together
such that their nitrogen atoms face diametrically away from
one another. The quaternization is the result of the methyl
radical addition (para position) to each of two nitrogen nu-
clei in the pyridine rings. The compound is, therefore, a para-
substituted quaternary bipyridylium, hence its common desig-
nation PQ. In its usual oxidized form, it is ionized (bearing
two positive charges) and it is most commonly manufactured
as a dichloride salt. Chemically, PQ is thus 1,1’-dimethyl-4,4'-
dipyridylium dichloride. The positive charges are largely resi-
dent on the nitrogen atoms, as shown by nuclear magnetic res-
onance (NMR) (Smith and Schneider, 1961). The herbicidal
efficacy of PQ is related to the concentration of free PQ** in
solution inside the chloroplast, but this will depend (in some
cases, markedly) on the nature of the anion and any com-
plexing agent with which it is applied (Homer and Tomlinson,
1959). For instance, many phenols form soluble crystalline com-
plexes with PQ dichloride (White, 1969; Ledwith and Woods,
1970). This ready formation of complexes is possibly one of
the factors that change the herbicidal activity of PQ among flo-
ral species and through the plant life span. Many plants con-
stituents, such lignin and tannin, are phenolic in nature and could
cause immobilization of PQ (White, 1969; Ledwith and Woods,
1970).

2.2. Synthesis

PQ does not occur naturally. It was originally synthesized by
Weidel and Rosso as reported in 1882 (Weidel and Rosso, 1882).
There are several methods available for the synthesis of PQ. In
the most common method, PQ is produced by coupling pyridine
in the presence of sodium in anhydrous ammonia and quaterniz-
ing the 4,4'-bipyridyl with an excess of methyl chloride to obtain
PQdichloride (Figure 5). When bipyridyl is refluxed with methyl
iodide or methyl bromide, the iodide and the bromide salt is ob-
tained, respectively. The methyl sulfate salt can be obtained by
heating 4,4’-bipyridyl with sodium acetate at 70°C for 2 h, then
adding methyl sulfate and stirring for 15 min. Haley and Sum-
mers (Haley, 1979; Summers, 1980) thoroughly reviewed the
published methods for PQ synthesis, and for the separation and
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TABLE 3

Physical and chemical properties of paraquat ion (PQ**)

Class

Molecular formula
Molecular weight
Common name
TUPAC name

CAS name

Synonyms

CAS number

Specific gravity (20°C)
Physical state

Melting point

Boiling point

Solubility in water at 20°C

pH of liquid formulation

Vapor pressure

E| (relative to the normal hydrogen electrode)
Octanol/water partition coefficient as log P, (20°C)
Dissociation constant

Relative gas density

UV spectrum (in water)

X-ray analysis of the crystalline dichloride

bipyridylium herbicide

CioHisN»

186.3 (ion), 257.2 (dichloride)®

paraquat

1,1-dimethyl-4,4-bipyridilium

1,1-dimethyl-4,4-bipyridilium

methyl viologen

4685-14-7 (ion), 1910-42-5 (dichloride), and 2074-50-2 (sulfate)

1.240-1.260 g/cm?

white (pure salts), yellow (technical products) crystalline, odorless,
hygroscopic powders

PQ dichloride melts with decomposition at ~340°C to form poisonous
vapors

PQ dichloride decomposes at ~340°C to form poisonous vapors

700 g/L

6.5-7.5

not measurable

—-0.446 V

—4.2

PQ ion does not dissociate

8.88

Single band centered at 257 nm (Kosower and Cotter, 1964)

Show two coplanar pyridine rings with two methyl groups (Russell and
Wallwork, 1972)

“1 g paraquat dichloride = 0.724 g of paraquat ion.

purification of bipyridylium salts. The yields obtainable vary 2.3. Electrochemistry of Viologens and Paraquat

from 20% to 96% of pure product. The only impurity permitted
in the final product is the 4,4'-bipyridyl at a maximum level of

0.25% of the PQ content (Summers, 1980).

2Ny ) + NalNHyO,

2CI + Hac: N\ / / \NLCHQ

FIG. 5. Synthesis of paraquat.

Reduction

The viologens exist in three main oxidation states, namely,
V2t < V'+ — V. The first reduction step is highly reversible
and can be cycled many times without significant side reaction.
The further reduction to the fully reduced state is less reversible,
not only because the latter is frequently insoluble but also be-
cause it is an uncharged one. The compounds are also very sta-
ble chemically, although in more alkaline solutions they will
dealkylate (Figure 6) as reported by Farrington et al. (1969).
Because the methanol resulting from the dealkylation can be a
reducing agent, solutions of methyl viologen in alkali can spon-
taneously be reduced and will then turn blue as the PQ'* is
formed. Methanol is then itself oxidized to formaldehyde.

The PQ divalent cation is colorless, whereas the partially re-
duced PQ* is blue colored and contains an odd electron. The
odd electron is shared by all the nuclear carbon positions in the
rings (Calderbank, 1968). This step is completely reversible,
such that one equivalent of a reducing agent will reduce more
than 50% of PQ** to PQ* only if its reduction potential is
more negative than that of PQ. Ito and Kuwana (1971) quoted
the potential of the first reduction for PQ** as —0.446 V and
the second is given as —0.88 V (relative to normal hydrogen
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OH- CH,OH

B / \NLCH L—Z N\i / \NLCHa

+
HE—N :

/o N\

FIG. 6. Paraquat dealkylation in alkaline solutions.

electrode). A suitable reducing agent for generating the radical
is sodium dithionite in alkaline solution (—1.13 V). Considering
that PQ™* carries an unpaired electron in a 7r antibonding orbital,
PQ* is remarkably unreactive. In addition, unpaired electron in
PQ'* is not fixed. Delocalization of the unpaired electron (Fig-
ure 7) gives considerable resonance stabilization to the radical
and thus it may diffuse outside the cell before reacting with O,.
It is a known fact that the greater the number of positive centers
available to an odd electron, the greater the number of resonance
structures and the higher the stability of the free radical. For re-
view see Akhavein and Linscott (1968). The second step of PQ
reduction is the addition of a second electron to the molecule

H C_“N\_ / \N+—CI-|3

1,1'-dimethyl-4,4'-dihydrobipyridy|

FIG. 7. Intermediate resonance structures of paraquat and full
reduction.

to originate the 1,1’-dimethyl-4,4'-dihydrobipyridyl. If it is re-
quired to stop the reduction at the radical stage, either a limited
amount of the reducing agent must be used or the solution must
be “poised” to the desired reducing potential (—0.56 V for 99%
conversion to radical) by adjusting the concentration of the re-
ductant or the pH if relevant. The resulting fully reduced species
is colorless (Michaelis and Hill, 1933).

3. TOXICOKINETICS OF PARAQUAT

The toxicokinetics of PQ has been studied in a variety of
animal species, especially dogs, rats, and rabbits (Murray and
Gibson, 1972; Hawksworth et al., 1981; Yonemitsu, 1986). The
dog seems to be the most similar model of PQ to human toxi-
cokinetics (Hawksworth et al., 1981).

3.1.  Absorption

Nearly all PQ poisonings result from ingestion. PQ is known
to be very rapidly absorbed, apparently associated with the
carrier-mediated transport system for choline on the brush-
border membrane, though this absorption from the gastrointesti-
nal tract (GIT) is low (Nagao et al., 1993a). Absorption occurs
primarily in the small intestine (poorly from the stomach) and is
estimated to be 1-5% in humans over 1-6 h period (Baselt and
Cravey, 1989; Houze et al., 1990, 1995). Any recent food inges-
tion may decrease the amount of systemic absorption (Meredith
and Vale, 1987; Bismuth et al., 1988). Although the plasma peak
time (Tinax) 1S not known with certainty in humans, PQ may be
detected in the urine as early as 1 h after ingestion, and according
to data published by Proudfoot et al. (1979), Proudfoot (1995)
and Smith (1988b), peak concentrations (Cpy,x) in humans are
attained within 4 h and possibly within 2 h after intoxication.
Smith et al. (1974a) reported that after oral administration of
PQ to rats, plasma concentrations remained relatively constant
for 30 h. During this period of time, concentrations in the lung
rose progressively to several times the plasma concentration. If,
during the first 30 h, plasma PQ concentrations were severely re-
duced by decreasing absorption of the herbicide from the GIT or
increasing its elimination by extracorporeal techniques from the
plasma, lethal concentrations woudn’t reach the lungs (Smith
et al., 1974a). These authors also concluded that not only the
Cmax 18 responsible for determining the lung levels but also the
maintenance of plasma levels from which the lung can take large
amounts of PQ. The maintenance of such plasma concentrations
in the rat has been shown to be the result of continued PQ absorp-
tion from the GIT over the first 30 h after oral administration.
Absorption of PQ from the GIT into the human bloodstream
is quite different from that seen in rats; concentrations decline
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rapidly over the first 15 h after T),,x to much lower levels than
those described in rats due to tissue distribution, and more slowly
thereafter (Smith, 1987). Thus, in humans, if adsorbents are to
be effective in preventing PQ from entering the blood and conse-
quently the lung, they must be administered within a few hours,
or according to Bismuth et al. (1988), within the first few minutes
after ingestion.

Daniel and Gage (1966) studied the absorption of ['*C] PQ
following oral and subcutaneous (s.c.) single-dose administra-
tion to rats. About 76-90% of the oral doses was found in the
feces, and 11-20% in the urine; most of the s.c. dose (73—-88%)
was found in the urine and only 2-14.2% in the feces. These
values bear no relation to their respective LDs values (Conning
et al., 1969). These studies evidenced that PQ was poorly ab-
sorbed from the gut. Rats, guinea pigs, and monkeys orally ad-
ministered LDs, doses of ['*C]-PQ had low peak plasma concen-
trations (2.1-4.8 mg/L) (Murray and Gibson, 1972). Extensive
corrosive injury to the GIT may increase the amount absorbed.
The highest concentrations were found 1 to 6 h after an oral dose,
depending upon the species used (Murray and Gibson, 1972).

Although almost all fatal exposures have resulted from the
ingestion of PQ, a few case reports have involved rather exten-
sive skin contamination (Samman and Johnston, 1969; Hearn
and Keir, 1971; Vale et al., 1987; Smith, 1988a; Hoffer and
Taitelman, 1989). PQ absorption through animal and human
skin was studied in vitro (Walker et al., 1983). Human skin
was shown to be highly impermeable to PQ, having a very low
permeability coefficient of 0.73. Furthermore, human skin was
found to be at least 40 times less permeable than the animal
skins tested (including rat, rabbit, and guinea pig) (Walker et
al., 1983). A study of the percutaneous absorption of PQ was
undertaken in six human volunteers by Wester et al. (1984). It
was observed that only minute quantities of PQ were absorbed
through intact human skin over 24 h and that there was little dif-
ference among skin tested at different body sites in its ability to
absorb PQ.

Fatal cases of s.c., intravenous (i.v.), intramuscular, or in-
traperitoneal (i.p) injection of PQ were also reported, with the
doses being considerably lower than the lethal dose by ingestion
route (Almog and Tal, 1967; Vale et al., 1987; Hsu et al., 2003).

Ocular exposure may cause local corrosive injury with ulcer-
ation and scarring likely resulting in a delayed slough of corneal
epithelium 12-24 h after exposure, but not resulting in systemic
toxicity (Cant and Lewis, 1968; McKeag et al., 2002).

Inhalation of PQ used in an agricultural/occupational setting
does not allow sufficient absorption to cause acute systemic dis-
ease, because of droplet size (greater than 5 pm) that prevents
deep lung exposure and absorption, low product vapor pressure,
and low application concentration (Howard, 1983; Chester and
Ward, 1984). Although no fatal cases have been reported from in-
halation of PQ vapor or aerosols, toxicity has occurred from this
route of exposure, since inhalation of PQ droplets may produce
nasal and tracheobronchial irritation. An interesting episode in
the history of the war against illicit marijuana use in which large

quantities of PQ were sprayed over culture fields in the early
1970s is described. By then, PQ was the herbicide of choice
during aerial spraying of marijuana by the United States and
Mexican governments. However, after spraying, growers simply
harvested the crops before the plants were exposed to enough
sunlight to damage the plants, resulting in an apparently healthy
harvest although contaminated with PQ. Concerns regarding the
smoking of PQ-sprayed marijuana in the early 1970s has proved
unfounded, because PQ is destroyed by pyrolysis into arelatively
nontoxic compound (4,4’-bipyridyl) during the smoking process
(Groce and Kimbrough, 1982; Landrigan et al., 1983).

A fatal case of PQ absorbed per vagina of a 28-year-old
woman (who inserted a tampon inadvertently soaked in PQ)
as a consequence of respiratory, renal, and hepatic dysfunction
was reported (Ong and Glew, 1989).

3.2. Distribution

Despite numerous studies, the distribution of PQ through the
different tissues is still unclear. Dey et al. (1990) studied the tox-
icokinetics of ['*C] PQ in rats exposed to a single s.c. injection.
PQ was rapidly absorbed with a Tp,x of 20 min. The toxicoki-
netic was best characterized by a two-compartment open model,
the mean 7, being approximately 40 h. Peak concentrations in
the kidney and lung tissues were at around 40 min. Nevertheless,
the majority of the authors agree that the kinetics of PQ in the
plasma is better described by a three-compartment open model.
Murray and Gibson described a triexponential disappearance of
['4C] PQ from the plasma after oral administration (126 mg/kg)
in rats, guinea pigs, and monkeys (Murray and Gibson, 1972).
The toxicokinetics of PQ appears to be similar in human and
dog (Hawksworth et al., 1981; Vandenbogaerde et al., 1984).
Hawksworth et al. (1981) described a plasma-concentration—
time curve with a triexponential decline in dogs, suggesting a
three-compartment model:

¢ Blood is assumed to be the central compartment. The
concentrations found in plasma and erythrocytes are
approximately the same at least in the rat (Sharp et al.,
1972).

¢ The shallow compartment is thought to be composed of
highly perfused tissues such as the kidney, liver, heart,
etc. Rapid exchanges occur between this compartment
and blood. The anatomy and physiology of the lung
(a highly vascularized tissue) suggests therefore early
exposure to any PQ circulating in the blood (Bismuth
etal., 1987).

e The third compartment lies within the lungs, espe-
cially the pneumocytes type I and II and Clara cells,
where exchanges with the central compartment are
slow (Bismuth et al., 1987). The initial #;,, of PQ in
the lung was much greater than the ¢, in other tissues
and organs (e.g., kidney, liver, muscle, adrenal, spleen,
heart, testis), explaining the highest PQ lung accumu-
lation (Sharp et al., 1972). The kinetics of PQ in the rat
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lungs shows a rapid decline with an elimination #; , of
20 min, followed by a slow decline with a ¢;, of about
50 h (Sharp etal., 1972). Peak concentration in lungs is
reached 4-5 h after i.v. administration, and 5-7 h after
ingestion, provided that renal function is normal (Sharp
et al., 1972). Lethal concentrations may be achieved in
the lung within 6 h of ingestion of 35 mg/kg (Houze
et al., 1995). Patients are only rarely admitted to an
experienced hospital in the treatment of PQ poisonings
before the pulmonary peak. In the presence of renal fail-
ure (which normally occurs when more than 20 mg/kg
PQ is ingested), peak pulmonary concentration is not
achieved for 15-20 h, and may reach very high values
(120 h or longer) (Hawksworth et al., 1981; Bismuth
et al., 1987). Renal failure precludes elimination of PQ
by its normal route. Furthermore, Hawksworth et al.
(1981) suggested that an impairment of renal function
by as little as 5% produces a fivefold higher concentra-
tion of the herbicide in the plasma. A critical plasma
threshold is needed for active pulmonary uptake to oc-
cur (Manabe and Ogata, 1987). With time, however, it
was shown that the concentration in the lung did fall
to below that in muscle (due to the secondary 71, in
the muscle). Considering that muscle represents a large
percentage of the body mass, it may be considered an
important reservoir of PQ (Murray and Gibson, 1972;
Sharp et al., 1972).

Houze et al. (1990) studied the toxicokinetics of PQ in 18
cases of acute human poisoning. The concentration—time course
was described by using a biexponential curve suggesting a two-
compartment model with absorption, distribution, and elimina-
tion phases. Plasma PQ concentration exhibited a mean distri-
bution half-life (#;,,a) of 5 h and a mean elimination half-life
(t12B8) of 84 h. Tissue PQ distribution was ubiquitous with an
apparent volume of distribution ranging from 1.2 to 1.6 L/kg.
Muscle represented an important reservoir explaining the long
persistence of PQ in plasma and urine for several weeks or
months after poisoning (Smith, 1988b). The volume of distri-
bution of PQ estimated from a kinetic study in one patient was
2.75 L/kg (Davies, 1987). Immunohistochemical studies were
used to demonstrate the distribution and localization of PQ in
several organs using the rat model. In the skin, PQ was localized
in the ducts of sweat glands and sebaceous glands between 3
and 10 days after PQ i.v. injection (Nagao et al., 1993b). In the
eyes, weak positive findings were observed in nerve fibers of
retina between 3 and 10 days after the injection. In the cornea,
PQ was localized in epithelial cells at the first 3 h and between
3 and 10 days after PQ administration. Since skin occupies a
vast area of the body in animals, as an organ, it seems to be
an important storage pool for the redistribution of PQ (Nagao
et al., 1993b). PQ was also found in immune and haematopoietic
systems (Nagao et al., 1994). In the bone marrow, PQ was lo-
calized in several types of blood cells (granulocyte, erythrocyte

and megakaryocyte) and their precursors between 24 h and 7
days after the i.v. administration. In the thymus, PQ was mainly
localized in the medulla between 12 h and 7 days after admin-
istration, whereas in the spleen it was mainly localized in the
red pulp between 12 h and 10 days after administration of PQ
(Nagao et al., 1994). In the stomach, PQ was localized in the
epithelial cells between 24 h and 10 days after i.v. administra-
tion, whereas in the esophagus, PQ was localized in epithelial
cells and the lamina propria mucosa between 12 h and 10 days
after administration. Three hours after the i.v. administration,
PQ was localized in hepatocytes, and in the kidney, in the ep-
ithelial cells of the distal tubule. In the intestine, 3 h after in-
jection, PQ was localized in the epithelial cells (Nagao et al.,
1990).

Concerning the PQ binding to plasma proteins, controver-
sial data exist. For many years, PQ was thought not to bind to
plasma proteins (Lock and Ishmael, 1979). Jaiswal et al. (2002)
then showed the binding of PQ to plasma albumin by using a flu-
orescence technique. These results were recently corroborated
by Wang and coworkers (2007).

3.2.1. Preferential Accumulation in the Lung

Irrespective of the route of administration, the lung and the
kidney are the organs showing the highest concentrations of PQ
(Murray and Gibson, 1972; Sharp et al., 1972; Ilett et al., 1974).
The distribution of ['*C]PQ into various tissues after oral ad-
ministration of 680 mol/kg to rats was followed as a function
of time by Rose et al. (1976a). They showed that although the
plasma concentration of PQ remained constant between 2 and
30 h after administration, PQ concentrations in the lung exhib-
ited a time-dependent increase over the same period. None of
the other studied organs showed this time-dependent accumu-
lation. Rose et al. (1974) also demonstrated that slices of lung
incubated with ['*C]PQ exhibited a time-dependent accumula-
tion of radioactivity. In addition, lung slices were the only tissue
slices in which PQ accumulated at a concentration significantly
higher than that in the medium. These studies demonstrated that
lung, and no other major tissue, is able to accumulate PQ against
a concentration gradient. After in vivo administration, PQ levels
in the kidney did not show a time-dependent increase, but were
nevertheless higher than those in the lung throughout the first
30 h (Rose et al., 1976a). These high concentrations of PQ in the
kidney probably result from the fact that this organ represents
the predominant route of elimination of PQ from the circulation
and are likely to constitute extracellular rather than intracellular
PQ. They may also underlie the observation that renal failure
often occurs in PQ poisoning, especially during early stages.
Taken together, these studies strongly suggest that the lungs are
a specific target for the pathological effects of PQ because of its
selective accumulation by this organ. PQ pulmonary concentra-
tions can be 6 to 10 times higher than those in the plasma, and
the compound is retained in the lung even when blood levels
start to decrease.
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TABLE 4
Kinetic constants for the accumulation of paraquat into lung
tissue slices from various species

K Vmax (nmol of
Species (uM) PQ/g tissue/h)
Rat 70 300
Mouse 68 556
Syrian hamster 77 452
Guinea pig 96 49
Rabbit 0.05 20
Humans 40 300
Monkey 70 50
Dog 60 10

Adapted from Rose et al. (1974).

3.2.2. Lung Accumulation Through the Polyamine
Uptake System

Early work by Rose et al. (1974) demonstrated that the accu-
mulation of PQ into rat lung slices occurred against a concen-
tration gradient and could be abolished by metabolic inhibitors
such as cyanide or rotenone, suggesting that the uptake is an
adenosine triphosphate (ATP)-driven process. The accumulation
also exhibited saturation kinetics with an apparent Michaelis—
Menten constant (K,,) of 70 uM and a maximal rate (V,.x) of
300 nmol PQ x g wet weight™! x h~'. These observations,
coupled with findings that PQ is neither metabolized by the
lung (Conning et al., 1969; Ilett et al., 1974) nor becomes co-
valently bound to any degree (Ilett et al., 1974; Sullivan and
Montgomery, 1983), which suggests that its accumulation is
mediated through binding to, and subsequent translocation into,
cells by a carrier system. Active accumulation of PQ via trans-
port systems exhibiting similar kinetic parameters (Table 4) was
also demonstrated in lung slices taken from other species [bea-
gle dogs, New Zealand white rabbits, and cynomolgus monkeys
(Macaca fascicularis)], including humans (Rose et al., 1976a).
The kinetic constants for human and rat lung are statistically sim-
ilar, suggesting that the rat may be a good experimental model
for the study of PQ accumulation in the human lung. Thus, it
seems likely that the human lung does possess a similar transport
to that characterized in the rat lung, and this process accounts
for the selective accumulation and hence the selective toxicity of
PQ to the human lung. Carrier-mediated PQ uptake also occurs
in the isolated perfused lung, into which accumulation of PQ to a
concentration in excess of that in the perfusate has been observed
(Rannels et al., 1985). However, the kinetics of this process ap-
pears somewhat different in comparison to the lung slices. The
onset of active transport is preceded by an initial lag phase dur-
ing which the intracellular PQ concentration approaches that in
the perfusate, possibly because the endothelium functions as a
barrier between the intravascular and the interstitial compart-
ments. Only when concentrations proximal to the epithelium
have risen sufficiently (relative to the K., value for its uptake)

would active accumulation occur at a significant rate. Since in
the isolated perfused lung the delivery of PQ occurs through the
vasculature, the sequence or pattern of exposure of lung cells to
PQ in this system may more closely resemble that occurring in
vivo compared to the lung slice model, in which the epithelium
becomes directly exposed. The observation that in vivo the rate
of accumulation (Vpnax) of PQ in the lung was only one-seventh
of that found in vitro in lung slices led to a search for compounds
present in plasma and capable of blocking the uptake of PQ in
the lung (Lock et al., 1976). Subsequent to the identification of
this transport system, a number of naturally occurring amines
have been identified, which competitively inhibit the uptake of
PQ into lung tissue and which themselves act as substrates and
accumulated in rat lung slices in a saturable manner, obeying
Michaelis—Menten kinetics. These amines include the diamines
putrescine and cadaverine, the oligoamines spermidine and sper-
mine (Smith, 1982; Wyatt et al., 1988), and the disulfide cys-
tamine (Lewis et al., 1989; Figure 8). An important property of
these specific polyamines is that they are positively charged at
a physiological pH, and consequently they have a high affinity
toward negatively charged cellular molecules. Thus polyamines
are very soluble in water, and they exert strong cation—anion
interactions with macromolecules, mainly with DNA and RNA
(Marczynski, 1985), a feature that represents their best known
direct physiological role in cellular functions such as cell growth,
division, and differentiation (Janne et al., 1978; Heby, 1981). A
possible gene coding for a polyamine transporter (TPO1) was
isolated from eukaryotic cells and introduced into yeast cells
(McNemar et al., 2001). Yeast cells heterologously expressing
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FIG. 8. Structures of paraquat (A) and putrescine (B), show-
ing geometric standards of the distance between N atoms. The
structures of cadaverin (C), spermidine (D), and spermine (E)
are also shown.
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TPO1 become sensitive to polyamines. For mammals, though,
it is not known whether the transporter(s) is (are) located at the
apical or basal side of the cells, and how the expression of the
gene is regulated. A suggestion has been put forward that the
polyamines, which, as already mentioned, are known to regu-
late cell growth, may play a role in the differentiation of alveolar
epithelial type II cells to type I cells (Smith, 1982). It has also
been proposed that cystamine, by representing a source of tau-
rine, may have an antioxidant role in the lung (Lewis et al.,
1989).

Subjects in whom acute fulminant poisoning occurs generally
ingested more than 40 mg of PQ ion/kg of body weight (b.w.)
(Vale et al., 1987). In these cases, the role of the pulmonary
transport system clearly has a negligible role on the evolution of
the intoxication, which progresses to multiorgan system failure.
However, in cases of moderate poisoning, where, PQ plasma
concentrations appear to be at the order of 10 to 20 uM, ki-
netic considerations suggest that only cells actively accumulat-
ing PQ would achieve the intracellular concentrations necessary
to cause significant cellular damage.

3.2.3. Structural Requirements for the Pulmonary Polyamine
Uptake System

An important aim of earlier studies concerning pulmonary
polyamine uptake system (PUS) was to discover the structural
requirements for substrates of the transport system in order to
find possible antagonists capable of preventing PQ from entering
its target cells. Ross and Krieger (1981) established that to act
as a substrate for the pulmonary PUS, a molecule must possess
the following characteristics: (1) two or more positively charged
nitrogen atoms, (2) maximum positivity of charge surrounding
these nitrogens, (3) a nonpolar group between these charges, and
(4) a minimum of steric hindrance. Gordonsmith et al. (1983)
have demonstrated that the optimum distance (essential for bind-
ing and consequently, for transport) between the nitrogen centers
is four methylene groups (~0.622 nm as it occurs in putrescine),
although a spacing between four and seven methylene groups
is tolerated. These assumptions explain how polyamines and
PQ (with ~0.702 nm between two positively charged nitrogens)
can share a common uptake system, but also why PQ (with its
steric hindrance of the nitrogens by the pyridine rings) is a less
successful substrate (Smith, 1987). The affinity of the uptake
system for the polyamines appeared to be sevenfold higher (i.e.,
exhibiting a lower apparent Ky,) than that of PQ (Smith, 1982).
Although PQ proved to be a rather “poor” substrate (higher K,
than polyamines) for the PUS, it is undoubtedly “recognized”
as a substrate, probably as a consequence of its structural simi-
larity to these endogenous substrates (Figure 8), and is therefore
mistakenly accumulated into the lung, especially in the alveolar
type I and II cells and in the Clara cells, through this transport
pathway (Smith, 1982). Later, O’Sullivan et al. (1991) showed
that many putrescine analogues competitively inhibit putrescine
and PQ uptake. The authors established that the inhibition

of putrescine uptake by analogues decreases with increasing
N -alkylation and those analogues with a bulky substituent of
the butyl chain do not inhibit the uptake at all. The strongest
inhibition was found with N -(4-aminobutyl)aziridine. This cy-
totoxic compound does not seem to alter the polyamine Vi,.x but
might fit into the substrate binding site of the transporter. The
selective accumulation/retention of PQ in lung tissue provides
a plausible explanation for this organ selectivity to damage in
comparison with other tissues. Although the disposition of PQ
in human tissues has not been as extensively studied as in exper-
imental animals, the major organs affected in man are also the
lung and kidney. Therefore, it seems likely that PQ is selectively
accumulated in the human lung and excreted by the kidney.

DQ exposure produce signs and symptoms similar to those
of PQ except for one important system—the pulmonary system
(Jones and Vale, 2000). In contrast to PQ, DQ is not a substrate
for the pulmonary PUS and therefore is not selectively pneu-
motoxic. In fact, DQ exhibits a much smaller intramolecular
distance between the two charged nitrogen atoms, explaining its
much greater safety margin (Rose and Smith, 1977).

3.2.4. Characterization of the Pulmonary Polyamine
Uptake System

It is clear that there will be a range of endogenous and exoge-
nous compounds that are capable of using this uptake system.
Smith and Wyatt (1981) and Lewis et al. (1989) showed that
the uptake of putrescine and cystamine in rat lung slices was not
dependent on the sodium (Na™) concentration in the medium. In
contrast to these observations, Rannels et al. (1989) found that,
in type II pneumocytes the uptake of putrescine and spermidine
was dependent on Na™, whereas spermine uptake was not, indi-
cating that polyamine uptake may take place via different uptake
systems. However, in these experiments, the nature and concen-
tration of the ions used to replace Na™ were probably critical
factors, because it has been shown that a supplement of NaCl,
LiCl, or choline significantly reduced the uptake of polyamines
due to the increase of osmotic pressure (Rannels et al., 1989).
On the other hand, Kumagai and Johnson (1988) showed that
replacement of Na®™ by mannitol or sucrose did not modulate
putrescine uptake in rat enterocytes, whereas replacement by
choline, lithium (Li*), N-methyl-D-glucamine, or tetramethy-
lammonium did. It was hypothesized that cations can interact
with the carrier but that no cotransport of Na™ is involved in
putrescine uptake. Although these latter types of in vitro studies
provide information about the intrinsic affinity of a compound
for the incubated structure, they fail to give information on the
actual behaviour occurring in vivo, since the anatomy and phys-
iology of the studied tissue are disrupted. Using the isolated and
artificial perfusion techniques, we demonstrated that the toxi-
cokinetic behavior of PQ in the lung tissue appears to be modi-
fied by the iso-osmotic replacement of Na* by lithium (Li*) in
the perfusion medium (Dinis-Oliveira et al., 2006e). Although
it seems that this condition does not significantly contribute to
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improve the elimination of PQ from the extravascular structures
of the lung, our results suggested that an impaired access to
the lung tissue might be operating under Na*-depleted condi-
tions. Another issue is whether there is one or more pulmonary
PUSs. In bovine arterial smooth muscle cells, Aziz et al. (1994)
and Janne et al. (1978) found that putrescine was accumulated
through an uptake system that is also used by spermidine, sper-
mine, PQ, and methylglyoxal bis-(guanylhydrazone) (MGBG),
but spermidine and spermine were also accumulated through
a different uptake system insensitive to putrescine and PQ and
only partially sensitive to the presence of MGBG. Similarly, one
study using suspensions of freshly isolated type II pneumocytes
(Chen et al., 1992) showed that putrescine uptake was inhib-
ited by PQ (and vice versa) in a partially competitive manner.
These authors postulated that the PUS in type Il cells for PQ and
putrescine possessed two separate sites, one for each substrate,
and that binding at one site leads to a conformational change
in the other. However, such partially competitive inhibition was
not found in other studies using hamster (Hoet et al., 1995) or
human (Hoet et al., 1994) type II pneumocytes. In another study
performed in rat lung slices the inhibition of PQ accumulation
in presence of putrescine resulted from a process that appears to
be competitive (Karl and Friedman, 1983).

3.2.5. Cellular Localization of the Polyamine Uptake
System in the Lung

The problem of the localization of the PUS in the lung was
addressed first by identifying the cellular targets for the toxicity
of PQ and later by identifying the site of accumulation of radiola-
beled PQ and/or polyamines. Smith and Wyatt (1981) performed
morphological and functional studies to localize the site of cyto-
toxicity of PQ in lung slices taken from PQ (20 mg/kg)-exposed
rats. Lung slices taken from rats 24 h after treatment evidenced
morphological damage to type I and type II cells and their ability
to take up putrescine (10 M) or PQ (10 uM) was impaired,
thus suggesting that type I or type Il pneumocytes are the site of
uptake of putrescine and PQ. Another experimental approach to
determine the site of polyamine uptake resulted from autoradio-
graphy. Waddell and Marlowe (1980) showed that after the i.v.
administration of ['*C]PQ (10 wM) to mice, distribution of the
label corresponded to that in alveolar type II cells. Studies with
rat lung slices by Nemery et al. (1987) clearly demonstrated the
presence of [*H]putrescine in alveolar type II cells and also in
bronchiolar Clara cells (Figure 9).

Wyatt et al. (1988), who carried out both in vivo and in
vitro studies, also showed uptake of [*H]PQ, [*H]putrescine,
[*H]spermidine, and [*H]spermine by alveolar type II cells and,
at least in vitro, also by Clara cells. Hoet and coworkers also
visualized, by ultrastructural autoradiography, ['*C]putrescine
in both type I and type II cells of the alveolar epithelium, but not
over the endothelium or any cells of the interstitium, in hamster
(Hoet et al., 1995) and human (Hoet et al., 1993) lung slices
(Figure 10). Dinsdale et al. (1991) also clearly demonstrated

labeling in the alveolar type I cell in rat by autoradiography at
the electron-microscopic level. Saunders et al. (1989) suggested
that alveolar macrophages were the site of putrescine and sper-
midine accumulation in rabbits, a species that shows a different
response to PQ (Smith et al., 1978). Masek and Richards (1990)
demonstrated that the toxicity of PQto isolated mouse Clara cells
could be decreased by addition of putrescine to the incubation
medium. However, although this could be due to the inhibition
of PQ accumulation into the cells, intracellular PQ levels were
not determined.

The specific distribution of the PUS in a number of individual
cell types is of considerable importance in attempting to under-
stand the mechanism of PQ toxicity. Usually, data describing the
amount of PQ present in the lung are expressed on a per gram
wet weight basis. Since there are more than 40 different cell
types in the lung (Sorokin, 1970), each with unique and func-
tional activities, the concentration expressed on this basis will
underestimate by perhaps as much as two orders of magnitude
the concentration of PQ within specific cell types.

3.3. Metabolism

Only a small fraction of orally administered PQ is metab-
olized, with the greater part being excreted unchanged in the
urine. Daniel and Cage (1966) undertook a study in rats using
14C-labeled PQ dichloride, and some evidence of metabolism
by microrganisms in the gut, following oral dosing of rats,
was found. Of the total oral dose of PQ, 30% of the label was
present in the gut as metabolic products. Furthermore, metabo-
lites were present in the urine after oral but not s.c. adminis-
tration, suggesting the absorption of metabolites from the gut.
Studies in vitro, using fecal homogenates, suggested that mi-
crobiological biotransformation was responsible for this effect.
However, in another study, reported by Murray and Gibson
(1972), with gavage administration of 14C-labeled PQ to rats,
guinea pigs, and monkeys, formation of metabolites was not
observed.

3.4. Elimination

According to former comments in this review, PQ is rapidly
excreted by the kidneys. Daniel and Cage (1966) recovered
virtually all of a PQ oral dose in the excreta of rats by two
days. Absorbed PQ is almost completely eliminated unchanged
by the renal system (Baselt and Cravey, 1989), which is ac-
complished by both glomerular filtration and active tubular se-
cretion. Hawksworth et al. (1981) studied the elimination of
PQ in dogs. After an i.v. administration of low doses of '“C-
labeled PQ (30 to 50 ug/kg), it was rapidly excreted in the
urine, with 80-90% being excreted in the first 6 h and uri-
nary recovery being almost 100% complete by 24 h. The PQ
clearance [CLpg, (28 ml/min)] was greater than the glomeru-
lar filtration rate (GFR), suggesting a process of active secre-
tion, which may exceed 200 ml/min when renal function is nor-
mal (Bismuth et al., 1987). Tubular secretion was inhibited by
N -methylnicotinamide (NMN) infusion, suggesting that PQ is
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FIG. 9. Autoradiographs of rat lung tissue incubated with [*H]putrescine. Resin sections 1 um thick were stained with toluidine
blue and examined by light microscopy. Labeling occurs in alveolar walls and in alveolar type II pneumocytes (A and B, arrows).
There is no labeling in macrophages (B) or in walls of vessels, but Clara cells (arrowheads) in bronchiolar epithelium (C) show
intense labeling. Original magnifications: x600 in A; x 1500 in B and C. Reproduced with permission from Nemery et al. (1987).

secreted through an active transport process with high affinity for
alkaline coumpounds (Hawksworth et al., 1981). After NMN ad-
ministration, CLpg approximates to creatinine clearance (CLcy).
Following administration of large doses of PQ (20 mg/kg), the
CLpqg and CLc, decreased, due to renal tubular necrosis, reduc-
ing urinary output and CLpg by 10 to 20 times after the first
few hours. Consequently, the urinary ¢/, increases (exceeding
120 h). Chan et al. (1997) studied the renal clearance of PQ in
male Wistar rats using inulin as the marker of GFR. The obtained
results demonstrated that the excretion of PQ was greater than
the GFR, concentration dependent, and saturable, indicating that
it was secreted by an active transport system. The excretion of
PQ was predominantly dependent on the GFR with a small se-
cretory component (K, = 8.5 £ 3.1 uM, Vi = 114 £ 19
nmol/kg/min). The CLpgy was not inhibited by high doses of
cimetidine, or p-aminohippurate (PAH). However, quinine and
NMN reduced the fractional excretion of PQ, suggesting that
they share the same cation transport system with PQ. Sharp et al.

