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Abstract
Reactive oxygen species (ROS) participate in the pathogenesis of emphysema. Among ROS-producing enzymes,
NOX NADPH oxidases are thought to be responsible for tissue injury associated with several lung pathologies. To
determine whether NOX2 and/or NOX1 participate in the development of emphysema, their expression patterns
were first studied by immunohistochemistry in the lungs of emphysematous patients. Subsequently, we investigated
their contribution to elastase-induced emphysema using NOX2- and NOX1-deficient mice. In human lung, NOX2
was mainly detected in macrophages of control and emphysematous lungs, while NOX1 was expressed in alveolar
epithelium and bronchial cells. We observed an elevated number of NOX2-positive cells in human emphysematous
lungs, as well as increased NOX2 and NOX1 mRNA expression in mouse lungs following elastase exposure.
Elastase-induced alveolar airspace enlargement and elastin degradation were prevented in NOX2-deficient mice,
but not in NOX1-deficient mice. This protection was independent of inflammation and correlated with reduced ROS
production. Concomitantly, an elevation of sirtuin 1 (SIRT1) level and a decrease of matrix metalloproteinase-9
(MMP-9) expression and activity were observed in alveolar macrophages and neutrophils. We addressed the specific
role of macrophage-restricted functional NOX2 in elastase-induced lung emphysema using Ncf1 mutant mice
and Ncf1 macrophage rescue mice (Ncf1 mutant mice with transgenic expression of Ncf1 only in CD68-positive
mononuclear phagocytes; the MN mouse). Compared to WT mice, the lack of functional NOX2 led to decreased
elastase-induced ROS production and protected against emphysema. In contrast, ROS production was restored
specifically in macrophages from Ncf1 rescue mice and contributes to emphysema. Taken together, our results
demonstrate that NOX2 is involved in the pathogenesis of human emphysema and macrophage-specific NOX2
participates in elastase-induced emphysema through the involvement of SIRT1/MMP-9 pathways in mice.
© 2014 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Pollution and tobacco smoke exposure are associated
with the pathogenesis of chronic obstructive pulmonary
disease (COPD). Emphysema, which is part of COPD,
is clinically characterized by small airway inflamma-
tion and airspace enlargement due to lung alveolar
destruction [1]. This disease affects millions of individ-
uals and its progression cannot be stopped with avail-
able treatments. Indeed, the molecular mechanisms that
underlie its pathogenesis are not clearly defined. Thus,
while oxidative stress is known to participate in the
pathogenesis of emphysema [2–6], it is still unclear

whether lung destruction is mainly due to oxidant pro-
duced by inflammatory cells and/or is aggravated by
those produced by damaged alveolar cells.

Among ROS-producer enzymes, the NADPH oxi-
dase family, a complex including a catalytic subunit
called NOX associated with regulatory subunits [7,8],
is thought to be responsible for lung damage found
in several lung pathologies. NOX2, which is highly
expressed in inflammatory cells, plays an essential role
in non-specific host defence against pathogens and is
defective in the genetic disorder chronic granulomatous
disease [9]. The other NOX isoforms, named NOX1–4
and DUOX1/2, have been described in several lung
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cell types and are associated with lung pathological
situations [10–19]. Some studies indicate that NOX
enzymes contribute to the pathogenesis of COPD.
Indeed, cigarette smoke (CS) induces expression of
NOXO1, a regulatory subunit of NOX1, the isoform
preferentially expressed in lung epithelial cells [20]. In
addition, deficiency of NOX2 or Ncf1/p47phox (a critical
regulatory subunit of NOX2) has been reported to
prevent lung inflammation in mice exposed to CS [21],
and NOX3 was correlated to age-related emphysema
in mice [22]. However, other studies demonstrated that
NOX2 deficiency contributes to age-related emphysema
in mice and sensitizes mice to CS [22,23]. Thus, the
contributions of NOX1 and NOX2 in the pathogenesis
of lung emphysema, as well as the characterization of
cell-type-specific molecular and cellular mechanisms,
need to be addressed. In addition, the expression pat-
terns of NOX1 and NOX2 as well as their specific cell
type localizations have never been described in the
lungs of emphysematous patients.

Materials and methods

Control and emphysematous patients
Emphysematous and control lung biopsies (n= 10 each)
were obtained by thoracotomy in accordance with an
approved protocol by the Institutional Ethical Com-
mittee of Geneva (Authorization No 11-087R NAC
11-027R).

Human lung immunostaining
Paraffin-embedded sections of lung fixed in 4% PFA
were stained with anti-NOX1 (1 : 500 [24,25]) or
anti-NOX2 (1 : 2000; LS Bio 48, Seattle, WA, USA) or
anti-CD68 (1 : 100; DAKO, Carpinteria, CA, USA) or
anti-pro-surfactant C (1 : 1000; Chemicon, Darmstadt,
Germany), followed by incubation with horseradish per-
oxidase anti-rabbit or mouse (Envision System, DAKO)
with diaminobenzidine (DAB; DAKO). Sections were
counterstained with Mayer’s hemalum. Negative con-
trols were obtained by incubating the sections with rab-
bit IgG or mouse IgG1 isotype control (1 : 1000, 1 :
10, respectively; Vector Laboratories, Servion, Switzer-
land). Lung slides were scanned (Mirax, Zeiss) and
quantification of positive staining was performed on
scanned images with Metamorph analysis software (one
slide per subject, 5–6 subjects per group).

