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Objectives:	To	study	the	effect	of	a	 lack	of	antioxidant	defenses	
during	lethal	pneumonia	induced	by	Klebsiella pneumonia,	com-
pared	to	wild-type	mice.
Setting:	Laboratory	experiments.
Subjects:	C57Bl6	and	glutathione	peroxidase	1	knockout	mice.
Intervention:	Murine	acute	pneumonia	model	induced	by	Klebsi-
ella pneumonia.
Measurements and Main Results:	We	show	here	that	despite	a	lack	of	
one	of	the	major	antioxidant	defense	enzymes,	glutathione	peroxidase	
1	knockout	mice	are	protected	during	lethal	pneumonia	induced	by	

Klebsiella pneumonia,	compared	to		wild-type	mice.	Furthermore,	this	
protective	 effect	was	 suppressed	when	 	antioxidant	 defenses	were	
restored.	 Infected	 glutathione	 	peroxidase	 1	mice	 showed	 an	 early	
and	significant,	albeit	transient,	increase	in	the	activity	of	the	NOD-like	
receptor	family,	pyrin	domain	containing	3	inflammasome	when	com-
pared	with	wild-type	mice.	The	key	role	of	the	NOD-like	receptor	fam-
ily,	pyrin	domain	containing	3	inflammasome	during	acute	pneumonia	
was	confirmed	in	vivo	when	the	protective	effect	was	suppressed	by	
treating	glutathione	peroxidase	1	mice	with	 an	 interleukin-1	 recep-
tor	 antagonist.	 Additionally	 we	 report,	 in	 vitro,	 that	 increased	 con-
centrations	of	active	caspase-1	and	interleukin-1β	are	related	to	an	
increased	concentration	of	hydrogen	peroxide	in	bacterially	infected	
glutathione	peroxidase	1	macrophages	and	that	restoring	hydrogen	
peroxide	antioxidant	defenses	suppressed	this	effect.
Conclusions:	Our	findings	demonstrate	 that,	 contrary	 to	current	
thinking,	an	early	intervention	targeting	NOD-like	receptor	family,	
pyrin	domain	containing	3	inflammasome	activity	induces	a	timely	
and	 efficient	 activation	 of	 the	 innate	 immune	 response	 during	
acute	infection.	Our	findings	also	demonstrate	a	role	for	hydrogen	
peroxide	in	the	mechanisms	tightly	regulating	NOD-like	receptor	
family,	pyrin	domain	containing	3	activation.	(Crit Care Med 2017; 
45:e184–e194)
Key Words:	antioxidant	defense;	caspase-1;	hydrogen	peroxide;	
glutathione	peroxidase;	inflammasome;	innate	immune	response;	
interleukin-1β;	sepsis;	septic	shock

A recent worldwide survey reported that 29.5% of 
patients admitted to ICU had sepsis at admission or 
during their ICU stay, with a mortality rate among 

those affected of 25.8% (1).
A prolonged and increased nonspecific systemic inflam-

matory response (2) and enhanced oxidative stress (3) have 
been considered to be contributors to severe sepsis. This ratio-
nale has been used to justify several large randomized clini-
cal trials intended to blunt the inflammatory response, none 
of which have succeeded (4). These failures highlight our 
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limited knowledge of the mechanisms leading to severe sepsis, 
and current studies suggest that a more complex coexistence 
of pro- and anti-inflammatory responses is involved, with a 
specific temporal relationship (5–7). Recent clinical reports 
focusing on the early stages of infection stress the critical need 
for a strong and transient proinflammatory response to gen-
erate a better clinical outcome during acute infections (8, 9). 
Furthermore, it has been shown that the ratio of pro- to anti-
inflammatory factors changes during disease progression, and 
this ratio seems to be key to the avoidance of septic shock (9).

The NOD-like receptor family, pyrin domain containing 3 
(NLRP3) inflammasome controls the activation of two proin-
flammatory cytokines: interleukin (IL)-1β and IL-18. IL-1β, a 
key proinflammatory cytokine involved in the innate immune 
response, is synthesized as an inactive precursor that becomes 
activated after cleavage by caspase-1. When activated, both 
caspase-1 and IL-1β are secreted out of the cell, which is a 
hallmark feature of the activated inflammasome. The NLRP3 
inflammasome plays a key role during infection, as recently 
shown for a bacterial model of septic shock where its inactiva-
tion induced higher mortality (10, 11).

