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Abstract

Aging has been implicated in the development of pulmonary
fibrosis, which has seen a sharp increase in incidence in those older
than 50 years. Recent studies demonstrate a role for the nucleotide-
binding domain and leucine rich repeat containing family, pyrin
domain containing 3 (NLRP3) inflammasome and its regulated
cytokines in experimental lung fibrosis. In this study, we tested the
hypothesis that age-related NLRP3 inflammasome activation is an
important predisposing factor in the development of pulmonary
fibrosis. Briefly, young and aged wild-type and NLRP32/2 mice
were subjected to bleomycin-induced lung injury. Pulmonary
fibrosis was determined by histology and hydroxyproline
accumulation. Bone marrow and alveolar macrophages were
isolated from these mice. NLRP3 inflammasome activation was
assessed by co-immunoprecipitation experiments. IL-1b and IL-18
production was measured by ELISA. The current study
demonstrated that aged wild-type mice developed more lung
fibrosis and exhibited increased morbidity and mortality after
bleomycin-induced lung injury, when compared with young mice.
Bleomycin-exposed aged NLRP32/2 mice had reduced fibrosis
compared with their wild-type age-matched counterparts. Bone
marrow–derived and alveolar macrophages from aged mice

displayed higher levels of NLRP3 inflammasome activation and
caspase-1–dependent IL-1b and IL-18 production, which was
associated with altered mitochondrial function and increased
production of reactive oxygen species. Our study demonstrated
that age-dependent increases in alveolar macrophage
mitochondrial reactive oxygen species production and NLRP3
inflammasome activation contribute to the development of
experimental fibrosis.
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Clinical Relevance

The study demonstrates that aged wild-type mice developed
more lung fibrosis and exhibited increased morbidity and
mortality after bleomycin-induced lung injury. Age-dependent
increases in alveolar macrophage mitochondrial reactive
oxygen species production are mediated by NLRP3
inflammasome activation and contribute to the development
of experimental fibrosis.

Aging is associated with diminished
mitochondrial energy metabolism and
increased mitochondrial oxidative stress,
mitochondrial reactive oxygen species
(mtROS) production, and mitochondrial

DNA mutations (1, 2). Low levels of
inflammation caused by enhanced
mitochondrial dysfunction and oxidative
stress can potentiate inflammatory
responses that have been associated with

age-related degenerative diseases (3).
Fibrotic interstitial lung diseases, including
idiopathic pulmonary fibrosis (IPF), are
more prevalent in aging populations, with a
sharp increase in incidence in those older
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than 50 years (4). IPF is a severe, rapidly
progressing, fatal lung disease. Although
recent research has identified the pathways
underlying the development of IPF, little
is known about how oxidative stress,
mitochondrial dysfunction, and the process of
aging contribute to disease pathogenesis (5, 6).

Recent studies suggest a role for
nucleotide-binding domain and leucine rich
repeat containing family, pyrin domain
containing 3 (NLRP3) inflammasome
activation in lung inflammation and fibrosis
(7–11). The NLRP3 inflammasome is a key
signaling platform that is activated by a
variety of signals, such as reactive oxygen
species (ROS), to produce IL-1b and IL-18
(12). Bleomycin, one of the most widely used
reagents for inducing experimental lung
fibrosis, generates intracellular ROS, which
can injure lung epithelial cells and activate
the NLRP3 inflammasome in macrophages,
leading to IL-1b secretion (7, 13). IL-1b
promotes the production of transforming
growth factor (TGF)-b, which stimulates the
proliferation and transdifferentiation of
epithelial cells and resident fibroblasts into
collagen-producing myofibroblasts (14).
Furthermore, IL-1b can induce the secretion
of neutrophil chemokines causing
neutrophil influx, promote alveolar epithelial
cell death, and enhance the production of
platelet-derived growth factor, all of which
promote fibrosis (14–16).

The NLRP3 inflammasome can be
activated in immune cells, including alveolar
macrophages, to cause lung injury (10).
Alveolar macrophages, the most abundant
cells in bronchoalveolar lavage (BAL) fluid,
can release cytokines, growth factors,
extracellular matrix proteins and
metalloproteases that contribute to alveolar
injury, aberrant lung repair, and pulmonary
fibrosis (17, 18). Several studies have
suggested that activated alveolar
macrophages and their mediators may play
a role in IPF pathogenesis (19–21).

