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Abstract
Objective—To test the hypothesis that preconditioning animals with amifostine improves
ventilator induced lung injury via induction of antioxidant defense enzymes. Mechanical
ventilation at high tidal volume (HTV) induces reactive oxygen species (ROS) production and
oxidative stress in the lung, which plays a major role in the pathogenesis of VILI. Amifostine
attenuates oxidative stress and improves LPS-induced lung injury by acting as a direct scavenger
of reactive oxygen and nitrogen species. This study tested effects of chronic amifostine
administration on parameters of oxidative stress, lung barrier function and inflammation
associated with ventilator induced lung injury.

Design—Randomized and controlled laboratory investigation in mice and cell culture.

Setting—University laboratory.

Subjects—C57BL/6J mice.

Interventions—Mice received once-daily dosing with amifostine (10-100 mg/kg, intraperitoneal
injection) 3 days consecutively prior to HTV ventilation (30 ml/kg, 4 hrs) at day 4. Pulmonary
endothelial cell (EC) cultures were exposed to pathological cyclic stretching (18% equibiaxial
stretch) and thrombin in a previously-verified two-hit model of in vitro VILI.

Measurements and Main Results—Three-day amifostine preconditioning prior to HTV: 1)
attenuated HTV-induced protein and cell accumulation in the alveolar space judged by BALF
analysis; 2) decreased Evans Blue dye extravasation into the lung parenchyma; 3) decreased
biochemical parameters of HTV-induced tissue oxidative stress; and 4) inhibited HTV-induced
activation of redox-sensitive stress kinases and NF-κB inflammatory cascade. These protective
effects of amifostine were associated with increased superoxide dismutase 2 (SOD2) expression
and increased SOD and catalase enzymatic activities in the animal and endothelial cell culture
models of VILI.
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Conclusions—Amifostine preconditioning activates lung tissue antioxidant cell defense
mechanisms and may be a promising strategy for alleviation of VILI in critically ill patients
subjected to extended mechanical ventilation.

Keywords
Ventilator-induced lung injury; Amifostine; Endothelium; Reactive oxygen species; Superoxide
dismutase 2

Introduction
Acute lung injury (ALI) is a devastating clinical syndrome characterized by severe lung
inflammation and vascular barrier disruption that affects more than 200,000 patients per year
in the US and is associated with a mortality rate of 30% to 50% [1, 2]. Mechanical
ventilation remains an imperative treatment for ALI, especially for the patients with acute
respiratory distress syndrome (ARDS). However, mechanical ventilation, particularly with
high tidal volumes (HTV), can worsen or even cause de novo lung injury [3-8]. Despite
recent advances in low tidal volume ventilator strategies and a better understanding of the
underlying inflammatory pathophysiology of ALI, there remain few effective treatments for
this devastating illness. Redox imbalance and lung oxidative damage contributes to various
pathologic conditions including septic inflammation and ventilator-induced lung injury
(VILI). Exacerbation of pre-existing lung injury by excessive mechanical ventilation
worsens lung damage and increases associated oxidative stress, which remains a serious
concern in defining optimal ventilation strategies. This study examined the role of
amifostine preconditioning in the attenuation of oxidative damage in a simplified model of
lung injury induced by high tidal volume mechanical ventilation alone.

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are important factors
which exacerbate various pathological conditions, such as ARDS, sepsis, and ALI [9, 10].
Excessive mechanical stretch of lung tissue associated with high tidal volume mechanical
ventilation induces intracellular oxidative stress by several mechanisms including induction
of mitochondrial systems [11], activation of NADPH oxidase [12], or xanthine
oxidoreductase [13]. In vitro, cyclic stretch triggers ROS production in lung epithelial and
endothelial cells as early as 30 min after exposure [11, 14-16], suggesting that ROS induced
by mechanical ventilation is an early event in the pathogenesis of ventilator-induced lung
injury (VILI) [10, 17]. Consistent with this in vitro evidence, a redox imbalance has been
observed in lungs exposed to mechanical ventilation [18]. Lung cells counteract the
oxidative stress induced by various stimuli by employing a variety of antioxidant defense
mechanisms. Manganese superoxide dismutase (SOD2) and catalase are effective
endogenous antioxidant enzymes. SOD2, an inducible antioxidant enzyme located in the
mitochondria, converts superoxide anion into hydrogen peroxide followed by the subsequent
conversion of hydrogen peroxide into H2O by catalase. The pathologic role of superoxide
anion and high hydrogen peroxide levels has been well documented. Impairment of SOD2
has been related to asthma pathophysiology [19], decreased pulmonary radiation resistance
[20], and increased sensitivity to oxygen toxicity [21]. Likewise, catalase also plays an
important role in lung diseases. Mitochondrial localization of catalase attenuates H2O2-
induced lung epithelial cell death [22], and targeting of catalase to the endothelium, using
catalase conjugated to an ACE antibody, attenuates ischemia-reperfusion injury of the lung
in vivo [23]. Thus, therapeutic strategies aimed at the upregulation of antioxidant defense
enzymes may be beneficial for the treatment of pathologic conditions associated with
oxidative stress including VILI.
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Amifostine (S-2[3-aminopropylamino]-ethylphosphorothioic acid, WR-2721) is a
phosphorothioate that is converted to its active free thiol form through dephosphorylation by
alkaline phosphatase in tissue [24]. It is currently the only radioprotective drug approved by
the United States Food and Drug Administration (FDA) for use as a cytoprotective agent to
decrease the incidence of moderate-to-severe xerostomia in patients undergoing
postoperative radiation therapy for the treatment of head-and-neck cancer [25]. Our previous
study demonstrated the protective effect of a single amifostine administration in LPS-
induced acute lung injury through a direct free radical scavenging effect [26]. In addition to
the immediate amifostine antioxidant effects due to free oxygen radical scavenging,
amifostine exhibits additional activities. For example, daily administration of amifostine for
3 days caused a 20-40% increase in cellular radiation resistance in animals exposed to
ionizing radiation [27]. Another study shows improvement of hemodynamic parameters in
rat models of doxorubicin induced cardiotoxicity, where amifostine was chronically
administered at doses up to 75 mg/kg [28].