Cellular mechanisms controlling the activation of the 
inflammasome are not fully understood (12). Recent evidence 
suggests a role for reactive oxygen species (ROS), but this 
remains to be fully delineated. It has been hypothesized that 
the NLRP3 inflammasome is a general sensor of cellular stress 
through its activation by ROS that have been generated in the 
proximity of the inflammasome (13–16). However, the specific 
ROS and the mechanism by which the NLRP3 inflammasome 
senses ROS are currently unclear and remain controversial.

Using an endotoxemic murine model, it has been reported 
that the absence of the cytosolic Cu/Zn isoform, superoxide 
dismutase (SOD)1, is followed by inactivation of the NLRP3 
inflammasome in vitro and in vivo (16). The absence of SOD1 
activity significantly increases the concentration of O

2
.− by sup-

pressing its dismutation into hydrogen peroxide (H
2
O

2
). Indeed, 

oxidation of key inflammasome proteins mediated by O
2

.− was 
shown to prevent inflammasome activation (16). SOD1 was, 
therefore, hypothesized to play a key role in the activation of 
the NLRP3 inflammasome. However, a role for H

2
O

2
 cannot be 

ruled out given its rapid formation due to dismutation by SOD1. 
Given that H

2
O

2
 is involved in numerous cell-signaling path-

ways, we hypothesized that H
2
O

2
 may regulate the activation of 

the NLRP3 inflammasome. To directly test this hypothesis, we 
have used mice deficient in the ubiquitous cytoplasmic enzyme 
glutathione peroxidase 1 (GPx1−/−) in a model of acute pneumo-
nia induced by live bacteria, Klebsiella pneumoniae (KB).

MATERIALS AND METHODS
Expanded Materials and Methods are presented in the supple-
mental data (Supplemental Digital Content 1, http://links.
lww.com/CCM/C97). GPx1 knockout (−/−) and wild-type 
(WT) mice on a C57BL/6J background were used (17). Group 
allocations of mice were random depending on their genotype.

Animal Experiments
Experiments were approved by the Alfred Medical Research 
and Education Precinct Animal Ethics Committee, Mel-
bourne, VIC, Australia. The mouse model of acute pneumo-
nia has been validated and published previously (18). Equal 
numbers of male and female mice were used (n = 17 to 20 for 
survival experiments and 6 to 10 for biochemistry and pathol-
ogy experiments). Mice were 10–12 weeks old.

Tissue Collection
Klebsiella pneumoniae (5 × 103 colony-formatting units)–
infected mice were euthanized on days 1 and 2 post infection. 
Lungs and plasma were collected. Lungs were processed for 
immunohistochemical analysis or stored at −80°C for RNA 
and protein extraction.

Quantitative Real-Time Polymerase Chain Reaction
Adhesion molecules, proinflammatory cytokines, and oxida-
tive stress markers were assessed in lung homogenates as previ-
ously described (19).

Lung Tissue and Circulating Inflammatory Markers
IL-6, IL-1β, IL-10, and interferon-γ (IFN-γ) were measured in 
lung homogenates and plasma by using commercially available 
enzyme-linked immunosorbent assay (ELISA) kits (R&D sys-
tems, Minneapolis, MN) as per manufacturer’s instructions.

Western Blots
Caspase-1 and IL-1β protein were measured by Western blots. 
Anti-mouse IL-1β primary antibody (number, 8689; Cell Sig-
naling Technology, Danvers, MA) or an anti-mouse caspase-1 
primary antibody (number, sc-1218R; SantaCruz Biotechnol-
ogy, Dallas, TX) and α-tubulin (number, 2144; Cell Signaling 
Technology) were used. ECL Advance Western Blotting detec-
tion and quantitation by densitometry revealed protein levels. 
Data are expressed relative to α-tubulin.

Histology
Formalin-fixed, paraffin-embedded 4-µm-thick lung sections 
were stained with hematoxylin and eosin and analyzed for inflam-
matory infiltrate (assigned a score of 0–5) according to Yatmaz 
et al (20). Six to seven mouse lungs were analyzed per group. A 
blinded examiner performed the analysis of the histology slides.

Immunohistochemistry
Nitrotyrosine (1:150; Chemicon, Billerica, MA), 4-hydroxynon-
enal (4-HNE; 1:125; JaICA; Thermo Fisher, Rockford, IL), and 
myeloperoxidase (1:100; Thermo Fisher) were detected in lung 
paraffin sections. Three images were quantitated per mouse, 
and 8–10 mice were analyzed per group. A blinded examiner 
performed the analysis of the immunohistochemistry slides.

