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ABSTRACT—Leukocyte Nox2 is recognized to have a fundamental microbicidal function in sepsis but the specific role of

Nox2 in endothelial cells (EC) remains poorly elucidated. Here, we tested the hypothesis that endothelial Nox2

participates in the pathogenesis of systemic inflammation and hypotension induced by LPS. LPS was injected

intravenously in mice with Tie2-targeted deficiency or transgenic overexpression of Nox2. Mice with Tie2-targeted

Nox2 deficiency had increased circulating levels of TNF-a, enhanced numbers of neutrophils trapped in lungs, and

aggravated hypotension after LPS injection, as compared to control LPS-injected animals. In contrast, Tie2-driven Nox2

overexpression attenuated inflammation and prevented the hypotension induced by LPS. Because Tie2-Cre targets both

EC and myeloid cells we generated bone marrow chimeric mice with Nox2 deletion restricted to leukocytes or ECs. Mice

deficient in Nox2 either in leukocytes or ECs had reduced LPS-induced neutrophil trapping in the lungs and lower plasma

TNF-a levels as compared to control LPS-injected mice. However, the pronounced hypotensive response to LPS was

present only in mice with EC-specific Nox2 deletion. Experiments in vitro with human vein or aortic endothelial cells

(HUVEC and HAEC, respectively) treated with LPS revealed that EC Nox2 controls NF-kB activation and the

transcription of toll-like receptor 4 (TLR4), which is the recognition receptor for LPS. In conclusion, these results

suggest that endothelial Nox2 limits NF-kB activation and TLR4 expression, which in turn attenuates the severity of

hypotension and systemic inflammation induced by LPS.
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ABBREVIATIONS—ATB—antibiotic; BM—bone marrow; BP—blood pressure; CLP—cecal ligation and puncture; EC—

endothelial cells; EDTA—ethylenediaminetetraacetic acid; ip—intraperitoneal; iv—intravenous; KO—knockout; LPS—

Lipopolysaccharide; MPO—myeloperoxidase; NF-kB—nuclear factor-kappa B; NO—Nitric oxide; NOS—nitric oxide

synthase; Nox2—NADPH oxidase 2; ROS—reactive oxygen species; sc—subcutaneous; Tie2—tyrosine-protein kinase

receptor (Tie2* receptor for angiopoietin 1 and 4); TLR2—toll-like receptor 2; TLR4—toll-like receptor 4; TLR9—toll-like

receptor 9; TNF-a—tumor necrosis factor-alpha; WT—wild type
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INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by a

dysregulated host response to infection. The systemic inflam-

mation resulting from sepsis can be complicated by multi-organ

failure and may progress to septic shock (1). Structural and

functional changes of the endothelium occur in septic patients,

with a positive feedback leading to production of inflammatory

mediators, expression of adhesion molecules, hypotension, and

hypoperfusion (1, 2). The precise mechanisms leading to

endothelial dysfunction in sepsis are incompletely understood,

but previous studies suggest that reactive oxygen species (ROS)

are involved in its pathophysiology (3, 4).

NADPH oxidase-2 (Nox2) is a multisubunit complex based

on the catalytic subunit Nox2 and dedicated to ROS production.

mailto:ajay.shah@kcl.ac.uk
http://www.shockjournal.com/
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Agonist-induced post-translational modifications in p47phox,

p67phox, Rac1/2, and p40phox cytosolic subunits result in their

translocation to the cell membrane where they bind to Nox2/

p22phox. The assembly of cytoplasmic and membrane subunits

of NADPH oxidase-2 activates electron transfer from NADPH

to molecular oxygen to generate superoxide (4).

Nox2 was initially identified in neutrophils where it is

fundamental for killing of phagocytized microorganisms. In

addition to phagocytes, Nox2 is also expressed in other cell

types where it has specific functions in redox-sensitive

intracellular signaling pathways (5). For example, Nox2

limits the suppressive ability of regulatory T cells thereby

aggravating T cell infiltration into the heart and cardiac

remodeling induced by angiotensin II (ANG II) (6) whereas

cardiomyocyte Nox2 modulates mitogen-activated protein

kinase (MAPK) signaling to enhance ANG II-induced heart

hypertrophy (7).

Previous studies from our laboratory and others showed that

Nox2 in endothelial and other cell types participates in the

pathogenesis of ANG II-induced hypertension and myocardial

remodeling (6–11). However, the role of endothelial Nox2 in

the setting of sepsis or in experimental models of endotoxemia

remains unclear. Some studies suggest that Nox2 activation in

EC is detrimental in endotoxemia because superoxide and other

ROS collectively contribute to necrosis of venular EC (12) and

inactivate catecholamines (13), which might aggravate hypo-

tension and multi-organ failure. On the other hand, Nox2 could

be protective in sepsis by producing superoxide, which scav-

enges NO and, consequently, preventing severe hypotension. In

line with the latter hypothesis, many studies showed that

endothelial Nox2 modulates the magnitude of endothelium-

dependent relaxation by reducing NO bioactivity, both in

animal and humans tissues (14–16). Additionally, Nox2 can

negatively regulate TLR4 expression and NF-kB activation in

leukocytes, key drivers of systemic inflammation in endotox-

emia and sepsis (17–19).

