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Abstract
Reactive oxygen species (ROS) and oxidative stress are thought to play a central role in the etiology
of cell dysfunction and tissue damage in sepsis. However, there is limited and controversial evidence
from in vivo studies that ROS mediate cell signaling processes that elicit acute inflammatory
responses during sepsis. Since NADPH oxidase is one of the main cellular sources of ROS, we
investigated the role of this enzyme in lipopolysaccharide (LPS)-induced acute inflammation in
vivo, utilizing mice deficient in the gp91phox or p47phox subunits of NADPH oxidase. Age and body-
weight matched C57BL/6J wild-type (WT) and gp91phox−/− and p47phox−/− mice were injected
i.p. with 50 µg LPS or saline vehicle, and sacrificed at different time points up to 24 hours. We found
that LPS-induced acute inflammatory responses in serum and tissues were not significantly
diminished in gp91phox−/− and p47phox−/− mice compared to WT mice. Rather, genetic deficiency
of NADPH oxidase was associated with enhanced gene expression of inflammatory mediators and
increased neutrophil recruitment to lung and heart. Furthermore, no protection from LPS-induced
septic death was observed in either knockout strain. Our findings suggest that NADPH oxidase-
mediated ROS production and cellular redox signaling do not promote but instead limit LPS-induced
acute inflammatory responses in vivo.
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INTRODUCTION
A central feature of the pathophysiology of acute inflammation and septic shock triggered by
the bacterial endotoxin, lipopolysaccharide (LPS), is the generation of reactive oxygen species
(ROS) and inflammatory mediators, such as cellular adhesion molecules, cytokines, and
chemokines, by multiple phagocytic and non-phagocytic cells (1–3). These inflammatory
mediators not only trigger an acute inflammatory response but also further enhance oxidative
stress. It is now widely accepted that oxidative stress is central to the etiology of cell and organ
dysfunction and tissue damage in sepsis (4–6). ROS play an important role in inflammatory

*Correspondence and reprint requests should be addressed to: Wei-Jian Zhang and Balz Frei, Linus Pauling Institute, Oregon State
University, 571, Weniger Hall, Corvallis, OR 97331, Phone: (541) 737-5075, FAX: (541) 737-5077, E-mail:
weijian.zhang@oregonstate.edu and balz.frei@oregonstate.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2010 March 15.

Published in final edited form as:
Free Radic Biol Med. 2009 March 15; 46(6): 791–798. doi:10.1016/j.freeradbiomed.2008.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responses by altering vascular cell signaling and function, leading to recruitment of
polymorphonuclear neutrophils (PMN) and monocytes to the vascular wall and subsequent
infiltration of these cells into tissues, where they trigger an inflammatory response (7). The
regulation of inflammatory cytokine, chemokine, and adhesion molecule expression has been
linked to oxidative stress through specific, reduction-oxidation (redox) sensitive signaling
pathways and transcription factors, such as nuclear factor κB (NFκB) and activator protein-1
(AP-1) (8–11). In particular, the NFκB pathway impacts host defense against infectious agents
by upregulating inflammatory genes that cause acute neutrophilic inflammation and the
systemic inflammatory response syndrome (12).

NADPH oxidase is a highly regulated membrane-bound enzyme complex found in a variety
of phagocytic and non-phagocytic cells (13,14). The enzyme catalyzes the production of
superoxide by the one-electron reduction of oxygen, using NADPH as the primary electron
donor. In phagocytic cells the core enzyme consists of five subunits: p40phox, p47phox,
p67phox, p22phox, and gp91phox. In the basal state, p40phox, p47phox, and p67phox exist in the
cytosol as a complex, whereas p22phox and gp91phox form a heterodimeric flavohemoprotein
called cytochrome b558, which is located in the membranes of secretory vesicles and specific
granules of leukocytes. Also, two low molecular weight GTP-binding proteins, Rap 1A and
rac1/2, are involved in the activation of NADPH oxidase. Upon stimulation, the cytosolic
subunit p47phox is phosphorylated, and the entire cytosolic complex migrates to the membrane,
where it associates with cytochrome b558 to form active NADPH oxidase. Activation of
NADPH oxidase can take place either at the plasma membrane, leading to release of superoxide
to the extracellular environment, or at intracellular membranes, leading to ROS formation in
intracellular compartments.