Bone Marrow Cell Isolation and Bone Marrow–
Derived Macrophage Culture
Bone marrow–derived macrophages (BMDMs) were isolated 
and cultured as previously described (21).

http://links.lww.com/CCM/C97
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Stimulation of BMDMs
BMDMs were primed for 12 hours with lipopolysaccharide 
(LPS) (1 µg/mL) and then infected with KB as previously 
described (22).

ROS Detection
After BMDM infection, DMEM containing fluorescent probes 
(peroxyfluor-6 acetoxylmethyl at 5 μM or dihydroethidium 
at 5 μM) replaced DMEM containing bacteria. A multimode 
microplate reader (FLUOstar, BMG labtech, Ortenberg, Ger-
many) captured fluorescence. Two experiments were analyzed 
with n = 6 per treatment group.

Antioxidant Treatment and Inhibition of ROS 
Production
To study the role of ROS in NLRP3 activation, three mole-
cules involved in H

2
O

2
 reduction were used (1): N-acetylcys-

teine (NAC) (0.1 mM) (22) (Sigma-Aldrich, St. Louis, MO) 
(2), catalase (1 IU/μl) (Sigma-Aldrich), and (3) 2-phenly-
1,2-benzisoselenazol-3[2H]-one (ebselen) (0.01 μM). Two 
global inhibitors of ROS production were the nicotinamide 
adenine dinucleotide phosphate inhibitor, apocynin (600 μM) 
(Sigma-Aldrich), and the mitochondria complex I inhibitor, 
rotenone (20 μM). The MCC950 inhibitor from Cayman (Cay-
man Chemical, Ann Arbor, MI) was used to inhibit the NLRP3 
inflammasome (100 and 1,000 nM). BMDMs were treated 
with the different molecules for 30 minutes before infection 
with KB. After 4 hours, the supernatant was harvested for 
IL-1β and caspase-1 ELISA measurements. Two independent 
experiments were analyzed with n = 6 per treatment group.

Statistical Analysis
Differences in survival were assessed by log-rank analysis and 
represented by Kaplan-Meier curves. All other experiments 
were analyzed using one-way analysis of variance with post hoc 
analysis (Fisher least significant difference test or Bonferroni 
multiple comparison tests). p value less than 0.05 was consid-
ered significant. Error bars represent sem.

RESULTS

GPx1−/− Mice Show Increased Survival With an 
Increased Transient Activation of the Innate Immune 
Response During Acute Pneumonia
We observed a significant increase in survival of GPx1−/− mice 
compared to WT mice: 59.1% versus 29.2% (Fig. 1A). Treat-
ment with redox modulators (NAC or ebselen by intraperito-
neal injection) at the same time as bacterial inoculation and 
twice daily 24 hours after infection significantly decreased 
survival of GPx1−/− mice over the 5-day monitoring period: 
GPx1−/− 55% to GPx1−/− + ebselen 17%; GPx1−/− + NAC 30% 
(Fig. 1B).

We performed hematoxylin and eosin staining on lung sec-
tions 1 and 2 days post infection and assessed the severity of 
infection (23). GPx1−/− mice lungs showed a significant increase 
in inflammatory infiltrate of leukocytes on day 1 compared with 

day 1-infected WT lungs (p < 0.05) (Fig. 1C). Analysis of myelo-
peroxidase levels to detect neutrophils showed a significant 
increase on day 2 in WT lungs that was significantly attenuated 
on day 2 in GPx1−/− lungs, suggestive of enhanced resolution of 
infection in GPx1−/− lung tissue at this time point (Fig. 1D).

NLRP3 inflammasome activation was measured by the con-
centration of inactive and active forms of caspase-1 and IL-1β 
by Western blot in the lung on days 1 and 2 post infection. 
GPx1−/− mice lungs showed a significant increase in the p20 
active form of caspase-1, as well as the activated 17.5-kD sub-
unit of IL-1β on day 1 after infection. A significant decrease 
in caspase-1 p20 and IL-1β 17.5-kD subunits was observed 
on day 2. No significant changes were observed in caspase-1 
p20 and IL-1β 17.5-kD subunits in the lungs of WT mice. No 
significant change was observed in the inactive caspase-1 p45 
subunit on either day in both WT and GPx1−/− lungs, with only 
the inactive IL-1β 35-kD subunit showing a decline on day 2 in 
GPx1−/− lungs (Fig. 1, E and F).

