






Immunoblotting. Cells were lysed in lysis buffer (20 mmol/l Tris,
150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA, 1% Triton
X-100, 2.5 mmol/l sodium pyrophosphate, 1 mmol/l h-glycerolphos-
phate, 1 mmol/l Na3VO4, 1 �g/ml leupeptin, and 1 mmol/l phenyl-
methylsulfonyl fluoride, pH 7.5) on ice for 15 min. Cell debris was
removed by centrifugation at 18,000 g at 4°C for 15 min, and the
nuclear protein extracts were obtained from the cell lysates with
NE-PER Reagents. Protein contents of the cell lysates or nuclear
extracts were determined using Bio-Rad protein assay kit. Cell lysates
or nuclear extracts with equal protein content were then loaded and
separated by 12% SDS-PAGE. The protein bands were electrotrans-
ferred onto nitrocellulose membrane and blocked with 5% nonfat milk
in TBS/T buffer (20 mmol/l Tris base, 135 mmol/l NaCl, 0.1% Tween
20, pH 7.6) for 1 h. After incubation of the membrane with the
appropriate antibodies, i.e., anti-Trx1, anti-MCP-1, anti-c-Jun, anti-
Ref-1, and anti-histone H3 antibody, for at least 4 h, specific protein
bands were visualized with SuperSignal West Pico Chemiluminescent
Substrate. As an internal control, the actin contents in the samples
were also immunoblotted using polyclonal anti-actin antibody as
primary antibody.

Detection of the ROS generation in cells. Two methods were used
to detect ROS generation in cells. For Trx1-overexpressing cells,
carboxy-H2DCFDA was used to detect the intracellular ROS gener-
ation (49). Briefly, 1�106 cells were seeded in each well of a six-well
plate. The cells were cultured overnight and then loaded with 10 �M
carboxy-H2DCFDA for 40 min. After the ROS indicator in medium
was washed off, the cells were either left unstimulated or stimulated
with 100 �g/ml oxLDL or 100 �g/ml LDL for 30 min. After three
additional washes, the cells were lysed in 1 M NaOH on ice for 5 min.
The lysates were then cleared up by centrifugation at 14,000 g at 4°C
for 10 min. Fluorescence of the oxidized carboxy-H2DCF (DCF) in
the supernatants was determined at the excitation of 480 nm and
emission of 520 nm on a Fluorescence Spectrophotometer F-4500
(Hitachi) as the measure of the intracellular ROS generation during
the 30-min culture with or without the indicated stimulator.

DHE was used to detect the intracellular ROS generation (30) in
Trx1-knockdown cells, and the cells were transfected with scramble
oligonucleotide (mock RNA). Briefly, after 100 �g/ml oxLDL stim-
ulation, the cells were washed with serum-free culture medium and
incubated with 5 �M DHE at 37°C for 30 min. After washing with

Fig. 1. Effects of thioredoxin 1 (Trx1) overexpression and Trx1 knockdown on monocyte chemoattractant protein-1 (MCP-1) secretion and expression in EA.hy
926 cells. A: immunoblot of Trx1 expression in wild-type cells (EA-wt); the cells were stably transfected with either neomycin-resistant gene (EA-neo) or Trx1
(EA-Trx1). B: activity of Trx1 in EA-wt, EA-neo, and EA-Trx1 cells determined by insulin reduction-based assay. C: basal, nLDL- and oxidized LDL
(oxLDL)-stimulated MCP-1 release in EA-wt, EA-neo, and EA-Trx1 cells. The secreted MCP-1 in cell suspension was determined by ELISA after the cells were
left or stimulated with 100 �g/ml oxLDL or nLDL for 6 h. D: immunoblot of MCP-1 expression in EA-wt, EA-neo, and EA-Trx1 cells after stimulation by 100
�g/ml oxLDL for 17 h. E: immunoblot of Trx1 expression in EA-wt cells, the cells transfected with either 150 nM scramble oligonucleotide (Mock) or 150 and
200 nM Trx1 small interfering RNA (siRNA) for 60 h. F: activity of Trx1 in EA-wt and the cells transfected with either 150 nM mock RNA or Trx1 siRNA
(EA-siRNA) for 60 h, which was determined by insulin reduction-based assay. G: basal, LDL- and oxLDL-stimulated MCP-1 release in EA-wt, mock, and
EA-siRNA cells. The secreted MCP-1 in cell suspension was determined by ELISA after the cells were left or stimulated with 100 �g/ml oxLDL or LDL for
6 h. H: immunoblot of MCP-1 expression in EA-wt, mock, and EA-siRNA cells after stimulation with 100 �g/ml oxLDL for17 h. In all histograms, each
value represents the mean � SD of three independent measurements. *P � 0.05.
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PBS was completed, the ethidium formed by oxidation of DHE in
1.5�104 cells was analyzed on a BD FACS Caliber flow cytometer.