In this study we investigated the effect of daily administration of amifostine during 3
consecutive days prior to mechanical ventilation on the development of VILI and examined
stress-induced pathways, levels of SOD2 and catalase expression and enzymatic activity as
potential molecular mechanisms underlying the protective effects of chronic amifostine
preconditioning.

Results
Preconditioning with amifostine attenuates VILI and lung vascular permeability

HTV significantly elevated BAL inflammatory cell counts. This effect was markedly
attenuated by three-day amifostine pre-treatment at 25 mg/kg, 50 mg/kg, and 100 mg/kg
(42%, 33% and 25%, respectively) (Figure 1A), while amifostine treatment at 10 mg/kg was
not effective. Likewise, HTV caused significant barrier disruption, inducing an increase in
BAL protein compared with vehicle control. This effect was significantly attenuated by
triple daily amifostine treatment at 25 mg/kg and 50 mg/kg, but not at 10 mg/ml and 100
mg/ml doses (Figure 1B). The protective effects of amifostine against vascular leak were
further assessed by measurement of Evans blue leakage into the lung tissue. The amifostine
dose causing the maximal protective effect (25 mg/kg) was used in these experiments. HTV
induced noticeable Evans blue leakage from the vascular space into the lung parenchyma,
which was significantly decreased by amifostine pretreatment (Figure 2A). These results
were confirmed by quantitative analysis of Evans blue-labeled albumin accumulation in the
lung tissue sample (Figure 2B). Histological analysis of lung sections revealed lung
recruitment of inflammatory cells and areas of alveolar hemorrhage indicative of vascular
disruption with HTV ventilation (control 5.9±1.7 cells/field; amifostine alone 5.7±1.6 cells/
field vs 48.8±9.0 cells/field for HTV; p<0.01). These effects were attenuated by amifostine
(14.2±2.9 cells/field; p<0.01 vs HTV) (Figure 2B). These results strongly suggest that
amifostine preconditioning has a protective effect for HTV-induced lung injury.

Amifostine attenuates oxidative stress induced by HTV
HTV increased lung tissue MDA content, and this increase was attenuated by amifostine
(Figure 3A). HTV also enhanced nitrotyrosine accumulation in the lung tissue, which was
attenuated by amifostine pretreatment (Figure 3B). Similar results were obtained by analysis
of oxidized proteins. Western blot analysis of lung tissue homogenates demonstrated that
HTV induced a significant increase in oxidized proteins compared to vehicle control
animals, which was attenuated by 25 mg/kg amifostine treatment (Figure 3C). These data
together show that three parameters reflecting oxidative stress in ventilated lungs are
suppressed by amifostine.
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Amifostine attenuates HTV-induced oxidative-sensitive signaling pathways
HTV increased p38, JNK and Erk1/2 phosphorylation as determined by western blot
analysis of lung tissue samples with corresponding phospho-specific antibodies. Amifostine
pretreatment significantly attenuated HTV-induced phosphorylation of p38 and JNK MAP
kinases, but did not affect Erk1/2 (Figure 4).

The significant Evans blue accumulation in lung tissue caused by HTV as described above,
suggests impaired lung vascular barrier function. Therefore, we next analyzed the effects of
HTV and amifostine treatment on the activation of cytoskeletal proteins regulating vascular
permeability. Our data demonstrate that HTV induced MYPT phosphorylation at Thr850
and MLC phosphorylation in lungs, and that these signaling events were markedly
suppressed by amifostine treatment (Figure 4).

HTV induced a marked degradation of IκB, which was blocked by amifostine
preconditioning (Figure 4).

Effects of amifostine on SOD2 and catalase enzymatic activity
Chronic preconditioning of mice with amifostine in the 50 - 100 mg/kg range increased
SOD2 enzymatic activity in the homogenized lung tissue samples (Figure 5A), while short-
term treatment with amifostine (100 mg/kg; 30 min) had no effect on SOD2 activity (data
not shown). HTV had no effect on basal SOD2 activity in the lungs of untreated mice
(Figure 5A).

