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Abstract—The present study was undertaken to investigate whether a-tocopherol, entrapped in
liposomes and delivered directly to the lung, could protect against paraquat-induced lung damage in
the rat. Plain liposomes {composed of dipalmitoylphosphatidylcholine, DPPC) or DPPC/a-tocopherol
liposomes were administered intratracheally to animals 24 hr prior to an intraperitoneal injection of
paraquat (20 mg/kg); rats were killed 24 or 48 hr after paraquat treatment. Results of this study showed
that lungs of animals treated with paraquat were damaged extensively as evidenced by an increase in
lung weight and a significant reduction in lung angiotensin-converting enzyme (ACE) activity and
cytochrome P450 concentration. Furthermore, paraquat treatment resulted in a significant decrease in
reduced glutathione (GSH) concentrations and a marked elevation in microsomal lipid peroxidation
levels as measured by the formation of diene conjugates. Pretreatment of rats with DPPC liposomes
alone did not alter significantly the paraquat-induced changes of all parameters examined. On the other
hand, pretreatment of rats with DPPC/a-tocopherol liposomes 24 hr prior to paraquat challenge resulted
in a significant increase in pulmonary a-tocopherol concentrations and antagonized paraquat-induced
changes in lipid peroxidation, GSH/GSSG ratio, lung ACE activity and cytochrome P450 concentrations.
Results of this study suggested that a-tocopherol, delivered directly to the lung in a liposomal
formulation 24 hr prior to paraquat administration, confers protection against paraquat-induced lung
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damage.

Paraquat (1,1-dimethyl-4,4 bipyridylium dichloride)
is a broad-spectrum bipyridylium herbicide, known
to cause lethal toxicity in humans and animals {1, 2].
In the past two decades, hundreds of cases of
accidental or suicidal fatalities from paraquat
poisoning have been reported [1,3]. Paraquat,
irrespective of its route of entry into biological
systems, whether oral, parenteral, dermal, or by
inhalation, is known to preferentially damage the
lung. The pulmonary damage is manifested by
edema, hemorrhage, interstitial inflammation and
proliferation of bronchial epithelium [1,2,4]. In
most instances, death is caused by pulmonary
impairment and characteristically occurs several days
to 3 weeks after exposure to paraquat [1-3].

The pulmonary toxicity of paraquat is well
documented, but the exact mechanism(s) by which
paraquat causes cell damage is not well understood.
It is generally agreed that a cyclic single electron
reduction/oxidation (redox cycling) of paraquat is a
critical mechanistic event, resulting in the generation
of reactive oxygen species such as superoxide anion,
hydrogen peroxide and hydroxyl radical. Some
investigators have suggested that paraquat produces
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its toxic effects by inducing membrane lipid
peroxidation mediated by superoxide anion. Others
have argued that redox cycling of paraquat in
biological systems causes depletion of cellular
reducing equivalents necessary for normal cellular
functions, such as cellular energy metabolism and
antioxidant defence mechanisms [1-4].