Animals and experimental design
NOX1-, NOX4-, NOX2-deficient, and wild-type
(WT) mice were inbred on a C57BL/6 J background
[12,26,27], and Ncf1 mutants and Ncf1 macrophage res-
cue transgenic mice (MN) were on a B10.Q background
as described previously [28]. Mice aged 8–12 weeks
and NOX2-deficient mice at the age of 12 months were
maintained in specific pathogen-free (SPF) conditions.

All animal experiments were approved by the Institu-
tional Ethical Committee of Animal Care in Geneva and
Cantonal Veterinary Office (Authorization: GE/16/14).
Porcine pancreatic elastase (3 U/25 g; Elastin Products,
Owensville, MO, USA) or vehicle (saline) was instilled
into the tracheae of WT and genetically modified mice
under anaesthesia as previously described [12]. Mice
were killed at days 2 and 21, and lungs were processed
for subsequent analysis.

Administration of sirtinol
Sirtinol (2 mg/kg; Calbiochem, San Diego, CA, USA)
was administered by intraperitoneal injection [29] 1 h
prior to elastase instillation and every 2 days for 21 days
to WT and NOX2-deficient mice.

Mouse lung histology and morphometry
Lung was fixed by intratracheal instillation of 4% PFA
at a pressure of 25 cm H2O and embedded in paraf-
fin. Sections (3 μm) were stained with haematoxylin and
eosin (H&E) or with Victoria Blue. Stained lung sections
were scanned using a Slide Scanner (Mirax, Zeiss) and
the mean linear intercept (Lm) of the airspace was mea-
sured using Image J software on ten randomly selected
fields at a magnification of× 100 in a blind manner.

Western blot
Lung protein extracts were prepared as previously
described [10]. Proteins blotted on nitrocellulose mem-
brane were incubated with anti-SIRT1 (1 : 1000; Cell
Signaling, Schaffhausen, Switzerland) or anti-actin
(1 : 1000; Sigma, Buchs, Switzerland), followed by
incubation with peroxidase-conjugated anti-mouse
or rabbit. Proteins were detected with ECL reagents
(Amersham Pharmacia Biotech, Basel, Switzerland).
Densitometric evaluation was performed using Quan-
tity One software (Bio-Rad Laboratories, Hercules,
CA, USA).

Bronchoalveolar lavage, protein level, cell count,
and cytokine measurement
Bronchoalveolar lavage (BAL) was collected as
described previously [10]. Total cell count was
determined with a Neubauer chamber and protein
concentration was measured [10]. BAL cell distribu-
tion was quantified in Cytospin preparations (Perbio
Science, Lausanne, Switzerland) after staining with
Diff-Quik dye (Dade Behring, Courbevoie, France).

The amount of IL-6 was measured in BAL and
CXCL1 and CXCL2 in lung homogenates [30] by
enzyme-linked immunosorbent assay ELISA kits (R&D
Systems, Abingdon, UK).

Detection of reactive oxygen species
To detect cell types generating ROS, frozen lung
sections (20 μm) were double-immunostained with
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dihydroethidium (DHE, 5 μM) and anti-IBA1 (1/500;
WAKO, Neuss, Germany) or with DHE and anti-MPO
(myeloperoxidase; 1/1000; DAKO) or with DHE and
anti-von Willebrand factor (vWF; 1/250; DAKO).
Images were captured with a confocal microscope
(LSM 510 Meta, Zeiss) and analysed using Metamorph
software.

Detection of DNA oxidation
After blocking, fixed and permeabilized frozen lung
sections (6 μm) were stained with an anti-8-hydroxy-2′-
deoxyguanosine (8-OHdG) antibody (1/30; Oxis, Bev-
erly Hills, CA, USA) followed by a goat anti-mouse
dye light conjugated (1/200; Molecular Probes,
Lucerne, Switzerland). Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI) (1 : 200; Roche
Diagnostics, Basel, Switzerland). Slides were mounted
with fluorsave (VWR) and analysed by confocal
microscopy (LSM 510 Meta, Zeiss). Quantifica-
tion was performed by measuring the number of
8-OHdG-positive cells of all nuclei counted (n> 100)
in lung sections from three different mice per group.

TUNEL assay
TUNEL detection in BAL was performed as described
by the manufacturer (TUNEL assay fluorescent kit,
Roche). Slides were mounted with fluorsave (VWR) and
analysed by confocal microscopy. Quantification of pos-
itive staining was performed using Metamorph analysis
software (ten images per mouse, three mice per group
out of three independent experiments).

Real-time PCR
RNA was extracted with the RNeasy Protect mini kit
(Qiagen, Valencia, CA, USA) and reverse-transcribed
using the superscript reverse transcriptase (Superscript
Choice, Invitrogen, Switzerland). A total of 0.5 μg of
sample was used as a template for the real-time PCR.
Primer sequences are described in the Supplementary
materials and methods.

Matrix metalloproteinases and TIMP-1
measurement
Lungs were mechanically homogenized in RIPA
lysis buffer [31]. Matrix metalloproteinases MMP-9
and MMP-2 were evaluated by zymography in lung
homogenates and BAL as described previously [32].
MMP levels were calculated by reference to the scan-
ning values obtained from known amounts of purified
MMP-9 and MMP-2. MMP-9 and MMP-2 levels were
expressed in pg per μg of protein for lung homogenates
and in ng per μl for BAL.

Tissue inhibitor of metalloproteinase 1 (TIMP-1) lev-
els were measured in lung homogenates and BAL using
a Mouse TIMP-1 Quantikine ELISA Kit according to
the manufacturer’s instructions (R&D Systems, Switzer-
land). Results were expressed in pmol of TIMP-1 per μg
of protein.

