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Abstract

Superoxide dismutase (SOD) is a free radical scavenger and a broad-spectrum antioxidant.  Its
anti-inflammatory and immunomodulatory effects have recently been noted.  We studied the effects of
this antioxidant on lung damage, oxidative stress, and inflammation in a model of ventilator-induced
lung injury (VILI), using 8- to 12-wk-old Sprange-Dawley rats (n = 40).  Animals were randomized and
evenly divided into two experimental groups, low tidal volume (VT) ventilation (VT = 9 ml/kg) and high
VT ventilation (VT = 28 ml/kg).  Each group was evenly divided into two subgroups: ten animals were
treated with superoxide dismutase (SOD; 10,000 U/kg i.v., 2 h prior to the ventilation) and the rests were
treated with vehicle.  Lung injury was evaluated by histological examination, and cells counts of red
blood cells (RBC) and white blood cells (WBC) in the alveoli and the septal wall thickness in lung tissues
and serum lactate dehydrogenase (LDH).  The lung permeability was assessed by the wet-to-dry weight
ratio (W/D), lung weight to body weight ratio (LW/BW) and protein concentration in broncholavage
fluid (BALF).  Levels of oxidative stress and lipid peroxidation in the lungs were evaluated by tissue
malondialdehyde (MDA) and methylguanidine (MG) in BALF, respectively.  SOD pretreatment signifi-
cantly decreased WBC counts in systemic circulation and in alveoli, and effectively attenuated high VT

ventilation induced lung injury by reducing hyaline membrane development, septal wall thickness, lung
W/D and LW/BW and serum LDH in relation to those of the control.  In addition, lung tissues MDA
and MG in BALF were also notably reduced.
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Introduction

Acute respiratory distress syndrome (ARDS) is

characterized by refractory hypoxemia and bilateral
pulmonary infiltrates on chest radiography, often
involving inflammation of the lung parenchyma and
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gas exchange impairment (4).  Patients with ARDS
often require mechanical ventilation (MV) to improve
oxygenation.  However, inappropriate ventilation
strategy, such as positive pressure ventilation with
high tidal volume (VT), often exacerbates lung injury,
promoting hyaline membrane formation and further
damaging lung structures (8).  Protective ventilation
strategy, i.e., ventilation with low VT combined
with short duration, has been shown effective in
reducing ventilator induced lung injury (VILI) in
animal models, as well as decreasing mortality in
patients with ARDS#.  However, it has been reported
that even ventilation with protective strategy (VT = 6
ml/kg, plateau pressure = 30 cmH2O) may not be
enough to protect all patients against the risks of
VILI (34).

Accumulated evidence supported that mechan-
ical ventilation may promote neutrophils sequestration
in the pulmonary circulation, and that may play a
crucial role in VILI (8).  Kawano and colleagues (14)
demonstrated that high VT ventilation caused severe
lung injury in rabbit under normal condition, but
damage was significantly attenuated in rabbits with
granulocytes-depleted through nitrogen mustard pre-
treatment, evaluated by much smaller protein leakage
in alveoli, intact gas exchange, and minor hyaline
membrane formation.  Neutrophils may damage the
lung parenchyma through releasing reactive oxygen
species (ROS) and proteases, causing extracellular
matrix remodeling, increasing lung permeability and
lipid trafficking across alveolar-capillary membrane
(15), resulting in lung edema and oxygenation im-
pairment (39).

Superoxide dismutase (SOD) is an important
endogenous antioxidant enzyme synthesized in most
cells exposure to oxygen.  SOD protects tissues through
catalyzing the dismutation of superoxide anion into
oxygen and hydrogen peroxide (24).  Though SOD
has a high clearance rate and short circulating half-
life around 6 to 10 min (17), intravenous (i.v.) injection
of SOD has been shown to attenuate acute lung in-
jury through suppressing the development of comple-
ment system (32), and decreasing inflammatory
cytokines to reduce hyperoxic lung injury (20).  Yasui
et al. (38, 39) demonstrated that the anti-inflammatory
effect of SOD may involve mediating neutrophil
apoptosis, similar to those Fas-mediated neutrophil
apoptosis.  However, the effects of i.v. administration
of SOD were controversial.  Mikawa et al. (21) de-
monstrated protective effects on lung injury induced
by heatstroke.  On the other hand, Wang et al. (36) did
not find significant improvement in ARDS in rats.
We hypothesized that the efficacy of SOD may be due