The effective management of paraquat poisoning
is well known to be rather difficult. Although a wide
range of treatments, such as induced vomiting, gastric
lavage, adsorption of the herbicide, hemodialysis,
peritoneal dialysis, immunosuppressive therapy and
several other pharmacological interventions can be
implemented [1, 5-7], unfortunately they have been
shown to be generally ineffective and the actual
fatality rate has been reported to be relatively high
{1, 7]. Recognizing the fact that paraquat is a strong
redox agent and contributes to the formation of
reactive oxygen species, attempts have been made
to explore pharmacological strategies which may
reduce the formation of these reactive oxygen species
and/or prevent their toxic effects. Accordingly,
antioxidants such as superoxide dismutase, catalase,
reduced glutathione (GSH)t, ascorbic acid and
vitamin E have been tested in paraquat-exposed
humans and animals as a pharmacological treatment
[7-10]. Results from these studies have shown that
these antioxidants are not able to eliminate the in
vivo toxic actions of paraquat, an observation
perhaps attributable to their inability to cross cell
membrane barriers and/or their rapid clearance from
cells [11-13]. Recent studies, however, have
demonstrated that the encapsulation of antioxidants
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in liposomes may promote their therapeutic potential
against oxidant-induced lung damage, presumably
by the abilities of liposomes to facilitate the
intraceliular uptake of macromolecules and to extend
the half-lives of the same macromolecules {11-15].
a-Tocopherol, the main constituent of vitamin E,
is known to be an important component of biological
membranes, contributing to membrane stabilization
and functioning as a free radical scavenger to prevent
lipid peroxidation by quenching singlet molecular
oxygen [16.17]. «&Tocopherol has antioxidant
properties and has been investigated in 2 number of
pathological conditions including arthritis, cancer,
ageing and cataracts [18]. For the treatment of acute
paraquat-induced lung damage, a-tocopherol has
been shown by most investigators not to be an ideal
therapeutic agent {9,19,20]. It may be possible,
however, that the level of a~tocopherol reaching the
lung tssue, following its oral or parenteral
administration, is relatively low. The agent is
slowly absorbed and widely distributed, with fow
concentrations being achieved in the lung [21].
The present study was undertaken to investigate
whether a liposomal formulation of a-tocopherol,
delivered directly to the lung by intratracheal
instillation, would protect against paraquat-induced
lung injury in rats. Liposomes were used as the
carrier system for a~tocopherol delivery, because o-
tocopherol is extremely insoluble and in its free form
1s too viscous for intratracheal administration. Qur
attempts and those of others to solubilize the
antioxidant using different solvents, such as Tween
80, propylene glycol and dimethyl sulfoxide, proved
not to be useful because the resulting preparations
were found to be toxic for lung and other tissues
{22,23]. Our results of a separate study (accepted
for publication) have alsoshown that the intratracheal
administration of liposome-associated a-tocopherol
can result in a substantial increase {16-fold} of the
antioxidant delivered to the lung. In this report, the
protective effect of dipalmitoylphosphatidyicholine
(DPPC)/a-tocopherol liposomes against paraquat-
induced lung toxicity was assessed biochemically by
measuring membrane lipid peroxidation levels,
angiotensin-converting enzyme {ACE) activities,
and glutathione and cytochrome P450 concentrations.

MATERIALS AND METHODS

Chemicals. Paraquat dichloride salt and o
tocopherol were purchased from the Sigma Chemical
Ca. {St. Louis, MO}. DPPC was obtained from
Avanti Polar Lipids {Alabasier, AL). All other
chemicals were obtained from the Sigma Chemical
Co. or BDH (Toronto, Ontario).

Animals. Male Sprague-Dawley rats (approximate
body weight 220250 g) were purchased from Charles
River Canada Inc. (St. Constant, Quebec). All
animals were housed in stainless-steel cages with
free access to pelleted purina laboratory chow and
tap water. The animals were kept at room
temperature (22-24°) and were exposed 1o alternate
cycles of 12-hr light and darkness. Animals used in
this research were cared for in accordance with
guidelines recommended by the Canadian Council
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on Animal Care in the Guide to the Care and Use
of Experimental Animals.

Preparation of liposome-associated a-tocopherol.
Liposome-associated a-tocopherol was prepared
from a mixture of DPPC and a-tocopherol in a
7:3 molar ratio. The lipids were dissolved in
chloroform:methanol (2:1, v/v), and the lipid
mixture was dried in a water-bath at 40°, under a
stream of helium, to a thin film coating the interior
surface of a glass vessel. Any traces of solvent were
removed by placing the vessel under vacuum for at
least 1 hr. The dried lipid was hydrated with 1 mL
of 5mM potassium phosphate buffer, pH 4.3,
containing 3 mM EDTA, and then vortexed to form
multilamellar vesicles. The multilamellar vesicles
were extruded ten times with an extruder (Lipex
Biomolecules, Vancouver, BC) through two stacked
polycarbonate filters of 400-nm pore size, under a
helium pressure of about 1501b/in’. The extruded
vesicles displayed a more homogenous size distri-
bution. Free a-tocopherol was removed by washing
the liposomes twice in 5 mM potassium phosphate
buffer, pH 6.3, and pelleting at 110,000 g for 1 hr
at 5° in a Beckman L8-70 ultracentrifuge. The
vesicle size distribution was not affected by
ultracentrifugation. The liposomes were diluted with
5 mM potassium phosphate buffer, pH 6.5, to yield
a final a-tocopherol concentration of 2 mg/150 ul.
suspension.