(1972) reported a biphasic elimination of PQ from the plasma
of rats after i.v. administration. The initial rapid phase had a
20-30 min t;, and the slower phase a 1/, of 56 h. Murray and
Gibson (1972) also showed prolonged PQ elimination after oral
administration to rats, guinea pigs, and monkeys. The urinary
and fecal routes were equally important in all species studied.
The fecal content was mainly due to elimination of unabsorbed
PQ. Prolonged elimination of PQ in all tested animals indicated
retention of the herbicide in the body. Despite the rapid PQ ex-
cretion, the kidneys are not very efficient at removing it from
blood, since there is considerable reabsorption of PQ through
the proximal convoluted tubules (Ferguson, 1971). This reab-
sorption appears to be a process of simple passive diffusion
and is therefore reduced by rapid diuresis. This fact has con-
siderable clinical significance. Biliary elimination (Daniel and
Gage, 1966; Hughes et al., 1973; Nagao et al., 1990) could also
represent an important excretory pathway due to the strong ex-
pression of P-glycoprotein (P-gp) at the canalicular membrane



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 29

FIG. 10. Autoradiographs of human lung tissue incubated with 2.5 uM [*H]putrescine. Unstained resin sections 1 um thick were
examined by electron spectroscopic imaging. (a—d) Four different alveolar spaces lined with type II and type I pneumocytes. Silver
grains are evident over type II pneumocytes (long arrows) and lining of alveoli (short arrows) but not over erythrocytes (*) or
paranuclear regions of endothelium. Cellular and noncellular components of alveolar interstitium were largely devoid of silver
grains. Silver grains were uniformly distributed over both nucleus and cytoplasm of type II cells. Bars, 1 um. Reproduced with

permission from Hoet et al. (1993).

of hepatocytes (Fardel et al., 2001, 2002) as recently described
(see later discussion; Dinis-Oliveira et al., 2006b). From their
studies, Nagao and coworkers (1990) also showed that PQ is
secreted into the gut lumen from epithelial cells and that PQ
secreted from liver into the duodenum is reabsorbed into the
epithelial cells of the intestine.

Data from the limited human studies point to an elimination
pattern similar to the excretion observed in experimental ani-
mals, with unchanged PQ elimination being essentially renal

through two pathways: glomerular filtration and tubular secre-
tion (Bismuth et al., 1988). Tubular reabsorption is minimal
(Beebeejaun et al., 1971). With normal renal function, CLpq is
much greater than CL(,, which enables excretion of high concen-
trations and large amounts of the herbicide within the first few
hours of ingestion. Ingestion of large doses of PQ causes tubular
necrosis with a rapid decrease in the GFR and tubular secretion,
and a consequent increase of the elimination ¢, (Bismuth et al.,
1987; Bismuth et al., 1988). However, even without renal failure,
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in humans, PQ excretion showed to be slower than in animals,
since it was detected in the urine 7 days after ingestion (Carson,
1972) or as long as 26 days (Beebeejaun et al., 1971). During this
prolonged excretion time the concentration of PQ in blood was
shown to be below the limit of detection; tissues act as depots
from which PQ is released at a low rate (Carson, 1972). Never-
theless, in humans, over 90% is excreted unchanged within 12
to 24 h of ingestion, if renal function remains normal (Houze et
al., 1990). Small amounts of PQ have been recovered in the bile
postmortem. Thus enterohepatic recirculation may also exist in
humans (Douze et al., 1975).
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4. BIOCHEMICAL MECHANISMS OF PARAQUAT
TOXICITY

4.1. Mechanism of Toxicity

A considerable amount of work has been done on the toxi-
codynamic mechanisms that underlie the toxicity of PQ. Most
authors agree that upon entry into the cell, PQ undergoes a
process of alternate reduction and reoxidation steps known
as redox cycling (Figure 11): PQ is reduced enzymatically,
mainly by NADPH-cytochrome P-450 reductase (Clejan and
Cederbaum, 1989), NADH:ubiquinone oxidoreductase (com-
plex I) (Fukushima et al., 1993; Yamada and Fukushima, 1993),
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FIG. 11. Schematic representation of the mechanism of paraquat toxicity. A, Cellular diaphorases; SOD, superoxide dismutase;
CAT, catalase; GPx, glutathione peroxidase; Gred, glutathione reductase; PQ*t, paraquat; PQ'T, Paraquat monocation free radical;
HMP, hexose monophosphate pathway; FR, Fenton reaction; HWR, Haber—Weiss reaction, PUS; polyamine uptake system. Adapted

from Dinis-Oliveira et al. (2006¢, 2006d, 2006e, 2007b).
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xanthine oxidase (XO) (Winterbourn, 1981; Kelner et al., 1988;
Waintrub et al., 1990; Kitazawa et al., 1991), and nitric ox-
ide synthase (NOS) (Day et al., 1999) to form the PQ* plus
NADP™ or NAD™. It is generally accepted that PQ uses cellular
diaphorases, which are a class of enzymes that transfer elec-
trons from NAD(P)H to small molecules, such as PQ (Dicker
and Cederbaum, 1991; Aziz et al., 1994; Liochev and Fridovich,
1994; Day et al., 1999). The PQ'* is then rapidly reoxidized (re-
turning to its original form) in the presence of O, [lungs exhibit
high alveolar O, tension (PAO,)] with subsequent generation of
O, (Busetal., 1974; Dicker and Cederbaum, 1991). The reac-
tion between PQ'" and O, is very fast, with a rate constant of
7.7 x 103M~'s~! (Farrington et al., 1973). The redox potential
of PQ (PQ**/PQ™) is indeed very high (E), = —0.45 V), while
that of molecular O, (0,/05") is lower (E;, = —0.16 V), thus
facilitating electron flow from the reduced PQ to O,. Provided
that there is sufficient NADPH as an electron donor, and O, as
an electron acceptor, PQ will play a catalytic role in this re-
dox cycling process, generating O, at the expense of NADPH.
This then sets in the well-known cascade leading to the pro-
duction of other ROS, mainly hydrogen peroxide (H,O5;), by
dismutation of O;, and HO with consequent cellular delete-
rious effects (Smith, 1987). This mechanism of action is also
responsible for the phytotoxic property of PQ (Dodge, 1971).
Hydroxyl radicals may be generated by the Haber—Weiss reac-
tion (Figure 11). This reaction is very slow but may be catalyzed
by traces of transition metal ions or metal chelates (Fenton reac-
tion) (Winterbourn, 1981; Richmond and Halliwell, 1982; Ko-
hen and Chevion, 1985a, 1985b, 1985¢).

4.2. Biochemical Consequences of the Redox Cycling
Process

Most authors agree that redox cycling of PQ is a prerequisite
for its toxicity. However, the critical biochemical events in the
toxic process are far from clear. It should be stressed that the
several processes need not necessarily be mutually exclusive. It
is quite possible that development of irreversible cell damage is
the consequence of various events occurring independently of
each other.

4.2.1. Oxidation of NADPH

A decrease in the ratio NADPH/NADP" on PQ-exposed
lung tissue has been observed both in vitro (Sullivan and
Montgomery, 1986) and in vivo (Witschi et al., 1977; Keeling
et al., 1982). Although this is likely to be due partly to the oxi-
dation of NADPH (an essential cofactor required for the main-
tenance of normal biochemical and physiological processes) in
the reduction of PQ, NADPH is also used as a cofactor of glu-
tathione reductase (Gred) in the regeneration of oxidized glu-
tathione (GSSG) back to reduced glutathione (GSH). GSSG is
formed during the reduction of peroxides to alcohol, or during
the detoxification of H,O; into H,O by glutathione peroxidase
(GPx). Several authors have observed a marked stimulation of

the hexose monophosphate pathway (HMP) upon PQ treatment
(Rose et al., 1976b; Bassett and Fisher, 1978; Keeling et al.,
1982). Since this pathway represents the major cellular source
of NADPH, this probably reflects an effort of the lung to main-
tain levels of reducing equivalents under conditions of oxidative
stress, by stimulation of glucose-6-phosphate dehydrogenase
(G6PD, the rate-limiting enzyme in the pathway). The studies
of Keeling and coworkers (Keeling and Smith, 1982) demon-
strated a loss of NADPH in PQ-treated lungs within a few hours
after PQ exposure and before changes to the alveolar epithelium
of the lung could be observed by electron microscopy. It has
also been suggested that the activity of the enzyme G6PD is
stimulated by GSSG, possibly through the formation of a mixed
disulfide (Eggleston and Krebs, 1974). Since the lowering of
the NADPH/NADP™ ratio is maintained despite the stimulation
of the HMP, it is clear that this response is insufficient to over-
come the prooxidiant stress. As suggested by Smith and Nemery
(1986), it is perhaps ironic that stimulation of the HMP may, in
fact, merely make available more NADPH for the continued re-
dox cycling of PQ and consequent ROS production. Assuming
availability of NADPH and O, the redox cycling of PQ con-
tinues on and on, with the continued depletion of NADPH, and
generation of O; .

4.2.2. Oxidation of Cellular Thiol (SH) Groups

Several reports suggest that the onset of PQ toxicity is ac-
companied by a decrease in the levels of intracellular SH groups,
predominantly through the oxidation of reduced GSH to GSSG
and to the formation of protein mixed disulfides (Keeling and
Smith, 1982; Keeling et al., 1982; Dinis-Oliveira et al., 2006b).
The oxidation of GSH to GSSG may occur through a direct ef-
fect of oxidizing species on the SH group. However, findings
in GPx-deficient rat lungs (Glass et al., 1985) suggest that GSH
is oxidized primarily through its role as a substrate in the GPx-
mediated reduction of cellular H,O,. Both theories suggest that
the inhibition of the reduction of GSSG, formed as a conse-
quence of redox cycling of PQ, results in enhanced toxicity. The
mechanism underlying this phenomenon is unclear. One possi-
bility is that the effect is due to depletion of GSH, thus preventing
its participation in direct scavenging of free radicals and/or pre-
venting removal of peroxides by GPx. A second possibility is
that it is not the decreased availability of GSH but the increase
in GSSG levels that contributes to the toxic effect. Studies by
Brigelius et al. (1982) have shown that increases in cellular lev-
els of GSSG lead to the formation of protein—glutathione mixed
disulfides, possibly through the mediation of SH transferase en-
zymes. The structure and consequent activities of many cellular
enzymes appear to be sensitive to mixed disulfide formation,
with some being inhibited while others are stimulated as a con-
sequence. Increased levels of protein mixed disulfides have been
observed in perfused liver (Brigelius et al., 1982) and in the lung
(Keeling et al., 1982) of rats after exposure to PQ. Indeed, in
the latter case, by administering various PQ doses, the authors
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were able to demonstrate a direct linear relationship between
the increase in levels of mixed disulfides and stimulation of the
HMP activity. A similar relationship was demonstrated between
mixed disulfide formation and inhibition of fatty acid synthe-
sis. This provides good evidence that oxidative changes occur-
ring subsequently to PQ exposure result in cellular metabolism
alterations.

4.2.3. Oxidative Damage to Lipids, Proteins, and DNA

Free radical-mediated membrane damage has been pointed
to by many authors as a critical event in the mechanism of PQ
toxicity. According to this hypothesis, electrophilic free radicals
derived from the redox cycling of PQ are capable of abstracting
allylic hydrogen atoms from membrane-associated polyunsatu-
rated fatty acids (PUFAS). In this manner, when the generation of
radicals spreads, it results in alterations of membrane structure
and, ultimately, lipid peroxidation (LPO) (Yasaka et al., 1986).
Indeed, HO" has been implicated in the initiation of membrane
damage by LPO during the exposure to PQ in vitro (Bus et al.,
1974, 1975; Shu et al., 1979) and in vivo (Bus et al., 1976; Burk
et al., 1980; Dicker and Cederbaum, 1991). Curiously, clinical
data concerning the LPO process in human PQ poisonings have
been reported only rarely. Yasaka et al. (1981, 1986) noted an
increase in serum concentrations of malondialdehyde (MDA),
a marker for LPO, in one case. Kurisaki (1985) reported an in-
crease of MDA in the lung and liver in seven patients who died
from acute PQ poisoning. Recently, Ranjbar et al. (2002) in-
vestigated the oxidative stress in blood samples of workers in a
pesticide factory, formulating PQ products for use in agriculture.
Controls were age-matched workers with no history of pesticide
exposure. It was concluded that PQ-formulating factory workers
have elevated LPO and decreased antioxidant capacity and total
thiol (SH) groups in blood, revealing their liability to oxidative
stress upon sustained exposure to PQ.

The detection of hydrocarbons such as ethane or pentane in
exhaled breath has attracted particular interest because these
volatile hydrocarbons are known to appear within seconds after
the release of free radicals from tissues and reflect the extent of
peroxidized unsaturated fatty acids (Phillips, 1992; Kneepkens
et al., 1994). Kazui et al. (1992) showed that the ethane in the
expired breath (exEth) of rats reflects in vivo LPO. However, in
another study, and in spite of gross pulmonary damage revealed
by the autopsy, following intratracheal exposure of rats to PQ,
exEth levels were not different from those of control animals
(Schweich et al., 1994). The authors concluded that markers
other than ethane must also be considered to detect this process
in the lungs. Hong et al. (2005) reported the first clinical trial
attempt to evaluate the exEth as a clinical marker of the degree
of lung damage following acute PQ poisoning in 21 patients.
The results indicated that even though the level of exEth was
higher in the nonsurvivor group than in the survivor group, it
is neither an independent predictor of survival nor a specific
marker of lung injury in patients with acute PQ poisoning when

it is measured 24 h after acute PQ poisoning. Ishii et al. (2002)
collected lung, kidney, and liver at autopsy, from seven victims
poisoned with PQ. The authors identified and reported an in-
crease of oxysterols [detected as 7-ketocholesterol (7-keto) and
7-hydroxycholesterol (7a-OH and 78-OH)] in the lung and kid-
ney in response to PQ ingestion. These authors suggested that
oxysterols are suitable lipid markers of oxidative stress in man.
Diene-conjugated 18:2A9,11-linoleic acid of plasma phospho-
lipid of four patients (Situnayake et al., 1987) was also used as
marker of LPO during the first few hours after PQ poisoning.

Besides lipids, ROS are also known to oxidatively modify
DNA, carbohydrates, and proteins. One such modification is the
addition of carbonyl groups to amino acid residues in proteins.
Free radical damage to proteins has been implicated in the oxida-
tive inactivation of several key metabolic enzymes. Fragmenta-
tion of polypeptide chains, increased sensitivity to denaturation,
formation of protein—protein cross-linkages, and modification
of amino acids side chains to hydroxyl or carbonyl derivatives
are possible outcomes of oxidation reactions (Dean et al., 1997).
In vivo studies have shown that PQ can cause lung protein ox-
idation assessed by carbonyl groups formation (Dinis-Oliveira
et al., 2006a, 2006b).

Concerning DNA damage, PQ gave consistently positive re-
sults in assays for chromosomal damage (sister chromatid ex-
change, unscheduled DNA synthesis, and the comet assay) in
mammalian cells (Sofuni et al., 1988; Ali et al., 1996; Dusinska
etal., 1998). Using a human lung epithelial-like cell line (L132),
Takeyama et al. (2004) showed that PQ induced DNA damage
by Gl arrest. The same study also demonstrated that PQ could
induce single-stranded DNA breaks after 2 h of treatment. Toku-
naga et al. (1997) studied the effect of PQ on base modifications
and showed an increase of 8-hydroxydeoxyguanosine (8-OH-
dG) formation in various rat organs, particularly in brain, lung,
and heart. In contrast, the formation of 8-hydroxyguanosine (8-
OH-G), a marker for the oxidative damage to RNA, was not sig-
nificantly affected by PQ. These results indicate that PQ causes
base modifications as well as strand breaks as a consequence
of the oxidative damage to DNA. When PQ was incubated with
lung homogenates prepared from mice in the presence of calf
thymus DNA, it caused damage to DNA in a concentration-
dependent manner (Yamamoto and Mohanan, 2001). These re-
sults also suggest that the formation of HO" induced by PQ prob-
ably accounts for the DNA damage, since damage was attenu-
ated by the co-treatment with melatonin, a potent scavenger HO".
More recently, Dinis-Oliveira et al. (2007a), using an in vivo rat
model, showed a marked lung apoptosis assessed by the char-
acteristic “ladder-like” pattern of DNA and by the terminal de-
oxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay in the lung of rats as conse-
quence of PQ exposure.

5. LUNG PATHOPHYSIOLOGY
The mechanism of PQ toxicity is very similar to that of DQ
at the molecular level. However, the critical target organ differs
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between the two compounds, so that the mammalian toxicology
is quite different. While both herbicides affect the kidneys, PQ
is selectively accumulated in the lungs through a saturable up-
take process (Rose et al., 1974, 1976a; Smith, 1982; Smith and
Nemery, 1992), and the systemic toxicity of PQ is dominated
by lung toxicity. The pathological changes in the lung provoked
by PQ have been investigated in various species of experimental
animals. The rat, mouse, dog, and monkey develop lung damage
similarly to that observed in humans (Conning et al., 1969; Mur-
ray and Gibson, 1972). The pathogenesis of PQ toxicity has been
most extensively studied in the rat. There are two distinct phases
in the development of pulmonary lesions (Smith et al., 1974b;
Smith and Heath, 1976). These coincide with the early and late
clinical stages. The initial stage involves acute damage to several
organs, including liver, heart, kidneys, and lungs. Depending on
the amount of PQ ingested, death may occur during this period
and is associated with pulmonary, renal, and circulatory fail-
ure (Smith and Heath, 1976) (Table 5). Patients surviving this
stage generally show a period of improvement. However, in most
cases this is merely the prelude to the onset of the second stage,
which involves damage almost exclusively to the lungs. Exten-
sive pulmonary fibrosis ensues, resulting in dyspnea, cyanosis,
and eventually death from respiratory failure. Nevertheless, it
has been found that some species do not develop lung lesions.
For example, the rabbit lung (Butler and Kleinerman, 1971) was
not damaged by a single dose of PQ, although chronic admin-
istration to rabbits can induce lung damage (Seidenfeld et al.,
1978).

5.1. Destructive Phase

The first toxicological effects to the lung correspond to a de-
structive phase in which the alveolar type I and type II epithelial
cells are destroyed. This occurs within 1-3 days of dosing, al-
though the speed at which it occurs depends on the given dose
and the route of administration. Irrespective of these factors,
the earliest observed pulmonary changes caused by PQ occur
in the type I alveolar epithelial cells, which exhibit swelling
(Kimbrough and Gaines, 1970; Sykes et al., 1977) accompanied
by increases in their content of mitochondria and ribosomes,
changes suggestive of increased metabolic activity (Smith et al.,
1974b). Cell damage initially appears as mitochondrial swelling,
followed by overt cell degeneration and cytoplasmic edema. The
latter results in bulging of the cytoplasm into the alveolar space,
and progresses to the rupture of the type I cell to expose the
basement membrane (Smith and Heath, 1976). Early damage to
type I alveolar cells by PQ may be explained by the fact that they
cover a large surface area (approximately 93% of the alveolar
epithelial surface area), representing 33% of alveolar epithelial
cells. The main function of the type I alveolar cells, which are
flat and actually form the alveolar vesicle, is the gas exchange
between the air space and the capillaries. PQ deeply compro-
mises lung function from the beginning of its toxic effects. The
alveolar type II cell represents the only other lung cell type to
show overt damage during this early phase of PQ toxicity. Dam-

age to the type II cell appears to lag slightly behind the type I
cell injury, and first involves mitochondrial swelling and loss of
the contents of the characteristic lamellar bodies (which are be-
lieved to contain surfactant) before frank cell destruction (Smith
and Heath, 1976). The type II cells are more round shaped and
are located at the distal border of the alveolar vesicles. They
account for the remaining 7% by surface area and 67% by ep-
ithelial cell number. Their main functions are surfactant secre-
tion, active transport of water and ions, and epithelial regener-
ation. The role of the surfactant (phospholipids, mainly phos-
phatidylcholine) is to form a thin film on top of a thin aqueous
layer that covers the epithelial cells. This decreases the surface
tension and thus prevents the lung collapse during expiration.
They also act as a defense against toxic agents in consequence
of their particular richness in NADPH-cytochrome P-450 re-
ductase, and may undergo mitotic division and replace type I
damaged cells. Notwithstanding the fact that some authors have
observed morphological changes, including swelling (Brooks,
1971; Fukuda et al., 1985) and even vacuolization (Modee et al.,
1972) of the capillary endothelium, the weight of the evidence
suggests that these cells initially remain essentially undamaged,
even at an ultrastructural level (Vijeyaratnam and Corrin, 1971;
Sykes et al., 1977). Certainly, the overt damage and destruc-
tion seen early in the epithelium do not manifest themselves
in the endothelium. Dearden et al. (1982) observed endothe-
lial damage in rats only 48 h after i.p. administration of PQ. In
endothelial cells, on the septal side of the capillaries, the num-
ber of pinocytotic vesicles significantly increased from 48 to
96 h post-PQ. In endothelium adjacent to damaged epithelium,
abnormalities included hydration, fragmentation, discontinuity,
and widened intercellular junctions; these were maximal at 72—
96 h post-PQ. These and other authors concluded that although
other mechanisms are probably important, damaged pulmonary
capillary endothelium seems to be a factor favoring the onset
of an alveolitis, which is characterized by the production of a
pulmonary hemorrhage proteinaceous edema and by the infil-
tration of the interstitial tissue and air spaces of the lung with
inflammatory cells (Vijeyaratnam and Corrin, 1971; Sykes et al.,
1977). However, it should be noted that endothelial cell damage
is notoriously difficult to demonstrate morphologically, even in
instances in which there is functional evidence of microvascular
impairment (Pietra, 1984). It has also been suggested that the
destruction of the surfactant-producing type II cells results in
increased surface tension within the alveoli, and that this draws
fluid from the capillaries to produce edema (Gardiner, 1972).
Alternatively, edema may also result from permeability changes
in the alveolar wall subsequent to type I cell damage (Sykes
et al., 1977). The inflammatory response that arises during this
destructive phase, which is maintained throughout the prolifera-
tive phase, involves a rapid and extensive influx of inflammatory
cells, mainly of polymorphonuclear leukocytes, macrophages
(Clark et al., 1966; Brooks, 1971; Smith and Heath, 1974,
Smith et al., 1974b; Sykes et al., 1977; Wasserman and Block,
1978; Fukuda et al., 1985), and eosinophils (Clark et al., 1966;
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TABLE 5
Phases of paraquat toxicity and associated clinical effects

Commercial
Ingested PQ formulation volume
Phases of ion dose (PQ dichloride)
toxicity (mg/kg b.w.) for a 70-kg person

Toxicological effects

Oral
ingestion

Local
exposure

Prognosis

< 7.5 ml of 20%
(m/v) concentrate

I. Asymptomatic <20
or mild

II. Moderate to >20-30 but 7.5-15 ml of 20%
severe <40-50 (m/v) concentrate

III. Severe: acute  >40-55 >15 ml of 20%
fulminant (m/v) concentrate
toxicity

Nausea, emesis,

diarrhea, intestinal
hemorrhage,
hemoptysis,
oliguria. Renal and
hepatic lesions are
minimal or absent.

Emesis and diarrhea

followed by
generalized
symptomatology
of systemic
toxicity. Renal and
hepatic failure
may be present.
Hypotension and
tachycardia. Death
usually due to
pulmonary
fibrosis.

Nausea, emesis, and

diarrhea are
followed by
multiorgan failure
(hepatic, renal,
adrenal,
pancreatic, CNS,
cardiac, and
respiratory
failure). Patients
do not survive
long enough to
demonstrate
pulmonary
fibrosis.

GIT, dermal and
ocular irritation.

Severe GIT,
dermal, and
ocular irritation,
inflammation
and ulceration of
skin and mucous
membranes.

Marked ulcerations
as in phase II.
Esophageal
perforation and
mediastinitis can
occur within 2-3
days of the
ingestion.

Full recovery is

likely.

Death occurs in

the majority
of cases, but
may be
delayed for
2-4 weeks.

Death usually

occurs within
24 h
(generally not
delayed for
more than a
few days).

Note. GIT, gastrointestinal tract; CNS, central nervous system.
“Doses as low as 4 mg/Kg can cause death (Driesbach, 1983).

Vijeyaratnam and Corrin, 1971; Gardiner, 1972; Modee et al.,
1972; Pietra, 1984; Fukuda et al., 1985; Candan and Alagozlu,
2001), into the interstitium and alveolar spaces. Most rats die
within a few days after PQ exposure as a consequence of this
extensive alveolitis and pulmonary edema. In human intoxica-
tion cases, the edema is generally not as extensive as seen in the
rodent lung, and when it develops it is usually subject to clinical
management.

5.2. Proliferative Phase

The second phase of PQ-induced lung toxicity involves the
development of an extensive fibrosis in the lung, which is prob-
ably a compensatory repair mechanism to the damaged alveolar
epithelial cells during alveolitis (Smith and Heath, 1976). If the
degree of lung exposure to PQ is high, the alveolitis will be
more widespread and severe, thereby resulting in a more ex-
tensive fibrosis and severe anoxia. Thus, the fibrosis may be
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part of the normal reparative response of the lung to severe
and extensive damage. The fibrosis associated with PQ toxic-
ity is not exceptional or peculiar to the effects of PQ but is a
response to an acute alveolitis that can also be induced by many
other pulmonary toxins. The onset of the proliferative phase
occurs several days after PQ ingestion. The earliest morpho-
logical indication of fibrotic development is the appearance of
many profibroblasts in the alveolar spaces (Smith and Heath,
1976). These cells undergo rapid proliferation and differentia-
tion to mature fibroblasts, which lay down collagen and ground
substance to produce fibrosis. This fibrotic proliferation is very
rapid, resulting in the loss of the normal alveolar architecture,
interfering with gaseous exchange, and subsequently causing
death from anoxia. Smith and Heath (1976) claimed that the lo-
calization of the fibroblasts (both immature and mature) and of
the subsequent fibrotic lesion is entirely intra-alveolar. Other re-
searchers have described interstitial in addition to intra-alveolar
fibrosis (Fukuda et al., 1985), although they suggest that the
intra-alveolar component is nevertheless more deleterious, be-
cause it is the latter that results in obliteration of the alveoli.
The mechanisms for the development of this obliterating fibro-
sis are still poorly understood. Predominantly, in the event of
interstitial or intra-alveolar fibrosis, whatever the cause, the nor-
mal architecture of the lung is destroyed due to the proliferation
of fibroblasts and deposition of collagen, thereby reducing the
effectiveness of gaseous exchange, leading to death as a con-
sequence of severe anoxia. Using other experimental systems,
not involving PQ, Witschi and coworkers have proposed that
pulmonary fibrosis occurs when reepithelialization subsequent
to epithelial damage is compromised in some manner (Witschi
et al.,, 1980). Such a process would certainly appear to hold
true also in the case of PQ, since the replacement of damaged
type I cells (which constitute the majority of the epithelial sur-
face area) is prevented by destruction of their progenitor type II
cells. Moreover, Fukuda et al. (1985) suggested that secretion
of proteolytic enzymes by stimulated inflammatory cells may
result in degradation of alveolar basement membranes denuded
by loss of the epithelium, and that this may also inhibit epithe-
lial regeneration. This is consistent with the idea that within a
given area of damage, reepithelialization and fibrotic prolifera-
tion represent mutually exclusive endpoints, and that the balance
between the two is governed by the degree of epithelial damage.
Thus, if reepithelialization is delayed (due to type II cell dam-
age or to destruction of the basement membrane), fibrosis may
occur. However, it appears that at least in the case of PQ, other
factors may also play a role. In their review, Smith and Heath
(1976) concluded that development of PQ-induced pulmonary
fibrosis is independent of alveolar damage. They suggested that
PQ may itself initiate the influx of pro-fibroblasts (Smith and
Heath, 1976). This was evidenced to some degree by Conning
et al. (1969), who demonstrated that macrophages treated with
PQ caused a more rapid proliferation of cultured fibroblasts than
did untreated macrophages, as well as by Schoenberger et al.
(1984), who showed the release of a fibroblast growth factor by

PQ-exposed macrophages. Despite some advances toward un-
derstanding the nature of the PQ-induced fibrotic lung lesion,
the ultimate mechanisms underlying this process, as with pul-
monary fibrosis in general, remain elusive (Gharaee-Kermani
and Phan, 2005).

6. CLINICAL AND EXPERIMENTAL OBSERVATIONS

Several studies have been performed to evaluate the acute
toxicity of PQ administered by a variety of routes. An overall
picture of the obtained results is summarized in Table 6. PQ
sulfate and dichloride salts are equally toxic when expressed on
the basis of PQ ion (Clark et al., 1966). There is a great variation
in LDs values, depending upon the investigator, the laboratory
where the work was done, and as result of the inherent differ-
ences in sensitivity between species, route of administration, and
reproductive state. Evidence also exists of young animals being
more susceptible (Clark et al., 1966). Also, individual animals
of the same species show an unusually large variation in the time
from dosing to death following identical dosage. When rats were
weighed daily following a single oral or i.v. dose at a rate that
would kill only a fraction of the tested animals, it was found that
those minimally affected lost weight only briefly, and then began
gradually to regain, whereas those that were severely affected
continued to lose weight (Sharp et al., 1972). Rats lost at least as
much body weight as would be expected during total deprivation
of food and water (Peters, 1967). Weights of the two groups were
statistically different after the first day following oral adminis-
tration and on all days following i.v. administration. Weight loss
appeared to be the result of lower food intake. Whether as the
result of differences in absorption following oral administra-
tion, or of greater excretion, or sequestration regardless of the
route of administration, minimally affected rats contained less
PQ in their lungs, kidneys, and stomach during days 1-8 than
did severely affected ones, including those that died (Sharp et
al., 1972). In rats, this interval varies from 2 to 12 days, with
some tendency for the deaths to be concentrated in an early and
late peak (Clark et al., 1966). After rats had inhaled PQ, clin-
ical signs and postmortem markers of toxicity were similar to
those seen after oral, s.c., or i.p. administration. Aerosol LCsg
(mg/m?) values in PQ toxicity tests with mammals were directly
related to the duration of exposure, PQ concentration in spray,
and particle size [3 um (diameter) seemed most effective (Haley,
1979)].

Although histopathological alterations are generally similar
among the rat, dog, monkey, and mice (Clark et al., 1966; Murray
and Gibson, 1972), Butler (1975) found that the Syrian hamster
is relatively resistant to interstitial fibrosis. Butler and Kleiner-
man (1971) also reported that rabbits did not develop the pul-
monary changes typical of PQ poisoning in other species, despite
doses of 2-100 mg/kg b.w. being administered i.p. and sacrifice
of animals being delayed up to 1 month. The only findings in
the lungs were occasional small interstitial infiltrates of lympho-
cytes and plasma cells, minimal alveolar hyperplasia, and some
alveolar macrophages.
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TABLE 6
Paraquat LDs in various species

LDso (mg/kg b.w.)

Species Strain Sex Route (95% confidence interval) Reference
Mouse NS NS per os 120 (Orme and Kegley)
ip. 30
iv. 180
Rat Swiss-Webster M ip. 39 (32.5-46.8) (Sinow and Wei, 1973)
Swiss-Webster F ip. 30 (26.3-34.2) (Bus et al., 1976)
NS F ip. 19 (16-21)* (Clark et al., 1966)
NS F ip. 16 (10-26) (Mehani, 1972)
NS NS iv. 21 (Orme and Kegley)
NS F per os 112(104-122)¢ (Clark et al., 1966)
NS F per os 150 (139-162)“ (Clark et al., 1966)
Sherman M per os 100° (Kimbrough and Gaines, 1970)
Sherman F per os 110° (Kimbrough and Gaines, 1970)
NS F per os 150 (110-173) (Mehani, 1972)
Sprague-Dawley M per os 126 (Murray and Gibson, 1972)
NS NS per os 57 (Orme and Kegley)
Sherman M dermal  80” (Kimbrough and Gaines, 1970)
Sherman F dermal  90” (Kimbrough and Gaines, 1970)
Rabbit NS M per os 50 (45-58) (Mehani, 1972)
NS M ip. 25 (15-30) (Mehani, 1972)
NS dermal 236 (Clark et al., 1966)
Cats NS F per os 35 (27-46)° (Clark et al., 1966)
Dog Beagles M s.C. 1.8(1.0-6.1) (Nagata et al., 1992)
F s.C. 3.5 (2.4-10.1) (Nagata et al., 1992)
NS NS oral 25 (Orme and Kegley)
Monkeys Cynomolgus MandF  peros 50 (Murray and Gibson, 1972)
(Macaca fascicularis)
M per os 70¢ (Purser and Rose, 1979)
Guinea pigs NS M per os 30 (22-41)¢ (Clark et al., 1966)
Sprague-Dawley MandF  peros 22 (Murray and Gibson, 1972)
NS F ip. 34 (Clark et al., 1966)

Note: NS, not stated; M, male; F, female.
“Dose quoted as paraquat ion.
b As dimethyl sulfate.

Human deaths from acute PQ poisoning started to be reported
in medical literature in 1966, when Bullivant (1966) reported
two fatalities in New Zealand due to accidental ingestion of PQ
and mentioned a previous fatality that had occurred in Ireland in
1964. During 1967 and 1968, there were no less than 13 cases
of PQ poisonings reported in the literature, 9 of which were
fatal (Malone et al., 1971). Most of the initial reports on PQ
involved accidental poisonings, usually related to storage of the
herbicide in soft drink, wine, beer, or other common beverage
bottles, or in inappropriately labeled containers, as well as due
to poor worker-protection practices. PQ soon gained reputation,
not only among the medical community but also among the gen-
eral public, as being one of the most toxic substances available
for which there was an apparent inability of therapeutic efforts to

alter the outcome. As little as a mouthful (approximately 20 ml)
of a20% solution of PQ produces a dose of about 55 mg/kg in an
average 70-kg adult, which may be fatal. The lowest fatal dose
recorded for adult humans is 17 mg/kg, but lower doses may be
fatal for children (Wesseling et al., 2001).

6.1. Clinical Symptoms and Manifestations of Paraquat
Intoxication
The effects of PQ are local and systemic, with the former
being concentration dependent, while the latter are dose depen-
dent (Proudfoot, 1999). Although the local effects can be severe,
there are the systemic effects, largely referable to the respiratory
system, which are potentially lethal. Findings suggest that PQ
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may cause fatal poisonings by ingestion of small amounts and
by dermal absorption of PQ (Wesseling et al., 1997).

6.1.1. Poisoning by the Oral Route

Acute PQ poisonings are mostly due to ingestion of the con-
centrate liquid herbicide formulations.

The symptomatology of human PQ poisonings can be divided
into three different presentations depending on the amount in-
gested (Table 5) (Vale et al., 1987; Pond, 1990; Bismuth et al.,
1995).

6.1.1.1. Asymptomatic or Mild Toxicity. Ingestion of PQ
ion of less than 20-30 mg/kg produces no symptoms or only
mild GIT symptoms (nausea, irritation and diarrhea) (Vale et al.,
1987; Pond, 1990). Renal and hepatic lesions are either minimal
or absent. An initial decrease in the DL is frequently noted,
but development of clinical or radiological pulmonary fibrosis
is rare. Full recovery is expected in all cases without sequelae
(Vale et al., 1987).

