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We assessed the safety and efficacy of combined intravenous and
aerosolized antioxidant administration to attenuate chlorine gas–
inducedairway alterationswhen administered after exposure. Adult
male Sprague-Dawley rats were exposed to air or 400 parts per mil-
lion (ppm) chlorine (a concentration likely to be encountered in the
vicinity of industrial accidents) in environmental chambers for
30minutes, and returned to roomair, and they then receiveda single
intravenous injection of ascorbic acid and deferoxamine or saline.
At 1 hour and 15 hours after chlorine exposure, the ratswere treated
with aerosolized ascorbate and deferoxamine or vehicle. Lung anti-
oxidant profiles, plasma ascorbate concentrations, airway morphol-
ogy, andairway reactivitywereevaluatedat24hours and7days after
chlorine exposure. At 24 hours after exposure, chlorine-exposed rats
had significantly lower pulmonary ascorbate and reduced glutathi-
one concentrations. Treatmentwith antioxidants restored depleted
ascorbate in lungs and plasma. At 7 days after exposure, in chlorine-
exposed, vehicle-treated rats, the thickness of the proximal airways
was60%greater than incontrol rats,with twice theamountofmuco-
substances.Airwayresistance in responsetomethacholinechallenge
was also significantly elevated. Combined treatment with intrave-
nous and aerosolized antioxidants restored airwaymorphology, the
amount of airway mucosubstances, and airway reactivity to control
levels by 7 days after chlorine exposure. Our results demonstrate for
the first time, to the best of our knowledge, that severe injury to
major airways in rats exposed to chlorine, as characterized by epi-
thelialhyperplasia,mucusaccumulation,andairwayhyperreactivity,
can be reversed in a safe and efficacious manner by the post-
exposure administration of ascorbate and deferoxamine.
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Chlorine is essential to global industry and to global public
health. According to the World Chlorine Council (http://www.
worldchlorine.org), 14.4 million metric tons were produced in
North America in 2008, and 62.8 million metric tons were

produced globally. Water treatment makes up only 5% of the
world’s use of chlorine. The majority of chlorine is used in the
production of plastics such as polyvinyl chloride (1). It is also
used as a bleaching agent for pulp and paper production, as
feedstock in the production of chlorinated solvents used in met-
alworking, in dry cleaning, in electronics, and in pharmaceutical
production (1–6).

Only 20 American states contain facilities that produce chlo-
rine, but every American state has facilities that use chlorine.
This results in the shipping of chlorine by railcar, and increases
the potential for large-scale accidents. According to the Environ-
mental Protection Agency, chlorine gas was related to 518
serious accidents over a 5-year period during the 1990s (1).
Multiple-casualty exposures to chlorine have resulted from in-
dustrial accidents involving chlorine tank ruptures on railcars
here in the United States, and from the deliberate release of
chlorine gas by terrorists as a chemical weapon in Iraq (7, 8). In
addition, exposures to high concentrations of chlorine gas have
resulted from accidental releases during recreational swimming
pool water treatment (9–11) and from household accidents
when mixing bleach with acidic cleaners (12–15).

Clinically, at low concentrations, the effects of inhaled chlo-
rine can range from local irritation to increasing inflammation,
bronchospasm, cough, and dyspnea. At higher concentrations,
severe airway epithelial cell injury, pulmonary edema, and death
may occur (16, 17). No specific treatment for chlorine exposure
exists; symptoms are treated as they present. For the more
severe symptoms such as a significant cough, difficulty breath-
ing, or bronchospasm, 100% humidified oxygen in addition to
b2-agonists and corticosteroids may be used (14). The delivery
of 100% oxygen may contribute additional oxidative stress to
the lung. Exposure to chlorine may result in the development of
chronic respiratory problems such as reactive airway disease in
some patients (7, 18–20).

Previously, we showed that the post-exposure treatment
of mice with the b2-agonist arformoterol decreased chlorine-
induced airway hyperreactivity (21), and that both prophylactic
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CLINICAL RELEVANCE

Accidental exposures to chlorine gas pose a significant public
health concern, and can result in severe pulmonary injury.
No chlorine-specific post-exposure therapy currently exists.
Our results demonstrate for the first time, to the best of our
knowledge, that the severe injury to major airways in rats
exposed to chlorine, as characterized by epithelial hyper-
plasia, mucus accumulation, and airway hyperreactivity, can
be reversed in a safe and efficacious manner by the post-
exposure administration of ascorbate and deferoxamine.
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and post-exposure treatment with systemically administered
and aerosolized low-molecular weight antioxidants (22, 23) de-
creased chlorine-induced lung injury and mortality in both mice
and rats. The administration of inhaled antioxidants is necessary
for direct delivery to major airways and distal lung spaces, the
major sites of injury from inhaled chlorine in rodents.