Treatment of animals. DPPC/a-tocopherol lipo-
somes {2 mg a-tocopherol/animal) or DPPC lipo-
somes alone were intratracheally instilled into the
tungs of rats as described by Brain ef af. {24]. Twenty-
four hours after the administration of liposomal
preparations, the animals were injected intra-
peritoneally with a single dose of paraquat dichloride
(20 mg/kg) to induce pulmonary toxicity. Injections
were administered between 8:00 and 9:00a.m.
Paraquat dichloride was dissolved in physiological
saline and prepared shortly before use. Control
animals received an equivalent volume of the vehicle
solution.

Experimental desiga. To investigate whether a-
tocopherol, instilled intratracheally into the lung,
can confer protection against the acute pulmonary
toxic effects of paraquat, rats pretreated 24 hr earlier
with DPPC/a~tocopherol liposomes were given a
single dose of paraquat and killed 0, 24 or 48 hr
later. The protective effect of DPPC/a-tocopherol
against paraquat-induced lung damage was assessed
biochemically by measuring the activity of ACE,
lipid peroxidation, and GSH and microsomal
cytochrome P450 conecentrations.

Tissue preparation. Lungs were removed from
animals immediately after decapitation and rinsed
with ice-cold saline to remove excess blood. All
subsequent steps were carried out at 0-4°. Following
rinsing, the lungs were quickly weighed and finely
minced. Approximately 1g of lung sample was
homogenized with a Brinkmann Polytron in a
sufficient volume of ice-cold 50mM potassium
phosphate buffer, pH7.4, to produce a 20%
homogenate. The homogenate was centrifuged at
9000 g for 10min in a refrigerated Sorvall RC-5B
centrifuge. The post-mitochondrial supernatant was
decanted and recentrifuged at 105.000 g for 60 min
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in a refrigerated Beckman L8-70 ultracentrifuge to
obtain the cytosolic and microsomal fractions. For
the measurement of lipid peroxidation, lung tissue
homogenates were prepared as described above
except that the homogenizing medium contained
3mM EDTA.

Enzyme measurements. The activity of ACE was
determined using the Sigma Diagnostic procedure
described by Suntres and Shek {25]. One unit of
ACE activity was defined as the amount of
enzyme which catalyzed the formation of 1 umol
furylacrylloylphenylalanine /min at 37°.

Protein determinations. Protein determinations
were estimated by the method of Lowry er al. [26],
using crystalline bovine serum albumin as the
standard.

Determination of lipid peroxidation. Microsomes
obtained from lung tissues of treated and control
animals were assayed for the presence of lipid
conjugated dienes as described by Suntres and Shek
[25]). Briefly, 1ml. of microsomal suspension
{10.1 = 1.9 ug protein/mL} was added to SmL of
chloroform:methanol (2:1} mixture, mixed, and
centrifuged at 3000 rpm for 5 min. The lower layer
of chloroform was transferred to a test tube and
dried in a water-bath (40°) under a stream of argon.
The resultant lipid residue was dissolved in 1.5 mL
of cyclohexane, and the absorbance was determined
at 243 nm.

Determination of reduced and total glutathione
concentrations. Reduced (GSH) and total [GSH and
oxidized glutathione {(GSSG)] glutathione, more
precisely non-protein sulfthydryl, concentrations in
lung homogenates were determined as described by
Suntres and Shek {[25]. Briefly, the tissue was
homogenized in 20% {w/v) trichloroacetic acid and
centrifuged at 10,000 rpm for 20 min in a refrigerated
Sorvall RC-5B centrifuge. To determine GSH
concentration in the tissue, an aliquot of the
deproteinized supernatant fraction was added to
2ml of 0.3 M Na,HPO, solution followed by the
addition of 0.5mL of 0.04%, 3 5-dithiobis-[2-
nitrobenzoic acid] dissolved in 10% sodium citrate,
The absorbance at 412 nm was measured immediately
after mixing and the GSH values were determined
by extrapolation from a standard curve. To determine
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total glutathione concentration, an aliquot of the
deproteinized supernatant fraction was mixed with
imL of 5% sodium borohydride (NaBH,), a
reducing agent, and then incubated at 45° for 60 min.
The mixture was neutralized with 0.5mL of 2.7N
HCI and the resulting sulfhydryl groups of GSH
were assayed as described above,

Determination of tissue cviochrome P450 con-
centration. Microsomal cvtochrome P458 con-
centration was determined by measuring the
differential carbon monoxide-binding spectra of
reduced cytochrome P450 [27].