6.1.1.2. Moderate to Severe Toxicity. Patients who ingest
>20-30 but <40-50 mg/kg (Vale et al., 1987; Hudson et al.,
1991; Bismuth et al., 1995) of PQ, equivalent to a single swallow
(7.5-15 ml of a 20% solution for a 70-kg patient), are most likely
to die from pulmonary fibrosis, which progresses after a few days
to a few weeks. This ingested dose produces a more indolent ill-
ness. Patients develop upper GIT irritation/corrosion, acute tubu-
lar necrosis (12-48 h after ingestion), pulmonary hemorrhage
(24-48 h after ingestion), and pulmonary fibrosis (1-2 wk after
exposure). It typically evolves in three phases, described next.

6.1.1.2.1. First Phase. The initial phase is characterized
by the emergence of lesions due to the herbicide’s corrosiv-
ity. Corrosive effects are very similar to the effects induced by
alkali (Stephens et al., 1981). Immediately after ingestion, pa-
tients frequently complain of lips, buccopharyngeal, esophageal,
epigastric, and gastric pain (Bismuth et al., 1982; Vale et al.,
1987). Most patients with PQ poisoning develop the character-
istic lesions on the tongue (usually swollen, commonly known as
the “PQ tongue”). Patients with such lesions can be completely
aphonic and aphagic and may thus require total parenteral nutri-
tion. Flexible fiberoptic esophagogastroscopy frequently shows
mucosal lesions (Zargar et al., 1991). This should be done be-
tween 4 and 8 h after ingestion. If the initial endoscopy is neg-
ative, it should be repeated at 36 h, because the corrosive le-
sions can sometimes manifest later. These are usually superfi-
cial, although several cases of esophageal and gastric ulceration
preceding perforation and massive GIT hemorrhage have been
reported (Malone et al., 1971; Ackrill et al., 1978). Other signs
of GIT irritation such as nausea and vomiting may occur. Indeed
vomiting almost always ensues, even in the absence of emetic
agents in the commercial preparation. Secondarily, abdominal
colic and diarrhea are noted occasionally.

6.1.1.2.2. Second Phase. Between the second and fifth
days following ingestion, renal failure and hepatocellular
necrosis develop. Functional renal insufficiency is often noted,

caused partly by hypovolemia secondary to GIT fluid losses and
a decreased or total lack of oral fluid intake. PQ itself has direct
renal toxicity. It generally causes a pure tubulopathy with prox-
imal predominance (Vaziri et al., 1979; Bairaktari et al., 1998;
Gil et al., 2005). Such renal tubulopathies usually evolve — as
with all causes of tubular necrosis—to full recovery without se-
quelae (Bairaktari et al., 1998; Gil et al., 2005). Although the
degree of renal failure may be mild by most standards, renal
failure impairs the main route of excretion available and there-
fore may contribute significantly to the mortality produced by
PQ. In a study reporting the nephrotoxicity of PQ in vitro and
in vivo, proximal tubular function was monitored by measuring
the accumulation of PAH and NMN using renal cortical slices
from Swiss-Webster mice poisoned with PQ at the LDsq for
i.p. administration (50 mg/kg b.w.) (Ecker et al., 1975). Tubular
function in intact Swiss-Webster mice was estimated using dis-
appearance of phenolsulonphtha and ['*C]PQ from plasma in
vivo. Glomerular function was estimated using disappearance
of othalamate from the plasma of animals injected i.v. with PQ
at a dose of 50 mg/kg b.w. Accumulation of PAH and NMN by
renal cortical slices in vitro was not greatly altered. In vivo dis-
appearance of phenolsulfonphthalein and ['*C]PQ from plasma
was greatly reduced, but iothalamate disappearance was little
affected. These authors concluded that the nephrotoxicity at-
tributable to PQ affects primarily the proximal tubule (Ecker et
al., 1975). These findings are supported by in vitro experiments
in which the proximal renal epithelial cell line (LLC-PK) was
found to be more susceptible to the toxic effects of PQ when
compared to a distal epithelial cell line, MDCK (Chan et al.,
1996a). It has been noted that the uptake of PQ by rat renal
tubular cells in culture is saturable (Chan et al., 1996b). Be-
sides being filtered in the glomerulus (Chan et al., 1996b), PQ is
secreted in the proximal tubule, which is followed by its intra-
cellular accumulation in proximal tubule cells through an active
basolateral uptake mechanism (Chan et al., 1997). Renal fail-
ure proceeds gradually and may produce an unusually rapid rise
in serum creatinine relatively to the rise in blood urea nitrogen
(low BUN/creatinine ratio) (Chen et al., 1994a). The observa-
tion of an unusually high creatinine value in a case of upper
GIT bleeding (where one might expect to observe an unusually
large increase in BUN but not creatinine) led to the diagnosis
of PQ toxicity even though the patient denied ingestion. Liver
toxicity, as revealed by elevated liver enzymes in plasma, jaun-
dice, and histopathological changes in the liver at examination
postmortem, is sometimes seen in cases of poisoning with PQ
in humans. The liver lesion caused by PQ displays a picture of
centrilobular hepatocellular necrosis and cholestasis and usually
moderate (Vale et al., 1987).

6.1.1.2.3. Third Phase. Delayed development of pul-
monary fibrosis is responsible for the generally poor progno-
sis in acute PQ poisoning. Clinically and radiographically, this
appears several days after ingestion. In the typical form, the in-
terstitial lesion extends inexorably. The diagnosis of pulmonary
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fibrosis can, in fact, be made by pulmonary function tests (PFTs)
well before arterial O, tension (Pa0O,) decreases (which is a sig-
nal of a rapid, often fatal clinical evolution). Early gas diffusion
disturbances are responsible for alterations in gases concentra-
tions, which precede radiological manifestations. Radiological
lung changes do not always parallel the severity of clinical symp-
toms; they have been reported to be diffuse, coarse, reticulonodu-
lar infiltrates (Bier and Osborne, 1978). Chest X-ray may be nor-
mal, particularly in those patients who die soon after ingestion,
due to multiorgan failure. More often, patchy infiltration devel-
ops, which may progress to ground-glass opacification (GGO)
of one or both lung fields (Vale et al., 1987). Im et al. (1991)
analyzed retrospectively 42 patients with a history of PQ inges-
tion and abnormal findings on chest radiographs. Radiographic
changes during the first week after ingestion included diffuse
consolidation (26/39), pneumomediastinum with or without
pneumothorax (15/39), and cardiomegaly with widening of the
superior mediastinum (8/39). Small cystic and linear shadows
began to appear at the end of the first week and represented
the preponderant parenchymal abnormality observed after 2—4
weeks. Focal honeycombing was the major parenchymal ab-
normality after 4 wk. High-resolution computed tomography
(HRCT) of the lung 9 months after PQ exposure revealed local-
ized fibrosis containing small cysts. Pulmonary fibrosis leads to
arapid development of refractory hypoxemia, resulting in death
over aperiod of 5 days to several weeks. Neither spontaneous nor
assisted artificial ventilation can delay the fatal outcome. In the
final stage, if sepsis (which frequently occurs in these patients,
even when they are treated with antibiotics) does not intervene,
the PQ poisoning evolves toward decerebration during mechan-
ical ventilation, with an inspired O, fraction (F;O,) of 100% and
aPaO, under 30 mm Hg. Lee et al. (1995) reviewed the findings
of HRCT scans of the lungs in 16 patients with PQ poisoning.
The most common pattern on initial HRCT scans was GGO (bi-
lateral and diffuse in distribution), present alone or as part of a
mixed pattern in 13 patients. Consolidation was present in six
patients, irregular lines in three, and nodules in two patients.
On follow-up HRCT scans, the GGO had changed to consolida-
tion with bronchiectasis. Additional irregular lines and traction
bronchiectasis also were observed. More recently, the specific
radiologic and functional sequential changes of PQ-induced pul-
monary damage were well characterized using HRCT and PFTs
in long-term follow-up of PQ-poisoned survivals (Huh et al.,
2006). Among the cohort of 27 patients who had ingested PQ,
the HRCT findings showed a normal (» = 14) and an abnor-
mal group (n = 13). Increased PQ ingestion in the abnormal
group was associated with more rapid and severe pulmonary
changes. All the patients with normal HRCT findings survived.
When the serial changes of HRCT are observed, initial GGO
indicates primary lung damage from PQ, because this pattern
reflects alveolar edema and inflammatory cell infiltration. GGO
on HRCT peaked on day 7 after ingestion. Between 2 weeks
and 1 month, consolidation increased and pulmonary fibrosis
progressed, and slow improvements were observed for up to

six months. Compared with the PFTs results obtained at 1 and
6.5 months, expiratory volume in first second (FEV,), forced
vital capacity (FVC), and lung carbon monoxide diffusing ca-
pacity (DLco) all improved slightly. Lung changes after PQ
intoxication may be functionally and radiologically reversible
following treatment. Although most patients who have radi-
ological lung changes go on to develop progressive and ul-
timately fatal lung damage, there are case reports in which
patients have developed radiological changes but have sur-
vived and improved progressively (see also section 9 for
details).

6.1.1.3. Severe: Acute Fulminant Toxicity. Patients who
ingest greater than 40 mg/kg (>15 ml of a 20% solution for a
70-kg patient) usually die within hours to a few days, at most
(Bismuth et al., 1982; Pond, 1990). These patients experience
multiple organ failure, including acute respiratory distress syn-
drome (ARDS), cerebral edema, myocardial necrosis, with car-
diac, neurologic, adrenal, pancreatic, hepatic (with jaundice),
and renal failure (Nagi, 1970; Russell etal., 1981; Bismuth et al.,
1982; Reif and Lewinsohn, 1983; Pond, 1990; Florkowski et al.,
1992). Death may occur even before the development of signif-
icant chest radiographic abnormalities (Pond, 1990). Alveolitis
is observed, with clinical signs of acute noncardiogenic pul-
monary edema and rapidly progressive hypoxemia, even in pa-
tients treated with salt and fluid restriction. Acute pneumonitis,
shock, metabolic acidosis, and convulsions have been reported.
Nausea, vomiting, and abdominal pain are also present. Bloody
diarrhea may be present.

6.1.2. Exposure by Dermal Route

Although deliberate ingestion is responsible for most cases
of serious PQ toxicity, morbidity and mortality can result from
other routes of exposure. Indeed, the most important accidental
exposure routes for people applying PQ are dermic and inhala-
tion; in normal use, ingestion is unlikely. Local toxicity is pro-
duced by direct injury to tissues with which the herbicide comes
into contact due to PQ corrosive effects. Local effects include
skin damage (blistering), as well as nails, nose, and lips ulcers
(Samman and Johnston, 1969; Hearn and Keir, 1971; Vale et al.,
1987; Smith, 1988a; Hoffer and Taitelman, 1989). Contact with
concentrated PQ solutions may cause localized discoloration or
a transverse band of white discoloration affecting the nail plate,
although the latter may not occur until several weeks after expo-
sure. Transverse ridging and furrowing of the nail, progressing
to gross irregular deformity of the nail plate or total loss of the
nail, may also occur (Samman and Johnston, 1969). Normal
nail growth follows. The extent and severity of such damage is
mainly dependent on the concentration of PQ in the formulation
rather than the dose (as for GIT lesions). In general, systemic
toxicity in humans, after percutaneous exposure, seems unusual
as reported by Hoffer and Taitelman (1989), who described 15
consecutive cases of single exposures of the skin or eyes dur-
ing contact with PQ at working places. From these data it is
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apparent that a single exposure of healthy skin to PQ solutions
only causes local lesions. However, patients with dermal PQ
repeated exposures may have significant skin irritation or can
even die. Most of the fatal cases occurred in developing coun-
tries. In all of these cases, one or more of the following factors
were present: previous skin damage, caused either by PQ itself or
by mechanical or other chemical means, and prolonged skin con-
tact to clothes soaked in concentrated PQ, or less concentrated
solutions if the skin is not washed immediately after exposure
(according to the manufacturer’s instructions, correctly diluted
spray solutions should contain no more than 0.05 to 0.2% of
PQ ion) (Wohlfahrt, 1982). The lowest known concentration of
PQ leading to fatal poisoning by dermal route is 5 g/L (Smith,
1988a). Athanaselis et al. (1983) reported the poisoning of a
64-year-old spray operator via the skin. Fluid had leaked down
his back for several hours, causing irritation of the skin. Two
days later the sprayman visited a doctor, who advised hospi-
talization. The patient rejected this advice but was admitted 3
days later into hospital. He died, 12 h after admission, due to
toxic shock and renal and respiratory insufficiency. At autopsy,
the findings were typical of PQ poisoning, with fibrosing inter-
stitial pneumonitis and intra-alveolar hemorrhage, renal tubular
cell degeneration, cholestasis, and necrosis of the back skin.
Another peculiar case of a fatality from transdermal exposure
to PQ was reported in Papua New Guinea (Binns, 1976). The
patient, evidently thinking that PQ (20% PQ w/v) would kill
lice, applied the formulation to his scalp and beard. This pro-
duced painful sores and he steadily deteriorated until dying 6
days after applying the PQ to his skin. At autopsy, there were
skin lesions as well as solid and hemorrhagic lungs. Garnier
et al. (1994) reported two cases of percutaneous exposure. In
the first case a 36-year-old man applied a 20% concentrate to
his whole body to cure scabies. He developed extensive ery-
thema followed by blistering and 2 days later he was admitted
to hospital. Transient renal failure ensued. Dyspnea appeared
1 week after admission and he deteriorated, dying 26 days af-
ter exposure. In the second case, death followed PQ application
to beard and scalp to treat lice (Garnier et al., 1994). An agri-
cultural worker developed persistent hepatic cholestasis after an
episode of acute PQ poisoning through skin absorption (Bataller
et al., 2000). Several other cases of percutaneous PQ intoxica-
tion with respiratory lesions were also reported (Newhouse et
al., 1978; Okonek et al., 1983; Papiris et al., 1995; Soloukides
et al., 2007). Senanayake et al. (1993), analyzing 85 Sri Lanka
PQ applicators, found no clinically important differences in any
of the measurements made between the study group and the two
control groups. In particular, the results of the PFTs were similar
to those of the control groups. The same was true for the haema-
tological screen and blood tests for liver and kidney function.
The incidence of skin damage, nose bleeds, and nail damage in
the study group was slightly higher than in the control groups.
The results of this study showed that long-term spraying of PQ,
at the concentrations used, produced no adverse health effects,
in particular no lung damage, attributable to the occupational

use of the herbicide. These results were consistent with a cross-
sectional study undertaken by Castro-Gutierrez et al. (1997) in
Nicaragua in order to evaluate any relationship between res-
piratory health and PQ exposure. One hundred and thirty-four
exposed plantation workers who had been exposed to PQ (0.1-
0.2%) over more than 2 years during spraying were questioned
and their lung function was examined. More than half of the
workers (53%) had experienced a skin rash or burn from PQ
exposure, 25% had nosebleeds, 58 % had nail damage, and 42%
had splashed their eyes that in several workers, this lead to a
continued blurred vision, in one case to an opacified cornea. A
statistically significant dose-response relationship was observed
between intensity of exposure (as indicated by a history of skin
rash or burn) and the prevalence of dyspnea (95% confidence in-
terval (CI): 2.4-9.0), and the prevalence of episodic shortness of
breath accompanied by wheezing (95% CI: 1.4-6.3). No statis-
tical significance was observed between PQ exposure and PFT's
alterations. Dalvie et al. (1999) analyzed 126 PQ applicators in
the Western Cape region of South Africa and did not observe an
association of PQ exposure and PFTs changes, although they did
report a positive association of chronic PQ exposure and arterial
oxygen desaturation during maximum exercise. Notwithstand-
ing the interest of these studies, a major shortcoming is the lack
of confirmation of poisoning by detection of PQ in urine and/or
plasma.

6.1.3. Ocular Irritation

Direct eye contact with concentrated solutions will pro-
duce corrosive ocular injury, dependent on contact time and
concentration. Ocular exposure may produce severe corneal
and conjunctival injury and anterior uveitis (Cant and Lewis,
1968). Local effects to the eye may heal only slowly and with
scarring (Nirei et al., 1993; McKeag et al., 2002). McKeag
etal. (2002) described the clinical appearance and progress
of bilateral ocular injury caused by PQ on a 69-year-old fruit
farmer, who splashed a 20% solution of PQ into both his
eyes.

Cingolani et al. (2006) investigated the effects of PQ in mice
retina. There was no significant decline in electroretinogram
(ERG) a- or b-wave amplitudes after i.v. injection of 1 ul of 0.5
mM PQ in C57B1/6 mice, but loss of ERG function occurred
after injection of the same volume of 0.75 or 1 mM PQ. His-
tology in PQ-injected eyes showed condensation of chromatin
and thinning of the inner and outer nuclear layers, indicating
cell death, and terminal deoxynucleotidyl transferase-mediated
dUTP-biotinide end labeling (TUNEL) demonstrated that one
mechanism of cell death was apoptosis. Fluorescence in the
retina and retinal pigmented epithelium after intraocular injec-
tion of PQ, followed by perfusion with hydroethidine, indicated
high levels of O, and oxidative damage was demonstrated
by staining for acrolein, and enzyme-linked immunosorbent
assay (ELISA) for carbonyl protein adducts. PQ-induced dam-
age to the outer nuclear layer was greater in BALB/c mice
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than in C57Bl/6 mice, suggesting strain differences in the ox-
idative defense system of photoreceptors and/or other modifier
genes.

6.1.4. Exposure by Inhalation

The large size of PQ droplets produced by most commercial
agricultural spraying equipment (typically greater than 100 pwm)
generally precludes serious poisoning by the inhalational route
(Howard, 1983; Wojeck et al., 1983; Senanayake et al., 1993;
Garnier, 1995).

6.1.5. Muscle Toxicity

Myopathy associated with PQ poisoning was reported for
the first time by Saunders et al. in 1985. The examination of
skeletal muscles obtained at both the biopsy and autopsy re-
vealed findings of extensive degeneration and fibrosis. Kop-
pel et al. reported, in 1994, that extensive myonecrosis was
observed in a specimen of postmortem intercostal muscle of
a 52-year-old woman who had ingested an unknown dose of
PQ and died on day 11 after ingestion. Vyver et al. (1985) re-
ported a case of a patient who died 5 days after ingestion of
PQ, where levels were higher in the skeletal muscle and an in-
crease of creatinine kinase levels appeared on the fourth day
after admission. More recently (Tabata et al., 1999), degenera-
tion of skeletal muscle, mainly of the rectus abdominis, psoas
major, and diaphragm, was also reported. Laboratory data re-
vealed that the plasma creatinine kinase values (1796 mU/ml)
were highest on day 5, after which the levels decreased steadily;
however, they were maintained at about 900 mU/ml even on
day 8.

6.1.6. Appearance at Autopsy

The appearance at autopsy depends on exposure dose and on
the survival time. Following severe intoxications, corrosive in-
juries of the lips are likely. The mucous membranes of the mouth,
pharynx, esophagus, larynx, and the upper trachea are intensely
congested and may be covered with a yellowish-green epithe-
lial slough. The gastric mucosa is likely to be congested and
may contain small hemorrhages. The kidneys may be swollen
and perhaps rather pale, and the liver may be also somewhat
pale. Centrilobular necrosis and cholestasis of the liver with ex-
tensive bile-duct loss, renal tubular necrosis were reported by
several authors (Situnayake et al., 1987; Takegoshi et al., 1988;
Soontornniyomkij and Bunyaratvej, 1992). Ultrastructurally, di-
latation of bile canaliculi with decrease of microvilli and thick-
ening of pericanalicular ectoplasm was found in the hepatocytes
(Takegoshi et al., 1988). Cortical necrosis of the adrenal glands
and mild acute pancreatitis were also documented (Soontorn-
niyomkij and Bunyaratvej, 1992). Lungs are heavy, filling and
holding the shape of the thoracic cavity, congested, edematous,
but microscopically there is not yet any fibrosis or epithelial pro-

liferation. There may be early pneumonia, and pulmonary hem-
orrhage is common, in addition to the severe edema. Aspiration
pneumonitis (100% of cases) and pneumothorax with pneumo-
mediastinum (18.75% of cases) were remarked autopsy findings
in those dying from PQ poisoning (Daisley and Simmons, 1999).
In cases of moderate intoxications and consequently with longer
survivals, the appearances at autopsy are different. The changes
in the mucous membranes of the oropharynx have resolved and
the liver and kidneys are usually of normal appearance, at least
on naked-eye examination, although there may be microscopic
evidence of cellular damage. The dramatic changes are to be
found in the lungs, where they form the classical picture of
PQ poisoning. On gross examination the lungs are usually of
reduced size, with a solid appearance and of dark gray color.
Section reveals a firm, obviously fibrotic structure, which is ap-
parently completely airless. Microscopic examination reveals a
grossly abnormal tissue with abundant fibrosis, often virtually
obliterating the alveoli. Many plump fibroblasts are to be seen in
alveolar walls and alveolar spaces. Hyaline membranes are com-
mon, possibly a result of ventilation with high concentrations of
0O,. In general, the longer the survival time, the more marked is
the proliferation of fibroblasts in the alveoli, and the more airless
the lung tissue becomes (Carson and Carson, 1976). On whole
sections, there is obliteration of air spaces with multiple areas
of fibrosis. There may be active proliferation of the bronchial
epithelium, forming small adenomata within the parenchyma.
At later stages, there is less inflammation.

6.2. Intoxications During Pregnancy

In a fatal case of PQ poisoning in a pregnant woman, who
developed the typical symptoms and signs of PQ poisoning and,
at postmortem, had the typical lung pathology of PQ poisoning,
the fetal lungs were normal (Fennelly et al., 1968). However,
Talbot and Fu (Talbot et al., 1988), who reported the clinical
cases of nine pregnant women who ingested PQ, measured its
levels in maternal, fetal, and cord blood in one case and showed
that PQ crosses the placenta and is concentrated to levels 4-6
times greater than the maternal blood. Amnioscopy in another
case showed PQ levels in amniotic fluid were nearly twice that of
maternal blood. The fetus appears to tolerate maternal PQ poi-
soning while it is dependent on the maternal circulation. The con-
dition of the fetus worsened (developed signs of PQ poisoning)
at delivery (due to exposure to atmospheric O,), or in utero if the
gestational age was greater than 30 weeks. Poor late-gestational
survival may be due to the fact that type II pneumocytes appear
between 28 and 32 weeks of gestation. All fetuses died, whether
or not emergency cesarean operation was carried out. Jeng
et al. (2005) presented a case of moderate PQ poisoning from
suicidal ingestion in a woman in the third trimester of pregnancy.
Despite initial deterioration of renal and liver function, she had
a normal spontaneous delivery of a healthy baby girl 14 weeks
after the exposure. The child reached developmental milestones
normally and appeared healthy and well nourished at age 5.
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During the earlier embryogenesis stages, PQ exposure may
lead to spontaneous abortion or to teratogenic effects (Rutledge,
1997).

7. PREDICTING HUMAN OUTCOME IN PARAQUAT
POISONING

Patients who have strong dermal PQ exposure and all who
have ingested PQ require hospitalization and experimental ther-
apy. PQ poisoning is one of those intoxications for which it is
possible to predict the severity and prognosis for individual pa-
tients using specific laboratory tests and information from the
medical history. Successful prediction of those who may survive
PQ poisoning can prevent inappropriately aggressive treatments,
which are normally elaborate, expensive, and have not clearly
improved the survival rate (Bismuth et al., 1987; Hampson and
Pond, 1988), in those who have no hope of survival and in those
only minimally poisoned. Possible prognostic factors in PQ poi-
sonings are the formulation involved, whether or not it was di-
luted, the amount ingested, the time since ingestion, the presence
or absence of food in the gut (time since the last meal before
PQ ingestion), whether spontaneous emesis has occurred (the
color of the vomitus), treatment already administered, partic-
ularly decontamination measures, and plasma and urinary PQ
concentrations (Proudfoot et al., 1979; Bismuth et al., 1982;
Hart et al., 1984; Scherrmann et al., 1987; Ikebuchi et al., 1993;
Proudfoot, 1995). Suicidal PQ poisonings are generally more
severe than accidental poisonings due to higher ingestions. A
recent meal, which delays and reduces absorption, can improve
prognosis (Bismuth et al., 1982). A person with acute PQ in-
gestion is likely to come to the emergency department initially
complaining only of an acute corrosive injury, so the differen-
tial diagnosis should encompass all corrosive agents. A careful
physical examination should include search for oral, skin, or
mucous membrane lesions. Endoscopy visualization of signifi-
cant ulcerations in the esophagus or stomach within the first 24
h of exposure indicates a poor prognosis (Bismuth et al., 1982).
The extent and depth of ulceration reflect the concentration and
dose of PQ that has had contact with the mucosal surfaces and,
indirectly, the amount of PQ absorbed systemically. The devel-
opment of renal failure is indicative of more severe toxicity and a
worse prognosis than would be predicted for a patient in whom
renal function is preserved (Bismuth et al., 1982; Vale et al.,
1987; Baselt and Cravey, 1989) (see also section 7.3). Almost
all patients with renal failure from PQ have significant lung tox-
icity, but there are occasional reports of renal failure without
significant lung toxicity (Dolan et al., 1984).

The measurement of plasma PQ concentration is the most
reliable method for assessing the prognosis, since the sever-
ity and rate at which the toxic signs evolve depends on the
amount of PQ absorbed systemically. Intoxicated patients should
be watched and treated expectantly until PQ levels are re-
ported to be nonexistent. PQ poisoning has been reported
in children (McDonagh and Martin, 1970). The clinical ap-

proach for intoxicated children does not differ from that for
adults.

7.1. Paraquat Quantification in Biological Samples

Positive semiquantitative urine tests should be followed by
quantitative plasma and urine PQ levels. Several laboratory an-
alytical methods are available for measuring PQ in biological
samples. PQ may be detected or quantified in a great variety
of biological fluids and tissues, and also in various materials
suspected to be the source of PQ ingestion or exposure. In emer-
gency situations, PQ can be measured in plasma, urine, gastric
aspirate, and dialysates. In the field of forensic toxicology, PQ
can be assayed in several tissues or in whole blood. The analyti-
cal methods for PQ quantification have been reviewed by Haley,
Summers and Scherrmann (Haley, 1979; Summers, 1980; Scher-
rmann, 1995). In this review only the most applied qualitative
and quantitative tests are described.

7.1.1. Qualitative and Semiquantitative Test

The dithionite test is based on the reduction of PQ by freshly
prepared 1% aqueous sodium dithionite in 0.1 N NaOH to form
the stable blue radical ion (Ap,x 603 nm) (Tompsett, 1970) as de-
scribed earlier. A visual inspection gives immediate perception
of the presence of blue free radical, in comparison with negative
and positive controls. Evaluation of the color intensity can be re-
lated to a semiquantitative scale (see later description). The test
is rapid, specific, and requires the availability of nonoxidized
sodium dithionite. DQ undergoes a similar reduction to form a
yellow-green cation (A 760 nm).

7.1.2.  Quantitative Test: Spectrophotometry

Probably the easiest, rapidest, simplest, and the method
with the lowest detection limit for PQ quantification is based
on second- or fourth-derivative spectrophotometry (Fell et al.,
1981; Jarvie et al., 1981; Fuke et al., 1992; Kuo et al., 2001).
In this mode, the normal absorption spectrum is transformed to
the second- or fourth-derivative spectra of the PQ cation radi-
cal. The sodium dithionite color reaction is used to detect PQ,
and matrix interference is eliminated by the use of a chemi-
cal deproteinization technique with sulfosalicylic acid in order
to give a clear supernatant, compatible with spectrophotome-
try. Derivative spectroscopy confers an advantage over classical
spectrophotometric detection by enhancing the PQ'* peak and
suppressing the broader absorption bands resulting from nonspe-
cific matrix absorption such as with diquat, hemolysis, bilirubin,
or lipemia.

7.1.2.1. Reagents and Their Preparation.

¢ A 1.38-mg amount of PQ dichloride (Sigma, St. Louis,
MO, and other manufacturers) is dissolved in 1 ml dis-
tilled water (1 mg/ml as PQ?*).

¢ Deproteinization reagent: 50 g sulfosalicylic acid is dis-
solved in 100 ml distilled water.
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FIG. 12. (A) Pretreatment procedures for paraquat in urine and plasma before the second derivative spectrophotometric analysis.
(B) Zero-order and second-derivative spectra. The qualitative analysis is made by observing the presence of inflection points at
about 396 and 403 nm. The quantification is made with amplitudes measurable between 396 and 403 nm.

e Alkaline reagent: 40 g NaOH is dissolved in 100 ml
distilled water.
¢ Chromogenic reagent: sodium dithionite (Na;S;04).

7.1.2.2.  Analytical Conditions.

e Instrument: ultraviolet—visible (UV-Vis) spectropho-
tometer with a differential analyzing system.

e Cell: plastic-made semimicro cell with an optical path
length of 1.0 cm.

7.1.2.3. Procedures. The procedures for urine and blood
plasma specimens are detailed here and are shown in
Figure 12:

1. 900 pl of blood plasma and urine is mixed well with 100 ul
of the deproteinization reagent solution.
2. The mixture is centrifuged at 13,000 g for 5 min.

3. 800 ul of the supernatant solution is mixed with 200 1 of
alkaline reagent.

4. A spatula (~5 mg) of the chromogenic reagent is added to
give the a blue color characteristic of the PQ™*.

5. The data of a zero-order spectrum is obtained by scanning
from 500 to 380 nm (wavelength space AA = 0.5 nm) and
then second-differentiated (derivative wavelength space AL
=4 nm). A qualitative and quantitative analysis of PQ is per-
formed at the amplitude peaks of 396403 nm of the second-
derivative spectrum.

The calibration curves are constructed by spiking various
concentrations of PQ into blank specimens, and processing in the
same way as above. The calibration curve in the 0.2-8.0 pg/ml
range obeys Beer’s law. Using these experimental conditions, the
intra- and interday coefficients of variation showed values lower
than 5% and the detection limit of the method was 0.10 pg/ml
(Dinis-Oliveira et al., 2006d, 2006¢).
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7.2. Predicting the Outcome from Plasma Paraquat
Concentrations

The prognosis for a patient with PQ ingestion can be fairly
determined by measuring plasma PQ concentration and its re-
lationship to time of ingestion. PQ concentrations data should
be obtained before starting any treatment that could decrease
the levels. A nomogram was initially presented by Proudfoot
et al. (1979; Proudfoot, 1995) after quantification of PQ plasma
concentrations at various times postingestion in 79 poisoned
victims. Those whose concentrations were below 2.0, 0.6, 0.3,
0.16, and 0.1 mg/L at 4, 6, 10, 16, and 24 h after ingestion, re-
spectively, survived. Subsequently, this nomogram was refined
by Hart et al. (1984) by examining plasma PQ concentrations
from a larger group of patients (n = 218) (Figure 13). Hart
et al. (1984) produced a contour graph of plasma PQ-to-time
relationships for 10, 20, 30, 50, 70, and 90% probability of sur-
vival. The 50% probability curve reported by Hart et al. (1984)
correlated well with the predictive line separating survival from
death developed by Proudfoot et al. (1979). Hart et al. (1984)
confirmed the difficulty of Proudfoot et al. (1979) in predict-
ing outcome from plasma concentrations data within the first
3 h. Schermann et al. (1987) extended this predictive curve up
to day 7 after intoxication, and showed that those patients who
presented, within 8 h, plasma PQ concentrations of 10 mg/L or
above, usually died from cardiogenic shock within 24 h, while
those with lower concentrations (but above the predictive line),
died of pulmonary fibrosis and respiratory failure latter than
24 h after ingestion. Bismuth et al. (1982) soon confirmed the
value of the line with 100% accurate prediction of the outcome
in 17 patients admitted 25 h or less after ingestion. Similarly,
Schermann et al. (1987) accurately predicted the outcome in
45 cases. Suzuki et al. (1991) combined the data of Proudfoot
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FIG. 13. Nomogram showing relation between plasma paraquat
concentrations (ug/ml), time after ingestion, and probability of
survival. Adapted from Hart et al. (1984).

et al. (1979), Bismuth et al. (1982), Scherrmann et al. (1987),
and Sawada et al. (1988) with those from a further group of 78
patients, and concluded that the predictive line correctly identi-
fied 101 of the 102 deaths and 61 of the 63 survivors evaluated
within 24 h of PQ ingestion. Although the nomogram can pro-
vide a fairly accurate prognosis, helping in predicting illness
severity and death probability if PQ levels can be obtained im-
mediately, it is inevitable that any predictive line will fail occa-
sionally. Estimation of the time interval since ingestion is prone
to error, particularly during the first few hours when plasma PQ
concentrations decline rapidly, and a time error of even 0.5 to
1.0 h may radically alter the relationship of a concentration to
the predictive line. In addition, plasma PQ concentrations may
not be entirely accurate since they may be assayed by one of
several methods and publications seldom make clear whether
the concentration reported is that of PQ ion or PQ salt, and
there is the possibility of interindividual variation in suscepti-
bility to the toxic agent, a matter on which there is little, if any,
knowledge.

Sawada et al. (1988) reported an objective index for the prog-
nosis of PQ poisoning based on a study of serum PQ concentra-
tions in 30 patients, 20 of whom died and 10 of whom survived.
The severity index of PQ poisoning (SIPP) is derived from the
time (in hours) until the start of treatment from the time of PQ
ingestion, multiplied by the serum PQ level (;tg/ml) on hospital
admission.

SIPP = [serum level of PQ (ng/ml)]

X [time from ingestion to treatment (h)])

When the SIPP score is less than 10, patients may survive; a
score of 50 separates late deaths due to respiratory failure (10 <
SIPP < 50) from early deaths secondary to circulatory failure
(SIPP > 50). Although this is an important study, the original
publication by Sawada et al. (1988) states that the test was car-
ried out in serum rather than plasma. This is important since
PQ serum concentrations are around threefold lower than those
in plasma obtained from the same blood sample, and this may
have caused some difficulties in the interpretation of results of
subsequent studies that based on using plasma PQ quantifica-
tions. Subsequently, Yamamoto et al. (2000), by analyzing 43
patients, showed that PQ poisoning is characterized by high O,
consumption with high oxygen extraction, with the degree of
derangement based on the SIPP. The authors also suggested that
the development of a marked imbalance between increased O,
demand and decreased O, supply, because of myocardial depres-
sion, might be a possible cause of death related to circulatory
failure. Suzuki et al. (1991) compared SIPP with the predictive
line in 167 patients admitted within 24 h of PQ ingestion. The
outcome predicted by the Proudfoot’s line was wrong in 1 fa-
tal case and in 2 who survived; in comparison, SIPP failed to
predict accurately the outcome in 1 survivor and 10 fatal cases.
These differences were statistically significant, and Suzuki et al.
(1991) concluded that the predictive line was more accurate than
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SIPP in predicting outcome from PQ concentrations in samples
taken in the first 24 h after ingestion.

The severity assessment of PQ poisoning using an interesting
formula was reported by Ikebuchi et al. in 1993, by performing
multivariate analysis on data from 128 poisoned patients. As a
result, the TIP or toxicological index of PQ was implemented.
However, only 21 patients who survived were included in this
study. A discriminant function (D) score >0.1 predicts survival
and D < 0.1 predicts death. D was calculated as follows:

D = 13114 — 0.1617 (In T) — 0.5408 (In [In(C x 1000)])

where T is the time since ingestion (h) and C the plasma PQ
concentration (pg/ml).

The probability of survival was also estimated by Jones et al.
(1999), who plotted the logarithm of the plasma PQ concen-
tration (mg/L) versus the logarithm of the time since ingestion.
The predicted probability of survival for any specified time and
concentration was calculated according to the following ratio:

exp (logit)/[1 + exp (logit)],
where

logit = 0.58 — 2.33 x log(plasma PQ) — 1.15
x log(h since ingestion)

The authors proposed that this equation may be helpful in
predicting who will survive PQ up to at least 200 h after inges-
tion, and could be used as a research tool for studies on efficacy
of PQ poisoning treatments.

