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Chlorine (Cl2) gas exposure poses an environmental and occupa-
tional hazard that frequently results in acute lung injury. There is
no effective treatment. We assessed the efficacy of antioxidants,
administered after exposure, in decreasing mortality and lung in-
jury in C57BL/6 mice exposed to 600 ppm of Cl2 for 45 minutes and
returned to room air. Ascorbate and deferoxamine were adminis-
tered intramuscularly every 12 hours and by nose-only inhalation
every24 hours for 3 days starting after 1 hour after exposure. Control
mice were exposed to Cl2 and treated with vehicle (saline or water).
Mortality was reduced fourfold in the treatment group compared
with the control group (22 versus 78%; P 5 0.007). Surviving ani-
mals in the treatment group had significantly lower protein concen-
trations, cell counts, and epithelial cells in their bronchoalveolar
lavage (BAL). Lung tissue ascorbate correlated inversely with BAL
protein as well as with the number of neutrophils and epithelial cells.
In addition, lipid peroxidation was reduced threefold in the BAL
of mice treated with ascorbate and deferoxamine when compared
with the control group. Administration of ascorbate and deferox-
amine reduces mortality and decreases lung injury through reduc-
tion of alveolar–capillary permeability, inflammation, and epithelial
sloughing and lipid peroxidation.
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Chlorine (Cl2) is a corrosive gas that is produced in vast quantities
globally due to its industrial applications and domestic usage (1,
2). It is a very reactive, irritating gas. A recent train derailment
that occurred in South Carolina resulted in the death of 9 people
and emergency care for over 500 (3). Out of 71 patients that had
to be hospitalized, 12 met the criteria for acute lung injury (ALI)
and 29 for acute respiratory distress syndrome (ARDS) (4).
During the last few years, Cl2 cylinders have been bundled with
traditional explosives, raising significant concerns regarding the
possible re-emergence of this agent as a chemical weapon against
both combatants and civilians (1). Thus, Cl2 is recognized as
a significant public health hazard due to the potential for
industrial, occupational, and environmental exposures.

The damaging effects of Cl2 depend on the concentration
and duration of exposure (2, 5). The occurrence of symptoms

ranges from minutes to hours. Severe exposure leads to ALI
and death from ARDS. Treatment is mainly supportive with no
specific antidote available to date (6).

Reactive oxygen and nitrogen species are known to contrib-
ute to the pathogenesis of ARDS (7, 8). For this reason, there
have been numerous attempts to use a variety of antioxidants
(which reduce the concentrations of reactive species) to decrease
morbidity and mortality in patients with ARDS. Intravenous
administration of the antioxidant N-acetylcysteine has been
tested in patients with ARDS, with contradictory results re-
garding survival (9–11). On the other hand, oral and intravenous
administration of ascorbic acid has been shown to decrease the
severity of ALI in patients with severe burns (12). A decreased
incidence of organ failure in surgical patients with sepsis has
been observed upon coadministration of ascorbate and vitamin
E (13). Similarly, combined administration of ascorbate and
vitamin E improved 28-day survival in patients with sepsis (14).

A rigorous study documenting the beneficial effects of ascor-
bate on animal models of primary ARDS, induced by inhalation
injury, and identifying putative mechanisms of action, has not
been performed. In this study, we exposed mice to short-term,
high-concentration Cl2 (600 ppm for 45 min) and demonstrated,
for the first time, that in the absence of supplemental oxygen or
respiratory support, after-exposure administration of a mixture
containing ascorbate and deferoxamine via intramuscular injec-
tions, combined with aerosolized delivery, improved survival
and decreased inflammation, lipid peroxidation, and the influx of
plasma proteins to the lung surface compartment.

MATERIALS AND METHODS

Animals

Pathogen-free C57BL/6 male mice (20–25 g body weight) were
purchased from Charles River Laboratories (Wilmington, MA). Ex-
perimental protocols were approved by the University of Alabama at
Birmingham Institutional Animal Care and Use Committee.

Exposure of Mice to Cl2

Mice were exposed to Cl2 (600 ppm for 45 min) in environmental
chambers, as previously described (5, 15, 16), and returned to room air.
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Continuous measurements of Cl2 concentrations during the exposure
were monitored with an Interscan Corporation (model RM34-1000 m)
Cl2 detector, connected to a data logger for data storage. Additional
information is shown in the online supplement.

