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Background: Recent studies suggest that deficiency of the antioxidant enzyme glutathione peroxidase-1 (GPx-1) may
contribute to cardiovascular disease risk.
Results: In human endothelial cells, GPx-1 deficiency and its accompanying oxidant stress increased adhesionmolecule expres-
sion by augmenting NF�B and JNK activation.
Conclusion: GPx-1 deficiency promotes a proinflammatory state by redox mechanisms.
Significance: This study provides insights into the mechanisms by which GPx-1 regulates endothelial activation and
atherogenesis.

Glutathione peroxidase-1 (GPx-1) is a crucial antioxidant
enzyme, the deficiency of which promotes atherogenesis.
Accordingly, we examined the mechanisms by which GPx-1
deficiency enhances endothelial cell activation and inflamma-
tion. In human microvascular endothelial cells, we found that
GPx-1 deficiency augments intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
expression by redox-dependentmechanisms that involveNF�B.
Suppression of GPx-1 enhanced TNF-�-induced ROS produc-
tion and ICAM-1 expression, whereas overexpression of GPx-1
attenuated these TNF-�-mediated responses. GPx-1 deficiency
prolonged TNF-�-induced I�B� degradation and activation of
ERK1/2 and JNK. JNK or NF�B inhibition attenuated TNF-�
induction of ICAM-1 and VCAM-1 expression in GPx-1-defi-
cient and control cells, whereas ERK1/2 inhibition attenuated
only VCAM-1 expression. To analyze further signaling path-
ways involved in GPx-1-mediated protection from TNF-�-in-
duced ROS, we performed microarray analysis of human micro-
vascular endothelial cells treated with TNF-� in the presence and
absenceofGPx-1.Amongthegeneswhoseexpressionchangedsig-
nificantly, dual specificity phosphatase 4 (DUSP4), encoding an
antagonist ofMAPK signaling, was down-regulated byGPx-1 sup-
pression. Targeted DUSP4 knockdown enhanced TNF-�-medi-
ated ERK1/2 pathway activation and resulted in increased adhe-
sion molecule expression, indicating that GPx-1 deficiency may
augment TNF-�-mediated events, in part, by regulating DUSP4.

To maintain cellular homoeostasis, intracellular levels of
reactive oxygen species (ROS)2 are tightly controlled by antiox-
idant factors, including enzymes such as the glutathione per-
oxidases (GPxs), superoxide dismutases, catalase, and perox-
iredoxins, as well as other redox-active proteins, such as
thioredoxin and glutaredoxin, and small redox-active mole-
cules, such as glutathione andNADPH. Among these, the GPxs
comprise a group of selenocysteine-containing proteins (1, 2)
responsible for reducing various hydroperoxides with reducing
equivalents provided by the co-substrate glutathione (3).
GPx-1, cellular glutathione peroxidase, is one of themost abun-
dant GPx isoforms within eukaryotic cells, and is important in
preventing oxidant-mediated cell death (4).
Studies in knock-out and transgenic mice have shown that

GPx-1modulates vascular function (5, 6). GPx-1-deficientmice
have an increase in the oxidant stress marker, F2-isoprostanes
(iPF2�-III), manifest endothelial dysfunction, have abnormal
cardiac function following ischemia/reperfusion injury, and
have increased infarct size and vascular permeability in
response to cerebral ischemia/reperfusion injury (5–7). Other
studies suggest that overexpression of GPx-1 decreases tissue
damage after cerebral or myocardial ischemia/reperfusion
injury, and that GPx-1 can protect against angiotensin II-medi-
ated vascular dysfunction (8–10). Recent findings indicate that
GPx-1 deficiency contributes to atherosclerosis and cardiovas-
cular disease risk. In the context of ApoE deficiency, GPx-1
deficiency augments atherosclerosis in mice (11, 12) and
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human subjects with coronary artery disease, GPx-1 activity is
inversely correlated with, and an independent risk factor for,
future cardiovascular events (13, 14).
Proinflammatory cytokines, such as tumor necrosis factor-�

(TNF-�), stimulate endothelial cell expression of adhesion
molecules and chemokines, which guide leukocytes to the vas-
cular wall promoting inflammation and atherogenesis. TNF-�
activation of these pathways requires generation of ROS (15)
that promote kinase activation and phosphatase inactivation
(16). NF�B and MAPK are involved in these pathways. MAPK
pathways are evolutionarily highly conserved and involved in
diverse cellular functions, including cell proliferation, differen-
tiation, and stress responses (17). Activated MAPKs are inacti-
vated through dephosphorylation of threonine and/or tyrosine
residues within the activation loop; dephosphorylation can be
achieved by serine/threonine phosphatase, tyrosine phospha-
tase, and dual-specificity phosphatases (DUSP). The regulation
and activation of DUSP family members in different cells and
tissues controlMAPK signaling intensity, duration, and subcel-
lular localization (18).
In the present study, we sought to investigate the molecular

mechanism by which GPx-1 regulates TNF-� induction of
ICAM-1 and VCAM-1 in endothelial cells. The data presented
here suggest that GPx-1 modulates TNF-�-mediated signaling
by regulating ROS flux to enhanceMAPK pathways, in part, by
regulating expression of the dual specificity phosphatase,
DUSP4, to stimulate ERK1/2-activation. Furthermore, GPx-1
deficiency simultaneously augments JNK and NF�B activation,
contributing to enhanced adhesion molecule expression in the
absence of GPx-1.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—N-Acetyl-L-cysteine (NAC) and
pyrrolidine dithiocarbamate (PDTC) were purchased from
Sigma. U0126, the MEK1/2 inhibitor (Cell Signaling, Danvers,
MA), and SP600125, the JNK inhibitor (Assay Design, Plym-
outhMeeting, PA), were dissolved in dimethyl sulfoxide, which
also served as the vehicle control. Other chemicals and reagents
were purchased from Bio-Rad unless otherwise specified.
Cell Culture—Primary human microvascular endothelial

cells (HMVEC)weremaintained in endothelial basalmedium-2
supplemented with EGM-2 MV (Lonza, Walkersville, MD) at
37 °C in 5% CO2. Experiments were performed on cells from
passage 5 to 8. Cells were treated with TNF-� (R&D Systems,
Minneapolis, MN) (5–40 ng/ml) for 1–4 h.
Transfectionwith Small Interfering RNA (siRNA) andRecom-

binant Adenoviral Vector Infection—To decrease GPx-1
expression, near confluent HMVEC were transfected with 80
nmol/liter of stealth siRNA to GPx-1 mRNA (310 sequence
5�-GGUUCGAGCCCAACUUCAUGCUCUU-3�) or scram-
bled control (310 sequence 5�-GGUAGCGCCAAUCCUUAC-
GUCUCUU-3�). Stealth RNAs were transfected as in our pre-
vious studies (19), using LipofectamineTM 2000 (Invitrogen) for
3 h in antibiotic-freeOpti-MEM ITM (Invitrogen). Transfection
medium was replaced with full growth medium, and experi-
ments were performed after 48 h. To decreaseDUSP4mRNA,
HMVEC were transfected with 80 nmol/liter of stealth siRNA
to DUSP4 mRNA (5�-CCCACCUCGCAGUUCGUCUUC-