TLR4, the recognition receptor for lipopolysaccharide (LPS

or endotoxin), is activated upon interaction with LPS and has an

important role in sepsis. Small amounts of circulating LPS

(endotoxin) induce TLR4 activation and initiate intracellular

signaling that results in the production of pro-inflammatory

cytokines, such as TNF-a and IL-6 (20). Previous work from

our group showed that animals deficient in TLR4 signaling

displayed reduced mortality in a model of severe cecal ligation

and puncture (CLP)-induced sepsis (21). In addition, TLR4 has

been implicated in modifying blood pressure in models of

endotoxemia (22, 23).

In this study, we used a variety of gene-modified mouse

models to test the hypothesis that EC Nox2 modulates the

systemic response to LPS and to investigate the role of TLR4

in such effects. We found that endothelial Nox2 synergizes

with leukocyte Nox2 to limit the severity of systemic inflam-

mation and hypotension induced by LPS, with endothelial

Nox2 being particularly important in reducing the extent of

the hypotensive response. Mechanistically, endothelial Nox2

downregulates NF-kB activation and subsequent TLR4

expression, which may contribute to reduced multi-organ

failure and death.
MATERIAL AND METHODS

Reagents

LPS serotype O111:B4 from E. coli was purchased from Sigma-Aldrich (St.
Louis, USA, Cat. L2630). Antibodies were: anti-gp91phox from BD Pharmigen
(Franklin Lakes, USA. Cat. 611414); anti-p65 from Santa Cruz Biotechnology
(Dallas, Tex. Cat. sc-372); goat anti-mouse and donkey anti-rabbit secondary
antibodies conjugated, respectively, with Alexa Fluor 555 or Alexa fluor 488 from
Invitrogen (Carlsbad, USA. Cat. A21422, Cat.A21206); anti-CD31 from BD
Pharmigen (San Diego, Calif. Cat. 550274); anti-TLR4 from Abcam (Cambridge,
UK. Cat. ab22048). Dihydroethidium (DHE) was purchased from Molecular
Probes (Eugene, Ore, Cat. D1168). The peptides gp91ds-tat [H]-R-K-K-R-R-Q-
R-R-R-C-S-T-R-I-R-R-Q-L-NH2 and scrambled-tat [H]-R-K-K-R-R-Q-R-R-R-
C-L-R-I-T-R-Q-S-R-NH2 were synthethized by Anaspec (San Jose, Calif) (24).

Animal procedures

Experiments were performed in 6 to 8-week-old male mice on a C57BL/6
background. Male mice were used to simplify the breeding strategy as Nox2 is
located on the X chromosome, and also to minimize estrogen-dependent fluctua-
tions in response. We used C57BL/6 mice (wild type, WT), Nox2-/y (global Nox2
knockout [KO]), TLR4-/-, TLR2-/-, TLR9-/- and mice with Tie-2-targeted deletion
of Nox2 (Nox2fl/flTie2Creþ or EC/L-Nox2KO) or Tie-2-targeted overexpression
of Nox2 (Nox2Tg). Global Nox2 knockout mice were obtained from Jackson
Laboratories and bred locally. Mice with Tie2-targeted Nox2 overexpression or
deletion were generated as described previously (9, 10, 14). Nox2fl/fl mice were
used as the Nox2-replete controls for tissue-specific Nox2 KO mice. Bone marrow
(BM) chimeric mice were also generated (described later) and allowed to recover
for at least 4 weeks before further study (10). LPS (10 mg/kg) was administered
intravenously in mice under isoflurane anesthesia.

Clinical severity scores were determined at 2-hourly intervals after LPS
injection. The maximum possible score of 18 comprised the presence of the
following signs: lethargy, piloerection, tremors, periorbital exudates, respira-
tory distress, and diarrhea, which were each assessed as mild (þ), moderate
(þþ), or severe (þþþ) by two independent blinded researchers.

To induce cecal ligation and puncture (CLP), mice were anesthetized intra-
peritoneally with ketamine (100 mg/kg) and xylazine (10 mg/kg), and, after a
ligation near the ileo-cecal colic valve, a double puncture was made in the cecum
using a 26-gauge needle. Some mice were treated with apocynin (200 mg/kg) or
vehicle (10% Tween 20) subcutaneously 30 min before surgery. All mice were
treated with antibiotics (ATB, ertapenem sodium, 30 mg/kg) i.p. 6 h after surgery
and 12 hourly thereafter. Survival was evaluated up to 7 days after surgery.

