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Abstract Purpose: Superoxide is
produced by activated neutrophils
during the inflammatory response to
stimuli such as endotoxin, can
directly or indirectly injure host cells,
and has been implicated in the path-
ogenesis of acute lung injury (ALI)/
acute respiratory distress syndrome
(ARDS). We wished to determine the
potential for pulmonary overexpres-
sion of the extracellular isoform of
superoxide dismutase (EC-SOD) to
reduce the severity of endotoxin-
induced lung injury. Methods: Ani-
mals were randomly allocated to
undergo intratracheal instillation of
(1) surfactant alone (vehicle); (2)
adeno-associated virus (AAV) vectors
containing a null transgene (AAV-
null); and (3) adeno-associated virus
vectors containing the EC-SOD
transgene (AAV-EC-SOD) and
endotoxin was subsequently admin-
istered intratracheally. Two
additional groups were randomized to
receive (1) vehicle or (2) AAV-EC-
SOD, and to undergo sham (vehicle)

injury. The severity of the lung injury
was assessed in all animals 24 h later.
Results: Endotoxin produced a
severe lung injury compared to sham
injury. The AAV vector encoding
EC-SOD increased lung EC-SOD
concentrations, and enhanced the
antioxidant capacity of the lung. EC-
SOD overexpression decreased the
severity of endotoxin-induced ALI,
reducing the decrement in systemic
oxygenation and lung compliance,
decreasing lung permeability and
decreasing histologic injury. EC-SOD
attenuated pulmonary inflammation,
decreased bronchoalveolar lavage
neutrophil counts, and reduced inter-
leukin-6 and CINC-1 concentrations.
The AAV vector itself did not con-
tribute to inflammation or to lung
injury. Conclusions: Pulmonary
overexpression of EC-SOD protects
the lung against endotoxin-induced
ALI.
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Introduction

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) are life-threatening clinical condi-
tions, for which there is no specific therapy [1]. When
ARDS occurs in the setting of multisystem organ failure,
mortality rates over 60% have been reported, with sig-
nificant morbidity in 50% of survivors [1–3]. Endotoxin
is produced by gram negative bacteria and has been
implicated in the pathogenesis of sepsis-induced ALI/
ARDS, which is the commonest cause of ALI/ARDS,
and has the worst outcome [4–6]. Endotoxin may also
contribute to ALI/ARDS from other causes, such as
major surgery, where alterations in mucosal permeability
may permit access of gut-derived endotoxins to the
systemic circulation [7]. Endotoxin binds the Toll-like
receptor-4 (TLR-4), which activates the innate immune
response [8].

Neutrophil-derived reactive oxygen species such as
superoxide contribute to lung damage and dysfunction in
patients with ALI/ARDS [9, 10]. Superoxide dismutase
(SOD) catalyses the dismutation of superoxide and is a
key component of the antioxidant defences in the lung.
Pharmacologic strategies to directly augment the lung
antioxidant defences via exogenous SOD administration
have demonstrated efficacy in preclinical models [11–13],
but have not translated to the clinical setting. An alter-
native approach is to overexpress the gene encoding for
superoxide in the lung epithelium, using intrapulmonary
delivery of viral vectors encoding the gene.

We wished to test the hypothesis that pulmonary
overexpression of EC-SOD would attenuate endotoxin-
induced ALI. We used this model because of the role of
endotoxin in the pathogenesis of ALI/ARDS, and because
this is a well-characterized model that closely mimics the
clinical development of ARDS [14–16].

Materials and methods

A more detailed description of the methods and materials
can be found in the online supplementary material.

Preparation of AAV vectors

The EC-SOD transgene was first ligated into the multiple
cloning site of a p-AAVMCS vector (Agilent Technolo-
gies Inc., Santa Clara, CA, USA), product size was
confirmed by gel electrophoresis, and the plasmid was
sequenced to validate insert sequence integrity [17].
Plasmid DNA and adeno-associated virus envelope for
AAV serotype 6 was transfected into 293 T cells. Cells
were harvested and lysed 24 h later, the lysate was

centrifuged and the clear lysate fraction loaded on an
iodixanol gradient. Following further purification of the
viral particles by affinity column chromatography, parti-
cles were concentrated and desalted. Viral vector particle
titres were determined by quantitative real-time poly-
merase chain reaction (qRT-PCR). The process was then
repeated for the synthesis of an empty AAV6 vector with
no gene product, termed AAV-null.