AGCU-3�), for 3 h, and experiments were performed after 24 h.
To decrease NADPH oxidase 4 (NOX-4) HMVEC were trans-
fected as above with a stealth siRNA to NOX-4 mRNA (5�-
CAGAGUAUCACUACCUCCACCAGAU-3�) and similar
methods were used to knockdown mitochondrial complex III
subunit 5, the ubiquinol-cytochrome c reductase Rieske iron-
sulfate polypeptide 1 (5�-ACACAGACAUCAAGGUGCCU-
GACUU-3�; ComplxIII).

A recombinant adenoviral vector expressingGPx-1 (AdGPx-
1), tagged with a c-Myc epitope at the amino terminus (20), and
an empty vector (Ad5Bgl II) were kindly provided by John F.
Engelhardt (University of Iowa) through the Gene Transfer
Vector Core. Confluent HMVEC were incubated with
AdGPx-1 or Ad5Bgl II for 48 h. Conditions that produced
�90% transduction with recombinant adenovirus were
assessed by immunostaining for N-terminal c-Myc. A recom-
binant adenovirus vector (Vector Biolabs, Philadelphia, PA)
was similarly used to overexpress DUSP4.
Western Blots—Cells were washed in PBS, scraped in PBS,

and pelleted at 300� g for 5min. Cell pellets were resuspended
in ice-cold buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, and 1
mMdithiothreitol (DTT)), and lysed by the freeze-thawmethod
(21). Alternatively, cells were directly lysed in cell lysis buffer
with protease inhibitors, or lysates were prepared using a
nuclear and cytoplasmic extraction kit (ActiveMotif, Carlsbad,
CA). Samples were stored at �80 °C. Protein samples (10–40
�g) were separated on 4–15% SDS-polyacrylamide gels (Bio-
Rad) and transferred to nitrocellulose membranes (Hybond,
Amersham Biosciences). The membranes were incubated with
anti-GPx-1 (MBL, Woburn, MA), anti-ICAM-1, anti-
VCAM-1, anti-NF�Bp50, anti-I�B�, and anti-USF-2 (Santa
Cruz, Santa Cruz, CA) antibodies, or with anti-phospho-
ERK1/2 or anti-ERK1/2 (Cell Signaling) antibodies overnight at
4 °C, and visualized using the ECL detection system (Amer-
sham Biosciences). The membranes were then stripped and
reprobed with a polyclonal rabbit anti-�-actin antibody
(Sigma). A VersaDoc scanning system and the accompanying
software (Bio-Rad) were used to quantitate band density.
Cellular Glutathione Peroxidase Activity Assay—Cellular

GPx activity was determined by an indirect assay that links
GPx-1-mediated oxidation of glutathione (GSH) with the recy-
cled reduction of oxidized glutathione (GSSG) to GSH by glu-
tathione reductase usingNADPH as a reductant (22). The reac-
tion was carried out in a buffer containing 50 mM Tris-HCl, 5
mM EDTA, 1 mM glutathione, 0.4 units/ml of glutathione
reductase, and 0.2 mM NADPH (pH 7.6), and initiated by the
addition of tert-butyl-hydroperoxide. Enzyme activity was cal-
culated from the change of absorbance at 340 nm over time, a
measure of NADPH oxidation. Enzyme activity was calculated
using a molar extinction coefficient for NADPH of 6,220 M�1

cm�1, and normalized to protein concentration.
ROS Measurements—For measurement of the intracellular

ROS levels, HMVEC were cultured in 96-well plates, and incu-
bated with 6-carboxy-2�,7�-dichlorodihydrofluorescein diace-
tate ester (DCF) (5 �mol/liter) (Invitrogen), as described previ-
ously (23). Adenoviral infection and siRNA transfection were
performed 48 h prior to stimulation with TNF-� (20 ng/ml).
Cellular ROS accumulation was determined with a microplate
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fluorometer. Fluorescent DCF accumulation was monitored
using an excitation wavelength of 485 nm and recording emis-
sion at 518 nm.Readingswere calculated as a% change from the
initial reading for each well. Each condition was tested in 6–12
wells per experiment.
An Amplex Red hydrogen peroxide detection kit (Invitro-

gen) was used to measure extracellular hydrogen peroxide.
Amplex Red reacts with hydrogen peroxide in the presence of
horseradish peroxidase to produce resorufin, a fluorescent
compound (24). Briefly, confluent 6- or 12-well plates of trans-
fected cells were rinsedwith phosphate-buffered saline (pH7.4)
and then treated with equal volumes of phosphate-buffered
saline and Amplex Red/horseradish peroxidase prepared
according to the manufacturer’s instructions (Invitrogen). Fol-
lowing a 20–30-min incubation in a cell culture incubator, ali-
quots of supernatant were removed and measured for Amplex
Red fluorescence using an excitation wavelength of 530 nm and
an emission wavelength of 590 nm. Additives such as TNF-� or
PEGcatalasewere included in theAmplexRedmixture.Hydro-
gen peroxide (1 �M) and phosphate-buffered saline were used
as positive and negative controls for Amplex Red activity,
respectively. Values were normalized for protein content.
RNA Isolation and qRT-PCR—Total RNA fromHMVECwas

extracted with the RNeasy kit (Qiagen, Germantown, MD),
incorporating an optional DNase I step to remove residual
DNA. Samples were quantitated and checked for purity and
quality by A260/A280 measurements and gel electrophoresis.
cDNA was synthesized from 0.4 to 1 �g of each total RNA
sample with oligo(dT) primers using the Advantage RT-for-
PCR kit (Clontech,MountainView, CA), according to theman-
ufacturer’s protocol. Quantitative real-time PCR, including
data analysis, were performed on an Applied Biosystems
PRISM 7900HT Sequence Detector (Foster City, CA) (see sup-
plemental Table S1 for specific gene expression primers and
reference sequences). PCR products were analyzed by the��Ct
method that compares the amount of target gene to an endog-
enous control (GAPDH), followedbynormalization to a control
sample to obtain relative levels of gene expression. Cycle
parameters were 95 °C for 15 min to activate Taq, followed by
40 cycles of 95 °C for 15 s, 58 °C for 1 min, and 72 °C for 1 min.
Microarray Preparation—HMVECgrown to 90% confluence