SIRT1 immunostaining
Frozen lung sections (6 μm) were fixed with 4% PFA and
permeabilized with 0.1% Tx-100 in 0.1% sodium citrate.
After blocking, sections were incubated with anti-SIRT1
(1 : 200; Millipore) and anti-IBA1 or anti-MPO, fol-
lowed by a goat anti-rabbit Texas Red conjugated anti-
body (1 : 250; Molecular Probes). The nuclei were
stained with DAPI (1 : 200; Roche Diagnostics). Slides
were mounted with fluorsave (VWR) and analysed by
confocal microscopy (LSM 510 Meta, Zeiss).

Statistical analysis
Results are expressed as mean±SEM and±SD as indi-
cated and were analysed by parametric (t-tests) and
non-parametric (Mann–Whitney) tests. In the case of
multiple comparisons, a two-way ANOVA test was used
and adjusted with Bonferroni’s correction. Significance
levels were set at p< 0.05.

Results

NOX2 is expressed in lung macrophages
of emphysematous lungs, whereas NOX1
is detected in alveolar epithelial cells
We first studied the expression of NOX1 and NOX2 in
lung sections of control and emphysematous patients
by immunohistochemistry (Figure 1). In control lungs,
NOX1 was only detected in alveolar endothelial cells
(data not shown) and macrophages (Figure 1A, aster-
isk), whereas epithelial cells (Figure 1A, arrow) were
negative for NOX1, as previously demonstrated [33]. In
emphysematous lungs, NOX1 was highly expressed in
bronchial (Figure 1A, ampersand) and type II epithelial
cells (Figure 1A, arrows), whereas NOX2 was mainly
detected in alveolar (Figure 1B, arrow) and interstitial
macrophages (Figure 1B, arrowhead) in both control and
emphysematous lungs.

The cell-type-specific localizations were confirmed
by serial immunostaining of emphysematous lung
sections with an anti-NOX1 antibody and a specific
marker for type II epithelial cells [anti-pro-surfactant
C (SPC)], and with an anti-NOX2 antibody and a
pan-macrophage marker (anti-CD68). We detected
NOX1 in type II epithelial cells (Figure 1C, arrow) and
NOX2 was found to be positive for CD68-positive alve-
olar and interstitial macrophages (arrow and arrowhead,
respectively).

The number of NOX2-positive cells was then quan-
tified in lung sections of both control and emphysema-
tous patients. A marked increase of NOX2-positive cells
was observed in emphysematous versus control lungs
(28.11± 10.34 versus 60.62± 34.47, *p= 0.017).

Thus, NOX1 is preferentially expressed in alveo-
lar and bronchial epithelium of emphysematous lungs,
whereas NOX2 is mainly found in inflammatory cells,
particularly macrophages.
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Figure 1. NOX2 is expressed in alveolar macrophages and NOX1 in lung epithelial cells of emphysematous patients. Sections of
emphysematous and control lung were stained with specific anti-NOX1 (A) and anti-NOX2 antibodies (B). Negative controls were obtained
by incubating sections with specific isotype controls (lower panels). Boxes represent magnified regions of normal or emphysematous
parenchyma. Arrows indicate either cells stained with anti-NOX1 antibody (A) or NOX2-positive cells (B). The asterisk indicates
NOX1-positive macrophages and the ampersand NOX1-positive bronchial epithelium. (C) Serial lung sections of emphysematous patients
were stained with an anti-NOX1 antibody and pro-surfactant C (SPC), a specific marker of type II epithelial cells. Epithelial type II cells
are positive for NOX1 (arrow). (D) Serial sections of emphysematous lung were stained with an anti-NOX2 antibody and anti-CD68
antibody. Note the expression of NOX2 in CD68-positive macrophages (arrow). Scale bars= 500 μm. (E) Quantification of the number
of NOX2-positive cells in airspaces and alveolar wall tissue of control and emphysematous patients per mm2 of surface area. The number of
NOX2-positive cells, principally macrophages, is significantly increased in emphysematous patients versus controls (n= 5–6 subjects per
group; Mann–Whitney; *p = 0.017).

NOX2 deficiency but not NOX1 protected against
elastase-induced lung emphysema
To establish the role of NOX2, NOX1, and NOX4
in the development of emphysema, we intratracheally
instilled wild-type C57Bl/6 mice and NOX1-, NOX4-
and NOX2-deficient mice with elastase or saline alone.

We first measured the expression of NOX1, NOX2,
NOX3, NOX4, and DUOX2 in the lungs of WT mice
treated with saline or elastase for 2 and 21 days,
using quantitative PCR. The levels of NOX1 and NOX2
mRNA increased in elastase-treated mice at day 2 com-
pared with controls and returned to baseline at day 21
(Figure 2A). It should be noted that gene expression
of other NOX members was not modulated by elastase
exposure (Figure 2A).

We then compared the impact of elastase on the
development of emphysema in WT and deficient
mice, using morphometric analysis. WT, NOX1-,
and NOX4-deficient mice presented massive alve-
olar destruction, as shown by measurement of the
mean linear intercept (Figures 2B and 2C) and his-
tochemical analysis of Victoria Blue staining (elastin
staining, Figures 2D and 2E), whereas few emphy-
sematous lesions were observed in NOX2-deficient
mice (Figures 2B–2D). It should be noted that no
compensatory regulation of NOXs (NOX1, NOX3,

NOX4, and DUOX2) was detected in lungs between
WT and NOX2-deficient mice exposed to elastase
(Supplementary Figure 1).