Administration of Ascorbate and Deferoxamine

Mice were injected intramuscularly with 25 ml of endotoxin-free sterile
saline containing 2 mg of ascorbic acid (American Regent, Shirley,

NY) and 0.3 mg of deferoxamine (deferoxamine mesylate; Hospira,
Lakeforest, IL) starting at 1 hour after exposure and every 12 hours
thereafter up to 60 hours after exposure. In addition, mice received
aerosolized ascorbate and deferoxamine via nose-only inhalation for
20 minutes at 1.5, 24, and 48 hours after exposure. Descriptions of the
aerosol delivery system and the physical characteristics of aerosols are
shown in the online supplement. Control mice were exposed to Cl2 and
received intramuscular injections of saline and aerosolized endotoxin-
free sterile water, as described previously here.

Experimental Protocols

Mice were killed at 72 hours after exposure and their lungs were
lavaged, as described in the online supplement. We measured total and
differential cell counts, as well as the amount of protein in the cell-free
bronchoalveolar lavage (BAL). Ascorbate, reduced glutathione, glu-
tathione disulfide, and uric acid were quantified by HPLC using
electrochemical detection, as described previously (5). Lipid perox-
idation was assessed in the BAL and quantified with the OxiSelect
Malondialdehyde Immunoblot Kit (Cell Biolabs, Inc., San Diego, CA)
according the manufacturer’s instructions.

Statistical Analysis

All values are presented as mean (6SEM) for the indicated number of
mice. Data were square root transformed before analysis to meet the
assumption of normal distribution. Statistical significance among
multiple groups was checked with one- or two-way ANOVA followed
by the Tukey and Bonferroni post hoc tests, respectively. Kaplan-Meier
survival curves were analyzed by log-rank test. Correlations among
nontransformed data were assessed by calculating the Spearman’s rank
correlation coefficient (r). Differences were deemed significant with
a P value less than 0.05.

RESULTS

Ascorbate and Deferoxamine Treatment Reduces Mortality

Continuous recordings of the chamber Cl2 concentrations in the
absence and presence of mice are shown in Figure 1. As can be seen,

Figure 1. Continuous recordings of chlorine (Cl2) concentrations in
the exposure chamber. Six mice were placed in the glass chamber

and breathed air for approximately 10 minutes. At time zero, one of

the mass flow controllers was connected to a Cl2 cylinder (1,000 ppm

in air), while the other one remained connected to room air. The rel-
ative flow rates were adjusted to achieve a nominal concentration of

600 ppm. Cl2 concentrations were monitored continuously with an

Interscan Corporation (model RM34-1000 m) Cl2 detector, connected to

a data logger for data storage. After 45 minutes, the Cl2 cylinder was
switched off and the compressed air flow rate was increased to 5 L/min.

Differences in Cl2 profiles in the presence and absence of mice are

probably due to adsorption and reaction of Cl2 with animal fur. Shown
are typical measurements that were repeated six times with identical

results.

Figure 2. Particle size distribution of aerosolized antioxidants. Cascade

impactor samples were collected from the inhalation exposure plenum
and analyzed using SigmaPlot software (see the online supplement for

additional information). Particle size distribution is presented as mass

median aerodynamic diameter (MMAD) and geometric SD (GSD)

(both in microns). d ln dae, the change of the natural log of the
aerodynamic equivalent diameter of the particles collected; d M/Mo,

the change of mass fraction of particles collected on each stage of the

impactor; Mo, total particle mass collected. Shown are results of

a typical experiment that was repeated nine times with identical results.

Figure 3. After-exposure antioxidants increase survival of Cl2-exposed
mice returned to room air. Mice were exposed to 600 ppm of Cl2 for 45

minutes and returned to room air. Each data point shows the number of

mice that were alive at the indicated time after Cl2 exposure. The

experimental group (gray line, solid circles; n 5 18) received intramus-
cular injections of ascorbate (2 mg) and deferoxamine (0.3 mg) in saline

starting at 1 hour after exposure and every 12 hours thereafter up to

60 hours after exposure. They also received aerosols of ascorbate
(150 mg/ml) and deferoxamine (0.3577 mg/ml) at 1.5, 24, and 48

hours after exposure in sterile water, as described in the online

supplement. The control group (black line, solid squares; n 5 18) received

vehicle (saline for intramuscular injections; sterile water for aerosols)
instead of antioxidants using identical protocols. A total of 14 mice were

alive at 72 hours after exposure in the antioxidant group, and 4 in the

saline group, respectively. Data points were fitted with Kaplan-Meier

survival curves and compared with the log-rank test (P 5 0.0007).