in a 100-mm culture dish (1 � 107 cells) were transfected with
siRNA, treated with 20 ng/ml of TNF-� for 2 h, and gene
expression changes were investigated by microarray analysis.
Reverse transcription of mRNA, probe labeling, and hybridiza-
tion were performed using standard Affymetrix protocols, as
conducted at the Cambridge HPCGG Gene Chip� Microarray
Facility. TheDNAhybridization utilized theGeneChipHuman
Genome U133A 2.0 Array containing �22,000 probe sets and
500,000 distinct oligonucleotide features that analyze the
expression level of 18,400 transcripts and variants, including
14,500 well characterized human genes (Affymetrix, Santa
Clara, CA). Data were analyzedwithGeneChipOperating Soft-
ware, including the GeneChip Scanner 3000, and image analy-
sis was carried out according to standard Affymetrix protocols.
Data Analysis—All experiments were performed three to

seven times, and data were expressed as mean � S.E. The sta-
tistical significance of differences (p� 0.05) was determined by

ANOVA followed by Fisher’s protected least-square difference
(PLSD) pairwise comparisons using STATVIEW5.0.1 software
(Abacus Concepts, Calabasas, CA).
Affymetrix Microarray Suites 5.0 gene expression values

were normalized with the median invariant method (25). To
filter out significant genes, two approaches were used. The pri-
mary filtering method used the standard two-sample t test in
pairwise comparisons involving treated groups (NT, siControl,
and TNF-�, siGPx-1, and TNF-�). Pairwise comparisons were
performed and the gene lists generated. Gene Set Enrichment
Analysis (GSEA) was used to identify which gene sets were
enriched in each group. Leading edge analysis was then used to
determine gene targets that caused the enrichment of each gene
set. Expression of gene targets was compared between siGPx-1
plus TNF-� and siControl plus TNF-� to generate a subset of
GSEA up- and down-regulated genes. These analyses were per-
formed using the GSEA website.

RESULTS

Tumor Necrosis Factor-� Induces ICAM-1 and VCAM-1
Expression in HMVEC—To determine the effects of TNF-� on
ICAM-1 and VCAM-1 expression in HMVEC, cells were
exposed to TNF-� in a time- and dose-dependent manner. By
1 h, 20 ng/ml of TNF-� treatment significantly increased
ICAM-1 and VCAM-1 mRNA (supplemental Fig. S1A). Total
cellular ICAM-1 and VCAM-1 protein levels were increased
markedly by 3 h after TNF-� stimulation (p � 0.001, and p �
0.0001, respectively, supplemental Fig. 1B); GPx-1 protein lev-
els did not change with this treatment (supplemental Fig. 1B).
Increased expression of ICAM-1 and VCAM-1 was detectable
with as little as 5 ng/ml of TNF-�, and persisted at concentra-
tions up to 40 ng/ml (supplemental Fig. 1C).
Knockdown of GPx-1 Augments TNF-�-induced ICAM-1

Expression in HMVEC—TNF-� signaling is thought to rely, in
part, on ROS generation (15). GPx-1 serves an important role in
the intracellular defense against oxidant stress. Therefore, to
determine the role of GPx-1 in modulating responses to
TNF-�, we used siRNA to reduce GPx-1 levels in HMVEC.
Targeted knockdown of GPx-1 with siRNA (siGPx-1)
decreased GPx-1 mRNA by 96.6% (p � 0.0001) (Fig. 1A) with
corresponding reductions in GPx-1 protein expression (91.4%,
p � 0.0001) (Fig. 1D) and in GPx-1 activity (78.3%, p � 0.0001)
compared with control transfected cells (Fig. 1B). GPx-1 activ-
ity was significantly down-regulated in siGPx-1 cells compared
with untreated cells (p � 0.0001). In contrast, GPx-1 activity
was up-regulated in siControl cells (although GPx-1 protein
was not substantially changed, supplemental Fig. 2A). Although
the reason for the increase in activity is not apparent from these
studies, it has been suggested that GPx-1 may be activated by
kinases to augment enzyme activity (26). GPx-1 knockdown
plus 2 h of TNF-� treatment further augmented ICAM-1
mRNA (2.1-fold, p � 0.0001) and protein (2.5-fold, p � 0.001)
expression compared with TNF-�-treated siControl cells (Fig.
1, C and D), whereas VCAM-1 expression was similarly
enhanced in TNF-�-treated siGPx-1 and siControl cells (Fig. 1,
C and D). In the absence of TNF-�, GPx-1-deficient cells
showed a 3.6-fold increase in ICAM-1mRNA (p � 0.01) and a
trend toward an increase in VCAM-1 mRNA (not significant)
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(Fig. 1C). ICAM-1 and VCAM-1 proteins were both signifi-
cantly up-regulated by GPx-1 knockdown (Figs. 1D and 2A).
The structural basis for multiple VCAM-1 bands in Western
blots is not clear but most likely represents detection of major
VCAM-1 isoforms that result from alternative splicing of exon
5, which eliminates one of 6 N-linked glycosylation sites; alter-
natively, these bands may represent other states of VCAM-1
glycosylation (27).
GPx-1 Modulates Adhesion Molecule Expression—To deter-

mine whether accumulation of excess oxidants contributes to
the augmented adhesion molecule expression found in GPx-1-
deficient cells, we pretreated siGPx-1 and siControl cells with
NAC, an antioxidant, immediately after transfection. This
treatment significantly attenuated the up-regulation of
ICAM-1 and VCAM-1 caused by GPx-1 deficiency alone (Fig.
2A). Similarly, pretreatment withNAC 1 h before TNF-� expo-