Analysis of catalase activity showed that, in contrast to the effects on induction of SOD2,
amifostine preconditioning did not increase catalase activity in non-ventilated mice (Figure
5B). Interestingly, exposure to HTV decreased catalase activity in the lungs of vehicle-
treated mice. Despite apparently elevated levels of catalase activity in (HTV + Amifostine)
group, the difference between this and HTV groups was not statistically significant (p=0.54).
Of note, catalase activity in (HTV + Amifostine) group corresponded to amifostine-treated
non-ventilated mice. Western blot analysis showed a significant increase in SOD2 protein
content in the lungs of amifostine-preconditioned mice, while catalase protein levels
remained unchanged (Figure 5C).

The SOD inhibitor DECT blocks suppression of HTV-induced inflammatory cell and protein
accumulation in BAL samples from mice preconditioned with amifostine

The role of SOD activity for amifostine’s protective effects against VILI was further tested
in experiments with the pharmacological SOD inhibitor DECT. DECT blocked completely
the amifostine preconditioning caused reduction of HTV-induced inflammatory cell and
protein accumulation in BAL samples (Figure 6A). Abrogation of the amifostine-induced
lung protective effects by DECT was also associated with the re-emergence of p38 MAP
kinase activation and degradation of the NFκB subunit IκBα (Figure 6B).

Amifostine inhibits ROS production and inflammatory signaling by pulmonary endothelial
cells in the in vitro two-hit model of VILI

We have previously described an in vitro two-hit model of VILI [37, 38] to directly test the
effect of pathologically relevant cyclic stretch (18% CS) and barrier-disruptive agonists on
ROS production in pulmonary endothelial cells. Thrombin alone caused a slight but
significant increase in ROS production, while 18% CS induced a more robust ROS
production. The combination of 18% CS and thrombin induced the largest increase in ROS
(Figure 7A and B). EC preconditioning with amifostine prior to CS and thrombin
stimulation dramatically inhibited ROS generation in response to combined CS and
thrombin. Because amifostine was not present in the medium during the combined CS and
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thrombin challenge, these data exclude the effects of amifostine as a direct ROS scavenger
and strongly suggest an additional mechanism of action.

Amifostine enhances SOD2 activity in human pulmonary artery endothelial cells (HPAEC)
Chronic HPAEC preconditioning with 0.5 mM and 1.0 mM amifostine enhanced SOD2
activity in both control cells and cells exposed to pathologic CS and thrombin (Figure 8).
Thrombin alone had no effect on SOD2 activity as compared to vehicle control. Cyclic
stretch caused a decrease in SOD2 activity, compared with vehicle control cells, however
the mean value did not reach significance (n=3, p=0.055).

Involvement of oxidative stress sensitive signaling pathways in response to cyclic stretch
and HTV

Similar to our in vivo results (Figure 4), EC stimulation with 18% CS and thrombin
increased phosphorylation of p38, JNK and Erk1/2 MAP kinases, increased phosphorylation
of MYPT, MLC, and the p38 cytoskeletal target HSP-27, and also caused degradation of
IκBα (Figure 9A). The combination of 18% CS and thrombin addition exhibited synergistic
effects on the phosphorylation of p38, JNK, MYPT and MLC, while pretreatment with
amifostine markedly attenuated these signaling events. Unlike p38 and JNK MAP kinases,
amifostine did not attenuate phosphorylation of Erk1/2 induced by thrombin, CS, or their
combination. In agreement with the effects observed in vivo, chronic preconditioning of
human pulmonary EC cultures with amifostine significantly increased SOD2 protein
expression (Figure 9B).

Discussion
Pathologic mechanical stress associated with mechanical ventilation at high tidal volume
leads to elevated ROS production by lung cells, and the impact of oxidative stress in the
pathogenesis of VILI has become well recognized [39]. Excessive activation of redox-
sensitive signaling leads to further vascular barrier dysfunction culminating in pulmonary
edema and acute lung injury [40, 41]. However, therapeutic approaches to enhance
antioxidant defense mechanisms in ALI/ARDS patients have yet to be developed.

This study shows for the first time, that chronic amifostine preconditioning attenuates
ventilator induced lung injury and suppresses associated inflammatory and barrier disruptive
signaling pathways. The major finding of this work is the novel protective mechanism of
amifostine preconditioning against HTV-induced lung oxidative stress and associated barrier
dysfunction via induction of SOD expression and SOD/catalase activity.

Several factors contribute to stretch-induced ROS generation in lung cells including
increased NADPH oxidase activity, and mitochondrial malfunction that leads to
uncontrolled superoxide production, which may cause severe cellular oxidative stress [11,
14, 39, 42, 43]. HTV-induced lung dysfunction in this study was accompanied by lung tissue
oxidative stress manifested by an increase in the protein nitrotyrosinylation and oxidation
levels and elevated MDA levels in the lung tissue homogenates. In vitro experiments
showed stretch-induced ROS production as early as 30 min after exposure to lung epithelial
and endothelial cells [11, 14], suggesting direct ROS involvement in the pathogenesis of
VILI.