Statistical analysis. Data from control, liposome-
treated and a~tocopherol/liposome-treated animal
groups were analyzed by one-way analysis of variance
(ANOVA). If the F values were significant, the
unpaired two-tailed Student’s stest was used to
compare the treated and control groups {28]. The
level of significance was accepted at P < 0.05,

RESULTS

Whole body and wet lung weights. Treatment of
control apimals with paraquat (20 mg/kg) resuited
in a significant decrease of about 17% in body weight
48 hr post-treatment (Table 1). A similar decrease
in body weight was also observed in each of the two
other groups of rats pretreated with DPPC liposomes
and DPPC/a-tocopherol liposomes, respectively,
24 hr prior to the paraquat challenge. Lung weights
of control animals treated with paraguat were
increased significantly by 43%, 48 hr after treatment
(Table 2). Pretreatment of animals with DPPC
liposomes or DPPC/a~tocopherol liposomes failed
to alter the paraguat-induced increase in lung weight.

Lung ACE activity and cytochrome P450 con-
cepirations. Since ACE, localized primarily in
capillary endothelial cells, has been used as a marker
of lung injury [29, 30], the effect of paraquat on the
activities of this enzyme in the lung was determined.
As shown in Fig. 1A, paraquat treatment produced
a very significant decrease (32% at 24 hr and 42%
at 48 hr) in lung ACE activity among control animals,
The reduction of ACE activity in the lungs of rats
treated with DPPC liposomes was practically
identical to that of control animals challenged with

Table 1. Effects of liposome and e-tocopherol-liposome pretreatment on paraguat-
induced changes in body weight*

Body weight (g}

Pretreatment PQ challenget 24 hr 48 hr
Saline - 302 %12 305%10
Saline + 283 = 10 254 + 16%
DPPC liposomes + 279+ 13 273 > 11t
DPPC/a-Tocopherol liposomes + 276 & 16 254 = 143

* Animals (N =35 per group) were pretreated as indicated, 24 hr prior to paraquat

challenge. Values are means = SEM,

T Paraguat {PQ) was administered to rats intraperitoneally at a dose of 20 mg/kg and

animals were killed 24 or 48 hr later.

I Significantly different (P < 8.05) from the value of control animals, pretreated with

saline but without paraquat challenge.
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Table 2. Effects of liposome and a-tocopherol-liposome pretreatment on paraquat-induced
changes in Jung weight®

Pretreatment

PQ challenget

Lung weight (g)

24 hr 48 hr

Saline

Saline

DPPC liposomes
DPPC/a-Tocopherol liposomes

+ 4+

* Animals (N =35 per group) were pretreated as indicated, 24 hr prior to paraquat

challenge. Values are means = SEM.

+ Paraquat (PQ) was administered to rats intraperitoneally at a dose of 20 mg/kg and

animals were killed 24 or 48 hr later.

% Significantly different (P < 0.05) from the value of control animals, pretreated with

saline but without paraguat challenge.
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Fig. 1. Effect of pretreatment with liposomal preparations
on paraquat-induced changes in ACE activity (A} and
cytochrome P450 concentration (B). Animals were instilled
intratracheally with either saline, DPPC liposomes or
DPPC/a-tocopherol liposomes. and 24 hr later they were
all challenged intraperitoneally with paraquat (PQ) at a
dose of 20 mg/kg. Control animals were also pretreated
intratracheally with saline but they were not challenged
with PQ. Each vertical bar represents the mean = SEM of
five animals. FEach single asterisk (*) indicates a
significant difference (P < 0.05) between the mean and the
corresponding mean value of control animals pretreated
with saline, but not challenged with PQ. Each double
asterisk (**) indicates a significant difference (P < (.05)
between the mean and the corresponding time-matched
mean value of saline-pretreated and PQ-challenged animals,

paraquat. In contrast, pretreatment of rats with
DPPC/a-tocopherol liposomes was found to provide
substantial protection of the lung in terms of
a significant reduction of the paraquat-induced
decrease in ACE activity (9% at 24 hr and 10% at
48 hr) when compared to non-paraquat-treated rats.

