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Abstract
Sepsis syndrome is characterized by a dysregulated inflammatory response to infection. NADPH
oxidase-dependent reactive oxygen species (ROS) play significant roles in the pathophysiology of
sepsis. We previously showed that disruption of Nrf2, a master regulator of antioxidant defenses,
caused a dysregulation of innate immune response that resulted in greater mortality in a
polymicrobial sepsis and lipopolysaccharide (LPS) shock model; however, the underlying
mechanisms are unclear. In the present study, compared to wild-type (Nrf2+/+) macrophages, we
observed greater PKC-induced NADPH oxidase-dependent ROS generation in Nrf2-disrupted
(Nrf2−/−) macrophages that was modulated by glutathione (GSH) levels. To address the NADPH
oxidase-mediated hyper-inflammatory response and sepsis-induced lung injury and mortality in
Nrf2−/− mice, we used double knockout mice lacking Nrf2 and NADPH oxidase subunit, gp91phox

(Nrf2−/−//Gp91phox−/−). Compared to Nrf2+/+ macrophages, LPS induced greater activation of
TLR4 as evident by TLR4 surface trafficking and downstream recruitment of MYD88 and TRIF
in Nrf2−/− macrophages that was diminished by ablation of gp91phox. Similarly, phosphorylation
of IκB and IRF3 as well as cytokine expression was markedly higher in Nrf2−/− macrophages,
while it was similar in Nrf2+/+ and Nrf2−/−//Gp91phox−/−. In vivo studies showed greater LPS-
induced pulmonary inflammation in Nrf2−/− mice that was significantly reduced by ablation of
gp91phox. Furthermore, LPS shock and polymicrobial sepsis induced early and greater mortality in
Nrf2−/− mice, while Nrf2−/−//Gp91phox−/− showed prolong survival. Together, these results
demonstrate that Nrf2 is essential for the regulation of NADPH oxidase-dependent ROS-mediated
TLR4 activation and lethal innate immune response in sepsis.

INTRODUCTION
Despite advances in antibiotic treatment and critical care, sepsis remains a major cause of
mortality in intensive care units. Sepsis is characterized by an overwhelming systemic
inflammatory response to bacterial infection (1). TLR4 recognizes gram negative bacteria
and bacterial components (lipopolysaccharide [LPS]) and thereby mediates innate immune
cell activation (2,3). Upon LPS binding, TLR4 undergoes homodimerization and through the
cytoplasmic Toll/IL-1R homology domain (TIR domain), recruits the adapter molecule
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myeloid differentiation marker 88 (MYD88) and/or Toll/IL-1 receptor (TIR) domain-
containing adaptor (TRIF) to initiate signal transduction (2,3). Recent studies have shown
that reactive oxygen species (ROS) play crucial roles in TLR4 activation and the
pathobiology of sepsis by regulating immune cell activation and end-organ injury (4).
Excess intracellular and extracellular ROS (superoxide, hydrogen peroxide) have the ability
to prime the phagocytes (macrophages and neutrophils) against an acute hyper-inflammatory
response (5–7). Host factors that regulate cellular ROS levels may act as important
modifiers in pathogenesis of sepsis (8).

The NADPH oxidase complex is a major source of intracellular ROS generation in
macrophages and neutrophils (9). The NADPH oxidase complex is composed of two
transmembrane proteins: flavocytochrome b components (gp91phox and p22phox) and four
cytosolic proteins (p47phox, p67phox, p40phox, and Rac) (9). Upon activation, the cytosolic
components translocate to the transmembrane catalytic protein gp91phox, which results in
the formation of functional NADPH oxidase complex. ROS has been implicated in multiple
physiological and pathological processes as a secondary messenger in cell signaling (10).
Numerous studies have demonstrated the role of NADPH oxidase-dependent ROS
generation in modulating TLR4 signaling, inflammatory response (11), and disease
pathogenesis (7,12).

Nrf2, a bZIP transcription factor, plays an essential role in the regulation of redox
homeostasis and cytoprotective defenses (13). In response to oxidative stress, Nrf2
dissociates from its cytoplasmic inhibitor Keap1 and regulates genes containing a cis-acting
element termed antioxidant response element that includes genes encoding for antioxidant
defenses, NADPH-regenerating enzymes, and xenobiotic detoxification enzymes. Nrf2-
regulated antioxidant-associated defenses comprise glutathione (GSH) biosynthesizing
enzymes, glutamate-cysteine ligase modifier subunit (Gclm) and catalytic subunit (Gclc),
glutathione reductase, glutathione peroxidase 2, catalase, NADPH-synthesizing enzyme
glucose-6-phosphate dehydrogenase, NAD(P)H quinone oxidoreductase 1 (Nqo1), heme
oxygenase 1 (Ho1), and thioredoxin reductase 1 (Txnrd1) (13). Disruption or defective
activity of Nrf2 sensitizes cells to detrimental effects of environmental toxicants and
predisposes mice to several oxidative and inflammatory disorders that include emphysema,
asthma, acute lung injury, fibrosis, neurodegenerative diseases, stroke, liver cirrhosis, colitis,
and age-related autoimmune diseases (13–21). The pathogenesis of these disorders in Nrf2-
deficient (Nrf2−/−) mice is mediated largely by oxidative stress.