Our data show HTV-induced the activation of the MAP kinases p38, Erk-1/2, JNK, NFkB
cascade, and activation of Rho-dependent MLC phosphorylation, that was linked to
increased lung vascular endothelial permeability [44-46]. In agreement with redox-
dependent activation of stress-induced MAP kinase and NFκB signaling, these pathways
were markedly suppressed by amifostine preconditioning and strongly correlated with
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attenuation of HTV-induced lung injury. The results also demonstrate that HTV-induced Erk
1/2 activation was not suppressed by amifostine. Because amifostine only partially
attenuated barrier dysfunction, it is possible that Erk 1/2 may be involved in other
mechanisms contributing to barrier dysfunction. A protective effect of amifostine on stress
kinase and Rho pathways involved in lung barrier dysfunction were also observed in the cell
culture two-hit model of VILI.

Amifostine is rapidly cleared from the bloodstream, as evidenced by a 10-fold drop in
concentration within 30 min of injection in mice [47]. In this study the last amifostine
injection was 24 hrs prior to HTV experiments, indicating the likelihood that amifostine had
been cleared from the circulation well before the onset of experiments. Thus, the observed
protective effects were attributed to a delayed, rather than, immediate amifostine action.

Our previous study [26] described the protective effects of amifostine treatment concurrent
with intratracheal LPS instillation in an animal model of LPS-induced lung injury.
Amifostine is effective in scavenging highly reactive free radicals by its active free thiol
groups, and the mechanism underlying the protective effect of amifostine in that model was
due to its capacity to scavenge excessive reactive free radicals generated in response to LPS
stimulation. A number of reports, however, indicate that amifostine may increase cell
resistance to radiation-induced death by a delayed mechanism via induction of SOD2 gene
expression and enzymatic activity [48-50]. The same mechanism may cause the observed
amifostine-induced lung protection in VILI, as our data show increased expression of SOD
in the lung samples and pulmonary endothelial cell cultures after 3 days of preconditioning
with amifostine. This effect was not observed at earlier times (2 hrs) of amifostine
pretreatment (data not shown).

It is important to note that, in contrast to the reported protective effects of acute amifostine
treatment in the model of LPS-induced lung injury, where the maximal amifostine protective
effect was observed at 200 mg/kg [26], maximal protection by chronic pretreatment
performed in this study was observed at a significantly lower dose (25 mg/kg). A key role of
SOD2 in the amifostine-induced protective effects observed in the VILI model was
demonstrated also in these experiments, with the introduction of the SOD2 pharmacological
inhibitor DECT.

Inducible SOD2 expression is regulated by two transcription factors, NFκB [51] and the
Forkhead Box O3a transcription factor (FOXO3a) [52]. Activation of the SOD2 gene
expression can also be induced by thiol reducing agents, such as amifostine and has been
described as the thiol-induced SOD2-mediated “delayed radioprotective effect” [53] [49].
Amifostine-triggered cellular activation of NFκB leads to elevated SOD2 gene expression
and a 10-to 20-fold buildup of active SOD2 enzyme, which peaks about 24 to 30 h later [49,
50]. The proposed mechanism of such NFκB activation is via reduction of cysteine residues
on the p50 and p65 subunits of NFκB that results in its activation and enhanced binding to
the NFκB binding site(s) of the SOD2 gene [54]. This in turn induces SOD2 gene
expression and translocation of active SOD2 enzyme to the mitochondria.

Activation of NFκB by amifostine results in selective rather than global changes in the
expression of genes containing NFκB-responsive elements [55]. This observation and the
transient nature of NFκB activation may explain the apparent discrepancy between NFkB-
dependent activation of SOD2 and inhibition of VILI-induced NFkB activation in
amifostine-preconditioned lungs, which is due to SOD2-mediated reduction of oxidative
stress and redox-dependent NFκB and stress kinase signaling.

Previous studies show that amifostine at a 50 mg/kg dose was also more effective than a 200
mg/kg dose in inhibiting metastases formation [56] and was more effective in inducing the
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conversion of plasminogen to angiostatin. Such bell-shaped dose responses are expected in
the case of a reduction/oxidation (redox) driven reaction, where each SH moiety is
considered as a reducing equivalent. Thus, at certain concentrations, redox states reach a
plateau level, and further increases may cause adverse reactions. For example, amifostine
triggers hypoxic signaling [57], which at high doses may impair its beneficial effects in the
VILI model. Amifostine treatment also down-regulated VEGFR-2 expression in endothelial
cells and suppressed their ability to respond to exogenous VEGF-A [58]. VEGF signaling
plays a complex role in the pathogenesis of ALI. At high concentrations, VEGF promotes
vascular dysfunction, while basal levels are essential for endothelial and alveolar epithelial
cell survival [59, 60]. Thus, imbalances between the beneficial activation of antioxidant
defenses shown in the present study, and desensitization of VEGF signaling contributing to
the development of ALI, may be a potential explanation of the decreased amifostine efficacy
at higher concentrations.