We measured IL-1β protein levels in the lung and plasma by 
ELISA. Changes in IL-1β protein exhibited a similar pattern in 
the lung of GPx1−/− mice compared with Western blot analy-
sis with respect to an early significant increase in IL-1β levels 
on day 1 and a decline on day 2 when compared with control 
lungs (Fig. 1, G and H). Expression of IL-1β and NLRP3 genes 
was transiently but significantly increased on day 1 in GPx1−/− 
mice, whereas WT mice had significant increases in these genes 
on day 2 only (Fig. 1, I and J).

To further study the increase in the enhanced innate 
immune response, we measured IL-6 and IFN-γ concentra-
tions by ELISA in the lungs and plasma on days 1 and 2 after 
infection. No change was detected in IL-6 concentrations in 
GPx1−/− mice, whereas a significant increase was observed on 
day 2 in the lungs and plasma of WT mice (Fig. 2, A and B). A 
similar pattern was observed for IFN-γ concentration (Fig. 2, C 
and D). We also measured the concentration of IL-10, a potent 
anti-inflammatory cytokine, in plasma on days 1 and 2 after 
infection. IL-10 levels were significantly increased on day 1 and 
significantly decreased on day 2 in GPx1−/− mice, whereas it was 
significantly increased on day 2 in WT mice (Fig. 2E).

Lung gene expression of tumor necrosis factor (TNF)-α, IL-6, 
and IFN-γ, assessed by real-time polymerase chain reaction, 
showed an early increase in the transcription of TNF-α and IL-6 
on day 1 with a significant decrease on day 2 for TNF-α in GPx1−/− 
mice. On the other hand, transcription was significantly increased 
on day 2 in WT mice for all three cytokines (Fig. 2, F–H).

GPx1−/− Lungs Show an Early Transient Oxidative 
Stress During Acute Pneumonia
GPx1−/− mice displayed a significant increase in the oxidative 
stress markers, 4-HNE and nitrotyrosine, in the lung on day 
1 with a return to baseline levels on day 2 after infection. No 
significant changes were observed in lungs from C57Bl/6J mice 
(Fig. 3, A and B). Transcription of enzymes specifically involved 
in the reduction of H

2
O

2
, such as catalase, and the glutathi-

one system, such as glutaredoxin-1 (Grx1) and thioredoxin-1 
(Trx1), showed a significant increase on day 1 with a significant 
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Figure 1. Glutathione peroxidase 1 (GPx1−/−) mice show increased survival with an increased transient activation of the innate immune response during 
acute pneumonia when compared with C57BL/6J mice. A, Survival of wild-type (WT) mice (n = 21) and GPx1−/− mice (n = 21) after intratracheal 
administration of Klebsiella pneumoniae (log-rank test, p = 0.04). B, Survival of GPx1−/− mice (n = 20) and GPx1−/− mice–treated with N-acetylcysteine 
(n = 20) or ebselen (Ebs; n = 17) after intratracheal administration of Klebsiella pneumoniae (log-rank test: GPx1−/− to GPx1−/− + N-acetylcysteine 
[NAC], p = 0.04; GPx1−/− to GPx1−/− + Ebs; p = 0.004). C, Histological analysis of Klebsiella pneumoniae–infected WT and GPx1−/− lungs. Hematoxylin 
and eosin–stained paraffin sections from GPx1−/− lungs displayed increased peribronchial and parenchymal inflammation on day 1 (E) compared with 
infected WT mice on day 1 (B) as indicated by the arrows. C and F, Leukocyte infiltrate increased on day 2 in both WT and GPx1−/− lungs. Images 
are representative of the pattern observed in 6–7 animals. Magnification, ×40. Structures are indicated as follows: a = alveolus, p = parenchyma, 
and b = bronchus. **** p < 0.0001 to WT control (CTL); ##p < 0.01 to GPx1−/− CTL; §p < 0.05 to WT day 1. D, Immunohistochemical detection of 
myeloperoxidase in lung sections on day 1 (D1) and day 2 (D2) after infection. **** p < 0.0001 vs WT mice; ***p < 0.001 vs GPx1−/− mice; ###p < 0.001 
D2 WT vs GPx1−/− mice. E, Representative Western blots of caspase-1 shown on left and quantitation shown on right. Active caspase-1 (p20) is increased 
on day 1 (##p < 0.01 to WT day 1) and decreased on day 2 (**p < 0.01 to GPx1−/− day 2) in GPx1−/− mice, whereas no change is observed in WT mice. 
Analysis of variance (ANOVA), Bonferroni multiple comparison test, n = 6 to 7 per group.  
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decrease on day 2 in GPx1−/− mice, whereas a significant increase 
was only observed on day 2 in WT mice for catalase and Grx1. 
A significant increase was observed on day 1 for Trx1 that was 
maintained on day 2 in control mice (Fig. 3, C–E). SOD1 tran-
scription levels were increased in the lungs of GPx1−/− mice on 
day 2, whereas no changes were observed in WT mice. SOD2 was 
significantly increased on day 2 in WT mice, whereas no change 
was observed in the lungs of GPx1−/− mice. Heme oxygenase-1 
was significantly increased on day 2 in WT mice, whereas no 
change was observed in GPx1−/− mice (Fig. 3, F–H).