Recently, we and others have reported that, in addition to the heightened sensitivity to
chemical toxicants, Nrf2−/− mice are also more sensitive to bacteria and LPS-mediated
inflammation (17,22,23). In a model of acute peritonitis and LPS-induced shock, Nrf2−/−

mice showed early and greater mortality compared to Nrf2+/+ mice. Similarly, LPS
challenge induced hyper-inflammation in the lungs of Nrf2−/− mice. Global gene expression
analysis by microarray revealed markedly augmented expression of cytokines, chemokines,
adhesion molecules, and other effectors of innate immune response in the lungs of Nrf2−/−

mice compared to the lungs of Nrf2+/+ mice after a sub-lethal LPS challenge (17). LPS
stimulation resulted in greater IKK kinase activity and subsequent phosphorylation of IκB
and nuclear translocation of NF-κB in Nrf2−/− macrophages compared to Nrf2+/+

macrophages. However, upstream signaling events responsible for amplified innate immune
response in Nrf2−/− are unknown. Although Nrf2−/− macrophages displayed greater LPS-
induced ROS levels compared to Nrf2+/+ macrophages (17,24), it is unclear whether or how
ROS mediate dysregulation of the inflammatory response and mortality in Nrf2−/− mice in
response to LPS. We hypothesize that enhanced NADPH oxidase-dependent ROS mediate
an overzealous inflammatory response by TLR4 activation and sepsis-induced mortality in
Nrf2−/− mice. To address our hypothesis, we examined LPS-induced TLR4 activation and
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downstream signaling events in macrophages, lung inflammation, systemic inflammation,
and mortality using Nrf2+/+, Nrf2−/−, Gp91phox−/− and Nrf2−/−//Gp91phox−/− mice.

MATERIALS AND METHODS
Mice

Gp91phox deficient (Gp91phox−/−) mice were obtained from Jackson Laboratories (Bar
Harbor, ME) and were crossed with Nrf2−/− C57BL/6J mice (25) to generate Nrf2−/−//
Gp91phox−/− mice. Mice were housed in controlled conditions for temperature and humidity,
using a 12-h light/dark cycle. All experimental protocols were performed in accordance with
the standards established by the US Animal Welfare Acts, as set forth in the NIH guidelines
and in the Policy and Procedures Manual of the Johns Hopkins University Animal Care and
Use Committee.

LPS Treatment
Mice were injected with either a sub-lethal (15 mg/kg body weight, intraperitoneal; or 10
µg/mouse, intratracheal instillation) or a lethal dose of LPS (35 mg/kg body weight,
intraperitoneal) (Escherichia coli, serotype 055:B5; Sigma-Aldrich). Lung inflammation
was measured at 1 h or 6 h after LPS treatment. Mortality was monitored for 5 days.

Cecal Ligation and Puncture (CLP)
Sepsis was induced by CLP using methods described previously (17). Briefly, a midline
laparotomy was performed on the anesthetized mice, and the cecum was identified. The
distal 50% of exposed cecum was ligated with 3-0 silk suture and punctured with 1 pass of a
20-gauge needle. The cecum was replaced in the abdomen, and the incision was closed with
3-0 suture. The animals were resuscitated after surgical operation using a subcutaneous
injection of 1 ml sterile saline (0.9% NaCl). Mice were monitored regularly, and survival
was recorded over a period of 7 days.

Bronchoalveolar Lavalage (BAL) and Phenotyping
Mice were anesthetized with an overdose of sodium pentobarbital. The lungs were lavaged 2
times using 1 ml of sterile PBS to collect the BAL fluid. Cells were counted by using a
hemocytometer, and a differential cell count was performed on 300 cells using Wright-
Giemsa stain (Baxter). Cell-free lavage was used for the analysis of cytokines.

Quantitative Real-time PCR (qRTPCR)
Total RNA was extracted from macrophages or lungs by using Trizol (Invitrogen) according
to the manufacturer’s instructions. 1 µg total RNA was used for cDNA synthesis.
Quantitative RT-PCR analyses were performed by using commercially available probes
from Applied Biosystems. Assays were performed by using the ABI 7000 Taqman system
(Applied Biosystems). GAPDH was used for normalization. The data analysis was
performed as described previously (9).

Isolation of Peritoneal Macrophages, Neutrophils and Treatment
Peritoneal macrophages and neutrophils were isolated from mice after intraperitoneal
injection of 2–3 ml of 3% thioglycolate, as described (17,24). Cells were then treated with
LPS or vehicle for various periods of time, and ROS, protein kinase C (PKC) activity, and
GSH levels were measured . For treatment with PKC inhibitor, macrophages were treated
with staurosporine (50 nM) for 1 h followed by LPS stimulation.

Kong et al. Page 3

J Immunol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Flow Cytometry
Cell surface expression of TLR4 was detected by flow cytometry of live cells stained with
FITC-conjugated anti-TLR4 antibody. 10,000 cells per condition were analyzed using a
FACScan (Becton Dickinson) with FL1 525 mM Band Pass detector at an excitation
wavelength of 488 nm.

Measurement of ROS
Intracellular and mitochondrial levels of ROS were determined using the redox sensitive
dyes carboxy-2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) and MitoSOX
(Molecular Probes, Inc., Eugene, OR), respectively, in conjunction with flow cytometry
(26,27).

Measurement of Protein kinase C activity
Macrophages were washed once with cold PBS and lysed in cell lysis buffer (Cell Signaling
Technology). PKC activity was measured in whole cell lysates using Cyclex protein kinase
C assay kit (CycLex Co., Nagano, Japan). Aliquots of lysates were used for protein
estimation.