Zarogiannis, Jurkuvenaite, Fernandez, et al.: Reduction of Cl2-Induced Mortality by Antioxidants 387



Cl2 concentrations reached 600 ppm rapidly, and were maintained
at that level throughout the exposures. All mice survived exposure
to Cl2. Shortly after being returned to room air, mice developed
labored breathing, with flaring of the nares and noticeable expira-
tory grunting, consistent with the presence of severe lung injury.
Mice exposed to Cl2 had significantly lower respiratory rates than
those of air-breathing mice (z310 breaths/min), most likely due to
activation of transient receptor ankyrin potential 1 channels
(TRPA1) (17) (see Figure E2 in the online supplement).

Particle size distribution data for aerosols are presented as
mass median aerodynamic diameter, and geometric SD (GSD)
(Figure 2). The mean mass median aerodynamic diameter and
GSD for all exposures were 2.8 (60.2) mm and 1.7 (60.1),
respectively. Because the GSD was greater than 1.2, the
ascorbate aerosols were polydisperse; however, because the

GSD was less than 2.0, the total amount of deposition within the
respiratory tract of the mice probably did not differ substan-
tially from that of a monodisperse aerosol with the same median
diameter (18). Inhaled dose was calculated using aerosol
concentration, murine minute ventilation, and exposure dura-
tion. Murine minute ventilation was calculated using data given
by Flandre and colleagues (19). The mean ascorbic acid inhaled
dose was 4.0 (60.9) mg (n 5 9). The ascorbic acid deposited in
the distal lung regions was calculated as 5% of the inhaled dose
(18) (0.22 6 0.04 mg; n 5 9). As discussed in the online
supplement, because of the existence of other solutes (such as
sodium bicarbonate) in the ascorbic acid solution, the amount
of inhaled ascorbic acid was probably 15–25% less than the
calculated value.

As shown in Figure 3, approximately 78% of mice exposed
to Cl2 and treated with saline died within the first 24 hours of
being returned to room air. Aerosolized and intramuscular
ascorbate and deferoxamine significantly reduced the mortality
by about fourfold (Figure 3). It is important to note that,
immediately upon return to room air, mice treated with
antioxidants had similar respiratory rates to those treated with
saline (95.1 6 8.1 breaths/min for saline versus 120.4 6 10.4
breaths/min for the antioxidants; n 5 18 in each case), indicative
of similar levels of injury. Normal values for C57BL/6 values are
approximately 300 breaths/min (see Figure E2).

Ascorbate and Deferoxamine Treatment Ameliorates

Alveolar–Capillary Barrier Damage

As shown in Figure 4, Cl2-exposed mice treated with antiox-
idants and killed at 72 hours after exposure had significantly
lower levels of BAL protein as compared with vehicle con-
trols (antioxidants, 42.06 6 5.88 mg/100 ml; vehicle, 75.35 6

16.76 mg/100 ml; X 6 SE; n 5 9 and 4, respectively; P , 0.05).
However, protein in the antioxidant group was still signifi-
cantly higher than air controls (14.64 6 1.94 mg/100 ml; n 5

18; P , 0.001). Western blot analyses of the same BAL sam-
ples showed that albumin (69 kD) and IgM (75 kD) were
10- and 2-fold higher in Cl2-exposed mice treated with saline
as compared with the antioxidants (Figure 5). These findings
indicate that after-exposure administration of antioxidants
decreased, but did not eliminate, Cl2-induced injury to the
blood gas barrier of mice.

Figure 4. After-exposure antioxidants decreased total bronchoalveolar

lavage (BAL) protein in mice exposed to Cl2. Mice were exposed to

600 ppm of Cl2 for 45 minutes and returned to room air and treated

with either ascorbate and deferoxamine (Cl2 Asc/Def) or vehicle (Cl2
Vehicle), as described in MATERIALS AND METHODS. Surviving mice were

killed at 72 hours after Cl2 exposure and used for these measurements.

A third group of mice was exposed to air (Air Control) and did not

receive antioxidants. Protein concentrations in cell-free BAL were
measured by the BCA Protein Assay. Values are means (6SE). *P ,

0.001 compared with the Air Control group; #P , 0.05 compared with

the Cl2 vehicle. Statistical analysis was performed after square root
transformation of the data to meet assumption of normal distribution,

followed by one-way ANOVA and Tukey multiple comparisons post

test. The number of animals in each group was: air control, 18; Cl2 Asc/

Def, 9; Cl2 vehicle, 4.