More recently, Huang et al. (2003, 2006) successfully ap-
plied the Acute Physiology and Chronic Health Evaluation
(APACHE) II system (Knaus et al., 1985) in predicting the in-
hospital mortality of 64 patients with acute PQ poisoning over
a period of 12 years. The study demonstrated that the APACHE
II score is positively correlated with plasma PQ concentration
and with ingested amount of PQ. Nonsurvivors (n = 46) had a
higher APACHE II score (23.3 &+ 12.7) than survivors (n = 18)
(6.1 £ 4.2). All patients who had an APACHE II score greater
than 20 died before discharge. APACHE II score greater than 13
predicted in-hospital mortality, with 67% sensitivity and 94%
specificity. The authors concluded that the APACHE II score
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is a simple, reproducible, and practical tool for evaluating the
severity of acute PQ poisoning.

7.3. Predicting Outcome from Urine Paraquat
Concentrations

Although plasma PQ concentrations have a greater predictive
value, urine data may contribute to a more rapid evaluation of
prognosis (Scherrmann et al., 1987). In addition, certain of the
available urinary tests can be carried out in nearly all hospitals.
A simple urine semiquantitative test can confirm the presence of
PQ when the urine concentration is about 1.0 pg/ml or greater,
by adding 10 ml of urine to 2 ml of a freshly prepared 1%
sodium dithionite in 1 N sodium hydroxide (Berry and Grove,
1971; Widdop, 1976; Braithwaite, 1987). This qualitative urine
test is very easy to perform, and there is a good correlation
between the amount of PQ present and the intensity of the
formed blue color (Figure 14). The darker the color, the worse is
the patient’s prognosis (Scherrmann et al., 1987). The patient’s
urine should be tested serially for 24 h after ingestion. However,
a negative result should be interpreted cautiously, because
early urinary semiquantitative testing may underestimate the
amount of PQ systemically absorbed. Scherrmann et al. (1987)
measured the urine PQ concentration in 53 patients, comparing
results with the semiquantitative urine test. Almost all patients
with urinary PQ concentrations less than 1 pg/ml, within 24
h of ingestion, survived. Patients with semiquantitative urine
test results showing more than ++ (navy blue; >10 pug/ml)
within 24 h following ingestion have a high probability of death
(Figures 14 and 15). In contrast, patients showing less than £
(pale blue; <1 pg/ml) may survive (Scherrmann et al., 1987).
Again, these results should be interpreted with caution since
PQ-induced acute renal failure influences urine PQ excretion
and may lead to false-negative results.

7.4. Additional Laboratory Tests

Despite the fact that plasma concentration is the most reliable
prognosis factor in PQ poisoning, its measurement is not readily
available in all hospitals. For this reason, intensive care treatment
must often be undertaken without any information concerning
plasma levels. Neverthless, almost all hospital laboratories can

8.0 10.0 20.0 100.0 (pg/mL)

'3‘:"3‘:‘3:":1'3‘:"3‘31‘:'3:‘ =933

Y i o
(-) (#) (+)

(Colourless) (Pale blue)

(Light blue)

| CCCOSNNERREEER NONR

(++) (+++)

(Navy blue) (Dark blue)

FIG. 14. Representative qualitative urinary test for paraquat. Correlation between the paraquat concentration (u«g/ml) and the

intensity of the blue color change.
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FIG. 15. Relationship between urine paraquat concentrations
and survival. Adapted from Scherrmann et al. (1987). For
dithionite test colors, see Figure 14.

perform usual tests, such as complete blood count, blood bio-
chemistry, and arterial blood gases. These tests are generally
available immediately after patient admission. Lee et al. (2002)
reviewed 602 PQ-poisoned patients and reported a correlation
between acute death from PQ poisoning and usual admission
laboratory data. These authors concluded that besides dermal or
inhalational route, and exposure to low PQ quantities, other fac-
tors are also good prognosis factors, namely, young age, lower
degrees of leukocytosis and acidosis (the nonsurvivors presented
lower levels of HCOj in arterial blood and thus lower pH),
and the absence of renal, hepatic, and pancreatic failures on
admission after acute PQ poisoning in multiple logistic regres-
sion analysis. Heart rate, respiratory rate, hemoglobin, BUN,
serum creatinine, aspartate aminotransferase, alanine amino-
transferase, total bilirubin, amylase, and glucose were also sig-
nificantly lower in survivors than in nonsurvivors. Therefore,
the authors concluded that lower differences between the two
groups over time may indicate a lower degree of PQ exposure or
absorption, or a lower vulnerability to PQ. This supports the hy-
pothesis that the prognosis in humans is influenced by individual
sensitivity (Hart et al., 1984) and inaccuracies in assessment of
the ingestion-to-presentation interval. Increased levels of serum
aminotransferases, bilirubin, or amylase were also detected by
Bismuth et al. (1982) in severely poisoned patients. Analysis of
admission laboratory data indicated that the prognosis of patients
with acute PQ poisoning depends on renal function and acid-base
balance (Bismuth et al., 1982). White blood cell (WBC) count at
admission is also emphasized as an index of predicting outcomes
in PQ poisoning by Kaojarern and Ongphiphadhanakul (1991).
These results suggest that certain admission laboratory data may
provide as much information for predicting the prognosis as do
plasma PQ concentrations.

A respiratory index (RI) has been devised to measure pul-
monary function trends in PQ exposures (Suzuki et al., 1989).

This may be of more value in patients who present more than
36 h after PQ ingestion. In a series of 51 patients, all 43 patients
with an RI greater than or equal to 1.5 died; all 8 with an RI
less than 1.5 survived. This RI was calculated according to the
following ratio:

RI=A— aDOZ/P02
where A—aDQ; is calculated:
713 x FiO, — PaCO,[FiO; + (1 — FiO,)/R] — PaO,

The respiratory quotient (R) was assumed to be 0.8 (Bismuth
and Hall, 1995). However, the Rl is subject to some limitations,
and is probably of less value than plasma PQ concentrations
in early cases than in those who present 36 h or longer after
ingestion. Further assessment of the RI is required.

Kao et al. (1999) investigated changes in lung ventilation
(LV) and alveolar permeability (AP) in patients with PQ in-
toxication, using **" Tc diethylenetriamine pentaacetate (DTPA)
radioaerosol lung scintigraphy. Traditional **”Tc macroaggre-
gated albumin (MAA) perfusion lung imaging was also per-
formed for comparison. Those patients (69%) with abnormal
AP died. The authors concluded that AP may help predict out-
come in patients with PQ intoxication.

Analyzing the serum of 21 PQ-poisoned patients, Nakamura
et al. (2001) showed that serum concentrations of type IV col-
lagen and tissue inhibitor of metalloproteinase-1 (TIMP-1) in-
creased with time in nonsurvivors but did not change in sur-
vivors. The authors concluded that these parameters may be
useful indicators of severity and/or prognosis for the develop-
ment of respiratory failure in patients with PQ poisoning.

Finally, pneumoproteinemia, a recent concept in the assess-
ment of lung diseases, seems to be promising in predicting the
outcome of PQ poisonings; in ARDS several types of serum or
bronchoalveolar lavage fluid (BALF) biomarkers, such as sur-
factant protein (SP)-A, -B, and -D, and Clara cell (CC) 16 have
been evaluated with success (Doyle et al., 1995, 1998; Hermans
and Bernard, 1998; Kuroki et al., 1998; Hermans and Bernard,
1999). Pan et al. (2002) observed an increase of serum SP-D
in rats exposed (i.p.) to PQ plus O,. These authors proposed
that serum SP-D may be a useful biomarker of lung injury and
type II cell hyperplasia, at least in rodents, as a consequence
of PQ exposure. This innovative approach to evaluate PQ- in-
duced lung injury was firstly investigated in humans by Hantson
et al. (2006). These authors described a case report of a 20-
year-old man who ingested 100 ml of a 20% PQ formulation.
Serum CC16 increased gradually with the progression of renal
impairment, and serum SP-A and SP-B levels increased before
any significant changes in pulmonary gas exchanges. The SP-A,
SP-B, and CC16 levels in BALF were within normal limits. The
immunostaining studies using antibodies (Ab) directed against
CC16, SP-A, and SP-B were performed on postmortem lung
tissue specimens and showed that the labeling for SP-A and -B
was reduced or absent following PQ toxicity, while Clara cells
were relatively preserved (Hantson et al., 2006). More recently,
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Gil et al. (2007) correlated the changes in plasma SP-D con-
centrations with disease severity in 12 patients with acute PQ
intoxication. The results showed that SP-D did not increase dur-
ing the course of PQ intoxication; nor did SP-D predict survival.
However, SP-D was positively correlated with PaO,, and the au-
thors concluded that a low concentration of plasma SP-D could
reflect injury to pneumocytes. Further studies, including a higher
number of cases, are clearly required to validate the use of these
pneumoproteins as biomarkers of PQ-induced lung toxicity.

8. TREATMENT

The high toxicity of PQ, coupled with its widespread use and
ready accessibility, results in many human exposures, by both
unintentional and deliberate self-poisonings. Unless the expo-
sure is negligible, all PQ poisonings require immediate treatment
and close monitoring in a hospital setting. The “window of op-
portunity” for any effective treatment of PQ poisoning is very
narrow, only a few hours at most. All attempts should be made
to obtain an accurate history for any agrochemical exposure.

In view of the proposed mechanisms of PQ toxicity, it has
been possible, at several points, to interrupt the toxic pathway
(Dinis-Oliveira et al., 2006d). Management has been directed
primarily at removing PQ from the GIT (preventing absorp-
tion), increasing its excretion from blood, and, measures aimed
to prevent pulmonary damage with anti-inflammatory agents
and some newer drugs. For many years, the leading PQ manu-
facture, Syngenta, has been providing free diagnosis and treat-
ment kits (obtained via local Syngenta office or by e-mail to
ctltestkitsupply@syngenta.com), and has been participating in
initiatives with global and local suicide prevention agencies en-

couraging safe and secure storage. In Figure 16, a flow chart
guide currently used in the management of PQ poisoned pa-
tients is presented.

8.1. Preventing Paraquat Absorption

The key to successful treatment of an acute PQ exposure relies
almost entirely on aggressive early decontamination measures
to limit absorption. If there has been dermal exposure, either pri-
marily or secondarily from contact with contaminated vomitus,
cloth should be removed immediately and the skin washed gently
but thoroughly with soap and water to prevent transdermal ab-
sorption. Harsh scrubbing should not be conducted because the
resultant skin abrasion could actually increase the transdermal
absorption of PQ. PQ-exposed eyes should be irrigated with co-
pious amounts of tepid water or normal saline for atleast 15 to 20
min. Since PQ avidly binds to clay, oral administration of mineral
adsorbents may be useful as a prehospital treatment for minimiz-
ing PQ absorption. Measures to limit absorption that have been
employed include the addition of an emetic to all PQ formula-
tions, induction of emesis with syrup of ipecac, whole gut lavage,
and oral administration of mineral adsorbents. In 1975, the man-
ufacturer of PQ (ICI) added a potent emetic, PP796 (a phospho-
diesterase inhibitor), to liquid and solid PQ formulations. There
are a few published laboratory experiments reporting the use of
emetic-containing PQ formulations. A study in rats suggested
that the emetic used in proprietary PQ preparations may itself
possess cardiorespiratory toxicity when given i.v., although the
relevance of this finding to human PQ ingestions is uncertain
(Noguchi et al., 1985). Unfortunately, despite the occurrence
of earlier vomiting, Bramley and Hart (1983) were unable to

FIG. 16. Flowchart guide usually be followed for the management of paraquat poisonings (data are based on human evidences
with successful outcomes). PQ, paraquat; i.v., intravenous; PaO,, partial pressure of oxygen in arterial blood; O,, oxygen; NO,
nitric oxide; CHP, charcoal hemoperfusion; CP, cyclophosphamide; MP, methylprednisolone; DFO, desferoxamine; NAC, N-
acetylcysteine; DEX, dexamethasone; WBC, white blood cells. 'If systemic toxicity is suspected, test urine for PQ. There is little
data for time to peak plasma levels by skin absorption, but if the urine is negative for 24 h, systemic toxicity can probably be
disregarded. If the urine test is positive or if there is any doubt about potential systemic toxicity, assess blood concentrations and
treat for systemic toxicity as described for ingestion. 2Risk of inducing bleeding, perforation or scarring due to additional trauma
to fragilized tissues. Gastric lavage without administration of an adsorbent has not shown any clinical benefit and therefore it is
not advisable. 3Or in 250 ml of cathartics (it will increase gut motility and improve excretion of the adsorbent—-PQ complex) via
nasogastric tube. The blue color highlights the treatments that should be performed in order to prevent GIT absorption. *“Maximum
dose is 50 g. Repeated doses of cathartics may result in fluid and electrolyte imbalances, particularly in children, and are therefore
not recommended. ®Particularly important as a mean to correct dehydration, accelerating excretion, reducing tubular concentrations,
and correcting any metabolic acidosis. However, fluid balance must be monitored to avoid fluid overload if renal failure develops.
In this case hemodialysis or hemofiltration may be required. “CHP may be beneficial if the procedure can be instituted within 4 h
(when PQ exhibits high plasma concentrations) after ingestion, and its efficacy is maintained even when plasma concentration is
less than 0.2 mg/L. Due to the slow redistribution back to circulation and consequent prolonged PQ elimination, seven CHP sessions
may be useful. 8Plasma should be analyzed rather than serum, because serum PQ concentrations are approximately threefold lower
than those in plasma obtained from the same blood sample. If only serum is available, results should be interpreted with caution in
relation to survival curves. Plasma should be stored in plastic and not in glass tubes because PQ adsorbs onto glass surfaces. The
first quarter of this figure is adapted from “Paraquat Poisoning: Practical Guide to Diagnosis, First Aid and Hospital Treatment,”
published by the Health Assessment and Environmental Safety Department of Syngenta and the Medical Toxicology Unit, Guy’s
& St Thomas’ Hospital NHS Trust, London (http://www.paraquat.com/portals/5/paraquat_booklet.pdf).
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A. Skin and eye decontamination
dermatologist’;

subsequent treatment by an ophthalmologist.

. Flush the skin immediately with copious amounts of water and seek subsequent treatment by a

. Eyes — irigate at least 15 min with clean water, local antibiotics to prevent secondary infection and seek

B. Inhalation

. No specific treatment is necessary other than symptomatic for epistaxis. No need to perform urine tests.
When applied as recommended the droplets are too large to be inhaled into the lungs;

history and/or examination

C. Significant PQ ingestion suspected on

—'l SEE BOX BELOW I

l

Vomiting within two hours

after ingestion?

vy

Control of vomiting
+ BHT antagonists e.g., ondansetron 8 mg (5 mg/m? in children)
by slow i.v. injection or i.v. infusion over 15 min;

or

+ Phenothiazine anti-emetics e.g., prochiorperazine

+
* Activated charcoal OB,

(>12 yrs: 100 g/0.5 L water3;
<12 yrs 2g/Kg b.w.)

+ Gastric lavage
(< 2 hours after
ingestion?)

* Fuller's Earth OR
suspension 15%
(>12 yrs: 100-150g,

<12yrs 2g/Kg b.w.® <12 yrs 2 g/Kg b.w.)?

* Bentonite Clay +
suspension 15%
(>12 yrs: 100-150g,

+ Sorbitol OR - Magnesium
solution 70% citrate
(> 12yrs: 1-2 mLIKg 30g
<12yrs*; 0.75-1.15 mLiKg) one-time doseb
ne-tim oS

|

Doses may be repeated at 2- to 4-hour interval

is encouraged;

General Early Management
= i.v. fluids : isotonic Ringer's solution or 5% glucose in waterS;
« analgesia (opiates in cases of strong pain due to erosion lesions);
= avoid supplemental oxygen until severe hypoxemia (PaO, < 40 mmHg) - advantage in placing the
patient in a moderate hypoxic environment (i.e., 15-16% O,). Addition of NO (25 ppm) to inspired gases

l

Supportive Management
- analgesia (morphine sulphate >12 yrs: 10-15mg s.c.
every 4 hours, <12 yrs: 0.1-0.2 mg/Kg b.w. every 4 hours);
« support adequate renal output 1-2 ml/Kg/h
(i.v. fluids and furosemide);
+ Antibiotics for opportunist infections;
+ prophylaxis for stress ulcer;
$ pal!iafrve care for those with poor gugnasis.

H EXPERIMENTAL THERAPY |
3

Increasing
plasma

elimination

CHP (4 days), 7

sessions

(6-8 hours each)”, Calcium and platelets 4—]
must be replenished if depleted

]

Observe possible complications
sThrombocytopenia;

*Hypokalemia;

*Hypomagnesemia;

=hypophosphatemia

. !

!

!

}

CP 15 mg/Kg/day MP 15 mg/Kg/day
in 5% dextrose solution, in 5% dextrose solution,
200 mL, infused over 200 mL, infused over

24 hours (21 mUh),

2 hours during the first 2 days |2 hours during the first 3 days

DFO 100 mg/Kg in 5% destrose ||Vitamin-E
solution, 500 mL, infused over || 300 mg

only after the first CHP

peros

NAC 150 mg/Kg in 5% dextrose solution, 500 mL,

infused over 3 hours (only after the first CHP);
Subsequently, 300 mg/Kg in 5% dextrose

twice daily|| solution, 500 mL, continuous infusion at 21 mL/h,3 weeks.

DEX 5 mg i.v. every 6 hours

with posterior withdraw therapy r

(until PaO, 211.5 kPa=80 mmHg?

ime:

*CP if WBC were >3000/m?, 1 da

*Repeat pulse therapy with MP if
PaO, < 8.64 kPa (60 mm Hg}, 3 days;

PQ semi-quantitative

test - urine or gastric aspirate (10 mL sample + 2 mL of freshly
prepared 1% sodium dithionite in 1N NaOH)

If positive

If positive

Plasma® paraquat level
(taken between 5 and 24 hours)

Nomogram for prognosis

Clinical
Discharge

FIG. 16. (Figure legend on previous page)
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demonstrate an improved prognosis in patients who had ingested
emetic-containing, rather than non-emetic-containing, PQ for-
mulations. Subsequent reports (Onyon and Volans, 1987) from
the same study have also failed to record any significant reduc-
tion in mortality since the introduction of the emetic PP796. A
decrease in the mortality due to PQ poisoning, as a result of the
introduction of the emetic-containing formulation also failed to
be noted by other investigators (Bismuth et al., 1982). No clinical
or experimental studies involving the use of Ipecac syrup in PQ
poisoning have been reported. Although syrup of Ipecac may be
of value in a home setting if immediately available (administered
within 1 h and only in an alert, conscious patient), its use should
be discouraged since it may induce repeated vomiting and may
reduce the benefit of subsequent hospital treatments, namely,
mineral adsorbents. The risk of worsening the GIT corrosive
injury must also be balanced against the lethality of the amount
ingested.

There have been only two clinical studies published where the
authors made specific mention to the efficacy of gastric lavage.
Bismuth et al. (1982) were not able to establish the value of
gastric lavage in a review involving 28 patients. Bramley and
Hart (1983) were unable to demonstrate an improved progno-
sis resulting from the use of gastric lavage in a study of 262
cases of PQ poisoning referred to a poison information center
in the United Kingdom. Without administration of an adsor-
bent, gastric lavage should never be used. The use of sterilized
diatomaceous clays (bentonite and Fuller’s earth) in the gas-
tric lavage solution has been performed prior to their continued
GIT administration (along with the cathartic magnesium sulfate)
(Meredith and Vale, 1987; Vale et al., 1987). There are additional
theoretical objections to gastric lavage following PQ ingestion.
Ulceration of the oropharyngeal and esophagogastric mucosal
surfaces by concentrated PQ formulations is likely to make the
procedure hazardous, and risk of further injury exists (Meredith
and Vale, 1987).

Although Fuller’s earth and bentonite are recommended as
adsorbents (administered orally or via nasogastric tube) in PQ
ingestions, the ready availability and the equal if not greater effi-
cacy of activated charcoal to bind PQ make it the agent of choice
(Okonek et al., 1976, 1982a; Okonek et al., 1982b). Attention
should be paid to the brand of activated charcoal, which can influ-
ence the adsorptive capacity, probably because of the large vari-
ation of surface area (Meredith and Vale, 1995). More recently,
Nakamura et al. (2000), studying the in vitro adsorption char-
acteristics of varying particle sizes (mesh) of activated charcoal
for PQ, showed that particle size did not influence the amount
adsorbed. However, the authors also showed that smaller the
particle size of activated charcoal, the faster PQ is removed due
to the larger contact surface area. Therefore, it may be assumed
that the increase of contact surface area accelerated the removal
of PQ onto activated charcoals. Activated charcoal in suspen-
sion with magnesium citrate effectively adsorbs PQ, an effect
that is maximal at pH 7.8 as observed in vitro and in vivo by the
improvement of rats survival rate to 94% in opposition to 63%

in the activated charcoal and Fuller’s earth groups, and 69% in
the magnesium citrate group (Gaudreault et al., 1985). Activated
charcoal, 100 g for adults and 2 g/kg b.w. for children, should
be given unless there is a contraindication, such as protracted
vomiting or severe burns of the oral mucous membranes. Rapid
control of repeated vomiting with antiemetics and promotility
agents is essential when the patient cannot retain the adsorbent.
A total of three doses of activated charcoal at 2-h intervals may be
useful to avoid enterohepatic recirculation (Douze et al., 1975;
Mullick et al., 1981; Nagao et al., 1990; Ameno et al., 1994;
Dinis-Oliveira et al., 2006b). The airways should be protected
appropriately to prevent aspiration of gastric contents as previ-
ously described (Daisley and Simmons, 1999; Ruiz-Bailénet al.,
2001).

Yamashita et al. (1987) have reported the results of gastric
and intestinal lavage with the cation-exchange resin Kayex-
alate in PQ-poisoned patients. Six of 11 patients treated in
this manner survived, while 11 patients who did not receive
Kayexalate died. Unfortunately, it is not possible to judge
whether the severity of poisoning was comparable in the two
groups of patients because blood PQ concentrations were not
provided.

PQ has very low bioavailability but peak concentrations occur
very early. Thus, these procedures to prevent absorption are only
likely to work if given very soon after poisoning (within 1-2 h).
In practice, however, they are used very frequently irrespective
of the delay between poisoning and treatment.

8.2. Increasing Paraquat Elimination

In cases of PQ poisoning by ingestion, once GIT decontam-
ination has been performed, there remain two additional treat-
ment strategies. The first is to attempt to alter the herbicide’s
toxicokinetics (i.e., its distribution in the body after ingestion).
The second is to attempt to modify its toxicodynamics (i.e., the
herbicide’s effects on the target organs).

8.2.1. Extracorporeal Elimination

The goal of extracorporeal elimination procedures is to re-
move PQ from the circulation and prevent its uptake by pneu-
mocytes and Clara cells. The only method that has been shown
to be efficient and to enhance the extracorporeal elimination of
PQ is charcoal hemoperfusion (CHP), with CLpqg values that
may be as high as 170 ml/min. These high clearances, however,
do not allow extrapolation of the efficacy of these procedures in
removing clinically significant quantities of PQ, as the amount
removed depends on the plasma level, which always decreases
rapidly. Most toxicologists currently recommend rapid initiation
of CHP to lower plasma PQ levels and to limit pulmonary and
other organs’ uptake of PQ. Patients with plasma levels of 3 mg/L
or greater should probably not be considered for CHP treatment
because of the uniformly poor prognosis and a lack of demon-
strated efficacy for the procedure (Hampson and Pond, 1988).
Tabei et al. (1982) studied, in vitro and in vivo, the efficiency
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of CHP for the removal of PQ. At a flow rate of 200 ml/min,
93-99% of PQ in 4 L of solution (5, 10, 100 ppm) was removed
in less than 160 min. The elimination #;/, was 16 min and 10 s.
At 100 ml/min, it was 49 min 30 s. Of 23 PQ poisoning cases, 15
patients underwent CHP, of which 10 died of respiratory failure
within 28 days (7.6 £ 2.9) and 5 survived without pulmonary
complications. Of 8 patients who did not receive CHP, 6 died
of respiratory failure within 97 days (33.4 £ 18.8), even when
their general condition was good upon admission. In one patient,
whose PQ concentration in blood was followed, 99% of the PQ
was removed from circulating blood by a single CHP. Authors
concluded that CHP is effective for the removal of PQ from
blood in vivo and from solution in vitro. CHP may thus improve
survival after PQ ingestion. Analyzing 105 patients, who had
swallowed 1 to 3 mouthfuls of PQ solution (24.5% w/v), Hong
et al. (2003) also concluded that adequate CHP appears to be an
indispensable treatment for patients with acute PQ poisoning.
When CHP is effective (i.e., when PQ levels in venous outlet
approximates to zero), the plasma PQ concentration drops dra-
matically within 1-3 h. Unless the procedure is begun at an early
stage, when PQ is concentrated in the central compartment, a
poor total body CLpg by extracorporeal techniques and a rise in
plasma concentrations for several hours following completion
of CHP may ensue, which can be explained by extensive PQ tis-
sue distribution (arebound in plasma concentrations is observed)
and its slow redistribution back into the circulation following ter-
mination of the extracorporeal procedure (De Broe et al., 1986).
Because of these factors, Okonek et al. (1979, 1982b) proposed
that “continuous” (repeated) CHP should be performed. Never-
theless, treating PQ poisoning with CHP has been the subject
of considerable controversy, with the weight of evidence in the
published literature showing a lack of clinical efficacy in several
cases (Bismuth et al., 1982; Castro et al., 2005). Furthermore, the
renal CLpg under normal kidneys function is 3—10 times more
efficient than CLpg by means of CHP (Proudfoot et al., 1987).
CHP is also often complicated by thrombocytopenia, as platelets
adhere to the cartridge (Winchester, 2002). Notwithstanding the
fact that it is extremely difficult to make CHP the first-line ther-
apy in PQ poisoned patients with this level of evidence, it is
perceivable that a 6- to -8-h course of CHP may be beneficial if
the procedure can be instituted within 4 h (when PQ exhibit high
plasma concentrations) after ingestion, and its efficacy is main-
tained even when plasma concentration is less than 0.2 mg/L.
Due to the slow redistribution back to circulation and consequent
prolonged PQ elimination, seven CHP sessions may be useful
(Figure 16).

Serial and combined CHP with hemodialysis (HD) have also
been recommended, particularly during the first 24 h after ex-
posure (Proudfoot et al., 1979; Tabei et al., 1982). The CLpqg
achieved with HD is good when PQ plasma levels are high
(around 10 mg/L). However, CLpq drops remarkably when the
plasma concentration is less than 1 mg/L. The CLpq achievable
by hemodialysis (HD) can be as high as 150 mL/min (Okonek
et al., 1982b). However, considering that the plasma PQ con-

centration is usually relatively low, the actual amount of PQ
removed by this extracorporeal procedure may be clinically in-
significant compared with the ingested dose (Proudfoot et al.,
1987). In addition, the CLpq with HD decreases considerably
when the plasma concentration falls to less than 0.5 mg/L. Nev-
erthless, HD should be used, when indicated, for the treatment
of PQ-induced renal failure.

Plasmapheresis was also tentatively used in acute PQ poison-
ings, though with no success (Tsatsakis et al., 1996).

8.2.2. Forced Diuresis and Peritoneal Dialysis

Other therapies that have been investigated include removal
of PQ from the blood by forced diuresis and peritoneal dialy-
sis. Forced diuresis was initially popular in the management of
patients with PQ poisoning (Kerr et al., 1968; Fennelly et al.,
1971). However, forced diuresis is not very effective since PQ
tubular reabsorption is small (Lock and Ishmael, 1979). More-
over, pulmonary edema, a complication of PQ poisoning as well
as of forced diuresis, increases morbidity and makes patient
management more difficult. Fluid replacement must be under-
taken with careful monitoring of respiratory function and urine
output. Nevertheless, furosemide and the early administration
of i.v. fluids and electrolytes, to maintain adequate urine flow
(achieving an urine output of 1 to 2 ml/kg/h), are important
because the kidneys are the major physiological route for PQ
excretion. A brisk urine flow supports both glomerular filtration
and tubular secretion of PQ and delays the onset of an acute
oliguric renal failure. PQ may cause peripheral vasodilatation
with “third spacing” (Webb and Leopold, 1983) and intrarenal
vasoconstriction (Lock and Ishmael, 1979). These mechanisms
account for a functional component of the early stages of
PQ-induced renal failure, which is mostly reversible. Unfor-
tunately, this may occur in the first several hours following PQ
poisoning, with decreases of CLpq together with increases of its
t1/2 and consequent generation of lethal concentrations of PQ
in the lung tissue (Bismuth et al., 1987). Bismuth et al. (1982)
suggested that functional renal failure has no prognostic value,
while organic renal failure (proximal acute renal tubular necro-
sis) has greater importance in predicting the outcome from PQ
poisoning. This functional renal impairment should be promptly
corrected with i.v. volume expansion to allow maximal renal ex-
cretion of systemically absorbed PQ before the onset of renal
tubular necrosis from direct action of the herbicide on the kidney
(Lock and Ishmael, 1979).

Peritoneal dialysis is a poor mean of removing PQ (Car-
son, 1972). Indeed, this technique is only able to eliminate
small quantities of the herbicide when plasma levels are very
high.

8.3. Supportive Therapies

Patients poisoned with PQ are always dehydrated to some ex-
tent due to GIT fluid losses (Webb and Leopold, 1983; Williams
et al., 1984). Besides maintaining kidney perfusion, early i.v.
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fluids and electrolytes administration are also important to
correct dehydration.

Reduction of O, supply (hypooxygenation) has been tried be-
cause of evidence in animals of a relationship between the FiO,
and the severity of the pulmonary damage (Fisher et al., 1973;
Rhodes et al., 1976; Kehrer et al., 1979). Animals poisoned with
PQ die more quickly in an O,-enriched atmosphere than do poi-
soned animals breathing room air (Fisher et al., 1973; Kehrer
et al., 1979). Similarly, poisoned animals kept in a somewhat
hypoxic atmosphere had lower mortality rates than animals kept
in room air (Rhodes et al., 1976). Oxygen may increase lung
injury by providing additional substrate for O, formation. In
humans, O, also appears to accelerate lung damage, and thus
artificial ventilation with low O, concentrations (<21%) in the
breathing mixtures [with nitric oxide (NO) ventilation] were
suggested to restrict the concentration of inhaled O, as long as
possible, unless PaO, fell below 40 mm Hg as occurs in hypox-
emic patients (Chollet et al., 1983). The use of low F;O, requires
positive end-expiratory pressure (PEEP) and continuous positive
pressure breathing. Supplemental O, is given when necessary
for symptomatic relief, but mechanical ventilation would not be
offered as a treatment option for a patient who is obviously in
impending respiratory failure due to pulmonary fibrosis.

Relief of pain and anxiety is essential. Because medical ther-
apy is so highly unsuccessful in reversing moderate to severe
PQ ingestions, the health care providers, their patients, and the
patients’ families are often bewildered. The art of medicine is
crucial here as a multidisciplinary support. Honesty about prog-
nosis, without taking away hope, and emphasizing what can be
done (i.e., pain relief and pastoral and social service care) are
keystone approaches to a grim situation (Vale et al., 1987).

First attempted in 1968 (Matthew et al., 1968), lung trans-
plantation has been used in highly selected patients but mostly
with unsuccessful outcomes (Saunders et al., 1985). Since mus-
cles are important body reservoirs for PQ, the herbicide release
from muscles may occur when weaning from mechanical ven-
tilation is started, resulting in a new lung injury.

8.4. Measures to Prevent Lung Damage

Research into the mechanisms of PQ toxicity and the de-
velopment of antidotes, although very productive in terms of
the information gained about free radical-mediated toxicity and
the polyamines and their uptake pathways (Smith, 1988b), has
yielded little hope for PQ-poisoned patients. No antidote has
been currently recommended on the basis of convincing evi-
dence obtained in patients. Certain of these compounds appear
to give promising results in experimental animals, partly be-
cause they are administered either prophylactically or early in
the course of the poisoning. Confirmation of efficacy is not avail-
able from patient clinical data because of the heterogeneous na-
ture of the patient populations, a lack of prospective, controlled
trials without numerous confounding variables, and the fact that
patients may be presented at emergency rooms after most of the
PQ has been eliminated from the body.

As a first approach, most potential antidotes have been di-
rected toward compounds that detoxify the O, or the other
subsequently formed ROS. These have included:

Superoxide dismutase or mimetic enzymes. Under normal
circumstances, O, produced by PQ and other chemicals is kept
under control by the superoxide dismutase (SOD) enzymes. The
use of SOD as a treatment to ameliorate PQ-induced injuries has
produced variable results. Exogenously administered SOD con-
ferred protection in young rats that had been challenged with PQ
(Autor, 1977). Also, in adult rats, SOD reduced the mortality to
PQ challenge from ~80 to 45% over a 28-day period (Wasser-
man and Block, 1978). In contrast, the results from most other
studies, in which SOD had been employed as an antioxidant
treatment for PQ toxicity, demonstrated that when SOD was ad-
ministered by continuous i.v. infusion, it failed to ameliorate the
toxic effects of the herbicide (Block, 1979). In addition, SOD
administered by the parenteral route was not effective in human
poisonings (Fairshter et al., 1979). Although these differences
are not easily explained, it has been reported that the lack of SOD
effectiveness in protecting against PQ toxicity can be attributed
to its physicochemical properties; this enzyme cannot enter the
target cell membrane because of its high molecular size (which
prevents intracellular transport) or its charge (which prevents its
adherence to targets) (Freeman et al., 1985). More recently, in
order to circumvent these problems, investigators have used low-
molecular-weight metalloporphyrin SOD mimetics or liposomal
encapsulated SOD for the purpose of successfully treating ox-
idative stress-induced injuries. More precisely, Day and Crapo
(1996) employed the low-molecular-weight metalloporphyrin
SOD mimetic tetrakis-(4-benzoic acid) porphyrin (MnTBAP) to
protect mice against PQ-induced lung injury. This SOD mimetic
has been demonstrated to penetrate cell membranes, retain intra-
cellular activity, and also protect endothelial cells against intra-
cellular PQ-induced injury in vitro (Day and Crapo, 1996). How-
ever, no studies have been performed to examine the role of li-
posomal encapsulated SOD against PQ-induced human injuries
yet.

Vitamin E (@-tocopherol).  Vitamin E is a lipid-soluble vita-
min that exerts its antioxidant effects by scavenging free radicals
and stabilizing membranes containing PUFAs (Burton, 1994).
The role of vitamin E in PQ toxicity was demonstrated in several
studies where deficiency of vitamin E potentiated the develop-
ment of acute PQ toxicity in animals. It was shown that vita-
min E deficiency shortened and decreased survival, worsened
histologic lung damage in rats (Block, 1979), and significantly
reduced the LDsy in mice (Bus et al., 1975) exposed to PQ.
Moreover, the potentiation of acute PQ toxicity by vitamin E
deficiency was reversed by its administration (Block, 1979). Al-
though the mechanism(s) by which vitamin E protects against
PQ toxicity is not fully understood, it may be attributed to the
vitamin’s antioxidant properties in preventing LPO or by scav-
enging O, and thus preventing its toxicity. Although vitamin
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E confers protection against PQ-induced injuries in vitamin E-
deficient animals, normal animals receive little benefit from ad-
ditional pharmacologic supplementation with vitamin E. In a
study in male rats, the i.p. administration of vitamin E, either 30
min after i.p. PQ LDsq challenge followed by a second injection
24 h later, or 2 h before PQ challenge, followed by a second
injection 26 h later, did not alter the acut mortality nor reduced
the characteristic pathological lung changes observed at death
(Redetzki et al., 1980). Moreover, in investigating the extent of
lipid peroxidation, expressed as serum malondialdehyde level,
in patients with subacute toxic reactions from PQ poisoning, it
was shown that the administration of vitamin E to humans (100—
4000 mg/day) was ineffective in protecting against PQ poisoning
and did not affect the levels of malondialdehyde (Yasaka et al.,
1986).