Consistent with previous reports [27], chronic amifostine treatment did not upregulate
catalase protein expression or enzymatic activity in the lung tissues or cultured pulmonary
EC. However, amifostine pretreatment prevented a drop in catalase activity observed in the
lungs of animals ventilated at high tidal volumes. The mechanism of this inhibitory effect is
not entirely clear. Since catalase transcriptional activation is not regulated by amifostine, the
most plausible explanation of preserved catalase activity in the lungs of HTV-exposed
amifostine-preconditioned mice is due to the prevention of oxidative stress-induced
posttranslational modification(s) that may lead to catalase inactivation. Figure 10
summarizes the major findings of this study and proposes a mechanism explaining the
delayed amifostine protective effects in ventilator induced lung injury. Chronic treatment
with amifostine causes induction of SOD2 protein expression and enzymatic activation of
SOD2 and catalase, which in turn suppresses HTV-induced ROS and RNS production,
mitigates oxidative stress, and inhibits redox-sensitive stress signaling involved in
inflammatory gene expression and barrier disruptive mechanisms in the lung.

VILI is a multi-facet pathologic condition involving multiple pathologic mechanisms.
Excessive cyclic stretch of the lung associated with VILI may directly disrupt the plasma
membrane [61, 62], cause release and de novo production of inflammatory cytokines (IL-8,
TNFα) and coagulation factors (TF, thrombin) leading to vascular hyperpermeability and
lung dysfunction [62-64]. In addition, VILI-associated activation of surface adhesive
molecules (ICAM-1, VCAM) [65-67] triggers neutrophil adhesion and infiltration into the
lungs. Excessive mechanical stretch associated with VILI induces signal transduction
triggered by MLCK and RhoGTPase dependent mechanisms and leads to EC cytoskeletal
remodeling and permeability [35, 38]. Various strategies to reduce MLCK or Rho signaling
show promising results in the in vitro and in vivo models of VILI [6, 29, 30, 38, 68]. In
addition to the MLCK- and Rho-dependent mechanisms of lung barrier dysfunction, this
study and other reports describe direct activation of ROS production and oxidative stress in
VILI or pathologic CS in vitro [39, 42, 69]. Such oxidative stress activates cellular stress
signaling and has been implicated in disruption of cell junction integrity, activation of
cytoskeletal contractile machinery, and production of inflammatory mediators, which further
exacerbate lung dysfunction. The results of this study and published data [39] suggest that
the reduction of oxidative stress may be a promising strategy to suppress pathologic
signaling in VILI. Thus, simultaneous targeting of several pathogenic mechanisms including
oxidative stress (by amifostine), thrombin-induced procoagulant activities and increased
vascular permeability (by treatment with activated protein C), downregulation of mechanical
stress- and agonist-induced Rho signaling via elevation of intracellular cAMP [68],
regulation of microtubule dynamics [30], or stimulation of Rac/Cdc42 signaling [70, 71]
may prove to be efficient strategies to prevent or cure this devastating pathologic condition.
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CONCLUSIONS
The results of this study strongly suggest that chronic amifostine treatment may reduce
pathologic ROS production in the clinical setting associated with acute lung injury and may
be considered as a preventive treatment for a wider spectrum of ALI syndromes associated
with pathologic elevation of ROS production and oxidative stress. Although rigorous testing
of various protocols of amifostine administration are still required, our results suggest that
amifostine-mediated induction of cellular antioxidant defense mechanisms may be also
beneficial at advanced ALI stages and improve resolution of ALI/VILI. These are important
directions for future studies.

Materials and Methods
Reagents and cell culture

Amifostine (free thiol compound WR-1065 used for in vitro and prodrug formulation
WR-2721 used in vivo) were obtained from the Drug Synthesis and Chemistry Branch,
Division of Cancer Treatment, National Cancer Institute. Nitrotyrosine antibody was
purchased from Invitrogen (San Francisco, CA); antibodies against phosphorylated myosin
light chain (MLC), p38, JNK1/2, and Erk1/2 MAP kinases, heat shock protein 27 (Hsp27),
IκBα, and NFκB-p65 were obtained from Cell Signaling (Beverly, MA). Image-iT LIVE
green reactive oxygen species detection kit was purchased from Molecular Probes, Inc.,
(Eugene, OR). SOD and Catalase Assay Kit were purchased from Cayman Chemical
Company (Ann Arbor, MI). Malondialdehyde (MDA) Assay Kit was from OXISResearch
(Foster City, CA). OxyBlot Protein Oxidation Detection Kit and phospho-specific antibody
to MLC protein phosphatase 1 (MYPT1) were from Millipore (Billerica, MA).