Figure 5. After-exposure antioxidants decrease

BAL albumin and IgM in mice exposed to Cl2.

Mice were exposed to 600 ppm of Cl2 for 45

minutes and returned to room air and treated
with either ascorbate and deferoxamine (Cl2
Asc/Def ) or vehicle (Cl2 Vehicle), as described in

MATERIALS AND METHODS. Surviving mice were

killed 72 hours after Cl2 exposure and used for
these measurements. A third group of mice was

exposed to air (Air Control) and did not receive

antioxidants. Equal volumes (40 ml) of BAL were
separated by 10% SDS-PAGE and transferred

polyvinylidene difluoride (PVDF) membranes

and blotted for (A) albumin and (B) IgM. Bands

were digitized and mean values are shown in
C and D. Values of densitometry units are

expressed as means (6SE). Shown are results

of a typical experiment.
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Ascorbate and Deferoxamine Treatment Decrease Cl2-Induced

Lung Inflammation and Airway Epithelial Sloughing

Lung inflammation was assessed by measurements of total and
differential cell counts in the BAL in mice killed at 72 hours
after exposure. Treatment with antioxidants decreased the
number of total cells from 38.5 (65.6) 3 105 to 8 (62.7) 3

105 cells/ml, which was not significantly different from the
corresponding value in air controls (3.17 6 0.6 3 105 cells/ml;
Figure 6A). As shown in Figure 6B, administration of antiox-
idants decreased all classes of inflammatory cells as well as the
number of epithelial cells sloughed in the BAL.

Levels of Ascorbate in the BAL Correlate Inversely

with Various Indices of Lung Injury and Inflammation

BAL and lung tissue ascorbate levels in mice killed 72 hours
after exposure were measured by HPLC, as described pre-
viously (5). As shown in Figure 7, there were significant inverse
correlations among ascorbate levels in the BAL with total cell
counts (Figure 7A), number of epithelial cells or neutrophils in
the BAL (Figures 7B and 7C), and between lung tissue
ascorbate and total protein concentration in BAL (Figure 7D).

Ascorbate and Deferoxamine Treatment Decreases Lipid

Peroxidation in BAL

Generalized assessment of oxidative damage was estimated by
detection of advanced lipid peroxidation end products, the
protein adducts of malondialdehyde formed by lipid peroxida-
tion. As shown in Figure 8, there was a twofold decrease in the
antioxidant group compared with the vehicle group (10,813 6

1,516 vs. 22,319 6 3,457 densitometry units; n 5 4; P , 0.05).

DISCUSSION

Cl2 exposure is a global public health issue due to transportation
and other accidents and intentional releases, thus enhancing the
potential for mass casualty situations (1, 3, 4). In addition to
significant mortality, individuals surviving the initial insult may
experience reduced residual volume, forced vital capacity, and
reactive airway disease syndrome (16, 20, 21).

Inhaled Cl2 dissolves in the epithelial lung lining fluid (ELF),
where it reacts with low–molecular weight antioxidants (such as
ascorbate, reduced glutathione, and urate), with rate constants
exceeding its rate constant for hydrolysis to hypochlorous acid
(HOCl) (2). Once resident low–molecular weight scavengers
are depleted, Cl2 reacts with water to generate HOCl (and its
conjugated base hypochlorite [OCl2] and hydrochlorous acid
[HCl]). The latter is mainly buffered by bicarbonate, which
exists in millimolar concentrations in the ELF (22). Cl2, HOCl,
and OCl2 react with functional groups of proteins and amino
acids, such as cysteine (23, 24), methionine, side-chain amino
groups in amino acids, terminal amino groups, yielding the
corresponding chloramines (25), and aromatic amino acids
(such as tyrosine), yielding 3-chlorotyrosine (26–28) and
amino-phospholipids, such as phosphatidylethanolamine and
phosphatidylserine that are present in the lining fluid layers
covering the airways and alveolar spaces (2). Chloramines are
toxic, and both contribute to and compound the injurious
effects of Cl2/HOCl/OCl2 to biological tissues (29–32). For
example we have recently shown that chloramines, formed by
the action of HOCl on taurine and lysine damage epithelial
sodium channels located in the apical surfaces of distal lung
epithelial cells, which result in decreased levels of vectorial Na1

transport across distal lung spaces (15). Here, we demonstrate
the presence of products of lipid peroxidation in the BAL of
mice exposed to Cl2 and returned to room air for 72 hours.