Given the increased incidence of IPF in
older populations and the contribution of
mitochondrial oxidative stress and IL-1b
secretion to pulmonary injury and repair,
we investigated the impact of aging on
mtROS production and NLRP3
inflammasome–mediated production of
IL-1b and IL-18 as potential modulators
of bleomycin-induced pulmonary fibrosis
(22, 23). We demonstrate that aged mice,
compared with their younger counterparts,
have greater experimental lung injury and
fibrosis that is associated with increased

NLRP3 inflammasome activation and
mitochondrial dysfunction.

Materials and Methods

Mice
Young (2–4 mo of age) and aged (17–19 mo
of age) male C57BL/6 mice were purchased
from the NIA rodent facility (Charles River
Laboratories, Frederick, MD). NLRP32/2

mice have been described previously (24)
and were bred to the age of 13 months.
On receipt, the mice were handled under
identical husbandry conditions and fed
certified commercial feed. Body weights were

measured daily, and the mice were killed
humanely if they lost more than 15% of their
starting body weight. The Institutional
Animal Care and Use Committee at the
Lovelace Respiratory Research Institute and
Weill Cornell Medical College approved the
use of animals in this study. No animals were
used in the study if they had evidence of skin
lesions, weight loss, or lymphadenopathy.

Primary Bone Marrow Isolation and
Cell Culture
Bone marrow cells were prepared from
the femurs of mice as described previously
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Figure 1. Increased mortality and fibrosis in aged mice after in vivo bleomycin administration.
Young (2–4 mo of age) and aged (17–19 mo of age) C57BL/6 mice were instilled with bleomycin
(0.1 mg/ mouse) via oral aspiration. (A) Survival of young (n = 10) and aged (n = 10) C57BL/6 mice after
bleomycin instillation (Mantel Cox test, P = 0.0015). (B) Right lobe tissue from mice exposed to a
range of bleomycin doses was collected on Day 28, dehydrated overnight, and digested with 6N HCl
before quantification of hydroxyproline levels. Results are presented as mean6 SEM. (C) Lungs were
isolated on Day 28 after instillation, fixed, and stained with H&E or trichrome before blinded analysis
by a pathologist. 203 images were obtained using the Nanozoomer Digital Pathology System.
Results are representative of three independent experiments. BLM, bleomycin; H&E, hematoxylin
and eosin.
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Figure 2. Enhanced transforming growth factor (TGF)-b–mediated signaling and apoptosis in aged lung in response to bleomycin. Young (2–4 mo of age) (n=10)
and aged (17–19 mo of age) (n=10) C57BL/6 mice were instilled with bleomycin (0.1 mg/mouse) via oral aspiration. (A) Phospho-SMAD3 (p-SMAD3) and SMAD3
levels present in young and aged lung isolated on Day 16 after bleomycin instillation were determined by immunoblotting. The ratio p-SMAD3/total SMAD3 expression
was determined by densitometry and is expressed as fold induction in bleomycin-treated mice compared with uninjured control mice. b-actin served as the standard.
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(25, 26). The cells were cultured in
media alone or in media containing LPS
(100 ng/ml) for 4 hours before treatment
with media alone or media containing
bleomycin 0.1 U (1.6 mg/U; Sigma-Aldrich,
St. Louis, MO) for 24 hours. In additional
experiments, at the time of bleomycin
stimulation, the cells were treated with
z-VADFMK (10 µM, 1 h) (InvivoGen,
San Diego, CA) or glybenclamide (25 µg/ml,
24 h). NLRP3 small interfering RNA (siRNA)
(Flexitube GeneSolution siRNA; QIAGEN,
Valencia, CA) (15 nmol/sequence)
was complexed with GenMute siRNA
transfection reagent (SignaGen Laboratories,
Ijamsville, MD) for 15 minutes before being
added to macrophage cultures. NLRP3
siRNA-transfected cells were cultured for
24 hours before LPS and/or bleomycin
stimulation. NLRP3 silencing was confirmed
by Western blot analysis and real-time
polymerase chain reaction (RT-PCR)
(see Figure E4 in the online supplement).
LPS-primed macrophages were treated with
rotenone (5 µM) 1 hour before treatment
with media alone or media containing
bleomycin. The cells were treated with
mitoTEMPO (100 µM) (Enzo Life Sciences,
Plymouth Meeting, PA) for 1 hour before
stimulation with media alone or LPS (for
4 h). The cells were subsequently treated with
media alone or media containing bleomycin.