All studies were conducted in accordance with institutional ethical guide-
lines (Ethical guidelines of the Ribeirao Preto Medical School, University of
Sao Paulo, Sao Paulo, Brazil, protocols 062/2013 and 032/2011; and King’s
College London Biological Safety Unit) and the UK Home Office Guidance on
the Operation of the Animals (Scientific Procedures) Act, 1986.

NF-kB activity.

Human umbilical vein endothelial cells (HUVEC) or human aortic endothelial
cells (HAEC) were transfected with NF-kB firefly luciferase (pGL4.32[luc/NF-
kB-RE/Hygro], Promega, Wis) and thymidine kinase renilla luciferase
(pGL4.73[hRluc/SV40], Promega) vector plasmids using Lipofectamine LTX
with Plus Reagent (Invitrogen, Carlsbad, Calif). Plasmids expressing the minimal
firefly and thymidine kinase renilla promoters were used as controls. Luciferase
activities in cell lysates were determined using the Dual-Glo luciferase system
(Promega) in a 96-well plate luminometer (Mithras LB 940 Multimode Micro-
plate Reader, Berthold Technologies, Calmbacher, Germany).

qRT-PCR

Standard methods were used for real-time qPCR with Syber Green reagent
(ThermoFisher Scientific) on an Eppendorf Mastercycler instrument. The com-
parative cycle threshold method was used for quantification (fold increase ¼ 2-

DDct). Primers were: murine TLR4 sense (5’-CCAAGCCTTTCAGGGAATTAA-
3’), murine TLR4 antisense (5’-GCCAGGTTTTGAAGGCAAGT-5’), murine
GAPDH sense (5’-CATCTTCTTGTGCAGTGC-3’), murine GAPDH antisense
(5’-CGGCCAAATCCGTTCAC-3’); human GAPDH sense (5’-GGGAAGGT-
GAAGGTCGGA-3’); human GAPDH antisense (5’-GCAGCCCTGGTGAC-
CAG-3’); human TLR4 sense (5’-GTCTGCAGGCGTTTTCTTCT-3’); human
TLR4 antisense (5’-AAGTGAAAGCGGCAACCTTA-3’). GAPDH mRNA lev-
els were used for normalization.

Blood pressure

Systolic blood pressure (BP) was determined by tail-cuff plethysmography
using a noninvasive blood pressure system (CODA standard, Kent Scientific,
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San Diego, Calif). Animals were acclimatized to blood pressure measurement
over 1 week prior to commencing experiments. Blood pressure measurements
were determined 6 h after LPS injection (22).

Cytokine measurements

TNF-a and IL-6 levels were quantified by enzymatic-linked immunosorbent
assay (ELISA) using antibodies from R&D Systems (Cat. DY410-05, Cat.
DY406-05). The cytokines measured acutely after LPS injection correlate with
sepsis mortality in previous clinical studies (25).

Lung neutrophil sequestration, plasma AST,
and urea levels

Myeloperoxidase activity was measured as an index of neutrophil trapping in
lungs as previously described (26) and modified (27). Briefly, the lungs were
homogenized in a NaPO4 0.02 mol/L buffer. The erythrocytes were lysed in
NaCl 0.2% buffer and neutrophils disrupted in NaPO4 buffer 0.05 mol/L with
hexadecyl-trimetil-amonium bromide. Samples were diluted in NaPO4

0.08 mol/L and incubated with hydrogen peroxide 0.5 mmol/L and 3,3,5,5-
tetramethyl benzidine (Sigma, St. Louis, Calif. Cat. T2885) 1.6 mmol/L.

Plasma concentrations of aspartate aminotransferase (AST) and urea were
measured using commercial kits (Labtest, Brazil; Bioclin, Brazil, Cat. 109 and
27, respectively) and the absorbance measured in a Molecular Devices Spec-
tramax 190 Laboratory Microplate spectrophotometer.

Cultures of HUVEC and HAEC

Primary HUVEC and HAEC were purchased from Life Technologies
(Carlsbad, Calif) and Lonza (Cambridge, UK), respectively. Cells were cultured
to passage 5 in M199 medium, with supplemental growth factors (endothelial
cell growth factor 1 ng/mL, heparin 10 U/mL, thymidine 2.5 mg/mL, and human
b-endothelial cell growth factor 3 mg/mL). Plates were coated with fibronectin
(Sigma-Aldrich, St. Louis, USA) before seeding the cells.

Immunofluorescence

Cells or 7-mm-thick tissue sections were fixed with 4% paraformaldehyde
for 30 min and permeabilized in 0.2% Triton-X for 30 min. Unspecific
interactions were blocked by incubation with 2% BSA plus 1:50 goat serum
solution for 30 min. Primary antibodies were used at 1:100 to 1:200 dilution.
Images were acquired on a confocal microscope (TCS SP5 II, Leica) or an
Olympus 1X81 inverted epifluorescence microscope.