The sites of actions of Cl2 depend on its inhaled concentra-
tion. When inhaled at concentrations less than 50–100 ppm, Cl2
causes reversible bronchospasm and increased airway resistance
(33, 34). At concentrations higher than 100 ppm (likely to be
encountered during industrial accidents and terrorist attacks),
Cl2 causes both airway and alveolar injury (1, 5, 15, 16).
Previous studies by our group highlighted the pivotal role of
antioxidant defenses in Cl2 induced injury. Significant decreases
of rat lung BAL and tissue ascorbate after exposure to either
187 or 400 ppm Cl2 for 30 minutes and recovery in air for 1 and
24 hours were noted (5). Depression of antioxidant levels has
also been demonstrated in humans with ALI (8, 35). Pro-
phylactic systemic administration of ascorbate, deferoxamine,
and N-acetyl-cysteine in rats exposed to Cl2 prevented the
decrease of ascorbate in their BAL and mitigated the onset of
hypoxemia and higher protein levels in the BAL (5). The
current study demonstrates that after-exposure administration
of antioxidants in mice exposed to lethal concentrations of Cl2

Figure 6. After-exposure antioxidants decrease number of cells in BAL

in mice exposed to Cl2. Mice were exposed to 600 ppm of Cl2 for 45

minutes, returned to room air, and treated with either ascorbate and
deferoxamine (Cl2 Asc/Def) or vehicle (Cl2 Vehicle), as described in

MATERIALS AND METHODS. Surviving mice were killed 72 hours after Cl2
exposure and used for these measurements. A third group of mice was
not exposed to Cl2, and did not receive any treatment serving as

baseline. After being killed, the lungs of mice were lavaged and BAL

samples were spun at 300 3 g for 10 minutes at 48C to pellet cells. (A)

Total number of cells in BAL; (B) the indicated types of inflammatory
and epithelial cells. Values are means (6SEM); number of animals in

each group: (A) Air Control, 18; Cl2 Asc/Def, 9; Cl2 Vehicle, 4; (B) Air

Control, 7; Cl2 Asc/Def, 9; Cl2 Vehicle, 4. Statistical analysis was

performed after square root transformation of the data to meet
assumption of normal distribution, followed by one-way ANOVA and

Tukey multiple comparisons post test (A), and two-way ANOVA and

Bonferroni post test. Values are expressed as means (6SE). *P , 0.001
compared with air control; #P , 0.001 compared with Cl2 vehicle.
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improved survival with concomitant diminution of inflammation
and blood gas barrier permeability, as evidenced by BAL
protein measurements.

The fact that administration of these two antioxidants re-
versed Cl2-induced lipid peroxidation in the BAL suggests that
their mode of action likely involves scavenging of reactive
species generated after Cl2 exposure. Ascorbate reduces oxi-
dants (such as HOCl, generated by the hydrolysis of Cl2) in the
lung ELF and tissues by donating one or two electrons (1, 2),
while decreasing the generation of reactive intermediates by
inhibiting endothelial cell NADPH oxidase (36) reduces lipid
peroxidation that leads to the initiation of local and systemic
inflammation (37–39). Ascorbate-mediated reduction of vitamin
E radicals (generated during reduction of lipid hydroperoxides
or peroxy radicals [40]) also contributes to global antioxidant
activities. Ascorbate is known to protect microvascular dysfunc-
tion in critically ill patients by rapid uptake from the endothelial
cells, scavenging reactive oxygen species, and stimulating en-
dothelial nitric oxide synthase (41). It also prevents apoptosis of
endothelial cells by TNF-a in vitro (42) and in congestive heart
failure in vivo (37). Deferoxamine chelates free iron and
prevents the generation of reactive intermediates via Fenton
reactions. At the same time, it decreases the pro-oxidant
capacity of ascorbate due to its ability to reduce Fe13 and
oxygen to superoxide and hydrogen peroxide (43). Our findings
indicating that after-Cl2 administration of ascorbate and defer-
oxamine decreased lipid peroxidation in mice treated with
antioxidants are in agreement with these findings. This provides
a putative mechanism by which ascorbate and deferoxamine
may protect the blood gas barrier from the toxic effects of Cl2
intermediates generated during and after the initial insult.