to those endothelial bound SOD, which takes time
to be transferred as endogenous SOD.  In this study,
SOD was i.v. administered 2 h prior to the high VT

ventilation.  We assess the efficacy of SOD on lung
protections via histological examination, WBC in
alveolar space, the lung permeability by means of the
lung wet-to-dry weight ratio (W/D), lung weight to
body weight (LW/BW) ratio, and protein concen-
tration in brochoalveolar lavage fluid (BALF).  The
oxidative stress was assessed by the levels of malon-
dialdehyde (MDA) and methylguanidine (MG) in the
lungs.

Materials and Methods

Animals

Studies were performed on male Sprague-
Dawley (SD) rats, weighted between 250 and 300 g
(BioLASCO, Taipei, Taiwan, ROC).  Rats were housed
in a pathogen free animal house with 12:12 h light-
dark cycle in the Medical School of Fu Jen Catholic
University.  The animal protocol was approved by the
Animal Care and Use Committee of the Fu Jen Catholic
University and in compliance with the Guidlines for
the Care and Use of Laboratory Animals (NIH Guide,
volume 25, Number 28, 1996).

Human erythrocyte Cu/Zn SOD was purchased
from Sigma Chemical Co. (St. Louis, MO), and stored
in a -20°C freezer.  Before administration, SOD was
dissolved with 0.5 ml sterile saline.  The dosage of
SOD (10,000 U/kg) was based on previous researches
demonstrated effective in lung injury (21).

Rats were anesthetized with pentobarbital
sodium (45 mg/kg, intraperitoneally [i.p.]).  The status
of anesthesia was constantly monitored by the absence
of reflex withdrawal to hindpaw pinch, and an addi-
tional anesthetic (15 mg/kg, [i.v.]) was administered
as necessary.  The body temperature was maintained
by a heating blanket.  A tracheotomy was performed
and the trachea was cannulated with a sterile poly-
styrene catheter (PE240), secured with suture to
prevent leakage and connecting to a small animal
ventilator (TOPO Small Animal Ventilator, Kent
Scientific, CT, USA), which was operated in a constant
frequency volume-controlled mode.  A high-fidelity
optical fiber pressure transducer (model 202, Samba
Sensors, Västra Frölunda, Sweden) was inserted
through the right carotid artery and advanced into
the left ventricular (LV) chamber to monitor LV
pressure (PLV).  A femoral artery was cannulated with
a polyethylene catheter (PE50, Warner Instrument,
Hamden, CT, USA), through which blood samples

#Ventilation with lower VT as compared with traditional VT for acute lung injury and the ARDS.  The Acute Respiratory Distress Syndrome
Network.  N. Engl. J. Med. 342: 1301-1308, 2000.
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were taken for blood gas information, and subse-
quent laboratory tests.  The airway pressure (Paw) and
expiratory end-tidal carbon dioxide (PeCO2) were
monitored real-time at the inspiratory and expiratory
tracks of the ventilator via a pressure transducer
(Deltran 6069, Utah Medical Products Inc., Midvale,
UT, USA) and a carbon dioxide monitor system
(Capstar-100 CWE Inc., Ardmore, PA, USA), re-
spectively.  Blood samples (200 µl), withdrawn at the
baseline and every hour during the study (replaced by
isotonic saline), were subjected to the immediate
whole blood count test (Fujifilm Sericol Retarder
ZV558, Osaka, Japan), followed by centrifugation at
3,000 × g for 10 min, where the supernate was drawn
for the evaluation of plasma lactate dehydrogenase
(LDH).  Arterial blood gas information (PaO2, PaCO2

and pH) was acquired at baseline and at the end
of study (Radiometer ALB 5, Bronshoj, Denmark).
Analog data, including LV pressure, heart rate (HR),
peak airway pressure (Paw) and PeCO2, were acquired
at 1,000 Hz and digitized through a 16 channels
data acquisition system (model MP150, Biopac
Systems Inc., Goleta, CA, USA) and stored in a dual
processor laptop computer (Asus Technology, Taipei,
Taiwan).