In vivo model of VILI
All animal care and treatment procedures were approved by the University of Chicago
Institutional Animal Care and Use Committee and were handled according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult male C57BL/
6J mice, 8-10 week old, with average weight 20-25 grams (Jackson Laboratories, Bar
Harbor, ME) were housed in pathogen-free conditions in the University of Chicago Animal
Care Facilities. Mice were intraperitoneally (i.p.) treated with WR2721 at 4 different doses
(10 mg/kg, 25 mg/kg, 50 mg/kg, and 100 mg/kg) or PBS as control daily for 3 days. On day
4, mice were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and
acepromazine (1.5 mg/kg). The intensity of anesthesia was monitored by toe pinch using
tweezers. When a sharp withdrawal of the hind leg was observed after the toe was pinched,
an additional i.p. bolus of the anesthetic mixture was applied. Tracheotomy was performed,
and the trachea was cannulated with a 20-G intravenous catheter through the mouth.
Ventilation was performed at tidal volume of 30 ml/kg, 75 breaths per minute, 0 PEEP for 4
hours. Non-ventilated animals injected with vehicle (PBS) or amifostine (i.p.) were used as
controls. In order to maintain arterial blood pressure in the normal range, mice received i.p.
boluses 0.1 ml/hr of phosphate buffered saline. In experiments with DETC control and
amifostine-preconditioned mice were injected with DECT (3 mg/kg, i.v.) 30 min before the
onset of ventilation. At the end of the experiment, BAL was performed using 1 ml of
warmed sterile Hanks Balanced Salt Buffer (+30°C). The collected lavage fluid was
centrifuged at 2500 rpm for 20 min at +4°C; the supernatant was removed and frozen at
−80°C for subsequent protein study. BAL inflammatory cell counting was performed using
a standard hemocytometer technique. The BAL protein concentration was determined by
BCATM Protein Assay kit (Superscript).
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Assessment of pulmonary vascular leakage by Evans blue
Evans blue dye (EBD, 30 ml/kg) was injected into the external jugular vein 2 hrs before
termination of experiment to assess vascular leak. At the end of experiment, thoracotomy
was performed, and the lungs were perfused in-situ via left atrium with PBS containing 5
mM EDTA to flush the blood off the lungs. Left lung and right lungs were excised and
imaged by Kodak digital camera. After imaging, lungs were blotted dry, weighed and
homogenized in PBS (1 ml/100 μg tissue) and used for quantitative analysis of EB tissue
accumulation. Briefly, homogenized tissue was incubated with 2 volumes of formamide (18
h, 60°C) and centrifuged at 12,000 g for 20 min. Optical density of the supernatant was
determined by spectrophotometry at 620 nm and 740 nm. EBD concentration in the lung
tissue homogenates (μg Evans blue dye/g tissue) was calculated against a standard curve.

Histological assessment of lung injury
Left lungs were intratracheally instilled with 10% formalin from 20 cm height, immersed in
10% formalin for at least 24 hours and then embedded in paraffin. After deparaffinization
and dehydration, the lungs were cut into 4-μm sections, and stained with hematoxylin and
eosin. Alveolar fluid accumulation and neutrophil infiltration as indices of lung leak and
inflammation were evaluated by bright field microscopy of lung tissue sections at × 40
magnification. Leukocyte infiltration was evaluated by counting leukocytes per microscopic
field, ten fields per condition.

SOD, catalase enzyme activity, and MDA content assays
Protein extracts from lung tissue homogenates or cell culture were centrifuged at 10000 rpm
for 20 min at 4 °C. Supernatant were taken for protein concentration measurement. The left
samples were used for SOD, catalase and MDA measurement. SOD assay utilizes a
tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and
hypoxanthine. Reaction is initiated by adding xanthine oxidase to samples. After 20 min
incubation at room temperature, absorbance was read at 450 nm. One unit of SOD is defined
as the amount of enzyme need to exhibit 50% dismutation of the superoxide radical.
Catalase assay is based on the reaction of catalase with methanol in the presence of an
optimal concentration of H2O2. The formaldehyde produced is measured colorimetrically
with 4-amino-3hydrazino-5-mercapto-1,2,4-triazole (purpald) as the chromogen. Purpald
specifically forms a bicyclic heterocycle with aldehydes, which upon oxidation changes into
a purple color. A 20 μl aliquot of homogenized lung tissue sample was incubated with 30 μl
of methanol, and the reaction was initiated by adding 20 μl H2O2. After 20 min incubation
30 μl of potassium hydroxide was added to terminate the reaction and then add 30 μl of
purpald followed by 10 min incubation. The absorbance was read at 540 nm, and catalase
activity was calculated. One unit of catalase is defined as the amount of enzyme that will
cause the formation of 1.0 nmol of formaldehyde per minute at 25 °C. MDA was measured
based on the reaction of a chromogenic reagent, N-methyl-2-phenylindole (NMP1), with
MDA at 45 °C. One molecule of MDA reacts with 2 molecules of NMP1 to yield a stable
carbocyanine dye, which is readable at 586 nm. Contents were calculated against a standard
curve.