Alveolar Macrophage Isolation
Alveolar macrophages were collected using
previously published methods (26).
Briefly, the lungs were gently infused with
2 ml of 378C calcium and magnesium-free
phosphate-buffered saline (PBS)
containing 0.5 mM EDTA. Liquid was
gently withdrawn and reinfused back into
the lung two additional times. Cells from
z10 young or aged mice were collected
after centrifugation, plated at a cell
density of 0.53 106 cells/well, and treated
with LPS and/or bleomycin, as detailed
above.

RNA Isolation and RT-PCR
RNA samples were extracted using the
RNeasy Kit (QIAGEN), and primer-specific

gene expression was assessed using
QuantiTect Primer Assays (Qiagen,
Valencia, CA) according to
the manufacturer’s instructions. Gene
expression was collected using the ABI
7300 RT-PCR machine (Invitrogen) and
analyzed using the delta-CT method as
described previously (27–29).

ELISA
Culture supernatants or serum were
analyzed for IL-1b or IL-18 production
using murine ELISA kits purchased from
eBioscience (San Diego, CA).

Caspase-1 Assay
Caspase-1 activity was assessed using the
Caspase-1 Assay (Abcam, Cambridge, MA).
Briefly, 100 µg of each sample was
incubated at 378C for 1 hour before
spectrophotometric analysis at 405 nM.

Western Immunoblot Analysis
Proteins were isolated from cultured cells
and lung tissue samples and analyzed by
Western blot using rabbit antimouse
caspase-8, caspase-9, p-SMAD3, SMAD3,
and b-actin (Cell Signal Technology,
Danvers, MA) or antimouse NLRP3
(Abcam) and ASC (Santa Cruz
Biotechnologies, Dallas, TX) as described
(27). Briefly, 10–30 µg of each protein
sample was loaded onto a 4–12% BIS-TRIS
Bolt gel (Invitrogen) and run at 165 V for
35 minutes. Protein was transferred to the
nitrocellulose membrane using the iBlot
Western blotting system (Invitrogen).

Flow Cytometry
mtROS levels were measured by staining
cells with MitoSOX (Invitrogen) at 5 µM for
40 minutes at 378C. Cells were collected
from digested lung samples (collagenase
D [1 mg/ml] and DNase I [0.1 mg/ml]
[Roche, Indianapolis, IN]) before staining
with CD45.2-PE, CD11b-PERCP Cy5.5,
CD11c-Alexa Fluor 647, CD64-PE-Cy7,
F4/80-APC, and/or GR1-PE (eBioscience)
in staining solution (1% fetal bovine
serum–supplemented 1X PBS). Alveolar
macrophage populations were analyzed using

previously published methods (30). Briefly,
CD451 cell populations were selected
initially and CD11c1CD11b2CD641 cells
were quantified as alveolar macrophages.
Nondetermined macrophage populations
were identified as F4/801CD11b1GR12

cells. All flow cytometry was analyzed
using FlowJo software (Tree Star, Inc.,
Ashland, OR).

Co-Immunoprecipitation
Co-immunoprecipitation of NLRP3 or
ASC was performed using the Pierce
Co-Immunoprecipitation kit (Thermo
Scientific, Rockford, IL) according to the
manufacturer’s instructions. Briefly, 500 µg
of in vitro or in vivo murine samples were
incubated overnight with 1 µg of either
anti-NLRP3 or anti-ASC antibodies.
Samples were collected in 50 µl of elution
buffer before SDS-PAGE analysis.

Bleomycin Administration
Mice were anesthetized with isoflurane
(5% for induction and 2% for maintenance)
before receiving 0.1 milligram of bleomycin
sulfate per mouse (Iktas Trade Co., Ltd.,
Hong Kong, China) (50-µl volume in PBS)
via oral aspiration, as described previously
(31). Aged mice were administered the same
amount of bleomycin as their younger
counterparts, because although their body
mass increases with age, their lung volume,
once mature, remains stable (32). This
approach ensured that all mice would
receive the same amount of bleomycin per
lung volume and that changes in fibrosis in
older mice would not be simply a result of
the administration of a weight-corrected
increased dose of bleomycin.