EMSA of the DNA-binding activity of AP-1. Nuclear extracts were
isolated using NE-PER Reagents, and the protein contents in nuclear
extracts were determined with BCA assay Kit. Biotinated double-
stranded oligonucleotide containing the AP-1 binding site 5=-biotin-
TTCCGGCTGACTCATCAAGCG-3= was used as probe for specific
binding of AP-1. Unlabeled double-stranded oligonucleotide was used
as competitor. In performing EMSA, 10 �g nuclear extracts were
added 10 min early, and then 130 fmol of probe were added in 15 �l
of the Pierce-provided 1� binding buffer containing additional 5 mM
MgCl2, 2.5% (vol/vol) glycerol, 50 ng of poly dI/dC, and 0.05%
Nonidet-40 and then kept on ice for 30 min. In competition experi-
ments, molar excess (40 pmol) of the unlabeled oligonucleotide was
added in the reaction mixture before adding biotin-labeled probe. The
formed protein-DNA complexes were separated by 6.5% native poly-
acrylamide gel and electrotransferred onto nylon membrane. The
DNA was then cross-linked to the membrane by UV illumination. The
biotin-labeled DNA bands were visualized using LightShift Chemi-
luminescent EMSA Kit.

Assay of transcription with luciferase reporter. The luciferase
reporter pMCP-1-luc containing full-length MCP-1 promoter and
AP-1 luciferase reporter pAP-1-luc containing 7� AP-1 binding sites
was used for transcription activity assay of MCP-1 promoter and
transcriptional activity of AP-1, respectively, in cells under various
conditions. In the assay, EA.hy 926 cells (for effect of ROS on MCP-1

transcription) or BAEC cells (for effect of Trx1 on AP-1 activity)
were plated on 12-well plates at a density of 	80% confluence and
transfected in the same medium using VigoFect (for EA.hy 926) or
jetPEI (Polyplus) (for BAECs). In each transfection, cells were trans-
fected with various combinations of a luciferase reporter plasmid and
desired expression vectors (The amount of each expression vector was
equal if it is not specified) as well as 100 ng of CMV-�-galactosidase
expression vector as internal control. Total DNA quantity was kept
constant with pcDNA3 or relevant empty vectors. Twelve hours after
transfection, the cells were washed and cultured in fresh medium for
24 h and then harvested. Both luciferase and �-galactosidase activities
were measured with a home-made luminometer and a Bio-Rad plate
Reader, respectively. The luciferase activity normalized against the
�-galactosidase activity represents the transcription efficiency of the
reporter gene. All transfections throughout the investigation were per-
formed in triplicate, and each assay was repeated three times.

Statistics. All data obtained in this study are presented as means � SD
of three independent measurements and were subjected to Student’s
t-test. The statistical analyses of data are shown as single asterisk (P �
0.05) and double asterisks (P � 0.01) in corresponding figures.

RESULTS

Trx1 downregulates MCP-1 release and expression. To
know whether Trx1 plays any role in regulation of MCP-1
secretion in human ECs, the MCP-1 release and expression

Fig. 2. Effect of Trx1 on intracellular generation of reactive oxygen species (ROS) and the effect of ROS on MCP-1 secretion and transcription. A: relative
fluorescence of dichlorodihydrofluorescein (DCF) in lysates of the EA-neo, Trx1-overexpressing cells (EA-Trx1) and the cells transfected with redox-inactive
mutant of Trx1 (EA-Trx mutant) after exposure to 100 �g/ml oxLDL or nLDL for 30 min. The cells were loaded with 10 �M carboxy-H2DCFDA for 40 min,
and then washed three times immediately before exposure to stimulator. B: flow cytometric analysis of the ethidium formed by oxidation of dihydroethidium
(DHE) in the cells transfected with 150 nM Trx1 siRNA and scramble oligonucleotide after exposure to 100 �g/ml oxLDL for 30 min. For each type of cell,
1.5�104 cells were analyzed. C: MCP-1 release from Trx1-overexpressing cells (EA-Trx1 cells) and their controls (EA-neo cells), which were either unstimulated
or stimulated with 100 �g/ml oxLDL for 17 h in the presence or absence of 10 �M diphenyleneiodonium (DPI). D: transcription of full-length MCP-1
promoter-driven luciferase gene in the EA.hy 926 cells transfected with 0.5 �g MCP-1 whole promoter-luc reporter plasmid for 32 h under various conditions.
Open bar, cotransfection with 0.5 �g pcDNA3 in absence of DPI; shaded bar, cotransfection with 0.5 �g pcDNA3 but treated with 10 �M DPI during the last
8 h of contransfection; solid bar, cotransfection with 0.5 �g Nox1 expression vector. All data represent means � SE of three independent measurements. *P �
0.05; **P � 0.01.
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were determined in the cells either overexpressing a recombi-
nant human Trx1 or having their endogenous Trx1 knocked
down. Immunoblot analysis showed that the protein level of
Trx1 in the stable Trx1-transfected cells (EA-Trx1 cells) is
about twofold of that in the cells expressing only a neomycin
resistance gene (EA-neo cells) and in the wild-type EA.hy 926
cells (referred as EA-wt) (see Fig. 1A). Insulin reduction-based
assays showed similar results; i.e., the Trx1 activity in EA-
Trx1 cells was nearly doubled compared with that in two
controlled cell lines (see Fig. 1B). These data indicate that the
Trx1-transfected cells EA-Trx1 do overexpress functional
Trx1.

