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Abstract

Background: Exacerbations of chronic obstructive pulmonary disease (COPD) are characterized by acute enhancement of
airway neutrophilic inflammation under oxidative stress and can be involved in emphysema progression. However,
pharmacotherapy against the neutrophilic inflammation and emphysema progression associated with exacerbation has not
been established. Thioredoxin-1 has anti-oxidative and anti-inflammatory properties and it can ameliorate neutrophilic
inflammation through anti-chemotactic effects and prevent cigarette smoke (CS)-induced emphysema. We aimed to
determine whether thioredoxin-1 can suppress neutrophilic inflammation and emphysema progression in a mouse model
of COPD exacerbation and if so, to reveal the underlying mechanisms.

Results: Mice were exposed to CS and then challenged with polyinosine-polycytidylic acid [poly(I:C)], an agonist for virus-
induced innate immunity. Airway neutrophilic inflammation, oxidative stress and lung apoptosis were enhanced in smoke-
sensitive C57Bl/6, but not in smoke-resistant NZW mice. Exposure to CS and poly(I:C) challenge accelerated emphysema
progression in C57Bl/6 mice. Thioredoxin-1 suppressed neutrophilic inflammation and emphysema progression. Poly(I:C)
caused early neutrophilic inflammation through keratinocyte-derived chemokine and granulocyte-macrophage colony-
stimulating factor (GM-CSF) release in the lung exposed to CS. Late neutrophilic inflammation was caused by persistent GM-
CSF release, which thioredoxin-1 ameliorated. Thioredoxin-1 enhanced pulmonary mRNA expression of MAP kinase
phosphatase 1 (MKP-1), and the suppressive effects of thioredoxin-1 on prolonged GM-CSF release and late neutrophilic
inflammation disappeared by inhibiting MKP-1.

Conclusion: Using a mouse model of COPD exacerbation, we demonstrated that thioredoxin-1 ameliorated neutrophilic
inflammation by suppressing GM-CSF release, which prevented emphysema progression. Our findings deepen
understanding of the mechanisms underlying the regulation of neutrophilic inflammation by thioredoxin-1 and indicate
that thioredoxin-1 could have potential as a drug to counteract COPD exacerbation.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an inflam-

matory condition involving oxidative stress and various types of

inflammatory cells such as neutrophils and macrophages [1,2]. It is

the fourth leading cause of death worldwide [1]. The degree of

pulmonary emphysema, which is a major pathological change in

COPD, correlates with lung function [3,4] and prognosis [5].

Cigarette smoke (CS) is the most important risk factor for

emphysema [1], but emphysema can progress even after some

patients with COPD stop smoking [6]. A pharmacological

intervention to sufficiently regulate inflammation in COPD and

to prevent emphysema progression has not yet been established.

Indeed, chronic inflammation under conditions of oxidative stress

is relatively resistant to corticosteroids that comprise the standard

anti-inflammatory treatment [7,8].

Exacerbation of COPD, which is clinically defined as a sudden

worsening of COPD symptoms, is characterized by acute

enhancement of airway inflammation [9,10,11], oxidative stress

[11] and proteolysis [12], and further amplification of neutrophilic

inflammation is a prominent feature [9]. Exacerbation negatively
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affects mortality [13] and lung function [14]. Moreover, we

previously showed that emphysema progression involves exacer-

bations [15], the prevention and treatment of which are quite

important for COPD management. Clinical trials have shown that

systemic corticosteroid therapy can improve clinical status and

lung function in the short term [16,17,18], However, our previous

findings have suggested that current standard treatment regimens

including systemic corticosteroids might not sufficiently suppress

exacerbation-induced, long-term emphysema progression [15]. It

remains unclear whether acute-on-chronic inflammation during

exacerbation can be sufficiently regulated by systemic corticoste-

roid, although chronic inflammation in stable state of COPD has

been previously shown to poorly respond to corticosteroids [8].

Thus, not only the effects and limitations of corticosteroids, but

also the potential of alternative therapeutics in exacerbation of

COPD should be investigated.

Thioredoxin-1 (TRX) is a ubiquitous, redox-acting, small

protein of 105 amino acids with a conserved CXXC construct

in its active site that exchanges dithiol to disulfide to maintain the

redox status of other molecules [19,20,21]. In addition to this anti-

oxidative effect, TRX has anti-inflammatory [22,23,24] and anti-

apoptotic properties [25]. TRX overexpression and recombinant

TRX administration are effective in animal models of many

diseases such as emphysema and acute respiratory distress

syndrome [26,27,28]. TRX inhibits neutrophil chemotaxis

induced by lipopolysaccharide [22] and CS [26] and thus it could

be a candidate drug for treating COPD exacerbation character-

ized by airway neutrophilic inflammation and emphysema

progression [9,15].

Viral infection is a major cause of COPD exacerbation [29,30].

Studies have shown that viral infection in mice exposed to CS

enhances lung inflammation similar to that in humans [31,32,33],

and this enhancement can be mimicked by administration of

polyinosine-polycytidylic acid (poly(I:C)), a synthetic double

stranded RNA that is an agonist for innate immunity to viral

infection [32,33]. Moreover, these poly(I:C) challenges accelerate

emphysema progression in CS-exposed mice. This model can be

used for investigating the immune-pathological changes seen in

human COPD exacerbations.

We postulated that recombinant TRX suppresses the excessive

inflammatory response, especially neutrophilic inflammation, and

subsequent emphysema progression induced by COPD exacerba-

tion. We therefore evaluated the effects of TRX in the mouse

model of COPD exacerbation and the underlying mechanisms

involved.

Materials and Methods

The Animal Research Committee of Kyoto University

approved the study protocols.

