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in a Murine Model of Acute Respiratory Distress Syndrome
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Abstract

Aims: Inflammation and oxygen toxicity increase free radical production and contribute to the development
of acute respiratory distress syndrome (ARDS), which is a significant cause of morbidity and mortality in
intensive care patients. We have previously reported increased glutathione (GSH) levels in lung epithelial
cells in vitro and attenuated adult murine hyperoxic lung injury in vivo after pharmacological thioredoxin
reductase-1 (TrxR1) inhibition. Using a murine ARDS model, we tested the hypothesis that aurothioglucose
(ATG) treatment increases pulmonary GSH levels, attenuates lung injury, and decreases mortality in a GSH-
dependent manner. Results: Adult mice received a single intratracheal dose of 0.375 lg/g lipopolysaccharide
(LPS) 12 h before a single intraperitoneal injection of 25 mg/kg ATG. Control mice received intratracheal
and/or intraperitoneal saline. Mice were then exposed to room air or hyperoxia ( > 95% O2). Lung injury was
assessed by bronchoalveolar lavage protein concentrations. Expression of glutamate-cysteine ligase modifier
subunit (GCLM), GSH, cytokines, and chemokines was determined. Exposure to LPS/hyperoxia induced
inflammation and lung injury. ATG treatment significantly attenuated lung injury, increased lung GCLM
expression and GSH levels, and decreased mortality. GSH depletion completely prevented the protective
effects of ATG in LPS/hyperoxia-exposed mice. Innovation: ATG treatment significantly attenuates lung
injury and enhances survival in a clinically relevant murine model of ARDS. The protective effects of ATG
are GSH dependent. Conclusion: Augmentation of GSH systems by TrxR1 inhibition could represent a
promising therapeutic approach to attenuate oxidant-mediated lung injury and improve patient outcomes.
Antioxid. Redox Signal. 20, 2681–2691.

Introduction

Acute respiratory distress syndrome (ARDS) is a
significant cause of morbidity and mortality among

critically ill patients (37). Many patients require intensive
care as a consequence of lung injury brought about by in-
fectious and/or inflammatory etiologies. These patients often
require treatment with supraphysiologic O2 levels to maintain
adequate tissue oxygenation. Unfortunately, inflammation
and hyperoxia increase free radical production and contribute
to the development of ARDS (43).

Thioredoxin reductase-1 (TrxR1) is an NADPH-dependent
oxidoreductase that is best known for reducing the active site
of oxidized thioredoxin-1 (Trx1) (2). Aurothioglucose (ATG)
and auranofin (AFN), anti-inflammatory gold compounds that
are approved to treat rheumatoid arthritis, are potent TrxR1
inhibitors (18). We have previously shown that ATG treatment
of adult mice is well tolerated, preserves lung glutathione
(GSH) levels, and attenuates hyperoxic lung injury (42). The
protective effects of ATG against hyperoxic lung injury were
absent in mice with a genetically impaired GSH system (42).
We recently demonstrated that the protective effects of TrxR1
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inhibitors are likely mediated via nuclear factor E2-related
factor 2 (Nrf2) activation with subsequent increases in GSH
levels (23). GSH depletion markedly enhanced hyperoxic
susceptibility in AFN-treated murine lung epithelial cells
in vitro (23). Thus, our data support our current working model
in which the protective effects of TrxR1 inhibitors are GSH
dependent.

In acute lung injury (ALI) models, bacterial or acid-induced
lung injury is further exacerbated by hyperoxic exposure (1, 6,
21, 22, 27). Thus, the present studies utilized an adult murine
ARDS model which combines inflammatory and hyperoxic
exposures to test the hypothesis that ATG treatment attenuates
lung inflammation and injury, increases pulmonary GSH lev-
els, and improves survival. Mice received a single intratracheal
dose of Escherichia coli lipopolysaccharide (LPS) in saline
12 h before the administration of a single intraperitoneal in-
jection of 25 mg/kg ATG. Control mice received intratracheal
and/or intraperitoneal saline. Mice were then exposed to room
air (RA) or hyperoxia ( > 95% O2). Lung injury was more
severe in LPS/hyperoxia-exposed mice compared with saline/
RA or saline/hyperoxia-exposed mice. In LPS/hyperoxia-
exposed mice, ATG treatment significantly attenuated lung
injury and increased lung GSH levels. Most importantly, ATG
treatment significantly improved survival in LPS/hyperoxia-
exposed mice. GSH depletion with buthionine sulfoximine
(BSO) completely prevented the protective effects of ATG
treatment in mice exposed to both LPS and hyperoxia.