Histology
Lungs were isolated on Day 28 after
instillation and fixed with 10% formalin under
constant pressure. Lung tissue was stained
with HandE and trichrome before blinded
analysis by a pathologist. CD31 (Dianova,
Hamburg, Germany) and TUNEL (Sigma
Aldrich) staining on histology slides was
performed according to the manufacturer’s
instructions (Promega, Madison, WI) and as

Figure 2. (Continued). P=0.0019 (t test). (B) Relative expression of key TGF-b signaling genes in young and aged lung on Day 16 after bleomycin instillation.
Student’s t test for single genes: *P,0.05; ***P,0.001; for all genes: two-way analysis of variance, P,0.0001. (C) Caspase-8 and caspase-9 expression and
presence of activated cleavage products in young and aged lung 28 days after bleomycin instillation were assessed by immunoblotting. b-actin served as the
standard. (D) Apoptosis was assessed by TUNEL staining. Lung tissue was costained with endothelial marker CD31. Images and immunoblots are representative of
at least three experiments. Data are expressed as the mean6 SD. ****P, 0.0001, **P=0.0019. AU, arbitrary unit; CCR2, C-C motif chemokine receptor 2; COL12,
collagen type-1; Csp, caspase; ENG, endoglin; PAI, plasminogen activator inhibitor; SMAD, mothers against decapentaplegic homolog.
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published previously (33). Images were
obtained using the Nanozoomer Digital
Pathology System (Hamamutsu, Boston, MA).

Hydroxyproline Assay
Briefly, right lobe tissue collected on Day 28
was dehydrated overnight and digested
with 6N HCl before spectrophotometric
quantification of hydroxyproline levels.
Protein was quantified using the Bio-Rad
protein assay (Bio-Rad, Hercules, CA) and
was used to normalize hydroxyproline levels.

Statistical Analysis
Survival analysis between groups was
calculated using the Mantel Cox test.
Comparison of groups was performed using
a two-tailed t test or the one-way or two-
way analysis of variance, when appropriate.
Samples obtained were normally, or
approximately normally, distributed. All
samples were independent and were the
same size for analysis. Variances of the
populations were equal. All data were
analyzed using GraphPad prism software

(San Diego, CA). Statistical significance was
considered to be P value ,0.05.

Results

Increased Morbidity and Mortality in
Bleomycin-Treated Aged Animals
Previous studies have described an
association between mouse age and severity
of lung disease after intratracheal instillation
of bleomycin (32). We administered

0
Day 3 Day 7 Day 10

Time Post Instillation
Day 16

30

20

10

40

50 Young

Aged

*

*

*

R
el

at
iv

e 
N

LR
P

3 
m

R
N

A
 e

xp
re

ss
io

n
(N

or
m

al
iz

ed
 to

 
-A

ct
in

) 

A

0
Day 3 Day 7 Day 10

Time Post Instillation
Day 16

400

200

600

800

R
el

at
iv

e 
A

S
C

 m
R

N
A

 e
xp

re
ss

io
n

(N
or

m
al

iz
ed

 to
 

-A
ct

in
) 