Basal and the oxLDL-stimulated MCP-1 release from the
Trx1-overexpressing cells and their controls were measured by

ELISA. As Fig. 1C shows, overexpression of Trx1 signifi-
cantly suppressed the basal and the oxLDL-stimulated MCP-1
secretion from ECs. To confirm whether such depression of
MCP-1 release is due to decreased protein expression of this
enzyme, the cellular expression of MCP-1 in wild-type, neo-,
and Trx1-overexpressing cells was analyzed by immunoblot-
ting. As Fig. 1D shows, the MCP-1 expression was also
suppressed by overexpression of Trx1.

To avoid any possible side effect caused by introducing an
exogenous Trx1 gene in cells, the effect of Trx1 on MCP-1
release was also investigated in the cells having their endoge-
nous Trx1 knocked down. As an immunoblot analysis showed,
expression of Trx1 in the cells transfected with 150 and 200
nM Trx1 siRNA was reduced approximately by 70% and 80%,

Fig. 3. Effect of Trx1 on nuclear translocation
of c-Jun and Ref-1. A: nuclear c-Jun protein in
EA.hy 926 cells following 100 �g/ml oxLDL
stimulation for indicated time. B: left, immu-
noblot analysis of nuclear c-Jun in EA-neo
and Trx1-overexpressing cells (EA-Trx1) af-
ter stimulation with 100 �g/ml oxLDL for 1
h. Right, relative nuclear c-Jun content in
EA-neo and EA-Trx1 cells based on three
independent immunoblot analyses. C: left, im-
munoblot analysis of nuclear c-Jun in wild-
type cells and the cells transected with either
scramble oligonucleotide (Mock RNA) or
Trx1 siRNA for 60 h, following 100 �g/ml
oxLDL stimulation for 1 h. Right, relative
nuclear c-Jun content in mock and Trx1-
knockdown cells based on three independent
immunoblot analyses. D: left, immunoblot
analysis of nuclear Ref-1 in wild-type cells
and the cells transected with either mock
RNA or Trx1 siRNA for 60 h, following 100
�g/ml oxLDL stimulation for 1 h. Right, rel-
ative nuclear Ref-1 content in mock and Trx1-
knockdown cells based on three independent
immunoblot analyses. In all assays, histone
H3 was probed as loading control and used to
normalize nuclear content of c-Jun and Ref-1
in each type of cells. *P � 0.05; **P � 0.01.
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respectively, whereas protein level of Trx1 in cells transfected
with scramble oligonucleotides remained almost unchanged
(see Fig. 1E). The insulin reduction-based assay also showed
that Trx1 activity in the cells transfected with 150 nM Trx1
siRNA was reduced by about 30% when compared with that in
the cells transfected with equal amount of scramble oligonu-
cleotide (see Fig. 1F). ELISA experiments showed that both
basal and the oxLDL-stimulated MCP-1 secretion significantly
increased in the cells transfected with Trx1 siRNA (see Fig. 1G).
Thus the results of RNA interference experiment appear to be
well consistent with previously observed depression of MCP-1
secretion in Trx1-overexpressing cells. Furthermore, the MCP-1 ex-
pression in Trx1-knockdown cells was also determined by
immunoblotting (see Fig. 1H). It showed that MCP-1 expres-
sion was obviously enhanced in the cells having endogenous
Trx1 depleted. Both depression of MCP-1 release/expression
by overexpression of recombinant Trx1 and enhancement of
the release/expression by knockdown of endogenous Trx1
strongly suggest that Trx1 functions as a suppressor for MCP-1
secretion and expression in ECs.

Trx1 downregulates MCP-1 release by depressing intracel-
lular ROS generation. Since ROS generation has been reported
to be associated with increased MCP-1 expression under var-
ious stimulation (7, 22) and Trx can remove intracellular ROS
by providing electron to the peroxiredoxin-catalyzed reduction
of ROS (5), the effect of Trx1 on ROS generation in oxLDL-
stimulated endothelial-like cells and the regulatory role of ROS
in MCP-1 release were investigated for knowing whether Trx1
downregulates MCP-1 release through elimination of ROS. As
measured by DCF fluorescence, the intracellular generation of
ROS in Trx1-overexpressing cells was reduced by about 20%
compared with that in controls (EA-neo cells). In contrast,
stable transfection of the redox-inactive mutant Trx1(C32/
35S), in which the residue Cys32 and Cys35 in its redox-active
center was mutated to serines, resulted in no inhibition of ROS
generation but even notably enhanced the cellular ROS level

(see Fig. 2A). In addition, the ROS generation was also mea-
sured in Trx1-knockdown cells using DHE as indicator. It was
observed that depletion of endogenous Trx1 apparently en-
hanced ROS generation in the cells (see Fig. 2B). These results
clearly indicate that Trx1 suppresses cellular ROS generation.