ROS assay

Dihydroethidium (DHE) oxidation products were quantified as described
previously (28). Briefly, HUVEC or HAEC were incubated with scrambled-tat
or gp91ds-tat (30 mM) for 1 h, then stimulated with LPS (200 ng/mL) for 4 h.
Cells were washed and incubated with DHE (100 mM, 378C), then scraped in
acetonitrile for lyophilization. Quantification of DHE products was performed
by high-performance liquid chromatography (HPLC).

DHE fluorescence was used to estimate ROS production in mesenteric
vessels. For this, 7-mm-thick tissue sections were incubated with 3 mM DHE in
PBS with DTPA (diethylenetriamine-pentacetic acid 100 mM) for 30 min and
then images obtained immediately on an Olympus 1X81 inverted epifluor-
escence microscope.

Statistics

Analyses were performed using GraphPad Prism software 7.03 (La Jolla,
Calif). The Log-rank (Mantel-Cox) test was used to evaluate survival rates.
Clinical scores and blood pressure measurements were compared using 2-way
ANOVA followed by Bonferroni post-test. Mann–Whitney U test was used to
assess variables with two experimental groups and Kruskal–Wallis test fol-
lowed by Dunn’s post-hoc correction for analyses involving >2 experimental
groups. P< 0.05 was considered significant.
RESULTS

Nox2 modulates the severity of LPS-induced systemic
inflammation and hypotension

To study the role of Nox2 independent of its microbicidal

activity (29–31), we first compared the responses of global

Nox2-deficient mice (32) and WT controls in a model of
intravenous LPS injection. Experimental endotoxemia mimics

features of the inflammatory response observed in sepsis (33).

After LPS injection, the WT mice showed an 85% survival rate

whereas global Nox2-deficient mice had a survival rate of 45%

(see Figure, Supplemental Digital Content 1, at http://links.

lww.com/SHK/B192). The global Nox2-deficient mice had

higher plasma TNF-a and IL-6 levels than WT mice after

LPS injection (Fig. 1, A and B). Global Nox2 deficiency also

resulted in an increased number of neutrophils trapped in the

lungs (Fig. 1C), lower blood pressure (Fig. 1D) and a greater

degree of renal and liver damage as indexed by plasma urea

(Fig. 1E) and aspartate aminotransferase (AST), respectively

(Fig. 1F). Therefore, global Nox2 deficiency results in an

enhanced pro-inflammatory state and evidence of organ dys-

function during the acute phase after LPS challenge.

Effects of EC Nox2 on inflammation and blood pressure

Since EC–leukocyte interaction is a key component of sys-

temic inflammation (3), Nox2 present in either cell type might

contribute to LPS-induced release of inflammatory mediators

and hypotension. We evaluated the responses to LPS in mice with

Tie2-targeted Nox2 deficiency in both EC and myeloid cells (EC/

L-Nox2KO) (9). EC and leukocyte-specific Nox2-deficient mice

expressed lower levels of Nox2 in mesenteric vessels, bone

marrow neutrophils, and aorta as compared with Nox2-replete

littermate controls (see Figure, Supplemental Digital Content

2A-C, at http://links.lww.com/SHK/B192). Additionally, a lower

DHE signal indicative of ROS production was observed in EC/L-

Nox2KO mice after LPS injection compared to control mice

(see Figure, Supplemental Digital Content 2D, at http://links.

lww.com/SHK/B192). LPS-treated EC/L-Nox2KO mice had

higher clinical scores (Fig. 2A) and systemic inflammation than

Nox2-replete control LPS-treated animals, along with a greater

number of lung neutrophils (Fig. 2B), higher plasma TNF-a

levels (Fig. 2C), and aggravated hypotension (Fig. 2D).

In contrast, the Tie2-targeted over-expression of Nox2

(Nox2Tg) (14) resulted in a phenotype opposite to that

observed in EC/L-Nox2KO animals. Nox2Tg mice had lower

clinical scores (Fig. 2E), less neutrophil sequestration in lungs

(Fig. 2F), lower plasma TNF-a levels (Fig. 2G), and a reduced

hypotensive response to LPS injection compared to littermate

controls (Fig. 2H). Of note, Nox2Tg mice expressed higher

levels of Nox2 in mesenteric vessels and Nox2 mRNA in aorta;

and showed higher DHE signal in mesenteric vessels as com-

pared to littermate controls under basal conditions (see Figure,

Supplemental Digital Content 3, at http://links.lww.com/SHK/

B192), as previously published (14).