The duration of ventilation was 5 h.  Forty rats
were randomly divided into four groups in relation
to the type of interventions, e.g. pretreatment with
vehicle or SOD 2 h prior to the study, in conjunction
with low or high VT ventilation.  Each group contains
10 rats: (A) vehicle pretreated with low VT ventilation
(VT  = 9 ml/kg, Paw = 12 cmH2O, respiratory rate = 70
breaths/min and inspiration time (as a percentage of
the total ventilatory cycle) = 0.25, (B) SOD pretreated
2 h prior to the low VT ventilation, (C) vehicle pre-
treated 2 h prior to the high VT ventilation (VT = 27
ml/kg, Paw = 22 cmH2O, respiratory rate = 70 breaths/
min, and inspiration time = 0.45, and (D) SOD pre-
treated 2 h prior to the high VT ventilation.

Lung Tissue Preparation

At the end of study, the animal was euthanized
with an overdose of anesthetic (100 mg/kg i.p.).  A
thoracotomy was performed, where the lung and
trachea were carefully removed.  The left lung was
prepared for the bronchoalveolar lavage fluid (BALF)
and the right lung was used for the histological study.
The whole lung was inflated at ~20 cmH2O.  The right
main bronchus was firmly tied with surgical strings.
The upper lobe of the right lung was tied and dissected,
where a piece of lung tissue was sliced up and frozen
immediately at -80°C for the assessment of the tissue
MDA.  The remaining upper right lobe was weighed
immediately and weighted again after being dried in
an oven at 70°C for 7 days to determine the lung

wet-to-dry weight ratio (W/D).  The remaining right
lung was removed and fixed through the immer-
sion in 10% buffered formalin for 24 h.  After fixation,
the lung tissue was embedded in paraffin frozen at
-20°C, sectioned at 4-µm thickness, and processed for
standard hematoxylin eosin (HE) staining.  BALF
was acquired by flushing the left lung, slowly repeating
3 times with 1.25 ml saline.

Protein Concentration in Bronchoalveolar Lavage Fluid

The protein concentration in BALF was used as
an index of alveolar-capillary membrane permeability.
BALF was centrifugated at 1,500 × g for 10 min.  The
top supernate was extracted and examined for the
protein concentration via a spectrophotometry at 630
nm (Versa Fluor Fluorometer, Bio-Rad, CA, Hercules,
USA).

Red Blood Cell (RBC) and White Blood Cell (WBC)
Counts in Alveolar Space

The RBC and WBC counts in alveolar space
were performed using an image processing software
(Motic image plus, Xianmen, Fujian, PRC) upon HE
stained lung samples.  In each animal, four lung
tissues were examined.  In each tissue, an area of
0.5 × 0.5 mm2 containing relatively well-maintained
alveoli was chosen and subjected for computer scan-
ning and cell counts.  Cells totaled in four tissues in
each animal (total area = 1 mm2) were presented
as cell numbers per square millimeter.

Measurements of Alveolar Septal Thickness

The middle section of alveolar septal thickness
was measured using the image processing software
(Motic) in the same 0.5 × 0.5 mm2 area, where six
septa were randomly sampled.  In each animal, four
lung tissues were examined and the wall thickness
was presented as an average among 6 septa across
4 tissues.

Methylguanidine (MG) in BALF

The level of MG in BALF has been used as an
indicator of hydroxyl radical productions in the lungs.
MG was measured using the spectrofluorimetric
method (Jasco 821-FP Fluorescence Detector, Tampa,
FL, USA).

Malondialdehyde (MDA) in Lung Tissue

The level of tissue MDA has been used as an
indicator of lipid peroxidation.  The lung tissue was
homogenized (1:10) in 0.1 mol/L phosphate buffer
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(pH = 7.4), and centrifuged at 15,000 × g at 4°C for 10
min.  MDA was measured in the supernatant following
manufacturers’ guideline (R&D research) and nor-
malized to the protein concentration.