Animals and Exposure to Cigarette Smoke
Male C57Bl/6NCrSlc and NZW mice purchased from Japan

SLC (Shizuoka, Japan) were housed in a temperature-controlled

conventional room and freely supplied with laboratory chow and

water for at least 3 weeks before being exposed to CS. Eleven-

week-old mice were exposed to CS of 10 filter-cut standard

cigarettes (Kentucky 3R4F reference cigarette, Cigarette Labora-

tory at the Tobacco and Health Research Institute, University of

Kentucky, Lexington, KY, USA) for 50 minutes per day for 5 days

per week for 22, 24, and 45 days using a nose-breathing exposure

system (SG- 200; Shibata Scientific Technology Ltd., Tokyo,

Japan) [26]. CS was prepared with a standard puff of 35 ml

volume and 2 puffs per minute, and diluted to 3% with

compressed air. Blood carboxy-hemoglobin levels were about

10% immediately after exposure and the concentration of total

particulate matter in mainstream CS was 512.6 mg/m3.

Poly(I:C) Challenge
Under light anesthesia with isoflurane, 1 mg/kg (body weight)

of poly(I:C) (Sigma Aldrich, St. Louis, MO, USA) in 100 microliter

of saline was administered by oropharyngeal aspiration [34].

Figure 1 summarized duration of exposure to CS and time course

of poly(I:C) challenges for each experimental protocol. In single

challenge experiments, poly(I:C) was administered 4 h after

exposure to CS on day 22. Some groups of mice were exposed

to CS to day 24 and sacrificed on day 25 (3 days after the poly(I:C)

challenge, Figure 1A), while the remaining were sacrificed 6 hours

after the challenge (Figure 1B). In repeated challenge experiments

for lung morphometry, poly(I:C) was also administered 4 h after

exposure to CS on days 22, 25, 29, 32, 36, 39, and 43. CS

exposure was continued to day 45, and mice were sacrificed on

day 46 (Figure 1C).

Treatment with Systemic Corticosteroid, TRX, Anti-
granulocyte-macrophage Colony-stimulating Factor (GM-
CSF) Antibody, and NSC
Dexamethasone (DEX; D2915, Sigma Aldrich) was intraperi-

toneally injected 1 h before poly(I:C) challenge at doses of 0.1, 0.3

and 1.0 mg/kg. At 1 h before and 3 h after poly(I:C) challenge,

4 mg/kg of recombinant human TRX (Redox Bioscience Inc.,

Kyoto, Japan) was intraperitoneally injected. To determine the

effect of GM-CSF on airway neutrophil inflammation induced by

CS combined with poly(I:C), rat anti-mouse GM-CSF antibody

(R&D Systems, Abingdon, UK) was delivered to the lung by

oropharyngeal aspiration 3 h after poly(I:C) challenge. To

investigate the effects of inhibition of dual-specificity phosphatase

1 [MAP kinase phosphatase 1 (MKP-1)], 2 mg/kg of the cell-

permeable, quinone-based, dual-specificity phosphatase inhibitor,

NSC 95397 (#N1786, Sigma Aldrich) was intraperitoneally

injected both 1.5 h before and 4 h after the poly(I:C) challenge.

Bronchoalveolar Lavage (BAL)
Three days after a single administration of poly(I:C), mice were

anesthetized with 20 mg/kg of intraperitoneal pentobarbital.

Lungs were lavaged through an intratracheal cannula twice with

Figure 1. Time course of cigarette smoke exposure and
poly(I:C) challenge. (A) Mice were exposed to cigarette smoke (CS)
or air to day 24. Poly(I:C) or saline was challenged on day 22, and mice
were sacrificed on day 25. (B) In CS-exposed mice, poly(I:C) was
challenged on day 22. CS exposure was continued to day 22, and mice
were sacrificed 6 hours after the challenge. (C) CS- or air-exposed C57Bl/
6 mice were challenged with poly(I:C) or saline seven times (days 22, 25,
29, 32, 36, 39, and 43). CS or air exposure was continued to day 45, and
mice were sacrificed on day 46.
doi:10.1371/journal.pone.0079016.g001
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1 mL of cold saline and then the inflammatory cell differential,

inflammatory cytokines and oxidative stress in the airway were

assessed in BAL fluid (BALF). Inflammatory cytokines were also

measured 6 h after poly(I:C) challenge in another experiment. The

BALF was centrifuged and inflammatory cell differential was

determined (Shandon Scientific Ltd., Runcorn, Cheshire, UK).

Supernatants were stored at 280uC. At least 400 cells were

counted on each cytospin slide stained with Diff-Quik (Dade

Behring, Inc., Deerfield, IL, USA) under a light microscope.

Protein Carbonyls and Inflammatory Cytokines in BALF
Protein carbonyl (a marker of oxidative stress) and inflammatory

cytokines were measured using Protein Carbonyl Enzyme

Immuno-Assay kits (BioCell Corporation Ltd., Papatoetoe, New

Zealand) and Bioplex (Bio-Rad Laboratories, Richmond, CA,

USA), respectively. Levels of GM-CSF were measured using

Bioplex assay and ELISA kit (R&D Systems, Abingdon, UK).

Tissue Preparation
Right lungs were frozen in liquid nitrogen and stored for mRNA

and protein analysis. Left lungs were inflated with 50% optimal

cutting temperature fluid at 25 cm of H2O pressure and frozen in

cold isopentane for immunohistochemistry and morphometry.

Frozen sections (7 mm thick) were cut using a Cryostat (Thermo

Fisher Scientific, Tokyo, Japan).

RNA Isolation and Real-time PCR
Total RNA was isolated from lung homogenates using Trizol

(Invitrogen, Carlsbad, CA, USA). Gene transcripts of MMP-9,

MMP-12, GM-CSF (CSF2), MKP-1 (DUSP-1), MKP-3 (DUSP-

3), and 18S as an endogenous control were quantified using the

ABI 7300 Real-Time PCR System (Applied Biosystems, Foster

City, CA, USA) with oligonucleotide PCR primer pairs and

fluorogenic probes (TaqMan Gene Expression Assay; Applied

Biosystems).