sure reduced adhesionmolecule expression in the presence and
absence of TNF-� (Fig. 2B). Use of diphenyleneiodonium, an
NADPH oxidase inhibitor, also attenuated the up-regulation of
ICAM-1 and VCAM-1 in the presence and absence of GPx-1
(supplemental Fig. 2B). These findings implicate ROS in the
enhanced expression of adhesion molecules caused by GPx-1
deficiency. To determine whether GPx-1-deficient HMVEC
display an inability to remove oxidants, we treated siGPx-1 and
control cells with TNF-�, incubated these cells with dicholo-
rofluorescein (DCF), and measured the change in DCF fluo-
rescence over time, as a nonspecific indication of intracellu-
lar ROS (Fig. 2C). Untransfected HMVEC showed significantly
increased intracellular ROS following 30 min of TNF-� treat-
ment (55.0 � 14.8, untreated, versus 156.5 � 19.1%, TNF-�
treatment, p � 0.0001). Similarly, TNF-� increased ROS levels
in siControl and siGPx-1 cells, with enhanced DCF fluores-
cence detectable in siGPx-1 cells compared with control cells
within 20min of TNF-� treatment (p� 0.01). In the absence of
TNF-�, however, there was no detectable difference in DCF
fluorescence over time between siGPx-1 and siControl cells. To
confirm these findings, we used Amplex Red to measure extra-
cellular oxidant release: Amplex Red reacts with hydrogen per-
oxide in the presence of horseradish peroxidase to produce res-
orufin, a fluorescent compound (24). Amplex Red detected
similar differences in extracellular ROS: TNF-�-induced a 70%
increase (p � 0.04) in measurable hydrogen peroxide in the
medium of GPx-1-deficient cells compared with siControl-
transfected cells (Fig. 2D). Inclusion of catalase in the Amplex
Red reaction mixtures completely eliminated Amplex Red
fluorescence, indicating that this signal is due to hydrogen per-
oxide and not other redox-active compounds. To determine
the possible source of the excess ROS generation, we trans-
fected siRNAs specific for NOX-4 and the mitochondrial com-
plex III subunit 5 (ComplxIII), and determined the effect of
these siRNAs on TNF-�-mediated up-regulation of ICAM-1
and VCAM-1 gene expression. These siRNAs reduced their
respective mRNAs by 89.5 (NOX-4, p � 0.0001) and 92.8%
(ComplxIII, p � 0.0001). Only NOX-4 deficiency inhibited
TNF-�-mediated up-regulation of both ICAM-1 and VCAM-1
mRNA in the presence and absence of GPx-1 (Fig. 2E). NOX-4
suppression also reduced detectable baseline and TNF-�-me-
diated extracellular hydrogen peroxide in GPx-1-deficient cul-
tures (Fig. 2F).

Collectively, these data show that GPx-1-deficient HMVEC
have a reduced capacity to neutralize peroxides, suggesting that
GPx-1 deficiency impairs the defense of HMVEC against oxi-
dative stress, leading to enhanced endothelial cell activation.
We next determined whether increasing oxidant removal by
GPx-1 overexpression could reduce TNF-�-induced ICAM-1
and VCAM-1 expression. Adenoviral-mediated overexpres-
sion of a myc-tagged GPx-1 significantly increased GPx-1
mRNA 105.5-fold (p � 0.0001) (Fig. 3A) with a 7.5-fold (p �
0.0001) increase in GPx-1 protein expression (Fig. 3D), and
12.6-fold (p � 0.0001) increase in GPx-1 activity (Fig. 3B).
Overall, adenoviral overexpression of GPx-1 attenuated TNF-
�-mediated responses, reducing ICAM-1 andVCAM-1mRNA
and protein (Fig. 3,C andD), as well as ROS accumulation (Fig.
3E), compared with TNF-�-treated control HMVEC. These

FIGURE 1. Knockdown of GPx-1 and TNF-�-induced ICAM-1 and VCAM-1
expression. A, HMVEC were transfected with siGPx-1 or siRNA control (siCtrl)
for 48 h and mRNA was measured by qRT-PCR following normalization to
GAPDH as endogenous control (n � 4) (p � 0.0003 by ANOVA) and compared
with an untransfected sample to obtain relative mRNA levels. B, GPx-1
enzyme activity was determined by an indirect assay (n � 4) (p � 0.001 by
ANOVA). UT indicates untransfected cells. Pairwise comparison is shown, *,
p � 0.001 versus no treatment. C, transfected cells were treated with 20 ng/ml
of TNF-� for 2 h and ICAM-1 and VCAM-1 mRNA were measured by qRT-PCR as
in A (n � 5) (#, p � 0.01 and *, p � 0.0001 by Fisher’s PLSD). ICAM-1 gene
expression was significantly increased over no treatment by GPx-1 knock-
down, in the presence or absence of TNF-� and by control transfection plus
TNF-�. VCAM-1 gene expression was significantly elevated by TNF-�, com-
pared with all non-TNF-� treated controls (*) and tended to be higher in
siGPx-1 cells compared with controls. D, proteins (10 �g) were separated on
4 –15% SDS-PAGE gels and transferred to HyBond membrane. Antibodies
against GPx-1 (MBL, Woburn, MA), ICAM-1 and VCAM-1 (Santa Cruz Biochem-
icals), and actin (Sigma) were used to detect the effect of 20 ng/ml of TNF-� in
GPx-1-deficient compared with siControl cells for 2 and 4 h. Representative
blots are shown.
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data support a role for GPx-1 in mediating the ROS-dependent
effects of TNF-�.
GPx-1Mediates the Effects of Redox-sensitive Signaling Path-

ways in TNF-�-treated HMVEC—To determine how GPx-1
may modulate TNF-� signaling, we examined its effects on
NF�B and MAPK activation. NF�B is viewed as the primary
transcription factor that stimulates adhesion molecule gene
expression in response to TNF-� (28, 29). In untreated cells,
NF�B is complexedwith the inhibitory I�Bproteins. Therefore,
to examine whether GPx-1 influences TNF-�-induced expres-
sion of this transcription factor in endothelial cells, we exam-
ined I�B� expression as well as NF�B p50 nuclear transloca-
tion. In response to stimulation with TNF-�, I�B� was
degraded by 15min, andNF�B translocation to the nucleuswas
induced (Fig. 4A). GPx-1-deficient cells showed slower recov-

ery of I�B� protein expression followingTNF-� treatment (Fig.
4A) compared with TNF-�-treated control cells that had
restored I�B� protein levels to those of untreated cells after 60
min. These data suggest prolonged NF�B signaling in GPx-1-
deficient cells. After 2 h of TNF-� stimulation, NF�B1 mRNA
was increased (5.8-fold, p� 0.0001) in both siGPx-1 and siCon-
trol, whereas in siGPx-1-treated cells, NF�B1 mRNA was
increased 1.9-fold compared with siControl (p � 0.04) without
additional TNF-� treatment (Fig. 4B). Similarly, in themicroar-
ray analysis, we also found that NF�B2 gene expression was
up-regulated in both siGPx-1 and siControl TNF-�-treated
HMVEC (p � 0.0001) (supplemental Table S2).
We next evaluated the role of MAPK pathways in the TNF-