The failure of vitamin E to protect against PQ and other
oxidants is unclear at the present time. It has been suggested
that this ineffectiveness might be related to the solubility of
vitamin E, since lipid-soluble antioxidants take too long to
diffuse through cellular membranes. To overcome this major
limitation in patients requiring emergency treatment, water-
soluble analogs of «-tocopherol, which can be safely adminis-
trated i.v. (Petty et al., 1990), or liposomal «-tocopherol prepa-
rations (Suntres and Shek, 1995) might offer a better treat-
ment effect. Shahar et al. (1980) reported recovery in a child
who had ingested a potentially lethal dose of PQ and was
treated with vitamin E. Similar results with vitamin E cother-
apy were also obtained by our group (Dinis-Oliveira et al.,
2006d). However, Harley et al. (1977) noted no effect in another
case.

Vitamin C (ascorbic acid). Ascorbic acid, a water-soluble
vitamin, is effective in scavenging free radicals, including HO",
aqueous peroxyl radicals, and O, . Ascorbic acid acts as a
two-electron reducing agent and confers protection by releas-
ing an electron to reduce free radicals, thus neutralizing these
compounds in the extracellular aqueous environment, prior to
their reaction with biological molecules (Evans and Halliwell,
2001). Moreover, the antioxidant potential of ascorbic acid is
attributed not only to its ability to quench ROS, but also to its
ability to regenerate other small molecule antioxidants, such
as «-tocopherol, GSH, and S-carotene (Evans and Halliwell,
2001). Intravenously administered vitamin C shortly prior to
PQ challenge protected against tissue damage as evidenced by
a reduction of the exEth, a reliable index of oxidative damage
(Kang et al., 1998). Although prior administration of ascorbic
acid confers protection against PQ toxicity, the use of ascorbic
acid in treating PQ-induced tissue injuries has resulted in unfa-
vorable consequences. Apparently, ascorbic acid can accelerate
the generation of HO" by reducing oxidized free transition metal
ions [e.g., ferric ion (Fe**)] in the aqueous phase (Buettner and
Jurkiewicz, 1996; Halliwell, 1996; Carr and Frei, 1999; Evans
and Halliwell, 2001). Results show that, during extensive cellu-
lar damage transition metals are released into the aqueous phase

(Kohen and Chevion, 1985c; Halliwell, 1996). Ascorbic acid,
given at a time when the extensive tissue damage induced by
PQ is in progress, aggravates the oxidative damage (Kang et al.,
1998). The exacerbation of the oxidative damage following the
interaction of transition metals with ascorbic acid during the
progressive stages of PQ toxicity was significantly reduced by
pretreating these animals with desferoxamine (DFO), a chelator
that tightly binds the ferric iron just prior to PQ administra-
tion (Kang et al., 1998). In PQ-poisoned patients, ascorbic acid
showed to be an important free radical scavenger (Hong et al.,
2002).

Desferoxamine (desferrioxamine). Iron and PQ do appear
to behave synergistically in the generation of HO", by an iron-
driven Fenton reaction (Figure 11). Physiologically, free iron
(i.e., iron bound to low-molecular-weight chelators) exists pre-
dominately in the ferric (Fe3*) state, and the foregoing reaction
does not proceed at a toxicologically significant rate. However,
based on evidence from in vitro studies (Vile and Winterbourn,
1988), it has been suggested that the presence of PQ facilitate
the reduction of Fe3* to ferrous ion (Fe?"), thus significantly
enhancing the rate of HO" generation as long as sufficient H,O,
is available (van Asbeck et al., 1989). The reduction of Fe**
may be achieved directly by the PQ* (Vile and Winterbourn,
1988), or indirectly by the O, generated through reduction of
0, by PQ* (McCord and Day, 1978) (Figure 11), or by ascorbic
acid (Buettner and Jurkiewicz, 1996; Halliwell, 1996; Carr and
Frei, 1999; Evans and Halliwell, 2001). The importance of iron
and other transition metals in the PQ-related damage has been
demonstrated by both in vitro and in vivo studies, where iron
chelation prevented PQ toxicity (Kohen and Chevion, 1985a,
1985b, 1985¢; van Asbeck et al., 1989; Van der Wai et al., 1992),
a treatment that also depends on the lipophilicity of the chelating
agents. The administration of DFO by continuous i.v. infusion
to vitamin E-deficient rats significantly reduced mortality pro-
duced by PQ (van Asbeck et al., 1989). It has been shown that
DFO can exert its protective effects, not only by inhibiting the
PQ-induced generation of HO", but also by blocking the uptake
of PQ by the alveolar type II cells (Van der Wai et al., 1992).
Administration of more lipophilic chelating agents, such as 1(2'-
methoxyethyl)-2-methyl-3-hydroxypyridin-4-one (CP51), also
increased the survival of PQ-challenged rats with a normal vi-
tamin E status. Moreover, the protective effect of CP51 was
also demonstrated during in vitro experiments where CP51 pre-
vented the PQ-induced lysis of alveolar type II cells (Van der
Wai et al., 1992). Although experimentation with iron chela-
tors against PQ-induced toxicity seems promising, the poten-
tial efficacy and optimal doses of the iron chelation therapy in
human poisoning have not been assessed. In addition to other
therapeutic approaches, our group reported (Dinis-Oliveira et
al., 2006d) the use of DFO (100 mg/kg in 500 ml of 5% dex-
trose solution in continuous i.v. perfusion at 21 ml/h during
24 h only after the first CHP session) in a successful clini-
cal case of PQ poisoning. Comparable results, using a similar
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DFO dose, were also previously reported by Lheureux et al.
(1995).

Clofibrate. Clofibrate increases the expression of hepatic
catalase, which is an antioxidant enzyme (Goldenberg et al.,
1976). Clofibrate has a protective effect on PQ-induced pul-
monary toxicity and on mortality, but only when rats are treated
before PQ administration (Frank et al., 1982). However, clofi-
brate has no effect on the antoxidant enzymes in the lung, and
therefore its protection against experimental PQ-induced lung
toxicity seems not to be due to an antioxidant effect (Frank et al.,
1982). No clinical studies for this drug have been reported.

Low-molecular-weight thiol-containing antioxidants. Since
compounds containing SH groups are among the most impor-
tant endogenous antioxidants, their therapeutic use has been pro-
posed in oxidant lung injury (Deneke, 2000). GSH is the most
abundant non-protein SH in living organisms and it plays a cru-
cial role in intracellular protection against ROS and other free
radicals (Anderson, 1997). GSH can function as a nucleophile to
form conjugates with many xenobiotics and/or their metabolites
and can also serve as a reductant in the metabolism of H,O,
and other organic hydroperoxides, a reaction catalyzed by GPx
found in cytosols and mitochondria (Anderson, 1997; Deneke,
2000). Although in vitro studies have shown that alveolar type
II cells can be supplemented with exogenous GSH to protect
against PQ-induced injury (Hagen et al., 1986), the antioxidant
effectiveness of exogenously administered GSH for the treat-
ment of pulmonary injuries against PQ or other oxidants has
been hindered by its rapid hydrolysis in the circulation (Smith
etal., 1992).

N-Acetylcysteine (NAC), the acetylated variant of the amino
acid L-cysteine, is a cell-permeable precursor of GSH and an ex-
cellent source of SH groups (Patterson and Rhoades, 1988). NAC
is converted in the body into metabolites capable of stimulating
GSH synthesis, promoting detoxification and acting directly as
free radical scavenger (Kelly, 1998; Deneke, 2000). It has been
shown that the administration of 20 mg/kg of NAC prior to
PQ intoxication protects against its toxicity in rats, leading to
less edema and cellular infiltration in the lung than control an-
imals without NAC pretreatment (Wegener et al., 1988). Also,
the incubation of NAC with alveolar type II cells, which are
known to be specific targets of PQ toxicity in vivo, enhanced the
GSH content of these cells and consequently prevented the PQ-
induced cytotoxicity (Hoffer et al., 1996; Cegen et al., 2002).
In another study, the administration of NAC to PQ-intoxicated
animals did not affect the survival rate, although it delayed the
PQ-induced release of chemoattractants for neutrophils in the
BALF and significantly reduced the infiltration of inflamma-
tory cells, suggesting that NAC can confer its protective effect
by delaying inflammation (Hoffer et al., 1993, 1996). A more
recent study, using also both in vivo and in vitro experiments,
demonstrated that NAC posttreatment in PQ-intoxicated rats can

effectively increase the survival rate and abolish the PQ-induced
oxidative stress and inflammatory response (Yeh et al., 2006).
Different NAC dosage and time schedule administration may
explain the discrepancies. In vitro exposure of human alveolar
cells to PQ produced apoptotic cell death, probably via oxidative
stress mechanisms, and this toxic effect was inhibited by NAC,
an effect attributed to the direct scavenging activity mediated
by the SH group of NAC (Cappelletti et al., 1998). Clinically,
there are a few case reports describing the successful treatment
of PQ poisoned patients, using NAC in the treatment cocktail
(Lheureux et al., 1995; Drault et al., 1999; Lopez Lago et al.,
2002; Dinis-Oliveira et al., 2006d).

The toxicity of PQ in mice was significantly decreased by
the administration of thiosulfite or sulfite, which also abolished
the PQ-induced depletion of the GSH in liver induced by PQ
(Yamamoto, 1993). In culture, cystamine, the disulfide form of
the naturally occurring SH compound cysteamine, prevented
PQ-induced Clara cell damage at low PQ concentrations (Masek
and Richards, 1990). In mice, L-cystine protected against the
toxicity of PQ by maintaining GSH levels in the lung cells
(Kojima et al., 1992). Diethylmaleate, a GSH-depleting agent,
increases PQ toxicity in rats (Bus et al., 1975). No clinical stud-
ies using thiosulfite or sulfite treatment have been reported.

Metallothionein (MT) is a metal-binding protein of low
molecular weight, containing cysteine as one-third of its total
amino acids (Deneke, 2000). This protein has been shown to be
an efficient scavenger of ROS, such as O; and HO" (Miles et al.,
2000). Synthesis of MT can be induced by essential metals, such
as zinc and copper. Induction of metallothionein in the lungs of
mice after zinc administration has been shown to protect against
the lethality and pulmonary toxicity of PQ (Sato et al., 1996).
Although intrapulmonary MT levels are low, they are readily
induced by s.c. administration of PQ to mice (Bauman et al.,
1991). Nakagawa et al. (Bauman et al., 1991; Nakagawa et al.,
1995, 1998) have also found that PQ-induced MT synthesis in
the liver as a consequence of ROS production. The protective
role of MT in PQ toxicity has also been demonstrated in trans-
genic mice deficient in MT genes. In these experiments, it was
shown that tissues in MT-null mice were more susceptible to
PQ-induced oxidative stress than normal mice, as evidenced by
increases in LPO (Sato et al., 1996). Similarly, Lazo et al. (1995)
showed that embryonic cells derived from MT-null mice were
more susceptible to ROS produced by PQ. A major reason for
the increase in the susceptibility of these tissues to PQ has been
attributed to the lower basal levels of nonprotein SH groups, in-
cluding MT and GSH, which constitute the first line of defence
against oxidative stress-induced injuries (Deneke, 2000).

Xanthine oxidase inhibitors. Xanthine dehydrogenase
(XD) and xanthine oxidase (XO) are two forms of the same
enzyme that differ in the electron acceptor used in the final step
of catalysis. In the case of XD, the final electron acceptor is
NAD™ (dehydrogenase activity), whereas in the case of XO the
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final electron acceptor is O, (oxidase activity). XD is converted
to XO by oxidation of cysteine residues (Cysggs and CySisze
of the human enzyme) and/or proteolytic cleavage. Under nor-
mal physiologic conditions, XD is the predominant form of the
enzyme found in vivo. XD/XO catalyzes an important phys-
iologic reaction, the sequential oxidation of hypoxanthine to
xanthine and uric acid. Accordingly to some studies (Kitazawa
et al., 1991; Matsubara et al., 1996), PQ mediates the electron-
transfer reaction with XD/XO by reduction/reoxidation cycling.
PQ takes electrons away from reduced XD/XO, reducing itself.
Consequently, PQ accelerates the generation of O, via XD/XO
system. In rats fed with a tungsten-enriched diet, which inhibits
the XD/XO activity by replacing the molybdenium ion within
the enzyme, the mortality due to PQ decreased significantly com-
pared with rats fed with a standard diet (Kitazawa et al., 1991).
Pretreatment with oxypurinol (1000 mg/kg s.c.) partially pre-
vented the PQ toxicity in rats. In addition, PQ exposure showed
to increase XO lung activity (Waintrub et al., 1990). The role
of XD/XO in PQ toxicity was also investigated using cultured
bovine pulmonary artery endothelial cells (Sakai et al., 1995).
Tungsten and allopurinol inhibited the increase of XO activity
and decreased O; release and the subsequent formation of other
ROS (Sakai et al., 1993, 1995). The effects of these treatments
have not been investigated in human poisonings by PQ.

Selenium. Selenium (Se) is an essential trace element, and
a large portion of body Se is present in the form of cellular
GPx (Behne and Wolters, 1983). The Se-containing enzyme
GPx plays an important protective role against PQ toxicity. This
protective effect of Se has been reported by several authors (Ca-
gen and Gibson, 1977; Omaye et al., 1978; Burk et al., 1980).
Se-dependent GPx is able to reduce, and thereby detoxify, both
organic and inorganic hydroperoxides using GSH as a reducing
agent. More recent studies indicated that the Se-containing en-
zyme GPx is the major, if not the only, structural form of body
Se that protects mice against the lethal oxidative stress caused
by high levels of PQ; it seems less important, however, in pro-
tecting mice against the moderate oxidative stress by a low level
of PQ (Cheng et al., 1998). Se-containing enzyme GPx plays
also a critical role in maintaining the redox status of mice under
acute oxidative stress, and protects against PQ-induced oxida-
tive destruction of lipids and protein in vivo (Cheng et al., 1999).
Nevertheless, Se was not yet used in the treatment of human poi-
sonings by PQ.

Niacin and riboflavin. Niacin (500 mg/kg b.w.) decreases
the mortality rate in rats from 75 to 55% (Brown et al., 1981).
At least in the isolated perfused rat lung, niacin was shown to
protect against PQ-induced lung toxicity (Ghazi-Khansari et al.,
2005).

By stimulating the activity of Gred, Schvartsman et al. (1984)
observed an improvement of the survival rate after treatment
with riboflavin plus vitamin C in PQ-intoxicated rats, while

riboflavin given alone did not afford any protection. No hu-
man studies using these vitamins have been reported for PQ
poisoning.

Oils and other fatty acids. The role of nutrients in modulat-
ing PQ toxicity in experimental animals has also been investi-
gated, though not as extensively as for antioxidants. It was noted
that an intramuscular injection of commercial corn oil, which
was used for the administration of lipophilic anti-inflammatory
agents, reduced the lethality of a single oral dose of PQ in mice
from 70 to 50%. Similarly, the injection of other fresh com-
mercial vegetable oils bearing different ratios of unsaturated to
saturated fat as well as fish oils (cod liver and menhaden oils)
also reduced PQ lethality (Fritz et al., 1994). The mechanism un-
derlying the protective effect conferred by these oils is not clear,
but it does not appear to be due to their vitamin E content or due
to alteration in the absorption or distribution of PQ (Fritz et al.,
1994). On the other hand, loaded hepatocytes with «-linolenic
acid underwent LPO to a greater extent and at much lower PQ
concentrations than normal unloaded hepatocytes (Sugihara et
al., 1995). It has been demonstrated that an increase in monosat-
urated fatty acids or a reduction in PUFA in lipid membranes de-
creases the susceptibility of membranes to oxidant attack (Fritz
et al., 1994; Sugihara et al., 1995). The effect of soy protein, soy
isoflavones and saponins on PQ-induced oxidative stress was
investigated in rats. Rats were fed on experimental diets con-
taining casein, soy protein, and casein with soy isoflavones and
saponins. The diets were supplemented with 0.025% PQ. The
obtained results suggested that an intake of soy protein itself, but
not soy isoflavones and saponins, reduces PQ-induced oxidative
stress in rats (Aoki et al., 2002). These approaches were never
tested in human poisonings by PQ.

Angiotensin-converting enzyme inhibitors. Recently, in-
hibitors of the angiotensin-converting enzyme (ACE), which
catalyzes the conversion of angiotensin I to the vasoconstric-
tor peptide angiotensin II was reported to prevent PQ-toxicity
in animal models (Candan and Alagozlu, 2001; Mohammadi-
Karakani et al., 2006). Several physiological roles of angiotensin
II have been clarified not only in relation to the pathogenesis of
hypertension but also regarding the stimulation of fibroblast pro-
liferation and collagen synthesis (Booz et al., 1993; Lasky and
Ortiz, 2001). Lisinopril decreased the amount of hydroxyproline
in the lung tissue of the PQ-exposed rats (Mohammadi-Karakani
et al., 2006). The antifibrotic effect of lisinopril was shown to
be due to inhibition of angiotensin II synthesis, which results in
the stimulation of fibroblast proliferation and collagen synthe-
sis. Also, when captopril is administered to PQ-poisoned rats
it prevented PQ toxicity by improving the disrupted antioxi-
dant capacity, lowering LPO, and preventing lung tissue fibrosis
(Candan and Alagozlu, 2001). Lisinopril, unlike captopril, does
not contain SH groups in its structural formula, which may be the
reason for lisinopril not having any effect on LPO (Bagchi et al.,
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1989). More recently, the beneficial effect of ACE inhibitors in
preventing pulmonary fibrosis as consequence of PQ-exposure
was also corroborated by Ghazi-Khansari et al. (2007). Never-
theless, human studies are not yet available assessing the benefit
of this treatment in PQ poisoning.

A second approach has been followed to decrease the re-
dox cycling of PQ. Methylene blue, for example, competes 100
to 600 times more effectively than PQ for reduction by three
different flavo-containing enzymes—XO, NADH cytochrome
¢ reductase, and NADPH cytochrome ¢ reductase—resulting in
decreased O, production (Kelner et al., 1988). However, studies
of this treatment modality for acute PQ poisoning are lacking.

A third approach has been followed to prevent the accumu-
lation of PQ in the alveolar epithelial cells via the PUS. In tissue
culture, spermidine uptake by epithelial type II cells is inhibited
by PQ (Rannels et al., 1985, 1989). In Clara cells culture, pu-
trescine and spermidine reduce PQ-induced damage, indicating
that they compete for the same transporter (Masek and Richards,
1990). This has been shown to be possible in vitro. Studies in
vivo, however, have not shown any antidotal effect (Dunbar etal.,
1988). Indeed, putrescine infused to rats and achieving a plasma
concentration fourfold that of PQ was unable to decrease either
its accumulation in the lungs or its toxic effects (Dunbar et al.,
1988). Other substances such as D-propranolol and imipramine
may decrease the pulmonary accumulation of PQ in vitro (Drew
et al., 1979). However, in vivo studies did not confirm these
data and showed no protective effect of these agents (Drew et
al., 1979; Bateman, 1987). Chlorpromazine inhibited PQ uptake
and increased its efflux in vitro (Siddik et al., 1979). Unfortu-
nately, in vivo, chlorpromazine potentiated the PQ toxicity by
reducing urinary excretion and increasing pulmonary PQ con-
centrations simultaneously (Koyama et al., 1987). In humans,
uncontrolled studies showed no positive effect of D-propranolol
(Fairshter et al., 1979). The use of anti-PQ antigen-binding frag-
ments (Fab) from cleaved Ab to treat poisoning or some other
PQ-sequestering agents to remove PQ from lung cells was also
tested. Antibodies from IgG- and IgM-secreting cell lines have
been raised in murine hybridomas and show high selectivity and
affinity for PQ (Bowles et al., 1988; Johnston et al., 1988). PQ-
specific Ab inhibit the uptake of PQ in vitro by type II alveolar
cells from the rat and reduce toxicity (Wright et al., 1987; Chen
et al., 1994b). After i.v. injection of 0.1 mg/kg PQ, the plasma
PQ concentration in rats pretreated with anti-PQ Ab was in-
creased and the amount excreted in the urine was significantly
decreased compared with controls (Nagao et al., 1989). How-
ever, although using anti-PQ Ab can successfully sequester PQ
in the plasma compartment of rats and mice, it could not prevent
PQ from accumulating in tissues, such as the lung; nor could it
favor its release (Cadot et al., 1985; Nagao et al., 1989). In fact,
such in vitro and in vivo studies suggest that as the concentra-
tions of PQ in the lung are not changed, PQ Ab neither prevent
PQ uptake by the lung nor favor its release. Moreover, it was
predicted that a 100- to 200- g Fab Ab fragment dose would be
required for an adult human, an amount beyond production ca-

pabilities (Wright et al., 1987). More recently a single-chain Fv
(scFv) fragment specific for PQ was produced from hybridoma
cells secreting a PQ-specific murine monoclonal Ab, with the
aim being to produce a smaller molecule with high affinity for
PQ (Devlin et al., 1995). However, this scFv fragment was ex-
pressed in an insoluble form and only displayed moderate PQ
binding affinity. Therefore, an attempt was made to produce a
soluble scFv fragment and to increase its PQ binding affinity.
Unfortunately, it became clear that the supposed pH dependence
of PQ binding to the scFv fragment was due to tightly bound
tris-(hydroxymethyl)aminomethane (Tris) from the buffer used
to purify the Ab (Bowles et al., 1997).

In a fourth approach, the effects of a lung surfactant-
stimulating drug, ambroxol, and the administration of exogenous
surfactant have been investigated. Observations that extensive
alveolar collapse represents a relatively early morphological
phenomenon in PQ poisonings coupled with evidence of de-
creased surface-active material in the BALF of PQ-treated ani-
mals (Robertson et al., 1970; Fisher et al., 1975), have prompted
proposals that surfactant depletion, either through a direct ac-
tion of PQ on surfactant synthesis and/or secretion or as a con-
sequence of destruction of surfactant-producing alveolar type
IT cells, may be a significant event in the toxic process and
in the pathophysiology of respiratory failure after PQ intoxi-
cation (Robertson et al., 1970; Silva and Saldiva, 1998). The
poisoning of rats with PQ results in a surfactant-deficient state,
due to surfactant inhibition by plasma proteins leaking through
the damaged alveoli-capillary membrane (So et al., 1998). In
addition, PQ causes a distinct reduction of lecithin fraction to
75%, leading to collapse of the alveoli (Malmgvist et al., 1973).
Intratracheal instillation of exogenous surfactant almost com-
pletely restored gas exchange to normal (So et al., 1998). Sim-
ilar results were also observed after intratracheal instillation of
surfactant in terms of improved gas exchange and prevention
of lung inflammation, which resulted in less lung damage as
a consequence of PQ exposure (Chen et al., 2001, 2002a). In
the study of Salmona et al. (1992), ambroxol pretreatment in-
creased the survival rate of the animals poisoned with PQ and
antagonized the reduction of total phospholipid content in the
lung. Ambroxol protection also significantly reduced the an-
imals death rate in another study (Pozzi et al., 1989). How-
ever, in the study of Nemery et al. (1992), ambroxol treatment
did not prevent the PQ toxicity. The effects of these treat-
ments have not yet been investigated in human poisonings by
PQ.

Finally, attempts to reduce the extent of pulmonary inflam-
mation and fibrosis, including radiotherapy and the use of
anti-inflammatory and immunosuppressant agents such as cy-
clophosphamide (CP) and steroids, have not provided com-
pelling evidence of clinical efficacy (Eddleston et al., 2003).
Immunosuppressive treatment for PQ poisoning was first re-
ported by Malone in 1971, which quickly stimulated further
reports (Eddleston et al., 2003). As described earlier in this re-
view, inflammation appears to constitute an early response of the
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lung to PQ poisoning. It is well recognized that inflammatory
cells generate ROS, including O; ", H,O,, HO’, and hypochlor-
ous acid (Lang et al., 2002; Nagata, 2005; Ricciardolo et al.,
2006). In addition, proteolytic enzymes (such as elastase) are
also produced and secreted into this environment (Gadek et al.,
1984). From a biological perspective, this array of deleterious
species constitutes an efficient defense against microbiological
attack. However, host cells may also be damaged by these chem-
ical species, and there is growing evidence to suggest that the
inflammatory response contributes to the pathogenic effect in
certain toxic or disease states (Lang et al., 2002; Nagata, 2005;
Ricciardolo et al., 2006). This may be the case especially for PQ-
induced toxicity, in which oxidizing species released by stimu-
lated inflammatory cells further increase the burden on cellular
antioxidant defense systems already “stressed” by the initiat-
ing PQ redox cycling. Pulse therapy with CP and methylpred-
nisolone (MP) shows promise in reducing PQ-related mortality.
This therapy is thought to work by reducing the inflammatory
process leading to pulmonary fibrosis. In a single-blinded ran-
domized clinical trial involving 142 PQ-poisoned patients, pulse
therapy reduced mortality in moderate to severe PQ poisoning
from 57% to 18% (Lin et al., 1999). Pulse therapy included 15
g/kg/day of CP in 5% glucose saline, 200 ml, given for 2 days,
and 1 g/day of MP in 200 ml 5% glucose saline i.v. infused during
2 h for 3 days. All patients received also dexamethasone (DEX),
10 mg i.v., every 8 h for 14 days after admission. The study was
criticized for possible bias during data analysis (Buckley, 2001).
Addo and co-worker (Addo et al., 1984) reported a survival rate
of 75% in a group of patients treated with a combination of
high-dosage CP (5 mg/kg/day, i.v.) and DEX (24 mg/day i.v.)
treatments for 14 days, whereas the mortality rate in a historical
control group of patients not treated with these two drugs was
80%. However, the efficacy of this treatment cannot be assessed
because criteria of severity, such as plasma PQ concentrations,
were not evaluated. Also, these patients were treated with rou-
tine measures, such as Fuller’s earth, activated charcoal, and
magnesium citrate, to eliminate PQ from the gut, forced diure-
sis with furosemide, triamterine, and hydrochlorothiazide, and
with niacin and vitamin C as well. The same research groups
subsequently reported their experience with further 52 patients,
presenting 72 patients in total (Addo and Poon-King, 1986).
Again, they reported a much higher survival rate, 72% com-
pared to 32%, in patients receiving immunosuppressive therapy
compared to historical controls treated with standard therapy.
Perriens and colleagues subsequently reported their experience
of using the Addo regimen of immunosuppression in Surinam
(Perriens et al., 1992). Using a prospective study including 47
consecutive patients with PQ poisoning, there was no differ-
ence in mortality and outcome between the 14 patients who
had received a standard treatment and the 33 patients who had
received a high-dose CP and DEX treatment (Perriens et al.,
1992). Other treatments (Lin et al., 1996, 1999) have indicated
that initial pulse therapy with CP at 15 mg/kg/day for 2 days
and MP at 1 g/day for 3 days simultaneously, followed by DEX

at 20 mg/day for 14 days, may be effective in treating patients
with moderate to severe PQ poisoning. However, the retrospec-
tive analysis of these studies showed that they were not based
on an intent-to-treat principle, as patients who died within 3 or
7 days after intoxication were excluded from the final analy-
sis. Furthermore, the fact that these studies did not include the
measurement of plasma PQ levels to assess the severity of PQ
poisoning may weaken their results. Recently, Lin et al. (2006)
reported a novel anti-inflammatory method, with an increase of
the patients’ survival rate, by repeated pulse therapy of CP (15
mg/kg/day, i.v., 2 days) and MP (1 g/day i.v., 2 days) with pro-
longed DEX [5 mg, i.v., every 6 h until PaO, >11.5 kPa (80
mm Hg)] therapy to treat severely PQ-poisoned patients with
50-90% predictive mortality. If PaO, was <8.64 kPa (60 mm
Hg), repeated pulse therapy with MP (3 days) was again admin-
istered. In addition, CP was infused for 1 day again if patients’
WBC counts were >3000/m?> and the duration was >2 weeks af-
ter initial CP pulse therapy to avoid a severe leukopenia episode.
The results were similar to those obtained by previous case re-
ports (Chen et al., 2002b; Lin et al., 2003). Although Lin et
al. (2006) described some limitations of the study, such as (1)
small study sample (23 PQ-poisoned patients with >50% and
<90% predictive mortality assessed by PQ plasmalevels), which
may limit the generalization of study findings to other patients
with severe PQ poisoning, (2) absence of a placebo group, and
(3) all patients received additionally 2 sessions of 8 h of CHP
therapy in the emergency room, the authors suggest that this
therapy may be effective. Until a proper, adequately powered,
randomized controlled trial confirms the benefit, this treatment
should be considered “experimental.” Combined repeated MP
pulse therapy preceding continuous DEX is known as a strong
anti-inflammatory treatment in clinical practice (McCune et al.,
1988; Boumpas et al., 1992), suppressing O, production by
neutrophils and macrophages. Furthermore, CP exerts a wide
range of immunomodulatory effects that influence virtually all
components of the cellular and humoral immune response and
reduce the severity of inflammation (Fox and McCune, 1994),
thus contributing to the overall effect. In addition, CP-induced
leukopenia 1-2 weeks later may contribute to reduce pulmonary
inflammatory process of PQ-poisoned patients (Addo and Poon-
King, 1986; Lin et al., 1996). Hence, the efficacy of pulse ther-
apy may be due to prevention and/or reduction the PQ-induced
severe inflammation in lungs.

Due to the prevention of fibroblasts proliferation, radiother-
apy has been associated with successful reversal of PQ pul-
monary damage (Webb et al., 1984) but has not been successful
in preventing fatality in severe PQ poisonings (Bloodworth et al.,
1986). Irradiation of the lungs was considered in patients who,
after surviving the acute phase of poisoning with PQ, showed
progressive deterioration of respiratory function (Shirahama et
al., 1987). Studies of single-dose radiation treatment in mice
have not confirmed that radiotherapy has any benefit on PQ-
induced pulmonary injury (Parkins and Fowler, 1985; Salovsky
and Shopova, 1993). Also in nine cases treated by Talbot et al.
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(Talbot and Barnes, 1988), radiotherapy failed to show a definite
benefit.

8.5. New Perspectives

Although many treatments have been proposed and attempted
empirically based on the pathologic mechanism of toxicity, none
are supported by convincing clinical efficacy. Some authors
claim success based solely on the results achieved in a single
patient. Few controlled trials of these interventions have been
performed, and results of published case series are inconsistent.
Major deficits in assessing clinical benefit from various inter-
ventions and their combinations include the lack of a uniformly
used prognostic indicator that reliably predicts risk of death at
an early stage in the poisoning and small numbers of patients
receiving a particular intervention. In this section the new and
promising treatments are discussed.

8.5.1. Mechanical Ventilation with Additional
Inhalation of Nitric Oxide

Over the last years, mechanical ventilation with additional
inhalation of NO, a gaseous molecule that contains an unpaired
electron, has been proposed for the treatment of ARDS (Troncy
et al., 1997; Hart, 1999). NO has a vasodilator effect in the
lung areas with a high ventilation/perfusion ratio, and this ef-
fect results in an increase in the PaO,/FiO, ratio (Gianetti et al.,
2002). Given that PQ toxicity is increased by oxygenation, NO
inhalation in human PQ poisoned patients seems to be promis-
ing. This might permit a period of survival long enough for
total systemic elimination of the ingested PQ, at which time
lung transplantation might be undertaken without the risk of
PQ-induced fibrosis developing in the grafted lung(s). Designed
to evaluate the effects of inhaled NO on the PQ-induced lung
injury in rats, the study of Cho et al. (2005) showed that the
inhalation of NO contributed to increase the survival rate, and
also helped to reduce LPO and to inhibit pulmonary fibrosis.
Awkwardly, studies performed by Berisha et al. (1994) in iso-
lated guinea pig lungs supported the view that NO is a critical
intermediary in the production of oxidant tissue damage due to
PQ, since all signs of injury, including increased airway and
perfusion pressures, pulmonary edema, and protein leakage into
the airspaces, were dose-dependently attenuated or totally pre-
vented by selective and competitive inhibitors of NOS such as
N ¢ -nitro-L-arginine methyl ester or N *-nitro-L-arginine. The
underlying mechanism is thought to be due to NO rapid reaction
with O5~ to form the strong oxidant peroxynitrite (ONOO™!)
(Nemery and van Klaveren, 1995). An alternative hypothesis
was subsequently proposed, based on the findings that PQ uses
NOS as an electron source to generate O, at the expense of NO
(i.e., NOS switches from an oxygenase to a PQ reductase) (Day
et al., 1999). The data reported in this last study supported the
concept that NOS is, indeed, a PQ diaphorase, and suggests that
toxicity associated with such redox-active compounds involves
a loss of NO formation, coupled with increased O, generation.

In accordance with a lower NO production and consequent inhi-
bition of NO-induced vascular relaxation (Day et al., 1999), high
systolic and diastolic pressure, measured through a catheter in-
serted in the carotid artery, was observed in Wistar rats exposed
to PQ (35 mg/kg, i.p.) (Oliveira et al., 2005). The fact that PQ
increases pulmonary artery and airway pressures emphasizes the
importance of NO deficiency in the toxicological response and
may explain why patients suffering from PQ poisoning improve
when treated with inhaled NO (Koppel et al., 1994; Maruyama
et al., 1995; Eisenman et al., 1998). No adverse consequences
or tachyphylaxis was observed at the concentrations of inhaled
NO used. Guidelines from the National Institute for Occupa-
tional Safety and Health state that a time-weighted average of
25 ppm for NO constitutes a permissible exposure level (Ser-
vices, 1988). The use of NO in the treatment of PQ poisonings
definitively deserves further studies.

8.5.2. Propofol

Another promising treatment comes from the studies of
Ariyama et al. (2000) and Lugo-Vallin et al. (Lugo-Vallin Ndel
et al., 2002), who both observed an increase of the median sur-
vival time of mice and rats intoxicated with PQ posttreated with
propofol, mainly due to its recognized scavenging activity (Mur-
phy et al., 1992). Because of this property, propofol has been
proposed for patients in intensive care units with multiorgan
failure or ARDS (Smith et al., 1994).

8.5.3. Induction of P-glycoprotein

More recently our research group has been paying particu-
lar attention not only to the mechanism of PQ toxicity but also
to the persistent lacuna in the treatment of PQ intoxications:
the release of PQ taken up by the lungs. For that purpose, we
evaluated the putative usefulness of the well-known multidrug
resistance (MDR) phenomena for clearing up lung PQ. MDR is
characterized by the occurrence of cross-resistance of cells to
a broad range of structurally and functionally unrelated xeno-
biotics (Gottesman and Pastan, 1993). Several mechanisms are
involved in MDR. One of the most well-known mechanisms
is the overexpression of a plasma membrane phosphoglycopro-
tein termed P-glycoprotein (P-gp). P-gp, a member of the ATP-
binding cassette (ABC) transporter superfamily, was initially
identified in tumor cells as an ATP-dependent transporter that
can export a wide variety of unmodified substrates out of the cell
(Ling et al., 1983; Chen et al., 1986; Cordon-Cardo et al., 1990;
Gottesman and Pastan, 1993). Besides in tumor cells, P-gp was
also found to be expressed in a polarized manner at the apical sur-
face (or luminal, depending on the organ) in a variety of normal
tissues, including the lungs (Crapo et al., 1982). The expression
of P-gp in liver, brain, and intestinal tissue and also in lung tissue
has been shown to be induced by DEX (Demeule et al., 1999).
This increased expression is rapid, since it was observed to be
maximal only 1 day posttreatment (Demeule et al., 1999). In a
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first study we demonstrated that the induction of de novo syn-
thesis of P-gp by DEX (100 mg/kg i.p.), 2 h after administration
of a lethal dose of PQ (25 mg/kg i.p.) to Wistar rats, results in
a remarkable decrease of PQ lung accumulation (to about 40%
of the only PQ-exposed group in just 24 h) and an increase of
its faecal excretion (Dinis-Oliveira et al., 2006a, 2006b). Vera-
pamil [VER (10 mg/kg i.p.)], a competitive inhibitor of P-gp,
given 1 h before DEX blocked its protective effects and led to an
increase of PQ lung concentration (up to about twice that of the
only PQ-exposed group in just 24 h) and toxicity, indicating the
important role of this transporter in PQ excretion. The obtained
results showed that DEX also ameliorated the biochemical and
histological liver alterations induced by PQ in Wistar rats (Dinis-
Oliveira et al., 2006a). On the other hand, these improvements
were not observed in kidney and spleen of DEX-treated rats. The
sum of these effects was clearly positive, since an increased sur-
vival rate to 50% was observed 10 days postintoxication, which
indicates that high-dosage DEX treatment constitutes an impor-
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tant and valuable therapeutic tool to be used against PQ-induced
toxicity. Although this experimental approach is interesting and
novel, our conclusions are based on a very limited data set and
thus need to be confirmed by more pre-clinical studies and, more
importantly, must be tested in a clinical setting.