Phagocytic NADPH oxidase was originally described in neutrophils and macrophages, where
it serves a critical function in host-defense against invading microorganisms. It is well
documented that superoxide production is almost completely abrogated in myeloid-derived
cells that lack gp91phox. The non-phagocytic NADPH oxidase, which is found in smooth
muscle cells, synoviocytes, chondrocytes, endothelial cells, and epithelial cells, appears to be
qualitatively similar to the phagocytic enzyme in its ability to induce redox signaling, although
ROS generation is markedly lower in nonphagocytic than phagocytic cells (14). It has been
shown that mice deficient in gp91phox or p47phox have a reduced capacity to generate
superoxide via the NADPH oxidase pathway (15–17). However, the relative concentrations
and activities of NADPH oxidase in each of the non-phagocytic cells have not been examined.

In recent years, there has been increasing evidence that ROS act as mediators in cell signaling
in a broad array of physiological and pathophysiological responses, from cell proliferation to
gene expression and apoptosis (7,14,18,19). Many in vitro studies have suggested that ROS
act as second messengers that mediate NFκB activation (20–22). Thus, it is possible that
superoxide generated by NADPH oxidase plays an important role in regulating host
inflammatory responses through modulation of redoxsensitive signaling pathways in
phagocytic and non-phagocytic cells. However, there is limited, and controversial, evidence
from in vivo studies to support this notion (16,17,23–26).

The purpose of the present study was to examine the hypothesis that elimination or reduction
of ROS production by NADPH oxidase results in reduced bacterial LPS-induced inflammatory
responses in vivo. To this end, we utilized two experimental mouse models: a knockout of the
gp91phox subunit of NADPH oxidase, in which production of ROS by phagocytic cells is
greatly reduced (gp91phox−/−), and a knockout of the p47phox subunit, in which ROS
production by both phagocytic and non-phagocytic cells is impaired (p47phox−/−)
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MATERIALS AND METHODS
Animals and experimental procedures

Age- and body weight-matched female C57BL/6J wild-type (WT), gp91phox−/−, and
p47phox−/− mice at 10–12 weeks of age weighing 20–22 g were purchased from Jackson
Laboratories (Bar Harbor, Maine). The mice were housed in specific pathogen-free conditions
and a temperature and humidity controlled environment (12-hour light/dark cycle) with
unlimited access to tap water and food. Mice were acclimated for 7–10 days before initiation
of experiments. All animal procedures were reviewed and approved by the Oregon State
University Institutional Animal Care and Use Committee.

Mice (WT, gp91phox−/−, or p47phox−/−) were randomly assigned to receive i.p. injection of
the vehicle HBSS (control) or 50 µg LPS (serotype 055:B5 from Escherichia coli, Sigma
Aldrich) and sacrificed after 1, 3, 8, or 24 hours. In some studies, different doses of LPS (12.5,
25, 50, 100, 200 µg) were used and animals sacrificed after 3 hours. Each group consisted of
4 to 8 animals. After sacrifice, blood and tissues were collected for further analysis.

For survival experiments, mice (WT, gp91phox−/− or p47phox−/−) were injected i.p. with 1.5
mg LPS, which has been shown to cause 75–80% mortality (27), and monitored for
endotoxemia and death trice daily for up to five days.

Serum concentrations of inflammatory mediators
Serum concentrations of soluble sVCAM-1 (sVCAM-1), soluble ICAM-1 (sICAM-1), MCP-1,
and TNFα were measured by quantitative colorimetric sandwich ELISA kits from R&D
Systems (Minneapolis, MN), following the manufacturer’s instructions. The reported
sensitivity of the assay is 5 pg/ml for sVCAM-1, 29 pg/ml for sICAM-1, 2 pg/ml for MCP-1,
and 5 pg/ml for TNFα.