Thus, NOX2-deficient, but not NOX1- and
NOX4-deficient, mice are protected against emphysema
in response to elastase.

Elastase-induced ROS production is dependent
on NOX2 specifically in inflammatory cells
To determine the contribution of NOX2 and NOX1 in
elastase-induced ROS production and DNA oxidation,
DHE and 8OHDG staining was performed on frozen
lung sections. ROS production (Figures 3A and 3C) and
DNA oxidation (Figures 3B and 3D) were increased
in WT and NOX1-deficient mice following elastase
exposure, which was blunted in NOX2-deficient mice.

To identify the cell types generating ROS, we per-
formed co-staining with DHE and specific markers for
macrophages (IBA-1), neutrophils (myeloperoxidase,
MPO), and endothelial cells (von Willebrand factor,
vWF). Macrophages (Figure 3E, arrow) and neutrophils
(Figure 3E, arrow), but not endothelial cells (Figure 3E,
arrow), were positive for DHE staining in WT mice after
elastase stimulation. By contrast, elastase-induced ROS
production was not detectable in macrophages and neu-
trophils from NOX2-deficient mice (Figure 3E, arrow).
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Figure 2. NOX2-deficient mice are protected against elastase-induced lung emphysema. (A) Expression of NOX1, NOX2, NOX3, NOX4, and
DUOX2 mRNA in lungs of WT mice treated with saline or elastase at days 2 and 21. Note the increased NOX1 and NOX2 mRNA levels
at day 2 of elastase stimulation. (B) Lung histology of WT and NOX1-, NOX2-, and NOX4-deficient mice exposed to elastase or saline
at day 21. Typical enlargement of the alveolar spaces was observed in elastase-exposed WT, NOX4-, and NOX1-deficient mice but not in
NOX2-deficient mice. (C) Quantification of alveolar diameter expressed as mean linear intercept (Lm, μm). (D) Blue Victoria staining for
elastin was performed in lungs of WT and NOX2-, NOX4-, and NOX1-deficient mice following elastase exposure. (E) Quantification of Blue
Victoria staining expressed as mean intensity (arbitrary units, a.u.). NOX2-deficient mice present a smaller alveolar airspace enlargement
and amount of elastin in the elastic fibres compared with elastase-exposed WT, NOX4-, and NOX1-deficient mice. Scale bars= 100 μm.
Data± SEM; n= 3–8 mice per group; p =NS, *p < 0.05, **p < 0.01, ***p < 0.001 saline versus elastase; &p < 0.05, &&&p < 0.001 WT versus
NOX2−/− upon elastase exposure.

It should be noted that elastase also induces ROS pro-
duction in epithelial cells (Figure 3E, arrowhead, upper
panels), which is abolished in NOX2-deficient mice.
Thus, production of ROS in lung macrophages and neu-
trophils following elastase exposure depends on NOX2.

NOX2-deficient mice are protected against
emphysema despite sustained inflammation
As lung inflammation is a key factor in elastase-induced
lung emphysema [1], we determined whether the protec-
tion afforded by NOX2 deficiency is linked to modula-
tion of inflammation. BAL cell count (Figures 4A–4C)
and levels of selected pro-inflammatory cytokine and
neutrophil-chemoattractant chemokines (CXCL1,
CXCL2) (Supplementary Figures 2A–2C) were
measured.

Instillation of elastase led to an increase in BAL
cell count in all mouse strains tested (WT, NOX1-,
and NOX2-deficient mice) but the NOX2-deficient

mice had a significantly higher response at day
2. In all groups, the response returned to baseline
after 3 weeks (Figure 4A). The number of BAL
macrophages was increased at both 2 days and 21
days after elastase instillation but was not significantly
different between WT, NOX1-, and NOX2-deficient
mice (Figure 4B). Interestingly, NOX2-deficient mice
showed an increased number of neutrophils compared
with WT and NOX1-deficient mice exposed to elas-
tase at day 2 (Figure 4C), without any modification
of the levels of pro-inflammatory cytokine (IL-6) and
neutrophil-chemoattractant chemokines (CXCL1 and
CXCL2) (Supplementary Figures 2A–2C). Never-
theless, an accumulation of apoptotic neutrophils was
observed in BAL of NOX2-deficient mice under elastase
exposure (TUNEL staining, Figures 4D–4F).

Taken together, this suggests that absence of NOX2
in alveolar macrophages and neutrophils prevents the
development of emphysema, despite a sustained inflam-
matory response.
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Figure 3. Elastase-induced ROS production in lungs is dependent on NOX2. (A) Representative lung sections from saline and
elastase-exposed WT, NOX1-, and NOX2-deficient mice loaded with dihydroethidium (red) and (B) stained with an anti-8OHDG anti-
body (red). Arrows indicate alveolar macrophages positive for DHE staining, according to their localization. Original magnification: × 40.
(C) Quantification of reactive oxygen species (ROS) generation in lungs expressed as DHE fluorescence intensity (arbitrary units, a.u.).
(D) Quantification of DNA oxidation by counting 8OHDG-positive cells (red) relative to the total number of nuclei (blue). Data± SEM;
n= 3–4 mice per group; p =NS, **p < 0.01,***p < 0.001 saline versus elastase; &&p < 0.01, &&&p < 0.001 WT versus NOX2−/− upon elastase
exposure. (E) Representative merged images of lungs loaded with DHE (red) and specific markers for macrophages (IBA-1, green) or for
neutrophils (myeloperoxidase, MPO, green) or for endothelial cells (von Willebrand factor, vWF, green). Note that cells are positive for DHE
and macrophages and neutrophil-specific markers but not for the endothelial-specific marker (arrow). We also observed that epithelial cells
(arrowhead) are positive for DHE and that DHE fluorescence in these cells is abolished in NOX2-deficient mice.