8.54. Sodium Salicylate

The persistent lacuna related to the nonexistence of an ideal
antidote that conducts to 100% survival impelled the study de-
scribed in Dinis-Oliveira et al. (2007b). We clearly showed that
sodium salicylate (NaSAL, 200 mg/kg i.p.) has great potential to
be used as an antidote against PQ-induced lung toxicity, mainly
mediated by an effective inhibition of proinflammatory factors
such as nuclear factor kappa-B (NF-«B), by scavenging ROS,
and also through the inhibition of myeloperoxidase activity and
inhibition of platelet aggregation (Dinis-Oliveira et al., 2007b)
(Figure 17). Importantly, this treatment was associated with full
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FIG. 17. Proposed protective mechanisms of sodium salicylate against pulmonary paraquat toxicity.
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survival of PQ treated rats (extended for more than 30 days),
in opposition to 100% mortality by day 6 in PQ-only exposed
animals. NaSAL seems then to constitute a real antidote for PQ
poisonings, since it is the first compound with such degree of
success.

A subsequent study investigated the occurrence of apoptotic
events in the lung of male Wistar rats, 24, 48, and 96 h after PQ
exposure (25 mg/kg i.p.), as well as the putative healing effects
provided by NaSAL (200 mg/kg i.p.) when administered 2 h
after PQ (Dinis-Oliveira et al., 2007a). PQ exposure resulted in
marked lung apoptosis, in a time-dependent manner, character-
ized by the “ladder-like” pattern of DNA observed through elec-
trophoresis and by the presence of terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end label-
ing (TUNEL)-positive cells (TPC) as revealed by immunohisto-
chemistry. PQ-exposed rats suffered a time-dependent increase
of caspase-3 and caspase-8 and a decrease of caspase-1 activ-
ities in the lung. Also observed was a marked mitochondrial
dysfunction, evidenced by cytochrome ¢ (Cyt c) release, and
a transcriptional activation of the p53 and activator protein-1
(AP-1) transcription factors, in a time-dependent manner as a
consequence of PQ exposure. Overall, this work led to a better
understanding of the toxic mechanisms induced by PQ in the res-
piratory tract, showing that PQ induces several events involved
in the apoptotic pathways, which might trigger lung toxicity. The
data reported also reinforced the potential use of NaSAL in the
protection against PQ-induced lung damage. NaSAL treatment
resulted in the remission of the observed apoptotic signaling and
consequently of lung apoptosis (Figure 17).

Of note, the administrations of DEX and NaSAL were given
2 h after intoxication of rats with PQ, a lag time that confers
realism to be applied in humans, since this chronological time
corresponds to longer biological time in humans and therefore
may represent the actual time that passes between the herbicide
ingestion and the start of medical care.

In our opinion these two last therapeutic approaches have
high potential to be applied in humans. Although the doses of
DEX and of NaSAL are quite high in rats and mild toxicity may
ensue following the administration, clinically, PQ poisoning is
an extremely frustrating condition to manage, due to the elevated
morbidity and mortality observed so far, which may endorse this
type of drastic treatment.

9. SEQUELAE IN SURVIVORS AND FULL RECOVERY
Pulmonary lesions following PQ poisoning are not invari-
ably fatal. Most patients who survive usually do not develop
obvious pulmonary complications at any stage of the intoxica-
tion or recovery phase. Nevertheless, many studies documented
that victims of PQ poisoning who survived can have a resid-
ual restrictive lung disease, persistent radiological changes, and
impaired gas exchange (Hudson et al., 1991). Fitzgerald et al.
(1979) followed, for at least 1 year, 13 survivors of PQ poisoning
to determine the prevalence of residual pulmonary disability. Of
11 adults, 5 (all nonsmokers) did not have any clinical, radio-

logical, or functional evidence of pulmonary dysfunction. Four
others (all smokers) were considered normal on clinical and
chest X-ray examination but had a mild deficit in pulmonary
function, while the remaining two adults were known to have
suffered from respiratory disability before the PQ poisoning.
Bismuth et al. (1996) reported that five patients survived acute
PQ ingestion, despite developing restrictive pulmonary dysfunc-
tion. Of these, two patients with documented long-term follow-
up had progressive functional improvement. There authors also
performed a literature review and revealed that 29 other patients
survived with restrictive pulmonary dysfunction following acute
PQ poisoning. Some patients who survived acute PQ poisoning
may develop pulmonary fibrosis yet progressively improving
over time (Bismuth et al., 1996). Similar evidences were also
documented earlier (Lin et al., 1995; Papiris et al., 1995). More
recently, these results were corroborated by Yamashita et al.
(2000), who indicate that survivors of PQ poisoning may be left
with a restrictive type of pulmonary dysfunction with progres-
sive recovery. The authors suggested that long-term follow-up of
lung function may be necessary for survivors of PQ poisoning.
Renal, gastrointestinal, and hepatic manifestations return to nor-
mal following the natural course of acute necrosis (Beebeejaun
et al., 1971; Fisher et al., 1971).

10. CONCLUDING REMARKS

A few years after introduction of PQ it became clear that
this was a serious hazard to humans, not with its proper use,
but mainly as result of ingestion of the concentrate. In early
reports (Bullivant, 1966; Campbell, 1968), accidental poisoning
from drinking the dark brown concentrate, which resembled a
cola drink after it had been decanted into soft-drink bottles,
was common. Nowadays, however, intentional suicide deaths
predominate.

Because of the well-described pulmonary adverse effects, the
use of PQ had been restricted in many countries, and rigorous
tolerance limits on foods have been established. Beyond its use
and misuse as an herbicide and a poison for intentional suicide,
PQ has become a model for pro-oxidant-induced chemical tox-
icity. Moreover, knowledge of the mechanism(s) of PQ toxicity
has contributed significantly to the concept of cell-specific toxic-
ity and has given rise to the notion that the cellular accumulation
of a toxic agent through an endogenous transport system may
underlie the observed toxic effects. Nevertheless, much remains
to be elucidated in the toxicology of PQ at both pre-clinical and
clinical levels. Controversy remains in the identity of the ulti-
mate toxic agent(s) derived from PQ redox cycling and of the
critical site(s) of intracellular damage. In addition, the factors
that initiate and regulate the development of the fibrotic lesion
are poorly understood. More than 44 years after the first reports
of PQ poisoning in humans, recovery in such cases remains poor,
and accepted regimens for treatment of the pulmonary effects of
PQ poisoning are virtually nonexistent. Despite intensive inves-
tigation on PQ toxicity, neither the final cytotoxic mechanism
nor a clinically useful antidote has been discovered. PQ toxicity



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 59

is closely related to the ingested dose. It is very rapidly accumu-
lated in the pulmonary target cells, where it induces biochemical
disturbances whose clinical manifestations are delayed. Among
the possible mechanisms of toxicity, oxidative stress by gen-
eration of ROS, depletion of NADPH, formation of disulfides,
protein oxidation, DNA damage, and LPO are the main features.
Because of the rapidity of onset of the pulmonary lesions, ex-
tracorporeal elimination methods and most pathophysiological
treatments are inefficacious in modifying the clinical course.
Given the considerable toxicity of PQ, evaluation of treatments
should be performed in groups of patients with a mortality rate
between 30 and 80%, and not in groups with a mortality rate
of 100% (Hart et al., 1984). Moreover, such evaluations should
take into account the delay between ingestion and the start of
treatment. Treatments that may radically improve the prognosis
should be able to remove PQ from the lung rapidly, as may be
achieved by the induction of de novo synthesis of P-gp, or should
interrupt the toxic pathway (e.g., by administering NO, NaSAL,
and other antioxidants and/or anti-inflammatory drugs) before
irreversible pulmonary cellular damage has occurred.

REFERENCES

Ackrill, P., Hasleton, P.S., and Ralston, A.J. (1978). Oesophageal per-
foration due to paraquat. Br. Med. J. 1: 1252—1253.

Addo, E., and Poon-King, T. (1986). Leukocyte suppression in treat-
ment of 72 patients with paraquat poisoning. Lancet 1: 1117—
1120.

Addo, E., Ramdial, S., and Poon-King, T. (1984). High dosage cy-
clophosphamide and dexamethasone treatment of paraquat poison-
ing with 75% survival. West Indian Med. J. 33: 220-226.

Akhavein, A.A., and Linscott, D.L. (1968). The dipyridylium herbi-
cides, paraquat and diquat. Residue Rev. 23: 97-145.

Ali, S., Jain, S.K., Abdulla, M., and Athar, M. (1996). Paraquat induced
DNA damage by reactive oxygen species. Biochem. Mol. Biol. Int.
39: 63-67.

Almog, C., and Tal, E. (1967). Death from paraquat after subcutaneous
injection. Br. Med. J. 3: 721.

Ameno, K., Fuke, C., Shirakawa, Y., Ogura, S., Ameno, S., Kiriu, T.,
Kinoshita, H., and Ijiri, I. (1994). Different distribution of paraquat
and diquat in human poisoning cases after ingestion of combined
herbicide. Arch. Toxicol. 68: 134—137.

Amondham, W., Parkpian, P., Polprasert, C., DeLaune, R.D., and Jug-
sujinda, A. (2006). Paraquat adsorption, degradation, and remobi-
lization in tropical soils of Thailand. J. Environ. Sci. Health B 41:
485-507.

Anderson, M. E. (1997). Glutathione and glutathione delivery com-
pounds. Adv. Pharmacol. 38: 65-78.

Aoki, H., Otaka, Y., Igarashi, K., and Takenaka, A. (2002). Soy protein
reduces paraquat-induced oxidative stress in rats. J. Nutr. 132: 2258—
2262.

Ariyama, J., Shimada, H., Aono, M., Tsuchida, H., and Hirai, K.I.
(2000). Propofol improves recovery from paraquat acute toxicity in
vitro and in vivo. Intens. Care Med. 26: 981-987.

Athanaselis, S., Qammaz, S., Alevisopoulos, G., and Koutselinis, A.
(1983). Percutaneous paraquat intoxication. J. Toxicol. Cutan Ocul.
Toxicol. 2: 3-5.

Autor, A.P. (1977). Biochemical Mechanisms of Paraquat Toxicity.
Academic Press, New York.

Aziz, S.M., Lipke, D.W., Olson, J.W., and Gillespie, M.N. (1994).
Role of ATP and sodium in polyamine transport in bovine pul-
monary artery smooth cells. Biochem. Pharmacol. 48: 1611—
1618.

Bagchi, D., Prasad, R., and Das, D.K. (1989). Direct scavenging of free
radicals by captopril, an angiotensin-converting enzyme inhibitor.
Biochem. Biophys. Res. Commun. 158: 52-57.

Bairaktari, E., Katopodis, K., Siamopoulos, K.C., and Tsolas, O. (1998).
Paraquat-induced renal injury studied by 1H nuclear magnetic reso-
nance spectroscopy of urine. Clin. Chem. 44: 1256—-1261.

Baldwin, B.C., Bray, M.F., and Geoghegan, M.J. (1966). The microbial
decomposition of paraquat. Biochem. J. 101: 15.

Baselt, R.C., and Cravey, R.H. (1989). Paraquat. In Disposition of Toxic
Drugs and Chemicals in Man (R.C. Baselt, and R.H. Cravey, Eds.),
pp- 637-640. Year Book, Chicago.

Bassett, D.J., and Fisher, A.B. (1978). Alterations of glucose
metabolism during perfusion of rat lung with paraquat. Am. J. Phys-
iol. 234: E653-E659.

Bataller, R., Bragulat, E., Nogue, S., Gorbig, M.N., Bruguera, M., and
Rodes, J. (2000). Prolonged cholestasis after acute paraquat poison-
ing through skin absorption. Am. J. Gastroenterol. 95: 1340-1343.

Bateman, D.N. (1987). Pharmacological treatments of paraquat poi-
soning. Hum. Toxicol. 6: 57-62.

Bauman, J.W., Liu, J., Liu, Y.P., and Klaassen, C.D. (1991). Increase in
metallothionein produced by chemicals that induce oxidative stress.
Toxicol. Appl. Pharmacol. 110: 347-354.

Beebeejaun, A.R., Beevers, G., and Rogers, W.N. (1971). Paraquat
poisoning-prolonged excretion, Clin. Toxicol. 4: 397-407.

Behne, D., and Wolters, W. (1983). Distribution of selenium and glu-
tathione peroxidase in the rat. J. Nutr. 113: 456-461.

Berisha, H.I., Pakbaz, H., Absood, A., and Said, S.I. (1994). Nitric
oxide as a mediator of oxidant lung injury due to paraquat. Proc.
Natl. Acad. Sci. USA 91: 7445-7449.

Berry, D.J., and Grove, J. (1971). The determination of paraquat (1,1-
dimethyl-4,4'-bipyridylium cation) in urine, Clin. Chim. Acta 34:
5-11.

Bier, R.K., and Osborne, 1.J. (1978). Pulmonary changes in paraquat
poisoning. Radiology 127: 308.

Binns, C.W. (1976). A deadly cure for lice—A case of paraquat poi-
soning. PNG Med. J. 19: 105-107.

Bird, C.L., and Kuhn, A.T. (1981). Electrochemistry of the viologens.
Chem. Soc. Rev. 10: 49-82.

Bismuth, C., Baud, F.J., Garnier, R., Muszinski, J., and Houze, P. (1988).
Paraquat poisoning: Biological presentation. J. Toxicol. Clin. Exp. 8:
211-218.

Bismuth, C., Garnier, R., Dally, S., Fournier, PE., and Scherrmann, J.M.
(1982). Prognosis and treatment of paraquat poisoning. A review of
28 cases. J. Toxicol. Clin. Toxicol. 19: 461-474.

Bismuth, C., Hall, A., and Wong, A. (1995). Paraquat ingestion ex-
posure: Symptomatology and risk. In Paraquat Poisoning: Mecha-
nisms, Prevention, Treatment (C. Bismuth, and A.H. Hall, Eds.), pp.
195-210. Marcel Dekker, New York.

Bismuth, C., and Hall, A.H. (1995). Paraquat Poisoning: Mechanisms,
Prevention, Treatment. Marcel Dekker, New York.

Bismuth, C., Hall, A.H., Baud, F.J., and Borron, S. (1996). Pulmonary
dysfunction in survivors of acute paraquat poisoning. Vet. Hum. Tox-
icol. 38: 220-222.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

60 R.J. DINIS-OLIVEIRA ET AL.

Bismuth, C., Scherrmann, J.M., Garnier, R., Baud, F.J., and Pontal, P.G.
(1987). Elimination of paraquat. Hum. Toxicol. 6: 63—67.

Block, E.R. (1979). Potentiation of acute paraquat toxicity by vitamin
E deficiency. Lung 156: 195-203.

Bloodworth, L.L., Kershaw, J.B., Stevens, P.E., Alcock, C.J., and Rain-
ford, D.J. (1986). Failure of radiotherapy to reverse progressive pul-
monary fibrosis caused by paraquat. Br. J. Radiol. 59: 1037-1039.

Booz, G.W., Schorb, W., Dostal, D.E., Conrad, K.M., Chang, K.C.,
and Baker, K.M. (1993). Angiotensin II is a mitogenic in neonatal
rat cardiac fibroblast. Circ. Res. 72: 1245-1254.

Boumpas, D.T., Austin, H.R., Vaughn, E.M., Klippel, J.H., Steinberg,
A.D., Yarboro, C.H., and Balow, J.E. (1992). Controlled trial of pulse
methylprednisolone versus two regimens of pulse cyclophosphamide
in severe lupus nephritis. Lancet 340: 741-745.

Bowles, M., Johnston, S.C., Schoof, D.D., Pentel, P.R., and Pond, S.M.
(1988). Large scale production and purification of paraquat and de-
sipramine monoclonal antibodies and their Fab fragments. Int. J.
Immunopharmacol. 10: 537-545.

Bowles, M.R., Mulhern, T.D., Gordon, R.B., Inglis, H.R., Sharpe, [.A.,
Cogill, J.L., and Pond, S.M. (1997). Bound Tris confounds the iden-
tification of binding site residues in a paraquat single chain antibody.
J. Biochem. (Tokyo) 122.

Braithwaite, R.A. (1987). Emergency analysis of paraquat in biological
fluids. Hum. Toxicol. 6: 91-93.

Bramley, A., and Hart, T.B. (1983). Paraquat poisoning in the United
Kingdom. Hum. Toxicol. 2: 417.

Brigelius, R., Lenzen, R., and Sies, H. (1982). Increase in hepatic mixed
disulphide and glutathione disulphide levels elicited by paraquat.
Biochem. Pharmacol. 31: 1637-1641.

Brooks, R.E. (1971). Ultrastructure of lung lesions produced by in-
gested chemicals. 1. Effect of the herbicide paraquat on mouse lung.
Lab. Invest. 25: 536-545.

Brown, O.R., Heitkamp, M., and Song, C.S. (1981). Niacin reduces
paraquat toxicity in rats. Science 212: 1510-1512.

Buckley, N.A. (2001). Pulse corticosteroids and cyclophosphamide in
paraquat poisoning. Am. J. Respir. Crit. Care. Med. 163: 585.

Buettner, G.R., and Jurkiewicz, B.A. (1996). Catalytic metals, ascorbate
and free radicals. Combination to avoid. Radiat. Res. 145: 532-541.

Bullivant, C.M. (1966). Accidental poisoning by paraquat: Report of
two cases in man. Br. Med. J. 5498: 1272-1273.

Burk, R.F.,, Lawrence, R.A., and Lane, J.M. (1980). Liver necrosis
and lipid peroxidation in the rat as result of paraquat and diquat
administration. Effect of selenium deficiency. J. Clin. Invest. 65:
1024-1031.

Burns, R.G., and Audus, L.J. (1970). Distribution and breakdown of
paraquat in soil. Weed. Res. 10: 49-58.

Burton, G.W. (1994). Vitamin E: Molecular and biological function.
Proc. Nutr. Soc. 53: 251-262.

Bus, J.S., Aust, S.D., and Gibson, J.E. (1974). Superoxide- and singlet
oxygen-catalyzed lipid peroxidation as a possible mechanism for
paraquat (methyl viologen) toxicity. Biochem. Biophys. Res. Com-
mun. 58: 749-755.

Bus, J.S., Aust, S.D., and Gibson, J.E. (1975). Lipid peroxidation:
A possible mechanism for paraquat toxicity. Res. Commun. Chem.
Pathol. Pharmacol. 11: 31-38.

Bus, J.S., Cagen, S.Z., Olgaard, M., and Gibson, J.E. (1976). A mecha-
nism of paraquat toxicity in mice and rats. Toxicol. Appl. Pharmacol.
35: 501-513.

Butler, C. 2nd. (1975). Pulmonary interstitial fibrosis from paraquat in
the hamster. Arch. Pathol. 99: 503-507.

Butler, C.N., and Kleinerman, J. (1971). Paraquat in the rabbit. Br. J.
Ind. Med. 28: 67-71.

Cadot, R., Descotes, J., Grenot, C., Cuilleron, C.Y., and Evreux, J.C.
(1985). Increased plasma paraquat levels in intoxicated mice follow-
ing antiparaquat F(ab’)2 treatment. J. Immunopharmacol. 7: 467—
477.

Cagen, S.Z., and Gibson, J.E. (1977). Liver damage following paraquat
in selenium-deficient and diethyl maleate-pretreated mice. Toxicol.
Appl. Pharmacol. 40: 193-200.

Calderbank, A. (1968). The bipyridilium herbicides. Adv. Pest. Control
Res. 8: 129-235.

Calderbank, A., and Slade, P. (1976). Diquat and paraquat. In Herbicide
chemistry, degradation and mode of action (P.C. Kearne, and D.D.
Kaufman, Eds.), pp. 501-540. Dekker, New York.

Campbell, S. (1968). Death from paraquat in a child. Lancet 1: 144.

Candan, F.,, and Alagozlu, H. (2001). Captopril inhibits the pulmonary
toxicity of paraquat in rats. Hum. Exp. Toxicol. 20: 637-641.

Cant, J.S., and Lewis, D.R. (1968). Ocular damage due to paraquat and
diquat. Br. Med. J. 3: 59.

Cappelletti, G., Maggioni, M.G., and Maci, R. (1998). Apoptosis in
human lung epithelial cells: Triggering by paraquat and modulation
by antioxidants. Cell. Biol. Int. 22: 671-678.

Carr, A., and Frei, B. (1999). Does vitamin C act as a pro-oxidant under
physiological conditions? FASEB J. 13: 1007-1024.

Carson, D.J., and Carson, E.D. (1976). The increasing use of paraquat
as a suicidal agent. Forens. Sci. 7: 151-160.

Carson, E.D. (1972). Fatal paraquat poisoning in Northern Ireland. J.
Forensic. Sci. Soc. 12: 437-443.

Castro-Gutierrez, N., McConnell, R., Andersson, K., Pacheco-Anton,
F., and Hogstedt, C. (1997). Respiratory symptoms, spirometry and
chronic occupational paraquat exposure. Scand. J. Work Environ.
Health 23: 421-427.

Castro, R., Prata, C., Oliveira, L., Carvalho, M.J., Santos, J., Carvalho,
F., and Morgado, T. (2005). Paraquat intoxication and hemocarbop-
erfusion. Acta Med. Port. 18: 423—431.

Cecen, S.S., Cengiz, G., and Soylemezoglu, T. (2002). The protec-
tive effects of N -acetylcysteine in paraquat-induced toxicity. J. Fac.
Pharm. Ankara 31: 259-271.

Chan, B.S., Scale, J.P., and Duggin, G.C. (1997). The mechanism of
excretion of paraquat in rats. Toxicol. Lett. 15: 1-9.

Chan, B.S.H., Lazzaro, V.A., Kirwin, P.D., Scale, J.P.,, and Duggin,
G.G. (1996a). The effects of paraquat on two renal epithelial cell
lines-LLC-PKI and MDCK. Res. Commun. Pharmacol. Toxicol. 1:
99-112.

Chan, B.S.H., Lazzaro, V.A., Scale, J.P., and Duggin, G.C. (1996b).
Characterization and uptake of paraquat by rat renal tubular cells in
primary culture. Hum. Exp. Toxicol. 15: 949-956.

Chen, C.J., Chin, J.E., Ueda, K., Clark, D.P., Pastan, 1., Gottesman,
M.M., and Roninson, I.B. (1986). Internal duplication and homology
with bacterial transport proteins in the mdrl (P-glycoprotein) gene
from multidrug-resistant human cells. Cell 47: 381-389.

Chen, C.M., Fang, C.L., and Chang, C.H. (2001). Surfactant and corti-
costeroid effects on lung function in a rat model of acute lung injury.
Crit. Care Med. 29: 2169-2175.

Chen, C.M., Su, B., Hsu, C.C., and Wang, L.F. (2002a). Methylpred-
nisolone does not enhance the surfactant effects on oxygenation and



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 61

histology in paraquat-induced rat lung injury. Intens. Care Med. 28:
1138-1144.

Chen, G.H., Lin, J.L., and Huang, Y.K. (2002b). Combined methyl-
prednisolone and dexamethasone therapy for paraquat poisoning.
Crit. Care Med. 30: 2584-2587.

Chen, K.W., Wu, M.H., Huang, J.J., and Yu, C.Y. (1994a). Bi-
lateral spontaneous pneumothoraces, pneumopericardium, pneu-
momediastinum, and subcutaneous emphysema: A rare presen-
tation of paraquat intoxication. Ann. Emerg. Med. 23: 1132—
1134.

Chen, N., Bowles, M.R., and Pond, S.M. (1992). Competition between
paraquat and putrescine for uptake by suspensions of rat alveolar
type II cells. Biochem. Pharmacol. 44: 1029-1036.

Chen, N., Bowles, M.R., and Pond, S.M. (1994b). Prevention of
paraquat toxicity in suspensions of alveolar type II cells by paraquat-
specific antibodies. Hum. Exp. Toxicol. 13: 551-557.

Cheng, W., Fu, Y.X., Porres, J.M., Ross, D.A., and Lei, X.G. (1999).
Selenium-dependent cellular glutathione peroxidase protects mice
against a pro-oxidant-induced oxidation of NADPH, NADH, lipids,
and protein. FASEB J. 13: 1467-1475.

Cheng, W.H., Ho, Y.S., Valentine, B.A., Ross, D.A., Combs, G.F,, Jr.,
and Lei, X.G. (1998). Cellular glutathione peroxidase is the mediator
of body selenium to protect against paraquat lethality in transgenic
mice. J. Nutr. 128: 1070-1076.

Chester, G., and Ward, R.J. (1984). Occupational exposure and drift
hazard during aerial application of paraquat to cotton. Arch. Environ.
Contam. Toxicol. 13: 551-563.

Cho, J.H., Yang, D.K., Kim, L., Ryu, J.S., Lee, H.L., Lim, C.M., and
Koh, Y.S. (2005). Inhaled nitric oxide improves the survival of the
paraquat-injured rats. Vascul. Pharmacol. 42: 171-178.

Chollet, A., Muszynsky, J., Bismuth, C., Pham, J., Khouly, M., El,
and Surugue, R. (1983). Hypo-oxygenation in paraquat poisoning.
Apropos of 6 cases. Toxicol. Eur. Res. 5: T1-75.

Cingolani, C., Rogers, B., Lu, L., Kachi, S., Shen, J., and Campochiaro,
P.A. (2006). Retinal degeneration from oxidative damage. Free Rad-
ical Biol. Med. 40: 660—669.

Clark, D.G., McElligott, T.F., and Hurst, E.W. (1966). The toxicity of
paraquat. Br. J. Ind. Med. 23: 126-132.

Clejan, L., and Cederbaum, A.L. (1989). Synergistic interaction be-
tween NADPH-cytochrome P-450 reductase, paraquat and iron in
the generation of active oxygen radicals. Biochem. Pharmacol. 38:
1779-1786.

Conning, D.M., Fletcher, K., and Swan, A.A. (1969). Paraquat and
related bipyridyls. Br. Med. Bull. 25: 245-249.

Cordon-Cardo, C., O’Brien, J., Boccia, J., Casals, D., Bertino, J., and
Melamed, M. (1990). Expression of the multidrug resistance gene
product (P-glycoprotein) in human normal and tumor tissues. J. His-
tochem. Cytochem. 38: 1277-1287.

Crapo, J.D., Barry, B.E., Gehr, P., Bachofen, M., and Weibel, E.R.
(1982). Cell number and cell characteristics of normal human lung.
Am. Rev. Respir. Dis. 125: 332-337.

Daisley, H., Jr., and Simmons, V. (1999). Forensic analysis of acute fatal
poisonings in the southern districts of Trinidad. Vet. Hum. Toxicol.
41: 23-25.

Dalvie, M.A., White, N., Raine, R., Myers, J.E., London, L., Thomp-
son, M., and Christiani, D.C. (1999). Long-term respiratory health
effects of the herbicide, paraquat, among workers in the Western
Cape. Occup. Environ. Med. 56: 391-396.

Daniel, J.W., and Gage, J.C. (1966). Absorption and excretion of diquat
and paraquat in rats. Br. J. Ind. Med. 23: 133-136.

Davies, D.S. (1987). Paraquat poisoning: The rationale for current treat-
ment regimes. Hum. Exp. Toxicol. 6: 37-40.

Day, B.J., and Crapo, J.D. (1996). A metalloporhyrin superoxide dismu-
tase mimetic protects against paraquat-induced lung injury in vivo.
Toxicol. Appl. Pharmacol. 140: 94-100.

Day, B.J., Patel, M., Calavetta, L., Chang, L.Y., and Stamler, J.S. (1999).
A mechanism of paraquat toxicity involving nitric oxide synthase.
Proc. Natl. Acad. Sci. USA 96: 12760-12765.

De Broe, M.E., Bismuth, C., De Groot, G., Heath, A., Okonek, S.,
Ritz, D.R., Verpooten, G.A., Volans, G.N., and Widdop, B. (1986).
Haemoperfusion: A useful therapy for a severely poisoned patient?
Hum. Toxicol. 5: 11-14.

Dean, R.T., Fu, S., Stocker, R., and Davies, M.J. (1997). Biochemistry
and pathology of radical-mediated protein oxidation. Biochem. J.
324: 1-18.

Dearden, L.C., Fairshter, R.D., Morrison, J.T., Wilson, A.F., and
Brundage, M. (1982). Ultrastructural evidence of pulmonary cap-
illary endothelial damage from paraquat. Toxicology 24: 211-222.

Demeule, M., Jodoin, J., Beaulieu, E., Brossard, M., and Beliveau,
R. (1999). Dexamethasone modulation of multidrug transporters in
normal tissues. FEBS Lett. 442: 208-214.

Deneke, S.M. (2000). Thiol-based antioxidants. Curr. Top. Cell. Res.
36: 151-180.

Devlin, C.M., Bowles, M.R., Gordon, R.B., and Pond, S.M. (1995).
Production of a paraquat-specific murine single chain Fv fragment.
J. Biochem. (Tokyo) 118: 480-487.

Dey, M.S., Breeze, R.G., Hayton, W.L., Karara, A.H., and Krieger, R.I.
(1990). Paraquat pharmacokinetics using a subcutaneous toxic low
dose in the rat. Fundam. Appl. Toxicol. 14: 208-216.

Dicker, E., and Cederbaum, A.L. (1991). NADH-dependent generation
of reactive oxygen species by microsomes in the presence of iron
and redox cycling agents. Biochem. Pharmacol. 42: 529-535.

Dinis-Oliveira, R.J., Duarte, J.A., Remido, F., Sanchez-Navarro, A.,
Bastos, M.L., and Carvalho, F. (2006a). Single high dose dexam-
ethasone treatment decreases the pathological effects and increases
the survival rat of paraquat-intoxicated rats. Toxicology 227: 73-85.

Dinis-Oliveira, R.J., Remiao, F., Duarte, J.A., Sanchez-Navarro, A.,
Bastos, M.L., and Carvalho, F. (2006b). P-glycoprotein induction: An
antidotal pathway for paraquat-induced lung toxicity. Free Radical
Biol. Med. 41: 1213-1224.

Dinis-Oliveira, R.J., Remido, F., Duarte, J.A., Sanchez-Navarro, A.,
Bastos, M.L., and Carvalho, F. (2006c). Paraquat exposure as an
etiological factor of Parkinson’s disease. Neurotoxicology 27: 1110—
1122.

Dinis-Oliveira, R.J., Sarmento, A., Reis, P., Amaro, A., Remido, F.,
Bastos, M.L., and Carvalho, F. (2006d). Acute paraquat poisoning:
Report of a survival case following intake of a potential lethal dose.
Pediatr. Emerg. Care 22: 537-540.

Dinis-Oliveira, R.J., Sousa, C., Remido, F., Duarte, J.A., Sanchez-
Navarro, A., Bastos, M.L., and Carvalho, F. (2007a). Effects of
sodium salicylate in the paraquat-induced apoptotic events in rat
lungs. Free Radical Biol. Med. 43: 48-61.

Dinis-Oliveira, R.J., Sousa, C., Remido, F., Duarte, J.A., Sanchez-
Navarro, A., Bastos, M.L., and Carvalho, F. (2007b). Full survival
of paraquat-exposed rats after treatment with sodium salicylate. Free
Radical Biol. Med. 42: 1017-1028.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

62 R.J. DINIS-OLIVEIRA ET AL.

Dinis-Oliveira, R.J., Valle, M.J., Bastos, M.L., Carvalho, F., and
Sanchez-Navarro, A. (2006e). Kinetics of paraquat in the isolated
rat lung: Influence of sodium depletion. Xenobiotica 36: 724—
737.

Dinsdale, D., Preston, S.G., and Nemery, B. (1991). Effects of injury
on [3H]putrescine uptake by types I and II cells in rat lung slices.
Exp. Mol. Pathol. 54: 218-229.

Dodge, A.D. (1971). The mode of action of the bipyridylium herbicides,
paraquat and diquat. Endeavour 30: 130-135.

Dolan, M., Danzl, D.F., Horowitz, J., and Moore, D. (1984). Paraquat
ingestion. Ann. Emerg. Med. 13: 612-614.

Douze, J.M., van Heyst, A.N., vanDijk, A., Maes, R.A., and Drost, R.H.
(1975). Paraquat poisoning in man. Arch. Toxicol. 34: 129-136.

Doyle, I.R., Hermans, C., Bernard, A., Nicholas, T.E., and Bersten,
A.D. (1998). Clearance of Clara cell secretory protein (CC16) and
surfactant proteins A and B from blood in acute respiratory failure.
Am. J. Respir. Crit. Care Med. 158: 1528-1535.

Doyle, I.R., Nicholas, T.E., and Bersten, A.D. (1995). Serum surfactant
protein-A levels in patients with acute cardiogenic pulmonary edema
and adult respiratory distress syndrome. Am. J. Respir. Crit. Care
Med. 152: 307-317.

Drault, J.N., Baelen, E., Mehdaoui, H., Delord, J.M., and Flament,
F. (1999). Massive paraquat poisoning. Favorable course after treat-
ment with N -acetylcysteine and early hemodialysis. Ann. Fr. Anesth.
Reanim. 18: 534-537.

Drew, R., Siddik, Z.H., and Gram, T.E. (1979). Uptake and efflux of
14C-paraquat by rat lung slices: The effect of imipramine and other
drugs. Toxicol. Appl. Pharmacol. 49: 473—478.

Driesbach, R.H. (1983). Handbook of Poisoning, pp. 118—122. Lange
Medical Publications, Los Altos, CA.

Dunbar, J.R., DeLucia, A.J., Acuff, R.V., and Ferslew, K.E. (1988).
Prolonged, intravenous paraquat infusion in the rat. I. Failure of coin-
fused putrescine to attenuate pulmonary paraquat uptake, paraquat-
induced biochemical changes, or lung injury. Toxicol. Appl. Phar-
macol. 94: 207-220.

Dusinska, M., Kovacikova, Z., Vallova, B., and Collins, A. (1998).
Responses of alveolar macrophages and epithelial type II cells to
oxidative DNA damage caused by paraquat. Carcinogenesis 19: 809—
812.

Ecker, J.L., Hook, J.B., and Gibson, J.E. (1975). Nephrotoxicity of
paraquat in mice. Toxicol. Appl. Pharmacol. 34: 178-186.

Eddleston, M., Wilks, M.E., and Buckley, N.A. (2003). Prospects for
treatment of paraquat-induced lung fibrosis with immunosuppressive
drugs and the need for better prediction of outcome: A systematic
review. Q. J. Med. 96: 809-824.

Eggleston, L.V., and Krebs, H.A. (1974). Regulation of the pentose
phosphate cycle. Biochem. J. 138: 425-435.

Eisenman, A., Armali, Z., Raikhlin-Eisenkraft, B., Bentur, L., Bentur,
Y., Guralnik, L., and Enat, R. (1998). Nitric oxide inhalation for
paraquat-induced lung injury. J. Toxicol. Clin. Toxicol. 36: 585-586.

Evans, P, and Halliwell, B. (2001). Micronutrients: OxXi-
dant/antioxidant status. Br. J. Nutr. 85: S67-S74.

Fairshter, R.D., Dabir-Vaziri, N., Smith, W.R., Glauser, F.L., and Wil-
son, A.F. (1979). Paraquat poisoning: An analytical toxicologic study
of three cases. Toxicology 12: 259-266.

Fardel, O., Payen, L., Courtois, A., Vernhet, L., and Lecureur, V. (2001).
Regulation of biliary drug efflux pump expression by hormones and
xenobiotics. Toxicology 167: 37-46.

Fardel, O., Payen, L., Sparfel, L., Vernhet, L., and Lecureur, V. (2002).
Drug membrane transporters in the liver: Regulation of their expres-
sion and activity. Ann. Pharm. Fr. 60: 380-385.