Figure 2. Lung morphometry in C57Bl/6 mice cigarette exposed to cigarette smoke or air and challenged with poly(I:C) or saline
seven times. (A) Representative binary images of lung photomicrographs (64). (B) Mean linear intercept (Lm). (C) Destructive index (DI). (D)
Standard deviation (SD) and (E) coefficient of variation (CV) of terminal airspace sizes. Scale bar, 200 mm. Error bars represent SD (n = 5–6 per group);
*p,0.05.
doi:10.1371/journal.pone.0079016.g002
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Microarrays
Total RNA samples were pooled for each experimental group

and analyzed using the 3D-GeneTM Mouse Oligo chip 24 k

(Toray Industries Inc., Tokyo, Japan) and then gene expression

ratios of TRX-treated to non-treated mice were calculated. The

expression array data are deposited in Gene Expression Omnibus

under accession number GSE49450.

Immunohistochemistry
Frozen lung sections were incubated with anti-single-stranded

DNA (ssDNA) antibody (1:2000 dilution; Dako North America

Inc., Carpinteria, CA, USA) and anti-cleaved caspase-3 antibody

(1:200 dilution; Cell Signaling, Danvers, MA, USA) [26,35].

Sections were stained using the Dako EnVision system (peroxi-

dase/DAB; Dako, Kyoto, Japan). Immunoreactive cells are

expressed as ratios of positive cell to the length of the alveolar

septa.

Morphometry
Frozen lung sections were stained with Diff-Quik and assessed

by investigators who were blinded to the status of the animals. The

extent of emphysema was evaluated as mean linear intercept (Lm),

destructive index (DI), and as the standard deviation (SD) and

coefficient of variation (CV) of terminal airspace sizes as described

[26,36]. Lm and DI were manually measured in at least 10 fields.

The original microscope images were converted into binary

images and each contiguous air space was automatically identified

using custom software to calculate the SD and CV of terminal

airspace sizes [36] (Figures S1 and S2).

Statistics
Results are expressed as means 6 SD. Data were statistically

analyzed using JMP 7 software (SAS Institute, Cary, NC). Groups

were compared by analysis of variance followed by the Tukey-

Kramer or Dunnett’s post hoc test. P,0.05 was considered

significant.

Figure 3. Comparison of impact of poly(I:C) between C57Bl/6 and NZW mice exposed to cigarette smoke. (A) Total cell counts, (B)
neutrophil and lymphocyte counts, and (C) macrophage count, and (D) protein carbonyl in BALF. (E) mRNA expression of MMP-12 and MMP-9 in lung
homogenates and (F) cleaved caspase 3- and ssDNA-positive cells in lung sections from C57Bl/6 mice exposed to cigarette smoke or air and
challenged with poly(I:C) or saline once. (G) Representative images showing cleaved caspase 3-positive cells (arrow) in the lungs of C57BL/6 mice
(620). Scale bar, 100 mm. (H) Neutrophil and lymphocyte counts in BALF, (I) protein carbonyl in BALF, and (J) cleaved caspase 3- and ssDNA-positive
cells in lung sections from NZW mice. Error bars represent standard deviation (SD) (n = 5–6 per group); *p,0.05.
doi:10.1371/journal.pone.0079016.g003
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Results

Comparison of Poly(I:C) Impact in Mice with Different
Susceptibilities to CS-induced Emphysema After
Exposure to CS
To determine the effects of CS and poly(I:C) on the progression

of emphysema, C57Bl/6 mice, which are susceptible to the

development of CS-induced emphysema [37], were exposed to CS

or air for forty-five days. Poly(I:C) or saline was administered into

the lungs seven times (days 22, 25, 29, 32, 36, 39, and 43)

(Figure 1C). The Lm, DI, SD and CV in the terminal airspace

sizes were significantly increased in the mice exposed to CS and

poly(I:C) (Figure 2 and Figure S1), indicating that this combination

of agents contributed to airspace enlargement, the destruction of

alveolar walls and increased spatial heterogeneity, which is a

structural feature of progressive emphysema [38].

To identify components enhanced by CS and poly(I:C), C57Bl/

6 mice were exposed to CS or air for three weeks and then

administered with poly(I:C) or saline once (Figure 1A). The counts

of total cells neutrophils, and macrophages, but not of lympho-

cytes, were significantly increased in BALF by CS and poly(I:C)

(Figure 3A B, and C). The levels of protein carbonyl in BALF and

the numbers of cleaved caspase 3- and ssDNA-positive cells

(markers of apoptosis) in the lungs were also significantly increased

(Figure 3D, F, and G), whereas MMP-9 and MMP-12 mRNA

induction was not affected (Figure 3E). Poly(I:C) combined with

CS did not increase protein carbonyl levels or total cell,

neutrophil, and macrophage counts in BALF, or apoptotic cell

markers in the lungs of NZW mice that are resistant to developing

emphysema induced by CS [37] (Figure 3F, G and H). Therefore,

we considered that these components were exacerbation-related,

rather than general non-specific changes caused by viral infections

and that they could feasibly be used to evaluate responses to

therapy in this model.

Effects of TRX and Systemic Corticosteroids on Poly(I:C)-
induced Changes in C57Bl/6 Mice Exposed to CS
After three weeks of exposure to CS, poly(I:C) was administered

together with an intraperitoneal injection of TRX and various

doses of DEX or saline. Duration of CS exposure and time course

of poly(I:C) challenge was shown in Figure 1A and B. At 1 h

before and 3 h after the poly(I:C) challenge, 4 mg/kg of TRX was

intraperitoneally injected. DEX (0.1, 0.3 and 1.0 mg/kg) was

intraperitoneally injected 1 h before the poly(I:C) challenge. Total

counts of cells and neutrophils in BALF 3 days after the poly(I:C)

challenge were significantly decreased by TRX, as well as by 1.0,

but not #0.3 mg/kg of DEX (Figure 4A and B). Macrophages in

BALF were significantly decreased by 1.0 mg/kg of DEX, but not

by TRX (Figure 4C). Levels of protein carbonyl in BALF were not

decreased by TRX or DEX at any dose (Figure 4D). Cleaved

caspase-3-positive cells and ssDNA-positive cells were significantly

reduced by TRX and 1.0 mg/kg of DEX (Figure 4E).