According to some indications, acute, high-concentration expo-
sures to chlorine may result in long-term pulmonary alterations in
rats (24). However, the long-term sequelae of lung epithelial cell
injury because of chlorine exposures, and the potential protective
effects of post-exposure administrations of antioxidants, have not
been documented. Here, we exposed rats to 400 parts per million
(ppm) chlorine for 30 minutes, returned them to room air, and
assessed the extent of airway injury using biochemical, physiolog-
ical, and quantitative morphological techniques up to 7 days after
exposure. After establishing the existence of significant airway
alterations at 7 days after exposure, we assessed the safety and
efficacy of the post-exposure administration of an intravenous
mixture of ascorbate and deferoxamine, followed by two aerosol-
ized administrations of ascorbate at 1 hour and 15 hours after
exposure, to decrease the extent of injury, most likely by enhanc-
ing repair. Some of the results from these studies were previously
reported in the form of an abstract (25).

MATERIALS AND METHODS

In compliancewith the regulations and approval of the InstitutionalAnimal
Care and Use Committee at the University of Alabama at Birmingham,

adult male Sprague-Dawley rats (200–250 g body weight; Harlan, Inc.,
Indianapolis, IN) were housed under standard conditions, with food and
water provided ad libitum. Rats were exposed to air or 400 ppm chlorine
in air for 30 minutes, as previously described (22, 23).

Peripheral oxygen saturations and respiratory rates were measured
before and after chlorine gas (Cl2) exposure and aerosol administra-
tions (26). Saline or freshly prepared ascorbic acid (80 mg/kg) and
deferoxamine mesylate (15 mg/kg), at 0.2-ml volume, were adminis-
tered intravenously within 5 minutes after chlorine exposure. At 1 hour
and 15 hours after chlorine exposure, rats received an aerosol of saline
or ascorbic acid (150 mg/ml) and deferoxamine mesylate (0.357 mg/ml)
by nose-only inhalation for 60 minutes (23), with some modifications
(as described in the online supplement).

At 24 hours or 7 days after chlorine exposure, the ratswere deeply anes-
thetized via an intraperitoneal injection of 0.4 ml diazepam (5 mg/ml)
and 0.4 ml ketamine HCl (5 mg/ml). For biochemical analysis, blood
was drawn from the left ventricle of the heart with heparin to prevent
agglutination, and centrifuged at 700 3 g for 10 minutes at 48C. The
plasma was stabilized with an equal volume of 10% metaphosphoric acid
(MPA), and stored at2808C for measurements of ascorbate and reduced
glutathione by HPLC (22). Lungs were flushed free of remaining blood,
removed, weighed, homogenized in an equal volume to tissue weight of
10% MPA, and stored at 2808C for the determination of ascorbate and
reduced glutathione concentrations (22). Seven days after exposure, we
measured airway resistance before and after the methacholine challenge
in all groups, using the flexiVent system (SCIREQ, Montreal, PQ,
Canada). For details, see the online supplement.

For histology, lungs were inflated via a tracheal cannula with 10%
formalin at 25 cm H2O pressure for 1 hour, removed en bloc, and
immersed in 10% formalin for an additional 48 hours. The left lung
was microdissected to ensure that the proximal airways were between

TABLE 1. RESPIRATORY RATES OF RATS EXPOSED TO AIR OR 400 PARTS PER MILLION CHLORINE*

Respiratory Rates

Air Chlorine (400 ppm)

Number of Hours after Air or Chlorine Vehicle Antioxidants Vehicle Antioxidants

0 127 6 3 (16) 124 6 5 (16) 131 6 2 (24) 125 6 3 (21)

0.1 N/A N/A 70 6 3 (24)† 75 6 2 (21)†

1 129 6 (16) 124 6 4 (16) 78.33 6 4 (24)† 78.29 6 4 (21)†

2 127 6 4 (16) 127 6 5 (16) 101 6 4 (24)† 101 6 4 (21)†

15 125 6 4 (16) 123 6 4 (16) 116 6 3 (24)† 114 6 2 (21)†

24 126 6 4 (16) 125 6 3 (16) 121 6 3 (24) 117 6 3 (21)

48 N/A N/A 115 6 2 (8) 113 6 2 (8)

168 N/A N/A 118 6 3 (8) 113 6 3 (8)

192 N/A N/A 117 6 2 (8) 119 6 3 (8)

Definition of abbreviations: N/A, measurements were not performed at this time point; ppm, parts per million.