Results

LPS and hyperoxic exposure increase protein
concentrations, cell numbers, and pro-inflammatory
cytokine/chemokine expression in bronchoalveolar
lavage fluids

Mice were treated with intratracheal saline or LPS 12 h
before exposure to RA or hyperoxia ( > 95% O2) for 24 h.
Thus, there were four treatment groups: saline/RA, saline/
hyperoxia, LPS/RA, and LPS/hyperoxia (Fig. 1). In-
dependent effects of LPS and hyperoxia on bronchoalveolar
lavage (BAL) cell number were detected (Fig. 2A). BAL cell
numbers in LPS/hyperoxia-exposed mice were greater than
in all other groups. An independent effect of LPS on BAL
protein concentrations was also detected. BAL protein con-

centrations were greater in LPS/hyperoxia-exposed mice than
in saline/RA controls and saline/hyperoxia-exposed mice, re-
spectively. We next determined the impact of LPS and/or
hyperoxic exposure on pro-inflammatory cytokine and che-
mokine expression. BAL fluids were collected after exposure
to hyperoxia for 24 h. Concentrations of keratinocyte-derived
chemokine (KC), macrophage inflammatory protein-2 (MIP-
2), interleukin-6 (IL-6), tumor necrosis factor-a (TNFa), and
receptor for advanced glycosylation end products (RAGE) in
BAL fluids were determined. An independent effect of LPS
was detected on all analytes, while an independent effect of
hyperoxia was detected for only IL-6 and RAGE (Fig. 2B).
KC, MIP-2, IL-6, and TNFa concentrations were greater in the
LPS/RA and LPS/hyperoxia groups than in saline/RA and
saline/hyperoxia groups at 24 h. IL-6 levels were highest in the
LPS/hyperoxia group compared with all other treatment
groups, while KC expression was greater in all three other
treatment groups than in saline/RA controls.

To characterize the effects of prolonged hyperoxic expo-
sure in our model, mice were treated with intratracheal saline
or LPS 12 h before exposure to RA or hyperoxia ( > 95% O2)
for 72 h. An independent effect of LPS on BAL cell number
was detected (Fig. 3A). BAL cell numbers in both LPS/RA
and LPS/O2 treatment groups were greater than in saline/RA
controls. An independent effect of LPS on BAL protein
concentrations was detected, though there were no individual
differences. We next determined the impact of LPS and/or
hyperoxic exposure on pro-inflammatory cytokine and che-
mokine expression. Concentrations of KC, MIP-2, IL-6,
TNFa, and RAGE in BAL fluids were determined after ex-
posure to hyperoxia for 72 h (Fig. 3B). Independent effects of
LPS and hyperoxia on KC and IL-6 were detected, whereas
an effect of LPS was detected on RAGE levels. IL-6 and
RAGE levels were highest in the LPS/hyperoxia group
compared with all other treatment groups, while KC ex-
pression was greater in all three other treatment groups than
in saline/RA controls.

LPS and hyperoxic exposure alter GSH levels
in lung tissues

To assess the effect of LPS and/or hyperoxia on the lung
GSH system, GSH and GSH disulfide (GSSG) levels in tissue
homogenates were determined at 24 or 72 h. GSH/GSSG ratios
were then calculated using these values. An effect of hyperoxia
on GSH levels was detected at both 24 and 72 h (Fig. 4A).
Hyperoxia and LPS/hyperoxia dramatically increased GSH
levels, whereas lung GSH levels were 60% lower in lungs from
LPS-treated mice than in saline-treated controls at 24 h. Lung
GSH/GSSG ratios were not different at 24 h. At 72 h, an effect

FIG. 1. Experimental design. Protocol for experiments
in Figures 2–4.

Innovation

We previously found that thioredoxin reductase-1
(TrxR1) inhibition activated nuclear factor E2-related fac-
tor 2 (Nrf2)-dependent antioxidant responses and increased
glutathione (GSH) levels in vitro and in vivo. The present
studies demonstrate that mice treated with the TrxR1 in-
hibitor aurothioglucose (ATG) had significantly enhanced
lung GSH levels, attenuated lung injury, and enhanced
survival in a murine acute respiratory distress syndrome
model combining intratracheal lipopolysaccharide with
prolonged hyperoxic exposure. Furthermore, the protective
effects of ATG were GSH dependent. If pharmacologic
TrxR1 inhibition can be safely utilized to induce Nrf2 ac-
tivation and increase GSH levels, this novel strategy could
attenuate lung injury and improve outcomes in critically ill
patients.
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of hyperoxia on GSSG levels was detected (Fig. 4B). In saline/
hyperoxia and in LPS/hyperoxia-exposed mice, lung GSSG
levels were significantly greater than in saline/RA-exposed
mice. Furthermore, an effect of hyperoxia on lung GSH/GSSG
ratios was also detected at 72 h. Lung GSH/GSSG ratios were
fivefold lower in saline/hyperoxia mice than in saline/RA
mice. In LPS/hyperoxia mice, lung GSH/GSSG ratios were
fourfold lower than in LPS/RA mice.