Deficiency of NOX2 reduces elastase-induced
MMP-9 expression and activity
Increased expression of MMP-9 contributes to the
pathogenesis of emphysema [34,35], and its expression
and activity are known to be regulated by oxidative
stress [36,37]. In this context, we first analysed MMP-2,
MMP-9, and MMP-12 mRNA in lung tissues of WT
and NOX2-deficient mice (Figure 5). Elastase-treated
WT mice showed an increase of MMP-9, but not of
MMP-2 or MMP12, after 2 days, which was not seen in
NOX2-deficient mice (Figures 5A–5C).

We therefore quantified the levels of MMP-9 and
MMP-2 as well as TIMP-1 in lungs and BAL by
zymography (Figure 6 and Supplementary Figure 3).
The MMP-9 protein level (pro-+ active-MMP-9 forms)
was increased in the lungs and BAL of WT mice after
elastase stimulation, which was significantly reduced
by the deficiency of NOX2 (Figures 6A and 6C–6E).
No modification of TIMP-1 and MMP-2 protein levels
was observed between WT and NOX2-deficient mice
following elastase stimulation (Figures 6B, 6C, and 6F

and Supplementary Figures 3A and 3B). In addition,
elastase led to increased BAL MMP-9 activity (active
form, Figures 6C and 6D) in WT mice, which was
diminished in NOX2-deficient mice.

Taken together, these results demonstrate that fol-
lowing elastase stimulation, NOX2 contributes to the
increased MMP-9 expression and activity without mod-
ifying TIMP-1 in inflammatory cells.

NOX2 contributes to elastase-induced emphysema
through negative regulation of SIRT1 in both
macrophages and neutrophils
Sirtuin 1 (SIRT1), a redox-sensitive protein, is a neg-
ative regulator of MMP-9 expression [38] and pro-
tects against emphysema [29]. To further understand the
mechanisms underlying NOX2-induced MMP-9 expres-
sion in elastase-induced emphysema, we investigated
the effect of NOX2 deficiency on SIRT1 expression in
lung homogenates by western blot and immunostaining
(Figures 7A–7C). Elastase reduced the level of SIRT1
in the lungs of WT mice, but not in NOX2-deficient
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Figure 4. NOX2 does not contribute to elastase-induce emphysema through inflammatory processes. (A) Total cell count in bronchoalveolar
lavage (BAL) of WT, NOX1-, and NOX2-deficient mice exposed to saline or elastase at days 2 and 21. Saline-exposed: n= 13 WT, n= 15
NOX2-deficient, n= 7 NOX1-deficient; elastase-exposed at day 2: n= 11 WT, n= 9 NOX2-deficient, n= 3 NOX1-deficient; elastase-exposed
at day 21: n= 3 per group. Macrophages (B) and neutrophils (C) were counted on cytospin preparations. Data± SEM; saline-exposed: n= 9
WT, n= 12 NOX2-deficient, n= 3 NOX1-deficient mice; elastase-exposed at day 2: n= 11 WT, n= 9 NOX2-deficient, n= 3 NOX1-deficient
mice; elastase-exposed at day 21: n= 3 mice per group; p =NS, *p < 0.05, **p < 0.01, ***p < 0.001 saline versus elastase; &&p < 0.01,
&&&p < 0.001 WT versus NOX2−/−. (D) Representative merged images of cytospin stained with TUNEL (green) and DAPI (blue). TUNEL-positive
cells appear in light blue (arrow). (E) TUNEL-positive BAL cell number expressed as percent of all nuclei counted on cytospin. (F)
TUNEL-positive BAL neutrophil number expressed as per cent of all nuclei counted on cytospin. Neutrophils were counted according to
their nuclear morphology. Data± SEM; n= 3 mice per group; p =NS, *p < 0.05, **p< 0.01, ***p < 0.001 saline versus elastase; &&p < 0.01,
&&&p < 0.001 WT versus NOX2−/−.

mice (Figures 7A–7C). It should be noted that this effect
persisted until 21 days following elastase instillation in
NOX2-deficient mice (Supplementary Figure 4).

To identify SIRT1-positive cell types, we stained lung
sections from WT and NOX2-deficient mice exposed to
elastase with an anti-SIRT1 antibody and specific mark-
ers for macrophages (IBA-1) and neutrophils (MPO)
(Figures 7D and 7E). Elastase-induced SIRT1 reduction
was rescued in both NOX2-deficient macrophages and
neutrophils (Figures 7D and 7E).

To determine whether the protection of
NOX2-deficient mice against emphysema was directly
mediated through SIRT1, we treated elastase-exposed
WT and NOX2-deficient mice with sirtinol, a known
inhibitor of SIRT1 transcriptional activity [39], or vehi-
cle (Figures 7F–7I). Treatment with sirtinol (2 mg/kg,
i.p.) reduced SIRT1 protein levels (Figures 7F and
7G). It also aggravated emphysematous lesions in both
elastase-exposed WT and NOX2-deficient mice, as mea-
sured by the mean linear intercept (MLI) (Figures 7H
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Figure 5. Deficiency of NOX2 reduces elastase-induced MMP-9 mRNA expression in lungs. Expression of (A) MMP-9 mRNA, (B) MMP-2
mRNA, and (C) MMP-12 mRNA in lung homogenates of WT and NOX2-deficient mice exposed to saline or elastase at day 2 by real-time
PCR. Data± SEM; n= 3–9 mice per group; p =NS, *p < 0.05 saline versus elastase; &&p < 0.01 WT versus NOX2−/−.

and 7I). It should be noted that the extent of alveolar
airspace enlargement observed was significantly lower
in NOX2-deficient mice than in WT mice (Figures 7H
and 7I).