Figure 4. Effects of dexamethasone (DEX) at 0.1, 0.3, and 1 mg/kg and TRX in C57Bl/6 mice exposed to cigarette smoke and
challenged with poly(I:C). (A) total cell counts, (B) neutrophil and lymphocyte counts, (C) macrophage count, and (D) protein carbonyl in BALF,
and (E) cleaved caspase 3- and ssDNA-positive cells in lung sections. Error bars represent standard deviation (SD) (n = 4–6 per group; *p,0.05
compared with untreated mice exposed to cigarette smoke and poly(I:C).
doi:10.1371/journal.pone.0079016.g004
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Effects of TRX and Systemic Corticosteroids on Lung
Morphometry in C57Bl/6 mice Exposed to CS and
Poly(I:C)
We administered poly(I:C) seven times along with TRX, DEX

(0.3 or 1.0 mg/kg) or saline in mice exposed to CS to determine

lung morphometry. Duration of CS exposure and time course of

poly(I:C) challenges was shown in Figure 1C. Challenge with

poly(I:C) significantly increased the Lm, DI, and SD and CV of

terminal airspace sizes (Figure 5 and Figure S2). The increases in

Lm and DI were significantly prevented by TRX and by 1.0, but

not by 0.3 mg/kg of DEX. TRX significantly ameliorated the

increases in the SD and the CV of terminal airspace sizes, whereas

DEX at all tested doses did not.

Anti-inflammatory Effect of TRX
We investigated how TRX regulates airway neutrophilic

inflammation by measuring levels of inflammatory cytokines in

BALF. Many cytokines, including neutrophil chemokines such as

keratinocyte-derived chemokine (KC) and GM-CSF, were signif-

icantly increased at 6 h after poly(I:C) challenge (Table S1).

Notably, the increase in GM-CSF was still detectable after 3 days,

whereas that in KC spontaneously resolved (Figure 6A and B and

Table S2). TRX ameliorated the sustained increase in GM-CSF 3

days after the challenge. Moreover, the significantly increased

mRNA level of GM-CSF at 3 days after poly(I:C) challenge in lung

homogenates of mice exposed to CS was ameliorated by TRX

(Figure 6C). The neutrophil count in BALF in mice exposed to CS

at 3 days after poly(I:C) challenge was significantly and similarly

decreased by aspirated anti-GM-CSF antibody and TRX

(Figure 6D).

Transcriptional Regulation by TRX in Mice Exposed to CS
and Poly(I:C)
To identify a candidate molecule involved in anti-inflammatory

effects of TRX, the expression profiles of pulmonary mRNA in

mice exposed to CS and poly(I:C) and then treated or not with

TRX were examined using microarrays. Among possible genes

that were up- or down- regulated by TRX (data not shown), dual-

specificity phosphatase 1, also called MAP kinase phosphatase 1

(MKP-1) was further investigated because TRX inhibits P38 MAP

kinase in neutrophils [22] and MKP-1 negatively regulates

inflammatory responses both in vitro and in vivo [39,40]. The

results of real-time PCR showed that MKP-1 mRNA levels

significantly increased in the lungs of mice exposed to CS at 3 days

(Figure 7A), but not at 6 h (Figure 7B), after the poly(I:C)

challenge and treatment with TRX compared with saline.

Figure 5. Lung morphometry in mice exposed to cigarette smoke and in those exposed to cigarette smoke, challenged with
poly(I:C) and treated with dexamethasone (DEX) at 0.3 and 1 mg/kg, TRX or saline. (A) Representative binary images of lung
photomicrographs (64). (B) Mean linear intercept (Lm). (C) Destructive index (DI). (D) Standard deviation (SD) and (E) coefficient of variation (CV) of
terminal airspace sizes. Scale bar, 200 mm. Error bars represent SD (n = 5–6 per group); *p,0.05 compared with mice exposed to cigarette smoke,
challenged with poly(I:C) and treated with saline.
doi:10.1371/journal.pone.0079016.g005
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We investigated whether MKP-1 up-regulation is associated

with the suppressive effect of TRX on airway neutrophil

inflammation and GM-CSF production by inhibiting MKP-1

using NSC 95397, which inhibits both MKP-1 and MKP-3

[41,42]. Unlike MKP-1, the extent of MKP-3 induction at both

6 h and 3 days after the poly(I:C) challenge in mice exposed to CS

did not differ between TRX and saline treatment (Figure S3).

TRX reduced BALF neutrophil counts and GM-CSF levels at 3

days after the poly(I:C) challenge in mice exposed to CS, but not in

those treated with NSC95397 (Figure 7C and D).

Discussion

The present study showed that TRX has potential to counteract

neutrophilic inflammation and emphysema progression in a mouse

model of COPD exacerbation. Recombinant TRX suppressed the

accelerated progression of emphysema in smoke-sensitive mice

exposed to CS and repeatedly challenged with poly(I:C).

Our findings deepen understanding of the mechanism under-

lying the regulation of neutrophilic inflammation by TRX.

Exaggerated airway neutrophilic inflammation was central to the

accelerated progression of CS and poly(I:C)-induced emphysema,

and neutrophilic inflammation comprised two phases (Figure 8).