Tissue mRNA levels of inflammatory mediators
Total RNA was isolated from various tissues using TRIzol Reagent (Invitrogen). cDNA
synthesis was performed using the high capacity cDNA archive kit from Applied Biosystems
(Foster City, CA). mRNA levels of VCAM-1, ICAM-1, MCP-1, TNF, IL-1β, IL-6, Toll-like
receptor 4 (TLR4), myeloperoxidase (MPO), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were quantitated by real-time PCR. All primers and probes were purchased as kits
(Assays on Demand, Applied Biosystems). The assays are supplied as a 20× mixture of PCR
primers and TaqMan minor groove binder 6-FAM dye labeled probes with a nonfluorescent
quencher at the 3' end of the probe. STAR TaqMan quantitative PCR (40 cycles at 95°C for
15 seconds and 60°C for 1 min) was performed using TaqMan Universal PCR Master Mix
(Applied Biosystems) in 96-well plates with the ABI Prism 7500 Sequence Detection System
(Applied Biosystems). To obtain relative quantitation, two standard curves were constructed
in each plate with one target gene and an internal control gene (GAPDH). Standard curves
were generated by plotting the threshold cycle number values against the log of the amount of
input cDNA and used to quantitate the expression of the various target genes and GAPDH gene
in the same sample. After normalization to internal GAPDH in each sample, the results were
expressed as percentage of GAPDH.

Activation of nuclear transcription factors
Nuclear extracts were prepared from various tissues using nuclear extraction kits (Active Motif,
Carlsbad, CA) according to the manufacturer’s instructions. For analysis of activation of
nuclear transcription factors, ELISA-based assays (Active Motif) were used to determine the
DNA binding activity of NFκB (p65) and AP-1 (c-fos) according to the manufacturer’s
instructions. The specificity of binding was confirmed by competition with either wild type or
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mutant oligonucleotides. The wild type oligonucleotides prevent NFκB and AP-1 binding to
the probe immobilized on the plates. Conversely, the mutated oligonucleotides should have no
effect on NFκB and AP-1 binding activity.

Statistical analysis
The data were calculated as means ± SEM and analyzed by an unpaired Student's t test. The
survival of groups of animals was analyzed by log-rank test using Statview software. Statistical
significance was set at a value of P<0.05.

RESULTS
Deficiency of gp91phox or p47phox does not diminish the LPS-induced increase in serum
levels of inflammatory mediators

We first determined the effect of LPS on systemic inflammation in WT mice, as assessed by
increased serum levels of inflammatory mediators. As shown in Fig. 1 and Fig. 2, LPS treatment
induced a time- and dose-dependent increase in serum concentrations of sVCAM-1, sICAM-1,
MCP-1, and TNFα. TNFα peaked at 1 hour, and the other inflammatory molecules were
significantly increased at 3 hours (Fig. 1). sVCAM-1 and sICAM-1 remained elevated up to
24 hours, while MCP-1 and TNFα gradually returned to baseline after 24 hours. Interestingly,
the LPS-induced increases in serum levels of inflammatory mediators were indistinguishable
in gp91phox−/− and WT mice (Fig. 1).

Based on the data in Fig. 1 and Fig. 2, the 3-hour time point and 50-µg LPS dose were selected
for further assessment of the role of NADPH oxidase in LPS-induced systemic inflammation.
As shown in Table 1, the serum levels of sVCAM-1, sICAM-1, MCP-1, and TNFα were not
significantly different in gp91phox−/− and p47phox−/− mice compared to WT mice, suggesting
that NADPH oxidase is not essential for LPS-induced systemic inflammatory responses.