The reported contribution of reactive intermediates in the
pathogenesis of ARDS (1, 7, 8, 44), has led to considerable
interest in assessing the beneficial effects of antioxidants in
reducing morbidity and mortality in patients with these disor-
ders. Randomized, double-blind, placebo-controlled studies
concluded that intravenous administration of N-acetyl-cysteine
in patients with ARDS reduced the need for ventilatory support
and improved systemic oxygenation, but failed to reduce
mortality (9, 11). More recent studies using higher concentra-

tions of N-acetyl-cysteine in patients with ALI reported that
reduction of mortality depended on polymorphisms in the
glutathione-S-transferase gene (45). Thus, beneficial effects of
N-acetyl-cysteine in human ARDS remain in dispute.

On the other hand, several human studies documented the
beneficial effects of ascorbate in improving survival and limiting
multiorgan failure in patients with ARDS. Intravenous ascorbic
acid administration decreased the severity of ALI in patients
with severe burns (12); intravenous coadministration of ascor-
bate with vitamin E decreased the incidence of organ failure in
patients with sepsis (13); finally, enteral coadministration of
ascorbate and vitamin E improved 28-day survival in patients
with sepsis (14).

We opted to administer antioxidants via both routes for the
following reasons. First, reactive Cl2 and its reactive intermedi-
ates are known to activate inflammatory cytokine pathway and
genes and inflammatory cells, which will contribute to oxidant
stress both in the pulmonary and extrapulmonary spaces (21,
46). In addition, activation of TRPA1 ion channels, located in
a subset of airway sensory neurons by Cl2 and HOCl, will
contribute to the onset and propagation of systemic inflamma-
tion (17, 47). Finally, damage to skin and ocular epithelia by Cl2
may increase systemic oxidant load by a variety of mechanisms.
Thus, there is accumulating evidence that the deleterious effects
of inhaled Cl2, as well as other oxidant gases, such ozone (48),
may extend to extrapulmonary sites, resulting in long-term
systemic abnormalities (49). In our study, the concentration of
ascorbate used is within the range used in the previous studies
(12–14), and the concentration of deferoxamine is two times
lower than what has been used in clinical practice (50, 51),
meaning that it would be well tolerated by humans. The
delivery of aerosolized antioxidants to airway and alveolar
epithelia in patients with primary ARDS due to smoke and
other oxidant gas inhalation, as well as aspiration of gastric
contents, is of considerable benefit.

In conclusion, the coadministration of ascorbate and defer-
oxamine intramuscularly and via aerosols in C57BL/6 mice after
exposure to lethal concentrations of Cl2 resulted in fourfold
increase of survival when they were returned to room air.
Significantly less pulmonary edema, lung inflammation, oxida-

Figure 7. BAL indices of inflammation and lung

injury depend on ascorbate. Mice were exposed

to 600 ppm of Cl2 for 45 minutes and returned

to room air and treated with either ascorbate
and deferoxamine (Cl2 Asc/Def) or vehicle (Cl2
Vehicle) as described in MATERIALS AND METHODS.

Surviving mice were killed 72 hours after Cl2
exposure and used for these measurements.

Ascorbate levels in BAL and lung tissues were

measured by HPLC as described previously (5).

No statistical significant differences were found
in either BAL or lung tissue ascorbate between

these two groups of mice because of large

variations. Therefore data were grouped and

the presence of significant correlations among
total cells (top left), neutrophils (top right),

epithelial cell (bottom left), and total protein

(bottom right) in the BAL and BAL ascorbate
were examined using Spearman’s rank correla-

tion coefficient (r), derived from the actual

data. Values of r and its P values are shown in

each panel.
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tive damage, and airway epithelial sloughing was observed
in animals treated with antioxidants than those treated with
vehicle. The observed effects are attributed to the protective
effects of ascorbate and deferoxamine on the integrity of the
alveolar capillary barrier and reduction of advanced lipid
peroxidation end products and lung inflammation. These find-
ings establish the rational basis for additional bench and clinical
trials to establish the efficacy of aerosolized and systemic
antioxidants in the mitigation of lung injury after inhalation of
oxidant gases. It is therefore possible that this regimen could be
considered as a treatment for civilians that are accidentally
exposed to Cl2. However, it should be stressed that the regimen
of antioxidants we used in this study mitigated, but did not
eliminate, the Cl2-induced increase in alveolar permeability to
plasma proteins. Thus, ascorbate and deferoxamine may need
to be administered more frequently, by additional routes (i.e.,
intravenously), or combined with other antioxidants to increase
efficacy and further decrease mortality.
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