ATG treatment decreases BAL protein
concentrations but does not alter pro-inflammatory
cytokine/chemokine expression
in LPS/hyperoxia-exposed mice

To test the hypothesis that ATG treatment would attenuate
lung injury in our inflammation/hyperoxia ARDS model,
adult mice were injected with saline or 25 mg/kg ATG at 12 h
after intratracheal LPS administration (Fig. 5). Mice were
then exposed to hyperoxia for 72 h. Though we detected no
effect of ATG on BAL cell numbers, BAL protein concen-
trations were significantly lower in ATG-treated mice than in
saline-treated controls (Fig. 6A). We next examined the im-
pact of ATG treatment on the levels of KC, MIP-2, IL-6,
TNFa, and RAGE in BAL fluids. There were no differences
in the expression of pro-inflammatory cytokine and chemo-
kine expression between ATG-treated and saline-treated
groups (Fig. 6B).

ATG treatment enhances GCLM transcription
and increases GSH levels in BAL cells
and lung tissues of LPS/hyperoxia-exposed mice

The impact of ATG on the GSH system in LPS/hyperoxia-
exposed mice was determined by measuring glutamate-cysteine
ligase modifier subunit (GCLM) mRNA expression and GSH
levels. Compared with saline-treated controls, ATG treatment
significantly enhanced GCLM expression (Fig. 7A). GSH lev-
els in BAL cells from ATG-treated animals were approximately
thrice higher than in cells from saline-treated controls (Fig. 7B).
ATG treatment also significantly enhanced GSH levels in lung
tissues (Fig. 7C) but had no effect on GSSG levels. Lung tissue
GSH/GSSG ratios were calculated; however, no effect of ATG
was detected by the statistical methods used ( p = 0.058).

ATG treatment enhances survival
in LPS/hyperoxia-exposed mice
and the protective effects are prevented by BSO

Given the positive effects on ATG on BAL protein con-
centrations, BAL cell GSH, and lung GSH levels, we hy-
pothesized that ATG treatment would improve the survival of
LPS/hyperoxia-exposed mice. Furthermore, we suspected
that any protective effects would be GSH dependent. To test
this hypothesis, adult mice were treated with 25 mg/kg ATG
and/or 800 mg/kg BSO 12 h after intratracheal LPS

FIG. 2. BAL protein concentrations, cell counts, cytokines, and chemokine levels after exposure to LPS and
hyperoxia for 24 h. Adult mice received intratracheal saline or LPS at 12 h before exposure to RA or hyperoxia ( > 95% O2)
for 24 h as described in the Materials and Methods section. (A) Cell numbers were determined using trypan blue exclusion,
and protein concentrations were measured by Bradford assay. Data (mean – SD) were analyzed by two-way ANOVA with
Tukey’s multiple-comparisons test post hoc (n = 3–6). *p < 0.01 versus saline/RA, $p < 0.01 versus saline/hyperoxia, and
%p < 0.05 versus LPS/RA. (B) Concentrations of KC, MIP-2, IL-6, TNFa, and RAGE were measured by ELISA. Data
(mean – SD) were analyzed by two-way ANOVA with Tukey’s multiple-comparisons test post hoc (n = 3–6). *p < 0.03
versus saline/RA, $p < 0.02 versus saline/hyperoxia, and %p < 0.01 versus LPS/RA. RA, room air; BAL, bronchoalveolar
lavage; IL-6, interleukin-6; KC, keratinocyte-derived chemokine; LPS, lipopolysaccharide; MIP-2, macrophage inflam-
matory protein-2; RAGE, receptor for advanced glycosylation end products; TNFa, tumor necrosis factor-a.
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administration and were subsequently exposed to hyperoxia.
Mice were euthanized on displaying prospectively defined end
point criteria (see Materials and Methods section), because our
institution does not allow ‘‘death as an endpoint’’ studies. Thus,
there were four treatment groups: saline, BSO, ATG, and ATG/
BSO (Fig. 8A). Median survival of saline-treated controls
(105 h) was not different than mice treated with BSO alone
(101 h). ATG treatment significantly enhanced survival (median
survival 150 h) with two healthy appearing ATG-treated mice
still alive at the termination of these studies (Fig. 8B). BSO
treatment completely prevented the protective effects of ATG in
LPS/hyperoxia-exposed mice (median survival of 29 h) with no
mouse surviving beyond 35 h. To determine the impact of ATG
on lung injury, we performed hematoxylin and eosin (H&E)
staining on paraffin-embedded lungs at 72 h. Representative
images are shown in Figure 9A. Standardized histology scoring
in saline, BSO, and ATG treated-mice was performed as de-
scribed in the Materials and Methods section to formally
quantify lung injury (Fig. 9B). The most profound effects of
LPS/O2, including the presence of hyaline membranes and
bronchiolar epithelial necrosis, were identified in lung sections
from saline-treated mice. These findings were absent in the
ATG- and BSO-treated mice. Lung histology scores were
highest in saline-treated mice. Both ATG and BSO treatment
were associated with significantly lower scores at 72 h.