Assessment of Serum Lactate Dehydrogenase (LDH)

The lung tissue injury was assessed by the serum
concentration of LDH (22) using a commercial kit
and Kodak Ektachem DT60 analyzer (Rochester, NY,
USA).  Each test requires 10 µl of samples.

Statistical Analysis

Data were presented as means ± SEM.  Com-
parisons across two sets of groups were analyzed with
two-way analysis of variance, followed by Scheffe’s
method.  Paired Student t test was used to compare
the baseline values with those at different timelines
within each group.  Moreover, Repeated Measured
ANOVA was conducted to compare the equality of
means over time.  P < 0.05 was considered statistically
significant.

Results

In Fig. 1, we showed typical physiological mea-
surements from vehicle pretreated rats after 5 h of low
VT ventilations (left column) and high VT ventilation
(right column); from top panel downward, the left
ventricular pressure (PLV), real-time PeCO2 and peak
airway pressure (Paw).  Five h following the high VT

ventilation peak Paw increased to ~22.5 ± 0.5 cmH2O
from ~12.5 ± 0.3 mmH2O (P < 0.05), PLV decreased
by ~30% from ~125 ± 6 mmHg to 97 ± 9 mmHg (P <
0.05), and PeCO2 decreased from ~36 ± 3 mmHg to
~9 ± 1 mmHg (P < 0.05), in relation to those of the
low VT ventilated rats.  The statistic data of all 4
groups were summarized in Table 1.  At baseline, no
major difference, in terms of PLV and blood gas
information, was observed among different groups.
Following 5 h of ventilation, regardless of SOD
pretreatment, low VT did not significantly change
PLV, Paw and blood gas in relation to those measured
at baseline.  In contrast, high VT ventilation resulted
in hyperventilation, decreasing PaCO2 and PeCO2,
and increasing PaO2 and pH (P < 0.05), in addition
peak PLV decreased notably.  SOD pretreatment did
not alter the outcomes of high VT ventilation in terms
of Paw, PeCO2, pH, PaCO2 and PaO2, but peak PLV
was constantly higher (P < 0.05), suggesting some

Fig. 1. Typical physiological measurements from vehicle pretreated rats following 5 h of low VT ventilations (left column) and high
VT ventilation (right column); from top panel downward, left ventricular pressure (PLV), real-time end-tidal carbon dioxide
(PeCO2) and peak airway pressure (Paw).
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cardioprotective effect.

Lung Injury Was Attenuated with SOD Pretreatment
Two Hours Prior to the High VT Ventilation

The lung injury was evaluated by histological
examination, as well as parameters including RBC

and WBC counts in alveolar space, septal wall thick-
ness, protein concentration in BALF and lung water
contents via lung weight W/D ratio and lung weight to
body weight ratio (LW/BW).

In Fig. 2, we showed representative histological
preparations of lung tissues from animals of: (A)
vehicle-pretreated 2 h prior to the low VT ventilation,

Table 1.  Statistic data from each group (n = 10, each)

Peak PLV Paw PeCO2 pH PaCO2 PaO2

(mmHg) (mmHg) (mmHg) (mmHg) (mmHg) (mmHg)

Low VT Baseline 120 ± 2 12.0 ± 0.5 31.7 ± 2.6 7.36 ± 0.2 38.1 ± 2.2 109 ± 6
(Vehicle Pretreated) 5 h 114 ± 6 15.3 ± 1.8 33.4 ± 2.8 7.39 ± 0.3 35.3 ± 6.2 104 ± 4

Low VT Baseline 118 ± 4 12.2 ± 0.7 30.8 ± 2.0 7.38 ± 0.2 36.1 ± 3.7 106 ± 5
(SOD Pretreated) 5 h 113 ± 8 16.0 ± 1.5 31.2 ± 3.5 7.37 ± 0.2 36.0 ± 5.5 103 ± 5

High VT Baseline 122 ± 4 12.4 ± 0.6 31.3 ± 2.0 7.36 ± 0.5 39.1 ± 4.3 104 ± 6
(Vehicle Pretreated) 5 h   74 ± 4# 22.5 ± 0.4#   8.6 ± 0.9# 7.57 ± 0.3#   9.3 ± 0.5# 140 ± 2#

