








CACCTTG), and GAPDH (sense- GGTGAAGGTCGGAGTCAAC,
anti-sense- CAAAGTTGTCATGGATGAC). The primers for Nox1
were purchased from Santa Cruz Biotechnology. GAPDH was used as
a housekeeping gene. Relative gene expression of Nox1, Nox2, Nox4,
and ICAM-1 were calculated by the traditional 2�

Ct method (49).

PP2A activity in HPMEC. PP2A activity was quantified by measuring
the phosphate released from threonine phosphopeptide (KRpTIRR) by
PP2A using the PP2A Immunoprecipitation Phosphatase Assay Kit
(Upstate Biotechnology). Cells were lysed in modified RIPA buffer
containing protease inhibitors, and the protein concentration was
quantified using the BCA assay. The manufacturer’s protocol was
followed with one modification: instead of separate 2-h incubations
with protein A agarose beads followed by incubation with the PP2A
antibody, we concurrently incubated the cell lysates with both protein
A agarose beads and PP2A antibody for 2 h, which resulted in more
robust phosphate absorbance values. For experiments that demon-
strated inhibition of PP2A activity with OA, OA was added to the
beads for 10 min before the addition of the threonine phosphopeptide.
PP2A activity was quantified by measuring the absorbance of phos-
phate released in the reactive system at 650 nm using a microtiter
plate reader. Absorbance values for samples were compared with the
standard curve, and PP2A activity was expressed in pmol/100 �g of
protein.

Statistical analysis. Statistical analysis was done using STATA 11
(StataCorp LP, Dallas, TX). Data are presented as means � SD. P 	
0.05 was considered significant for experiments. For 2-OH-E� mea-
surements, log10 transformed data were compared between LPS-
treated and control cells using an unpaired t-test. Fold changes in
protein levels relative to the untreated, control cells were quantified by
densitometry and were compared between various treatments using
ANOVA. The Bonferroni test was used in conjunction with ANOVA

to perform pairwise comparisons between groups. For mRNA studies,
changes in gene expression with various treatments were calculated
relative to expression in control cells and compared between different
treatment groups using ANOVA. For PP2A activity, mean values for
phosphate released were compared using an unpaired t-test.

RESULTS

LPS-mediated superoxide formation and endothelial activa-
tion in HPMEC. We measured 2-OH-E� levels (marker for
O2

� formation) and ICAM-1 expression in HPMEC to deter-
mine whether LPS-induced endothelial activation is associated
with increased formation of this oxidant. The oxidation of
dihydroethidium to 2-OH-E� was increased by 2.5-fold 1 h
after treatment with LPS (Fig. 1, A and B). This is strongly
suggestive of an LPS-dependent increase in the rate of super-
oxide formation. To assess LPS-mediated endothelial stimula-
tion, we quantified the expression of the endothelial cell
adhesion molecule ICAM-1 in HPMEC, as increased expres-
sion has been shown to be a marker of pulmonary vascular
injury in premature infants at risk of BPD (45). LPS induced a
14-fold increase in ICAM-1 mRNA expression at 4 h, which
waned to fourfold by 24 h (Fig. 1C). ICAM-1 protein expres-
sion was robustly induced greater than fourfold by LPS at 12
h and fivefold by 24 h (Fig. 1, D and E). These data demon-
strate that LPS-mediated endothelial activation in HPMEC and
an increase in the cellular superoxide level both occur within a
few hours of LPS stimulation.

Fig. 5. LPS mediates IKK-� phosphoryla-
tion in HPMEC. A and B: serine phosphor-
ylation of IKK-� was examined by immu-
noprecipitating IKK-� from cell lysates ob-
tained from control and LPS-treated cells at
30 and 12 min and immunoblotting using a
p-Serine antibody. Representative blot (A)
and collective data from 5 experiments are
shown (B). *P 	 0.001 (control vs. 12 min),
n � 5. C and D: IKK-� phosphorylation was
quantified at 12 min by immunoprecipita-
ting IKK-� from control, LPS-treated, and
LPS�siNox2-treated cells and blotting us-
ing a p-Serine antibody. Representative blot
(C) and data from 4 experiments are shown
(D). �P � 0.001 (control vs. LPS); ��P �
0.002 (LPS vs. LPS�siNox2), n � 4.
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Effect of NADPH-oxidase activity manipulation on LPS-
mediated endothelial activation. To determine whether LPS-
induced endothelial activation is Nox dependent, we used
complementary approaches (chemical inhibitors and siRNA).
Apocynin, a compound that can quench superoxide or act as a
Nox inhibitor, attenuated LPS-mediated ICAM-1 expression
by �50% (Fig. 2, A and C) in HPMEC at 12 h. Because of the
variable effects of apocynin on Nox inhibition, we assessed the
effect of the novel Nox inhibitor VAS2870 on LPS-mediated
endothelial activation in HPMEC (16). Pretreatment with
VAS2870 inhibited ICAM-1 expression induced by LPS by
�50% (Fig. 2, B and C) in HPMEC at 12 h. These experiments
suggest that chemical inhibition of Nox activity attenuates
LPS-mediated endothelial activation in HPMEC.