�-induced expression of adhesion molecules in GPx-1-defi-
cient HMVEC. ROS-dependent phospho-ERK1/2 activation in

FIGURE 2. Knockdown of GPx-1 and ROS-mediated effects. A, HMVEC were treated with 0 –16 mM NAC immediately following transfection with siGPx-1 or
siRNA control (siCtrl). Proteins (10 �g) were harvested 48 h later, separated on 4 –15% SDS-PAGE gels, and transferred to HyBond membrane. Western blot was
used to detect ICAM-1, VCAM-1, GPx-1, and actin. Plots to the right indicate relative expression of ICAM-1 and VCAM-1 normalized to actin (n � 3). The effects
of NAC on ICAM-1 or VCAM-1 were significant by ANOVA (p � 0.005); *, indicates significant pairwise differences with siGPx-1 in the absence of NAC, by post
hoc analysis (p � 0.05). B, 48 h after transfection, cells were pretreated 1 h with the antioxidant, NAC, before TNF-� exposure (20 ng/ml). ICAM-1 and VCAM-1
expression was determined by immunoblotting 4 h following TNF-� treatment (n � 4). Representative blots are shown. C, reactive oxygen species accumu-
lation was measured by DCF fluorescence with an excitation wavelength of 485 nm and recording emission at 518 nm. An average of seven experiments with
mean � S.E. is shown (p � 0.0001 by ANOVA and *, p � 0.05 by Fisher’s PLSD). Boxes indicate cells treated with siGPx-1, circles indicate cells treated with
siControl (siCtrl), filled triangles indicate untransfected (UT) cells, and filled circles and squares represent transfected cells additionally treated with TNF-�.
D, relative hydrogen peroxide in media from siGPx-1- and siControl-treated cells was measured 48 h following transfection by monitoring TNF-�-induced
Amplex Red (AR) fluorescence in the presence of horseradish peroxidase (excitation 530 nm and emission 590 nm). In the presence of catalase, no AR
fluorescence was detected. Fluorescence values are normalized for protein. *, indicates significant differences by t test (p � 0.04, n � 7). E, relative levels of
ICAM-1 and VCAM-1 mRNA were measured by qRT-PCR 48 h following transfection with siRNAs; values have been normalized to actin. Values were analyzed by
ANOVA followed by pairwise comparisons (p � 0.05 significance). *, significantly different from siGPx-1 treated with TNF-�. All TNF-� values are significantly
higher than the no TNF-� (NT) values. F, relative AR fluorescence was measured as in D from cells transfected with siGPx-1 or siGPx-1 together with siNOX-4. The
absence of NOX-4 significantly decreased AR fluorescence in the presence or absence of TNF-�. Values were analyzed as in E. *, significantly different from
corresponding no TNF-�; #, significantly different from the corresponding siGPx-1 NT or siGPx-1 TNF-� (n � 7).
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response to TNF-� was prolonged in siGPx-1 compared with
siControl cells (Fig. 4C). Similarly, TNF-� activation of JNKwas
up-regulated by GPx-1 deficiency. Inhibition of ERK1/2 with
the specific MEK1/2 inhibitor (U0126) (10 �M) 1 h prior to
TNF-� treatment decreased VCAM-1 expression (Fig. 4D), but
had little effect on the expression of ICAM-1 in siGPX-1-defi-
cient cells. In contrast, use of SP60125, the JNK inhibitor,
reducedTNF-�-mediated ICAM-1 andVCAM-1 expression in
siControl- and siGPx-1-treated cells (Fig. 4E). Similarly, use of
an NF�B inhibitor, PDTC, attenuated ICAM-1 and VCAM-1
expression, in the presence and absence of TNF-�, in control
and GPx-1-deficient cells (Fig. 4F).
GPx-1 Deficiency Alters Gene Expression in Response to

TNF-�—To identify early changes in gene expression induced
by ROS generated by inflammatory cytokine stimulation, we
compared transcripts from untreated, siControl plus TNF-�-
treated, and siGPx-1 plus TNF-�-treated cells using the

Affymetrix Human Genome U133A 2.0 gene array. Gene set
enrichment analysis was used to filter the expression data, and
each TNF-�-treated set was compared with the untreated sam-
ple to determine a possible set of TNF-�-responsive genes.
Over 430 genes up- or down-regulated by more than 2-fold
were identified in siGPx-1 plus TNF-�-treated cells, and 340
genes in siControl plus TNF-� treatment. Using leading edge
analysis, a subset of genes differentially regulated in siGPx-1
plus TNF-�-treated cells compared with siControl plus TNF-
�-treated cells were identified (Fig. 5, and supplemental Tables
S3 and S4). By this analysis, 12 target genes were up-regulated
	2-fold ormore and 71 genes down-regulated	2-fold ormore
by GPx-1 deficiency.
To analyze specifically TNF-�-mediated pathways, a subset

of genes involved inMAPK, NF�B, and other key inflammatory
pathways was further confirmed by qRT-PCR (supplemental
Table S2). After normalization with GAPDH, the fold-changes

FIGURE 3. Overexpression of GPx-1 and TNF-�-induced ICAM-1 and VCAM-1 expression and ROS accumulation. A, adenovirus treatment for 48 h
enhances GPx-1 expression (AdGPx-1) compared with empty vector control (Ad5Bgl II). mRNA was measured by qRT-PCR (n � 5) using GAPDH as an endoge-
nous control, and compared with untransduced cells to obtain relative mRNA levels. B, GPx-1 enzyme activity was measured by an indirect assay (n � 4). Means
were significantly different by ANOVA (p � 0.0001), and post hoc comparison found (*) p � 0.00001 compared with no treatment. C, adenovirus treatment of
cells to enhance GPx-1 expression resulted in decreased ICAM-1 and VCAM-1 mRNA, relative values of mRNA were calculated as in A. Values were analyzed by
ANOVA followed by pairwise comparison, which showed significant differences between empty vector control and GPx-1 overexpressing cells (n � 4 –5, *, p �
0.05). Data are presented as mean � S.E. D, protein expression after 20 ng/ml of TNF-� treatment for 2– 4 h in adenovirus-treated cells. Representative blots are
shown. Note that the c-Myc-tagged recombinant GPx-1 in the AdGPx-1 lanes migrates more slowly than the endogenous GPx-1. E, DCF fluorescence was
measured after cells were treated with adenovirus for 48 h and grown in 96-well plates to near confluence. Prior to treatment with 20 ng/ml of TNF-�, cells were
loaded with 6-carboxy-2�,7�-dichlorodihydrofluorescein diacetate ester (n � 5) (*, p � 0.05 by Fisher’s PLSD). Circles indicate cells treated with control
adenovirus (AdBglII), squares represent cells treated with AdGPx-1, and filled circles and squares represent adenovirus-transformed cells additionally treated
with TNF-�. Untreated, untransformed cells (UT) are represented by closed triangles.
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determined by qRT-PCR were compared with the fold-values
obtained from microarray results. For all genes tested, the
directional change (increase/decrease) was consistent between
microarray data and qRT-PCR results, demonstrating the fidel-
ity of the microarray analysis in detecting gene expression
changes. Additionally, adenoviral-mediated overexpression of
GPx-1 attenuated TNF-�-mediated up-regulation of ICAM-1,
VCAM-1, and NF�B2 gene expression (supplemental Table
S2).
To investigate the role of other antioxidant genes that may