Young

Aged

*
*

*

*

B

0
Saline BLM Day 3 BLM Day 7

10

5

15

20 Young

Aged *

***

A
40

5n
m

 /m
g 

Lu
ng

 T
is

su
e 

DC
Young Aged

IgG Saline SalineBLM BLM BLM BLM

IP: ASC

IP: ASC

IP: ASC

IB: ASC

IB: NLRP3

IB: Pro-caspase-1

Figure 3. Increased nucleotide-binding domain and leucine rich repeat containing family, pyrin domain containing 3 (NLRP3) inflammasome activation
in aged lung after treatment with bleomycin. Lung tissue was isolated from saline control mice and bleomycin-instilled young (2–4 mo of age) and
aged (17–19 mo of age) mice at select time points after bleomycin instillation. RNA was isolated and (A) NLRP3 and (B) ASC mRNA expression was
assessed by real-time polymerase chain reaction. (C) Lung homogenate samples were isolated on Day 3 after bleomycin and co-immunoprecipitation
was performed against anti-ASC. Eluted proteins were separated by electrophoresis and immunoblotted with antimouse NLRP3, ASC, and
pro–caspase-1. (D) Caspase-1 activity was assessed in young and aged lung homogenates isolated on Days 3 and 7 after bleomycin instillation.
Similar results were obtained from two or more independent experiments with an n> 5 per experiment. Data are expressed as mean6 SEM.
*P, 0.05, ***P, 0.001, Student’s t test. NLRP3: Day 3, P = 0.014 (t test); Day 7, P = 0.0134 (t test); Day 10, P = 0.0463 (t test). ASC: Day 3,
P = 0.0101 (t test); Day 7, P = 0.0496 (t test); Day 10, P = 0.05 (t test); Day 16, P = 0.0402 (t test). Caspase-1: Day 3, P = 0.036 (t test); Day 7,
P, 0.001 (t test). ASC, apoptosis-associated speck-like protein containing a CARD domain; IB, immunoblot; IP, immunoprecipitation.

ORIGINAL RESEARCH

256 American Journal of Respiratory Cell and Molecular Biology Volume 55 Number 2 | August 2016



bleomycin at several doses (0.01–0.1 mg/
mouse) via oral aspiration to young (2–4 mo
of age) and aged (17–19 mo of age)
male C57BL/6 mice. Bleomycin-treated
aged mice experienced increased mortality
(Figure 1A) and weight loss (Figure E1A)
compared with young mice. In addition
to higher total leukocyte numbers, there
was a dose-dependent increased
recruitment of macrophages, neutrophils,
and lymphocytes in BAL samples isolated
from aged lung after bleomycin treatment
(Figures E1B–E1E).

Increased Pulmonary Fibrosis in Aged
Mice After Bleomycin Instillation
Increased fibrotic lesions occur in aged lung
after bleomycin instillation (32). Consistent
with this, we observed a significant increase
in lung collagen deposition, as determined

by increased hydroxyproline levels and
trichrome staining, in aged lung after
bleomycin instillation, relative to young
lung (Figures 1B and 1C). Furthermore,
focal bronchoalveolar hyperplasia and
relatively prominent, scattered lymphoid
nodules were observed in damaged areas of
lungs derived from aged mice (Figure 1C).

We next examined the expression of
key factors that modulate fibroblast
proliferation and cellular recruitment to the
site of injury. SMAD3 phosphorylation in
young and aged lung samples was assayed
after bleomycin instillation. Although
expression of SMAD3 was detected in both
age groups, aged lung exhibited enhanced
SMAD3 protein expression and SMAD3
phosphorylation (Figure 2A). Increased
TGF-b1 signaling was reflected in the
increase in expression of TGF-b1

transcriptional targets (Figure 2B) such as
CCR2, collagen type-1, endoglin, PAI-1,
and TGF-b mRNA post bleomycin
instillation. Next, we performed TUNEL
staining on young and aged lung samples
to examine apoptosis. Although apoptosis
was detected in both young and aged
lung, enhanced TUNEL staining that was
associated with increased caspase-8 and -9
cleavage was evident in aged lung (Figures
2C and 2D).

Increased NLRP3 Inflammasome
Activation in Aged Lung in Response
to Bleomycin
IL-1b and IL-18 play a direct role in
promoting the production of TGF-b
(34–38). We therefore evaluated the
expression and activation of the NLRP3
inflammasome, a key signaling complex for
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Figure 4. Increased production of mature IL-1b and IL-18 in aged lung after treatment with bleomycin. Lung tissue was isolated from saline control mice
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expression of (A) pro–IL-1b and (B) pro–IL-18 was assessed by real-time polymerase chain reaction. Homogenates were collected, and production of
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Day 3, P, 0.0001 (t test); Day 7, P, 0.0001 (t test). IL-18: Day 3, P, 0.0001 (t test); Day 7, P, 0.0001 (t test); Day 16, P = 0.0027 (t test).
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the processing and activation of IL-1b
and IL-18, in young and aged lung tissue
harvested after bleomycin administration
(32, 37). NLRP3 and ASC mRNA
expression were significantly increased
in aged lung (Figures 3A and 3B).
Co-immunoprecipitation of ASC and
NLRP3 from young and aged lung
homogenates revealed increased NLRP3
inflammasome assembly in aged lung on
Day 3 after bleomycin instillation
(Figure 3C and Figure E2). Relative to
young lung, caspase-1 activity was
increased in aged lung homogenates on
Days 3 and 7 (Figure 3D).