Detection of oxidized proteins in lung tissue
Lung tissue protein oxidation was measured by the reaction converting carbonyl groups in
the protein side chains into 2,4-dinitrophenylhydrazone (DNP-hydrazone). In brief, 15-20
μg of lung tissue protein was derivatized to DNP-hydrazone by reaction with 2,4
dinitrophenylhydrazine for 15 min at room temperature. The DNP-derivatized proteins were
separated by SDS-PAGE gel electrophoresis followed by Western blotting with specific
anti-DNP antibody.
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Cell culture under cyclic stretch (CS)
All CS experiments were performed using an FX-4000T Flexercell Tension Plus system
(Flexcell International Corporation, Hillsborough, NC, USA) equipped with a 25-mm
BioFlex Loading Station as previously described. Experiments were performed in the
presence of culture medium containing 2% fetal bovine serum. Briefly, ECs were seeded at
standard densities (8 × 105 cells per well) onto collagen I-coated flexible-bottom BioFlex
plates and treated daily with 0.5 mM or 1 mM amifostine. Medium was changed every day
with fresh amifostine. After 72 hours of culture, each plate received fresh medium without
amifostine supplied, was mounted onto the Flexercell system, and was exposed high-
magnitude (18% elongation) CS to recapitulate the mechanical stresses experienced by the
alveolar endothelium during normal respiration and HTV mechanical ventilation. Thrombin
(0.02 U/ml) was added 15 min before termination of CS. Control BioFlex plates with static
EC culture treated with thrombin were placed in the same cell culture incubator. At the end
of experiment, cell lysates were collected for western blot, or CS-exposed endothelial
monolayers were used for live ROS staining.

Detection of ROS production in live cells
ROS production was measured using Image-iT LIVE Green Reactive Oxygen Species
Detection Kit (Molecular Probes, Inc., Eugene, OR, USA). In parallel, 3 days continuous 0.5
mM/ml or 1 mM/ml of amifostine-treated HPAEC cells were changed to medium without
amifostine on the 4th day, and subjected to 18% CS or left as static control, 0.02 U/ml of
thrombin was added to cell culture medium 15 min prior to the termination of stretch. At 2
hours, cells were washed in 37 °C Hanks buffer and incubated with 1 ml of 25 μM carboxy-
H2DCFDA (ROS-activated fluorophor) working solution (25 min, 37 °C, protected from
light). After 3-time wash in warm Hanks buffer cells were subjected to microscopy using
Nikon video-imaging system (Nikon Inc, Tokyo, Japan) consisting of phase contrast
inverted microscope equipped with set of objectives and filters for immunofluorescence and
connected to a digital camera and image processor. Six fields were randomly chosen for
each experiment condition. Mean fluorescence intensity was quantified by ImageJ software.
The resulting fluorescence was expressed as folds to the mean intensity of vehicle control
cells.