*Data are expressed as mean 6 SEM (n).
y P , 0.01, compared with the corresponding 0 hour value in the same group (one-way ANOVA followed by selective

comparisons of means with the Bonferroni modification of the t test, adjusted for multiple comparisons).

TABLE 2. PERIPHERAL OXYGEN SATURATIONS IN RATS EXPOSED TO AIR OR 400 PPM CHLORINE*

O2 Saturations

Air Chlorine (400 ppm)

Number of Hours after Air or Chlorine Vehicle Antioxidant Vehicle Antioxidant

0 95.46 6 0.27 (16) 95.29 6 0.28 (16) 95.20 6 0.20 (24) 94.74 6 0.19 (21)

0.1 N/A N/A 78.43 6 0.68 (24)† 78.12 6 0.85 (21)†

1 94.29 6 0.53 (16) 94.68 6 0.24 (16) 82.24 6 0.64 (24)† 83.64 6 0.86 (21)†

2 93.41 6 0.68 (16) 93.74 6 0.21 (16) 88.08 6 1.09 (24)† 91.16 6 0.41 (21)†

15 95.16 6 0.20 (16) 94.09 6 0.36 (16) 91.09 6 0.85 (24)† 91.56 6 0.72 (21)†

24 94.72 6 0.28 (16) 94.98 6 0.28 (16) 93.47 6 0.34 (24) 93.99 6 0.29 (21)

48 N/A N/A 93.04 6 0.38 (8) 93.50 6 0.26 (8)

168 N/A N/A 93.47 6 0.38 (8) 92.74 6 0.27 (8)

192 N/A N/A 93.11 6 0.17 (8) 94.27 6 0.30 (8)

Definition of abbreviations: N/A, measurements were not performed at this time point; ppm, parts per million.

* Data are expressed as mean 6 SEM (n).
y P , 0.01, compared with the corresponding 0-hour value in the same group (one-way ANOVA followed by selective comparisons of means

with the Bonferroni modification of the t test, adjusted for multiple comparisons).
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intrapulmonary airway generations 2–3, cut perpendicular to the long
axis. Three sections were paraffin-processed and stained with hematox-
ylin and eosin or Alcian blue/period acid–Schiff (AB/PAS) stain (27).
Images (340 magnification; 5-mm-thick sections) were recorded on an
Olympus BX41 microscope with a Q-Color3 digital camera attached to
a computer, using QCapture software (QImaging, Surrey, BC, Canada),
and composed in Adobe Photoshop. Morphometric analyses of midlevel
airway epithelium (intrapulmonary generations 2–3) and terminal bron-
chioles followed standard procedures (28). Details are presented in the
online supplement.

Data are presented as means6 standard errors (biochemical assays)
or standard deviations (morphometric data). Statistical analyses were
performed with Graph Pad InStat software (GraphPad Software, Inc.,
San Diego, CA). Significance was determined using one-way ANOVA
and the Bonferroni multiple comparisons test.

RESULTS

When returned to room air, the chlorine-exposed rats were cya-
notic, with labored breathing and significantly depressed respira-
tory rates and peripheral oxygen saturations (Tables 1 and 2).
Respiratory rates and oxygen saturations improved gradually
over time, and returned to their control values by 24 hours after
exposure (Tables 1 and 2). No significant differences were evident
among chlorine-exposed rats treated with vehicle or antioxidants.