Discussion

Many patients who develop ARDS require hyperoxic
therapy as a consequence of lung injury brought about by

infectious and/or inflammatory etiologies. To more closely
mimic clinical ARDS, we tested the efficacy of the TrxR1
inhibitor ATG in a lung injury model that combined in-
flammation (LPS) and hyperoxia. The major findings in the
present studies in adult mice are as follows: (i) Lung injury
after LPS/hyperoxia exposure is characterized by pulmonary
edema, inflammation, and decreased lung GSH/GSSG ratios;
(ii) ATG treatment after LPS administration and before hy-
peroxic exposure decreased pulmonary edema and enhanced
lung GSH systems but had no effect on pro-inflammatory
cytokine/chemokine expression; (iii) ATG treatment signif-
icantly attenuated lung injury and improved survival; and (iv)
the protective effects of ATG were completely prevented by
BSO. Thus, our novel studies are the first to demonstrate that
ATG-mediated TrxR1 inhibition attenuates lung injury and
enhances survival in a severe ARDS model and that these
effects appear to be GSH dependent.

Our findings of increased lung edema, inflammation, and
pro-inflammatory cytokine/chemokine levels in LPS/RA
mice are consistent with those published by Aggarwal et al.
(1). RAGE levels are increased in ALI patients and are an
indirect indicator of lung injury in experimental models
(40). The highest RAGE levels and, by extrapolation, the
highest degree of lung injury at 24 h of exposure, was found
in LPS/RA mice. Inflammation causes enhanced reactive
oxygen species (ROS) production and decreased GSH levels,
resulting in upregulation of both pro-inflammatory and an-
tioxidant genes (35). Transcription factors that regulate pro-
inflammatory cytokines and chemokines are sensitive to GSH
levels, and GSH depletion enhances pro-inflammatory

FIG. 3. BAL protein concentrations, cell counts, cytokines, and chemokine levels after exposure to LPS and hyperoxia for
72 h. Adult mice received intratracheal saline or LPS at 12 h before exposure to RA or hyperoxia ( > 95% O2) for 72 h as described in
the Materials and Methods section. (A) Cell numbers were determined using trypan blue exclusion, and protein concentrations were
measured by Bradford assay. Data (mean – SD) were analyzed by two-way ANOVA with Tukey’s multiple-comparisons test post
hoc (n = 3–6). *p < 0.0001 versus saline/RA, $p < 0.02 versus saline/hyperoxia. (B) Concentrations of KC, MIP-2, IL-6, TNFa, and
RAGE were measured by ELISA. Data (mean – SD) were analyzed by two-way ANOVA with Tukey’s multiple-comparisons test
post hoc (n = 3–6). *p < 0.005 versus saline/RA, $p < 0.0002 versus saline/hyperoxia, and %p < 0.0002 versus LPS/RA.
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signaling in the alveolar epithelium (19, 36). Our data in LPS/
RA mice indicated that lung GSH levels were significantly
decreased at 24 h of exposure (36 h after LPS administration)
but recovered by 72 h (84 h after LPS administration). Fur-
thermore, the restoration of GSH levels was associated with
normalization of cytokine, chemokine, and RAGE levels at
72 h. Thus, we speculate that in LPS/RA mice, ROS-mediated
induction of GSH synthesis, likely via Nrf2 activation,
restored GSH levels which attenuated pro-inflammatory
signaling, enabling the resolution of lung injury.