The AAV particles were divided into aliquots of
125 ll containing 3.0 9 108 DNAase-resistant particles
(drp) per microlitre and stored at -70�C. As required, an
aliquot was thawed and added to 125 ll of the porcine
surfactant Curosurf� (120 mg/ml) (Trinity-Chiesi Phar-
maceuticals Limited, Cheadle, UK), to create a final
instillate volume of 250 ll. For those animals receiving
vehicle only, the instillate was 125 ll of Curosurf� mixed
with 125 ll of phosphate-buffered saline (PBS).

Endotoxin-induced ALI model

Specific-pathogen-free adult male Sprague–Dawley rats
(350–450 g) were used. The experimental model was
based on those previously reported, with several modifi-
cations [14, 18]. All work was approved by the National
University of Ireland, Galway Research Ethics Committee
and conducted under licence from the Department of
Health, Ireland.

Vector instillation

Animals were anaesthetised by inhalational induction
with isoflurane and an intraperitoneal injection of 40 mg
kg-1 of ketamine (Pfizer, Kent, UK) [19, 20], and the
trachea intubated with a size 14 intravenous catheter (BD
Insyte�; Becton–Dickinson Ltd., Oxford, UK). Animals
were randomized to intratracheal instillation of the sur-
factant/PBS mixture containing (a) vehicle alone;
(b) 3.5 9 1010 drp AAV-null; or (c) 3.5 9 1010 drp
AAV-EC-SOD. Subsequently, two additional groups
were randomized to receive (d) vehicle or (e) AAV-EC-
SOD instillation. The dose of AAV-EC-SOD used was
determined to produce effective transgene expression in
preliminary studies. Following instillation in two aliquots,
the animals were extubated, and allowed to recover from
anaesthesia.

Endotoxin/vehicle instillation

Five days following vector/vehicle instillation, the ani-
mals were re-anaesthetised and 5 mg kg-1 of endotoxin
derived from Escherichica coli serotype 055:B5 (Fluka,
Poole, UK) or vehicle was instilled intratracheally [14].
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Assessment of lung injury

Twenty-four hours following endotoxin instillation, all
animals were again anaesthetized as described above,
intravenous access was secured via the dorsal penile vein
and anaesthesia maintained with repeated intravenous
boli of Saffan� (alfaxadone 0.9% and alfadadolone ace-
tate 0.3%; Schering Plough, Welwyn Garden City, UK)
[19, 20]. A tracheostomy tube (1-mm internal diameter)
was then inserted and intra-arterial access (22- or
24-gauge cannulae; Becton–Dickinson, Franklin Lakes,
NJ, USA) was sited in the carotid artery. Cis-atracurium
besylate 0.5 mg kg-1 (GlaxoSmithKline, Dublin, Ire-
land) was administered intravenously and the lungs were
mechanically ventilated (Model 683; Harvard Apparatus,
Holliston, MA, USA) at a respiratory rate of 80 min-1,
tidal volume 6 ml kg-1 and positive end-expiratory
pressure of 2 cmH2O. To minimize lung derecruitment, a
recruitment manoeuvre consisting of positive end-expi-
ratory pressure 15 cmH2O for 20 breaths was applied at
the start of the protocol. All animals were ventilated with
an inspired gas mixture of FiO2 = 0.3, and FiN2 = 0.7,
for 20 min. Systemic arterial pressure, peak airway
pressures and temperature were continuously measured,
arterial blood samples were drawn for analysis (ABL
710; Radiometer, Copenhagen, Denmark) and static
inflation lung compliance measured [14]. Heparin
(400 IU kg-1) was administered intravenously and the
animals were then killed by exsanguination under
anaesthesia [19, 20].