To distinguish between the effects of Nox2 in EC versus

leukocytes, combinations of bone marrow (BM) chimeric mice

were next generated using endothelium/leukocyte-specific

Nox2-deficient mice (EC/L-Nox2KO) and Nox2-replete control

littermates as donors and/or recipients (Fig. 3A). Using this

approach, we produced animals with selective deficiency of

Nox2 solely in BM cells or in ECs (leukocyte-specific Nox2

deficiency and EC-specific Nox2 deficiency, respectively)—

which was confirmed by q-PCR (see Figure, Supplemental

Digital Content 4A-B, at http://links.lww.com/SHK/B192). Con-

trol Nox2-replete mice were given a transplant of Nox2-replete

http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192
http://links.lww.com/SHK/B192


FIG. 1. Nox2 limits LPS-induced systemic inflammation and hypotension. Wild-type (WT) and global Nox2-deficient (Global Nox2KO) mice were injected
with LPS (10 mg/kg i.v.). (A, B) Plasma TNF-a and IL-6 levels (ELISA) after LPS injection; (C) lung neutrophil sequestration 6, 12, and 24 h after LPS treatment; (D)
systolic blood pressure (BP) at baseline and 6 h after LPS injection; (E, F) plasma urea and aspartate aminotransferase (AST) 24 h after LPS injection. Graphs
represent mean � SEM (n¼3–5 per group). *P<0.05 for indicated comparisons. 2-way ANOVA followed by Bonferroni post-test (C, D) or Kruskal–Wallis
followed by Dunn’s multiple comparison test (A, B, E, F).
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BM cells while another control was to transplant EC/L-Nox2KO

mice with EC/L-Nox2KO BM. After LPS injection, leukocyte-

specific Nox2-deficient chimeric mice showed an increase in

ROS generation by mesenteric vessels as compared to control

mice injected with saline. This response was prevented in

EC-specific Nox2-deficient chimeric mice or in EC/leuko-

cyte-specific Nox2-deficient chimeric mice (see Figure, Supple-

mental Digital Content 4C, at http://links.lww.com/SHK/B192).

Consistent with the earlier results, EC/leukocyte-specific Nox2-

deficient chimeric mice showed worse clinical scores (Fig. 3B),

along with increased neutrophil trapping in lungs (Fig. 3C),

higher plasma TNF-a levels (Fig. 3D), and aggravated hypoten-

sion as compared to Nox2-replete controls (Fig. 3E). EC-specific

Nox2-deficient mice and leukocyte-specific Nox2-deficient

mice showed similar lung neutrophil sequestration and plasma

TNF-a levels to Nox2-replete controls (Fig. 3, C and D).

Leukocyte-specific Nox2-deficient mice and EC-specific

Nox2-deficient mice also had lower clinical scores than EC/

leukocyte-specific Nox2-deficient mice (Fig. 3B). However,

only EC-specific Nox2-deficient mice had a significant reduc-

tion in blood pressure levels as compared to control Nox2-replete

mice after LPS injection (Fig. 3E).

Taken together, our in vivo results indicate that both leuko-

cyte and EC Nox2 limit systemic inflammation in response to
LPS administration. However, only EC Nox2 affects the sever-

ity of hypotension induced by LPS.

Endothelial Nox2 limits NF-kB-activation and
transcription of TLR4

We previously published that BM neutrophils and peritoneal

macrophages deficient in Nox2 show increased expression of

TLR4 compared to WT cells after in vitro LPS stimulation (17).

Here, we found that after LPS injection, both global Nox2-

deficient mice and animals with Tie2-targeted Nox2 deficiency

(EC/L-Nox2KO) had higher TLR4 mRNA levels in aorta than

WT controls (Fig. 4, A and B). Mice with Tie2-targeted Nox2

overexpression (Nox2Tg) showed lower aortic TLR4 mRNA

levels (Fig. 4C). Both EC-specific Nox2-deficient and leuko-

cyte-specific Nox2-deficient chimeric mice showed similar

aortic TLR4 mRNA levels to control Nox2-replete mice

injected with LPS, whereas combined EC and leukocyte-

deficient mice had higher aortic TLR4 levels (Fig. 4D). These

results suggest that both EC and leukocyte Nox2 contribute to

the increase of TLR4 levels in aortic tissue.