Deficiency of gp91phox or p47phox does not diminish but rather enhances LPS-induced
inflammatory gene expression

Gene expression of VCAM-1, ICAM-1, MCP-1, TNFα, IL-1β, IL-6, and TLR4 was assessed
in lung, heart, liver, and kidney, using real-time quantitative PCR. As shown in Fig. 3 and Fig.
4, lung mRNA levels of inflammatory mediators increased in a time- and dose-dependent
manner following LPS administration to WT mice. Expression of inflammatory genes was
increased substantially 1 hour after LPS injection (Fig. 3). VCAM-1, ICAM-1, MCP-1 and
IL-6 mRNA levels remained elevated for at least 2 more hours and then gradually declined to
baseline after 24 hours. TNFα and IL-1β mRNA levels (Fig. 3D and E, respectively) peaked
at 1 hour and then rapidly declined to about 25% at 3 hours and returned to baseline after 24
hours. However, none of the LPS-induced increases in inflammatory gene expression were
diminished at any of the time points examined in gp91phox−/− mice compared to WT mice
(Fig. 3). In fact, LPS-induced expression of MCP-1 and IL-6 at the 1-hour time point and
TNFα and IL-1β at 3 hours were significantly increased in gp91phox−/− mice compared to WT
mice (P<0.05, n=4–8). These data indicate that genetic deficiency of gp91phox increases rather
than decreases LPS-induced cytokine and MCP-1 expression in lung.

Exposing WT animals to 50 µg LPS for 3 hours also strongly increased VCAM-1, ICAM-1,
MCP-1, TNFα, IL-1β, and IL-6 mRNA levels in heart, liver, and kidney (Table 2). However,
none of these LPS-induced increases in inflammatory gene expression were diminished in
gp91phox−/− or p47phox−/− mice compared to WT mice (Table 2). To the contrary, LPS-
induced expression of ICAM-1, MCP-1, TNFα and IL-1β in heart, TNFα and IL-1β in lung,
and IL-1β in liver was significantly higher in gp91phox−/− than WT mice, and hepatic IL-1β
gene expression also was significantly higher in p47phox−/− mice (P<0.05, n=4–8). These data
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suggest that NADPH oxidase is not required for LPS-induced tissue inflammation and may in
fact reduce LPS-induced transcriptional regulation of several inflammatory genes.

Finally, there was no significant difference in TLR4 gene expression in gp91phox−/− and
p47phox−/− mice compared to WT mice, except in the liver of p47phox−/− mice, where TLR4
mRNA levels were significantly higher than in WT animals (P<0.05, n=4–8). These data
suggest that the increase in LPS-induced expression of several inflammatory genes in
gp91phox−/− mice is not due to increased TLR4 expression.

Deficiency of gp91phox or p47phox does not diminish LPS-induced NFκB or AP-1 activation
It is well documented that the redox-sensitive transcription factors, NFκB and AP-1, play
prominent roles in LPS-induced transcriptional regulation of most inflammatory genes that
contribute to the development of septic shock and multiple organ failure (13). Hence, we
determined the role of NADPH oxidase in the activation of these transcription factors in various
organs. Treatment with LPS increased NFκB and AP-1 DNA binding activity in a time-
dependent manner in lung of WT mice (Fig. 5). Both NFκB and AP-1 binding activities
appeared to peak at 3 hours. AP-1 activity returned to baseline after 24 hours, while NFκB
activity remained elevated throughout the experiment. Treatment of WT mice with LPS for 3
hours markedly activated NFκB and AP-1 in lung, heart, liver, and kidney (Table 3), which
was associated with increased protein levels and gene expression of inflammatory mediators
in serum and tissues (Table 1 and Table 2), respectively. However, genetic deficiency of
gp91phox and p47phox did not diminish LPS-induced activation of NFκB and AP-1 in all organs
examined (Table 3), suggesting that NADPH oxidase is not essential for LPS-induced
activation of these redox-sensitive transcription factors.

Deficiency of gp91phox increases LPS-induced neutrophil recruitment to lung and heart
As neutrophils and other phagocytic cells such as monocyte-macrophages play critical roles
in acute tissue inflammatory responses, we assessed MPO gene expression, a biomarker of
neutrophils, in various organs after LPS challenge. As shown in Fig. 6, treatment of animals
with LPS strongly increased MPO mRNA levels in lung, heart, and kidney of gp91phox−/−,
p47phox−/−, and WT mice. Interestingly, LPS-induced expression of MPO in lung and heart
was significantly increased in gp91phox−/− mice compared to WT mice (P<0.05, n=4–8). These
data further support the notion that genetic deficiency of gp91phox increases rather than
decreases LPS-induced inflammatory responses in vivo.