Paraquat-induced lung damage in control rats was
also accompanied by reduced cytochrome P450
concentrations (Fig. 1B). The reduction was
evidenced by a significant decrease of the enzyme
activity by 34 and 52%, respectively, 24 and
48hr after paraquat administration. Although
pretreatment of rats with DPPC liposomes did not
alter the paraquat-induced decrease in cytochrome
P450 concentrations, the administration of DPPC/
a-tocopherol liposomes 24 hr prior to paraquat
injection resulted in a partial protective effect.

Lipid peroxidation. 1t has been postulated that
pulmonary toxicity induced by paraquat is due to
membrane lipid peroxidation [1, 4]. Therefore, in
thisstudy, the extent of microsomal lipid peroxidation
in the lung was measured. It can be seen from Fig,
2 that paraquat produced a time-dependent increase
in lipid peroxidation levels, as measured by the
formation of diene conjugates, in the lungs of control
animals. Pretreatment of rats with DPPC liposomes
24 hr prior to paraquat challenge did not alter
significantly the paraquat-induced lipid peroxidation.
On the other hand, pretreatment of rats with DPPC/
a-tocopherol liposomes prevented the paraquat-
induced lipid peroxidation.

Lung GSH and GSSG concentrations. Since GSH
is known to play an important role in protecting cells
from oxidant-induced tissue injury, levels of GSH
as well as GSSG in the lung were measured in this
study. As shown in Fig. 3, lung GSH levels of
paraquat-treated rats were significantly lower than
those of control animals, both 24 and 48 hr post-
treatment. A very similar decrease in GSH levels
was also observed in rats pretreated with DPPC
liposomes 24 hr prior to paraquat injection. In
contrast, no significant decrease in GSH con-
centration was observed in the lungs of animals
pretreated with DPPC/a~tocopherol liposomes.
Among all the animals examined in this study, any
observed decrease in GSH concentration was
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Fig. 2. Lipid peroxidation levels, as measured by the
formation of diene conjugates, in lungs of paraquat-
challenged rats pretreated with liposomal preparations.
Animals were instilled intratracheally with either saline,
DPPC liposomes or DPPC/a-tocopherol liposomes and
24 hr later, they were all chailenged intraperitoneally with
paraquat (PQ) at a dose of 20 mg/kg. Control animals were
also pretreated intratracheally with saline but they were
not challenged with PQ. Each vertical bar represents the
mean * SEM of five animals. Each single asterisk (*)
indicates a significant difference (P < 0.05) between diene-
conjugate level and the corresponding mean ievel of control
animals pretreated with saline, but not challenged with
PQ. Each double asterisk (**) indicates a significant
difference (P < 0.03) between mean diene-conjugate level
and the corresponding time-matched value of saline-
pretreated and PQ-challenged animals.

invariably accompanied by a concomitant increase
in GSSG concentration. These data appear to
demonstrate that glutathione was oxidized following
paraquat treatment and the administration of DPPC/
a-tocopherol liposomes provided protection against

paraquat-induced GSH oxidation.