Rats exposed to chlorine and returned to roomair for 24 hours
had significantly lower values of ascorbate and reduced glutathi-
one in their lungs (Figures 1a and 1b). Treatment with intrave-
nous and aerosolized ascorbate and deferoxamine restored
depleted ascorbate and glutathione (GSH) concentrations in
lungs and plasma (Figures 1a–1c). At 7 days after exposure,
ascorbate concentrations in the lung tissue of rats exposed to

chlorine and treated with antioxidants were 50% higher than
those in chlorine-exposed rats receiving vehicle treatment (data
not shown). We calculated that each rat inhaled approximately
30 mg of ascorbate per treatment and 0.07 mg deferoxamine.
Based on the mean geometric diameter of the aerosolized par-
ticles (3 mm) (23) (see online supplement for further details) and
on the findings of previous studies (29), we calculated that ap-
proximately 5–10% of the inhaled ascorbate (1.5–3 mg) and
deferoxamine (0.004–0.007 mg) reached the pulmonary airways.
The rest was deposited in either the nose or upper airways.

Histological Evaluation of the Airways at 24 Hours after

Chlorine Exposure

Figures 2 and 3 show the typical appearances of proximal and ter-
minal bronchial airway epithelia of air control rats and chlorine-
exposed rats. Three cell types were evaluated: (1) nonciliated cells
(identified by their lack of cilia, and nuclei located away from
the basal lamina); (2) ciliated cells (identified by cilia on the
luminal sides, and nuclei located near the basal lamina); and (3)
basal cells (identified by their triangular shape, and nuclei near
the basal lamina with cytoplasm that did not reach the lumen).
Cells that were not identifiable as one of the three defined cells
types were defined as “other.” Proximal airways consisted of
a majority of ciliated cells, with a smaller number of noncilia-
ted cells and basal cells, whereas terminal bronchioles consisted
of a majority of nonciliated cells, with fewer ciliated cells (Fig-
ures 2 and 3 and Table 3). Proximal and terminal airways from
air-exposed rats treated with intravenous and aerosolized anti-
oxidants (Figures 2B and 3B) looked very similar to airways of

Figure 1. Systemic and aero-

solized antioxidant administra-
tion after chlorine exposure

increases ascorbate and re-

duced glutathione (GSH) val-

ues in rat lungs and in
plasma. Rats were exposed to

air or 400 parts per million

(ppm) chlorine for 30 minutes

and treated with vehicle or in-
travenous and aerosolized anti-

oxidants, as described in

MATERIALS AND METHODS, and

evaluated 24 hours after chlo-
rine exposure. (a) Ascorbate

concentrations in lung tissue:

box–whisker plots show indi-
vidual points, boxes (25th to

75th percentiles of the data),

and means 6 1 SE. Exposure

to chlorine decreased lung
ascorbate concentrations, and

the administration of antioxi-

dants restored values to control

concentrations. #P , 0.05,
compared with the corre-

sponding air value. *P , 0.01,

compared with the corre-
sponding vehicle value in the same group. One-way ANOVA was followed by the Tukey t test, adjusted for multiple comparisons. (b) GSH concen-

trations in lung tissue: box–whisker plots show individual points, boxes (25th to 75th percentiles of the data), and means6 1 SE. Exposure to chlorine

decreased lung GSH concentrations, and the administration of antioxidants (Antiox.) restored values to control levels. #P , 0.05, compared with the

corresponding air value. *P , 0.05, compared with the corresponding vehicle (Veh.) value in the same group. One-way ANOVA was followed by the
Tukey t test, adjusted for multiple comparisons. (c) Concentrations of ascorbate in plasma: values represent means 6 1 SE. Numbers of samples: air,

n ¼ 4 each; chlorine/vehicle, n ¼ 6; chlorine/antioxidant, n ¼ 5. Plasma ascorbate concentrations were significantly increased in all rats treated with

antioxidants, regardless of chlorine exposure. *Significantly different from exposure-matched, vehicle-treated control rats, P, 0.05. One-way ANOVA

was followed by the Tukey t test, adjusted for multiple comparisons.
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rats treated with vehicle (Figures 2A and 3A). Quantitative
assessment indicated that antioxidant treatment alone did not
significantly alter the epithelial composition of airways, com-
pared with the airways of vehicle-treated rats (Table 3). Histo-
logical examination of proximal airways from rats 24 hours after
exposure to 400 ppm chlorine indicated severe epithelial injury.
The majority of the proximal airways are lined with flattened,
squamous epithelium (Figure 2C). Quantitative assessment indi-
cated a significant decrease in the ciliated cell volume, basal cell
volume, and overall thickness of the epithelium (Table 3). Prox-
imal airways from rats exposed to 400 ppm chlorine and treated
with aerosolized antioxidant looked similar to those in rats ex-
posed to 400 ppm chlorine and treated with aerosolized vehicle
(Figure 2C). Histologically, the terminal bronchioles of rats ex-
posed to 400 ppm chlorine and treated with either vehicle or
antioxidants looked similar to those in air-exposed rats (Figures
3C and 3D), although focal areas of injury in the gas-exchange
region could be identified. Quantitatively, a significant decrease
was evident in the ciliated cell volume of both chlorine-exposed
groups compared with control rats, but no significant difference
in the cell volume of nonciliated cells was observed at this airway
level. The epithelial thickness of the terminal bronchioles was
also not significantly different from that in control rats, because
of the variability in response at this airway level (Table 3).