Poly(I:C)-induced production of neutrophilic chemokines such as

KC and GM-CSF promoted neutrophil migration into the lung

during the early phase, and then the sustained release of GM-CSF

in the lung prolonged neutrophil survival [43] during the late

phase, which led to persistent airway inflammation and pro-

nounced parenchymal destruction. TRX can suppress neutrophil-

ic inflammation, perhaps through directly inhibiting neutrophil

infiltration into sites of inflammation [22]. Notably, we discovered

that TRX suppresses prolonged GM-CSF release, indicating that

Figure 6. Effects of TRX on inflammatory cytokines in BALF from exposed to cigarette smoke and challenged with poly(I:C). (A) KC
and (B) GM-CSF in BALF obtained 6 h and 3 days after poly(I:C) challenge. (C) Messenger RNA of GM-CSF in lung homogenates 3 days after poly(I:C)
challenge in mice exposed to cigarette smoke treated with or without TRX. (D) Neutrophil and lymphocyte counts in BALF 3 days after poly(I:C)
challenge in mice exposed to cigarette smoke treated with and without TRX or anti-GM-CSF antibody. Error bars represent standard deviation (SD) (A,
B, and C, n = 3–4 per group; D and E, n = 5 per group); *p,0.05.
doi:10.1371/journal.pone.0079016.g006

Figure 7. Pulmonary mRNA expression of MKP-1 in mice
exposed to cigarette smoke then challenged with poly(I:C),
and profiles of inflammatory cells and GM-CSF in BALF from
mice treated with MKP-1 inhibitor. (A) MKP-1 mRNA in mice
treated with TRX and saline at 3 days after poly(I:C) challenge. (B) MKP-1
mRNA at 6 h after poly(I:C) challenge. (C) Profiles of inflammatory cells
and (D) GM-CSF levels in BALF at 3 days after poly(I:C) challenge from
mice exposed to cigarette smoke and treated with or without TRX or
cell-permeable, quinone-based, dual-specificity phosphatase inhibitor,
NSC 95397. Error bars represent standard deviation (SD) (A and B, n = 3–
4 per group; D and E, n = 5 per group); *p,0.05.
doi:10.1371/journal.pone.0079016.g007
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recombinant TRX regulates neutrophilic inflammation via a dual

mechanism.

We used the animal model established by Kang et al. [32] with

slight modification. It has been shown that in this model, airway

inflammation is greater and emphysema develops more rapidly

than conventional mouse model of emphysema induced by CS

exposure alone. This model is appropriate for exploring enhanced

airway inflammation and accelerated emphysema progression,

which are the main immunopathological changes in human

COPD exacerbation [9,10,15]. Although the time course of

poly(I:C) challenge and duration of smoke exposure slightly

differed in the present, from the original study, similar inflamma-

tory responses and progressive emphysema were detected (lung

cell apoptosis and parenchymal destruction).

To identify ‘‘exacerbation-related changes’’, we compared

smoke-sensitive C57Bl/6 mice (murine counterpart of patients

with COPD) and smoke-resistant NZW mice (murine counterpart

of asymptomatic smokers) assuming that changes induced by

poly(I:C) in NZW mice were not related to exacerbation.

Consequently, exposure to CS and poly(I:C) enhanced airway

neutrophilic and macrophage inflammation and induced oxidative

stress and lung apoptosis in smoke-sensitive, but not in smoke-

resistant, mice. We considered that these findings were exacerba-

tion-related changes that should be targeted with therapeutic

interventions. It should be also noted that although various types

of inflammatory cells such as neutrophil, macrophage, and T cells

are associated with the pathogenesis of murine emphysema

induced by CS alone [44], neutrophil and macrophage play an

important role in amplifying airway inflammation in the present

COPD exacerbation model.

TRX suppressed airway neutrophilic inflammation, lung

apoptosis and the further progression of emphysema in mice

exposed to CS and poly(I:C). Although TRX has anti-oxidant

properties, these were not considered central in the present model

because TRX did not improve the increase in oxidative stress

assessed by carbonyl protein in BALF. This finding was consistent

with previous reports concerning the limited anti-oxidant proper-

ties of exogenous TRX [45]. To reinforce this conclusion, other

markers of oxidative stress such as F2-isoprostanes should be

measured [46].

GM-CSF is a direct neutrophil chemotactic factor that increases

neutrophil survival in the respiratory tract, and can be involved in

CS-induced airway neutrophilic inflammation [43,47]. The

present study showed that in mice exposed to CS and poly(I:C),

the airway level of GM-CSF was increased at 6 h after poly(I:C)

challenge and sustained until 3 days after the challenge, while the

levels of other inflammatory cytokines especially associated with

neutrophilic inflammation including KC, IL-6, RANTES, and

TNF alpha were increased at 6 h after poly(I:C) challenge but

spontaneously resolved at 3 days after the challenge. These results

indicate that early phase of CS and poly(I:C)-induced neutrophilic

inflammation could be prompted by many cytokines, but the

enhanced inflammation could be sustained exclusively by

prolonged GM-CSF release.

TRX ameliorated enhanced GM-CSF mRNA expression and

protein production at 3 days after poly(I:C) challenge. The airway

neutrophil inflammation at 3 days after the challenge was reduced

as much by anti-GM-CSF antibody as by TRX in mice exposed to

CS. These suggest that TRX regulates late phase of neutrophilic

inflammation by suppressing prolonged GM-CSF release. The

suppressive effects of TRX against the early increases in

inflammatory cytokines such as IL-6, TNF alpha, and RANTES

were also found, and this might have affected the reduction of

GM-CSF and resolution of neutrophilic inflammation during the

late phase.

To elucidate the signaling pathway associated with the

suppression of GM-CSF release and regulation of neutrophilic

inflammation by treatment with TRX, we focused on MKP-1 in

the lung of mice treated with TRX based on the findings of an

investigation into the suppressive effect of TRX on P38 MAP

kinase in neutrophils [22]. Inflammatory cytokine release is

regulated by MKP-1 in innate immune responses [39,40].

Pulmonary mRNA of MKP-1 was up-regulated at 6 h after

poly(I:C) challenge in both mice exposed to CS and then treated

with TRX or saline, but the extent of MKP-1 induction did not

differ between the two groups. In contrast, 3 days after the

challenge, more MKP-1 was expressed in the group treated with

TRX than with saline. TRX reduced neutrophil counts and GM-

CSF levels in BALF at 3 days after poly(I:C) challenge in mice

exposed to CS, but this effect disappeared in mice exposed to CS

and treated with the MKP-1 and MKP-3 inhibitor NSC95397

[41,42]. These findings suggest that MKP-1 might be involved in

the suppression of GM-CSF release and late phase of neutrophilic

inflammation by TRX.

In addition to mRNA expression, we examined MKP-1 protein

levels in the lungs at 3 days after poly(I:C) challenge using Western

blotting. However, MKP-1 protein levels did not significantly

differ between mice treated with or without TRX (data not

shown). This is a major limitation of the present study.