function in a compensatory capacity, analysis of a subgroup of
genes encoding antioxidant enzymes and redox-active proteins
was performed. Among these changes, superoxide dismu-
tase-2 (SOD2) showed a 6.5-fold increase in TNF-�-treated
control and TNF-�-treated GPx-1-deficient cells (supple-
mental Table S5). Of this extensive list, only heme oxyge-
nase-1, GPx-3, GPx-5, and the uncoupling protein homolog
were differentially regulated by GPx-1 deficiency (using a
stringent cutoff of p � 0.005).
DUSP4 was among the targets that were substantially differ-

ent between TNF-�-treated siGPX-1 and TNF-�-treated
siControl cells, with a significant reduction caused by GPx-1
deficiency (Fig. 5 and supplemental Table S2). DUSP4 is a
MAPK phosphatase that has been shown to attenuate both
ERK1/2 and JNK signaling in some cell types (18).

Knockdown of DUSP4 Augments TNF-�-induced VCAM-1
Expression in HMVEC—To determine whether down-regula-
tion of DUSP4 could potentiate TNF-� signaling in HMVEC,
we used siRNA to knockdown DUSP4 expression. siDUSP4
decreased DUSP4 mRNA by 78.5% (p � 0.0001) (Fig. 6A).
DUSP4 knockdown augmented TNF-�-mediated ERK1/2
phosphorylation but not JNK phosphorylation (Fig. 6B).
Although DUSP4 deficiency significantly increased TNF-�-in-
duced ICAM-1 and VCAM-1 mRNA expression (p � 0.0005
and p � 0.005, respectively) compared with TNF-�-treated
siControl cells (Fig. 6C), only TNF-� induction of VCAM-1
protein was augmented in siDUSP4-transfected cells (Fig. 6D).
Wenext used an adenovirus construct to overexpressDUSP4 in
endothelial cells following the suppression of GPx-1. Excess
DUSP4 had only a modest effect in decreasing TNF-�-medi-
ated VCAM-1 overexpression (Fig. 6E) that was apparent only
with lower doses of TNF-� (5 ng/ml). DUSP4 overexpression
had no effect on ICAM-1 expression in GPx-1-deficient cells.

DISCUSSION

Recent findings have suggested that deficiency of GPx-1 aug-
ments the development of atherosclerosis in susceptible mice
(11, 12), and in human subjects with coronary artery disease,
GPx-1 activity is inversely correlated with, and an independent
risk factor for, future cardiovascular events (13, 14). Themolec-

FIGURE 4. Knockdown of GPx-1 and NF�B and MAPK signaling pathways in TNF-�-treated cells. A, to determine the effect of TNF-� on NF�B signaling in
GPx-1-deficient and control cells by immunoblotting, nuclear extraction was used to detect NF�B p50 and USF-2 protein (a nuclear control) and the cytoplas-
mic fraction for I�B� and actin protein (cytoplasmic control) (n � 3). B, qRT-PCR was used to measure NF�B1 mRNA after 10 ng/ml of TNF-� for 15 min and 2 h
in GPx-1-deficient and control cells. UT indicates untransfected cells. mRNA was measured by qRT-PCR following normalization to GAPDH as endogenous
control and compared with an untransfected sample to obtain relative mRNA levels. Significant differences were observed between transfected cells analyzed
by pairwise comparison with the Fisher’s PLSD test (*, p � 0.05, n � 4). C and D, Western blot analysis: C, the effect of TNF-� on MAPK signaling was tested by
analyzing phospho-ERK1/2 protein and phospho-JNK in GPx-1-deficient and control cells (n � 4). D, GPx-1-deficient and control cells were pretreated with
MEK1/2 inhibitor (U0126) 1 h prior to TNF-� exposure at 10 ng/ml for 4 h. E, GPx-1-deficient and control cells were pretreated with a JNK inhibitor (SP600125)
1 h prior to TNF-� exposure. F, GPx-1-deficient and control cells were pretreated with PDTC, an NF�B inhibitor, immediately following transfection. Shown is the
effect of PDTC on ICAM-1 and VCAM-1 in the absence or presence of TNF-� (1 ng or 10 ng/ml).
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ular basis for these effects, however, has not been completely
elucidated. Our study specifically addresses themechanisms by
which GPx-1 deficiency promotes endothelial activation and
promotes inflammatory responses to the cytokine, TNF-�.
Strikingly, we found that loss of GPx-1 alone causes a proin-
flammatory phenotype in endothelial cells by increasing
ICAM-1 and VCAM-1 expression, events that may facilitate
the recruitment of leukocytes to the endothelium. Our findings
also show that in the context of GPx-1 deficiency, the proin-
flammatory effects of TNF-� are augmented. Redox-dependent
processes contribute to these proinflammatory responses, as
antioxidant treatments attenuate adhesion molecule expres-
sion caused by GPx-1 deficiency in the absence or presence of
TNF-�. Similarly, the effects of TNF-� on endothelial cells can
be decreased with GPx-1 overexpression, consistent with pre-
vious studies using GPx-1 mimics (30).
Neither the antioxidant treatments nor GPx-1 overexpres-

sion completely block the ability ofTNF-� to promote adhesion
molecule expression. Possibly these treatments fail to remove
all of the TNF-�-mediated ROS flux in cells; however, it is also
likely that non-ROS-dependent pathways also contribute to the
effects of TNF-� on cellular activation. It is difficult to distin-
guish between these possibilities as amethod such as DCF fluo-
rescence may not detect all essential intracellular ROS flux due
to limitations in sensitivity, and subcellular location and dura-
tion of oxidant flux. DCF fluorescence is also nonspecific in that
it detects several species of ROS (31). In addition, these mea-
surements were normalized to the initial levels of DCF fluo-
rescence in each well to account for potential differences in cell
number; however, this method does not allow for a comparison
of initial DCF levels. Additionally, DCF measurements may be
affected by the formation of a DCF radical that may subse-
quently cause the generation of superoxide anion and lead to a