To further investigate the molecular mechanism through

which EC Nox2 affects TLR4 expression, we next studied

HUVEC and HAEC stimulated with LPS. Pretreatment with a

Nox2-specific peptide inhibitor, gp91ds-tat, led to a higher

http://links.lww.com/SHK/B192


FIG. 2. Tie2-targeted Nox2 deficiency exacerbates systemic inflammation and hypotension induced by LPS. Combined EC/L-Nox2KO, Nox2-replete
(Nox2Flox), Tie2-targeted Nox2 overexpression (Nox2Tg), and littermate control mice were injected with LPS (10 mg/kg i.v.). (A, E) Median � interquartile range
of clinical scores; (B, F) mean � SEM of neutrophil sequestration in lungs; (C, G) plasma tumor necrosis factor (TNF)-a levels, 12 h after LPS treatment. (D, H)
Systolic blood pressure (BP) at baseline and 6 h after LPS injection. *P<0.05 for indicated comparisons (n¼3–7 per group). 2-way ANOVA followed by
Bonferroni’s post-test (A, D, E, H), or Kruskal–Wallis followed by Dunn’s multiple comparison test (B, C, F, G).
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LPS-induced TLR4 expression than in cells pre-incubated with

the scrambled-tat peptide control, sc-tat (Fig. 5A; See Figure,

Supplemental Digital Content 5A-B, at http://links.lww.com/

SHK/B192). HUVEC and HAEC showed increased ROS pro-

duction after LPS treatment, which was prevented by gp91ds-

tat but not the sc-tat peptide (see Figure, Supplemental Digital

Content 5C-D, at http://links.lww.com/SHK/B192).

Because TLR4 transcription is mainly regulated by NF-kB

(20) and Nox2 downregulates NF-kB activity in leukocytes

(19), we investigated whether endothelial Nox2 controls NF-

kB activity downstream of TLR4 activation by LPS. Indeed,

HUVEC and HAEC pre-incubated with gp91ds-tat showed

higher nuclear levels of the p65 NF-kB subunit (Fig. 5B;

See Figure, Supplemental Digital Content 5E, at http://links.

lww.com/SHK/B192), as well as increased NF-kB activity in a

luciferase reporter assay as compared to cells pre-incubated

with sc-tat (Fig. 5C; see Figure, Supplemental Digital Content

5F, at http://links.lww.com/SHK/B192).

To further confirm the relevance of the increased TLR4

expression under Nox2-deficient conditions in vivo and using

an animal model more similar to clinical polymicrobial sepsis,

we submitted TLR4-deficient mice to CLP. Some mice were

pretreated with an inhibitor of Nox2 (apocynin). All mice were

treated with antibiotics to normalize the bacterial load between

groups. Treatment with apocynin significantly decreased sepsis
survival (Fig. 5D) in accordance with our previously published

data (17). However, the higher mortality induced by inhibition

of Nox2 was not observed in TLR4-deficient mice treated with

apocynin (Fig. 5D). On the other hand, mice deficient in TLR2

or TLR9 demonstrated a higher mortality when treated with

apocynin to inhibit Nox2, as compared to mice with a func-

tional Nox2 (Fig. 5D). These results suggest a specific role of

Nox2 in regulating NF-kB driven TLR4 transcription.
DISCUSSION

EC are important sources of inflammatory mediators and EC–

leukocyte interactions are fundamental drivers in the pathogen-

esis of sepsis (2, 3). Here, we show that EC Nox2 limits systemic

inflammation and hypotension induced by LPS, which may be

attributed to the downregulation of NF-kB signaling and reduced

expression of TLR4 (see Figure, Supplemental Digital Content 6,

at http://links.lww.com/SHK/B192).

Global Nox2-deficient mice developed severe LPS-induced

systemic inflammation, hypotension and multi-organ dysfunc-

tion as compared to control animals, in accordance with

previous studies (17–19, 34). A similar phenotype was

observed in mice with combined EC and leukocyte Nox2

deficiency (Tie2-targeted Nox2 KO), whereas Tie2-targeted

Nox2 overexpressing mice (Nox2Tg) had reduced systemic
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FIG. 3. Endothelial Nox2 reduces the extent of systemic inflammation and hypotension induced by LPS. (A) Schematic depicting the generation of
bone marrow (BM) chimeric mice. BMT indicates bone marrow transplantation. Nox2 was deficient solely in endothelial cells (EC) (EC-Nox2KO) or BM cells (L-
Nox2KO). KO-KO represents Nox2 deficiency in both cell types and FLOX-FLOX represents irradiated Nox2-replete mice. (B) Median � range of clinical scores;
(C, D) mean � SEM of lung neutrophil sequestration and plasma tumor necrosis-(TNF)-a levels after LPS injection; (E) systolic blood pressure (BP) under
baseline conditions and 6 h after LPS injection. *P<0.05 for highlighted comparisons (n¼3 per group). 2-way ANOVA followed by Bonferroni post-test (B, E), or
Kruskal–Wallis followed by Dunn’s multiple comparison test (C, D).
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inflammation and hypotension induced by LPS. While the

Tie2-Cre approach efficiently targets EC, which abundantly

express Tie2 (the receptor for angiopoietin-2) (35), leukocytes

are also targeted (9). Since leukocytes participate in the path-

ogenesis of systemic inflammation and sepsis (36), we gener-

ated BM chimeric mice with deficiency of Nox2 solely in EC or

BM cells to distinguish the relative contribution of these cell

types. These experiments revealed that mice with EC-specific

deficiency of Nox2 but not those with leukocyte-specific

deficiency developed pronounced hypotension in response to

LPS. On the other hand, both EC and leukocyte Nox2 contrib-

uted to control the overall severity of systemic inflammation.