To know how the cellular ROS affects MCP-1 release and
expression, a special NADPH oxidase inhibitor DPI (33) was
used to treat Trx1-overexpressing cells and their controls
during stimulation with or without 100 �g/ml oxLDL. As Fig.
2C shows, the NADPH oxidase inhibitor (10 �M) significantly
suppressed both basal and the oxLDL-stimulated MCP-1 re-
lease from both Trx1-overexpressing cells (EA-trx1) and their
control (EA-neo ells). To confirm these results at a transcrip-
tional level, a MCP-1 (full-length promoter) luciferase reporter
was transfected into the ECs to see how intracellular ROS
regulates the transcription of MCP-1 by either cotransfection
with Nox1 gene, the homologues of the catalytic subunit of
NADPH oxidase (gp91phox) that generates a low-level ROS
(24), or addition of the NADPH oxidase inhibitor in cell suspension.
The assays with MCP-1 luciferase reporter also showed that
DPI significantly depressed, whereas cotransfection with Nox1
markedly enhanced the transcription of MCP-1 (see Fig. 2D).
The observed suppression of intracellular ROS generation by
Trx1 and regulation of MCP-1 release/transcription by ROS
suggest that, at least as one of the mechanisms, Trx1 down-
regulates MCP-1 secretion and expression through suppression
of intracellular ROS generation.

Trx1 suppresses oxLDL-stimulated nuclear translocation of
AP-1 and its activation mediator Ref-1. Since AP-1 is one of
the major nuclear factors for transcription of MCP-1 under
oxLDL stimulation (65), it was investigated whether AP-1 is
involved in the downregulation of MCP-1 by Trx1. AP-1
consists of a variety of dimers composed of members of the Jun
and Fos families of proteins. At first, we looked at whether
Trx1 could affect nuclear translocation of c-Jun, which is the
most important component of AP-1, forms heterodimer with

Fig. 4. Effect of Trx1 on DNA binding
activity of AP-1 in EA.hy 926 cells. Electro-
phoretic mobility-shift assay of DNA-bind-
ing activity of AP-1 in wild-type cells, EA-
neo cells, Trx1-overexpressing cells, and the
cells transfected with either scramble oligo-
nucleotide (Mock RNA) or Trx1 siRNA for
60 h under various indicated condition.
Lanes 1 and 7, no addition of nuclear extract
in binding buffer and no oxLDL-stimulation;
lanes 2 and 8, unlabeled DNA probe was
added to compete biotin-labeled probe in
reaction mixture containing nuclear extract
from the indicated cells stimulated by 100
�g/ml oxLDL for 2 h; lanes 3 and 9, same as
lanes 2 and 8 except for absence of unla-
beled DNA probe; lane 4, nuclear extract
from EA-neo cells; lane 5, nuclear extract
from Trx1-overexpressing cells; lane 6,
same as lane 4, except for addition of c-Jun
antibody to reaction mixture; lane 10, nu-
clear extract from the cells transfected with
mock RNA; lane 11, nuclear extract from
Trx1-knockdown cells; lane 12, same as
lane 11, except for addition of c-Jun anti-
body to reaction mixture. Arrows indicate
DNA binding band and free probe.
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c-Fos and enters the nucleus to activate gene transcription (8).
The nuclear content of c-Jun was probed by immunoblotting
after the ECs were stimulated with 100 �g/ml of oxLDL for
various periods of time. It was found that oxLDL stimulation
induced an increase of nuclear c-Jun with a maximum appear-
ing at about 1 h (see Fig. 3A). Therefore, all immunoblot
analysis on nuclear proteins of interest was performed when
cells were stimulated with oxLDL for 1 h. As immunoblot
analysis of nuclear extracts showed, overexpression of Trx1
considerably reduced nuclear content of c-Jun in the oxLDL-
stimulated cells (relative reduction is about 60%, see Fig. 3B),
whereas knockdown of endogenous Trx1 increased c-Jun con-
tent in the nuclei of the oxLDL-stimulated cells to about
fourfold (see Fig. 3C). The results suggest that Trx1 strongly
suppresses oxLDL-induced translocation of AP-1 from cyto-
plasm to nucleus.

In addition to look at nuclear translocation of AP-1, the
regulatory effect of Trx1 on nuclear translocation of Ref-1 was
also investigated, since DNA-binding activity of c-Jun and
c-Fos requires Ref-1 to reduce their cysteine residues (21).
Thus the nuclear content of Ref-1 was also determined in the
cells having their endogenous Trx1 knocked down. It was
found that depletion of endogenous Trx1 by its siRNA resulted
in a twofold increase of nuclear Ref-1 under oxLDL stimula-
tion (see Fig. 3D). These results suggest that Trx1 downregu-
lates MCP-1 release and expression likely through suppression
of oxLDL-stimulated nuclear translocation of both AP-1 and
its activation mediator Ref-1.