Nevertheless, our findings are quite important, because they show

for the first time an association between TRX, MKP-1, and

inflammation. The findings also provide a hypothesis that MKP-1

induction by TRX is essential for suppressing persistent GM-CSF

release and neutrophilic inflammation. This should be verified in

future studies.

Figure 8. Estimated mechanism of dual regulation of poly(I:C)-
induced neutrophilic inflammation by recombinant TRX in
mouse lungs exposed to cigarette smoke. Poly(I:C)-induced
neutrophilic inflammation consists of two phases. Poly(I:C) induces
neutrophilic chemokines such as KC and GM-CSF that cause neutrophil
migration into the lung during the early phase. Thereafter, sustained
release of GM-CSF in the lung contributes to prolong neutrophil
survival, resulting in persistent airway inflammation throughout the late
phase. Thioredoxin-1 suppresses airway neutrophil inflammation
through directly inhibiting neutrophil chemotaxis and reducing GM-
CSF.
doi:10.1371/journal.pone.0079016.g008
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Effects of systemic corticosteroids on ‘‘exacerbation-related

changes’’ such as airway neutrophilic inflammation and emphy-

sema progression were also evaluated. In human, 30–40 mg/body

(approximately 0.5–0.67 mg/kg) of prednisolone has been recom-

mended for treatment of COPD exacerbations [1]. Given that

0.75 mg/kg of DEX is equivalent in anti-inflammatory activity to

5 mg/kg of prednisolone, 0.1 mg/kg of DEX in the present model

could be relevant to the clinical dose currently applied to manage

COPD exacerbation. Notably, airway neutrophilic inflammation

and emphysema progression could be suppressed only when the

dose of DEX was increased up to 1.0 mg/kg, which may reflect

approximately 10 times of the standard dose in practice. These

suggest that the current regimen of systemic corticosteroids cannot

always prevent emphysema progression induced by exacerbation.

Together with concern that high dose of systemic corticosteroid

has risk of adverse effects, our results emphasize the importance of

further investigation about the role of TRX as alternative

therapeutics.

We found that many inflammatory cytokines such as IL-6, TNF

alpha, and RANTES in BALF were increased and pulmonary

mRNA of MKP-1 were up-regulated at 6 h after poly(I:C)

challenge in CS-exposed mice. Since MKP-1 negatively regulates

inflammatory cytokines such as IL-6 and TNF alpha [40,48], it is

possible that the early up-regulation of MKP-1 acts as negative

feedback regulator leading to the spontaneous reductions in IL-6,

RANTES, and TNF alpha at 3 days after the challenge.

Some limitations are associated with this study. Poly(I:C)

challenges proceeded before emphysema was established. The

present model reflects exacerbations during the early, but not the

moderate to severe stages of COPD. However, a distinct subgroup

of patients with COPD can experience frequent exacerbations

independently of disease severity [49]. We believe that the present

model provides information about the immune-pathological

changes that are qualitatively similar to those in COPD patients.

Our animal model of COPD exacerbation was established using

poly(I:C), and not a virus infection and thus the influence of

pharmacological intervention on viral clearance or the adaptive

immune response in exacerbations could not be assessed.

In the present study, after identifying ‘‘exacerbation-related

changes’’ by using CS- or air-exposed mice challenged with saline

or poly(I:C), effects of TRX and DEX were evaluated only in CS-

exposed mice, but not in air-exposed mice, because the main aim

of the present study was to investigate effects of TRX against

acute-on-chronic inflammation and lung parenchymal destruction

during exacerbation, and because mice exposed to CS and then

challenged with or without poly(I:C) were considered as murine

counterpart of exacerbation or stable state of COPD, respectively.

However, considering that inflammation under oxidative stress

generally shows a poor response to corticosteroid [7,8], it is also an

important issue whether effects of TRX and DEX against

poly(I:C)-induced inflammation might differ between mice ex-

posed to CS and air. This should be investigated in future studies.

In conclusion, airway neutrophilic inflammation and the

progression of emphysema was suppressed by TRX and a

relatively high dose, but not by a moderate dose of systemic

corticosteroid in smoke-sensitive model mice exposed to poly(I:C)

and CS. Our findings also suggest a novel mechanism of

neutrophilic inflammation regulated by TRX. In addition to the

inhibition of neutrophil chemotaxis, the suppression of prolonged

GM-CSF release by TRX is involved in the resolution of late

phase of poly(I:C)-induced neutrophilic inflammation. The present

findings suggest that TRX has a dual regulatory effect on

neutrophilic inflammation induced by poly(I:C) in the lungs of

model mice exposed to CS and indicate that TRX has potential as

a novel therapeutic agent for treating COPD exacerbation.
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Figure S1 Representative original images (Diff-Quik),
binary images, and color map images that identify each
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(TIF)
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(TIF)

Figure S3 Pulmonary mRNA expressions of MKP-3 in
cigarette smoke-exposed mice challenged with poly(I:C)
once. (A) MKP-3 mRNA in mice treated with TRX and saline 6

hours after poly(I:C) challenge. (B) MKP-3 mRNA 3 days after the

poly(I:C) challenge. Error bars represent standard deviation (SD)
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fluid of cigarette smoke-exposed mice treated with
thioredoxin or saline 3 days after poly(I:C) challenge.

(DOC)

Acknowledgments

The authors thank Aya Inazumi, Saeko Kinami, Takehiro Fujita, and

Keita Hata for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: NT YH S. Marumo HK SS DK

KU S. Muro TH JYMM. Performed the experiments: NT YH S. Marumo

HK DK KU. Analyzed the data: NT YH S. Marumo HK SS DK KU S.

Muro TH JY MM. Contributed reagents/materials/analysis tools: NT KU

TH. Wrote the paper: NT YH JY MM.

References

1. Global Initiative for Chronic Obstructive Lung Disease. Global Strategy for

Diagnosis, Management, and Prevention of COPD. REVISED 2011. Available:

http://www.goldcopd.com (accessed 6 December 2012).