These findings corroborate the phenotype observed in global

Nox2-deficient mice and EC/L-Nox2KO mice, and highlight

the importance of Nox2-dependent interplay between these cell

types in controlling inflammatory responses to endotoxin.

We observed that mice with combined EC and leukocyte

Nox2 deficiency had higher TLR4 expression in aorta, whereas

Nox2Tg mice had the opposite response after LPS injection.

Because TLR4 is essential in the response to LPS, the molecu-

lar mechanism through which EC Nox2 controls LPS-induced

systemic inflammation may be linked to the transcriptional

regulation of TLR4. Consistent with our in vivo results, a

specific Nox2-inhibitor enhanced LPS-induced transcription

of TLR4 in cultured EC. Furthermore, studies in TLR4-
deficient mice subjected to CLP, in which Nox2 activity was

inhibited with apocynin, also supported an important role for

Nox2 in regulating the response to sepsis.

NF-kB is the main transcription factor responsible for the

synthesis of inflammatory mediators and TLR4 (20). Previous

studies have highlighted the importance of Nox2 in down-

regulating NF-kB transcriptional activity in a redox-dependent

manner (17–19). Similar to these previous findings in leuko-

cytes, EC lacking Nox2 activity displayed increased NF-kB

activation in response to LPS. These results help explain the

overwhelming inflammatory response observed in mice with

Tie2-targeted Nox2 deficiency when challenged with LPS. The

effect of Nox2 deficiency in EC to aggravate LPS-induced

hypotension might reflect an increased bioactivity of vasodila-

tor NO due to reduction in Nox2-derived superoxide (37, 38). It

is known that NO synthesis is induced during LPS challenge

and the deficiency of Nox2-derived superoxide may facilitate

an unrestrained action of NO. Although we did not directly

examine this possibility, previous work from our lab showed

that Nox2-overexpressing Tg mice do indeed have an increased

NO–superoxide interaction which results in a decrease in NO

biovailability (14). The increase in NF-kB/TLR4 signaling in

the absence of EC Nox2 may also lead to an increased

expression of inducible NO synthase (22, 38)—an established

contributor to LPS-induced hypotension (39). Although



FIG. 4. Nox2 deficiency in leukocytes and endothelial cells (EC) increases LPS-induced toll-like receptor (TLR4) expression in aorta. Levels of TLR4
mRNA in aorta 12 h after LPS injection (10 mg/kg i.v.) in global Nox2 deficient (Global Nox2KO, A), mice with Tie2-targeted Nox2 deficiency (EC/L-Nox2KO, B),
mice with Tie2-targeted Nox2 overexpression (Nox2Tg, C) and chimeric mice with Nox2 deficiency solely in bone marrow cells (L-Nox2KO) or in endothelial cells
(EC-Nox2KO) (D). WT indicates wild type. Graphs are mean� SEM (n¼3–6 per group). *P<0.05 for indicated comparisons. Kruskal–Wallis followed by Dunn’s
multiple comparison test.
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leukocytes can also produce NO and potentially could contrib-

ute to hypotension induced by LPS, BM chimeric mice with

deficiency of Nox2 solely in BM cells did not show attenuation

of hypotension after LPS injection, different from the animals

with EC-specific Nox2 deficiency. These results suggest that

acute severe hypotension in endotoxemia is mitigated by EC

Nox2 independent of Nox2 expression in leukocytes.

In contrast to the present report, some studies found a

harmful rather than beneficial effect of Nox2 in specific

inflammatory models or cultured EC (40, 41). These divergent

findings may be due to the use of higher LPS concentrations in

cultured cells. In fact, high concentrations of LPS are able to

induce pronounced and non-compartmentalized ROS genera-

tion by Nox2 in EC, which may promote oxidative damage and
an overstressed inflammatory response rather than modulating

intracellular signaling (7, 42, 43).

We further used the CLP sepsis model to investigate whether

Nox2 effects in controlling inflammatory response and hypo-

tension were linked to TLR4 upregulation. Corroborating our

previous study (17), mice lacking Nox2 activity showed higher

sepsis mortality compared to those with functional Nox2.