High VT Baseline 116 ± 5 12.2 ± 0.5 32.6 ± 2.5 7.38 ± 0.4 36.1 ± 3.9 108 ± 4
(SOD Pretreated) 5 h   85 ± 7*# 22.5 ± 0.5#   9.2 ± 1.1# 7.56 ± 0.4#   9.3 ± 0.4# 142 ± 3#

Data were presented as means ± SEM.  *, P < 0.05 compared with the group of the same ventilation strategy and vehicle
pretreated.  #, P < 0.05 compared with the group of the same drug intervention and low VT ventilation.

Fig. 2. Representative histological preparation of lung tissues: (A) vehicle pretreated 2 h prior to the low VT ventilation, (B) SOD
pretreated 2 h prior to the low VT ventilation, (C) vehicle pretreated 2 h prior to the high VT ventilation, and (D) SOD pretreated
2 h prior to the high VT ventilation. The tissue images were magnified 400×.  The black bar at the lower right indicates
the scale of 50 µm.

A C

B D
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(B) SOD-pretreated 2 h prior to the low VT ventila-
tion, (C) vehicle-pretreated 2 h prior to the high VT

ventilation, and (D) SOD-pretreated 2 h prior to the
high VT ventilation.  Under low VT ventilation, there
was no important difference between the vehicle-
pretreated and those SOD-pretreated animals (Fig.
2A and 2B).  As shown in Fig. 2C, high VT ventilation
promoted hyaline membrane formation, thickening
of the alveolar wall, leukocyte infiltration into septa,
and the leakage of red blood cells into alveolar space.

In contrast, SOD pretreatment effectively decreased
septal thickness, leukocyte infiltration and attenuated
hyaline membrane formation, in addition to the re-
duction in the presence of WBC and RBC in alveoli,
as shown in Fig. 2D.  The tissue images were magnified
400×.  The black bar at the lower right indicates the
scale of 50 µm.

In Fig. 3, we show the evaluation of lung injury
(from top panel downward) by means of the protein
concentration in BALF, RBC count, WBC count and
septal thickness.  In vehicle-pretreated animals, high
VT ventilation significantly increased protein con-
centration in BALF, RBC and WBC counts in alveolar
space and septal thickness, compared with those
ventilated with low VT (P < 0.05).  In SOD-pretreated
animals, high VT ventilation induced lung injury was
attenuated, as seen by reduced WBC, protein concen-
tration in BALF and septal thickness (P < 0.05).  In
Fig. 4, we show the lung permeability, assessed by
both the lung wet weight to dry weight ratio (W/D)
(top panel) and lung weight to body weight ratio
(LW/BW) (bottom panel), were notably increased

Fig. 3. The lung injury was assessed by (from top panel
downward) the protein concentration in BALF, RBC
count, WBC count and septal thickness.  *, P < 0.05
compared with the same ventilation but the vehicle-
pretreated group.  #, P < 0.05 compared with the same
treatment but low VT ventilated group.

Fig. 4. The lung permeability was assessed by the lung wet
weight to dry weight ratio (W/D) (top panel) and the lung
weight to body weight ratio (LW/BW) (bottom panel).
*, P < 0.05 compared with the same ventilation but the
vehicle-pretreated group.  #, P < 0.05 compared with
the same treatment but low VT ventilated group.
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following high VT ventilation (P < 0.05).  SOD pre-
treatment effectively reduced high VT ventilation
induced increasing W/D and LW/BW (P < 0.05), sug-
gesting protective effects.

Plasma LDH has been proposed as an early
marker for VILI (2).  In Fig. 5, LDH appears to in-
crease moderately during the time course of 5 h of low
VT ventilation.  However, there was no major dif-
ference between vehicle-pretreated (unfilled bar) and
those SOD-pretreated groups (grey bar) at each of
time point.  On the other hand, high VT ventilation
significantly increased the plasma LDH for the
vehicle-pretreated group (P < 0.05), but with SOD
pretreatment, LDH was markedly reduced at time
point of 2 h, 4 h, and 5 h (P < 0.05).