Trx1 downregulates MCP-1 expression by repression of
transcriptional activity of AP-1. As previous results showed
suppression of nuclear translocation of AP-1 and Ref-1 by
Trx1, does the suppression lead to depression of transcriptional
activity of AP-1? To answer this question, DNA-binding ac-
tivities of AP-1 in the nuclear extract from both the Trx1-
overexpressing and Trx1-knockdown cells were determined by
EMSA and compared with those in the nuclear extracts from
their respective controls. As Fig. 4 shows, the shifted band was
significantly reduced in the presence of anti-c-Jun antibody in
the reaction mixture of nuclear extract with DNA probe (com-
paring lanes 6, 12 with lanes 4, 11), indicating that the shifted
probe-containing bands are complexes of AP-1 with its DNA
probe. It can be seen that overexpression of Trx1 obviously
reduced but depletion of endogenous Trx1 notably enhanced
the ability of AP-1 to bind the double-stranded oligonucleotide
containing an AP-1 binding site in ECs compared with that in
wild-type cells, the neo cells, and the cells transfected with a
scramble oligonucleotide (comparing AP-1-probe complex
band in lanes 5, 11 with those in lanes 3, 4, and 9, 10). The
EMSA results look as if to contradict the report by other
investigators that Trx upregulates DNA-binding activity of
AP-1 (24, 55). The reason for the observed apparent reduction
of the DNA-binding activity in the nuclear extract of the
Trx1-overexpressing cells and enhancement of the DNA-bind-
ing activity in the nuclear extract of the Trx1-knockdown cells
might be due to the fact that overexpression or depletion of
Trx1 not only changes Trx1 in nucleus but also significantly
changes nuclear Ref-1, a key molecule in activation of DNA-
binding activity of AP-1. The role of Ref-1 will be discussed
later.

To further prove the inhibitory effect of Trx1 on AP-1
transcriptional activity, an AP-1 luciferase reporter containing

seven tandem repeats of AP-1 consensus sequences in its
promoter was transfected with various combination of Trx1
expression, c-Jun expression, and c-Fos expression vectors into
BAECs for looking at whether Trx1 suppresses the transcrip-
tional activity of AP-1. As shown in Fig. 5A, transfection of
either c-Jun or c-Fos activated transcription of the AP-1 con-
sensus sequences-driven transcription of luciferase gene. How-
ever, cotransfection of Trx1 substantially depressed the tran-
scriptional activity of c-Jun and c-Fos. The results obtained
with (AP-1)7-luc reporter clearly demonstrate that Trx1 sup-
presses transcriptional activity of AP-1.

To demonstrate whether Trx1 downregulates MCP-1 expres-
sion through depressing transcriptional activity of AP-1, a
MCP-1 full-length, promoter-driven luciferase reporter was
transfected with various combination of Trx1 expression, c-Jun
expression, and c-Fos expression vectors into BAECs. The
reason for using BAECs is because they are easy for transfec-
tion. As Fig. 5B shows, transfection with either c-Jun expres-
sion or c-Fos expression vector significantly enhanced tran-
scription activity of MCP-1 promoter (2.6-fold induction for
c-Jun and 1.6-fold induction for c-Fos), indicating that c-Jun
and c-Fos are indeed nuclear factors for transcription of MCP-1
gene. However, cotransfection of Trx1 expression vector ob-

Fig. 5. Effect of Trx1 on transcriptional activity of c-Jun and c-Fos in bovine
aortic endothelial cells (BAECs). A: effect of Trx1 on activity of c-Jun and
c-Fos in transcription of the pAP-1-Luc reporter, whose promoter contains 7�
(AP-1) sites, in BAEC cells. The cells were cotransfected with indicated
combination of c-Jun, c-Fos, and Trx1 expression vectors. B: effect of Trx1 on
activity of c-Jun and c-Fos in transcription of the full-length MCP-1 promoter-
driven luciferase gene in BAEC cells. The cells were cotransfected with
indicated combination of c-Jun, c-Fos, and Trx1 expression vectors. In all
assays, 0.5 �g MCP-1 promoter-luc reporter plasmid or 1 �g pAP-1-Luc
reporter plasmid was cotransfected together with 150 ng of each indicated
expression vector into cells for 24 h before measurement of luciferase activity.
*P � 0.05.
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viously suppressed either c-Jun-enhanced or c-Fos-enhanced
activity of MCP-1 promoter. Furthermore, transfection with
both c-Jun expression and c-Fos expression vector greatly
enhanced transcription activity of MCP-1 promoter (7-fold
induction), and the enhanced activity was even more obviously
suppressed by cotransfection with Trx1. The experiments with
MCP-1 reporter further demonstrate that Trx1 downregulates
MCP-1 expression at the transcriptional level and the down-
regulation is due to suppression of AP-1 activity.