Deficiency of gp91phox or p47phox does not improve survival of endotoxemic mice
Finally, we investigated whether genetic deficiency of NADPH oxidase protects against LPS-
induced endotoxemic death in mice. As shown in Fig. 7, i.p. injection of 1.5 mg LPS caused
90% of WT mice to expire within 48 to 72 hours. However, no reduction in mortality was
observed for both gp91phox−/− and p47phox−/− mice, suggesting that NADPH oxidase is not
playing a significant role in LPS-induced endotoxemic death.

DISCUSSION
Increased ROS production and oxidative stress during endotoxemia are thought to causally
contribute to cell and tissue injury, systemic sepsis syndrome, and septic shock and death (4,
25,28–30). ROS also modulate a number of cell signaling pathways resulting in transcription
factor activation (17,18). Recent studies have suggested that NADPH oxidase-derived ROS
(NOX-ROS) act as second messengers mediating LPS-induced inflammatory responses (16,
17,29,31–33). Contrary to this notion, in the present study we found that LPS-induced
inflammatory responses were not significantly diminished in gp91phox−/− and p47phox−/− mice
compared to WT mice. In fact, genetic deficiency of NADPH oxidase was associated with
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increased gene expression of several inflammatory mediators and increased neutrophil
recruitment to lung and heart. Furthermore, no protection from septic death was observed in
either knockout mouse. These findings indicate that NOX-ROS and cellular redox signaling
do not promote but instead limit LPS-induced inflammatory responses.

Our findings raise interesting questions about the mechanisms underlying ROS-mediated
signal transduction pathways in sepsis. It is well documented that the “classic” TLR4 pathway
plays a major role in LPS signaling during sepsis (34). TLR4 recognizes LPS from Gram-
negative bacteria and mediates the innate immune response by activating IκB kinase (IKK)
and mitogen-activated protein kinase kinases (MKK), which in turn activate NFκB and AP-1,
respectively (12,34) (Scheme 1). Cell culture studies have shown that LPS also stimulates the
NOX-ROS pathway via TLR4-mediated Rac 1 and NOX4 activation, with the resulting ROS
acting as second messengers for the classic TLR4 pathway (18,19,22,35) (Scheme 1).
However, several signaling cascades have been recently identified that activate NFκB without
the involvement of ROS, and ROS-mediated NFκB activation may be restricted to certain cell
types (36,37). Overall, the current evidence suggests that the NOX-ROS pathway is not
sufficient to mediate LPS-induced inflammatory responses but may serve to amplify LPS
signaling along the classic TLR 4 pathway (22,35,38,39) (Scheme 1).

The evidence from in vivo studies for a role of the NOX-ROS pathway in inflammatory
responses to LPS or bacterial infection, however, is scant and controversial (16,17,24–26,40–
42). Koay et al. (17) reported that pulmonary NFκB activation by LPS (5 µg/g bw, i.p.) was
similar in p47phox−/− and WT mice, but lower in p47phox−/− mice when a higher dose of LPS
(20 µg/g bw) was used. In the present study, we used 2.5µ g LPS per g body weight, which is
a low dose, and – in agreement with Koay et al. (17) – we did not observe a reduction in
NFκB and AP-1 activation and inflammatory gene expression in gp91phox−/− and p47phox−/−
mice compared to WT mice. These results suggest that either ROS are not required for NFκB
activation following low-dose LPS, or gp91phox- and p47phox-deficient mice are able to
compensate for the defect in NADPH oxidase by engaging alternate mechanisms of ROS
production, such as mitochondria (43,44) or xanthine oxidase (45,46). Sato et al. (25) also
found no differences between p47phox−/− and WT mice in LPS-induced lung injury, alveolar
damage, and infiltration of neutrophils and monocytes, and Swain et al. (26) observed no
amelioration of pulmonary damage in Pneumocystis-infected gp91phox−/− mice compared to
WT mice. These results suggest that NADPH oxidase and oxidative mechanisms of neutrophil
function do not play a major role in lung injury after exposure to bacteria or LPS.