Lung edema, inflammation, and pro-inflammatory cyto-
kine levels were also elevated in LPS/hyperoxia mice at 24 h.
Only BAL cell numbers, KC and IL-6 levels remained ele-
vated at 72 h in LPS/hyperoxia-exposed mice. These findings
suggest a synergistic effect of LPS and hyperoxia similar to

that reported in isolated peritoneal macrophages and in a rat
model of bronchopulmonary dysplasia (9, 20). Alternatively,
since we measured cytokine and chemokine concentrations in
BAL fluids, differences could be also attributed to alterations
in cellular secretion. The highest GSH levels at 24 h were
seen in saline/hyperoxia and LPS/hyperoxia mice. Thus,
hyperoxia appeared to be a much stronger stimulus for GSH
production than did LPS alone. Continuous hyperoxic ex-
posure likely results in continuous ROS generation, GSH
consumption, and persistent activation of GSH synthetic
pathways. Thus, we speculate that hyperoxia induces sus-
tained ROS production, leading to enhanced Nrf2 activation
and maximal GSH synthesis. We interpret the lack of dif-
ferences in lung GSH levels in both hyperoxia-exposed
groups at 24 and 48 h to indicate maximal activation of GSH
synthesis. Continued increases in RAGE levels in LPS/hy-
peroxia mice between 24 and 72 h suggest that GSH pro-
duction is insufficient to arrest the progression of lung injury
in the setting of persistent oxidative stress.

We previously reported that ATG pre-treatment attenuated
hyperoxic lung injury in C3H/HeN mice; however, this effect
was unanticipated and was not the objective of those studies
(42). Our previous studies also revealed that GSH levels and
GSH/GSSG ratios were preserved in ATG-treated mice,
though the mechanism was not clear at that time. We later
determined a plausible mechanism, Nrf2 activation, for the
protective effect of ATG, and our studies in vitro indicated

FIG. 4. GSH and GSSG levels in lung tissues after exposure to LPS and hyperoxia for 24 or 72 h. Adult mice
received intratracheal saline or LPS at 12 h before exposure to RA or hyperoxia ( > 95% O2). (A) At 24 h, GSH and GSSG
levels were determined and GSH/GSSG ratios were calculated as described in the Materials and Methods section. Data
(mean – SD) were analyzed by two-way ANOVA with Tukey’s multiple-comparisons test post hoc (n = 3–5). *p < 0.002
versus saline/RA, %p < 0.0006 versus LPS/RA. (B) At 48 h, GSH and GSSG levels were determined and GSH/GSSG ratios
were calculated as described in the Materials and Methods section. Data (mean – SD) were analyzed by two-way ANOVA
with Tukey’s multiple-comparisons test post hoc (n = 3–5). *p < 0.04 versus saline/RA, %p < 0.02 versus LPS/RA. GSH,
glutathione; GSSG, GSH disulfide.

FIG. 5. Experimental design. Protocol for experiments
in Figures 6–7.
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FIG. 6. Effects of ATG treatment on protein concentrations, cell numbers, and cytokine or chemokine expression in
BAL fluids from LPS/hyperoxia-exposed mice. Adult mice received a single intraperitoneal injection of saline or 25 mg/
kg ATG at 12 h after intratracheal LPS administration and were then exposed to hyperoxia ( > 95%O2) for 72 h as described
in the Materials and Methods section. (A) Cell numbers were determined using trypan blue exclusion, and protein con-
centrations were measured by Bradford assay. (B) Levels of KC, MIP-2, IL-6, TNFa, and RAGE were measured in
BAL by ELISA. Data (mean – SD) were analyzed by unpaired Student’s t-test (n = 6–8). *p = 0.011 versus saline. ATG,
aurothioglucose.