Increase of NLRP3 Inflammasome Activity Is 
Mediated by H2O2 in BMDMs
IL-1β concentrations were significantly increased in GPx1−/− 
BMDM at multiple of infection (MOI) 10 and MOI 100 com-
pared with uninfected GPx1−/− BMDM, whereas the increase 
was only significant at MOI 100 for WT macrophages. In addi-
tion, the concentration of IL-1β was significantly higher in 
the GPx1−/− BMDM at MOI 100 compared with WT BMDM 
infected at MOI 100 (Fig. 4A). Similarly, caspase-1 was sig-
nificantly increased in GPx1−/− BMDM at MOI 10 and MOI 
100 compared with uninfected GPx1−/− BMDM. However, this 
increase was only significant at MOI 10 for WT macrophages. 
A small albeit significant increase in caspase-1 was observed 
in GPx1−/− BMDM at MOI 100 compared with WT BMDM 
infected at MOI 100 (Fig. 4B).

Infected GPx1−/− BMDMs displayed significantly increased 
H

2
O

2
 levels at both 10 and 100 MOI compared with WT 

BMDM. A smaller although significant increase was observed 
in WT BMDM at an MOI of 100. In contrast, no significant dif-
ferences were observed between GPx1−/− and WT BMDMs with 
respect to O

2
.− production (Fig. 4, C and D). Catalase, NAC, and 

ebselen significantly decreased the concentration of caspase-1 
and IL-1β in GPx1−/− BMDMs at MOI 10 and MOI 100. Global 
inhibition of ROS production with apocynin and rotenone 
also significantly decreased caspase-1 and IL-1β concentra-
tions (Fig. 4, E and F). To demonstrate a role for H

2
O

2
 in the 

activation of the inflammasome, we infected LPS-treated WT 
BMDMs with MOI 10 and MOI 100 KP bacteria and exposed 
them to two concentrations of H

2
O

2
. Caspase-1 levels were sig-

nificantly increased by both concentrations of H
2
O

2
 (Fig. 4G). 

Finally, to show the involvement of the NLRP3 inflammasome 
in the activation of caspase-1 in our system, we used the NLRP3 
inhibitor, MCC950, in the presence of LPS-primed BMDMs, 
MOI 100 bacteria, and two doses of the inhibitor. Both inhibi-
tor concentrations significantly lessened caspase-1 levels (Fig. 4, 
H and I).

IL-1 Receptor Antagonist Anakinra Abolishes the 
Resistance Against Acute Pneumonia in GPx1−/− Mice
Survival was significantly decreased in GPx1−/− mice–treated with 
anakinra (IL-1 receptor antagonist): GPx1−/− mice = 57.1% versus 