In contrast, Gao et al. (16) reported that, in an E. coli -mediated septic mouse model,
p47phox- and gp91phox-deficiency was associated with reduced lung microvascular injury,
suggesting a role for ROS. Similarly, Sadikot et al. (24) found that NFκB activation and
TNFα levels were significantly decreased in p47phox−/− compared to WT mice following P.
aeruginosa infection. These discrepant results (16,17,24–26),may be attributed to different
animal models, LPS doses, or bacterial stimuli used, as well as different time points at which
measurements were performed.

In the present study, gene expression of MCP-1 and the inflammatory cytokines, IL-6,
TNFα, and IL-1β, was significantly higher in lung and heart of LPS-treated gp91phox−/− mice
than WT mice, and the same was true for hepatic IL-1β gene expression in gp91phox−/− and
p47phox−/− mice. Further, genetic deficiency of NADPH oxidase appeared to promote
neutrophil recruitment to lung and heart. These data suggest that NOX-ROS suppress–rather
than enhance–the inflammatory response to LPS, and are in agreement with previous reports
that lack or impairment of NADPH oxidase confers a state of hyperinflammation (17,47–50).
For example, LPS-exposed p47phox−/− mice exhibited enhanced pulmonary inflammation due
to increased neutrophil influx and macrophage-inflammatory protein-2 (MIP-2) levels
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compared to WT mice (17). Furthermore, increased lung infiltration of inflammatory cells,
activation of alveolar monocyte-macrophages, and levels of MCP-1 and MIP-1α in
bronchoalveolar lavage fluid were found in NADPH oxidase-deficient mice following cytoxan
treatment, irradiation, or allogeneic bone marrow transplantation (47). Similarly, a recent study
found a significant increase in lung inflammation and alveolar damage, TLR4 expression, and
NFκB activation in cigarette-smoke exposed gp91phox−/− and p47phox−/− mice compared to
WT mice (48). Deficiency of gp91phox was also reported to markedly increase pulmonary
cytokine and chemokine expression and neutrophil recruitment in a mouse model of
pneumococcal pneumonia (49). These results might also relate to clinical observations in
subjects with chronic granulomatous disease (CGD), who have a genetic deficiency of NADPH
oxidase: these patients are much more prone to infection and suffer from a variety of enhanced
inflammatory conditions (50,51).

The putative anti-inflammatory activity of NADPH oxidase represents an interesting and
surprising function, and the underlying molecular mechanisms need to be further studied.
Marriott et al. (49) suggested increased neutrophil apoptosis due to increased NOX-ROS as a
possible underlying mechanism, based on their findings of increased neutrophil numbers in
lung of gp91phox−/− mice 24 and 48 hours after pneumococcal infection. However, our data
do not favor this hypothesis because pulmonary MPO mRNA levels in gp91phox−/− mice were
already significantly increased 3 hours after LPS injection, indicating that NOX-ROS may
inhibit early phase proinflammatory signals that otherwise would induce acute neutrophil
activation and infiltration into lung tissue.

Interestingly, we observed that LPS-induced expression of several inflammatory mediators
was significantly increased in lung and heart of gp91phox−/− mice but not p47phox−/− mice.
These data are consistent with the observation that inflammatory manifestations of CGD are
more common in the X-linked form (gp91phox deficiency), in which the patients’ phagocytes
completely lack ROS production (50), than in the autosomal-recessive form (most often
p47phox deficiency) (51), in which the cells are able to produce minute but detectable amounts
of ROS (52). Therefore, it is possible that small differences in the levels of NOX-ROS have a
noticeable impact on cellular function and biologic phenotype.