All of these results indicate that negative regulation
of SIRT1 mediated by NOX2 in macrophages and/or
neutrophils contributes to elastase-induced emphysema.

Macrophage- but not neutrophil-restricted
functional NOX2 contributes to elastase-induced
emphysema
As there is some evidence that macrophages rather than
neutrophils are involved in emphysema pathogenesis
[40,41], we investigated whether NOX2 specifi-
cally expressed in monocytes/macrophages caused
elastase-induced lung emphysema. For this purpose, we
used a mouse model with loss of NOX2 function (Ncf1
mutant mice) and a mouse line with functional NOX2
rescue (by re-expression of an Ncf1 gene controlled by
the human CD68 promoter on an Ncf1 mutant B10.Q
background; Ncf1 rescue MN mice) [28]. Importantly,
the Ncf1 mutant mouse differs from its WT control
(Ncf1 WT mice) by only a single mutation and the MN
transgene was injected into the Ncf1 mutant mice; thus,
these three strains (Ncf1 mutant, MN, and WT B10.Q)
all share the same genetic background. In addition, the
MN mouse has been carefully analysed and expresses
Ncf1 only in monocyte/macrophage (including dendritic
cells) lineages and not in neutrophils [42].

The production of ROS was measured in situ in
the three mouse genotypes after saline and elastase
instillation, using DHE staining (Figures 8A–8C).
Elastase-induced ROS production, which was abolished
in Ncf1 mutant mice, was partially restored in Ncf1 res-
cue mice (Figure 8A). We also observed that increased
ROS production in macrophages (IBA1-positive cells)
and neutrophils (MPO-positive cells) from WT mice
following elastase stimulation was completely abol-
ished in Ncf1 mutant mice. By contrast, ROS production
was restored only in macrophages but not in neutrophils
from Ncf1 rescue mice (Figure 8B).

We then evaluated the effect of NOX2-restricted
macrophages in elastase-induced alveolar airspace

enlargement, as measured by the mean linear intercept
(MLI) (Figures 8C and 8D). Elastase stimulation led
to increased alveolar airspace enlargement in Ncf1 WT
mice, which was higher in Ncf1 rescue mice. In Ncf1
mutant mice, parenchymal destruction was markedly
decreased (Figures 8C and 8D). Thus, NOX2-dependent
ROS production in macrophages plays a key role in the
development of emphysema.

Discussion

In the present study, we found that NOX1 was pref-
erentially expressed in bronchial and alveolar epithe-
lium of emphysematous patients, whereas NOX2 was
mainly detected in macrophages, suggesting that NOX1
could play a role in lung alveolar destruction, while
NOX2 seems to participate in the inflammatory process
in emphysema.

Elastase instillation is an established mouse model
of emphysema associated with inflammation [1],
protease/anti-protease imbalance [43], and epithelial
cell death [44]. We demonstrated that NOX2, but not
NOX1 and NOX4, contributed to elastase-induced
emphysema, independently in epithelial cell death and
in the presence of sustained inflammation. Indeed,
NOX2-deficient mice displayed decreased alveolar
space enlargement and elastin degradation in lungs
compared with WT, NOX1-, and NOX4-deficient mice
in response to elastase, without any compensatory
regulation of other NOX members. In addition, we
found identical indirect cell death parameters (LDH
and protein content in BAL; data not shown) and
pro-inflammatory profile between all strains. However,
we cannot exclude that certain negative results could
be due to limited sample size. Nevertheless, an accu-
mulation of apoptotic neutrophils was found in BAL
of NOX2-deficient mice at early time points. It has
been suggested that impaired efferocytosis of apoptotic
neutrophils by NOX2-deficient macrophages [45] as
well as modulation of the anti-inflammatory cytokine
microenvironment [30,46] may be responsible for this
phenotype. Taken together, these results demonstrate
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Figure 6. Elastase-induced MMP-9 protein expression and activity are reduced in NOX2-deficient mice. (A) Protein level of MMP-9 was
examined in lung homogenates by gelatin zymography and expressed as pg/μg protein. (B) TIMP-1 level was measured in lung homogenates
by ELISA and expressed as pg/μg protein. (C) Representative gelatin zymograph of BAL surpernatants. Lane 5 represents control markers
for pro- and active MMP-9 (M1) as well as pro- and active MMP-2 (M2). Quantification of active MMP-9 (D), pro-MMP-9 (E), and
active+ pro-MMP-2 in BAL supernatants expressed as ng/ml of BAL supernatants. (F) TIMP-1 level was measured in BAL supernatants
by ELISA and expressed as ng/ml of BAL supernatants. Data± SEM; n= 3–7 mice per group; p =NS, *p < 0.05, **p < 0.01, ***p < 0.001 saline
versus elastase; &p < 0.05, &&p < 0.01 WT versus NOX2−/−.

that NOX1 and NOX4, preferentially expressed in lung
epithelial and endothelial cells, do not contribute to
elastase-induced lung cell death associated with emphy-
sema. In contrast, NOX2 in alveolar macrophages and
neutrophils is a crucial factor in the development of this
disease, despite sustained inflammation.