Increased Production of Mature IL-1b
and IL-18 in Aged Lung in Response
to Bleomycin
We next evaluated the expression of pro-
and mature forms of IL-1b and IL-18 in
young and aged lung tissue after bleomycin
administration. Both pro–IL-1b and
pro–IL-18 mRNA expression were detected
in the lung on Day 3 after bleomycin

exposure, with heightened expression in
aged lung (Figures 4A and 4B). Significantly
higher levels of mature IL-1b and IL-18
were detected in lung homogenates from
aged, relative to young, mice (Figures 4C
and 4D).

NLRP32/2 Aged Mice Are Protected
from Bleomycin-Induced Injury and
Fibrosis
Given the increased fibrosis and activation
of the NLRP3 inflammasome in the lungs of
bleomycin-treated aged mice compared
with young mice, we hypothesized that
NLRP3-deficient mice would be protected
from bleomycin-induced lung injury.
Accordingly, we exposed 13-month-old
male NLRP32/2 mice and age-matched
wild-type C57BL/6 mice to bleomycin.
Compared with wild-type mice, NLRP32/2

mice experienced no mortality (Figure 5A)
and significantly less weight loss (Figure
E3A) after bleomycin instillation. In
addition, when compared with wild-type
mice, middle-aged NLRP32/2 mice

exhibited significantly less lung fibrosis,
lower BAL cell counts (Figures 5B and 5C),
and decreased protein after bleomycin
instillation (Figure E3B).

Increased IL-1b and IL-18 Production
by Aged Macrophages in Response to
Bleomycin Is Dependent on the
NLRP3 Inflammasome
The NLRP3 inflammasome activates
caspase-1 in response to many stimuli,
including metabolic dysregulation,
mitochondrial dysfunction, and ROS,
resulting in the processing and secretion
of IL-1b and IL-18 (24, 39–43). We
examined the impact of aging on NLRP3
inflammasome activity in macrophages
in response to bleomycin. Alveolar
macrophages from young and aged
wild-type mice were pretreated with
LPS for 4 hours to prime the NLRP3
inflammasome, as described previously
(13), before overnight stimulation with
bleomycin. Compared with young
macrophages, LPS-primed, bleomycin-
stimulated aged macrophages displayed
increased expression of IL-1b and IL-18
(Figures 6A and 6B). These results were
corroborated in bone marrow–derived
macrophages (BMDMs) from the same
animals (BMDMs are considerably
more abundant and accessible than are
alveolar macrophages). NLRP3, ASC,
IL-1b and IL-18, and protein expression
(Figures 6C and 6D) were all elevated
significantly in stimulated aged BMDMs
compared with young macrophages.
These aged BMDMs also had higher
levels of caspase-1 expression and
caspase-1 activity (Figure 6E), as well
as significantly increased NLRP3, ASC,
pro–IL-1b, and pro–IL-18 mRNA
expression, relative to young
macrophages (Figures E4A and E4B).

Using NLRP3-specific siRNA, we
confirmed that IL-1b and IL-18
production by young and aged BMDMs
in response to bleomycin was NLRP3
specific (Figures 7A and 7B and Figures
E5A and E5B). Similarly, chemical
inhibition of NLRP3 activity by
glybenclamide (Figures 7C and 7D) or
treatment with pan caspase-1 inhibitor
V-ZAD-FMK (Figures 7E and 7F)
resulted in decreased production of IL-1b
and IL-18 by both young and aged
LPS-primed, bleomycin-stimulated
BMDMs.
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Figure 5. NLRP32/2 aged mice are protected from bleomycin-induced mortality and fibrosis.
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cell counts were performed. Data are presented as mean6 SEM. Student’s t test, **P = 0.0022
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Alterations in Mitochondrial Function
in Aged Macrophages Contribute to
Increased NLRP3 Inflammasome
Expression in Response to Bleomycin
Increased mtROS production is required for
the formation of the NLRP3 inflammasome