Figure 1. (Continued). F, Representative Western blots of interleukin (IL)-1β shown on left and quantitation shown on right. Active IL-1β (17.5-kD 
subunit) is increased on day 1(####p < 0.0001 to WT day 1) and decreased to baseline on day 2 (***p < 0.001 to GPx1−/− day 2) in GPx1−/− mice, 
whereas no change is observed in WT mice. IL-1β precursor (35-kD subunit) decreased on day 2 (***p < 0.001 to GPx1−/− day 1) in GPx1−/− lungs after 
infection. ANOVA, Bonferroni multiple comparison test, n = 7 per group. G, IL-1β in the lungs, measured by ELISA, was increased on day 1 (###p < 0.001 
to GPx1−/− CTL) and decreased on day 2 (§§p < 0.01 to GPx1−/− day 2). ****p < 0.0001 to WT CTL. H, IL-1β in plasma, measured by ELISA, was increased 
on day 1(####p < 0.0001 to GPx1−/− CTL) and decreased on day 2 (§p < 0.05 to GPx1−/− day 2). ****p < 0.0001 to WT CTL. I, IL-1β gene expression in 
lung was increased on day 1 (**p < 0.01 to GPx1−/− CTL) and decreased on day 2 (§p < 0.05 to GPx1−/− day 2). ####p < 0.0001 to WT CTL. J, NOD-like 
receptor family, pyrin domain containing 3 (NLRP3) gene expression in lung was increased on day 1 (**p < 0.01 to GPx1−/− CTL) and increased on day 2 in 
WT mice (####p < 0.0001 to WT CTL). D–G, ANOVA, Fisher least significant difference test, n = 7 per group.
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GPx1−/− + IL-1 RA = 27.7% (Fig. 5), strongly suggestive that the 
resistance to acute pneumonia observed in GPx1−/− mice is facili-
tated by an increase in the activation of the NLRP3 inflammasome.

DISCUSSION
For decades, research has focused on blunting the innate 
immune response during septic shock arising from severe 

infection. This approach has not been successful, and recent 
clinical evidence suggests that early proinflammatory responses 
are needed for protection against advancement of septic shock 
syndrome (8, 9). ROS are regarded as an integral component of 
septic shock and are considered toxic and harmful when pro-
duced as a component of acute inflammatory states. However, 
this study has shown that early oxidative stress, contrary to 
expectation, provided protection against septic shock. In mice 

Figure 2. Lung and systemic inflammatory responses are significantly increased in wild-type (WT) mice compared with glutathione peroxidase 1 
(GPx1−/−) mice. A, Lung interleukin (IL)-6 protein levels: ****p < 0.0001 to WT control (CTL). n = 7 per group. B, Plasma IL-6 protein levels: ***p < 0.001 
to WT CTL. n = 10 per group. C, Lung interferon (IFN)-γ protein levels: **p < 0.01 to WT CTL. n = 7 per group. D, Plasma IFN-γ protein levels:  
****p < 0.0001 to WT CTL; §§§§p < 0.0001 to WT day 1. In GPx1−/− plasma, #p < 0.05 to GPx1−/− CTL. n = 10 per group. E, Plasma IL-10 protein 
levels: ***p < 0.001 to WT CTL. In GPx1−/− plasma, ####p < 0.0001 to GPx1−/− CTL and §p < 0.05 to GPx1−/− day 2. n = 10 per group. F, Lung IL-6 
gene expression: ####p < 0.0001 to WT CTL. In GPx1−/− lung, *p < 0.05 and **p < 0.01 to GPx1−/− CTL. n = 7 per group. G, Lung tumor necrosis 
factor (TNF) gene expression: ####p < 0.0001 to WT CTL. In GPx1−/− lungs, *p < 0.05 to GPx1−/− CTL. n = 7 per group. H, Lung IFN-γ gene 
expression: ####p < 0.0001 to WT CTL. n = 7 per group. A–H, Analysis of variance and Fisher least significant difference test.
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Figure 3. Glutathione peroxidase 1 (GPx1−/−) lungs show an early transient oxidative stress during acute pneumonia. A, 4-Hydroxynonenal (4-HNE) 
levels (E–B) as indicated by the brown staining. Quantitation is shown on the left. ####p < 0.0001 to wild-type (WT) day 1. §§§§p < 0.0001 to GPx1−/− 
day 2. B, Nitrotyrosine levels (E–B) as indicated by the brown staining. Quantitation is shown on the left. ####p < 0.0001 to WT day 1. §§§§p < 0.0001 
to GPx1−/− day 2. C, Catalase gene expression: ****p < 0.0001 to WT day 1 and §§§§p < 0.0001 to GPx1−/− day 2. #p < 0.05 to WT control (CTL). D, 
GRx1 gene expression: **p < 0.01 to WT day 1 and *p < 0.05 to GPx1−/− day 1. It increased significantly on day 2 in the WT mice. ####p < 0.0001 to 
WT CTL and §§§§p < 0.0001 to WT day 1. E, TRx1 gene expression: ***p < 0.001 to GPx1−/− CTL and ***p < 0.001 to GPx1−/− day 1. A significant and 
prolonged increase was observed on WT days 1 and 2 after infection, ####p < 0.0001 to WT CTL and §§§§p < 0.0001 to WT CTL.  
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Figure 3. (Continued). F, Superoxide dismutase (SOD)1 gene expression: **p < 0.01 to GPx1−/− CTL. G and H, SOD2 and heme oxygenase-1 (Hgene 
expression: SOD1: #p < 0.05 to WT CTL; HMO-1: ####p < 0.0001 to WT CTL. C–H, Analysis of variance, Bonferroni multiple comparison test.  
n = 7–10 per group.