DISCUSSION

It is only recently that few investigations have been devoted
to look at effect of Trx on MCP-1 release. Ohashi et al. (34)
reported that Trx1 in transgenic mice overexpressing Trx1
prevented development of chronic pancreatitis in mice, and
overexpression of Trx1 reduced H2O2-induced MCP-1 produc-
tion in isolated pancreatic acinar cells. Dai et al. (11) reported
that homocysteine could induce expression of Trx1, and the
induced Trx1 might be responsible for reduced MCP-1 secre-
tion from monocytes. However, none of the investigations
focused on the signaling mechanisms involved in the regula-
tion of MCP-1 by Trx1 except for suppression of ROS pro-
duction. In the above-mentioned reports, one dealt with the
MCP-1 release in pancreatic acinar cells, the other was con-
cerned with monocytes. No investigation on regulation of
MCP-1 release by Trx in ECs has been reported. Therefore, we
probably showed for the first time that Trx1 downregulates the
oxLDL-stimulated MCP-1 secretion in human vascular ECs,
and depression of nuclear translocation of AP-1 and Ref-1 is a
critical mechanism for the downregulation.

In human ECs, the regulation of MCP-1 expression has been
studied intensively (18, 53). A previous study showed that gene
expression of MCP-1 was controlled in a stimulus-specific
manner and involved differential activation of the redox-re-
sponsive transcription factors AP-1 and nuclear factor (NF)-
B
(64). In this study, oxLDL was used to stimulate the endothe-
lial-like EA.hy 926 cells as a cell model of atherogenesis
because oxLDL is a key pathogenic mediator of atherogenesis.
Other investigators have already demonstrated that oxLDL
stimulation increased MCP-1 secretion/expression in ECs, and
activation of NF-
B is not involved in oxLDL-mediated in-
crease of MCP-1 secretion/expression (14). We also observed
no nuclear translocation of NF-
B subunit p65 in the oxLDL-
stimulated EA.hy 926 cells (data not shown). In contrast, we
observed that c-Jun, the core member of AP-1 protein family,
and Ref-1 translocated from cytosol to nuclei under oxLDL-
stimulation in the endothelial-like cells.

Besides confirming that Trx1 downregulates MCP-1 release/
expression by eliminating excrescent ROS generation, our
results reveal two novel mechanisms by which Trx1 suppresses
MCP-1 expression in oxLDL-stimulated ECs. First, Trx1 de-
presses nuclear translocation of AP-1 protein c-Jun (see Fig. 3,
B and C), which must lead to less gene transcription of MCP-1.
Second, Trx1 depresses nuclear translocation of Ref-1 (see Fig.
3D), which certainly should lead to less activation of AP-1.
Ref-1 has been shown to mediate activation of AP-1 through a
redox-sensitive mechanism in the cells under various stress,
such as stimulation by phorbol myristate acetate (55), heat
shock (13), treatment with hydrogen peroxide or DNA-dam-
aging agents (56), and hypoxia (59). Since AP-1 is not a direct

substrate of Trx (57), the real mechanism is that Trx1 activates
AP-1 actually through physical interaction with Ref-1 and then
redox modify Ref-1. It is Ref-1 to induce DNA-binding activ-
ity of AP-1 through a critical cysteine residue located in the
basic DNA binding domain of c-Fos/c-Jun (56, 57) and a
critical cysteine residue located at position 65 in the redox
domain of Ref-1 (52). Therefore, a redox-sensitive signaling
pathway leading from Trx1 to Ref-1 and then to the AP-1
complex participates in the upregulation of DNA-binding ac-
tivity, and Ref-1 plays a key role in the induction of AP-1 DNA
binding activity. In the present investigation, EMSA was per-
formed with the nuclear extract from Trx1-overexpressing and
Trx1-knockdown cells, and both EMSA experiments showed
that Trx1 suppresses DNA-binding activity of AP-1. Nuclear
content of Ref-1 was found significantly increased (twofold
increase, see Fig. 3D) in Trx1-knockdown cells. Although
nuclear Trx1 may be reduced to some extent in Trx1-knock-
down cells, it may be still enough to associate and redox
modify Ref-1, leading to an enhancement of DNA binding
activity of AP-1. The observed apparent enhancement of DNA
binding activity of AP-1 in Trx1-knockdown cells demon-
strates the key role of Ref-1 rather than Trx1 itself in activation
of AP-1 activity in binding DNA.

Since MCP-1 has a potent chemoattractant activity for
monocytes/macrophages, and the accumulation of monocytes/
macrophages in the intima of artery vessel is an important early
event in atherosclerosis, MCP-1 has been considered as a
critical chemokine involved in the pathogenesis of atheroscle-
rosis. This study provides a novel evidence that Trx1 may play
a role in preventing or decelerating atherosclerosis via down-
regulation of the expression and release of some pro-inflam-
matory factors from vascular ECs. Among them MCP-1 is a
critical molecule.