Sampling and assay protocol

Bronchoalveolar lavage analysis

Immediately post-mortem, the heart–lung block was
dissected from the thorax and bronchoalveolar lavage
(BAL) collection performed [19, 20]. Total and differ-
ential cell counts were performed and the concentrations
of cytokine-induced neutrophil chemoattractant-1
(CINC-1) and interleukin-6 (IL-6) in the BAL were
determined using a quantitative sandwich ELISA (R&D
Systems Europe Ltd., Abingdon, UK) [21, 22]. The
Micro BCATM protein assay kit (Pierce, Rockford, IL,
USA), was utilized to determine total BAL protein
levels [23].

Histologic analysis

The left lung was isolated and fixed [14, 24], and the
extent of histologic lung damage determined using
quantitative stereological techniques [25].

Assessment of gene transfer

SOD transgene expression was determined in lung
homogenates by real-time rtPCR and Western blotting as
previously described [11, 26, 27]. Briefly, RNA was
extracted from lung tissue and cDNA synthesis performed
using the ImProm-IITM reverse transcription system
(Promega, Madison, WI, USA). Quantitative PCR was
performed for EC-SOD gene, normalised against a
GAPDH control product. Primer sequences (from MWG-
Biotech) used were as follows: GAPDH sense: 50-
TTGTGAAGCTCATTTCCTGG-30, antisense: 50-CAT
GTAGGCCATGAGGTCCA-30. EC-SOD sense: 50-AT-
GCTGGCGCTACTGTGTTC-30, antisense: 50-
ACTCCGCCGAGTCAGAGTT-30.

Tissue Western blot analysis for EC-SOD

Lung tissue Western blot analysis for EC-SOD was car-
ried out as previously described [28]. Briefly, total cell
protein was extracted, protein concentration was deter-
mined and samples were electrophoresed on an SDS-
PAGE gel and transferred to nitrocellulose. Primary goat
anti-human EC-SOD polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was used, with
anti-goat antibody conjugated to horseradish peroxidase
(Cell Signaling Technology, Danvers, MA, USA) as the
secondary antibody. The membrane was subsequently
incubated with a chemiluminescent substrate (SuperSig-
nal West Pico; Pierce) and EC-SOD protein detected at
size 32.5 kDa.

SOD activity assays

Lung homogenate SOD activity was assessed utilizing a
colorimetric SOD activity assay kit (Sigma Aldrich,
Dorset, UK) in which the degradation of a tetrazolium salt
produces a formazan dye upon reduction with a super-
oxide anion. The rates of reduction are inhibited by
superoxide dismutase activity.

Immunohistochemistry

Lung tissue was flash-frozen in liquid nitrogen, cut into
4-lm-thick sections, fixed in acetone, washed, and non-
specific sites blocked with 10% (v/v) goat blocking
serum. Sections were then incubated with EC-SOD pri-
mary antibody raised in goat (Santa Cruz), then incubated
in rhodamine-conjugated donkey-anti-goat secondary
antibody (Santa Cruz). Fluorescence was subsequently
imaged on an Olympus IX71 microscope using Cell^P�

software (Olympus Europa GmbH, Germany).
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Statistical analysis

Results are expressed as mean ± standard deviation (SD)
for normally distributed data, and as median (interquartile
range, IQR) if non-normally distributed. Data were ana-
lysed by repeated measures two-way ANOVA or one-way
ANOVA as appropriate, followed by Student–Newman–
Keuls, t test or Kruskal–Wallis followed by Mann–
Whitney U test with the Bonferroni correction for mul-
tiple comparisons, as appropriate. A p value of less than
0.05 was considered statistically significant.

Results

Forty-two animals were entered into this study. Two
animals were excluded prior to assessment of injury due
to technical failures of the protocol, namely failure to
deliver endotoxin intratracheally. The remaining 40 ani-
mals were randomized to receive: (1) sham injury plus
vehicle treatment (sham-vehicle, n = 5); (2) sham injury
plus EC-SOD (sham-EC-SOD, n = 5); (3) endotoxin
injury plus vehicle (LPS-vehicle, n = 10); (4) endotoxin
injury plus null vector (LPS-null, n = 10); (5) endotoxin
injury plus EC-SOD (LPS-EC-SOD, n = 10). All animals
survived vector and endotoxin instillation. One animal in
each endotoxin injury group died following induction of
anaesthesia for final injury assessment, immediately prior
to assessment of physiologic indices of lung injury, due to
the severity of their lung injury. All other data were
collected from these animals.