Histological Evaluation of the Airways at 7 Days after

Chlorine Exposure

Normal AB/PAS-stained positive mucous cells in the proximal
airways of control rats are shown in Figure 4A. Proximal

airways from air-exposed rats and treated with aerosolized anti-
oxidants looked very similar to control airways (Figure 4B).
Histological examination of proximal airways from rats 7 days
after exposure to 400 ppm chlorine produced results consistent
with the presence of significant mucous cell hyperplasia, as shown
by the increase in AB/PAS-positive cells and a significant increase
in airway epithelial thickness (Figure 4C and Table 4). Proximal
airways from rats exposed to 400 ppm chlorine and treated with
aerosolized antioxidant had fewer AB/PAS-positive mucous cells
and thinner epithelia than rats exposed to 400 ppm chlorine
followed by aerosolized vehicle (Figure 4D and Table 4). In
the terminal bronchioles, quantitative assessment indicated no
difference between air-exposed, vehicle-treated rats and any
of the other exposure or treatment groups at this time point
(Table 4).

Measurement of Airway Reactivity 7 Days after

Chlorine Exposure

To correlate changes in structure with function, we measured air-
way resistance (Figure 5a) and elastance (Figure 5b) before and
after challenge with aerosolized methacholine in rats exposed to
chlorine and returned to room air for 7 days. As shown in Figure
5A, rats exposed to chlorine developed significant airway hyper-
reactivity when challenged with methacholine. These data agree
with our previous measurements in mice exposed to 400 ppm
chlorine for 30 minutes and returned to room air for 7 days (21),
although the levels of airway resistance in rats were consider-
ably smaller than in mice. Rats exposed to air and treated with
antioxidants had similar baseline and methacholine-treated

Figure 2. Histopathological effects of chlorine in-

halation in proximal airways 24 hours after expo-

sure. Rats were exposed to air or 400 ppm
chlorine for 30 minutes and treated with vehicle

or intravenous and aerosolized antioxidants, as

described in MATERIALS AND METHODS. Tissue was

collected 24 hours after exposure, embedded in
paraffin, and stained with hematoxylin and eosin.

Representative light micrographs are of proximal

airways from air-exposed rats treated with vehicle

(A) or antioxidants (B), or from rats exposed to
400 ppm chlorine for 30 minutes and treated

with vehicle (C) or antioxidants (D). Arrowheads,

basal lamina; arrows, neutrophils. Magnification
bar ¼ 50 mm.

Figure 3. Histopathological effects of chlorine
inhalation in terminal bronchioles, 24 hours af-

ter exposure. Rats were exposed to air or 400 ppm

chlorine for 30 minutes and treated with vehicle

or intravenous and aerosolized antioxidants, as
described in MATERIALS AND METHODS. Tissues were

collected 24 hours after exposure, embedded in

paraffin, and stained with hematoxylin and eosin.
Representative light micrographs are of proximal

airways from air-exposed rats treated with vehi-

cle (A) or antioxidants (B), or from rats exposed

to 400 ppm chlorine for 30 minutes and trea-
ted with vehicle (C) or antioxidants (D). Mag-

nification bar ¼ 50 mm.
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airway resistances as nontreated rats. For this reason, we com-
bined the air-exposed, nontreated, and antioxidant-treated rats
into a single group (labeled “air”). These data indicate that the
post-exposure administration of antioxidants causes no deleteri-
ous effects. In addition, the post-exposure administration of anti-
oxidants in chlorine-treated rats decreased airway reactivity
during methacholine challenge. The values were similar to those
in control rats for a methacholine dose of 50 mg/ml. A similar
trend was observed for elastance. However, because of the large
variance, the results did not reach statistical significance.