Western blot analysis
Protein extracts from mouse lungs or EC lysates were separated by SDS-PAGE and
transferred onto nitrocellulose membranes followed by incubation with specific antibodies
of interest. Equal protein loading was verified by re-probing of membranes with anti-β-
tubulin antibody. Immunoreactive proteins were detected using the enhanced
chemiluminescent detection system according to the manufacture’s protocol (Amersham,
Little Chalfont, UK). The relative intensities of immunoreactive protein bands (relative
density units) were quantified by scanning densitometry using Image Quant software
(Molecular Dynamics, Sunnyvale, CA). Densitometry results were expressed as a ratio of
specific protein signal to β-tubulin signal.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chronic amifostine preconditioning attenuates high tidal volume ventilation-induced
lung injury
A and B - Mice were pretreated with amifostine for 3 days followed by ventilation at HTV.
Control animals were treated with vehicle (PBS) or amifostine alone. Cell count (A) and
protein concentration (B) were measured in bronchoalveolar lavage fluid taken from control
and experimental animals. Data are presented as mean ± SD; n=4 in vehicle and amifostine
groups; n=5 in groups of amifostine + HTV; n=10 in HTV group; *p<0.05, **p<0.01,
***p<0.001.
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Figure 2. Chronic amifostine preconditioning alleviates lung vascular permeability and cellular
infiltration induced by high tidal volume mechanical ventilation
Mice were pretreated with vehicle or amifostine (25 mg/kg) for 3 days followed by
ventilation at HTV. Control animals were treated with vehicle (PBS) or amifostine alone. A
- Lung vascular permeability was assessed by Evans blue accumulation in the lungs. The
panels show right and left lungs respectively, which were excised after perfusion to remove
blood and imaged. Bar graph depicts quantitative spectrophotomertic analysis of Evans
blue-labeled albumin content in the lung tissues. Data are presented as mean ± SD; n=4-6
mice per group; ***p<0.001. B - Lung specimen from control and experimental animals
were stained with hematoxylin and eosin. Images are representative of 4-6 lung specimen
for each condition; ×40 magnification.
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Figure 3. Amifostine attenuates lung oxidative stress by HTV
A - Measurements of malone dialdehyde (MDA) content in control and HTV-exposed lungs
with or without amifostine preconditioning. Data are presented as mean ± SD; n=4 in
vehicle group; n=6 in the other groups; **p<0.01, ***p<0.001. B - levels of nitrotyrosinated
proteins, and C - DNP-derivatized oxidized proteins in lung tissue samples as indices of
oxidative stress were analyzed by western blot in control and amifostine-peconditioned (25
mg/kg, three daily i.p. injections) lungs after HTV exposure. Shown are representative
results of 5 experiments.
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Figure 4. Amifostine inhibits HTV-induced MAP kinase signaling and IκBα degradation in
mouse lungs
Lungs from control or amifostine-preconditioned (25 mg/kg, three daily i.p. injections) mice
were subjected to HTV. Control animals were treated with vehicle (PBS) or amifostine
alone. Phosphorylation of p38, JNK, Erk-1,2, MYPT and MLC, and degradation of IκBα in
tissue samples was analyzed by western blot. Tissue samples from HTV-exposed animals
with and without amifostine pretreatment are presented in duplicates. Equal protein loading
was confirmed by probing of membranes with β-tubulin antibodies. Results of densitometry
normalized to β-tubulin signal are shown as mean±SD; n=6 per condition. Bars depict
marker phospho-protein levels in tissue samples corresponding to control group without
amifostine pretreatment; HTV; and HTV+amifostine groups. *p<0.05 as compared to HTV.
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Figure 5. Effect of amifostine on the enzyme activities of SOD and catalse and their expression in
lung tissue
Mice were pretreated with vehicle (PBS) or amifostine for 3 days followed by ventilation at
HTV. A and B - Measurements of SOD (A) or catalase (B) activity. Data are presented as
mean ± SD; n=4-6 mice per each dose group; *p<0.05, **p<0.01. C - Protein expression of
SOD2 and catalase in control and amifostine-preconditioned lungs was analyzed by western
blot of tissue samples. The expression levels of each protein was quantified by densitometry
and normalized to β-tubulin signal. Tissue samples are presented in duplicates. Results
shown as mean±SD; n=6 for each group; *p<0.05.
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Figure 6. SOD inhibitor DECT relieves protective effect of amifostine against HTV-induced lung
injury and blocking of HTV-induced stress signaling
Mice were preconditioned with amifostine (25 mg/kg, three daily injections) with or without
DETC injection prior to HTV. Control animals were treated with vehicle (PBS). A -
Measurements of cell counts and protein content in BAL samples. Values are mean ± SD,
n=4 for each group; ***p<0.001. B - Phosphorylation of p38 MAP kinase and degradation
of IκBα was analyzed by western blot and quantified by densitometry. Results of
densitometry shown as mean±SD; n=4 for each group; *p<0.05.
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Figure 7. Amifostine inhibits cyclic stretch- and thrombin-induced ROS production in human
pulmonary EC
Control and amifostine-preconditioned (Amif) HPAEC grown on BioFlex plates were
exposed to 18% cyclic stretch (CS) followed by thrombin (Thr) stimulation or left under
static conditions. To detect ROS, 30 min prior to termination of the experiment cells were
incubated with fluorescent dye for ROS, dichlorodihydrofluorescein (DCFDA, 10 μM)
under continuing CS stimulation. A -Cells were imaged using inverted fluorescent
microscope. B - Fluorescence intensity determined in vehicle control cells was taken as
100%. Results of 6 images from the entire cell monolayer were averaged and have been
reproduced in 3 independent experiments. Results are presented as mean ± SD; ***p<0.001.
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Figure 8. Amifostine pretreatment increases SOD activity in human pulmonary endothelial cells
HPAEC were pretreated with vehicle (PBS) or amifostine for 3 days followed by 18% CS
with or without thrombin challenge. Control cells were left under static conditions.
Measurements of SOD activity were performed in control and stimulated cells. Data are
presented as mean ± SD; n=3 for each group; *p<0.05; ***p<0.001.
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Figure 9. Amifostine pretreatment attenuates cyclic stretch- and thrombin-induced activation of
stress cascades and barrier disruptive signaling
HPAEC were preconditioned with vehicle (PBS) or amifostine followed by 18% CS with or
without thrombin treatment, or left static. A - Effect of amifostine preconditioning on
activation of oxidative stress sensitive pathways was analyzed by western blot with specific
antibodies and quantitative densitometry analysis. Results of densitometry shown as mean
±SD; n=4 for each group; *p<0.05. B - SOD2 expression levels in HPAEC were quantified
by densitometry and normalized to β-tubulin. Results shown as mean±SD; n=6 for each
group; *p<0.05.
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Figure 10. Attenuation of ventilator induced lung injury by amifostine
Mechanical stretch associated with high tidal volume mechanical ventilation induces
reactive oxygen species (ROS) and reactive nitrogen species (RNS) production, leading to
activation of redox-sensitive stress kinases (JNK and p38 MAPK) and NFkB signaling
cascade leading to expression of pro-inflammatory cytokines, cytoskeletal remodeling and
disruption of endothelial monolayer integrity. Amifostine attenuates oxidative stress induced
by HTV through upregulation of SOD protein expression and stimulation of SOD and
catalase enzymatic activities. XOR – xanthine oxidoreductase; SOD – superoxide dismutase;
MAPKAPK2 – MAPK-activated protein kinase 2 ; Hsp27 – heat shock protein 27; MLC –
myosin light chains; ROCK – Rho associated kinase; MYPT – myosin protein phosphatase.
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