Figure 4. NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome activation is greater in infected glutathione peroxidase 1 
(GPx1−/−) bone marrow–derived macrophages (BMDMs) than in wild-type (WT) mice and is mediated by a transient increase in H2O2 concentration. 
A, In GPx1−/− BMDM, interleukin (IL)-1β in the supernatant was increased at multiple of infection (MOI) 10 (**p < 0.01) and 100 (****p < 0.0001) 
versus noninfected GPx1−/− BMDM. §§p < 0.01 to WT MOI 100. In WT, IL-1β was increased at MOI 100. ##p < 0.001 to WT noninfected BMDM 
(n = 6 per group). B, In GPx1−/− BMDM, caspase-1 in the supernatant was higher at MOI 10 (#p < 0.05) and MOI 100 (§p < 0.05) versus GPx1−/− 
noninfected and §p < 0.05 to WT MOI 100. In WT, *p < 0.05 to WT noninfected BMDM. n = 6 per group. C, In GPx1−/− BMDM, H2O2 assessed by 
PF6-AM fluorescence was increased at MOI 10 (§p < 0.05) and MOI 100 (§§p < 0.001) versus WT counterparts. ##p < 0.01 to GPx1−/− CTL and 
MOI 10. In WT, *p < 0.05 to WT noninfected BMDM. n = 6 per group. D, Superoxide anion was unchanged for GPx1−/− and WT BMDM as assessed by 
dihydroethidium (DHE) fluorescence. n = 6 per group. E and F, Supplementation of GPx1−/− BMDM with antioxidants targeting H2O2 (catalase [CAT], 
NAC, and ebselen [Ebs] decreased IL-1β (E) and caspase-1 (F) in the supernatant: ****p < 0.0001 to GPx1−/− MOI 10; ####p < 0.0001 to GPx1−/− 
MOI 100. Inhibitors of ROS production (Apocynin [APO], Rotenone [ROT]) decreased IL-1β (E) and caspase-1  
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deficient for the antioxidant enzyme, GPx1, where ROS levels 
are increased, we demonstrated a protective effect against sep-
sis progression during acute pneumonia induced by Klebsiella 
pneumonia. This protective effect was mediated by an early 
activation of the NLRP3 inflammasome induced by a transient 
but significant increase in H

2
O

2
 concentration in the lung.

The activation of the NLRP3 inflammasome is triggered by 
various environmental prompts, such as extracellular adenosine 
triphosphate, silica, or pathogen-associated molecular patterns 
(24–26). These danger signals are known to induce ROS produc-
tion, and it has been hypothesized that ROS are essential second-
ary messengers required for NLRP3 inflammasome activation 
(27). However, the source of ROS in the activation of the NLRP3 
inflammasome has been debated (28, 29), and the specific ROS 
involved have not been fully characterized. Cellular produc-
tion of ROS regulates several important physiologic responses 

(30), and as recently emphasized, individual ROS have specific 
functions based on their chemical properties (31). It has been 
hypothesized that SOD1 is involved in the activation of NLRP3 
based on the results in SOD1 knockout mice (16). An under-
standing of the ROS mediating its effect in SOD1 knockout mice 
is less obvious because knockout of SOD1 results in an increase 
in O

2
.− accumulation and a decrease in H

2
O

2
 production. A 

recent study has shed light on the potential ROS involved in 
activation of the inflammasome through indirect means using 
inhibitors of ROS. Their study identified a role for O

2
.− and H

2
O

2
 

in the activation of the inflammasome associated with hyper-
homocysteinemia-induced podocyte injury (32). In our model, 
the knockout of GPx1 specifically increases H

2
O

2
 accumulation 

and indeed restoration of H
2
O

2
 antioxidant defenses abolished 

the protective effect observed. Furthermore, our in vitro study 
of bacterially infected macrophages failed to increase superoxide 