DISCUSSION

Chlorine gas exposures pose a significant public health concern
because of the amount of chlorine that is transported throughout
the United States (1). In addition to the mortalities resulting
from industrial accidents involving chlorine tank ruptures on
railcars here in the United States, as well as from deliberate
release by terrorists as a chemical weapon in Iraq, many indi-
viduals who survive the exposure will develop delayed respira-
tory complications (7). The importance of developing a rescue
treatment to help severely injured people while not harming
those less severely injured cannot be overstated.

We hypothesized and verified (6) that exposure to high con-
centrations of chlorine gas (. 100 ppm) will result in the deple-
tion of low molecular weight lung antioxidants. Using a
competition kinetics analysis, we showed that inhaled chlorine
gas will first react with low molecular weight oxidant scavengers
in the epithelial lining fluid (such as ascorbate, uric acid, and
reduced glutathione) before undergoing hydrolysis or reaction
with cellular targets (6). Previous studies by our group showed
that a 30-minute exposure to 400 ppm of chlorine results in
a significant and sustained depletion of lung ascorbate (22).
We therefore reasoned that the administration of antioxidants
(in particular, ascorbate) that are not produced by humans and
must be obtained from the diet will help restore basal pulmo-
nary levels and facilitate recovery when administered after
exposure to chlorine. Similarly, because focal hemorrhagic dam-
age was observed in the distal lung regions (22), we reasoned
that including deferoxamine in the intravenous administration
will help by chelating Fe31 released at hemorrhagic sites and
thereby prevent damage attributable to Fenton reactions. In
addition, deferoxamine will help maintain ascorbate in the
reduced state, thus allowing it to act as an antioxidant. The
combined administration of aerosolized and intravenous antiox-
idants was used for two reasons: first, based on the results of

previous morphological, biochemical, and physiological studies,
we showed that inhaled chlorine and its reactive intermediates
will deplete antioxidants in the lung epithelial lining fluid, and
then damage primarily airway and alveolar epithelial cells,
resulting in airway hyperreactivity, mucous hyperplasia, in-
creased permeability to plasma proteins, and compromised
ion transport (21–23, 26, 30). The administration of aerosols
with radii of 2–4 mm constitutes the most effective way of
replenishing airway and distal lung antioxidants. Second, we
showed that the exposure of rats to chlorine causes systemic
injury, characterized by inflammation and endothelial dysfunc-
tion because of the inactivation of endothelial nitric oxide syn-
thase, an event linked to atherosclerosis and hypertension (31).
We thus argued that to augment antioxidant defenses in the
plasma would be important.

Ascorbate supplementation has been shown in both animals
and humans to decrease oxidant lung and systemic injury. For
example, the oral and intravenous administration of ascorbate
decreased the severity of acute lung injury in patients with severe
burns (32) and the incidence of organ failure in septic surgical
patients, when coadministered with vitamin E (33). Similarly,
the combined administration of ascorbate and vitamin E im-
proved 28-day survival in patients with sepsis (34). Ascorbate
may also have a role in down-regulating hypoxia-inducible tran-
scription factor (HIF)-1a protein levels (35). Ascorbate inhibits
endothelial cell nicotinamide adenine dinucleotide phosphate-
reduced oxidase (36), and decreases the lipid peroxidation that
leads to the initiation of local and systemic inflammation (37–
39). Deferoxamine alone is used clinically in chronic iron over-
load (37) and as an antidote in acute iron poisoning (40), and it
was found to decrease protein tyrosine nitration (41).

The coadministration of ascorbate and deferoxamine re-
versed chlorine gas–induced lipid peroxidation in the bron-
choalveolar lavage fluid (BALF) of mice (23), underscoring
the importance of these antioxidants in scavenging various re-
active species that are formed after chlorine exposures. They
may also be beneficial by modulating and decreasing post-
exposure inflammation. Mice exposed to high concentrations
of chlorine (400–800 ppm for 5–30 minutes) demonstrated alve-
olar damage, the oxidation of lung proteins, proteinaceous exu-
dates, and inflammatory cells in alveoli and lavage fluid, as well
increased airway hyperreactivity to methacholine. This response
was postulated to be caused by oxidative stress (21, 42). A
3-month observation of rats exposed to 1,500 ppm chlorine
for 5 minutes showed epithelial flattening, necrosis, smooth
muscle mass elevation, and an increase in the number of