Finally, our results showed that genetic deficiency of gp91phox or p47phox did not protect from
LPS-induced septic death. This observation is consistent with a previous report that deficiency
of gp91phox did not protect mice from LPS-induced lethality (53). It is still possible that certain
cells, tissues, or organs were protected, which could have been obscured by alternative
mechanisms or causes of oxidative stress. However, we found no protection from LPS-induced
production of inflammatory mediators and activation of NFκB and AP-1 in several organs of
both gp91phox−/− and p47phox−/− mice compared to WT mice.

In conclusion, the data presented in this paper strongly suggest that NADPH oxidase-derived
ROS and redox-sensitive cell signaling pathways do not promote but rather limit LPS-induced
acute inflammatory responses in vivo. More research is needed to fully elucidate the underlying
mechanisms.
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LIST OF ABBREVIATIONS
AP-1, activator protein-1
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bw, body weight
CGD, chronic granulomatous disease
ERK, extracellular receptor-activated kinase
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
ICAM-1, intercellular adhesion molecule-1
IKK, IκB kinase
IL, interleukin
LBP, LPS-binding protein
LPS, lipopolysaccharide
JNK, c-Jun kinase
MCP-1, monocyte chemoattractant protein-1
MIP, macrophage-inflammatory protein
MKK, mitogen-activated protein kinase kinase
MPO, myeloperoxidase
NFκB, nuclear factor κB
NOX-ROS, NADPH oxidase-derived ROS
PMN, polymorphonuclear neutrophils
Redox, reduction-oxidation
ROS, reactive oxygen species
sICAM-1, soluble intercellular adhesion molecule-1
sVCAM-1, soluble vascular cell adhesion molecule-1
TLR, Toll-like receptor
TNFα, tumor necrosis factor α
VCAM-1, vascular cell adhesion molecule-1
WT, wild-type
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Fig. 1. Time-course of LPS-induced increases in serum levels of sVCAM-1 (A), sICAM-1 (B),
MCP-1 (C), and TNF (D) in wild-type and gp91phox−/− mice
Wild-type (solid circles) and gp91phox−/− (open circles) mice were injected i.p. with HBSS (0
time point control) or 50µ g LPS as described in Methods. At the indicated time points after
LPS injection, the animals were sacrificed and blood was collected. Serum sVCAM-1,
sICAM-1, MCP-1, and TNFα were measured by ELISA. Data shown are mean values ± SEM
of 4–8 animals.
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Fig. 2. Dose-response of LPS-induced increases in serum levels of sVCAM-1 and sICAM-1 (A),
MCP-1 (B), and TNFα (C) in wild-type mice
Wild-type mice were injected i.p. with HBSS (control) or different doses of LPS as described
in Methods. Three hours after LPS injection, the animals were sacrificed and blood was
collected. Serum sVCAM-1, sICAM-1, MCP-1, and TNFα were measured by ELISA. Data
shown are mean values ± SEM of 4–8 animals.
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Fig. 3. Time-course of LPS-induced increases in lung VCAM-1 (A), ICAM-1 (B), MCP-1 (C),
TNFα (D), IL-1β (E), and IL-6 (F) mRNA levels in wild-type and gp91phox−/− mice
Wild-type (solid circles) and gp91phox−/− (open circles) mice were injected i.p. with HBSS (0
time point control) or 50µ g LPS as described in Methods. At the indicated time points after
LPS injection, the animals were sacrificed and total RNA was isolated from lung. Real-time
quantitative PCR analysis was performed for VCAM-1, ICAM-1, MCP-1, TNFα, IL-1β, IL-6,
and GAPDH mRNA. Data were expressed as fold of HBSS-treated control after normalization
to the internal control gene, GAPDH, and are presented as mean values ± SEM of 4–8 animals.
*P<0.05 compared to WT mice.
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Fig. 4. Dose-response of LPS-induced increases in lung VCAM-1 and ICAM-1 (A), MCP-1 and
IL-6 (B), IL-1β (C), and TNFα (D) mRNA levels in wild-type mice
Wild-type mice were injected i.p. with HBSS (control) or different doses of LPS as described