Measurement of GSH
Intracellular GSH was measured by luminometer using Promega GSH-Glo-™ glutathione
Assay kit.

Immunoblotting and Immunoprecipitation
Immunoprecipitation and immunobloting were performed as described previously (17). Cell
lysates and immunoprecipitated products were resolved on 8–16% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were visualized by
immunoblotting using antibodies directed against the indicated antigens. Anti-TLR4, anti-
MYD88, anti-IκB, and anti-phosphorylated IκB antibodies were obtained from Santa Cruz
Biotechnology, Inc. Anti-IRF3 and anti-phosphorylated IRF3 antibodies were obtained from
Cell Signaling Technology. Anti-TRIF was purchased from Abcam.

Statistics
Student’s 2-tailed t test was used to evaluate differences between the control and treatment
groups within a single genotype as well as between genotypes. Survival studies were
analyzed by using the log rank test. Statistical significance was accepted at P < 0.05.

RESULTS
Nrf2 regulate LPS-induced NADPH oxidase-dependent ROS generation by modulating PKC
activation

Previously, we have reported that Nrf2−/− macrophages show higher levels of ROS after
LPS stimulation (24). However, it is unclear whether the higher levels of ROS are due to an
inadequate antioxidant-mediated detoxification or greater generation of ROS. GSH is the
major ROS-scavenging system in cells (28). Several ROS detoxification enzymes including
peroxidases, peroxiredoxins, and thiol reductases utilize reduced GSH as the source of
reducing equivalents. We found that GSH levels were significantly higher in macrophages
isolated from Nrf2+/+ compared to Nrf2−/− mice (Figure 1A). To investigate whether the
lower levels of ROS in Nrf2+/+ macrophages compared to Nrf2−/− macrophages are due to
better ROS scavenging ability, we treated macrophages from both genotypes with or without
L-buthionine-sulfoximine (BSO, inhibitor of glutathione synthesis (29)) and stimulated with
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LPS. BSO (200 µM) treatment significantly depleted GSH, and the levels were comparable
in Nrf2+/+ and Nrf2−/− macrophages 16 h after BSO treatment (Figure 1A). LPS stimulation
resulted in 2-fold higher ROS levels in Nrf2−/− macrophages compared to Nrf2+/+

macrophages (Figure 1B). BSO pretreatment showed no further elevation of ROS levels in
Nrf2−/− macrophages after LPS treatment. However, BSO pretreatment significantly
augmented LPS-induced ROS levels in Nrf2+/+ macrophages and the levels were
comparable to that in LPS-stimulated Nrf2−/− macrophages (Figure 1B). These data indicate
that greater levels of GSH in Nrf2+/+ may be partly responsible for diminished ROS levels
after LPS stimulation.

Next, we investigated whether generation of ROS is greater in Nrf2−/− macrophages
compared to Nrf2+/+ macrophages. As NADPH oxidase is the primary generator of ROS
after LPS stimulation, we chose to assess the activation of NADPH oxidase by measuring
phosphorylation of P47phox. Phosphorylation of P47phox is a critical step for the assembly of
the NADPH oxidase complex (9). As shown in Figure 1C–D, Nrf2−/− macrophages showed
greater phosphorylation of P47phox compared to Nrf2+/+ macrophages after stimulation with
LPS. Phosphorylation of P47phox is mediated by protein kinase C (PKC) after LPS
stimulation in neutrophils and macrophages (30,31). Therefore, we next analyzed total PKC
activity in Nrf2+/+ and Nrf2−/− macrophages 30 min after LPS stimulation. Vehicle-treated
Nrf2+/+ and Nrf2−/− macrophages showed similar PKC activity (Figure 1E). However, LPS
treatment resulted in significantly greater PKC activity in Nrf2−/− macrophages compared to
Nrf2+/+ macrophages (Figure 1E). Cellular GSH has been shown to inhibit PKC activation
(32,33). To determine whether higher GSH levels in Nrf2+/+ macrophages attenuated PKC
activation, we measured PKC activity after GSH depletion by BSO treatment. BSO
pretreatment elevated LPS induced PKC activity in Nrf2+/+ macrophages, and the PKC
activity was comparable to that of LPS-treated Nrf2−/− macrophages (Figure 1E). We did
not observe any significant changes in PKC activity in LPS-treated Nrf2−/− macrophages
with or without BSO pretreatment. Finally, to determine whether PKC activity was
responsible for higher ROS generation in Nrf2−/− macrophages, we measured ROS levels
after LPS stimulation in the presence of the PKC inhibitor, staurosporine (34). Staurosporine
significantly attenuated LPS-induced ROS generation in Nrf2−/− and Nrf2+/+ macrophages
(Figure 1F). Overall, these results indicate that Nrf2-dependent regulation of GSH
modulates NADPH oxidase activity by suppressing PKC activity.