The contribution of NOX2 to lung inflammation
associated with emphysema remains unclear. Indeed, as
seen in many other pathological circumstances, NOX2
may have two different roles in emphysema formation,
depending on the type of model used: (i) NOX2 may
enhance tissue damage through enhanced ROS gen-
eration. This patho-mechanism is predominant in the
elastase model of emphysema and in smoke-induced
emphysema, at early time points [21]; (ii) NOX2
deficiency may enhance tissue damage through hyper-
inflammation. This mechanism has been suggested for
the smoke model of emphysema (ie long-term exposure
[23]) and in LPS-induced lung inflammation associated

with COPD [21]. Some authors reported spontaneous
emphysema formation in NOX2-deficient mice [22,23].
We did not find any emphysematous lesions in aged
NOX2-deficient mice bred in specific pathogen-free
conditions (Supplementary Figure 5B), but rather
observed the classically described interstitial pneu-
monitis with few granulomas and eosinophilic crystals
(Supplementary Figure 5A) [50]. It is possible that
spontaneous hyperinflammation and consequently the
development of emphysematous lesions could be due to
chronic bacterial infections. Indeed, LPS inhalation con-
tributes to the hyperinflammatory response in the CGD
mouse model [21] and leads to inflammation-induced
emphysema in mice [51].

Concerning the protective effect of NOX2 deficiency
in the elastase-induced emphysema model, elastin
fragments generated by elastase inhalation seem to play
a crucial role in the development of emphysematous
lesions [52]. This occurs through the recruitment and
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Figure 7. NOX2 contributes to elastase-induced emphysema through negative regulation of SIRT1 in both macrophages and neutrophils.
(A) SIRT1 protein was detected in lung homogenates from WT and NOX2-deficient mice exposed to saline or elastase by western blot.
β-Actin was used as a loading control. (B) Quantification of SIRT1 protein level in lungs normalized to β-actin (n= 4 mice per group).
Data± SEM; *p < 0.05 saline versus elastase; &p < 0.05 WT versus NOX2−/−. (C) Immunofluorescence of SIRT1 (red) in frozen lung sections.
Nuclei are stained with DAPI (blue). SIRT1-positive cells appear in pink. (D, E) Representative images of lung sections stained with SIRT1
(red) and IBA-1 (macrophages, green), or MPO (neutrophils, green). Note that both macrophages and neutrophils are positive for SIRT1
(n= 3 mice per group). (F) SIRT1 protein levels of WT and NOX2-deficient mice treated with SIRT1 inhibitor (sirtinol, 2 mg/kg) and exposed
to elastase for 21 days were analysed by western blot and (G) quantified by densitometry (n= 3–4 mice per group). All samples were
normalized with β-actin loading. (H) Lung histology of WT and NOX2-deficient mice treated with sirtinol and exposed to elastase at day 21.
Scale bar= 100 μm. (I) Quantification of alveolar diameter expressed as mean linear intercept (Lm, μm). Treatment with sirtinol aggravated
emphysematous lesions in both elastase-exposed WT and NOX2-deficient mice (n= 3–4 mice per group). Data± SEM; p =NS; *p < 0.05
saline versus elastase; &p < 0.05 WT versus NOX2−/−; αp < 0.05 DMSO-treated versus sirtinol-treated mice upon elastase exposure.

activation of inflammatory cells, leading to oxidative
burst, probably via NOX2 activation, and to the release
of MMPs [53] (Figure 9). In this context, the redox
modulation of protease/anti-protease balance, in par-
ticular the matrix metalloproteinase (MMP)-9/tissue
inhibitor of metalloproteinase (TIMP)-1 ratio, is an
accepted hypothesis to explain proteolytic destruction
associated with elastin fragment-induced emphysema
[34,52,54–56]. We demonstrated that NOX2 deficiency
decreased elastase-induced mRNA expression and
activity of MMP-9, particularly in macrophages and
neutrophils, without modification of TIMP-1. Concomi-
tantly, we observed a diminution of elastase-induced
ROS production, in particular in macrophages and
neutrophils, in the absence of NOX2. Surprisingly,
elastase induced ROS generation in epithelial cells,
which was inhibited in NOX2-deficient mice. We

previously demonstrated that lung epithelial cells do
not express NOX2 [10]; it is therefore possible that
NOX2-dependent ROS generation by inflammatory
cells could contribute to the activation of lung resi-
dent cells via paracrine signalling, as demonstrated
in other cell types in various pathological conditions
[57–59]. Thus, these data suggest that ROS generated
by NOX2 activated MMP-9 and modulated its gene
expression. Indeed, ROS can directly control MMP-9
activity through interaction with its thiol groups [37].
In parallel, ROS-dependent signalling pathways such as
SMAD, cJun, and MAPK [60–62], as well as epigenetic
mechanisms related to chromatin acetylation through
modulation of histone deacetylase [63], are known
to modulate MMP-9 gene expression. Accordingly,
we demonstrated that SIRT1, a histone deacetylase,
is negatively regulated by NOX2 in macrophages and
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Figure 8. ROS generation by NOX2 specifically in macrophages contributes to the emphysematous phenotype. (A) Ncf1 WT, Ncf1 mutant,
and Ncf1 rescue were exposed to elastase or saline and ROS production was analysed at day 2 on frozen lung sections loaded with DHE. DHE
fluorescence intensity was quantified for all sections (n= 3 mice per group). Data± SEM; p =NS; *p < 0.05, **p < 0.01 saline versus elastase;
&p < 0.05 Ncf1 WT versus Ncf1 mutant, Ncf1 mutant versus Ncf1 rescue. Representative images of lung sections stained with DHE (red) and
IBA-1 (B) (macrophages, green), or MPO (C) (neutrophils, green). Note that DHE-positive cells were also positive for IBA1 (macrophages)
but not for MPO (neutrophils) in Ncf1 rescue mice following elastase stimulation. Original magnification: ×40. (D) Lung histology of Ncf1
WT, Ncf1 mutant, and Ncf1 rescue exposed to elastase at day 21. Scale bar= 100 μm. (E) Quantification of alveolar diameter expressed
as mean linear intercept (Lm, μm). Scale bar= 100 μm (n= 3–7 mice per group). Data± SEM; p =NS; **p < 0.01, ***p < 0.001 saline versus
elastase; &&p < 0.01 Ncf1 WT versus Ncf1 mutant; βp < 0.05 Ncf1 WT versus Ncf1 rescue.