FIG. 7. Effects of ATG treatment on GCLM expression, GSH, and GSSH levels in lung BAL and tissues from LPS/
hyperoxia-exposed mice. Adult mice received a single intraperitoneal injection of saline or 25 mg/kg ATG at 12 h after
intratracheal LPS administration and were then exposed to hyperoxia ( > 95% O2) for 72 h as described in the Materials and
Methods section. (A) GCLM mRNA levels in lung tissues were determined by qRT-PCR and were normalized to b-actin.
GSH levels in (B) BAL cell lysates and GSH and GSSG levels in (C) lung tissues were determined as described in the
Materials and Methods section. Data (mean – SD) were analyzed by unpaired Student’s t-test (n = 3–7). *p < 0.05 versus
saline. Lung GSH/GSSG ratios were calculated but were not different from each other ( p = 0.058). GCLM, glutamate-
cysteine ligase modifier subunit; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction.
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that the effect was GSH dependent (23). In order to determine
the efficacy of ATG as an intervention in a more clinically
relevant murine lung injury model, we administered ATG
after the initiation of a mild inflammatory response but before
hyperoxic exposure. Though ATG had no effect on BAL cell
counts or chemokine/cytokine levels, it significantly attenu-
ated pulmonary edema. The effects of ATG on chemokine/
cytokine levels may be under-represented due to greater
pulmonary edema in saline-treated LPS/hyperoxia mice.
Since chemokine/cytokines are determined per unit volume,
a dilution effect is likely. Nonetheless, higher lung GCLM
expression, tissue GSH levels, and BAL cell GSH levels in
ATG-treated mice suggest that ATG stimulated GSH syn-
thesis. Most importantly, ATG significantly decreased lung
injury and enhanced the survival of LPS/hyperoxia mice.

Hyaline membranes and bronchiolar epithelial necrosis
were present in lung sections from saline-treated mice ex-
posed to hyperoxia for 72 h, whereas the absence of these
findings in ATG-treated lungs was similar to our previous
findings in mice exposed to hyperoxia alone (42). Right lung/
body weight ratios between these three groups did not differ
at 72 h, which is consistent with our findings in C3H/HeN
mice exposed to hyperoxia alone. Rodent models of adult
hyperoxic lung injury have been extensively characterized
over the past 20 years (13–16). In adult mice, the course of
lung injury passes a ‘‘point of no return,’’ where intervention
or therapies are not able to reverse the damage and death is

imminent. To investigate the mechanisms associated with our
intervention, which change the course of injury, we elected to
study animals at 72 h, a time point proximal to that at which
hyperoxic injury is irreversible. Lung weight to body weight
ratios are not expected to be different at this time point, be-
cause overt tissue death has not yet occurred (7, 8, 17). Had
we chosen a later time point, it is likely that differences in
right lung/body weight ratios would be detectable later in
course of hyperoxic exposure as was found in our previous
studies (42). We interpret our data to indicate that ATG al-
tered the time course of fatal lung injury as demonstrated by
increased survival. We speculate that ATG induces endoge-
nous GSH-dependent responses that attenuate tissue injury
and lung damage. Simultaneous administration of BSO
blocked the protective effect of ATG in LPS/hyperoxia mice.
This finding is similar to our previous studies in vitro and
confirms the importance of GSH toward ATG-mediated
protection. Treatment with BSO alone had no significant
effect on mortality in our studies, and histologic evidence of
lung injury was less than in saline-treated mice. These find-
ings are likely due to compensation by the Trx system as
previously described (42).

Our previous studies implicated sustained Nrf2 activation as
the mechanism by which ATG-dependent TrxR1 inhibition
confers protection against hyperoxic lung injury. Further, our
previous studies also demonstrated that the protective effects
of ATG are GSH dependent (23). In the current studies, the
poorest survival in LPS/hyperoxia-exposed mice was observed
in mice treated with the combination of ATG and BSO. In-
deed, these data are consistent with our earlier findings of
profound mortality in ATG-treated GSH reductase knockout
mice continuously exposed to > 95% hyperoxia (42). Im-
portantly, our data indicate that TrxR1 inhibition is only det-
rimental in settings of GSH system disruption. Work by
ourselves and others suggests that a cross-talk between the Trx
and GSH systems most reasonably explains the tolerance of
TrxR1 inhibition in vivo and in vitro (2, 23, 34, 38, 39, 42).
Other than dietary riboflavin deficiency that is easily correct-
able, GSH system deficiencies are virtually unknown in hu-
mans supporting the translational potential of ATG or other
TrxR1 inhibitors for the treatment of lung injury in human
patients (10–12). The fact that no obvious morbidity was seen
in rheumatoid arthritis patients treated with ATG at doses for
approximately 32 times greater than those used in the present
studies further supports the therapeutic safety of ATG (2).