SOD Pretreatment Attenuates Oxidative Stress

The degrees of pulmonary hydroxyl radical
production and lipid peroxidation in the lungs were
evaluated by means of MG in BALF and tissue con-
centration of malondialdehyde (MDA), respectively.
In Fig. 6, we show that high VT ventilation signifi-
cantly increased the production of both MG in BALF
(top panel) and tissue MDA (bottom panel) for the
vehicle-pretreated group (P < 0.05).  Regarding the
high VT ventilation, SOD pretreatment effectively

reduced both MG in BALF and tissue MDA (P < 0.05)
to a level comparable to those of the low VT ventilated
groups.

WBC Count

Systemic WBC count varied during the time
course of study was examined in two categories: [1]
whether high VT ventilation alone would increase
WBC, and [2] whether SOD pre-treatment would
reduce systemic WBC with high VT ventilation.  Fig.
7A showed that WBC was relatively invariant with
low VT ventilation; in contrast, high VT ventilation
probably increased systemic WBC, and that was
statistically significant at the time point of both 3 h
and 5 h.  Fig. 7B show that SOD pretreatment seem-
ingly reduced systemic WBC and that reached sta-
tistical significance at the time point of 5 h.

Fig. 6. The degrees of pulmonary hydroxyl radical production
and lipid peroxidation in the lungs in each group were
evaluated by methylguanidine (MG) in BALF (top panel)
and tissue concentration of malondialdehyde (MDA)
(bottom panel).  *, P < 0.05 compared with the same
ventilation but the vehicle-pretreated group.  #, P < 0.05
compared with the same treatment but low VT ventilated
group.
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Discussion

In this study, we demonstrated that high VT

mechanical ventilation increased airway resistance
and pulmonary permeability as seen by elevated peak
airway pressure, and protein and lung water contents
in the lungs, respectively.  Increased airway pressure
also demonstrated cardiopulmonary impacts, where
systolic pressure decreased notably by 30% following
the increase of airway pressure from ~12 to 22 mmHg
(P < 0.05).  Histologically, we observed thickening
of alveolar septum, leakage of erythrocytes and
recruitment of leukocytes into the alveolar space,
suggesting that high VT ventilation also caused struc-
tural damages.  Increased leukocytes in the alveolar
space and in the systemic circulation indicated an
inflammatory response, which trigger the produc-
tion and release of oxygen free radicals, promoting
lipid peroxidation.  Indeed, Chiang et al. (5) suggested
that elevated oxidative stress may play an important
role in the lung damages.  During high VT mechanical
ventilation, various sources were implicated for the
production and release of oxygen free radicals, in-
cluding leukocytes and lung parenchymal cells (11,
27, 29).  Furthermore, free radicals released by
neutrophils may also contribute to sustaining the
inflammatory response induced by mechanical ventila-
tion, weakening antioxidative defense mechanisms
(28).  Other ventilator associated factors, such as
cyclical collapse and overdistension of alveoli, may

also increase pulmonary permeability (24), causing
lung edema, alternations in lung mechanics, hyaline
membrane formation in the lung tissue, cardiorespira-
tory collapse and epithelial damages (6, 37).

We showed that i.v. administration of SOD 2 h
prior to the high VT mechanical ventilation effectively
attenuated lung injury, through reducing leukocytes
in alveolar space, decreasing hydroxyl radical con-
centration in the BALF as well as lipid peroxidation
in the lung tissues.  In addition, protections on the
lung structures were apparent, where thickening of
alveolar septum, formation of hyalines membrane
and leakage of erythrocytes were all alleviated in
various degrees.