(42, 43). Because aging is associated with
increased levels of mtROS (44), we
examined the impact of age-induced
alterations in mitochondrial integrity
on NLRP3 activation after bleomycin
exposure. We evaluated whether increased

mtROS production in aged BMDMs
may contribute to augmented NLRP3
inflammasome activation in response to
bleomycin. Elevated levels of mtROS
occurred in both control and bleomycin-
treated aged macrophages relative to
young macrophages, as determined by
MitoSOX fluorescence (Figure 8A). At the
time of bleomycin stimulation, we treated
young and aged macrophages with
rotenone, a mitochondrial complex I
inhibitor that induces mtROS production.
Rotenone treatment increased mtROS in
both young and aged macrophages and also
enhanced IL-1b (Figures 8B and 8C).
Conversely, treatment with mitoTEMPO,
a mitochondria-targeted antioxidant,
resulted in a significant decrease in IL-1b
and IL-18 production in both young and
aged macrophages after bleomycin
treatment (Figures 8D and 8E).

Discussion

The increased burden of IPF in the aged
population (.65 yr old) is well known.
However, the molecular mechanisms
by which aging influences susceptibility
to pulmonary fibrosis remain unclear.
Aging is associated with increased
production of mtROS, oxidative damage
to macromolecules, mitochondrial
dysfunction, and alterations in cellular
signaling cascades (22). Bleomycin
administration, which promotes
intracellular ROS production, results
in an injury phase characterized by
mitochondrial leakage and activation
of mitochondria-dependent apoptotic
pathways (45, 46). These disturbances may
be sensed by the NLRP3 inflammasome,
leading to enhanced processing and
secretion of IL-1b and IL-18.

We demonstrated that IL-1b and IL-18
production by LPS-primed macrophages in
response to bleomycin challenge is
dependent on NLRP3 inflammasome
activation. In agreement with previous
studies, our data show that mtROS are
crucial for NLRP3 inflammasome-mediated
activation of IL-1b and IL-18 (43).
Indeed, rotenone treatment, which
elevates mtROS production, resulted in
increased IL-1b and IL-18 production in
bleomycin-treated young macrophages to
levels similar to those of aged macrophages
not treated with rotenone. Conversely,
scavenging of mtROS using mitoTEMPO
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decreased IL-1b and IL-18 production by
both young and aged bleomycin-treated
macrophages. It is possible that treatment
with mitoTEMPO could produce off-target
effects, leading to cytotoxicity. It is
important to note, however, that
significantly higher concentrations of these
cytokines were still detected in aged
macrophages. Overall, these findings
suggest that enhanced caspase-1 activity
and IL-1b and IL-18 expression in aged
macrophages treated with bleomycin
may reflect age-associated impairments
in mitochondrial function with an
associated increase in the production of
mtROS. The precise relationship between
aging, inflammasome activation, and
mitochondrial dysfunction requires
further investigation.

Heightened activation of the NLRP3
inflammasome can result in increased acute
lung injury (37, 47). Here, we demonstrate
that the lungs of aged mice treated with
bleomycin have increased fibrosis and
NLRP3 inflammasome activation, and that
mice deficient in the NLRP3 gene are
protected from bleomycin-induced lung
injury and fibrosis. Using a murine
model of influenza infection, we found
previously that age-related decrements
in NLRP3 inflammasome activation can
be detrimental by weakening antiviral
responses, which can be rescued by
treatment with nigericin, an activator of
the NLRP3 inflammasome (27). Of note,
nigericin and bleomycin are ROS-inducing
agents that enhance NLRP3 inflammasome
activation in aged dendritic cells and
macrophages. Paradoxically, increased ROS
production and NLRP3 inflammasome
activation improve survival and resolution
of influenza infection, whereas augmented
ROS production in response to bleomycin
can promote fibrosis and reduce survival
in aged mice. It is plausible that age-related
increases in ROS promote host adaptation,
which provides protection from robust
inflammatory responses. In response
to influenza, viral inhibition of
innate signaling may be affected
disproportionately in aged cells. Changes
in K1 efflux and increased ROS generation
after nigericin treatment reduces this
inhibition and improves inflammasome
activation in aged hosts to levels similar
to those of young, similarly treated
counterparts. A significantly higher
increase in ROS above basal levels, such
as that which occurs in response to
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an n> 3 per experiment and are expressed as mean6 SEM. Ctl, control; GLY, glybenclamide;
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bleomycin, may alter regulatory
signaling cascades present in aged lung,
thereby resulting in increased NLRP3
inflammasome–mediated injury. Because

the generation of ROS appears to be a
common cellular response critical for
NLRP3 inflammasome activation and
because it is associated with responsiveness

to a variety of stimuli in aged macrophages,
future work is needed to investigate the
source of ROS and the mechanism by
which the NLRP3 inflammasome senses
ROS generation.