There were no differences between the groups in
regard to arterial pH, PaCO2, serum bicarbonate, serum
lactate, base excess or mean arterial pressure (Table 1).

EC-SOD was transferred and expressed

Endotoxin-induced injury significantly decreased lung
tissue EC-SOD protein, and this decrease was fully
restored by EC-SOD overexpression (Fig. 1a–b). EC-
SOD protein was expressed throughout the lung tissue by
immunohistochemical staining, with greater SOD protein
evident in animals that received the EC-SOD transgene
(Fig. 1c–d). These animals also demonstrated substan-
tially greater lung expression of the EC-SOD transgene
(online Fig. A). There was no difference in lung EC-SOD
gene expression between the null vector and vehicle
groups. Lung tissue SOD activity was significantly
enhanced in the animals that received EC-SOD in com-
parison to non-transduced animals and animals that
received the null vector (online Fig. A). Endotoxin-
induced lung injury did not appear to reduce EC-SOD
expression or activity.

EC-SOD attenuates lung injury

Endotoxin instillation produced a severe lung injury,
which was attenuated by EC-SOD overexpression in
comparison to animals that received vehicle or null vec-
tor. EC-SOD abolished the fall in arterial oxygenation
seen in vehicle and null gene transfected animals

Table 1 Data regarding severity of the lung and systemic injury in each group

Variable Sham-vehicle Sham-EC-
SOD

LPS-vehicle LPS-null LPS-EC-SOD

Number of animals 5 5 10 10 10
Arterial pH 7.40 ± 0.01 7.40 ± 0.01 7.43 ± 0.07 7.46 ± 0.04 7.48 ± 0.03
Arterial CO2 tension

(kPa)
4.0 ± 0.3 3.9 ± 0.2 4.1 ± 0.6 3.8 ± 0.4 3.8 ± 0.1

Alveolar–arterial
oxygen gradient
(kPa)

5.9 ± 1.2 6.4 ± 2.5 15.0 ± 2.5* 14.3 ± 5.3* 9.7 ± 3.5�

Mean arterial pressure
(mmHg)

101 ± 10 110 ± 11 117 ± 12 118 ± 14 120 ± 14

Serum bicarbonate
(mM)

21.1 ± 1.3 21.5 ± 2.3 22.4 ± 2.6 22.7 ± 2.6 24.1 ± 2.3

Base excess -4.5 ± 1.1 -4.9 ± 1.4 -3.1 ± 3.1 -2.8 ± 3.6 -1.7 ± 1.8
Lactate (mM) 1.9 ± 0.3 2.3 ± 0.6 4.3 ± 1.2 4.8 ± 1.4 3.6 ± 1.2
BAL protein (lg/ml) 58.4 (57, 67) 77.6 (60, 83) 26,796.1 (16,904, 41,994)* 19,135 (11,042, 25,741)* 6,904 (5,487, 12,647)*,�

BAL IL-6 (pg/ml) 156.8 ± 125.1 352.2 ± 305 1,877.8 ± 1,515 2,188.8 ± 1,884 249.2 ± 187.5
BAL CINC-1 (pg/ml) 322.1 ± 34.5 282.9 ± 32.5 39,728.7 ± 13,462.5* 37,515.2 ± 11205* 7,719.1 ± 4,445.9�

Data are expressed as mean ± SD or median (interquartile range).
Final data are those collected upon completion of the experimental
protocol
BAL bronchoalveolar lavage

* Significantly different from sham-vehicle and sham-EC-SOD
groups (P \ 0.05 by ANOVA)
� Significantly different from LPS-null and LPS-vehicle groups
(P \ 0.05 by ANOVA)
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following endotoxin instillation (Fig. 2a). EC-SOD also
abrogated the decrement in alveolar–arterial oxygen gra-
dient following endotoxin-induced injury (Table 1). EC-
SOD completely attenuated the decrease in static lung
compliance (Fig. 2b) and the increase in peak airway
pressure (Fig. 2c) following endotoxin-induced injury.