neutrophils and is required for the protection afforded
by NOX2 deficiency against elastase-induced emphy-
sema. In addition, no difference in SMAD, cJun or
MAPK signalling was observed in NOX2-deficient
mice. Thus, our results strongly suggest that ROS
generated by NOX2 participates in the pathogenesis of
emphysema through the modulation of SIRT1/MMP-9
pathways. Our results are supported by previous studies
demonstrating that reduced H2O2 stimulation as well
as PMA, a NOX2 activator, reduced the SIRT1 level
in human monocytic cells, probably via proteasome
activation leading to its degradation [64,65]. In addi-
tion, the decline of the SIRT1 level was associated
with elevated MMP-9 expression via an increase in
histone acetylation at the activator protein-1- (AP1-),
NF-κB-, and Pea3-binding sites of the MMP-9 promoter
[38,66]. In contrast, SIRT1 deficiency in epithelial cells,
but not in myeloid cells, aggravates cigarette smoke
and elastase-induced lung emphysema in mice [29].
These results are not incompatible with our data for
two reasons. First, the FOXO3/p21 pathway mediates
SIRT1 protection against emphysema in epithelial cells
independently of MMP-9. Second, MMP-9 expression

negatively mediated by SIRT1 in myeloid cells is
necessary but not sufficient to lead to proteolytic dam-
age; indeed, its activation is required. Thus, negative
regulation of MMP-9 gene expression through SIRT1,
and decreased MMP-9 activity in macrophages and
neutrophils are important mechanisms to explain the
protection afforded to NOX2-deficient mice against
emphysema.

Finally, although we have shown that NOX2 in
macrophages and neutrophils plays a role in the
pathogenesis of emphysema, the contribution of
macrophages/monocytes versus neutrophils in this con-
text has until now been unclear. To dissociate their roles,
we used the elastase-induced emphysema model in three
different mouse constructs: Ncf1 mutant mice carrying
natural Ncf1 mutation and presenting non-functional
NOX2; Ncf1 rescue mice with functional NOX2 only in
CD68-positive monocytes/macrophages; and Ncf1 con-
trol WT mice [28]. We clearly showed that functional
NOX2 expressed only in macrophages/monocytes is
sufficient to induce emphysema. This is supported by
studies demonstrating that depletion of macrophages,
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Figure 9. Schematic representation of the role of NOX2 in
elastase-induced emphysema. At early time points, elastin frag-
ments (EF) produced by elastase inhalation drive the recruitment
and activation of both macrophages and neutrophils. EF lead to
NOX2-dependent ROS generation that controls MMP-9 activity and
gene expression through negative regulation of SIRT-1. This leads
to extracellular matrix proteolysis with production of new EF and
development of emphysema. These new fragments in turn control
NOX2 activation and NOX2-dependent SIRT1/MMP-9 pathways. At
later time points, when neutrophils are cleared, lung macrophages
mainly contribute to pathology progression.

but not neutrophils, contributes to CS-induced emphy-
sema [40,41]. In addition, these results confirm our
previous data from NOX2-deficient mice and show that
the effect of NOX2 in the pathogenesis of emphysema
is not dependent on 129 linked genes carried over from
the embryonic stem cells, the knockout construct or
on the C57Bl/6 background, since the results could
be repeated using Ncf1-mutated mice on a genetically
controlled B10.Q background.

In summary, NOX2 is expressed in lung macrophages
in emphysematous patients and contributes to
elastase-induced emphysema through the modula-
tion of SIRT1/MMP-9 pathways. In addition, the
rescue of functional NOX2 specifically in macrophages
contributes to the development of emphysema. A
better understanding of NOX isoforms in different
emphysema-relevant cell types should provide the
opportunity to define new therapeutic strategies in the
management of emphysema.
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SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:

Supplementary materials and methods.

Figure S1. NOX2 deficiency does not modulate NOX members’ mRNA expression after elastase treatment.

Figure S2. Pro-inflammatory cytokines and chemokines are not modulated in NOX2-deficient mice after elastase treatment.

Figure S3. MMP-2 protein level is not modified in NOX2-deficient mice exposed to elastase.

Figure S4. NOX2 deficiency prevents decreased SIRT1 associated with elastase instillation.

Figure S5. NOX2-deficient mice at 12 months of age do not develop spontaneous emphysema, but display interstitial pneumonitis with eosinophilic
crystals and few granulomas.
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