Characterization of Nox isoform that mediates LPS respon-
siveness in HPMEC. Our initial screen revealed that Nox1,
Nox2, and Nox4 were expressed at the transcript level in
HPMEC. Nox2 and Nox1 mRNA expression were not signif-
icantly different, but Nox4 expression was 3.5-fold higher than
Nox2 (Fig. 4A). To identify the specific isoform of Nox
activated by LPS in HPMEC, we examined changes in the
cellular compartmentalization of Nox2 and Nox1 cytoplasmic
subunits after LPS treatment. Nox4 activation does not involve
changes in the intracellular distribution of its subunits. We
found that LPS treatment resulted in membrane translocation
of p67phox (a subunit of Nox2) at 15 and 30 min (Fig. 3, A and
B). We did not detect Noxa1, the cytoplasmic subunit of Nox1,
in the membrane fraction with or without LPS treatment in

Fig. 6. Effect of protein phosphatase 2A
(PP2A) inhibition on LPS-induced ICAM-1
expression and IKK-� phosphorylation in
HPMEC. A: PP2A activity was quantified in
whole cell lysates obtained from control,
LPS-treated (12 min), and okadaic acid
(OA)-treated (1 nM) cells. �P 	 0.001
(control vs. LPS), ��P � 0.01 (control vs.
OA-treated cells), n � 3. B and C: ICAM-1
expression after 24-h LPS treatment was
examined by immunoblotting lysates from
control, LPS-treated, OA-treated (1 nM),
and LPS�OA-treated (1 nM) cells. Repre-
sentative blot (B) and cumulative data from
5 experiments are shown (C). *P � 0.004
(control vs. LPS), n � 5. D and E: IKK-�
phosphorylation was quantified by immuno-
precipitating IKK-� at 12 and 30 min from
control, LPS-treated, OA-treated (1 nM),
and LPS�OA-treated (1 nM) whole cell
lysates and immunoblotting with the p-Ser-
ine antibody. Representative blot (D) and
summary data from 3 experiments are shown
(E). #P � 0.01 (control vs. 12-min LPS);
##P � 0.009 (LPS vs. LPS�OA), n � 3.
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HPMEC. To confirm that LPS-mediated endothelial activation
in HPMEC is Nox2 dependent, we used siRNA to decrease
Nox2 or Nox4 expression before LPS treatment and quantified
ICAM-1 expression. We obtained 52% and 54% reduction in
mRNA expression of Nox2 and Nox4, respectively, 48 h after
silencing with respective oligonucleotides in HPMEC (Fig. 4B).
Correspondingly, there was an 60% decrease in the Nox2 and
Nox4 protein after silencing (Fig. 4, C and D). Inhibition of Nox2
attenuated LPS-induced ICAM-1 expression by 50% in HPMEC
at 24 h (Fig. 4, E and F). Nox4 silencing did not significantly alter
LPS-mediated ICAM-1 expression (Fig. 4, E and F).

Modulation of IKK-� phosphorylation with Nox2 silencing.
We examined serine phosphorylation of IKK-� with or without
LPS treatment in HPMEC by immunoprecipitation. LPS in-
duced a 2.7-fold increase in IKK-� phosphorylation at 12 min
with waning of the effect by 30 min (Fig. 5, A and B). To
determine whether LPS-induced IKK-� phosphorylation was
Nox2 dependent, we assessed the effect of Nox2 silencing on
IKK-� phosphorylation. LPS-induced IKK-� phosphorylation
was attenuated by �60% with Nox2 inhibition (Fig. 5, C and
D). These data demonstrate that Nox2 regulates IKK-� phos-
phorylation in response to LPS.