Disruption of NADPH oxidase suppresses LPS-induced ROS generation in Nrf2−/−
macrophages

To further demonstrate that NADPH oxidase activity is the major source of ROS in Nrf2−/−

cells, we generated double knockout mice that lack the NADPH oxidase transmembrane
component, Gp91phox and Nrf2 by crossing Nrf2−/− and Gp91phox−/− mice. The double
knockout mice (Nrf2−/−//Gp91phox−/−) were fertile and showed no abnormal phenotype. The
genotyping results are described in supplemental Figure S1. In response to LPS stimulation,
ROS generation was significantly diminished in Nrf2−/−//Gp91phox−/− compared to Nrf2−/−

macrophages (Figure 2A). Similar results were observed in neutrophils derived from
Nrf2−/−//Gp91phox−/− and Nrf2−/− mice (Figure 2B). As expected, among the genotypes,
ROS level was lowest in macrophages and neutrophils from Gp91phox−/− mice after LPS
stimulation. Of considerable interest, we noted moderate but significantly higher levels of
ROS in macrophages from Nrf2−/−//Gp91phox−/− mice compared to Gp91phox−/− mice
suggesting ROS generation by an NADPH oxidase independent mechanism. In addition to
NADPH oxidase, the other major source of cellular ROS is mitochondrial activity after LPS
stimulation (35, 36). To monitor the mitochondrial origin of ROS after LPS stimulation, we
used fluoroprobe MitoSOX Red that enters viable cells and specifically targets
mitochondria. Flow cytometric analysis revealed relatively greater mitochondrial ROS
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levels in macrophages from Nrf2−/− mice compared to Nrf2+/+ macrophages after LPS
stimulation (Figure 2C). However, we found similar levels of mitochondrial ROS in
macrophages from Nrf2−/− and Nrf2−/−//Gp91phox−/− mice after LPS treatment (Figure 2C).
The expression of Nrf2-regulated genes (Nqo1, Gclm) was similar in Nrf2−/−//Gp91phox−/−

and Nrf2−/− macrophages and was significantly higher in Nrf2+/+ macrophages (Figure 2D).
Taken together, these results demonstrate that NADPH oxidase is the primary source while
mitochondria is the secondary source of ROS production that contributes to elevated ROS
levels in Nrf2−/− macrophages following LPS stimulation.

Disruption of gp91phox in Nrf2−/− macrophages alleviate TLR4 surface trafficking in
response to LPS

In the case of gram-negative bacterial infection, activation of TLR4 signaling is the earliest
event in the pathogenesis of sepsis (37,38). Recent studies have reported that ROS modulate
TLR4 signaling partly by enhancing surface trafficking of TLR4 from the cytoplasm
(39,40). To decipher whether Nrf2-dependent ROS generation modulates TLR4 surface
trafficking, we investigated surface expression of TLR4 in macrophages isolated from
Nrf2+/+, Nrf2−/−, Gp91phox−/−, and Nrf2−/−//Gp91phox−/− mice 1 h after LPS treatment by
flow cytometry. LPS stimulation significantly enhanced surface trafficking of TLR4 in
macrophages and neutrophils of all genotypes compared to vehicle treatment (Figure 3A–B).
Consistent with ROS levels, Nrf2−/− macrophages showed a higher level of TLR4 surface
trafficking compared to Nrf2+/+ macrophages after LPS treatment. On the contrary, ablation
of gp91phox in Nrf2−/− macrophages significantly decreased surface trafficking of TLR4
(Figure 3A) after LPS stimulation. Similarly, a higher surface expression of TLR4 was
observed in Nrf2−/− neutrophils compared to Nrf2+/+ after LPS stimulation that was
significantly reduced by disruption of the NADPH oxidase complex (Figure 3B). In line
with levels of ROS, no significant difference was detected in the TLR4 surface expression
between Nrf2+/+ and Nrf2−/−//Gp91phox−/− macrophages after LPS stimulation. Among the
genotypes, macrophages and neutrophils from gp91phox−/− mice showed the lowest TLR4
surface expression after LPS stimulation. We also investigated whether Nrf2 affects the
levels of total TLR4 in cells. As shown in Figure 3C, we found no significant difference in
the basal levels of total endogenous TLR4 protein between Nrf2−/−, Nrf2+/+ Gp91phox−/−,
and Nrf2−/−//Gp91phox−/− macrophages. These results suggest that enhanced NADPH
oxidase-induced ROS is largely responsible for heightened TLR4 signaling in Nrf2−/−

macrophages.

Disruption of gp91phox in Nrf2−/− macrophages reduces recruitment of MYD88 and TRIF to
TLR4 and subsequent activation of NF-κB and IRF3 after LPS stimulation

To determine whether higher surface trafficking of TLR4 leads to greater recruitment of
downstream adapter molecules, we analyzed TLR4-MYD88 and TLR-TRIF complex
formation in macrophages after LPS treatment. Cell lysates were subjected to
immunoprecipitation using an anti-TLR4 antibody, and the immune complexes were
analyzed by Western blot analysis using anti-MYD88 and anti-TRIF antibodies. After LPS
stimulation, the levels of MYD88 and TRIF interacting with TLR4 were elevated in
macrophages from all genotypes (Figure 4A–B). LPS stimulation led to greater recruitment
of MYD88 and TRIF to TLR4 in Nrf2−/− macrophages compared to Nrf2+/+ macrophages,
which was consistent with the surface trafficking of TLR4. However, disruption of gp91phox