2. Chung KF, Adcock IM (2008) Multifaceted mechanisms in COPD: inflamma-

tion, immunity, and tissue repair and destruction. Eur Respir J 31: 1334–1356.

3. Mishima M, Hirai T, Itoh H, Nakano Y, Sakai H, et al. (1999) Complexity of

terminal airspace geometry assessed by lung computed tomography in normal

subjects and patients with chronic obstructive pulmonary disease. Proc Natl

Acad Sci U S A 96: 8829–8834.

4. Nakano Y, Muro S, Sakai H, Hirai T, Chin K, et al. (2000) Computed

tomographic measurements of airway dimensions and emphysema in smokers.

Correlation with lung function. Am J Respir Crit Care Med 162: 1102–1108.

5. Haruna A, Muro S, Nakano Y, Ohara T, Hoshino Y, et al. (2010) CT scan

findings of emphysema predict mortality in COPD. Chest 138: 635–640.

Thioredoxin-1 and Emphysema Progression

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e79016



6. Miller M, Cho JY, Pham A, Friedman PJ, Ramsdell J, et al. (2011) Persistent

Airway Inflammation and Emphysema Progression on CT Scan in Ex-Smokers
Observed for 4 Years. Chest 139: 1380–1387.

7. Barnes PJ, Ito K, Adcock IM (2004) Corticosteroid resistance in chronic

obstructive pulmonary disease: inactivation of histone deacetylase. Lancet 363:
731–733.

8. Keatings VM, Jatakanon A, Worsdell YM, Barnes PJ (1997) Effects of inhaled
and oral glucocorticoids on inflammatory indices in asthma and COPD.

Am J Respir Crit Care Med 155: 542–548.

9. Qiu Y, Zhu J, Bandi V, Atmar RL, Hattotuwa K, et al. (2003) Biopsy
neutrophilia, neutrophil chemokine and receptor gene expression in severe

exacerbations of chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 168: 968–975.

10. Papi A, Bellettato CM, Braccioni F, Romagnoli M, Casolari P, et al. (2006)
Infections and airway inflammation in chronic obstructive pulmonary disease

severe exacerbations. Am J Respir Crit Care Med 173: 1114–1121.

11. Drost EM, Skwarski KM, Sauleda J, Soler N, Roca J, et al. (2005) Oxidative
stress and airway inflammation in severe exacerbations of COPD. Thorax 60:

293–300.
12. Mercer PF, Shute JK, Bhowmik A, Donaldson GC, Wedzicha JA, et al. (2005)

MMP-9, TIMP-1 and inflammatory cells in sputum from COPD patients during

exacerbation. Respir Res 6: 151.
13. Soler-Cataluna JJ, Martinez-Garcia MA, Roman Sanchez P, Salcedo E,

Navarro M, et al. (2005) Severe acute exacerbations and mortality in patients
with chronic obstructive pulmonary disease. Thorax 60: 925–931.

14. Donaldson GC, Seemungal TA, Bhowmik A, Wedzicha JA (2002) Relationship
between exacerbation frequency and lung function decline in chronic obstructive

pulmonary disease. Thorax 57: 847–852.

15. Tanabe N, Muro S, Hirai T, Oguma T, Terada K, et al. (2011) Impact of
exacerbations on emphysema progression in chronic obstructive pulmonary

disease. Am J Respir Crit Care Med 183: 1653–1659.
16. Thompson WH, Nielson CP, Carvalho P, Charan NB, Crowley JJ (1996)

Controlled trial of oral prednisone in outpatients with acute COPD

exacerbation. Am J Respir Crit Care Med 154: 407–412.
17. Niewoehner DE, Erbland ML, Deupree RH, Collins D, Gross NJ, et al. (1999)

Effect of systemic glucocorticoids on exacerbations of chronic obstructive
pulmonary disease. Department of Veterans Affairs Cooperative Study Group.

N Engl J Med 340: 1941–1947.
18. Davies L, Angus RM, Calverley PM (1999) Oral corticosteroids in patients

admitted to hospital with exacerbations of chronic obstructive pulmonary

disease: a prospective randomised controlled trial. Lancet 354: 456–460.
19. Nakamura H, Nakamura K, Yodoi J (1997) Redox regulation of cellular

activation. Annu Rev Immunol 15: 351–369.
20. Tagaya Y, Maeda Y, Mitsui A, Kondo N, Matsui H, et al. (1994) ATL-derived

factor (ADF), an IL-2 receptor/Tac inducer homologous to thioredoxin; possible

involvement of dithiol-reduction in the IL-2 receptor induction. EMBO J 13:
2244.

21. Yodoi J, Okada M, Tagaya Y, Taniguchi Y, Teshigawara K, et al. (1987) IL-2
receptor gene activation by ATL-derived factor (ADF). Adv Exp Med Biol 213:

139–148.
22. Nakamura H, Herzenberg LA, Bai J, Araya S, Kondo N, et al. (2001)

Circulating thioredoxin suppresses lipopolysaccharide-induced neutrophil che-

motaxis. Proc Natl Acad Sci U S A 98: 15143–15148.
23. Sato A, Hara T, Nakamura H, Kato N, Hoshino Y, et al. (2006) Thioredoxin-1

suppresses systemic inflammatory responses against cigarette smoking. Antioxid
Redox Signal 8: 1891–1896.

24. Son A, Kato N, Horibe T, Matsuo Y, Mochizuki M, et al. (2009) Direct

association of thioredoxin-1 (TRX) with macrophage migration inhibitory factor
(MIF): regulatory role of TRX on MIF internalization and signaling. Antioxid

Redox Signal 11: 2595–2605.
25. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, et al. (1998) Mammalian

thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase (ASK) 1.

EMBO J 17: 2596–2606.
26. Sato A, Hoshino Y, Hara T, Muro S, Nakamura H, et al. (2008) Thioredoxin-1

ameliorates cigarette smoke-induced lung inflammation and emphysema in
mice. J Pharmacol Exp Ther 325: 380–388.