Role of PP2A and TAK1 in LPS-mediated IKK-� phosphorylation.
To determine whether LPS-mediated IKK-� phosphorylation
resulted from inhibition of phosphatase activity, we examined
PP2A, a serine-threonine phosphatase, which has been reported
to regulate IKK-� phosphorylation in other cell types (50). We

assessed the effect of LPS and OA (a selective PP2A inhibitor)
on PP2A activity in HPMEC. LPS modestly increased PP2A
activity by 17% in HPMEC, whereas OA strongly sup-
pressed PP2A activity (Fig. 6A). Furthermore, to assess
whether LPS-mediated ICAM-1 expression and IKK-� phos-
phorylation is regulated by PP2A, we used OA to selectively
inhibit PP2A activity. Inhibition of PP2A activity did not alter
LPS-induced ICAM-1 expression at 24 h (Fig. 6, B and C) but
surprisingly decreased LPS-induced IKK-� phosphorylation
by 50% in HPMEC (Fig. 6, D and E), suggesting that PP2A
was not a negative regulator of IKK-� phosphorylation. Taken
together, these experiments refute a direct role for PP2A in
regulating LPS-dependent IKK-� phosphorylation and ICAM-1
expression in HPMEC.

To assess the role of TAK1 in LPS-induced endothelial acti-
vation, we examined the effect of the TAK1 inhibitor (5Z)-7-
oxozeaenol on LPS-mediated ICAM-1 expression in HPMEC
(37, 59). ICAM-1 expression induced by LPS was completely
suppressed by TAK1 inhibition in a dose-dependent manner
(Fig. 7, A and C). (5Z)-oxozeanol, a compound similar to (5Z)-
7-oxozeanol (iTAK) but without kinase activity, did not alter
LPS-induced ICAM-1 expression (Fig. 7, B and C). We then
examined whether LPS activated TAK1 in HPMEC. Phosphory-
lation of TAK1 at threonine residues 184/187 in its activation loop
is required for kinase activity (51). In HPMEC, LPS treatment
resulted in rapid induction of TAK1 threonine phosphorylation,
which was evident by 3 min, peaked 2.9-fold by 6 min, and waned

Fig. 7. Role of TGF-� associated kinase-1
(TAK1) in LPS-induced ICAM-1 expression
in HPMEC. A: changes in LPS-induced
ICAM-1 expression after 24 h with increasing
doses of iTAK were quantified by immuno-
blotting. B: effect of (5Z)-oxozeanol (negative
control, iTAK-NC) on ICAM-1 expression af-
ter 24-h LPS treatment was examined by im-
munoblotting. C: changes in LPS-induced
ICAM-1 expression with iTAK and iTAK-NC
were quantified by densitometry. *P 	 0.001
(control vs. LPS); **P � 0.04 (LPS vs. 50 nM
iTAK); ***P 	 0.001 (LPS vs. 500 nM
iTAK); $P � 0.001 (LPS vs. 1 �M iTAK),
n � 5. D and E: TAK1 phosphorylation
(Thr184/187) was quantified by immunopre-
cipitating TAK1 from control and LPS-treated
cells at 3, 6, and 12 min, and immunoblotting
with the anti-phosphoTAK1 antibody. Repre-
sentative blot (D) and collective data from 4
experiments are shown (E). $P � 0.004 (con-
trol vs. 3 min LPS); $$P 	 0.001 (control vs.
6 min LPS), n � 4.
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by 12 min (Fig. 7, D and E). We then evaluated the effect of Nox2
modulation on LPS-induced TAK1 phosphorylation. Nox2 silenc-
ing attenuated TAK1 phosphorylation induced by LPS at 6 min by
�60% (Fig. 8, A and B). These data suggest that LPS-induced
TAK1 phosphorylation is regulated by Nox2 and is temporally
associated with Nox2-dependent IKK-� phosphorylation (Fig. 9).

DISCUSSION

The major finding of this study is the identification of a novel
mechanism by which LPS-mediated proinflammatory signaling is
regulated by Nox-dependent redox signaling in pulmonary endo-
thelial cells (Fig. 9). We demonstrate that inhibition of Nox alters
expression of the endothelial adhesion molecule ICAM-1 in
pulmonary microvascular endothelial cells by regulating phos-
phorylation of TLR pathway proteins (Figs. 5C and 8). We have
identified Nox2 as the isoform of Nox that mediates LPS respon-
siveness and endothelial activation (Figs. 3 and 4E) in HPMEC
and show that VAS2870 suppresses LPS-mediated inflammation
(Fig. 2B). Furthermore, we demonstrate that LPS-induced IKK-�
phosphorylation is regulated by Nox2 and is associated with
parallel changes in TAK1 phosphorylation (Figs. 5, 7D, and 8).
Elucidating the mechanisms by which Nox regulates bacterial
endothelial injury could aid the development of pharmacotherapy
to treat sepsis-related lung remodeling in preterm infants.