in Nrf2−/− macrophages significantly decreased levels of TLR4-MYD88 and TLR4-TRIF
complexes and it was comparable to that in the LPS treated Nrf2+/+ macrophages (Figure
4A–B). The MYD88-dependent pathway of TLR4 leads to activation of NF-κB while the
TRIF-dependent pathway of TLR4 leads to activation of the IRF3 transcription factor (3).
As markers of NF-κB and IRF3 activation, we analyzed phosphorylation of IκB and IRF3 in
Nrf2+/+, Nrf2−/−, Gp91phox−/− and Nrf2−/−//Gp91phox−/− macrophages after LPS challenge.
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Nrf2−/− macrophages showed higher levels of phosphorylation of IκB and IRF3 compared
to Nrf2+/+ macrophages (Figure 4C–D). However, disruption of gp91phox significantly
decreased phosphorylation of IκB and IRF3 in Nrf2−/− macrophages. The levels of
phosphorylated IκB and IRF3 were similar in LPS treated Nrf2+/+ and Nrf2−/−//Gp91phox−/−

macrophages (Figure 4C–D). In agreement with the TLR4 surface expression, the levels of
TLR4-MYD88 and TLR4-TRIF complex as well as phosphorylation of IκB and IRF3 were
lowest in LPS treated macrophages isolated from gp91phox−/− mice.

Disruption of gp91phox in Nrf2−/− macrophages reduced LPS-induced expression of
cytokines

We next investigated whether upstream TLR4 signaling events corroborate with degree of
cytokine expression in Nrf2+/+, Nrf2−/−, Gp91phox−/−, and Nrf2−/−//Gp91phox−/−

macrophages after LPS treatment. Overall, Gp91phox−/− macrophages showed a lower
expression of cytokines (IL-6, MCP-1, MIP-2, IFN-β, IP-10, and Rantes) after LPS
challenge (Figure 5). In contrast to Nrf2+/+ macrophages, Nrf2−/− macrophages showed
greater expression of all cytokines after LPS stimulation. On the contrary, the expression of
these cytokines were significantly diminished in Nrf2−/−//Gp91phox−/−macrophages
compared to Nrf2−/− macrophages. The levels of cytokines were similar in Nrf2+/+ and
Nrf2−/−//Gp91phox−/− macrophages after LPS challenge.

Disruption of gp91phox in Nrf2−/− mice alleviates pulmonary inflammation after LPS
treatment

We have reported that Nrf2−/− mice show greater pulmonary inflammation compared to
Nrf2+/+ mice after LPS treatment (17,24). To determine whether elevated TLR4 activation
by NADPH oxidase-dependent ROS generation is responsible for exaggerated inflammation
in Nrf2−/− mice, we analyzed the expression of cytokine genes (IL-6 and MCP-1) and
inflammatory cell recruitment in the lungs of Nrf2+/+, Nrf2−/−, and Nrf2−/−//Gp91phox−/−

mice after LPS treatment. Previously, we found that intraperitoneal administration of LPS
caused greater expression of IL-6, MCP-1, and other cytokines as early as 1 h and remained
high for 6 h in the lungs of Nrf2−/− mice compared to Nrf2+/+ mice (17). To determine
whether NADPH oxidase activity is responsible for the early cytokine expression in the
lungs of Nrf2−/− mice, we measured cytokine expression in the lungs at 1 h and 6 h after
LPS injection. There was nearly a 2-fold increase in the expression of IL-6 and MCP-1 in
the lungs of Nrf2−/− compared to the lungs of Nrf2+/+ mice after treatment with LPS (Figure
6A; data shown only for 1 h treatment). However, disruption of NADPH oxidase in Nrf2−/−

mice significantly reduced LPS-induced cytokine expression, and it was comparable to that
in LPS-treated Nrf2+/+ mice.

Next, we investigated whether disruption of Gp91phox in Nrf2−/− mice reduce pulmonary
inflammation after LPS instillation. BAL fluid analysis showed greater recruitment of
inflammatory cells (predominantly neutrophils (data not shown)) and IL-6 levels in Nrf2−/−

mice compared Nrf2+/+ mice 6 h after LPS instillation (Figure 6 B–C). However, in Nrf2−/−

mice treated with LPS, disruption of NADPH oxidase significantly reduced pulmonary
inflammation, and this reduction was comparable to that in LPS-treated Nrf2+/+ mice. No
significant difference was detected in total cells and IL-6 levels between the genotypes
treated with vehicle (data not shown). These results indicate that excess NADPH oxidase-
dependent ROS was largely responsible for enhanced lung inflammation in Nrf2−/− mice.

Genetic disruption of gp91phox in Nrf2−/− mice alleviates systemic inflammation and
mortality after LPS shock or polymicrobial sepsis

Mortality in mice after LPS shockor polymicrobial sepsis is mediated by hyperactive
inflammatory responses (38). We have shown that LPS shock and or polymicrobial sepsis
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caused greater mortality in Nrf2−/− mice compared to Nrf2+/+ mice (9). To determine
whether excess NADPH oxidase-dependent ROS generation mediates mortality in Nrf2−/−

mice, we subjected Nrf2+/+, Nrf2−/−, and Nrf2−/−//Gp91phox−/− mice to CLP-induced sepsis
or LPS shock. Mortality in Nrf2+/+ mice was 20%, compared to 100% in Nrf2−/− mice 60 h
after CLP shock. On the contrary, Nrf2−/−//Gp91phox−/− mice showed prolonged survival
compared to Nrf2−/− mice after CLP shock. Mortality in Nrf2−/−//Gp91phox−/− mice was
40% and 80% at 60 h and 120 h, respectively, after CLP shock (Figure 7A). All sham-
treated mice survived (data not shown). Similarly, mortality was accelerated in Nrf2−/− mice
after LPS shock compared to Nrf2+/+ (Figure 7B). However, disruption of gp91phox in
Nrf2−/− mice significantly prolonged the survival. Consistent with the results from previous
studies, the mortality in gp91phoxs−/− mice was similar to Nrf2+/+ mice (data not shown,
(41)). As a marker of systemic inflammation, we measured serum IL-6 levels in Nrf2+/+,
Nrf2−/−, and Nrf2−/−//Gp91phox−/− mice. After CLP and LPS shock, IL-6 was higher in the
serum of Nrf2−/− mice, while it was similar in Nrf2+/+ and Nrf2−/−//Gp91phox−/− mice
(Figure 7C &D). Taken together, this data suggests that enhanced inflammatory response
due to NADPH oxidase-dependent ROS signaling leads to increased mortality in Nrf2−/−

mice after LPS and or polymicrobial sepsis.