Figure 4. (Continued). (F) in the supernatant: **p < 0.01; ***p < 0.001;****p < 0.0001 to GPx1−/− MOI 10; ####p < 0.0001 to GPx1−/− MOI 100.  
n = 6 per group. G, Caspase-1 levels in LPS-primed wild-type BMDM after infection with KP and 250 mM or 500 mM H2O2. ****p < 0.0001; ***p < 0.001 
to LPS and MOI 10 or 100 treated groups. H and I, Caspase-1 levels in LPS primed wild-type BMDM after infection with KP and two concentration 
(100 nm [h] and 1,000 nM [i]) of the NLRP3 inhibitor, MCC950. a-i, Analysis of variance, Bonferroni multiple comparison test.
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levels but robustly increased H
2
O

2
 levels, which was associated 

with increased levels of Il-1β and caspase-1. Therefore, our 
results strongly imply a role for H

2
O

2
 in the activation of the 

NLRP3 inflammasome. These results may be extrapolated to 
the clinical situation if an intervention like an increase in the 
fraction of inspired oxygen could lead to a transient increase in 
H

2
O

2
. Therefore, more experiments are required to confirm the 

clinical relevance of these results.
Furthermore, our results suggest the significance of GPx1 in the 

regulation of H
2
O

2
-mediated inflammasome activation because 

the presence of other H
2
O

2
-degrading enzymes were unable 

to prevent the activation of the inflammasome in our GPx1−/− 
mouse model. Several reasons can be postulated to explain the 
lack of removal of H

2
O

2
 by other enzymes, such as catalase and 

peroxiredoxin in the GPx1−/− model, highlighting the superiority 
of GPx1 in inflammasome activation. Catalase is confined to per-
oxisomes in most cells where its prime function is to remove H

2
O

2
 

generated by peroxisomal oxidases. It can also remove H
2
O

2
 pro-

duced in other cell compartments but only if it diffuses into these 
organelles (33). Therefore, the action of catalase is limited. On the 
other hand, GPx1 is a widely distributed peroxidase enzyme (33, 
34), found both in the cytosol and mitochondrion. In the kinetic 
hierarchy, GPx1 reacts with H

2
O

2
 almost 10

4
 times faster than cat-

alase (35–37). Therefore, it is unlikely that catalase compensates 
for GPx1 in the removal of H

2
O

2
 in the GPx1 knockout mouse 

despite the increased expression observed in the GPx1−/− sepsis 
model on day 1 after bacterial infection. Peroxiredoxins are local-
ized to cell membranes, particularly those of the mitochondria, 
where they play an important role in physiologically relevant 
redox cell signaling (35, 38, 39).

Our findings also highlight that the time course of activa-
tion of the innate immune response is critical to avoid growth 
of the bacterial inoculum. Recent reports have shown that 
mixed anti-/proinflammatory response profiles or an early 
anti-inflammatory response may play a key role in the transi-
tion from infection to severe sepsis (6, 9). Our results stress the 
importance of an early but transient proinflammatory response 
at the initial phase of an infection to avoid the “cytokine 

storm,” leading to the development of severe sepsis. We dem-
onstrate that NLRP3 activation and the release of active IL-1β 
is an early step in the activation of the innate immune response 
during acute pneumonia. This transient activation at the site of 
infection allows earlier leukocyte recruitment and avoids the 
systemic increase in cytokines, such as IL-6, TNF-α, or IL-10. 
In addition, our findings agree with clinical studies of com-
munity-acquired pneumonia that demonstrate that a worse 
outcome is associated with a persistent increase in the inflam-
matory response after day 2 of infection (9). These conclusions 
have also been suggested to be relevant to patients with severe 
sepsis (6). However, the timing of intervention is critical for 
the treatment of septic shock. To confirm the clinical relevance 
of our results, more experiments are required with an inter-
vention performed after the induction of the infection.

CONCLUSIONS
In summary, our results have provided in vivo and in vitro evi-
dence that an increase in H

2
O

2
 is specifically involved in the 

activation of the NLRP3 inflammasome. An early and tran-
sient increase in H

2
O

2
 is essential for the activation of innate 

immunity, avoiding the development of a systemic inflam-
matory response syndrome. Therefore, our results may hold 
translational promise in the clinic to limit sepsis if early treat-
ment modalities are developed to bolster the triggering of 
the inflammasome, thereby eliminating bacterial spread and 
potentially fatal inflammatory responses.
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