Farrington, J.A., Ebert, M., Land, E.J., and Fletcher, K. (1973).
Bipyridylium quaternary salts and related compounds. V. Pulse ra-
diolysis studies of the reaction of paraquat radical with oxygen. Im-
plications for the mode of action of bipyridyl herbicides. Biochim.
Biophys. Acta. 314: 372-381.

Farrington, J.A., Ledwith, A., and Stam, M.F. (1969). Cation-radicals:
Oxidation of methoxide ion with 1,1’-dimethyl-4,4’-bipyridylium
dichloride (paraquat dichloride). J. Chem. Soc. Chem. Commun.259—
260.

Fell, A.F., Jarvie, D.R., and Stewart, M.J. (1981). Analysis for paraquat
by second-and fourth-derivative spectroscopy. Clin. Chem. 277: 286—
292.

Fennelly, J.J., Fitzgerald, M.X., and Fitzgerald, O. (1971). Recovery
from severe paraquat poisoning following forced diuresis and im-
munosuppressive therapy. J. Ir. Med. Assoc. 64: 69—11.

Fennelly, J.J., Gallagher, J.T., and Carroll, R.T. (1968). Paraquat poi-
soning in a pregnant woman. Br. Med. J. 3: 722-723.

Ferguson, D.M. (1971). Renal handling of paraquat. Br. J. Pharmacol.
42: 636P.

Fisher, H.K., Clements, J.A., Tierney, D.F., and Wright, R.R. (1975).
Pulmonary effects of paraquat in the first day after injection. Am. J.
Physiol. 228: 1217-1223.

Fisher, H.K., Clements, J.A., and Wright, R.R. (1973). Enhancement
of oxygen toxicity by the herbicide paraquat. Am. Rev. Respir. Dis.
107: 246-252.

Fisher, H.K., Humphries, M., and Bails, R. (1971). Paraquat poisoning:
Recovery from renal and pulmonary damage. Ann. Intern. Med. 75:
731-736.

Fitzgerald, G.R., Barniville, G., Gibney, R.T.N., and Fitzgerald, M.X.
(1979). Clinical, radiological and pulmonary function assessment in
13 long-term survivors of paraquat poisoning. Thorax 34: 414-415.

Florkowski, C.M., Bradberry, S.M., Ching, G.W., and Jones, A.F.
(1992). Acute renal failure in a case of paraquat poisoning with rel-
ative absence of pulmonary toxicity. Postgrad. Med. J. 68: 660—662.

Fox, D.A., and McCune, W.J. (1994). Immunosuppressive drug therapy
of systemic lupus erythematosus. Rheum. Dis. Clin. North Am. 20:
265-299.

Frank, L., Neriishi, K., Sio, R., and Pascual, D. (1982). Protection from
paraquat-induced lung damage and lethality in adult rats pretreated
with clofibrate. Toxicol. Appl. Pharmacol. 66: 269-277.

Freeman, B.A., Turrens, J.F., Mirza, Z., Crapo, J.D., and Young,
S.L. (1985). Modulation of oxidant lung injury by using liposome-
entrapped superoxide dismutase and catalase. Fed. Proc. 44: 2591—
2595.

Fritz, K.L., Nelson, T.L., Ruiz-Velasco, V., and Mercurio, S.D. (1994).
Acute intramuscular injection of oils or the oleic acid component
protects mice against paraquat lethality. J. Nutr. 124: 425-429.

Fuke, C., Ameno, K., Ameno, S., Kiriu, T., Shinohara, T., Sogo, K.,
and Ijiri, I. (1992). A rapid, simultaneous determination of paraquat
and diquat in serum and urine using second-derivative spectroscopy.
J. Anal. Toxicol. 16: 214-216.

Fukuda, Y., Ferrans, V.J., Schoenberger, C.L, Rennard, S.I., and Crys-
tal, R.G. (1985). Patterns of pulmonary structural remodeling after
experimental paraquat toxicity. The morphogenesis of intraalveolar
fibrosis. Am. J. Pathol. 118: 452-475.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 63

Fukushima, T., Yamada, K., Isobe, A., Shiwaku, K., and Yamane, Y.
(1993). Mechanism of cytotoxicity of paraquat. I. NADH oxidation
and paraquat radical formation via complex 1. Exp. Toxicol. Pathol.
45: 345-349.

Gadek, J.E., Fells, G.A., Zimmerman, R.L., and Crystal, R.G. (1984).
Role of connective tissue proteases in the pathogenesis of chronic
inflammatory lung disease. Environ. Health Perspect. 55: 297-306.

Gardiner, A.J. (1972). Pulmonary oedema in paraquat poisoning. Tho-
rax 132-135.

Garnier, R. (1995). Paraquat poisoning by inhalation or skin absorp-
tion. In Paraquat Poisoning: Mechanisms, Prevention, Treatment (C.
Bismuth, and A.H. Hall, Eds.), pp. 211-234. Marcel Dekker, New
York.

Garnier, R., Chataigner, D., Efthymiou, M.L., Moraillon, I., and
Bramary, F. (1994). Paraquat poisoning by skin absorption: Report
of two cases. Vet. Hum. Toxicol. 36: 313-315.

Gaudreault, P., Friedman, P.A., and Lovejoy, F.H., Jr. (1985). Efficacy
of activated charcoal and magnesium citrate in the treatment of oral
paraquat intoxication. Ann. Emerg. Med. 14: 123-125.

Gharaee-Kermani, M., and Phan, S.H. (2005). Molecular mechanisms
of and possible treatment strategies for idiopathic pulmonary fibrosis.
Curr. Pharm. Des. 11: 3943-3971.

Ghazi-Khansari, M., Mohammadi-Karakani, A., Sotoudeh, M.,
Mokhtary, P., Pour-Esmaeil, E., and Maghsoud, S. (2007). Antifi-
brotic effect of captopril and enalapril on paraquat-induced lung fi-
brosis in rats. J. Appl. Toxicol. 27: 342-349.

Ghazi-Khansari, M., Nasiri, G., and Honarjoo, M. (2005). Decreasing
the oxidant stress from paraquat in isolated perfused rat lung using
captopril and niacin. Arch. Toxicol. 79: 341-345.

Gianetti, J., Bevilacqua, S., and Caterina, R.D. (2002). Inhaled nitric
oxide: More than a selective pulmonary vasodilator. Eur. J. Clin.
Invest. 32: 628—635.

Gil, H.W., Hong, J.R., Park, J.H., Seo, Y.S., Yang, J.O., Lee, E.Y., and
Hong, S.Y. (2007). Plasma surfactant D in patients following acute
paraquat intoxication. Clin. Toxicol. (Phila.) 45: 463—467.

Gil, HW, Yang, J.O., Lee, E.Y., and Hong, S.Y. (2005). Paraquat-
induced Fanconi syndrome. Nephrology (Carlton) 10: 430—432.
Glass, M., Sutherland, M.W., Forman, H.J., and Fisher, A.B. (1985).
Selenium deficiency potentiates paraquat-induced lipid peroxidation

in isolated perfused rat lung. J. Appl. Physiol. 59: 619-622.

Goldenberg, H., Huttinger, M., Kampfer, P., Kramar, R., and Pavelka,
M. (1976). Effect of clofibrate application on morphology and en-
zyme content of liver peroxisomes. Histochemistry 46: 189-196.

Gordonsmith, R.H., Brooke-Taylor, S., Smith, L.L., and Cohen, G.M.
(1983). Structural requirements of compounds to inhibit pulmonary
diamine accumulation. Biochem. Pharmacol. 32: 3701-3709.

Gottesman, M.M., and Pastan, I. (1993). Biochemistry of multidrug re-
sistance mediated by the multidrug transporter. Annu. Rev. Biochem.
62: 385-427.

Groce, D.F., and Kimbrough, R.D. (1982). Acute and subacute toxicity
in Sherman strain rats exposed to 4,4~ and 2,2'-dipyridyl. J. Toxicol.
Environ. Health A. 10: 363-372.

Grover, R., Smith, A.E., and Korven, H.C. (1980). A comparison of
chemical and cultural control of weeds in irrigation ditchbanks. Can.
J. Plant. Sci. 60: 185-195.

Hagen, T.M., Brown, L.A., and Jones, D.P. (1986). Protection against
paraquat-induced injury by exogenous GSH in pulmonary alveolar
type Il cells. Biochem. Pharmacol. 35: 4537-4542.

Haley, T.J. (1979). Review of the toxicology of paraquat (1,1-dimethy
1-4,4-dipyridylium chloride). Clin. Toxicol. 14: 1-46.

Halliwell, B. (1996). Vitamin C: Antioxidant or pro-oxidant in vivo?
Free Radical Res. 25: 439-454.

Hampson, E.C., and Pond, S.M. (1988). Failure of haemoperfusion and
haemodialysis to prevent death in paraquat poisoning. A retrospective
review of 42 patients. Med. Toxicol. Adverse. Drug. Exp. 3: 64-T71.

Hance, R.L., Byast, T.H., and Smith, P.D. (1980). Apparent decompo-
sition of paraquat in soil. Soil Biol. Biochem. 12: 447-448.

Hantson, P., Weynand, B., Doyle, 1., Bernand, A., and Hermans, C.
(2006). Pneumoproteins as markers of paraquat lung injury: A clin-
ical case. J. Clin. Forens. Med. doi:10.1016/j.jcfm.2006.1009.1003.

Harley, J.B., Grinspan, S., and Root, R.K. (1977). Paraquat suicide in
a young woman: Results of therapy directed against the superoxide
radical. Yale J. Biol. Med. 50: 481-488.

Hart, C.M. (1999). Nitric oxide in adult lung disease. Chest 115: 1407—
1417.

Hart, T.B. (1987). Paraquat—A review of safety in agricultural and
horticultural use. Hum. Toxicol. 6: 13—18.

Hart, T.B., Nevitt, A., and Whitehead, A. (1984). A new statistical
approach to the prognostic significance of plasma concentrations.
Lancet 2: 1222-1223.

Hawksworth, G.M., Bennett, PN., and Davies, D.S. (1981). Kinetics
of paraquat elimination in the dog. Toxicol. Appl. Pharmacol. 57:
139-145.

Hearn, C.E., and Keir, W. (1971). Nail damage in spray operators ex-
posed to paraquat. Br. J. Ind. Med. 28: 399-403.

Heby, O. (1981). Role of polyamines in the control of cell proliferation
and differentiation. Differentiation 19: 1-20.

Hermans, C., and Bernard, A. (1998). Pneumoproteinemia: A new per-
spective in the assessment of lung disorders. Eur. Respir. J. 11: 801—
803.

Hermans, C., and Bernard, A. (1999). Lung epithelium specific pro-
teins: characteristics and potential applications as markers. State of
the art. Am. J. Respir. Crit. Care Med. 159: 646-678.

Heylings, J.R., Farnworth, M.J., Swain, C.M., Clapp, M.J. and Elliott,
B.M. (2007). Identification of an alginate-based formulation of
paraquat to reduce the exposure of the herbicide following oral in-
gestion. Toxicology 241:1-10.

Hoet, P.H., Dinsdale, M.D., Lewis, C.P.L., Verbeken, E.K., Lauweryns,
J.M., and Nemery, B. (1993). Kinetics and cellular localisation of
putrescine uptake in human lung. Thorax 48: 1235-1241.

Hoet, P.H., Lewis, C.P.,, Demedts, M., and Nemery, B. (1994). Pu-
trescine and paraquat uptake in human lung slices and isolated human
type II pneumocytes. Biochem. Pharmacol. 48: 517-524.

Hoet, PH., Lewis, C.P,, Dinsdale, D., Demedts, M., and Nemery, B.
(1995). Putrescine uptake in hamster lung slices and primary cultures
of type II pneumocytes. Am. J. Physiol 269: L681-L689.

Hoffer, E., Avidor, 1., Benjaminov, O., Shenker, L., Tabak, A., Tamir,
A., Merzbach, D., and Taitelman, U. (1993). N-Acetylcysteine de-
lays the infiltration of inflammatory cells into the lungs of paraquat-
intoxicated rats. Toxicol. Appl. Pharmacol. 120: 8-12.

Hoffer, E., Baum, Y., Tabak, A., and Taitelman, U. (1996). N-
Acetylcysteine increases the glutathione content and protects rat
alveolar type II cells against paraquat-induced cytotoxicity. Toxicol.
Lett. 84: 7-12.

Hoffer, E., and Taitelman, U. (1989). Exposure to paraquat through
skin absorption: Clinical and laboratory observations of accidental



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

64 R.J. DINIS-OLIVEIRA ET AL.

splashing on healthy skin of agricultural workers. Hum. Toxicol. 8:
483-485.

Homer, R.F., Mees, G.C., and Tomlinson, T.E. (1960). Mode of action
of dipyridyl quaternary salts as herbicides. J. Sci. Food Agric. 11:
309-315.

Homer, R.F., and Tomlinson, T.E. (1959). Redox properties of some
dipyridyl quaternary salts. Nature 184: 2012-2013.

Hong, S.F.,, Yang, J.O., Lee, E.Y., and Kim, S.H. (2003). Effect of
haemoperfusion on plasma paraquat concentration in vitro and in
vivo. Toxicol. Ind. Health 17-23.

Hong, S.Y., Gil, H.W,, Yang, J.O., Lee, E.Y., Na, J.O., Seo, K.H., and
Kim, Y.H. (2005). Clinical implications of the ethane in exhaled
breath in patients with acute paraquat intoxication. Chest 128: 1506—
1510.

Hong, S.Y., Hwang, K.Y., Lee, E.Y., Eun, S.W,, Cho, S.R., Han, C.S.,
Park, Y.H., and Chang, S.K. (2002). Effect of vitamin C on plasma
total antioxidant status in patients with paraquat intoxication. Toxicol.
Lett. 126: 51-59.

Houze, P., Baud, F.J., Mouy, R., Bismuth, C., Bourdon, R., and Scher-
rmann, J.M. (1990). Toxicokinetics of paraquat in humans. Hum.
Exp. Toxicol. 9: 5-12.

Houze, P., Baud, F.J., and Scherrmann, J.M. (1995). Toxicokinetics
of paraquat. In Paraquat Poisoning: Mechanisms, Prevention, Treat-
ment (C. Bismuth, and A.H. Hall, Eds.), pp. 161-193. Marcel Dekker,
New York.

Howard, J.K. (1983). The myth of paraquat inhalation as a route for
human poisoning. J. Toxicol. Clin. Toxicol. 20: 191-193.

Hsu, H.H., Chang, C.T., and Lin, J.L. (2003). Intravenous paraquat
poisoning-induced multiple organ failure and fatality—A report of
two cases. J. Toxicol. Clin Toxicol. 41: 87-90.

Huang, N.C., Hung, Y.M., Lin, S.L., Wann, S.R., Hsu, C.W., Ger, L.P,,
Hung, S.Y., Chung, H.M., and Yeh, J.H. (2006). Further evidence of
the usefulness of Acute Physiology and Chronic Health Evaluation
II scoring system in acute paraquat poisoning. Clin. Toxicol. (Phila.)
44: 99-102.

Huang, N.C., Lin, S.L., Hung, Y.M., Hung, S.Y., and Chung, H.M.
(2003). Severity assessment in acute paraquat poisoning by anal-
ysis of APACHE 1I score. J. Formos. Med. Assoc. 102: 782—
787.

Hudson, M., Patel, S.B., Ewen, S.W., Smith, C.C., and Friend, J.A.
(1991). Paraquat induced pulmonary fibrosis in three survivors. Tho-
rax 46: 201-204.

Hughes, R.D., Millburn, P., and Williams, R.T. (1973). Biliary excretion
of some diquaternary ammonium cations in the rat, guinea pig and
rabbit. Biochem. J. 136: 979-984.

Huh, J.W., Hong, S.B., Lim, C.M., Do, K.H., Lee, J.S., and Koh, Y.
(2006). Sequential radiologic and functional pulmonary changes in
patients with paraquat intoxication. Int. J. Occup. Environ. Health
12: 203-208.

Ikebuchi, J., Proudfoot, A.T., Matsubara, K., Hampson, E.C., Tomita,
M., Suzuki, K., Fuke, C., Ijiri, L., Tsunerari, T., Yuasa, I., and Okada,
K. (1993). Toxicological index of paraquat: A new strategy for as-
sessment of severity of paraquat poisoning in 128 patients. Forens.
Sci. Int. 59: 85-87.

lett, K.F., Stripp, B., Menard, R.H., Reid, W.D., and Gillette, J.R.
(1974). Studies on the mechanism of the lung toxicity of paraquat:
Comparison of tissue distribution and some biochemical param-
eters in rats and rabbits. Toxicol. Appl. Pharmacol. 28: 216—
226.

Im, J.G., Lee, K.S., Han, M.C., Kim, S.J., and Kim, 1.O. (1991).
Paraquat poisoning: Findings on chest radiography and CT in 42
patients. AJR Am. J. Roentgenol. 157: 697-701.

Ishii, K., Adachi, J., Tomita, M., Kurosaka, M., and Ueno, Y. (2002).
Oxysterols as indices of oxidative stress in man after paraquat inges-
tion. Free Radical Res. 36: 163—168.

Ito, M., and Kuwana, T. (1971). Spectroelectrochemical study of indi-
rect reduction of triphospyric nucleotide I. Methyl viologen, ferre-
doxim TPN-reductose and TPN. J. Electroanal. Chem. Interfacial
Electrochem. 32: 415-425.

Jaiswal, R., Khan, M.A., and Musarrat, J. (2002). Photosensitized
paraquat-induced structural alterations and free radical mediated
fragmentation of serum albumin. J. Photochem. Photobiol. B 67T:
163-170.

Janne, J., Poso, H., and Raina, A. (1978). Polyamines in rapid growth
and cancer. Biochim. Biophys. Acta. 473: 241-293.

Jarvie, D.R., Fell, A.F., and Stewart, M.J. (1981). A rapid method for the
emergency analysis of paraquat in plasma using a second derivative
spectroscopy. Clin. Chim. Acta. 117: 153-165.

Jeng, C.C., Wu, C.D., and Lin, J.L. (2005). Mother and fetus both
survive from severe paraquat intoxication. Clin. Toxicol. (Phila.) 43:
291-295.

Johnston, S.C., Bowles, M., Winzor, D.J., and Pond, S.M. (1988). Com-
parison of paraquat-specific murine monoclonal antibodies produced
by in vitro and in vivo immunization. Fundam. Appl. Toxicol. 11:
261-267.

Jones, A.L., Elton, R., and Flanagan, R. (1999). Multiple logistic re-
gression analysis of plasma paraquat concentrations as a predictor of
outcome in 375 cases of paraquat poisoning. Q. J. Med. 92: 573-578.

Jones, G.M., and Vale, J.A. (2000). Mechanisms of toxicity, clinical fea-
tures, and management of diquat poisoning: A review. Clin. Toxicol.
38: 123-128.

Kang, S.A., Jang, Y.J., and Park, H. (1998). In vivo dual effects of vi-
tamin C on paraquat-induced lung damage: Dependence on released
metals from the damaged tissue. Free Radical Res. 28: 93—107.

Kao, C.H., Hsieh, J.E,, Ho, Y.J., Hung, D.Z., Lin, T.J., and Ding, H.J.
(1999). Acute paraquat intoxication: Using nuclear pulmonary stud-
ies to predict patient outcome. Chest 116: 709-714.

Kaojarern, S., and Ongphiphadhanakul, B. (1991). Predicting outcomes
in paraquat poisonings. Vet. Hum. Toxicol. 33: 115-118.

Karl, P.I., and Friedman, P.A. (1983). Competition between paraquat
and putrescine for accumulation by rat lung slices. Toxicology 26:
317-323.

Kazui, M., Andreoni, K.A., Norris, E.J., Klein, A.S., Burdick, J.F.,
Beattie, C., Sehnert, S.S., Bell, W.R., Bulkley, G.B., and Risby, T.H.
(1992). Breath ethane: a specific indicator of free-radical-mediated
lipid peroxidation following reperfusion of the ischemic liver. Free
Radical Biol. Med. 13: 509-515.

Keeling, P.L., and Smith, L.L. (1982). Relevance of NADPH depletion
and mixed disulphide formation in rat lung to the mechanism of cell
damage following paraquat administration. Biochem. Pharmacol. 31:
3243-3249.

Keeling, P.L., Smith, L.L., and Aldridge, W.N. (1982). The formation
of mixed disulphides in rat lung following paraquat administration.
Correlation with changes in intermediary metabolism. Biochim. Bio-
phys. Acta. 716: 249-257.

Kehrer, J.P., Haschek, W.M., and Witschi, H. (1979). The influence of
hyperoxia on the acute toxicity of paraquat and diquat. Drug. Chem.
Toxicol. 2: 397-408.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 65

Kelly, G.S. (1998). Clinical applications of N -acetylcysteine. Altern.
Med. Rev. 3: 114-127.

Kelner, M.J., Bagnell, R., Hale, B., and Alexander, N.M. (1988). Methy-
lene blue competes with paraquat for reduction by flavo-enzymes re-
sulting in decreased superoxide production in the presence of heme
proteins. Arch. Biochem. Biophys. 262: 422-426.

Kerr, F., Patel, A.R., Scott, P.D., and Tompsett, S.L. (1968). Paraquat
poisoning treated by forced diuresis. Br. Med. J. 3: 290-291.

Kimbrough, R.D., and Gaines, T.B. (1970). Toxicity of paraquat to
rats and its effect on rat lungs. Toxicol. Appl. Pharmacol. 17: 679—
690.

Kitazawa, Y., Matsubara, M., Takeyama, N., and Tanaka, T. (1991). The
role of xanthine oxidase in paraquat intoxication. Arch. Biochem.
Biophys. 288: 220-224.

Knaus, W.A., Draper, E.A., Wagner, D.P., and Zimmerman, J.E. (1985).
APACHE 1II: A severity of disease classification system. Crit. Care
Med. 13: 818-829.

Kneepkens, C.M., Lepage, G., and Roy, C.C. (1994). The potential of
the hydrocarbon breath test as a measure of lipid peroxidation. Free
Radical Biol. Med. 17: 127-160.

Kohen, R., and Chevion, M. (1985a). Paraquat toxicity is enhanced by
iron and reduced by desferrioxamine in laboratory mice. Biochem.
Pharmacol. 34: 1841-1843.

Kohen, R., and Chevion, M. (1985b). Paraquat toxicity is mediated
by transition metals. In Biological and Inorganic Copper Chemistry
(K.D. Karlin, and J. Zubieta, Eds.), pp. 159-172. Adenine Press,
New York.

Kohen, R., and Chevion, M. (1985c). Transition metals potentiate
paraquat toxicity. Free Radical Res. Commun. 1: 79-88.

Kojima, S., Miyazaki, Y., Honda, T., Kiyozumi, M., Shimada, H., and
Funakoshi, T. (1992). Effect of L-cystine on toxicity of paraquat in
mice. Toxicol. Lett. 60: 75-82.

Koppel, C., von Wissmann, C., Barckow, D., Rossaint, R., Falke, K.,
Stoltenburg-Didinger, G., and Schnoy, N. (1994). Inhaled nitric oxide
in advanced paraquat intoxication. J. Toxicol. Clin. Toxicol. 32: 205—
214.

Kosower, E.M., and Cotter, J.L. (1964). The reduction of 1-methyl-4-
cyanopyridinium ion to methyl viologen cation radical. J. Am. Chem.
Soc. 86: 5524-5527.

Koyama, K., Yamashita, M., Tai, T., Tajima, K., Mizutani, T., and Naito,
H. (1987). The effect of chlorpromazine on paraquat poisoning in
rats. Vet. Hum. Toxicol. 29: 117-121.

Kumagai, J., and Johnson, L.R. (1988). Characteristics of putrescine
uptake in isolated rat enterocytes. Am. J. Physiol. 254: G81-G86.
Kuo, T.L., Lin, D.L., Liu, R.H., Moriya, F., and Hashimoto, Y. (2001).
Spectra interference between diquat and paraquat by second deriva-

tive spectrophotometry. Forens. Sci. Int. 121: 134-139.

Kurisaki, E. (1985). Lipid peroxidation in human paraquat poisoning.
J. Toxicol. Sci. 10: 29-33.

Kuroki, Y., Takahashi, H., Chiba, H., and Akino, T. (1998). Surfactant
proteins A and D: disease markers. Biochim. Biophys. Acta. 1408:
334-345.

Landrigan, PJ., Powell, K.E., James, L.M., and Taylor, P.R. (1983).
Paraquat and marijuana: epidemiologic risk assessment. Am. J. Pub-
lic Health 73: 784-788.

Lang, J.D., McArdle, PJ., O’Reilly, P.J., and Matalon, S. (2002).
Oxidant-antioxidant balance in acute lung injury. Chest 122: 314S—
3208S.

Lasky, L.A., and Ortiz, L.A. (2001). Antifibrotic therapy for the treat-
ment of pulmonary fibrosis. Am. J. Med. Sci. 332: 213-218.

Lazo, J.S., Kondo, Y., Dellapiazza, D., Michalska, A.E., Choo, K.H.,
and Pitt, B.R. (1995). Enhanced sensitivity to oxidative stress in
cultured embryonic cells from transgenic mice deficient in metal-
lothionein I and II genes. J. Biol. Chem. 270: 5506-5510.

Ledwith, A., and Woods, H.J. (1970). Charge transfer spectra and reac-
tion intermediates. Part II. Stable crystalline complexes from phenols
and N,N -dimethyl-4,4-bipyridylium (paraquat) salts. J. Chem. Soc.
C: 1422-1425.

Lee, E.Y., Hwang, K.Y., Yang, J.O., and Hong, S.Y. (2002). Predictors
of survival after acute paraquat poisoning. Toxicol. Ind. Health 18:
201-206.

Lee, S.H., Lee, K.S., Ahn, J.M., Kim, S.H., and Hong, S.Y. (1995).
Paraquat poisoning of the lung: thin-section CT findings. Radiology
195: 271-274.

Lewis, C.P., Haschek, W.M., Wyatt, 1., Cohen, G.M., and Smith, L.L.
(1989). The accumulation of cystamine and its metabolism to taurine
in rat lung slices. Biochem. Pharmacol. 38: 481-488.

Lheureux, P., Leduc, D., Vanbinst, R., and Askenasi, R. (1995). Survival
in a case of massive paraquat ingestion. Chest 107: 285-289.

Lin, J.L., Leu, M.L., Liu, Y.C., and Chen, G.H. (1999). A prospective
clinical trial of pulse therapy with glucocorticoid and cyclophos-
phamide in moderate to severe paraquat-poisoned patients. Am. J.
Respir. Crit. Care Med. 159: 357-360.

Lin,J.L., Lin-Tan, D.T., Chen, K.H., and Huang, W.H. (2006). Repeated
pulse of methylprednisolone and cyclophosphamide with continuous
dexamethasone therapy for patients with severe paraquat poisoning.
Crit. Care Med. 34: 368-373.

Lin, J.L., Liu, L., and Leu, M.L. (1995). Recovery of respiratory func-
tion in survivors with paraquat intoxication. Arch. Environ. Health
50: 432-439.

Lin, J.L., Wei, M.C., and Liu, Y.C. (1996). Pulse therapy with cy-
clophosphamide and methylprednisolone in patients with moderate
to severe paraquat poisoning: A preliminary report. Thorax 51: 661—
663.

Lin, N.C., Lin, J.L., Lin-Tan, D.T., and Yu, C.C. (2003). Combined
initial cyclophosphamide with repeated methylprednisolone pulse
therapy for severe paraquat poisoning from dermal exposure. J. Tox-
icol. Clin. Toxicol. 41: 877-881.

Ling, V., Kartner, N., Sudo, T., Siminovitch, L., and Riordan, J.R.
(1983). Multidrug-resistance phenotype in Chinese hamster ovary
cells. Cancer Treat. Rep. 67: 869-874.

Liochev, S.I., and Fridovich, I. (1994). Paraquat diaphorases in
Escherichia coli. Free Radical Biol. Med. 16: 555-559.

Lock, E.A., and Ishmael, J. (1979). The acute toxic effects of paraquat
and diquat on the rat kidney. Toxicol. Appl. Pharmacol. 50: 67-76.

Lock, E.A., Smith, L.L., and Rose, M.S. (1976). Inhibition of paraquat
accumulation in rat lung slices by a component of rat plasma and a
variety of drugs and endogenous amines. Biochem. Pharmacol. 25:
1769-1772.

Lopez Lago, A.M., Rivero Velasco, C., Galban Rodriguez, C., Marino
Rozados, A., Pineiro Sande, N., and Ferrer Vizoso, E. (2002).
Paraquat poisoning and hemoperfusion with activated charcoal. An.
Med. Interna 19: 310-312.

Lugo-Vallin Ndel, V., Pascuzzo-Lima, C., Maradei-Irastorza, I.,
Ramirez-Sanchez, M., Sosa-Sequera, M., Aguero-Pena, R., and
Granado-Duque, A. (2002). Prolonged survival after experimental



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

66 R.J. DINIS-OLIVEIRA ET AL.

paraquat intoxication: Role of alternative antioxidants. Vet. Hum.
Toxicol. 44: 40-41.

Malmgyvist, E., Grossman, G., Ivemark, B., and Robertson, B. (1973).
Pulmonary phospholipids and surface properties of alveolar wall in
experimental paraquat poisoning. Scand. J. Respir. Dis. 54:206-214.

Malone, J.D., Carmody, M., Keogh, B., and O’Dwyer, W.F. (1971).
Paraquat poisoning: A review of nineteen cases. J. Ir. Med. Assoc.
64: 59-68.

Manabe, J., and Ogata, T. (1987). Lung fibrosis induced by diquat after
intratracheal administration. Arch. Toxicol. 60: 427-431.

Marczynski, B.T. (1985). The binding of spermine to polynucleotides
and complementary oligonucleotides at near physiological ionic
strength. Int. J. Biochem. 17: 107-111.

Maruyama, K., Takeuchi, M., Chikusa, H., and Muneyuki, M. (1995).
Reduction of intrapulmonary shunt by low-dose inhaled nitric ox-
ide in a patient with late-stage respiratory distress associated with
paraquat poisoning. Intens. Care Mod. 21: 778-779.

Masek, L., and Richards, R.J. (1990). Interactions between paraquat,
endogenous lung amines’ antioxidants and isolated mouse Clara
cells. Toxicology 63: 315-326.

Matsubara, M., Yamagami, K., Kitazawa, Y., Kawamoto, K., and
Tanaka, T. (1996). Paraquat causes S-phase arrest of rat liver and
lung cells in vivo. Arch. Toxicol. 70: 514-518.

Matthew, H., Logan, A., Woodruff, M.F., and Heard, B. (1968).
Paraquat poisoning—Ilung transplantation. Br. Med. J. 3: 759-763.
McCord, J.M., and Day, E.D., Jr. (1978). Superoxide-dependent pro-
duction of hydroxyl radical catalyzed by iron—~EDTA complex. FEBS

Lett. 86: 139-142.

McCune, W.J., Golbus, J., Zeldes, W., Bohlke, P., Dunne, R., and Fox,
D. (1988). Clinical and immunologic effects of monthly adminis-
tration of intravenous cyclophosphamide in severe systemic lupus
erythematous. N. Engl. J. Med. 318: 1423—-1431.

McDonagh, B.J., and Martin, J. (1970). Paraquat poisoning in children.
Arch. Dis. Child. 45: 425-427.

McKeag, D., Maini, R., and Taylor, H.R. (2002). The ocular surface
toxicity of paraquat. Br. J. Ophthalmol. 86: 350-351.

McNemar, M.D., Gorman, J.A., and Buckley, H.R. (2001). Isolation
of a gene encoding a putative polyamine transporter from Candida
albicans: GPT1. Yeast 18: 555-561.

Mees, G.C. (1960). Experiments on the herbicidal action of 1,1'-
ethylene-2,2'-dipyridylium dibromide. Ann. Appl. Biol. 48: 601-612.

Mehani, S. (1972). The toxic effect of paraquat in rabbits and rats. Ain.
Shams. Med. J. 599-601.

Meredith, T., and Vale, J.A. (1995). Treatment of paraquat poisoning:
gastrointestinal decontamination. In Paraquat Poisoning: Mecha-
nisms, Prevention, Treatment (C. Bismuth, and A.H. Hall, Eds.),
pp- 297-313. Marcel Dekker, New York.

Meredith, T.J., and Vale, J.A. (1987). Treatment of paraquat poisoning
in man: Methods to prevent absorption. Hum. Toxicol. 6: 49-55.
Michaelis, L., and Hill, E.S. (1933). The viologen indicators. J. Gen.

Physiol. 16: 859.

Miles, A.T., Hawksworth, G.M., Beattie, J.H., and Rodilla, V. (2000).
Induction, regulation, degradation, and biological significance of
mammalian metallothioneins. Crit. Rev. Biochem. Mol. Biol. 35: 35—
70.

Modee, J., Ivemark, B.I., and Robertson, B. (1972). Ultrastructure of
the alveolar wall in experimental paraquat poisoning. Acta. Pathol.
Microbiol. Scand. 80: 54-60.

Mohammadi-Karakani, A., Ghazi-Khansari, M., and Sotoudeh, M.
(2006). Lisinopril ameliorates paraquat-induced lung fibrosis. Clin.
Chim. Acta. 367: 170-174.

Mullick, F.G., Ishak, K.G., Mahabir, R., and Stromeyer, EW. (1981).
Hepatic injury associated with paraquat toxicity in humans. Liver 1:
209-221.

Murphy, P.G., Myers, D.S., Davies, M.J., Webster, N.R., and
Jones, J.G. (1992). The antioxidant potential of propofol (2,6-
diisopropylphenol). Br. J. Anaesth. 68: 613—618.

Murray, R.E., and Gibson, J.E. (1972). A comparative study of paraquat
intoxication in rats, guinea pigs and monkeys. Exp. Mol. Pathol. 17:
317-325.

Nagao, M., Saitoh, H., Zhang, W.D., Iseki, K., Yamada, Y., Takatori,
T., and Miyazaki, K. (1993a). Transport characteristics of paraquat
across rat intestinal brush-border membrane. Arch. Toxicol. 67: 262—
267.

Nagao, M., Takatori, T., Inoue, K., Shimizu, M., Terazawa, K., and
Akabane, H. (1990). Immunohistochemical localization and dynam-
ics of paraquat in small intestine, liver and kidney. Toxicology 63:
167-182.

Nagao, M., Takatori, T., Wu, B., Terazawa, K., Gotouda, H., and Aka-
bane, H. (1989). Immunotherapy for the treatment of acute paraquat
poisoning. Hum. Toxicol. 8: 121-123.

Nagao, M., Zhang, W.D., Itakura, Y., Kobayashi, M., Yamada, Y., Yagi,
K., Oono, T., and Takatori, T. (1993b). Immunohistochemical local-
ization of paraquat in skin and eye of rat. Nippon Hoigaku Zasshi
47: 202-206.

Nagao, M., Zhang, W.D., Takatori, T., Itakura, Y., Yamada, Y., Iwase,
H., Oono, T., and Iwadate, K. (1994). Identification and dynamics
of paraquat in the bone marrow, thymus and spleen in rats using
immunohistochemical techniques. Nippon Hoigaku Zasshi 48: 166—
168.

Nagata, M. (2005). Inflammatory cells and oxygen radicals. Curr. Drug
Targets Inflamm. Allergy 4: 503-504.

Nagata, T., Kono, I., Masoaka, T., and Akahori, F. (1992). Acute tox-
icological studies on paraquat: Pathological findings in beagle dogs
following single subcutaneous injections. Vet. Hum. Toxicol. 34: 105—
111.

Nagi, A.H. (1970). Paraquat and adrenal cortical necrosis. Br. Med. J.
2: 669.

Nakagawa, 1., Suzuki, M., Imura, N., and Naganuma, A. (1995). En-
hancement of paraquat toxicity by glutathione depletion in mice
in vivo and in vitro. J. Toxicol. Sci. 20: 557-564.

Nakagawa, 1., Suzuki, M., Imura, N., and Naganuma, A. (1998). In-
volvement of oxidative stress in paraquat-induced metallothionein
synthesis under glutathione depletion. Free Radical Biol. Med. 24:
1390-1395.