EC-SOD attenuated the endotoxin-induced increase in
pulmonary permeability, as assessed by protein leak into
the BAL fluid. BAL protein concentrations were signifi-
cantly greater in all endotoxin-injured animals, but were
significantly lower in EC-SOD animals (Table 1). EC-
SOD decreased the degree of histologic injury compared
to both endotoxin-injured groups (online Fig. B). Quan-
titative stereological analysis demonstrated that EC-SOD
overexpression attenuated the increase in acinar tissue
volume fraction and the decrease in acinar airspace vol-
ume fraction induced by endotoxin (Fig. 3a).

EC-SOD reduces pulmonary inflammation

EC-SOD overexpression attenuated the endotoxin-
induced inflammatory response. The endotoxin-induced
BAL neutrophil influx was attenuated by EC-SOD over-
expression (Fig. 3b). EC-SOD overexpression also
decreased endotoxin-induced BAL interleukin-6 concen-
trations, although this was not statistically significant
(Table 1). EC-SOD abolished the endotoxin-induced
increase in BAL CINC-1 concentrations (Table 1).

There was no evidence to suggest that the viral vector
itself worsened the inflammatory response to endotoxin.
Specifically, animals that received empty vector did not
demonstrate increases in BAL IL-6, CINC-1, or neutro-
phil counts compared to animals that received vehicle
alone (Fig. 3b, Table 1).

Discussion

These findings demonstrate the potential of antioxidant
gene therapy to attenuate endotoxin-induced lung injury.
Intratracheal delivery of AAV6 vectors encoding the EC-
SOD transgene resulted in expression of the EC-SOD
transgene, augmenting the antioxidant capacity of the
lung. EC-SOD overexpression reduced the severity of
subsequent endotoxin-induced lung injury, reducing pul-
monary inflammation and reducing physiologic and
histologic indices of lung injury and damage.

Superoxide is produced by activated neutrophils dur-
ing the immune response, and may cause injury directly,
or via conversion to more damaging oxidant species, such
as the hydroxyl radical and hypochlorous acid [9, 29].
Superoxide can also react with nitric oxide to produce the
potent nitrating agent peroxynitrite [10]. Evidence of
superoxide-mediated lung damage has been demonstrated
in patients with ARDS [9, 29]. Strategies to augment the
lung antioxidant potential have included exogenous SOD

Fig. 1 a Densitometry of
Western blots demonstrating
relative EC-SOD protein
concentrations in lung
homogenates from each group.
b Representative Western blots
demonstrating relative EC-SOD
protein concentrations in lung
homogenates from each group.
*Significantly different from
sham-vehicle group (P \ 0.05,
ANOVA). Photomicrographs of
representative confocal
microscopy images of sections
from lung tissue that received
EC-SOD (c) and null vector
(d) respectively exposed to
DAPI nuclear stain and a stain
for EC-SOD. The extent of
staining for EC-SOD is greater
in the lung sections from the
animal that received EC-SOD.
The scale bar equals 500 lm
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administration [11–13]; however, limitations regarding
direct pharmacologic administration of SOD have limited
its therapeutic potential. In contrast, the extracellular
SOD isoform (EC-SOD) may be a suitable candidate for
gene therapy because it is a secreted product and therefore
may protect adjacent cells against injury [26].

In these studies, endotoxin-induced injury decreased
pulmonary SOD protein concentrations. Intrapulmonary
delivery of AAV6 encoding EC-SOD increased pulmon-
ary EC-SOD expression, and restored lung EC-SOD
protein concentrations, to the levels seen in uninjured
lungs. Of importance, the efficacy of the EC-SOD vector
was not affected by the subsequent endotoxin-induced
lung injury. We chose AAV serotype 6 on the basis of
preliminary data from our group demonstrating superior
transduction with this serotype compared to AAV sero-
types 2 or 5. Increased total superoxide dismutase activity

Fig. 2 a Histogram representing mean (SD) arterial oxygen partial
pressures following endotoxin injury in each group. b Line graph
representing mean (SD) static lung compliance following endotoxin
injury in each group. c Histogram representing mean (SD) peak
airway pressures following endotoxin injury in each group.
Vehicle, animals that received intratracheal surfactant alone; Null
vector, animals that received intratracheal AAV6 encoding no
transgene; EC-SOD, animals that received intratracheal AAV6
encoding the EC-SOD transgene. *Significantly different from
sham-vehicle group (P \ 0.05, ANOVA). �Significantly different
from LPS-vehicle and LPS-null groups (P \ 0.05, ANOVA)