Cu/Zn SOD is the major extracellular endog-
enous SOD isoenzyme in plasma, lymph and synovial
fluid (21, 22).  Due to its relatively large molecular
weight (~30 kDz) (14), plasma SOD has limited ability
to move directly across capillary (13).  It was reported
that free circulating SOD can be removed by kidneys
quickly and the averaged half-life was averaged around
merely 6-10 min (7).  Though large portion of SOD
may be removed swiftly, some SOD can bind to en-
dothelial cells and remain in circulation system much
longer (12).  Using isotope-labeled SOD (125I-SOD),
Karlsson and Marklund (12) observed an interesting
phenomenon that in the lungs, although 90% of in-
jected 125I-SOD was removed within the first 10 min,
no further decrease was detected afterwards until
24 h later (12).  On the other hand, i.v. injection of

Fig. 7. (A) Comparison of systemic WBC of low VT ventilation and that of high VT ventilation (vehicle pretreated), and (B) comparison
of systemic WBC of SOD pretreatment and that of vehicle pretreatment (high VT ventilation).  *, P < 0.05 compared with the
same ventilation but the vehicle-pretreated group at the same time point.
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heparin at later time triggered an immediate release
of sequestered 125I-SOD into the plasma.  Each sub-
sequent injection of heparin elicited a release of
strength-reduced SOD, and that phenomenon could
be repeated up to 72 h after the initial injection of
SOD.  Such an instant-release-heparin-induced SOD
has been regarded as evidence that certain intravenous
injection of SOD may be sequestered and bound to
the endothelial cell surface (12).  Recently, Shuvaev
et al. (32) showed that i.v. injected SOD is accumu-
lated in vascular endothelium, and sequestered in
endothelial endosomes, by means of the conjuga-
tion with endothelial cell adhesion molecule 1 and
antibodies to platelet.

Using a hyperoxic lung injury rabbit model,
Mikawa et al. (21) studied the protective effects of
i.v. administered SOD.  The initial dosage was 10,000
U/kg upon exposure to 100% oxygen, followed by
continuous infusions of a rate of 340,000 U/kg/day
for 36 h.  They found that such a maneuver effectively
protected lungs against hyperoxic lung injury, e.g.
reducing compliance, increasing pulmonary vascular
permeability and structural damages.  On the other
hand, some researchers (35) did not find immediate
lung protection with i.v. administration of SOD.
Since SOD has a rather large molecular weight and
the oxidative stress was mostly endogenous, its pro-
tective mechanisms may depend on those endothelium-
bound SODs.  As such, the protective mechanisms
observed in this study may not be different from that
in Mikawa’s, i.e., SOD may have a relative long term
effectiveness, since it takes time for those i.v. ad-
ministered and endothelium-bound SODs to become
endogenous.

Intravenous infusion of SOD may protect lungs
through three mechanisms.  Firstly, the endothelial
cell surface bound SOD may scavenge intravascular
superoxide generated during high VT ventilation.  Oury
et al. (25, 26) reported that endothelial SOD can
preserve vascular function and normal vascular tone
in human pulmonary and systemic arterial vessels by
rapidly scavenging superoxide, thus keeping super-
oxide from interacting with nitric oxide (NO) and
protecting cells through reducing intravascular super-
oxide, H2O2 and lipid peroxidation.  Lynch et al.
(18) showed that additional administration of SOD
can restore endothelial function and shift the balance
of oxidant and antioxidant activity.

Secondly, i.v. infusion of SOD may protect
lungs through inhibitions of neutrophil infiltration
across capillary and macrophage recruitment (9).  As
demonstrated in our study, leukocyte counts in alveolar
space was markedly decreased in SOD-pretreated
groups.  Segui et al. (30) showed that exogenous SOD
significantly decreases the expression of endothelial
VCAM-1 and reduces the rolling of leukocyte and

its adhesion to vasculatures.  Lin et al. (18) proposed
that the mechanism responsible for the decreasing
leukocyte recruitment and infiltration through SOD
administration may be related to the suppressions
of pro-inflammatory cytokines and chemokins, in
addition to inactivation of vascular cell adhesion
molecule.  Shuvaev et al. (32) also demonstrated that
i.v. infused SOD may be sequestered in endothelial
vesicles, and that inhibit 2- to 3-folds of VCAM ex-
pressions caused by tumor necrosis factor (TNF) and
interleukin-1β (IL-1β).