DISCUSSION

Results of the present study demonstrated
that the intratracheal administration of liposome-
associated a-tocopherol directly to the lung conferred
protection against paraquat-induced lung damage.
Some studies have provided evidence that a-
tocopherol plays an important role in modulating
paraquat-induced cellular injury [31, 32]. It has been
reported that vitamin E deficiency increases mortality
and worsens histologic lung damage in rats exposed
to paraquat [31]. Also, potentiation of acute paraquat
toxicity by vitamin E deficiency can be reversed by
subsequent administration of vitamin E [31]. Results
from in vitro studies have also shown that ao-
tocopherol antagonizes paraquat-induced toxicity in
hepatocytes [32]. It is apparent from this and other
studies that cellular o-tocopherollevelsinmammalian
cells can modulate paraquat toxicity, allowing cells
with high levels of the antioxidant to be more
resistant to paraquat insult,
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Fig. 3. Effect of pretreatment with liposomal preparations
on paraquat-induced changes in pulmonary GSH (A)
and GSSG (B) concentrations. Animals were instilled
intratracheally with either saline, DPPC liposomes or
DPPC/a-tocopherol liposomes and 24 hr later, they were
all challenged intraperitoneally with paraquat (PQ) at a
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intratracheally with saline but they were not challenged
with PQ. Each vertical bar represents the mean = SEM of
five animals. Each single asterisk (*} indicates a significant
difference (P < 0.05) between the glutathione concentration
and the corresponding mean concentration of control
animals pretreated with saline, but not challenged with
PQ. Each double asterisk (**} indicates a significant
difference (P <0.05) between mean glutathione con-
centration and the corresponding time-matched value of
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Numerous in vivo studies have shown that orally
or parenterally administered a-tocopherol to animals
fails to ameliorate lung injury produced by paraquat
(5,9, 20]. In contrast, results of this study provided
evidence to substantiate a beneficial effect of
liposome-associated a-tocopherol in alleviating
paraquat-induced lung damage. It is known that
protection against oxidant-induced toxicity by a-
tocopherol is dependent on its incorporation into
membranes and the extent of this protection is
related to the quantity of a-tocopherol present in
the membranes. The apparent difference in a-
tocopherol effect between our study and those of
others may well be due to a difference in a-
tocopherol concentration delivered to the site of
protection, the lung. Typical results from studies
examining the uptake and distribution of o~
tocopherol have shown that the amount of antioxidant
recovered from the lungs of animals 24 hr after oral
or parentera} administration was 13 or 36 ug/g lung
tissue, respectively [21,33]. Our present results
showed that the intratracheal administration of
liposome-associated a-tocopherol can achieve a
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substantially higher a-tocopherol level in the lung,
approximately 1 mg/g lung weight. Based on these
observations, it may be concluded that the
augmentation of pulmonary cellular defence and
protection against paraquat-induced lung injury are
dependent, at least in part, on the route of
administration and the formulation of a-tocopherol
used.

To elucidate the mechanisms of how a-tocopherol
confers protection against paraquat-induced lung
damage, it is important to first consider the
mechanisms whereby paraquat exerts its pulmonary
toxicity. The results of this study demonstrated
a significant increase in lipid peroxidation of
microsomal membranes isolated from the lungs of
paraquat-treated animals. This observation is
consistent with other reports which have suggested
that lipid peroxidation is a mechanism by which
paraquat produces toxicity in wvivo [1,4.34].
Furthermore, in vitro studies have shown that
paraquat undergoes cyclic oxidation and reduction
reactions, resulting in the generation of superoxide
anion. This anion can directly peroxidize cell
membrane lipids to produce lipid hydroperoxides
which simultaneously decompose, in the presence of
a trace amount of transition metal ions, to lipid free
radicals, thus initiating the chain reaction process
of lipid peroxidation [1,4,35]. Peroxidation of
membrane lipids as a mechanism of oxidant-induced
tissue damage has been reviewed by several
investigators [16, 17, 35].

Considering the evidence presented in this study
that paraquat induced membrane lipid peroxidation
and the fact that lipid peroxidation is a major
mechanism of oxidant-induced tissue damage [35],
it is reasonable to suggest that the antagonistic action
of a-tocopherol on membrane lipid peroxidation is
responsible, at least partly, for the protection of the
lung from paraquat toxicity. Other studies have
suggested that a-tocopherol may exert its antioxidant
effects by serving as a structural membrane
component rendering membrane polyunsaturated
fatty acids more resistant to peroxidation or by
acting as a free radical scavenger [16-18]. The
exact mechanisms whereby a-tocopherol suppresses
paraquat-induced membrane lipid peroxidation have
not been established. Results of the present study,
however, support the hypothesis that a-tocopherol
can prevent the formation and/or accumulation of
lipid peroxides, products of peroxidized membranes
known to participate in the initiation and propagation
stages of lipid peroxidation [16,17,35]. This
interpretation of our results is consistent with the
finding that a-tocopherol completely protected
against paraquat-induced oxidation of GSH, which
serves as a substrate in the GSH peroxidase/GSSG
reductase system to detoxify lipid peroxides. The
role of GSH in protecting cells from peroxidative
damage induced by several xenobiotics has been
reported by many investigators (35, 36].