As modeled in Figure 10, we propose that exposure to LPS
and hyperoxia increases free radical production by epithelia,
neutrophils, and macrophages. The subsequent decrease in
GSH levels, in turn, enhances pro-inflammatory cytokine and
chemokine production, likely via NF-jB and/or AP-1 acti-
vation. Subsequent increases in inflammatory mediators and
capillary leak lead to fatal lung injury. We propose that ATG
increases pulmonary Nrf2 activation, resulting in increased
production of GSH in epithelia, neutrophils, and macro-
phages before the accumulation of substantial lung injury.
Increased GSH levels, in turn, attenuate capillary leak, de-
crease lung injury, and improve survival. As indicated in
Figure 10, the present studies do not exclude the possibility of
ATG-mediated GSH induction by Nrf2-independent mech-
anisms nor do they exclude a possible contribution of non-
antioxidant mechanisms for protection by ATG. Future
studies using this experimental model will include additional

FIG. 8. Effects of ATG and BSO on survival of LPS/
hyperoxia-exposed mice. (A) Protocol for experiments
in Figures 8B and 9. Adult mice were treated with a single
intraperitoneal injection of saline, 25 mg/kg ATG, and/or
800 mg/kg BSO at 12 h after intratracheal LPS administration.
Mice were then exposed to hyperoxia and were euthanized on
displaying end point criteria as described in the Materials and
Methods section. Thus, there were four treatment groups: sa-
line, BSO, ATG, and ATG/BSO. (B) Data were analyzed by
Log-rank (Mantel-Cox) test (n = 4–6). *p = 0.023 versus saline;
$p < 0.005 versus ATG/BSO. BSO, buthionine sulfoximine.

AUROTHIOGLUCOSE ATTENUATES LUNG INJURY IN AN ARDS MODEL 2687



measurements of oxidative stress markers such as iso-
prostanes (30), in addition to antioxidant capacity. Non-
invasive techniques based on measurement of breath markers
(28), including isoprostanes (3, 26), leukotriene B4 (29),
endogenous metabolites (32, 33), and volatile organic com-

pounds (4, 31), could provide a useful tool for the assessment
of inflammation and/or oxidative stress in models of ARDS
or in patients with ARDS.

In summary, our data demonstrate that the augmentation of
GSH systems by TrxR1 inhibition with ATG protects against
lung injury in a murine model of severe ARDS. If pharma-
cologic TrxR1 inhibition can be safely utilized to induce Nrf2
activation and increase GSH levels in critically ill patients,
this novel strategy could attenuate lung injury and improve
outcomes in this highly vulnerable population.

Materials and Methods

Animal model

Animal protocols were approved by the Institutional An-
imal Care and Use committee at the Research Institute at the
Nationwide Children’s Hospital. Mice were handled in ac-
cordance with the National Institutes of Health guidelines
and housed in a pathogen-free facility. Eight- to 12-week-old
adult male C3H/HeN mice were obtained from Harlan La-
boratories (Indianapolis, IN). Mice were anesthetized with
isofluorane and then, saline or 0.375 lg/g E. coli LPS (sero-
type 0111:B4, cat no. 437627; Calbiochem, Gibbstown, NJ)
was instilled intratracheally (1). Twelve hours after LPS
administration, mice were injected intraperitoneally (i.p.)
with saline, 25 mg/kg ATG (Research Diagnostics, Flanders,
NJ), and/or 800 mg/kg BSO. Doses of ATG and BSO were
chosen based on previous studies (25, 42). After medication

FIG. 9. Lung injury in LPS/hyperoxia-exposed mice. Adult mice were treated with a single intraperitoneal injection of
saline, 25 mg/kg ATG, and/or 800 mg/kg BSO at 12 h after intratracheal LPS administration. Mice were then exposed to
hyperoxia and were sacrificed at 72 h. (A) Representative lung histology (H&E) sections. (B) Standardized lung histology
score calculated as described in the Materials and Methods section. Data (mean – SD) were analyzed by one-way ANOVA
with Tukey’s multiple-comparisons test post hoc (n = 3–4). *p = 0.012 versus saline. H&E, hematoxylin and eosin. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

FIG. 10. Proposed scheme for the effects of ATG on
inflammatory lung injury.
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administration, mice were randomly distributed into equally
sized groups and either remained in RA or were exposed to
hyperoxia ( > 95% O2) for approximately 150 h. In survival
studies, mice were closely monitored by research personnel
who were blinded to the treatment group and were euthanized
when they met predetermined endpoint criteria (decreased
activity, labored breathing, and inability to access food and
water). Before sacrifice, mice were anesthetized with keta-
mine/xylazine (200/20 mg/kg, i.p.). Lungs were thrice la-
vaged with 1 ml sterile saline to obtain BAL fluid. BAL
protein concentrations were determined by Bradford assay.
Cells that were recovered from BAL were counted by trypan
blue exclusion. BAL supernatant, cells, and lung tissues were
collected and stored at - 80�C until further analysis.

GSH levels

GSH levels were measured in lung tissues and in BAL cell
lysates BAL by the enzyme recycling method as previously
described (41).