However, when TLR4 was also deficient, mortality during

sepsis was similar to that in control mice. Interestingly, this

effect was not observed in mice deficient in TLR2 or TLR9,

which had a higher mortality than controls after Nox2 inhibi-

tion. These differences may be explained by distinct transcrip-

tional regulation mechanisms among TLRs. Sp1/Sp3 as well as

NF-kB regulate TLR2 mRNA expression (44) and TLR9



FIG. 5. Endothelial Nox2 limits lipopolysaccharide (LPS)-induced transcription of toll-like receptor (TLR4) via nuclear factor (NF)-kB and reduces
sepsis mortality. (A–D) Human umbilical vein endothelial cells (HUVEC) were pre-incubated with gp91ds-tat (30 mmol/L) or scrambled-tat (sc-tat, 30 mmol/L)
and then stimulated with lipopolysaccharide (LPS, 200 ng/mL). (A) TLR4 mRNA levels 8 h after LPS stimulation. (B) Presence of p65 NF-kB subunit (green) in the
nucleus (blue), 30 min after LPS stimulation. Scale bars, 25 mm. (C) Luciferase reporter assay for NF-kB activation after LPS stimulation. RLU: relative lumen
units. Graphs and images represent mean� SEM of three independent experiments performed in triplicate. *P<0.05 for indicated comparisons. Kruskal–Wallis
followed by Dunn’s multiple comparison test. (D) Sepsis was induced by cecal ligation and puncture (CLP) in C57BL/6 wild-type (WT, n¼10) or TLR4-deficient
(TLR4-/-, n¼7), or TLR2-deficient (TLR2-/-, n¼5), or TLR9-deficient (TLR9-/-, n¼5) mice. Some animals were pretreated with the Nox2 inhibitor apocynin
(200 mg/kg, s.c.) All mice were treated with antibiotics (ATB, ertapenem sodium, 30 mg/kg, i.p.) after surgery. Survival was evaluated up to 7 days after surgery.
*P<0.05 compared to WT mice submitted to CLP and treated with ATB. +P<0.05 compared to WT mice submitted to CLP and treated with ATB plus apocynin.
Log-rank (Mantel–Cox) test.
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mRNA is regulated by CRE/CREB (45), whereas transcription

of TLR4 mRNA is mainly induced by NF-kB (46). Interest-

ingly, mice deficient in TLR4 treated with apocynin did not

show a better survival rate than WT mice after CLP (data not

shown), which is in accordance with our previous data impli-

cating TLRs in control of infection (21, 47), which becomes

irrelevant after the treatment of mice with antibiotics.

The beneficial or detrimental effects of Nox2 are likely to

depend upon the context. Previous work from our group and

others found that Nox2 in neutrophils and monocytes/macro-

phages decreases NF-kB transcriptional activity and the down-

stream expression of pro-inflammatory cytokines in sepsis

(17, 19). The present study shows that a similar mechanism

in EC acts to limit the severity of systemic inflammation and

hypotension. However, in the setting of increased renin–
angiotensin activation, we found that Nox2-dependent down-

regulation of NF-kB and FoxP3 in regulatory T cells reduces

their suppressive capacity and increases pro-inflammatory

cardiovascular remodeling (6). Also, myeloid cell Nox2 was

found to have a modest effect on basal blood pressure through

modulation of NO bioactivity (9), whereas during endotoxemia

we show that endothelial Nox2 has a greater impact on the

severity of hypotension. Notwithstanding the results with TLR-

deficient animals subjected to an experimental model of sepsis

in the current study, the effects observed in the genetic models

of Nox2 deficiency in response to LPS model cannot necessar-

ily be extrapolated to sepsis.

While we used a variety of genetic manipulations to dissect

the role of EC and leukocytes, it is important to note that these

approaches have potential limitations. The appropriate choice
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of control group for a gene-modified mouse strain is very

important to minimize differences related to other factors.

All the mouse strains used in the current study had been

backcrossed on to a C57Bl6 background to avoid strain-related

differences. We compared gene-modified animals to the rele-

vant littermate controls in order to limit the effects of environ-

mental changes in phenotype (48). Cell-specific Nox2-deficient

animals generated using a Cre-Lox approach were compared to

Flox controls, to minimize artifactual changes related to gene-

targeting. BM transplantation experiments are potentially sub-

ject to off-target irradiation effects (9). To minimize this, all the

controls groups also underwent irradiation and animals were

allowed to recover for at least 4 weeks prior to LPS studies (49).

In conclusion, the current results identify a novel beneficial

role for EC Nox2 in regulating the severity of LPS-induced

systemic inflammation and hypotension by decreasing NF-kB-

induced transcription of TLR4. Furthermore, our data show that

leukocyte and EC Nox2 synergize to prevent overwhelming

systemic inflammation during endotoxemia. Detrimental

effects of increased Nox2 activity are implicated in the patho-

physiology of many conditions (e.g. vascular disease and heart

failure [4,8]). The current results suggest a need for some

caution in the design of Nox2 inhibition strategies for such

conditions. On the other hand, in patients with genetic defi-

ciency of Nox2 (chronic granulomatous disease) the current

findings that TLR4 levels are increased suggest that this

pathway could be considered for targeting.
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