propagation of the oxidant signal, at least in the presence of
heme containing enzymes, such as horseradish peroxidase, as
has been shown in in vitro assays (32, 33). DCF fluorescence,
however, remains a widely used method to monitor intracellu-
lar oxidant production (31, 34) and the dynamics of DCF fluo-
rescence in our study are inversely related to the presence or
absence of GPx-1, an important intracellular antioxidant
enzyme. Nonetheless, to confirm that loss of GPx-1 augments
oxidant levels in endothelial cells, we utilized Amplex Red,
which is highly specific for hydrogen peroxide, to monitor
extracellular release of oxidants. Consistent with a role for
redox-dependent effects mediated by GPx-1 deficiency, these
data indicated that loss of GPx-1 significantly increases hydro-
gen peroxide release to the media following TNF-� treatment.

To confirm further a role for the antioxidant GPx-1 in mod-
ulating intracellular ROS, we next used siRNA to suppress the
expression of various oxidant generators. Based on our prelim-
inary studies we found that suppression of NOX-4 or mito-
chondrial complex III subunit expression reduced TNF-�-me-
diated induction of adhesion molecules to some extent, but
neither of these molecules are sufficient to overcome com-
pletely the actions of TNF-�. It is likely that in the absence of
GPx-1, excess ROS may accumulate due to the actions of mul-
tiple ROS systems, including NOX-4, other NOXs, and xan-
thine oxidase, as well as mitochondrial sources. It is, however,
difficult to eliminate all of these sources at once without com-
promising cell integrity. Our findings indicate that eliminating
NOX-4 has a greater effect than eliminating other oxidant gen-
erators tested. Furthermore, deficiency of NOX-4 significantly
lowered hydrogen peroxide generation in cells lackingGPx-1 in
the presence or absence of TNF-�, suggesting a role for NOX-4
in generating intracellular oxidants at baseline.Our findings are
consistent with recent findings that suggest a role for NOX-4 in

FIGURE 5. Genes differentially regulated by siGPx-1 deficiency. Genes were selected by leading edge analysis from the top 100 sets identified by Gene Set
Enrichment Analysis. Supplemental Table S4 lists additional targets. Positive values indicate increased expression in GPx-1-deficient plus TNF-�-treated cells
and negative values indicate increased expression in siControl plus TNF-� treatment.
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basal hydrogen peroxide generation (35) and with studies sug-
gesting that NOX-4 plays a role in TNF-�-mediated oxidant
stress in cerebral microvascular endothelial cells from the pig
(36). Interestingly, the latter study implicated NOX-4 in gener-
ating superoxide, rather than directly generating hydrogen per-
oxide. Superoxide, however, is rapidly converted to hydrogen
peroxide either spontaneously or via the actions of superoxide
dismutases (37), such as SOD2, which is up-regulated by
TNF-�. Hydrogen peroxide has an essential role in cell signal-
ing via oxidation of protein thiols, although, in excess, it can
contribute to oxidative stress (38).
TNF-� has been previously shown to up-regulate ERK1/2,

JNK, and NF�� pathways by mechanisms involving ROS (15).
Our findings identify a crucial role for GPx-1 in modulating
activation of these pathways, as loss of GPx-1 augments each of
them. Consistent with previous studies indicating that excess
GPx-1 or antioxidants can suppress the activation of proinflam-
matory signaling responses (39, 40), we also found that excess
GPx-1 attenuated cytokine action. Similarly, lack of GPx-1, in
deficient mice, was found to enhance NF�B activation follow-
ing cerebral ischemia-reperfusion injury (41), a process that
theoretically involves the production of excess oxidants. Con-
sistent with this observation, we found that GPx-1 deficiency in

human endothelial cells increased NF�B (p50 subunit) translo-
cation to the nucleus and augmented the degradation of I�B�,
prolonging NF�B-dependent signaling. Furthermore, in the
context of GPx-1 deficiency, augmented NF�B activation and
JNK pathway activation contribute to enhanced endothelial
expression of adhesion molecules.
Several studies have found that ICAM-1 and VCAM-1 are

differentially regulated, with ICAM-1 transcription primarily
responsive to NF�B pathways (28), whereas cytokine-induced
transcription of the VCAM-1 gene requires combinatorial
interactions of NF�B with other nuclear activators, such as
stimulatory protein-1 (42), interferon regulatory factor-1 (43),
and activator protein-1 (44). Accordingly, we found that inhib-
itors directed to ERK1/2 or JNK had a greater effect on
VCAM-1 expression than ICAM-1 expression, whereas inhib-
iting NF�B activation suppressed the expression of both
ICAM-1 and VCAM-1. Interestingly, in GPx-1-deficient cells,
NF�B inhibition also attenuated the increase of adhesion mol-
ecule expression found in the absence of TNF-�, thereby sug-
gesting that tonic activation of NF�B pathways is enhanced by
GPx-1 deficiency. In contrast, short-term incubation with
ERK1/2 inhibitors had no effect on the enhanced levels of adhe-
sion molecule expression in GPx-1-deficient cells in the

FIGURE 6. GPx-1 and DUSP4 in TNF-�-treated cells. HMVEC were transfected with siDUSP4 or siRNA control (siCtrl) for 24 h. A, DUSP4 transcripts were
measured by qRT-PCR (n � 5) following normalization to GAPDH as endogenous control (n � 4) and compared with an untransfected sample to obtain relative
mRNA levels. Using ANOVA (p � 0.0001) and Fisher’s PLSD post hoc testing (*, p � 0.05), significant differences were observed. B, siDUSP- and siControl-treated
cells were treated with TNF-� and activation of ERK1/2 and JNK was analyzed by Western blot detection of their phosphorylated forms. C and D, the effect of
TNF-� treatment on ICAM-1, and VCAM-1 mRNA (C) and protein (D) expression in DUSP4-deficient cells was compared with that in siCtrl cells as determined by
qRT-PCR as described in A, and immunoblotting. E, the ability of DUSP4 to modify TNF-�-mediated ICAM-1 and VCAM-1 protein expression was tested in
GPx-1-deficient and control transfected cells by using an adenovirus to DUSP4 or a control adenovirus (AdCtrl) and analyzing extracts by Western blot.
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absence of TNF-�, whereas short-term incubation with JNK
inhibitors decreased somewhat the augmented adhesion mole-
cule expression caused by GPx-1 deficiency alone, suggesting
that JNK pathways may also contribute to the basal up-regula-
tion of adhesion molecules in GPx-1-deficient cells. Interest-
ingly, a recent study in endothelial cells found that mechanical
stress up-regulated GPx-1 expression, thereby suppressing
inflammatory responses in these cells (45). Our findings indi-
cate that lack of GPx-1 alone can promote inflammatory
responses in endothelial cells.
To investigate further the role of intracellular signaling path-