Cytokine expression

Levels of IL-6, KC, MIP-2, TNFa, and receptor for gly-
cation end products (RAGE) in BAL were measured using
ELISA Duoset kits (R&D Systems, Minneapolis, MN) fol-
lowing the manufacturer’s protocols. Absorbance was de-
termined spectrophotometrically using a Spectramax M2
plate reader (Molecular Devices, Sunnyvale, CA).

Quantitative real-time polymerase chain reaction

RNA was isolated from homogenized lung tissues using an
RNeasy mini kit (Qiagen, Valencia, CA). cDNA was synthe-
sized using superscript reverse transcriptase III kit (Invitrogen,
Carlsbad, CA) including oligo d(T) (Invitrogen) and dNTP
(Fisher, Waltham, MA). Quantitative real-time polymerase
chain reaction was performed using a SYBR green master mix
(Qiagen), and CT values were determined using a Mas-
tercycler EP Realplex (Eppendorf, Hauppauge, NY). DCT
values were determined by normalizing to b-actin. Primers
were for murine GCLM (23), and murine b-actin (5) were
obtained from Integrated DNA Technologies (San Diego,
CA). Fold-change values were calculated using 2 - (DDCT).

Tissues for histopathologic examination and scoring

Tracheas of mice were cannulated with 25-gauge silastic
catheters, and 10% buffered formalin (Fisher Scientific, Fair
Lawn, NJ) was instilled at 20 cm H2O pressure. After 5 min,
the left lungs were removed and fixed overnight in 10%
formalin. The next day, the lung samples were washed in
PBS, serially dehydrated in increasing concentrations of
ethanol, and then embedded in paraffin. Five-micron tissue
sections were stained with H&E. Standardized histological
scoring was performed by a veterinary pathologist (Diplo-
mate, American College of Veterinary Pathology) who was
blinded to the treatment group. The three main criteria ex-
amined included interstitial change, inflammation, and con-
solidation. Interstitial change was broken down into
perivascular change and alveolar change (each factor can
score 0–4 points). Perivascular change was scored by the
amount of clear space expansion surrounding large to me-
dium caliber arteries and veins, and varied from 0 (no ex-

pansion) to 4 (spaces expanded four times normal size).
Alveolar change was scored by the number of alveoli with
thickened septae in five randomly selected fields. Scoring
ranged from 0 (no expansion) to 4 (more than 50% of walls
are expanded). Inflammation was broken down into peri-
vascular and alveolar inflammation (each factor can score
0–4 points). Perivascular inflammation was scored by the
number of large and medium caliber arteries and veins that
were surrounded by any mixed inflammation. Scoring ranged
from 0 (no inflammation around any vessels) to 4 (all vessels
have prominent inflammatory cuffs). Alveolar inflammation
was scored by the number of alveoli with at least two to three
inflammatory cells present in five randomly selected fields.
The scores ranged from 0 (0%) to 4 ( > 50%). Consolidation is
the percentage of the alveolar spaces that are collapsed in the
entire lung field (ranges 0–4). Scores ranged from 0 (0%) to 4
( > 50%). The total possible score for each lung section is 20
points (4 out of 4 in all 5 parameters).

Statistics

Data were tested for homogeneity of variances and were
log-transformed when indicted. Data were analyzed using
GraphPad Prism 6.0 (La Jolla, CA) by unpaired t-test, two-
way ANOVA followed by Tukey’s multiple-comparison
tests, or Log-rank (Mantel-Cox) test. Significance was ac-
cepted at p < 0.05.
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Abbreviations Used

AFN¼ auranofin
ALI¼ acute lung injury

ARDS¼ acute respiratory distress syndrome
ATG¼ aurothioglucose
BAL¼ bronchoalveolar lavage
BSO¼ buthionine sulfoximine

GCLM¼ glutamate-cysteine ligase modifier subunit
GSH¼ glutathione

GSSG¼GSH disulfide
H&E¼ hematoxylin and eosin
IL-6¼ interleukin-6

i.p.¼ intraperitoneally
KC¼ keratinocyte-derived chemokine

LPS¼ lipopolysaccharide
MIP-2¼macrophage inflammatory protein-2

Nrf2¼ nuclear factor E2-related factor 2
qRT-PCR¼ quantitative reverse transcriptase polymerase

chain reaction
RA¼ room air

RAGE¼ receptor for advanced glycosylation end
products

ROS¼ reactive oxygen species
Trx1¼ thioredoxin-1

TrxR1¼ thioredoxin reductase-1
TNFa¼ tumor necrosis factor-a
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