DISCUSSION
ROS generated by NADPH oxidase plays a central role in the pathobiology of sepsis.
NADPH oxidase-dependent ROS generation is important for the bactericidal activity by
phagocytes, redox regulation of cellular signaling, and other physiological processes
(42,43). However, excessive levels of ROS may induce hyperactivation of innate immune
cells (macrophages and neutrophils) (5,6,44), cytokine expression, vascular endothelial
dysfunction, and end-organ injury (42,43,45–48). Therefore, the pathways that regulate ROS
homeostasis are crucial for mediating a heightened but controlled immune inflammatory
response.

The mortality in patients with sepsis as well as in an experimental model of sepsis is well
correlated with inappropriate activation of the innate immune response (38). The ROS-
mediated signaling events in modulating innate immune activation and mortality during
sepsis are poorly understood. Nrf2 is a primary regulator of cellular antioxidants in response
to diverse stimuli, including LPS (13,49). Previously, we reported that polymicrobial sepsis-
and LPS-induced shock caused greater mortality in Nrf2−/− mice compared to Nrf2+/+ mice
(17) that was partly due to a hyperactive innate immune response, which resulted in an early
cytokine response. The temporal global gene expression analysis revealed higher expression
of several cytokines and chemokines at early time points (<6 h) in the lungs of Nrf2−/− mice
compared to Nrf2+/+ mice after LPS treatment (17). However, the expression of these
cytokines was similar in the lungs of Nrf2+/+ and Nrf2−/− mice at 12 h and 24 h (17). In this
study, we show that the early hyperactive innate immune response in Nrf2−/− mice was
largely mediated by elevated NADPH oxidase activity. Disruption of gp91phox in Nrf2−/−

mice significantly reduced LPS-induced systemic and lung inflammation and this reduction
was comparable to that in LPS-treated Nrf2+/+ mice. Furthermore, disruption of gp91phox

significantly prolonged the survival of Nrf2−/− mice after LPS shock and CLP and the
survival was comparable to that in LPS-treated Nrf2+/+ mice. These data suggest that similar
to ROS producers, cellular antioxidants are crucial modifiers of sepsis pathogenesis.
Intriguingly, recent studies have found that NADPH oxidase-mediated ROS generation may
be required for the activation of the Nrf2 signaling pathway (50,51). We speculate that in
Nrf2−/− mice, abrogation of Nrf2-regulated antioxidants enhances pathological effect of
NADPH oxidase-induced ROS generation.
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There are several sources of ROS in leukocytes including mitochondria, xanthine oxidase,
and NADPH oxidases. ROS production after LPS stimulation in leukocytes is primarily
mediated by NADPH oxidase activation (42). Previously, we reported that compared to
Nrf2+/+, LPS stimulation induced greater ROS generation in macrophages and neutrophils
from Nrf2−/− mice that was abolished by diphenyleneiodonium, a non-specific
pharmacological inhibitor of NADPH oxidase (24). In the present study, it is evident that
NADPH oxidase is the primary producer of ROS in macrophages of Nrf2−/− mice. LPS-
induced levels of ROS in macrophages from Nrf2−/− mice was significantly reduced by
ablation of gp91phox, and it was comparable to that in the LPS treated Nrf2+/+ macrophages.
Because Nrf2 disruption impaired induction of antioxidants, we assumed that higher levels
of ROS in Nrf2−/− macrophages in response to LPS were due to decreased capacity to
detoxify the ROS. However, in response to LPS, we observed greater activation of NADPH
oxidase as indicated by higher phosphorylation of P47phox in Nrf2−/− macrophages
compared to Nrf2+/+ macrophages. Phosphorylation of P47phox is a key event for its
translocation from the cytosol to the membrane, where it associates with a heterodimer of
p22phox and gp91phox and other membrane integrated proteins to form a functional oxidase
complex (9). LPS-induced phosphorylation of P47phox in macrophages is mediated by PKC
activity (31). We found higher PKC activity in Nrf2−/− macrophages compared to Nrf2+/+

macrophages after LPS stimulation. GSH inhibits PKC activity via non-redox mechanisms
(32,33). In agreement, we found higher levels of GSH in Nrf2+/+ macrophages compared to
Nrf2−/− macrophages, and we also showed that depletion of GSH by BSO elevated PKC
activity only in Nrf2+/+ macrophages but not in Nrf2−/− macrophages after LPS stimulation.
Furthermore, we also observed significant inhibition of LPS-induced ROS levels after PKC
inhibition in Nrf2−/− macrophages. Taken together, these results suggest that there was a
higher generation of NADPH oxidase-dependent ROS after LPS stimulation in Nrf2−/−

macrophages.