TABLE 3. QUANTITATIVE ASSESSMENT OF CHLORINE-INDUCED ALTERATIONS IN EPITHELIAL CELL
VOLUME AND EPITHELIAL THICKNESS IN AIRWAYS OF RATS, 24 HOURS AFTER CHLORINE EXPOSURE

Air Chlorine (400 ppm)

Vehicle Antioxidants Vehicle Antioxidants

Proximal airways

Ciliated cell volume* 7.63 6 1.11 5.94 6 1.08 0.51 6 0.46‡ 0.26 6 0.34‡,x

Nonciliated cell volume* 1.70 6 0.42 1.58 6 0.40 3.07 6 1.35 2.43 6 1.08

Basal cell volume* 1.05 6 0.30 0.82 6 0.29 0.03 6 0.03‡ 0.08 6 0.09‡,x

Epithelial thickness† 11.30 6 2.34 8.60 6 1.43 3.73 6 1.41‡ 2.82 6 1.22‡,x

Terminal bronchioles

Ciliated cell volume* 2.76 6 1.02 3.07. 6 1.32 1.20 6 0.57‡ 1.01 6 0.48‡,x

Nonciliated cell volume* 5.77 6 0.72 5.53 6 0.84 5.88 6 0.96 6.04 6 2.48

Epithelial thickness† 8.58 6 0.58 8.37 6 0.70 7.15 6 1.37 7.07 6 2.12

Definition of abbreviation: ppm, parts per million.

*Data are expressed as mm3/mm2 basal lamina, mean 6 SD, n ¼ 4–6 per group.
yData are expressed as microns, mean 6 SD, n ¼ 4–6 per group.
z Significantly different from air/saline control values, P , 0.05 (ANOVA, Holm-Sidak multiple comparisons test).
x Significantly different from air/antioxidant control values, P , 0.05 (ANOVA, Holm-Sidak multiple comparisons test).

Fanucchi, Bracher, Doran, et al.: Antioxidant Treatment for Chlorine Gas Inhalation 603



neutrophils in BALF (43). Isolated rabbit lungs that were ex-
posed to 500 ppm chlorine demonstrated that alveolar edema
could be explained in terms of epithelial injury (44). Moreover,
chlorine was suggested to compound lung injury and edema by
increasing microvascular permeability (44). Previous studies
showed that the post-exposure administration of a b2-agonist
decreases chlorine-induced airway hyperreactivity in mice
(21) by increasing lung cyclic adenosine monophosphate con-
tent, depleted after exposure to chlorine. Systemically admin-
istered dexamethasone after exposure to chlorine decreases
chlorine-induced airway hyperreactivity in rats and decreases
some indices of lung injury (45), and the post-exposure sys-
temic administration of ascorbic acid and deferoxamine
decreases chlorine-induced mortality and some indices of lung
injury (23). In clinical studies, the post-exposure administra-
tion of ascorbate and vitamin E to patients with severe burns
decreased the severity of acute lung injury (32). Previous
studies indicate that rats also develop significant chlorine-
induced hyperreactivity at 7 days after exposure, although
hyperreactivity in rats was considerably lower compared with
that of mice (21). The return of airway hyperreactivity to
baseline levels via the post-exposure administration of anti-
oxidants is highly significant, and shows that oxidants may be
responsible, at least in part, for the pathogenesis of airway
hyperreactivity.

At 24 hours after chlorine exposure, we did not see any his-
tological differences in the airways of chlorine-exposed, saline-
treated rats and chlorine-exposed, antioxidant-treated rats. This
is not unexpected. It would be difficult to alter the early course of
chlorine-induced epithelial injury, or induce a rapid repair pro-
cess within 24 hours by treating after the injury has been initi-
ated. However, at 7 days after chlorine exposure, a significant
difference was evident in the airway epithelium of rats exposed
to chlorine and treated with antioxidants, compared with rats
exposed to chlorine and treated with saline vehicle. Chlorine-
exposed rats treated with saline have thickened airway epithelium
with mucous cell hyperplasia, similar to the response reportedly
induced by 1,500 ppm chlorine for 5 minutes (43, 46). At 7 days
after exposure, the airways of chlorine-exposed rats treated with
aerosolized antioxidants look very similar to the airways of air-
exposed rats. Toxicant-induced mucous cell hyperplasia is a po-
tential concern in long-term outcomes of chlorine toxicity.
Mucous cell hyperplasia was shown to occur in response to
bacterial endotoxin (47), and is potentiated by additional expo-
sures to ozone (27, 48, 49). The increase in mucous cells is not
associated with an increase in epithelial cell density, and may be
attributable to the loss of serous cells. Lactoferrin and lysozyme
are localized in the secretory granules of serous cells (50, 51),
and both lactoferrin and lysozyme are considered to be antimi-
crobial peptides (52). An increase in mucus within an airway,