ways in the up-regulation of adhesion molecules under oxida-
tive stress, microarray analysis was performed. Other studies
have shown that TNF-� induces gene expression of specific
adhesionmolecules, chemokines, transcription factors, and sig-
nal transduction molecules in endothelial cells (46, 47).
Included in these clusters, adhesion molecules ICAM-1 and
VCAM-1 (48, 49) were highly up-regulated, as was the antioxi-
dant SOD-2. It is well known that NF�B activates the SOD2
gene and that TNF-� induces SOD-2 (50). In our data set,
SOD-2 up-regulation to TNF-� was not altered by GPx-1
deficiency.
Of 14,000 target genes, gene set enrichment analysis followed

by leading edge analysis identified 12 target genes up-regulated
by	2-fold or more in the TNF-�-treated GPx-1-deficient cells
and 71 down-regulated comparedwith theTNF-�-treated con-
trol cells. Among these, DUSP4, encoding a MAPK phospha-
tase, was a novel target down-regulated in TNF-�-treatedGPx-
1-deficient cells. DUSP4 is one of several dual specificity
phosphatases that has been recently described (51), and despite
a fairly detailed knowledge of its biochemical properties (52,
53), its physiological function is less completely studied.DUSP4
may play a role in suppression of ERK- and JNK-dependent
events (54, 55), and, thus, decreased expression of DUSP may
explain, in part, augmented MAPK activation. ROS may also
inactivate DUSPs by oxidation of their catalytic cysteine to sul-
fenic acid (15). Other studies have shown that DUSP4 gene
expression may be induced by ROS-mediated p53 activation in
some cells (56) or indirectly through ROS-dependent ERK1/2
activation (54), possibly as a feedback mechanism by which to
decrease MAPK signaling. In human embryonic kidney 293T
cells, hydrogen peroxide or xanthine/xanthine oxidase led to
inducible expression ofmultiple DUSPs, and the suppression of
DUSP4 or DUSP16 led to sustained JNK activation following
hydrogen peroxide treatment (57). In our studies, DUSP4
expression was decreased in TNF-�-treated GPx-1-deficient
cells, even though these cells had elevated accumulation of
intracellular ROS. In fact, following a 2-h TNF-� treatment,
DUSP4was modestly reduced (by 15–25%) in control transfec-
tants as well, suggesting that modest suppression of DUSP4
may be a response to TNF-� that is enhanced by GPx-1 defi-
ciency. In our microarray analysis, of all the DUSP family gene
targets, only DUSP4 and DUSP9 were differentially regulated
by GPx-1 deficiency (supplemental Fig. S3). In contrast, the
expression ofDUSP5,DUSP6, andDUSP8 was up-regulated to
a similar extent in GPx-1-deficient and control cells by TNF-�
treatment. Consistent with these results, DUSP5, DUSP6, and
DUSP7, which have been designated as ERK-specific phospha-

tases, were not increased in hydrogen peroxide-treated cells,
concomitant with the prolonged phosphorylation of ERKs
observed under these conditions in 293T cells (57). Although
DUSPs may be post-translationally inactivated to enhance
MAPK activation, decreased expression of DUSP4 may also
contribute to MAPK stimulation. In support of this view, tar-
geted knockdown of DUSP4 augmented TNF-�-induced phos-
phorylation of ERK1/2. Consistent with the role of ERK1/2 in
VCAM-1 expression and DUSP4 in regulating ERK1/2, lack of
DUSP4 enhanced TNF-�-mediated expression of VCAM-1
mRNAand protein. In contrast, lack of DUSP4 did not enhance
ICAM-1 expression by Western blot. Furthermore, lack of
DUSP4 alone (without cytokine stimulation) had no effect on
adhesionmolecule expression.DUSP4 knockdowndid not aug-
ment TNF-�-mediated JNK activation; rather, there was a
slight suppression in JNK activation in DUSP4-deficient cells
that may relate to compensatory mechanisms by other DUSPs
in cells withDUSP4 knockdown. This is in contrast to cells with
GPx-1 deficiency, in which lack of GPx-1 augments JNK acti-
vation, possibly by ROS-mediated mechanisms. Thus, loss of
DUSP4 contributes to enhanced ERK1/2 activation in GPx-1-
deficient cells but ERK1/2 pathways do not regulate all of the
TNF-�-mediated responses caused by lack of GPx-1.

To summarize, our current findings suggest that GPx-1 defi-
ciency and its accompanying oxidant stress increase ICAM-1
and VCAM-1 expression primarily via NF�B and JNK activa-
tion (Fig. 7). Additionally, we found that oxidant stress evoked
by GPx-1 deficiency was associated with decreased expression
of DUSP4, suggesting a mechanism by which to prolong ERK
signaling, thereby, enhancing endothelial responses to inflam-
matory cytokines. This study provides new insights into the
mechanisms by which GPx-1 deficiency may contribute to
endothelial activation and atherogenesis by contributing to a
proinflammatory environment and augmenting the activation
of cytokine-stimulated ROS-dependent signaling cascades.

FIGURE 7. Proposed model illustrating a role for GPx-1 in TNF-� activa-
tion of endothelial cells. In response to extracellular (TNF-�) and intracellu-
lar (GPx-1 deficiency) oxidative stress, NF�B is activated, increasing ICAM-1
and VCAM-1 expression. In addition, GPx-1 deficiency plus TNF-� treatment
augments phospho-ERK1/2 and JNK activation, in part, by decreasing the
expression of the gene encoding DUSP4, a MAPK phosphatase. ERK1/2 path-
ways contribute to VCAM-1 expression and other TNF-�-mediated effects
that are not shown.

GPx-1 Modulates the Effects of TNF-�

35416 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 41 • OCTOBER 14, 2011

http://www.jbc.org/cgi/content/full/M110.205708/DC1


Acknowledgment—We thank Stephanie Tribuna for expert assistance
with manuscript preparation.

REFERENCES
1. Raes, M., Michiels, C., and Remacle, J. (1987) Free Radic. Biol. Med. 3, 3–7
2. Ursini, F., Maiorino, M., Brigelius-Flohé, R., Aumann, K. D., Roveri, A.,
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