It is well recognized that ROS modulate TLR4 signal transduction at multiple levels and
subsequently activate NF-κB and IRF3. Pretreatment of neutrophils by the exogenous
antioxidant N-acetylcysteine dampened LPS-induced TLR4 downstream signaling events
including activation of IL-1R-associated kinase-1 and -4, MAP kinases (ERK1/2, Akt and
p38) and IKKβ (44). Previously, we have shown that LPS led to greater induction of IKK
kinase activity, phosphorylation of Iκ-B, and activation of NF-κB in Nrf2−/− macrophages
compared to Nrf2+/+ macrophages (17). However, the upstream signaling events that caused
the activation of IKK kinase in Nrf2−/− macrophages are not known. A growing body of
evidence indicates that the NADPH oxidase family modulates TLR4 signaling either by
direct or indirect interactions via ROS generation (11,52). ROS has been shown to enhance
TLR4 translocation from the cytosol to lipid rafts in response to LPS stimulation that was
inhibited by ablation of NADPH oxidase activity (39,40). H2O2 treatment also enhanced
TLR4 trafficking to lipid rafts in macrophages, indicating oxidant signaling in TLR4
activation (40). Because Nrf2−/− macrophages are associated with higher NADPH-induced
ROS after LPS stimulation, we investigated whether this affects TLR4 activation. We found
that LPS stimulation caused ~2-fold increase in the surface expression of TLR4 in
macrophages and neutrophils isolated from Nrf2−/− mice, compared to Nrf2+/+ mice.
However, disruption of NADPH oxidase significantly suppressed TLR4 surface expression
in Nrf2−/− macrophages to alevel similar to that seen in Nrf2+/+ macrophages. Upon ligand
binding, adapter molecules MYD88 and TRIF interact with the cytoplasmic domain of
TLR4 (53). We observed that in LPS-treated Nrf2−/− macrophages, there was a greater
recruitment of adapter proteins MYD88 and TRIF to TLR4. In line with these results, we
noted higher levels of phosphorylation of IκB and IRF3 and cytokine expression (IL-6,
MCP-1, MIP-2, and Rantes) in LPS-treated Nrf2−/− macrophages. In contrast, disruption of
gp91phox in LPS-treated Nrf2−/− macrophages markedly reduced the TLR4 downstream
signaling events from complex formation with adapter molecules to cytokine expression.
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These events were comparable to that in the LPS treated Nrf2+/+ macrophages. Overall, we
elucidated the role of Nrf2-dependent cellular antioxidants in redox regulation of TLR4
signaling, an early critical event in the pathogenesis of sepsis.

In a recent study, it is demonstrated that coordinated action of multiple Nrf2-regulated
antioxidants (Nqo1 and HO1) results in robust protection against LPS-induced inflammatory
responses (49), unlike the action of a single antioxidant protein. Therefore, regulation of
Nrf2-dependent cellular antioxidants is critical to limit ROS-mediated dysregulation of the
innate immune response in sepsis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LPS induced greater activation of NADPH oxidase in Nrf2−/− macrophages by
modulating PKC
(A–B) Intracellular levels of GSH (A) and ROS (B) in Nrf2−/− and Nrf2+/+ macrophages
treated with or without BSO (200 µM) for 16 h followed by LPS stimulation (1 h). (C)
Levels of phosphorylated-serine and p47phox in Nrf2−/− and Nrf2+/+ macrophages after LPS
stimulation. After LPS activation, cell lysates were prepared and immunoprecipatated using
anti-p47phox antibody. The immune complex was resolved on SDS-PAGE and levels of
phosphorylated-serine and p47phox were analyzed using anti-phosphorylated serine and anti-
p47phox antibody by Western blot analysis. (D) Densitometry analysis of phosphorylated–
P47phox immunoblot normalized to total P47phox using ImageJ software. Data are
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represented as mean ± SD, arbitrary units (AU) from three independent experiments. (E)
PKC activity in Nrf2−/− and Nrf2+/+ macrophages treated with or without BSO for 16 h
followed by LPS stimulation (30 min). (F) Flow cytometric analysis of ROS in Nrf2−/− and
Nrf2+/+ macrophages treated with or without starosporine (STS) for 30 min followed by
LPS stimulation (1 h). Analysis of ROS was performed within 3 h after macrophage
isolation. Data are represented mean channel florescence (MCF) from two independent
experiments (n=3). *P<0.05
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Figure 2. Disruption of NADPH oxidase reduces LPS-induced ROS generation in Nrf2−/−