Figure 4. Histopathological effects of chlorine

inhalation in proximal airways, 7 days after ex-

posure. Rats were exposed to air or 400 ppm

chlorine for 30 minutes and treated with vehicle
or intravenous and aerosolized antioxidants, as

described in MATERIALS AND METHODS. Tissue was

collected 7 days after exposure, embedded in

paraffin, and stained with Alcian blue and pe-
riod acid–Schiff stain. Representative light

micrographs are of proximal airways from air-

exposed rats treated with vehicle (A) or antiox-
idants (B), or from rats exposed to 400 ppm

chlorine for 30 minutes and treated with vehicle

(C) or antioxidants (D). Arrows, mucous cells;

arrowheads, basal lamina. Magnification bar ¼
50 mm.

TABLE 4. QUANTITATIVE ASSESSMENT OF CHLORINE-INDUCED ALTERATIONS IN MUCOSUBSTANCES
AND EPITHELIAL THICKNESS IN AIRWAYS OF RATS, 7 DAYS AFTER CHLORINE EXPOSURE

Air Chlorine (400 ppm)

Vehicle Antioxidants Vehicle Antioxidants

Proximal airways

Mucosubstances* 1.67 6 0.61 1.82 6 1.15 3.55 6 1.89¶ 1.35 6 0.49#

Ciliated cell volume† 7.40 6 1.41 7.38 6 3.40 12.84 6 4.43 6.53 6 2.74#

Nonciliated cell volume†,‡ 2.36 6 0.10 2.18 6 0.63 4.07 6 1.52 2.32 6 0.90

Basal cell volume† 0.92 6 0.25 0.90 6 0.44 0.96 6 0.43 0.78 6 0.17

Epithelial thicknessx 10.07 6 1.58 10.47 6 3.60 17.89 6 5.93¶ 9.66 6 3.05x

Terminal bronchioles

Ciliated cell volume† 1.96 6 0.83 2.02 6 0.45 2.76 6 0.60 1.69 6 0.50

Nonciliated cell volume† 6.40 6 0.83 4.17 6 0.61 5.08 6 0.83 5.03 6 0.89

Epithelial thicknessx 8.39 6 1.50 6.19 6 0.86¶ 7.87 6 1.27 6.74 6 0.71

Definition of abbreviation: ppm, parts per million.

*Data are expressed as nl/mm2 basal lamina, mean 6 SD, n ¼ 6 per group.
yData are expressed as mm3/mm2, mean 6 SD, n ¼ 6 per group.
zNonciliated group includes mucous, nonmucous, and nonciliated cells.
xData are expressed as microns, mean 6 SD, n ¼ 6 per group.
¶ Significantly different from air/saline control values, P , 0.05 (ANOVA, Dunnett multiple comparisons test).
# Significantly different from 400 ppm/saline control values, P , 0.05 (ANOVA, Holm-Sidak multiple comparisons test).
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coupled with a loss of serous cells (and potentially some inmate
immunity), could result in increased susceptibility to bacterial
infections. The results of the present study demonstrate for the
first time, to the best of our knowledge, that the severe injury to
major airways in rodents exposed acutely to high levels of chlo-
rine, characterized by epithelial hyperplasia, mucus accumula-
tion, and airway reactivity, can be reversed in a safe and
efficacious manner by the post-exposure administration of ascor-
bate and deferoxamine. Previously, we also showed that the post-
exposure administration of intramuscular and aerosolized ascor-
bate and deferoxamine in mice exposed to lethal concentrations
of chlorine (600 ppm for 45 minutes) decreased mortality and
lung injury (23). Thus, our data point out the beneficial effects
of aerosolized and intravenous ascorbate and deferoxamine as
potential therapy in chlorine-exposed individuals. The beneficial

effects of ascorbate may be more pronounced in humans exposed
to chlorine, because humans are unable to synthesize ascorbate.

Author disclosures are available with the text of this article at www.atsjournals.org.
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