Our data demonstrating an increase in 2-OH-E� formation
and ICAM-1 (Fig. 1) expression with LPS in HPMEC are
consistent with other studies showing a relationship between
ROS formation and endothelial inflammation (3, 12). Multiple
sources of endothelial ROS (mitochondrial electron-transport

chain, Nox, XO, and uncoupled endothelial nitric oxide syn-
thase) could have contributed to LPS-mediated O2

� formation
in HPMEC (31). We therefore used VAS2870 and apocynin to
demonstrate that LPS-induced ICAM-1 expression in HPMEC
(Fig. 2) is Nox dependent (43, 52, 55). Although VAS2870 and
apocynin may not specifically inhibit only Nox, these results
complement our silencing data, indicating that Nox regulates
LPS-mediated ICAM-1 expression (16, 53, 55). In HPMEC,
LPS treatment induced membrane translocation of the Nox2
subunit p67phox, and Nox2 silencing attenuated LPS-induced
ICAM-1 expression (Figs. 3 and 4). Whereas Kim et al. (25)
showed that Nox2 mediates LPS-induced matrix metallopro-
teinase expression in Raw264.7 cells, this is the first report of
Nox2 regulating endothelial activation in pulmonary endothe-
lial cells. Our data are in contrast with Park et al. (42), who
showed that the carboxyl terminal region of Nox4 directly
interacts with TLR4 in HEK293T cells and mediates LPS-
induced ROS generation. Because HEK293T cells do not
naturally express TLR4 or Nox isoforms other than Nox4, their
data establish that TLR receptors can directly interact with Nox
proteins. Park et al. (41) also demonstrated that LPS-mediated
chemokine expression in human aortic endothelial cells is also
Nox4 dependent. However, they did not examine the effect of
Nox2 silencing on LPS-induced chemokine expression. In
HPMEC, Nox4 silencing did not alter LPS-mediated ICAM-1
expression (Fig. 4E). Although Miyoshi et al. (36) showed that
Nox1 plays a role in LPS-induced tissue factor expression in
HUVEC cells, their data suggests that this is IL-8 dependent
(36). Because Nox isoforms exhibit structural homology and
similarities in modes of activation, the specific isoform acti-
vated by LPS may depend on the cell- and tissue-specific
distribution of Nox and the duration of LPS exposure.

IKK-� phosphorylation in response to inflammatory stimuli
has been shown to be modulated by the extracellular applica-
tion of antioxidants, hydrogen peroxide, or peroxynitrite, sug-
gesting that it is amenable to redox regulation (26, 30). How-
ever, the mechanisms by which ROS modulate inflammatory
signaling in response to cytokines and LPS are not fully
understood. In HPMEC, silencing Nox2 attenuated LPS-medi-

Fig. 8. Effect of Nox2 silencing on LPS-induced TAK1 phosphorylation in
HPMEC. TAK1 phosphorylation (Thr184/187) was quantified in by immuno-
precipitating TAK1 from whole cell lysates and immunoblotting with the
anti-phosphoTAK1 antibody. Representative blot (A) and cumulative data
from 5 experiments are shown (B). #P � 0.001 (control vs. LPS-treated);
##P � 0.01 (LPS vs. LPS�siNox2), n � 5.

Fig. 9. Schematic of Nox2-dependent regulation of ICAM-1 expression in
LPS-treated HPMEC. NF-�B was not examined in this study.

L452 NOX REGULATES LPS-INDUCED IKK-� PHOSPHORYLATION

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00261.2012 • www.ajplung.org

 by 10.220.33.5 on O
ctober 20, 2017

http://ajplung.physiology.org/
D

ow
nloaded from

 