Nakamura, T., Kawasaki, N., Tamura, T., and Tanada, S. (2000). In
vitro adsorption characteristics of paraquat and diquat with activated
carbon varying in particle size. Bull. Environ. Contam. Toxicol. 64:
377-382.

Nakamura, T., Ushiyama, C., Shimada, N., Hayashi, K., Ebihara,
I., Suzaki, M., and Koide, H. (2001). Changes in concentrations
of type IV collagen and tissue inhibitor of metalloproteinase-1
in patients with paraquat poisoning. J. Appl. Toxicol. 21: 445—
447.

Nemery, B., Smith, L.L., and Aldridge, W.N. (1987). Putrescine
and 5-hydroxytryptamine accumulation in rat lung slices: Cellular



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 67

localization and responses to cell-specific lung injury. Toxicol. Appl.
Pharmacol. 91: 107-120.

Nemery, B., and van Klaveren, R.J. (1995). NO wonder paraquat is
toxic. Hum. Exp. Toxicol. 14: 308-309.

Nemery, B., Vanlommel, S., Verbeken, E.K., Lauweryns, J.M., and
Demedts, M. (1992). Lung injury induced by paraquat, hyperoxia
and cobalt chloride: Effects of ambroxol. Pulmon. Pharmacol. Ther.
5:53-60.

Newhouse, M., McEvoy, D., and Rosenthal, D. (1978). Percutaneous
paraquat absorption. An association with cutaneous lesions and res-
piratory failure. Arch. Dermatol. 114: 1516-1519.

Nirei, M., Hayasaka, S., Nagata, M., Tamai, A., and Tawara, T. (1993).
Ocular injury caused by Preeglox-L, a herbicide containing paraquat,
diquat and surfactants. Jpn. J. Ophthalmol. 37: 43—46.

Noguchi, N., Misawa, S., Tsuchiya, S., Yamamoto, H., and Naito, H.
(1985). Cardio-respiratory effects of paraquat with and without emet-
ics on Wistar rats. Vet. Hum. Toxicol. 27: 508-510.

O’Sullivan, M.C., Golding, B.T., Smith, L.L., and Wyatt, 1. (1991).
Molecular features necessary for the uptake of diamines and related
compounds by the polyamine receptor of rat lung slices. Biochem.
Pharmacol. 41: 1839-1848.

Okonek, S., Baldamus, C.A., Hofmann, A., Schuster, C.J., Bechstein,
PB., and Zoller, B. (1979). Two survivors of severe paraquat in-
toxication by “continuous hemoperfusion.” Klin. Wochenschr. 57:
957-959.

Okonek, S., Hofmann, A., and Henningsen, B. (1976). Efficacy of gut
lavage, hemodialysis, and hemoperfusion in the therapy of paraquat
or diquat intoxication. Arch. Toxicol. 36: 43-51.

Okonek, S., Setyadharma, H., Borchert, A., and Krienke, E.G. (1982a).
Activated charcoal is as effective as fuller’s earth or bentonite in
paraquat poisoning. Klin. Wochenschr. 60: 207-210.

Okonek, S., Weilemann, L.S., Majdandzic, J., Setyadharma, H.,
Reinecke, H.J., Baldamus, C.A., Lohmann, J., Bonzel, K.E., and
Thon, T. (1982b). Successful treatment of paraquat poisoning: acti-
vated charcoal per os and “continuous hemoperfusion.” J. Toxicol.
Clin. Toxicol. 19: 807-819.

Okonek, S., Wronski, R., Niedermayer, W., Okonek, M., and Lamer, A.
(1983). Near fatal percutaneous paraquat poisoning. Klin. Wochen-
schr. 61: 655-659.

Oliveira, M.V., Albuquerque, J.A., Paixao, A.D., Guedes, L.S., and
Cabral, A.M. (2005). High blood pressure is one of the symp-
toms of paraquat-induced toxicity in rats. Arch. Toxicol. 79: 515—
518.

Omaye, S.T., Reddy, K.A., and Cross, C.E. (1978). Enhanced lung toxi-
city of paraquat in selenium-deficient rats. Toxicol. Appl. Pharmacol.
43: 237-247.

Ong, M.L., and Glew, S. (1989). Paraquat poisoning: Per vagina. Post-
grad. Med. J. 65: 835-836.

Onyon, L.J., and Volans, G.N. (1987). The epidemiology and prevention
of paraquat poisoning. Hum. Toxicol. 6: 19-29.

Orme, S., and Kegley, S. (2006). PAN Pesticide Database
and Pesticide Action Network North America (San Francisco,
CA). http://www.pesticideinfo.ore/List NTPStudies.isp?Rec_Id =
PC33358.

Pan, T., Nielsen, L.D., Allen, M.J., Shannon, K.M., Shannon, J.M.,
Selman, M., and Mason, R.J. (2002). Serum SP-D is a marker of
lung injury in rats. Am. J. Physiol. Lung. Cell. Mol. Physiol. 282:
L.824-1.832.

Papiris, S.A., Maniati, M. A., Kyriakidis, V., and Constantopoulos, S.H.
(1995). Pulmonary damage due to paraquat poisoning through skin
absorption. Respiration 62: 101-103.

Parkins, C.S., and Fowler, J.F. (1985). A cautionary note on the reso-
lution of paraquat lung damage after radiotherapy. Br. J. Radiol. 58:
1137-1140.

Patterson, C.E., and Rhoades, R.A. (1988). Protective role of sulthydryl
reagents in oxidant lung injury. Exp. Lung. Res. 14 Suppl, 1005-1019.

Perriens, J.H., Benimadho, S., Kiauw, L.L., Wisse, J., and Chee,
H. (1992). High-dose cyclophosphamide and dexamethasone in
paraquat poisoning: A prospective study. Hum. Exp. Toxicol. 11:
129-134.

Peters, J.M. (1967). Effects of absolute starvation and refeeding on
organ weights and water contents of albino rats. Growth 31: 191—
203.

Petty, M., Grisar, J.M., Dow, J., and De Jong, W. (1990). Effects of an
alpha-tocopherol analogue on myocardial ischaemia and reperfusion
injury in rats. Eur. J. Pharmacol. 179: 241-242.

Phillips, M. (1992). Breath tests in medicine. Sci. Am. 267: 74-79.

Pietra, G.G. (1984). New insights into mechanisms of pulmonary
edema. Lab. Invest. 51: 489—494.

Pond, S. (1990). Manifestations and management of paraquat poison-
ing. Med. J. Aust. 152: 256-259.

Pozzi, E., Luisetti, M., Spialtini, L., Coccia, P., Rossi, A., Donnini, M.,
Cetta, G., and Salmona, M. (1989). Relationship between changes in
alveolar surfactant levels and lung defence mechanisms. Respiration
55: 53-59.

Proudfoot, A.T. (1995). Predictive value of early plasma paraquat con-
centrations. In Paraquat Poisoning: Mechanisms, Prevention, Treat-
ment (C. Bismuth and A. H. Hall, Eds.), pp. 275-283. Marcel Dekker,
New York.

Proudfoot, A.T. (1999). Paraquat: Mechanisms of toxicity, clinical fea-
tures and management. Clin. Toxicol. 31: 360-361.

Proudfoot, A.T., Prescott, L.F., and Jarvie, D.R. (1987). Haemodialysis
for paraquat poisoning. Hum. Toxicol. 6: 69-T4.

Proudfoot, A.T., Stewart, M.S., Levitt, T., and Widdop, B. (1979).
Paraquat poisoning: Significance of plasma-paraquat concentrations.
Lancet 18: 330-332.

Purser, D.A., and Rose, M.S. (1979). The toxicity and renal handling
of paraquat in cynomolgus monkeys. Toxicology 15: 31-41.

Ranjbar, A., Pasalar, P., Sedighi, A., and Abdollahi, M. (2002). In-
duction of oxidative stress in paraquat formulating workers. Toxicol.
Lett. 131: 191-194.

Rannels, D.E., Kameji, R., Pegg, A.E., and Rannels, S.R. (1989). Sper-
midine uptake by type II pneumocytes: Interactions of amine uptake
pathways. Am.J. Physiol. Lung. Cell. Mol. Physiol. 257: L346-L353.

Rannels, D.E., Pegg, A.E., Clark, R.S., and Addison, J.L. (1985). In-
teraction of paraquat and amine uptake by rat lungs perfused in situ.
Am. J. Physiol. Endocrinol. Metab. 249: ES06-E513.

Redetzki, H.M., Wood, C.D., and Grafton, W.D. (1980). Vitamin E and
paraquat poisoning. Vet. Hum. Toxicol. 22: 395-397.

Reif, R.M., and Lewinsohn, G. (1983). Paraquat myocarditis and
adrenal cortical necrosis. J. Forens. Sci. Soc. 28: 505-509.

Rhodes, M.L., Zavala, D.C., and Brown, D. (1976). Hypoxic protection
in paraquat poisoning. Lab. Invest. 35: 496-500.

Ricciardolo, F.L., Di Stefano, A., Sabatini, F., and Folkerts, G. (2006).
Reactive nitrogen species in the respiratory tract. Eur. J. Pharmacol.
533: 240-252.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

68 R.J. DINIS-OLIVEIRA ET AL.

Richmond, R., and Halliwell, B. (1982). Formation of hydroxyl radicals
from the paraquat radical cation, demonstrated by a highly specific
gas chromatographic technique, the role of superoxide radical anion,
hydrogen peroxide, and glutathione reductase. J. Inorg. Biochem. 17:
95-107.

Roberts, T.R., Dyson, J.S., and Lane, M.C. (2002). Deactivation of the
biological activity of paraquat in the soil environment: A review of
long-term environmental fate. J. Agric. Food. Chem. 50: 3623-3631.

Robertson, B., Enhorning, G., Ivemark, B., Malmgqvist, E., and Modee,
J. (1970). Paraquat-induced derangement of pulmonary surfactant in
the rat. Acta. Paediatr. Scand. Suppl. 206: 37-39.

Rose, M.S., Lock, E.A., Smith, L.L., and Wyatt, I. (1976a). Paraquat
accumulation: Tissue and species specificity. Biochem. Pharmacol.
25:419-423.

Rose, M.S., and Smith, L.L. (1977). Tissue uptake of paraquat and
diquat. Gen. Pharmacol. 8: 173-176.

Rose, M.S., Smith, L.L., and Wyatt, 1. (1974). Evidence for energy-
dependent accumulation of paraquat into rat lung. Nature 252: 314—
315.

Rose, M.S., Smith, L.L., and Wyatt, 1. (1976b). The relevance of pen-
tose phosphate pathway stimulation in rat lung to the mechanism of
paraquat toxicity. Biochem. Pharmacol. 25: 1763-1767.

Ross, J.H., and Krieger, R.I. (1981). Structure-activity correlations of
amines inhibiting active uptake of paraquat (methyl viologen) into
rat lung slices. Toxicol. Appl. Pharmacol. 59: 238-249.

Ruiz-Bailen, M., Serrano-Corcoles, M.C., and Ramos-Cuadra, J.A.
(2001). Tracheal injury caused by ingested paraquat. Chest 119:
1956-1957.

Russell, J.H., and Wallwork, S.C. (1972). The crystal structures of the
dichloride and isomorphous dibromide and diiodide of the N,N'-
dimethyl-4,4'-bipyridylium ion. Acta. Cryst. B28: 1527-1533.

Russell, L.A., Stone, B.E., and Rooney, P.A. (1981). Paraquat poison-
ing: Toxicologic and pathologic findings in three fatal cases. Clin.
Toxicol. 18: 915-928.

Rutledge, J.C. (1997). Developmental toxicity induced during early
stages of mammalian embryogenesis. Mutat. Res. 396: 113—-127.
Sagar, G.R. (1987). Uses and usefulness of paraquat. Hum. Toxicol. 6:

7-11.

Sakai, M., Yamagami, K., Kawamoto, K., and Tanaka, T. (1993). Tung-
sten modulates the toxicity of paraquat for epithelial cells. Hum. Cell.
6: 287-293.

Sakai, M., Yamagami, K., Kitazawa, Y., Takeyama, N., and Tanaka,
T. (1995). Xanthine oxidase mediates paraquat-induced toxicity on
cultured endothelial cell. Pharmaco. Toxicol T7: 36—40.

Salmona, M., Donnini, M., Perin, L., Diomede, L., Romano, M., Marini,
M.G., Tacconi, M.T., and Luisetti, M. (1992). A novel pharmacolog-
ical approach for paraquat poisoning in rat and A549 cell line using
ambroxol, a lung surfactant synthesis inducer. Food Chem. Toxicol.
30: 789-794.

Salovsky, P., and Shopova, V. (1993). Synergic lung changes in rats
receiving combined exposure to paraquat and ionizing radiation. En-
viron. Res. 60: 44-54.

Samman, P.D., and Johnston, E.N. (1969). Nail damage associated with
handling of paraquat and diquat. Br. Med. J. 1: 818-819.

Sato, M., Apostolova, M.D., Hamaya, M., Yamaki, J., Choo, K.H. A.,
Michalska, A.E., Kodama, N., and Tohyama, C. (1996). Suscep-
tibility of metallothionein-null mice to paraquat. Environ. Toxicol.
Pharmacol. 1: 221-225.

Saunders, N.A., Ilett, K.F., and Minchin, R.F. (1989). Pulmonary alveo-
lar macrophages express a polyamine transport system. J. Cell. Phys-
iol. 139: 624-631.

Saunders, N.R., Alpert, H.M., and Cooper, J.D. (1985). Sequential bi-
lateral lung transplantation for paraquat poisoning. A case report. J.
Thorac. Cardiovasc. Surg. 89, 734-742.

Sawada, Y., Yamamoto, L, Hirokane, T., Nagai, Y., Satoh, Y., and
Ueyama, M. (1988). Severity index of paraquat poisoning. Lancet
1: 1333.

Scherrmann, J.M. (1995). Analytical procedures and predictive value
of late plasma and urine paraquat concentrations. In Paraquat, Poi-
soning: Mechanisms, Prevention, Treatment (C. Bismuth and A.H.
Hall, Eds.), pp. 285-296. Marcel Dekker, New York.

Scherrmann, J.M., Houze, P., Bismuth, C., and Bourdon, R. (1987).
Prognostic value of plasma and urine paraquat concentration. Hum.
Toxicol. 6: 91-93.

Schoenberger, C.1., Rennard, S.I., Bitterman, P.B., Fukuda, Y., Ferrans,
V.J., and Crystal, R.G. (1984). Paraquat-induced pulmonary fibrosis.
Role of the alveolitis in modulating the development of fibrosis. Am.
Rev. Respir. Dis. 129: 168-173.

Schvartsman, S., Zyngier, S., and Schvartsman, C. (1984). Ascorbic
acid and riboflavin in the treatment of acute intoxication by paraquat.
Vet. Hum. Toxicol. 26: 473—475.

Schweich, M.D., Lison, D., and Lauwerys, R. (1994). Assessment of
lipid peroxidation associated with lung damage induced by oxidative
stress. In vivo and in vitro studies. Biochem. Pharmacol. 47: 1395—
1400.

Seidenfeld, J.J., Wycoff, D., Zavala, D.C., and Richerson, H.B. (1978).
Paraquat lung injury in rabbits. Br. J. Ind. Med. 35: 245-257.

Senanayake, N., Gurunathan, G., Hart, T.B., Amerasinghe, P., Baba-
pulle, M., Ellapola, S.B., Udupihille, M., and Basanayake, V. (1993).
An epidemiological study of the health of Sri Lankan tea plantation
workers associated with long term exposure to paraquat. Br. J. Ind.
Med. 50: 257-263.

Services, U.D.o.H.a.H. (1988). NIOSH recommendations for occupa-
tional safety and health standards, 1988. MMWR Morbid. Mortal.
Weekly Rep. 37(suppl 7): 1-29.

Shahar, E., Barzilay, Z., and Aladjem, M. (1980). Paraquat poisoning
in a child: Vitamin E in amelioration of lung injury. Arch. Dis. Child
55: 830-831.

Sharp, C.W., Ottolenghi, A., and Posner, H.S. (1972). Correlation of
paraquat toxicity with tissue concentrations and weight loss of the
rat. Toxicol. Appl. Pharmacol. 22: 241-251.

Shirahama, M., Sakemi, T., Osato, S., Sanai, T., Rikitake, O., and
Wada, S. (1987). Recovery after radiotherapy from severe intersti-
tial pneumonia due to paraquat poisoning. Jpn. J. Med. 26: 385—
387.

Shu, H., Talcott, R.E., Rice, S.A., and Wei, E.T. (1979). Lipid per-
oxidation and paraquat toxicity. Biochem. Pharmacol. 28: 327—
331.

Siddik, Z.H., Drew, R., and Gram, T.E. (1979). The effect of chlor-
promazine on the uptake and efflux of paraquat in rat lung slices.
Toxicol. Appl. Pharmacol. 50: 443-450.

Silva, M.F,, and Saldiva, P.H. (1998). Paraquat poisoning: An experi-
mental model of dose-dependent acute lung injury due to surfactant
dysfunction. Braz. J. Med. Biol. Res. 31: 445-450.

Sinow, J., and Wei, E. (1973). Ocular toxicity of paraquat. Bull. Environ.
Contam. Toxicol. 9: 163-168.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 69

Situnayake, R.D., Crump, B.J., Thurnham, D.I., Davies, J.A., and
Davis, M. (1987). Evidence for lipid peroxidation in man follow-
ing paraquat ingestion. Hum. Toxicol. 6: 94-98.

Slade, P. (1965). Photochemical degradation of paraquat. Nature
(Lond.) 207: 515.

Slade, P. (1966). The fate of paraquat applied to plants. Weed. Res. 6:
158-167.

Smith, E.A., and Mayfield, C.1. (1978). Paraquat: Determination, degra-
dation, and mobility in soil. Water Air Soil Pollut. 9: 439-452.

Smith, E.A., and Oehme, E.W. (1991). A review of selected herbicides
and their toxicities. Vet. Hum. Toxicol. 33: 596—608.

Smith, 1., White, P.E., Nathanson, M., and Gouldson, R. (1994). Propo-
fol. An update on its clinical use. Anesthesiology 81: 1005-1043.
Smith, I.C., and Schneider, W.G. (1961). The proton magnetic reso-
nance spectrum and the charge distribution of the pyridinium ion.

Can.J. Chem. 39: 1158-1161.

Smith, J.G. (1988a). Paraquat poisoning by skin absorption: A review.
Hum. Toxicol. 7: 15-19.

Smith, L.J., Anderson, J., and Shamsuddin, M. (1992). Glutathione
localization and distribution after intratracheal instillation. Am. Rev.
Respir. Dis. 145: 153-159.

Smith, L.L. (1982). The identification of an accumulation system for
diamines and polyamines into the lung and its relevance to paraquat
toxicity. Arch. Toxicol. Suppl. 5: 1-4.

Smith, L.L. (1987). Mechanism of paraquat toxicity in lung and its
relevance to treatment. Hum. Toxicol. 6: 31-36.

Smith, L.L. (1988b). The toxicity of paraquat. Adverse. Drug. React.
Acute. Poison. Rev. T: 1-17.

Smith, L.L., and Nemery, B. (1986). The lung as a target organ for
toxicity. In Target Organ Toxicity (G. M. Cohen, Ed.), pp. 45-80.
CRC Press, Boca Raton, FL.

Smith, L.L., and Nemery, B. (1992). Cellular specific toxicity in the
lung. In Selectivity and Molecular Mechanisms of Toxicity (E.D.
Matteis and E.A. Lock, Eds.), pp. 3-26. Macmillan, London.

Smith, L.L., Rose, M.S., and Wyatt, 1. (1978). The pathology and bio-
chemistry of paraquat. Ciba. Found. Symp. 65: 321-341.

Smith, L.L., Wright, A., Wyatt, L., and Rose, M.S. (1974a). Effective
treatment for paraquat poisoning in rats and its relevance to treatment
of paraquat poisoning in man. Br. Med. J. 4: 569-571.

Smith, L.L., and Wyatt, I. (1981). The accumulation of putrescine into
slices of rat lung and brain and its relationship to the accumulation
of paraquat. Biochem. Pharmacol. 30: 1053-1058.

Smith, P., and Heath, D. (1974). The ultrastructure and time sequence
of the early stages of paraquat lung in rats. J. Pathol. 114: 177-184.

Smith, P., and Heath, D. (1976). Paraquat. CRC Crit. Rev. Toxicol. 4:
411-445.

Smith, P, Heath, D., and Kay, J.M. (1974b). The pathogenesis and
structure of paraquat-induced pulmonary fibrosis in rats. J. Pathol.
114: 57-67.

So, K.L., de Buijzer, E., Gommers, D., Kaisers, U., van Genderen, P.J.,
and Lachmann, B. (1998). Surfactant therapy restores gas exchange
in lung injury due to paraquat intoxication in rats. Eur. Respir. J. 12:
284-287.

Sofuni, T., Hatanaka, M., and Ishidate, M. (1988). Chromosomal aber-
rations and superoxide generating systems II. Effects of paraquat on
Chinese hamster cells in vitro. Mutat. Res. 147: 273-274.

Soloukides, A., Moutzouris, D.A., Kassimatis, T., Metaxatos, G.,
and Hadjiconstantinou, V. (2007). A fatal case of paraquat poi-

soning following minimal dermal exposure. Renal Fail. 29: 375-
371.

Soontornniyomkij, V., and Bunyaratvej, S. (1992). Fatal paraquat poi-
soning: A light microscopic study in eight autopsy cases. J. Med.
Assoc. Thai. 75 Suppl 1, 98-105.

Sorokin, S.P. (1970). The cells of the lungs. In Morphology of Experi-
mental Respiratory Carcinogenesis (P. Nettesheim, M. G. Hanna,
and J. W. Deatheridge, Eds.). US Atomic Energy Commission,
Washington, DC, pp 3-43.

Stephens, D.S., Walker, D.H., Schaffher, W., Kaplowitz, L.G., Brashear,
H.R., Roberts, R., and Spickard, W.A., Jr. (1981). Pseudodiphtheria:
Prominent pharyngeal membrane associated with fatal paraquat in-
gestion. Ann. Intern. Med. 94: 202-204.

Sugihara, N., Suetsugu, T., and Furuno, K. (1995). High susceptibility
to paraquat-driven lipid peroxidation of cultured hepatocytes loaded
with linolenic acid. J. Pharmacol. Exp. Ther. 274: 187-193.

Sullivan, T.M., and Montgomery, M.R. (1983). The relationship be-
tween paraquat accumulation and covalent binding in rat lung slices.
Drug. Metab. Dispos. 11: 526-530.

Sullivan, T.M., and Montgomery, M.R. (1986). Glucose ameliorates
the depletion of NADPH by paraquat in rat lung slices. Toxicology
41: 145-152.

Summers, L.A. (1980). The Bipyridilium Herbicides. Academic Press,
New York.

Suntres, Z.E., and Shek, P.N. (1995). Intratracheally administered li-
posomal alpha-tocopherol protects the lung against long-term toxic
effects of paraquat. Biomed. Environ. Sci. 8: 289-300.

Suzuki, K., Takasu, N., Arita, S., Maenosono, A., Ishimatsu, S., Nishina,
M., Tanaka, S., and Kohama, A. (1989). A new method for predicting
the outcome and survival period in paraquat poisoning. Hum. Exp.
Toxicol. 8: 33-38.

Suzuki, K., Takasu, N., Arita, S., Ueda, A., Okabe, T., Ishimatsu, S.,
Tanaka, S., and Kohama, A. (1991). Evaluation of severity indexes
of patients with paraquat poisoning. Hum. Exp. Toxicol. 10: 21—
23.

Sykes, B.I., Purchase, I.LF., and Smith, L.L. (1977). Pulmonary ultra-
structure after oral and intravenous dosage of paraquat to rats. J.
Pathol. 121: 233-241.

Tabata, N., Morita, M., Mimasaka, S., Funayama, M., Hagiwara, T.,
and Abe, M. (1999). Paraquat myopathy: report on two suicide cases.
Forens. Sci. Int. 100: 117-126.

Tabei, K., Asano, Y., and Hosoda, S. (1982). Efficacy of charcoal
hemoperfusion in paraquat poisoning. Artif. Organs. 6: 37-42.

Takegoshi, K., Nakanuma, Y., Ohta, M., Thoyama, T., Okuda, K., and
Kono, N. (1988). Light and electron microscopic study of the liver
in paraquat poisoning. Liver 8: 330-336.

Takeyama, N., Tanaka, T., Yabuki, T., and Nakatani, T. (2004). The
involvement of p53 in paraquat-induced apoptosis in human lung
epithelial-like cells. Int. J. Toxicol. 23: 33-40.

Talbot, A.R., and Barnes, M.R. (1988). Radiotherapy for the treatment
of pulmonary complications of paraquat poisoning. Hum. Toxicol. T:
325-332.

Talbot, A.R., Fu, C.C., and Hsieh, M.F. (1988). Paraquat intoxication
during pregnancy: A report of 9 cases. Vet. Hum. Toxicol. 30: 12—-17.

Tokunaga, I., Kubo, S., Mikasa, H., Suzuki, Y., and Morita, K.
(1997). Determination of 8-hydroxy-deoxyguanosine formation in
rat organs: Assessment of paraquat-evoked oxidative DNA damage.
Biochem. Mol. Biol. Int. 43: 73-77.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

70 R.J. DINIS-OLIVEIRA ET AL.

Tompsett, S.L. (1970). Paraquat poisoning. Acta. Pharmacol. Toxicol.
(Copenh.) 28: 346-358.

Troncy, E., Francoeur, M., and Blaise, G. (1997). Inhaled nitric oxide:
Clinical applications, indications, and toxicology. Can. J. Anaesth.
44: 973-988.

Tsatsakis, A.M., Perakis, K., and Koumantakis, E. (1996). Experience
with acute paraquat poisoning in Crete. Vet. Hum. Toxicol. 38: 113—
117.

Vale, J.A., Meredith, T.J., and Buckley, B.M. (1987). Paraquat poi-
soning: Clinical features and immediate general management. Hum.
Toxicol. 6: 41-47.

van Asbeck, B.S., Hillen, F.C., Boonen, H.C., de Jong, Y., Dormans,
J.A., van der Wai, N.A., Marx, J.J., and Sangster, B. (1989). Con-
tinuous intravenous infusion of deferoxamine reduces mortality by
paraquat in vitamin E-deficient rats. Am. Rev. Respir. Dis. 139: 769—
773.

Van de Vyver, EL., Giuliano, R.A., Paulus, G.J., Verpooten, G.A.,
Franke, J.P., De Zeeuw, R.A., Van Gaal, L.F,, and De Broe, M.E.
(1985). Hemoperfusion-hemodialysis ineffective for paraquat re-
moval in life-threatening poisoning? Clin. Toxicol. 23: 117-131.

Van der Wai, N.A., Smith, L.L., van Oirschot, J.F., and van Asbeck,
B.S. (1992). Effect of iron chelators on paraquat toxicity in rats and
alveolar type II cells. Am. Rev. Respir. Dis. 145: 180-186.

Vandenbogaerde, J., Schelstraete, J., Colardyn, F., and Heyndrickx, A.
(1984). Paraquat poisoning. Forens. Sci. Int. 26: 103—114.

Vaziri, N.D., Ness, R.L., Fairshter, R.D., Smith, W.R., and Rosen, S.M.
(1979). Nephrotoxicity of paraquat in man. Arch. Intern. Med. 139:
172-174.

Vijeyaratnam, G.S., and Corrin, B. (1971). Experimental paraquat poi-
soning: A histological and electron-optical study of the changes in
the lung. J. Pathol. 103: 123-129.

Vile, G.F., and Winterbourn, C.C. (1988). Microsomal reduction of low-
molecular-weight Fe3* chelates and ferritin: Enhancement by adri-
amycin, paraquat, menadione, and anthraquinone 2-sulfonate and
inhibition by oxygen. Arch. Biochem. Biophys. 267: 606—613.

Waddell, W.J., and Marlowe, C. (1980). Tissue and cellular disposition
of paraquat in mice. Toxicol. Appl. Pharmacol. 56: 147-150.

Waintrub, M.L., Terada, L.S., Beehler, C.J., Anderson, B.O., Leff, J.A.,
and Repine, J.E. (1990). Xanthine oxidase is increased and con-
tributes to paraquat-induced acute lung injury. J. Appl. Physiol. 68:
1755-1757.

Walker, M., Dugard, P.H., and Scott, R.C. (1983). Absorption through
human and laboratory animal skins: In vitro comparisons. Acta.
Pharm. Suec. 20: 52-53.

Wang, Y.Q., Zhang, H.M., Zhang, G.C., Liu, S.X., Zhou, Q.H., Fei,
Z.H., and Liu, Z.T. (2007). Studies of the interaction between
paraquat and bovine hemoglobin. Int. J. Biol. Macromol. 41: 243—
250.

Wasserman, B., and Block, E.R. (1978). Prevention of acute paraquat
toxicity in rats by superoxide dismutase. Aviat. Space. Environ. Med.
49: 805-809.

Webb, D.B., and Leopold, J.D. (1983). Vasodilation and rehydration in
paraquat poisoning. Hum. Toxicol. 2: 531-534.

Webb, D.B., Williams, M.V., Davies, B.H., and James, K.W. (1984).
Resolution after radiotherapy of severe pulmonary damage due to
paraquat poisoning. Br. Med. J. (Clin. Res. Ed.) 288: 1259—1260.

Wegener, T., Sandhagen, B., Chan, K.W., and Saldeen, T. (1988).
N-Acetylcysteine in paraquat toxicity: Toxicological and his-

tological evaluation in rats. Upsala J. Med. Sci. 93: 81-
89.

Weidel, M., and Rosso, M. (1882). Studien uber das Pyridin. Monatss-
chr Chem. 3: 850.

Wesseling, C., Hogstedt, C., Picado, A., and Johansson, L. (1997).
Unintentional fatal paraquat poisonings among agricultural workers
in Costa Rica: Report of 15 cases. Am. J. Ind. Med. 32: 433—441.

Wesseling, C., van Wendel de Joode, B., Ruepert, C., Leon, C., Monge,
P., Hermosillo, H., and Partanen, T.J. (2001). Paraquat in developing
countries. Int. J. Occup. Environ. Health 7: 275-286.

Wester, R., Maibach, H.I., Bucks, D.A., and Aufrere, M.B. (1984). In
vivo percutaneous absorption of paraquat from hand, leg, and forearm
of humans. J. Toxicol. Environ. Health 14: 759-762.

White, B.G. (1969). Bipyridylium quaternary salts and related com-
pounds. III. Weak intermolecular charge-transfer complexes of bio-
logical interest, occurring in solution and involving paraquat. Trans.
Faraday. Soc. 65: 2000-2015.

Widdop, B. (1976). Detection of paraquat in urine. Br. Med. J. 2: 1135.

Wilks, M.E,, Fernando, R., Ariyananda, P.L., Eddleston, M., Berry, D.,
Tomenson, J.A., Buckley, N.A., Jayamanne, S., Gunnell, D., and
Dawson, A.H. (2006). Improvement in survival following paraquat
ingestion after introduction of a new formulation with Inteon®tech-
nology in Sri Lanka. Asia Pacific Association of Medical Toxicology.
http://www.evosof.com/asiatox/5th%20Congress%200f%20APAMT
htm.

Williams, P.S., Hendy, M.S., and Ackrill, P. (1984). Early management
of paraquat poisoning. Lancet 1: 627.

Winchester, J.F. (2002). Dialysis and hemoperfusion in poisoning. Adv.
Renal. Replace. Ther. 9: 26-30.

Winterbourn, C.C. (1981). Production of hydroxyl radicals from
paraquat radicals and H,O,. FEBS Lett. 128: 339-342.

Witschi, H., Haschek, W.M., Meyer, K.R., Ullrich, R.L., and Dalbey,
W.E. (1980). A pathogenetic mechanism in lung fibrosis. Chest 78:
395-399.

Witschi, H., Kacew, S., Hirai, K.L, and Cote, M.G. (1977). In vivo
oxidation of reduced nicotinamide-adenine dinucleotide phosphate
by paraquat and diquat in rat lung. Chem. Biol. Interact. 19: 143—
160.

Wohlfahrt, D.J. (1982). Fatal paraquat poisonings after skin absorption.
Med. J. Aust. 1: 512-513.

Wojeck, G.A., Price, J.F., Nigg, H.N., and Stamper, J.H. (1983). Worker
exposure to paraquat and diquat. Arch. Environ. Contam. Toxicol. 12:
65-70.

Wright, A.F., Green, T.P., Robson, R.T., Niewola, Z., Wyatt, L, and
Smith, L.L. (1987). Specific polyclonal and monoclonal antibody
prevents paraquat accumulation into rat lung slices. Biochem. Phar-
macol. 36: 1325-1331.

Wright, K.A., and Cain, R.B. (1970). Microbial degradation of
4-carboxy-l-methyl-pyridinium chloride, a photolytic product of
paraquat. Biochem. J. 118: 52P-53P.

Wyatt, 1., Soames, A.R., Clay, M.F., and Smith, L.L. (1988). The ac-
cumulation and localisation of putrescine, spermidine, spermine and
paraquat in the rat lung. In vitro and in vivo studies. Biochem. Phar-
macol. 37: 1909-1918.

Yamada, K., and Fukushima, T. (1993). Mechanism of cytotoxicity of
paraquat. II. Organ specificity of paraquat-stimulated lipid peroxi-
dation in the inner membrane of mitochondria. Exp. Toxicol. Pathol.
45: 375-380.



Downloaded By: [B-on Consortium - 2007] At: 17:12 2 January 2008

PARAQUAT TOXICOLOGY 71

Yamamoto, H. (1993). Protection against paraquat-induced toxicity
with sulfite or thiosulfate in mice. Toxicology 79: 37-43.

Yamamoto, H.A., and Mohanan, P.V. (2001). Effects of melatonin
on paraquat or ultraviolet light exposure-induced DNA damage. J.
Pineal. Res. 31: 308-313.

Yamamoto, L, Saito, T., Harunari, N., Sato, Y., Kato, H., Nakagawa,
Y., Inokuchi, S., Sawada, Y., and Makuuchi, H. (2000). Correlating
the severity of paraquat poisoning with specific hemodynamic and
oxygen metabolism variables. Crit. Care. Med. 28: 1877-1883.

Yamashita, M., Naito, H., and Takagi, S. (1987). The effectiveness of a
cation resin (Kayexalate) as an adsorbent of paraquat: Experimental
and clinical studies. Hum. Toxicol. 6: 89-90.

Yamashita, M., Yamashita, M., and Ando, Y. (2000). A long-term
follow-up of lung function in survivors of paraquat poisoning. Hum.
Exp. Toxicol. 19: 99—-103.

Yasaka, T., Ohya, L, Matsumoto, J., Shiramizu, T., and Sasaguri, Y.
(1981). Acceleration of lipid peroxidation in human paraquat poi-
soning. Arch. Intern. Med. 141: 1169-1171.

Yasaka, T., Okudaira, K., Fujito, H., Matsumoto, J., Ohya, I,
and Miyamoto, Y. (1986). Further studies of lipid peroxida-
tion in human paraquat poisoning. Arch. Intern. Med. 146: 681—
685.

Yeh, S.T., Quo, H.R., Su, Y.S., Lin, HJ., Hou, C.C., Chen, H.M., Chang,
M.C., and Wang, Y.J. (2006). Protective effects of N -acetylcysteine
treatment post acute paraquat intoxication in rats and in human lung
epithelial cells. Toxicology 223: 181-190.

Yonemitsu, K. (1986). Pharmacokinetic profile of paraquat following
intravenous administration to the rabbit. Forens. Sci. Int. 32: 33—
42.

Zargar, S.A., Kochhar, R., Mehta, S., and Mehta, S.K. (1991). The role
of fiberoptic endoscopy in the management of corrosive ingestion and
modified endoscopic classification of burns. Gastrointest. Endosc.
37: 165-169.

Zweig, G., Shavit, N., and Avron, M. (1965). Diquat (1,1-ethylene-2,2’-
dipyridylium dibromide) in photo-reactions of isolated chloroplasts.
Biochim. Biophys. Acta 109: 332-346.