in Methods. Three hours after LPS injection, the animals were sacrificed and total RNA was
isolated from lung. Real-time quantitative PCR analysis was performed for VCAM-1, ICAM-1,
MCP-1, TNFα, IL-1β, IL-6, and GAPDH mRNA. Data were expressed as fold of HBSS-treated
control after normalization to the internal control gene, GAPDH, and are presented as mean
values ± SEM of 4–8 animals.
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Fig. 5. Time-course of LPS-induced activation of lung NFκB and AP-1 in wild-type mice
Wild-type mice were injected i.p. with HBSS (0 time point control) or 50µ g LPS as described
in Methods. One, 3, and 24 hours after LPS injection, the animals were sacrificed and nuclear
extracts were isolated from lung. NFκB (p65)/DNA (closed circles) and AP-1 (c-fos)/DNA
(open circles) binding activities were quantified by ELISA. Data were expressed as fold of
HBSS-treated control and are presented as mean values ± SEM of 4–8 animals.
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Fig. 6. LPS-induced increases in myeloperoxidase mRNA levels in various organs of wild-type,
gp91phox−/− (A), and p47phox−/− (B) mice
Wild-type, gp91phox−/−, and p47phox−/− mice were injected i.p. with HBSS (control) or 50µ
g LPS as described in Methods. Three hours after LPS injection, the animals were sacrificed
and total RNA was isolated from various organs. Real-time quantitative PCR analysis was
performed for MPO and GAPDH mRNA. After normalization to the internal control gene,
GAPDH, the results for the MPO gene were expressed as fold of control. Data shown are mean
values ± SEM of 4–8 animals. *P<0.05 compared to WT mice
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Fig. 7. LPS-induced endotoxemic death in wild-type, gp91phox−/− (A), and p47phox−/− mice
Wide-type (closed circles), gp91phox−/− (open circles, panel A) and p47phox−/− mice (open
circles, panel B) were injected i.p. with 1.5 mg LPS as described in Methods. The animals were
monitored for survival three times daily for up to five days. The numbers of animals used were:
10 and 19 wild-type mice, respectively, in Panels A and B; 10 gp91phox−/− mice; and 11
p47phox−/− mice.
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Scheme 1. Diagram depicting the TLR4 and NOX-ROS pathways
LPS binds to LPS-binding protein (LBP) and CD14, thus activating TLR4. TLR4 activates
two major kinases: IκB kinase (IKK), which phosphorylates IκB, leading to its ubiquitylation
and subsequent degradation and NFκB translocation to the nucleus; and mitogen-activated
protein kinase kinases (MKK), which phosphorylate and activate c-Jun kinase (JNK),
extracellular receptor-activated kinase (ERK), and p38 kinase, leading to AP-1 activation.
Activated NFκB and AP-1 in the nucleus bind to DNA promoter regions to induce
inflammatory gene transcription. In the NOX-ROS pathway, LPS activates TLR4, which in
turn activates NADPH oxidase through Rac1 and Nox4. While it has been hypothesized that
ROS generation by NADPH oxidase enhances IKK and MKK activity (arrows marked “?”),
the results presented in this paper indicate that the NOX-ROS pathway contributes to the
resolution of LPS-induced inflammation.
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Table 1
Genetic deficiency of gp91phox or p47phox does not diminish the LPS-induced increase in serum levels of
inflammatory mediators
Wild-type, gp91phox−/−, and p47phox−/− mice were injected i.p. with HBSS (control) or 50 µg LPS as described in
Methods. Three hours after LPS injection, the animals were sacrificed and blood was collected. Serum sVCAM-1,
sICAM-1, MCP-1, and TNFα were measured by ELISA. Data shown are from LPS-treated groups and presented as
mean values ± SEM of 4–8 animals.

sVCAM-1 sICAM-1 MCP-1 TNFα

(ng/ml) (ng/ml) (ng/ml) (pg/ml)

WT 1327 ± 144 1331 ± 42 94 ± 21 416 ± 87

gp91−/− 1237 ± 112 1221 ± 137 114 ± 16 700 ± 133

WT 1231 ± 183 1171 ± 161 82 ± 46 488 ± 188

p47−/− 1747 ± 183 1395 ± 103 119 ± 15 965 ± 288
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