ACKNOWLEDGMENTS

We sincerely thank Drs. A. Holmgren, J. Yodoi, C. J. Edgell, D. G.Remick
and J. D.Lambeth for kind help with experimental materials.

GRANTS

This work was supported by the National Natural Science Foundation of
China (Nos. 30330250 and 30770513).

REFERENCES

1. Arner ES, Holmgren A. Physiological functions of thioredoxin and
thioredoxin reductase. Eur J Biochem 267: 6102–6109, 2000.

2. Arner ES, Zhong L, Holmgren A. Preparation and assay of mammalian
thioredoxin and thioredoxin reductase. Methods Enzymol 300: 226–239,
1999.

3. Beck GC, Rafat N, Brinkkoetter P, Hanusch C, Schulte J, Haak M,
van Ackern K, van der Woude FJ, Yard BA. Heterogeneity in lipo-
polysaccharide responsiveness of endothelial cells identified by gene
expression profiling: role of transcription factors. Clin Exp Immunol 143:
523–533, 2006.

4. Boring L, Gosling J, Cleary M, Charo IF. Decreased lesion formation
in CCR2�/� mice reveals a role for chemokines in the initiation of
atherosclerosis. Nature 394: 894–897, 1998.

5. Chae HZ, Kim HJ, Kang SW, Rhee SG. Characterization of three
isoforms of mammalian peroxiredoxin that reduce peroxides in the pres-
ence of thioredoxin. Diabetes Res Clin Pract 45: 101–112, 1999.

6. Chen XL, Zhang Q, Zhao R, Medford RM. Superoxide, H2O2, and iron
are required for TNF-�-induced MCP-1 gene expression in endothelial
cells: role of Rac1 and NADPH oxidase. Am J Physiol Heart Circ Physiol
286: H1001–H1007, 2004.

7. Cheng J, Diaz Encarnacion MM, Warner GM, Gray CE, Nath KA,
Grande JP. TGF-�1 stimulates monocyte chemoattractant protein-1 ex-

C1177THIOREDOXIN DOWNREGULATES MCP-1

AJP-Cell Physiol • VOL 298 • MAY 2010 • www.ajpcell.org

 on N
ovem

ber 17, 2010 
ajpcell.physiology.org

D
ow

nloaded from
 

http://ajpcell.physiology.org


pression in mesangial cells through a phosphodiesterase isoenzyme 4-de-
pendent process. Am J Physiol Cell Physiol 289: C959–C970, 2005.

8. Chida K, Nagamori S, Kuroki T. Nuclear translocation of Fos is
stimulated by interaction with Jun through the leucine zipper. Cell Mol
Life Sci 55: 297–302, 1999.

9. Chung BH, Wilkinson T, Geer JC, Segrest JP. Preparative and quan-
titative isolation of plasma lipoproteins: rapid, single discontinuous den-
sity gradient ultracentrifugation in a vertical rotor. J Lipid Res 21:
284–291, 1980.

10. Cushing SD, Berliner JA, Valente AJ, Territo MC, Navab M, Par-
hami F, Gerrity R, Schwartz CJ, Fogelman AM. Minimally modified
low density lipoprotein induces monocyte chemotactic protein 1 in human
endothelial cells and smooth muscle cells. Proc Natl Acad Sci USA 87:
5134–5138, 1990.

11. Dai J, Wang X, Feng J, Kong W, Xu Q, Shen X, Wang X. Regulatory
role of thioredoxin in homocysteine-induced monocyte chemoattractant
protein-1 secretion in monocytes/macrophages. FEBS Lett 582: 3893–
3898, 2008.

12. Das DK, Maulik N. Conversion of death signal into survival signal by
redox signaling. Biochemistry (Mosc) 69: 10–17, 2004.

13. Diamond DA, Parsian A, Hunt CR, Lofgren S, Spitz DR, Goswami
PC, Gius D. Redox factor-1 (Ref-1) mediates the activation of AP-1 in
HeLa and NIH 3T3 cells in response to heat shock. J Biol Chem 274:
16959–16964, 1999.

14. Dwivedi A, Anggard EE, Carrier MJ. Oxidized LDL-mediated mono-
cyte adhesion to endothelial cells does not involve NFkappaB. Biochem
Biophys Res Commun 284: 239–244, 2001.

15. Edgell CJ, McDonald CC, Graham JB. Permanent cell line expressing
human factor VIII-related antigen established by hybridization. Proc Natl
Acad Sci USA 80: 3734–3737, 1983.

16. Feinberg MW, Shimizu K, Lebedeva M, Haspel R, Takayama K,
Chen Z, Frederick JP, Wang XF, Simon DI, Libby P, Mitchell RN,
Jain MK. Essential role for Smad3 in regulating MCP-1 expression and
vascular inflammation. Circ Res 94: 601–608, 2004.