macrophages
(A–B) Flow cytometric analysis of ROS in Nrf2+/+, Nrf2−/−, Gp91phox−/−, and Nrf2−/−//
gp91phox−/− macrophages (A) and neutrophils (B) after LPS treatment (1 h). Data are
represented as mean percentage change compared to vehicle treated Nrf2+/+ from three
independent experiments. (C) Flow cytometric analysis of mitochondrial ROS levels in
macrophages from Nrf2+/+, Nrf2−/−, Gp91phox−/−, and Nrf2−/−//gp91phox−/− mice after LPS
treatment. Data are represented as mean channel fluorescence (MCF) ± SD from three
independent experiments. (D) mRNA expression of Gclm and Nqo1 genes in unstimulated
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peritoneal macrophages from Nrf2+/+, Nrf2−/−, Gp91phox−/− and Nrf2−/−//Gp91phox−/− mice
by qRT-PCR. *P<0.05
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Figure 3. Ablation of gp91phox reduced LPS-induced surface trafficking of TLR4 in
macrophages from Nrf2−/− mice
(A) Surface expression of TLR4 in macrophages of Nrf2+/+, Nrf2−/−, Gp91phox−/−, and
Nrf2−/−//Gp91phox−/− mice 1 h after LPS treatment by FACS analysis as described in
material and methods. Data are presented as percentage compared to Nrf2+/+ vehicle and are
mean ± SD from three independent experiments (n=3). (B) Surface expression of TLR4 in
neutrophils of Nrf2+/+, Nrf2−/−, Gp91phox−/−, and Nrf2−/−//Gp91phox−/− mice 1 h after LPS
treatment by FACS analysis as described in material and methods. Data are presented as
percentage compared to Nrf2+/+ vehicle and are mean ± SD from three independent
experiments (n=3). (C) Total TLR4 protein in macrophages from Nrf2+/+, Nrf2−/−, and
Nrf2−/−//Gp91phox−/− mice with or without LPS stimulation. After LPS activation, cell
lysates were prepared and total TLR4 protein levels were measured by immunoblot analysis.
GAPDH was used as a loading control. *P<0.05
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Figure 4. Genetic disruption of gp91phox in Nrf2−/− macrophages decreases recruitment of
MYD88 and TRIF to TLR4 and inhibits NF-KB and IRF3 activation after LPS stimulation
(A) Levels of TLR4-MYD88 and TLR4-TRIF complex in macrophages from Nrf2+/+,
Nrf2−/− Gp91phox−/−, and Nrf2−/−//Gp91phox−/− mice after LPS stimulation. After LPS
activation, cell lysates were prepared and immunoprecipitated using anti-TLR4 antibody.
The immune complex was resolved on SDS-PAGE and the levels of MYD88, TRIF, and
TLR4 were analyzed by Western blot analysis. (B) Densitometry analysis of immunoblot
normalized to GAPDH using ImageJ software. Data are represented as mean ± SD, arbitrary
units (AU) from three independent experiments. (C) Levels of phosphorylated-IκB,
phosphorylated-IRF3, total IκB, and IRF3 in macrophage from Nrf2+/+, Nrf2−/−,
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Gp91phox−/− and Nrf2−/−//Gp91phox−/− mice after LPS stimulation as evaluated by Western
blot analysis. (D) Densitometry analysis of immunoblot normalized to GAPDH using
ImageJ software. Data are represented as mean ± SD, arbitrary units (AU) from three
independent experiments. *P<0.05
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Figure 5. Genetic disruption of gp91phox in Nrf2−/− macrophages alleviates LPS-induced
expression of cytokines
mRNA expression of cytokines (IL-6, IFN-β, IP-10, and Rantes), and chemokines (MCP-1
and MIP-2) were evaluated in macrophages from Nrf2+/+, Nrf2−/−, Gp91phox−/− and
Nrf2−/−//Gp91phox−/− mice 4 h after LPS stimulation by qRT-PCR as described in materials
and methods. Data are represented as mean ± SD, relative fold change (RFC) from three
independent experiments. *P<0.05
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Figure 6. Genetic disruption of gp91phox in Nrf2−/− mice attenuates LPS-induced pulmonary
inflammation
(A) mRNA expression of cytokines (IL-6), and chemokines (MCP-1) in the lungs of
Nrf2+/+, Nrf2−/−, and Nrf2−/−//Gp91phox−/− mice 1 h after LPS administration (15 mg/kg
body weight; i. p). Data are represented as mean ± SD of relative fold change (RFC); n=4
mice/group. (B) Total cells in the BAL fluid from Nrf2+/+, Nrf2−/−, and Nrf2−/−//
Gp91phox−/− mice 6 h after LPS administration. No significant difference was detected
between the genotypes after vehicle treatment (data not shown). Data are represented as
mean ± SD of total number of cells in BAL from 5 mice/group. (C) IL-6 levels in the BAL
fluid collected in (B). IL-6 levels were measured by ELISA, n=5 mice/group. IL-6 levels
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were below the detection limit in the BAL fluid of vehicle treated mice group (data not
shown). *P<0.05
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Figure 7. Genetic disruption of gp91phox in Nrf2−/− mice alleviates systemic inflammation and
improves survival after polymicrobial sepsis and LPS shock
(A) A graph of the Kaplan-Meier survival curves of Nrf2+/+, Nrf2−/−, and Nrf2−/−//
Gp91phox−/− mice after CLP (n=10/gp); Sham surgery caused no death (data not shown).
After CLP procedure as described in material and methods, mice were monitored every 12 h
for 7 days. (B) A graph of the Kaplan-Meier survival curves of mice (Nrf2+/+, Nrf2−/−, and
Nrf2−/−//Gp91phox−/−) after lethal dose of LPS administration (35 mg/kg bodyweight, i. p,
(n=10/gp); Data were analyzed using log rank test. † Significant compared to Nrf2−/−; P
<0.05; ** Significant compared to Nrf2−/−; P<0.01. (C) IL-6 levels in the serum 24 h after
CLP, n=5 mice/group. (D) IL-6 levels in the serum 6 h after LPS administration. IL-6 levels
were measured by ELISA, n=5 mice/group. Serum IL-6 levels were below the detection
limit in sham and or vehicle treated mice group (data not shown). *P<0.05
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