Here, we show that NLRP3-dependent
production of mature IL-1b and IL-18 is
increased in aged macrophages. Expression
of pro–IL-1b and pro–IL-18 was also
markedly higher in aged lung homogenates
and macrophage cultures, which may be
attributed to enhanced nuclear factor-kB
gene transcription resulting from increased
cellular damage and oxidative stress caused
by bleomycin. In addition, increased
proapoptotic gene expression and levels
of apoptosis after in vitro and in vivo
administration of bleomycin may result in
the release of ATP and the subsequent
up-regulation of P2X7 receptor expression.
Increased expression of P2X7 receptors in
aged macrophages and aged lung (data not
shown) would further amplify NLRP3
inflammasome signaling and recruitment
of inflammatory mediators. It is important
to note that although bleomycin may
serve as the initial signaling component
for NLRP3 inflammasome activation,
dysregulated negative and positive feedback
signaling in aged macrophages perpetuates
inflammatory signaling, which further
enhances apoptosis and subsequent tissue
damage.

We have shown that during the
fibrotic phase of bleomycin-induced lung
injury and repair, there is increased
expression of profibrotic genes and
enhanced collagen deposition in the aged
lung. Augmented expression of IL-1b and
IL-18 and subsequent expression of
TGF-b may contribute to the failure of
the aging lung to resolve the residual
inflammation incurred in response to
recurrent microinjuries, thereby favoring
the development of fibrotic lesions.
Enhanced production of TGF-b, IL-1b,
and IL-18, and subsequent increases in
PAI-1 expression in aged lung, may
further inhibit extracellular matrix
degradation, increase epithelial cell
death, and contribute to the persistent
infiltration of inflammatory cells such as
macrophages.

We have demonstrated that cellular
infiltration is increased in aged lung in
response to bleomycin. The observed
increase in neutrophil recruitment in aged
lung may be attributed to heightened
NLRP3 inflammasome–dependent
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Figure 8. Alterations in mitochondrial function in aged macrophages after bleomycin treatment potentially
contributes to increased NLRP3 inflammasome function. Young (2–4 mo of age) and aged (17–19 mo of
age) bone marrow cells were cultured with M-CSF (10 ng/ml) for 7 days in 378C, 5% CO2. On Day 7, LPS-
primed cells were cultured for 24 hours with bleomycin (0.1 U). (A) Reactive oxygen species levels within
mitochondria were measured by staining cells with MitoSOX at 5 µM for 40 min at 378C. Levels of MitoSOX
fluorescence were determined by flow cytometry. Cells treated with bleomycin and untreated cells are
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production of IL-1b and IL-18. IL-1b
plays an important role in the neutrophil
chemotactic response (48), whereas IL-18
interacts with IL-12 to induce IFN-g,
contributing to a wide variety of
inflammatory processes (49). Increased
neutrophil recruitment in aged hosts can
contribute to exacerbated tissue injury and
inflammatory responses (28). Aged lung
epithelia have also been found to have an
elevated expression of CCR2 associated with
increased neutrophil and macrophage
recruitment in the setting of bleomycin-
induced lung injury and fibrosis. The

CCR-CCL2 chemotactic system is one of the
major signaling pathways that induce
inflammation and apoptosis, and the
contribution of each of these cell types to
bleomycin-induced fibrosis and IPF, and the
impact of aging on cellular functions, require
further investigation.

Conclusions
In conclusion, our studies suggest that
age-associated abnormalities, such as
increased oxidative stress and NLRP3
inflammasome activation, potentially
contribute to fibrotic lung injury.

Therapeutics designed to target the
inflammasome pathway and its downstream
mediators may serve as novel strategies for
the treatment of IPF. n
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