Fig. 3 a Histogram representing mean (SD) alveolar tissue and
airspace in the lung following endotoxin injury in each group.
b Histogram representing mean (SD) bronchoalveolar lavage
neutrophil counts from each group. Vehicle, animals that received
intratracheal surfactant alone; Null vector, animals that received
intratracheal AAV6 encoding no transgene; EC-SOD, animals that
received intratracheal AAV6 encoding the EC-SOD transgene.
*Significantly different from sham-vehicle group (P \ 0.05,
ANOVA). �Significantly different from LPS-vehicle and LPS-null
groups (P \ 0.05, ANOVA)
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was detected in lung homogenates of those animals who
were treated with EC-SOD using SOD activity assays.
Whilst this assay is not specific for EC-SOD, the relative
increase in overall antioxidant activity in the EC-SOD
group is likely to be due to the increased EC-SOD present
in these animals. Immunohistochemistry demonstrated
that the EC-SOD protein was expressed throughout the
pulmonary tissue. This strategy significantly reduced
endotoxin-induced lung injury, which is characterized by
increased oxidant-induced injury.

EC-SOD overexpression significantly reduced endo-
toxin-induced lung inflammation, and reduced the
increase in alveolar neutrophil counts and IL-6 and CINC-
1 concentrations. The reduction in alveolar neutrophil
infiltration by EC-SOD overexpression may be due, at
least in part, to the reduction in alveolar concentrations of
the potent neutrophil chemoattractant CINC-1. Of
importance, there was no evidence to suggest that the
viral vector itself worsened the inflammatory response to
endotoxin. This is significant given concerns regarding
the potential of viral vectors to produce a host immune
response, a potentially deleterious effect in the setting of a
generalized pro-inflammatory state such as ALI/ARDS.

EC-SOD overexpression reduced endotoxin-induced
lung injury, as evidenced by improved systemic arterial
oxygenation, and lung static and dynamic compliance
compared to untreated animals. EC-SOD almost com-
pletely attenuated the endotoxin-induced decrement in
these indices as evidence by the fact that these indices
were not different from those in uninjured animals. In
contrast, administration of empty vector did not exert any
beneficial effects compared to administration of vehicle
alone. EC-SOD overexpression also reduced the extent of
histologic injury, as evidenced by a greater preservation
of alveolar airspace, and reduced alveolar tissue, com-
pared to animals that received empty vector or vehicle
alone.

There are a number of limitations in regard to this
study. Firstly, this study involved the administration of
vector prior to the onset of lung injury. In the clinical

setting, lung injury is generally well established at pre-
sentation. It is not clear what effect EC-SOD
overexpression might have if introduced after the onset of
lung injury. However, there are certain settings, such as
major cardiovascular or intra-abdominal surgery, where
an insult, such as the development of endotoxemia, is a
frequent, and relatively predictable occurrence [7]. A
safe, low toxicity intervention, if proven effective in these
settings, might confer substantial clinical benefit. Sec-
ondly, intratracheal delivery of transgene following the
development of ALI/ARDS may be difficult, particularly
where lung units are collapsed or filled with exudate,
reducing the therapeutic utility of intrapulmonary deliv-
ered therapies. It is reassuring in these studies that
endotoxin injury did not adversely affect transgene
expression or activity. Lastly, ALI and ARDS generally
have time courses significantly longer than the 24 h
assessed by this model. Differences between groups that
were not apparent at 24 h might be very clear after a
number of days. Further experiments with a longer
observation period, and which assess outcome, might be
useful in giving insights into the likely clinical impact of
pulmonary gene therapy for ARDS.

In conclusion, intrapulmonary delivery of EC-SOD
decreased the severity of endotoxin-induced lung injury,
demonstrating the potential beneficial effects of EC-SOD
overexpression in the setting of ALI. More broadly, these
findings suggest that gene therapy may have therapeutic
potential for ALI/ARDS. However, additional experi-
mental work is needed over longer time periods to further
clarify the therapeutic potential of pulmonary EC-SOD
overexpression in ALI/ARDS.
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