http://ajplung.physiology.org/


ated IKK-� phosphorylation (Fig. 5). Our data suggest that
Nox2-dependent ROS facilitate IKK-� phosphorylation in con-
trast to Reynaert et al. (46), who showed that hydrogen per-
oxide inhibits IKK-� phosphorylation. They postulated that
oxidation of cysteine-179 in IKK-� by hydrogen peroxide
interferes with IKK-� serine 177/181 phosphorylation or
IKK-� binding to substrate or accessory proteins (46, 47).
There are potentially many reasons for the differences between
our results and their data. The dose of hydrogen peroxide (200
�M) used in their study would far exceed the amount of ROS
produced by Nox in cells, possibly resulting in contrary effects
on IKK activity. Nox-mediated redox signaling is likely to be
compartmentalized unlike the more pervasive effects of extra-
cellular application of oxidants. Loukili et al. (34) demon-
strated that oxidants increase IKK-� phosphorylation in A549
cells if applied after TNF-� stimulation, and this is consistent
with our data. Our data reveal a novel mechanism of crosstalk
between an enzyme that mediates redox signaling and a pivotal
kinase in the TLR pathway (Fig. 9).

IKK-� phosphorylation can be regulated by kinases like
TAK1, phosphatases like PP2A, or may be autoregulatory (15,
48). We examined the hypothesis that LPS-mediated Nox2-
dependent IKK-� phosphorylation in HPMEC resulted from
decreased PP2A activity. LPS increased PP2A activity in
HPMEC, and inhibition of PP2A attenuated LPS-induced
IKK-� phosphorylation without altering ICAM-1 expression
(Fig. 6). These data negate a direct role for PP2A in LPS-
induced IKK-� phosphorylation in HPMEC. PP2A has been
previously shown to either facilitate or inhibit IKK-� phos-
phorylation (4, 27, 50). Barisic et al. (4) showed that inhibition
of PP2A resulted in persistent IL-1-mediated IKK-� phosphor-
ylation, supporting negative regulation of IKK-� phosphory-
lation by PP2A (4). However, Kray et al. (27) demonstrated
that TNF-�- induced degradation of I�B was attenuated by
OA, which supports positive regulation of IKK-� by PP2A and
is consistent with our observation that inhibition of PP2A by
OA decreases LPS-induced IKK-� phosphorylation (27).

We examined whether LPS-induced IKK-� phosphorylation
was associated with Nox2-dependent activation of TAK1 activa-
tion, a member of the mitogen-activated protein kinase family (24,
29). LPS-mediated ICAM-1 expression was attenuated by TAK1
inhibition in a dose-dependent manner in HPMEC (Fig. 7A).
Although 5Z-7-oxozeaenol may not specifically inhibit only
TAK1, it has been shown to decrease TAK1 activity (37, 59).
Phosphorylation of TAK1 at Thr-187 within its activation loop is
required for kinase activity (39, 51). In HPMEC, LPS-induced
TAK1 phosphorylation (Thr184/187) was attenuated by Nox2
silencing (Fig. 8). To our best knowledge, this is the first report
suggesting that TAK1 phosphorylation may be redox regulated
(Fig. 9). TAK1 phosphorylation and activation involve associa-
tion with TAK1-binding proteins, TAB2/TAB3 in response to
cytokines and TAB1 in response to osmotic stress (18, 39, 40, 44).
However, whether ROS regulate ligand-mediated TAK1 phos-
phorylation has not been examined. Interestingly, in the intestinal
epithelium, TAK1 deficiency results in ROS accumulation, sug-
gesting the possible presence of a feedback loop (22). We have
not examined the mechanisms by which Nox2 modulates TAK1
phosphorylation. Possible mechanisms include control of binding
between TAB proteins and TAK1, regulation of TAK1 autophos-
phorylation, and alterations in the balance between kinases-
phosphatases that govern TAK1 activity.

In conclusion, we demonstrate that Nox2 regulates LPS-
mediated IKK-� phosphorylation and endothelial activation in
HPMEC. Although we present novel data on Nox-dependent
regulation of LPS-mediated inflammatory signaling, the mech-
anisms by which Nox-derived ROS modulate IKK-� or TAK1
phosphorylation remain to be clarified. Regulation of IKK-� or
TAK1 phosphorylation through Nox can potentially serve as a
rapid and reversible fine-tuning mechanism by which the
cellular oxidative status modulates the magnitude of proinflam-
matory responses to bacterial ligands. Our data were derived
using primary cells in vitro, and as such the clinical signifi-
cance of these results to lung injury in BPD needs to be
determined. Pulmonary endothelial activation has been shown
to be a critical event in the pathogenesis of sepsis-induced lung
injury in animal models and can contribute to the vascular
injury and remodeling seen in BPD (23, 35). Pharmacological
modulation of Nox activity may find use as adjunct therapy to
limit lung injury and vascular remodeling in BPD (9).
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