27. Tamaki H, Nakamura H, Nishio A, Nakase H, Ueno S, et al. (2006) Human
thioredoxin-1 ameliorates experimental murine colitis in association with

suppressed macrophage inhibitory factor production. Gastroenterology 131:

1110–1121.

28. Ueda S, Nakamura T, Yamada A, Teratani A, Matsui N, et al. (2006)

Recombinant human thioredoxin suppresses lipopolysaccharide-induced bron-
choalveolar neutrophil infiltration in rat. Life Sci 79: 1170–1177.

29. Seemungal TA, Harper-Owen R, Bhowmik A, Jeffries DJ, Wedzicha JA (2000)

Detection of rhinovirus in induced sputum at exacerbation of chronic obstructive
pulmonary disease. Eur Respir J 16: 677–683.

30. Rohde G, Wiethege A, Borg I, Kauth M, Bauer TT, et al. (2003) Respiratory
viruses in exacerbations of chronic obstructive pulmonary disease requiring

hospitalisation: a case-control study. Thorax 58: 37–42.

31. Robbins CS, Bauer CM, Vujicic N, Gaschler GJ, Lichty BD, et al. (2006)
Cigarette smoke impacts immune inflammatory responses to influenza in mice.

Am J Respir Crit Care Med 174: 1342–1351.
32. Kang MJ, Lee CG, Lee JY, Dela Cruz CS, Chen ZJ, et al. (2008) Cigarette

smoke selectively enhances viral PAMP- and virus-induced pulmonary innate
immune and remodeling responses in mice. J Clin Invest 118: 2771–2784.

33. Bauer CM, Zavitz CC, Botelho FM, Lambert KN, Brown EG, et al. (2010)

Treating viral exacerbations of chronic obstructive pulmonary disease: insights
from a mouse model of cigarette smoke and H1N1 influenza infection. PLoS

One 5: e13251.
34. Foster WM, Walters DM, Longphre M, Macri K, Miller LM (2001)

Methodology for the measurement of mucociliary function in the mouse by

scintigraphy. J Appl Physiol 90: 1111–1117.
35. Hoshino Y, Nakamura T, Sato A, Mishima M, Yodoi J, et al. (2007)

Neurotropin demonstrates cytoprotective effects in lung cells through the
induction of thioredoxin-1. Am J Respir Cell Mol Biol 37: 438–446.

36. Sato A, Hirai T, Imura A, Kita N, Iwano A, et al. (2007) Morphological
mechanism of the development of pulmonary emphysema in klotho mice. Proc

Natl Acad Sci U S A 104: 2361–2365.

37. Guerassimov A, Hoshino Y, Takubo Y, Turcotte A, Yamamoto M, et al. (2004)
The development of emphysema in cigarette smoke-exposed mice is strain

dependent. Am J Respir Crit Care Med 170: 974–980.
38. Ito S, Ingenito EP, Arold SP, Parameswaran H, Tgavalekos NT, et al. (2004)

Tissue heterogeneity in the mouse lung: effects of elastase treatment. J Appl

Physiol 97: 204–212.
39. Wang X, Nelin LD, Kuhlman JR, Meng X, Welty SE, et al. (2008) The role of

MAP kinase phosphatase-1 in the protective mechanism of dexamethasone
against endotoxemia. Life Sci 83: 671–680.

40. Turpeinen T, Nieminen R, Moilanen E, Korhonen R (2010) Mitogen-activated
protein kinase phosphatase-1 negatively regulates the expression of interleukin-6,

interleukin-8, and cyclooxygenase-2 in A549 human lung epithelial cells.

J Pharmacol Exp Ther 333: 310–318.
41. Vogt A, McDonald PR, Tamewitz A, Sikorski RP, Wipf P, et al. (2008) A cell-

active inhibitor of mitogen-activated protein kinase phosphatases restores
paclitaxel-induced apoptosis in dexamethasone-protected cancer cells. Mol

Cancer Ther 7: 330–340.

42. Gonzalez-Navajas JM, Fine S, Law J, Datta SK, Nguyen KP, et al. (2010) TLR4
signaling in effector CD4+ T cells regulates TCR activation and experimental

colitis in mice. J Clin Invest 120: 570–581.
43. Gomez-Cambronero J, Horn J, Paul CC, Baumann MA (2003) Granulocyte-

macrophage colony-stimulating factor is a chemoattractant cytokine for human
neutrophils: involvement of the ribosomal p70 S6 kinase signaling pathway.

J Immunol 171: 6846–6855.

44. D’Hulst A I, Vermaelen KY, Brusselle GG, Joos GF, Pauwels RA (2005) Time
course of cigarette smoke-induced pulmonary inflammation in mice. Eur Respir J

26: 204–213.
45. Nakamura H, Hoshino Y, Okuyama H, Matsuo Y, Yodoi J (2009) Thioredoxin

1 delivery as new therapeutics. Adv Drug Deliv Rev 61: 303–309.

46. Harrison FE, Best JL, Meredith ME, Gamlin CR, Borza DB, et al. (2012)
Increased expression of SVCT2 in a new mouse model raises ascorbic acid in

tissues and protects against paraquat-induced oxidative damage in lung. PLoS
One 7: e35623.

47. Vlahos R, Bozinovski S, Chan SP, Ivanov S, Linden A, et al. (2010) Neutralizing

granulocyte/macrophage colony-stimulating factor inhibits cigarette smoke-
induced lung inflammation. Am J Respir Crit Care Med 182: 34–40.

48. Salojin KV, Owusu IB, Millerchip KA, Potter M, Platt KA, et al. (2006)
Essential role of MAPK phosphatase-1 in the negative control of innate immune

responses. J Immunol 176: 1899–1907.
49. Hurst JR, Vestbo J, Anzueto A, Locantore N, Mullerova H, et al. (2010)

Susceptibility to exacerbation in chronic obstructive pulmonary disease.

N Engl J Med 363: 1128–1138.

Thioredoxin-1 and Emphysema Progression

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e79016