It can be argued that the protective effects
observed following administration of DPPC/a-
tocopherol liposomes may be attributed to the DPPC
component of the liposome and not to a-tocopherol.
There is evidence to suggest that paraquat induces
its toxic effects in the lung, at least in part, by
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depleting the surfactant present in Type II alveolar
cells [37, 38]. In contrast, results of the present study
suggested that depletion of lung surfactant may not
be a major mechanism of paraquat-induced lung
damage. because treatment of rats with plain
liposomes composed of DPPC, major component of
surfactant, 24 hr prior to paraquat administration
did not protect against lung damage. Moreover, the
lack of paraquat-mediated effect on pulmonary
phospholipid concentration and on the rate of
incorporation of [*H]palmitic acid into dipalmitoyl
lecitin (phosphatidylcholine) [39] also suggests that
any lung surfactant changes are unlikely to be the
initial biochemical defect leading to pathologic
changes of paraquat poisoning.

One of the most common manifestations of
pulmonary paraquat toxicity is the development of
lung edema, but the mechanisms of the induction of
lung edema are not understood. The results of the
present study, however, appeared to demonstrate
that paraquat-induced edema is not associated
with cellular injury caused by membrane lipid
peroxidation. This conclusion is supported by the
finding that administration of DPPC/a-tocopherol
liposomes in paraquat-treated animals failed to
modify the pulmonary edema condition. The lack of
protection by a-tocopherol against paraquat-induced
edema could perhaps be explained by the fact that
DPPC/a-tocopherol liposomes failed to reach the
target cells involved in the formation of edema. This
interpretation is consistent with our finding that a-
tocopherol exerted a partial protective effect
against paraquat-induced decreases in microsomal
cytochrome P450 concentration. Cytochrome P450
has been shown to be localized largely in type II and
Clara cells [40]; damage to type II cells has been
implicated in the production of pulmonary edema
[41]. The results of the present study do not exclude
the possibility that various cell types of the lung may
differ in their sensitivity to the cytotoxic effects
of paraquat, irrespective of the a-tocopherol
accumulated in these cells. Further studies will be
required to elucidate this possibility. It is apparent,
however, that the protective effect of a-tocopherol
on the activity of ACE . mostly localized in endothelial
cells [29,30], perhaps reflects the likelihood that
paraquat-induced edema is not due to the direct
damage of pulmonary capillary endothelial cells.

The reason for the lack of protective effect of a-
tocopherol against paraquat-induced decrease in
body weight is not known at the present time.
Previous studies have shown that changes in body
weight correspond well with biochemical and
morphological changes seen in lungs of rats [42].
The results of the present study suggested that the
paraquat-induced pulmonary biochemical changes
are not solely responsible for body weight loss and
other mechanisms may also be responsible. Other
studies have shown that paraquat-treated animals
are hypoactive and indifferent to food and water
intake after a latency time of a few hours in the
absence of any respiratory difficulties. It has also
been shown that administration of single large doses
of paraquat (25-100 mg/kg) to rats resulted in severe
neurological disturbances 1-2 hr after intraperitoneal
injection [43].
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Insummary, the results of the present study showed
that DPPC/a-tocopherol liposomes administered to
rats intratracheally antagonized some of the toxic
effects of paraquat. It is apparent that intratracheal
instillation of a-tocopherol or other antioxidants
may be preferable to other routes of administration
for immediate augmentation of the lung antioxidant
system required in emergency situations such as
paraquat poisoning. In addition, incorporation of
antioxidants within liposomes can increase their
intracellular delivery to lung cells and enhance
their protective effects against intracellular-oxygen
mediated damage.
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