Thirdly, SOD may engage in anti-inflammatory
activity through regulation of leukocyte apoptosis
and inhibiting inflammatory signaling (10).  Yasui
and Baba (39) found that exogenous SOD can induce
neutrophil apoptosis, comparable to those observed
in Fas-mediated neutrophil apoptosis.  Such a leuko-
cyte apoptotic mechanism through SOD admin-
istration is consistent with our finding that at baseline
and at each time frame throughout the study, leukocyte
counts in SOD-pretreated groups were constantly
lower than those vehicle-pretreated groups, in both
low VT and high VT ventilation alike.  Gavett et al.
(10) showed that by depleting circulating neutrophils
in rats, silica induced lung injury was significantly
attenuated.  Shasby et al. (31) demonstrated that the
number of granulocytes in systemic circulation in
rabbits were strongly associated with those in the
lungs, which in turn were directly related to the
degree of lung injury.  Similarly, we observed a posi-
tive correlation between the degree of lung injury
and leukocyte count in alveoli.

In all four groups, we examined the level of
TNF-α in BALF after 5 h of ventilation, using a
commercially available ELISA kit (ab46070, Abcam,
CA, USA).  Surprisingly, there was no statistic dif-
ference among different groups and the concentration
of TNF-α was rather low (~1-2 pg/ml).  The reason
might be that TNF-α is an early inflammatory cytok-
ine, the secretion of which may subside after 5 h of
ventilation.

Decreased PaO2 is frequently found in patients
with severe lung injury (23), and observed in some
animal models of VILI (3, 21).  However, we observed
increased PaO2 in the current model.  We suggest that
high VT ventilation may have induced a certain degree
of lung injury, while it was not severe enough to im-
pair the entire gas exchange function.  Therefore,
elevated PaO2 was due largely to hypertension.  In
both vehicle- and SOD-pretreated groups, high VT

ventilation induced hyperventilation, leading to
respiratory alkalosis with no statistic differences
between them, in terms of PeCO2, PaO2, PaCO2 and
pH.  Presumably, with a respiratory quotient of 0.8,
by increasing respiratory rate would decrease PaCO2

and increase alveolar partial pressure of O2, thus
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promoting O2 filtration across the alveoli into the
blood stream.  Concurrently, pH increases as the
result of hyperventilation, which in turn causes left-
ward shift of oxyhemoglobin dissociation curve,
supporting stronger bindings between O2 and hemo-
globin (1).  As such, patients with hyperventilation
syndrome often demonstrate elevated PaO2 and
decreased decreasing PaCO2.

Previously, Laffey et al. (16) showed that hy-
pocapnic alkalosis as the result of mechanical ven-
tilation may damage lung parenchyma and increases
protein permeability.  Terragni et al. (34) demonstrated
that hypocapnic alkalosis alone can increase micro-
vascular permeability and limit alveolar fluid reab-
sorption, thus it may exacerbate pulmonary edema
during high VT ventilation.  In this study, the impacts
of respiratory alkalosis were similar to both vehicle-
and SOD-pretreated groups.  In this study, the impacts
of respiratory alkalosis were similar to both vehicle-
and SOD-pretreated groups, thus the improvements
may be largely associated with effect of endothelial
bound SOD to the neutrophil regulations.

In conclusion, we demonstrated that i.v. admin-
istered human erythrocyte Cu/Zn SOD 2 h prior to
high VT ventilation effectively reduces histological
lung injury, suppresses leukocyte activity and de-
creases oxidative stress, and that was likely achieved
by the endothelial cell bound SOD, which was
transferred endogenously in time.  Still, decreased
overall serum LDH and the injury score implies that
SOD pretreatment may provide overall lung protection
against lung injury induced by high VT ventilation.
Our finding may have therapeutic significance in
preventive treatment using SOD against lung injury
associated with oxidative stress.

The causes of VILI are complicated and multi-
factorial.  In this study we focused on the protective
effect of SOD pretreatment against lung injury 2 h
prior to the high VT ventilation, mainly through re-
ducing the BALF MG and lung tissue lipid peroxi-
dation.  Though we demonstrated very positive out-
comes, we had not studied several other potential
factors, such as those attributed to various cytokines
and chemokines.  SOD may have other beneficial
effects upon improvement of vascular function and
protecting endothelial cells.  However, they were
out of the scope of the current study.  We did not have
direct information of neutrophil count in alveoli, in-
directly; neutrophil count may increase with respect
to the total while blood cell counts.
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