17. Glass CK, Witztum JL. Atherosclerosis the road ahead. Cell 104:
503–516, 2001.

18. Goebeler M, Gillitzer R, Kilian K, Utzel K, Brocker EB, Rapp UR,
Ludwig S. Multiple signaling pathways regulate NF-kappaB-dependent
transcription of the monocyte chemoattractant protein-1 gene in primary
endothelial cells. Blood 97: 46–55, 2001.

19. Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P, Rollins
BJ. Absence of monocyte chemoattractant protein-1 reduces atheroscle-
rosis in low density lipoprotein receptor-deficient mice. Mol Cell 2:
275–281, 1998.

20. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease.
N Engl J Med 352: 1685–1695, 2005.

21. Hirota K, Matsui M, Iwata S, Nishiyama A, Mori K, Yodoi J. AP-1
transcriptional activity is regulated by a direct association between thiore-
doxin and Ref-1. Proc Natl Acad Sci USA 94: 3633–3638, 1997.

22. Jaramillo M, Godbout M, Olivier M. Hemozoin induces macrophage
chemokine expression through oxidative stress-dependent and -indepen-
dent mechanisms. J Immunol 174: 475–484, 2005.

23. Jiang Y, Valente AJ, Williamson MJ, Zhang L, Graves DT. Post-
translational modification of a monocyte-specific chemoattractant synthe-
sized by glioma, osteosarcoma, and vascular smooth muscle cells. J Biol
Chem 265: 18318–18321, 1990.

24. Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat Rev
Immunol 4: 181–189, 2004.

25. Lee YW, Hennig B, Toborek M. Redox-regulated mechanisms of IL-4-
induced MCP-1 expression in human vascular endothelial cells. Am J
Physiol Heart Circ Physiol 284: H185–H192, 2003.

26. Marumo T, Schini-Kerth VB, Fisslthaler B, Busse R. Platelet-derived
growth factor-stimulated superoxide anion production modulates activa-
tion of transcription factor NF-kappaB and expression of monocyte che-
moattractant protein 1 in human aortic smooth muscle cells. Circulation
96: 2361–2367, 1997.

27. Masutani H, Ueda S, Yodoi J. The thioredoxin system in retroviral
infection and apoptosis. Cell Death Differ 12, Suppl 1: 991–998, 2005.

28. Matsushima K, Larsen CG, DuBois GC, Oppenheim JJ. Purification
and characterization of a novel monocyte chemotactic and activating
factor produced by a human myelomonocytic cell line. J Exp Med 169:
1485–1490, 1989.

29. Miranda-Vizuete A, Ljung J, Damdimopoulos AE, Gustafsson JA,
Oko R, Pelto-Huikko M, Spyrou G. Characterization of Sptrx, a novel

member of the thioredoxin family specifically expressed in human sper-
matozoa. J Biol Chem 276: 31567–31574, 2001.

30. Munzel T, Afanas’ev IB, Kleschyov AL, Harrison DG. Detection of
superoxide in vascular tissue. Arterioscler Thromb Vasc Biol 22: 1761–
1768, 2002.

31. Nakamura H, Herzenberg LA, Bai J, Araya S, Kondo N, Nishinaka Y,
Herzenberg LA, Yodoi J. Circulating thioredoxin suppresses lipopo-
lysaccharide-induced neutrophil chemotaxis. Proc Natl Acad Sci USA 98:
15143–15148, 2001.

32. Nakamura H, Masutani H, Yodoi J. Redox imbalance and its control in
HIV infection. Antioxid Redox Signal 4: 455–464, 2002.

33. O’Donnell BV, Tew DG, Jones OT, England PJ. Studies on the
inhibitory mechanism of iodonium compounds with special reference to
neutrophil NADPH oxidase. Biochem J 290: 41–49, 1993.

34. Ohashi S, Nishio A, Nakamura H, Asada M, Tamaki H, Kawasaki K,
Fukui T, Yodoi J, Chiba T. Overexpression of redox-active protein
thioredoxin-1 prevents development of chronic pancreatitis in mice. An-
tioxid Redox Signal 8: 1835–1845, 2006.

35. Ohta MY, Nagai Y, Takamura T, Nohara E, Kobayashi K. Inhibitory
effect of troglitazone on TNF-alpha-induced expression of monocyte
chemoattractant protein-1 (MCP-1) in human endothelial cells. Diabetes
Res Clin Pract 48: 171–176, 2000.

36. Pagliei S, Ghezzi P, Bizzarri C, Sabbatini V, Frascaroli G, Sozzani S,
Caselli G, Bertini R. Thioredoxin specifically cross-desensitizes mono-
cytes to MCP-1. Eur Cytokine Netw 13: 261–267, 2002.

37. Park HS, Chun JN, Jung HY, Choi C, Bae YS. Role of NADPH oxidase
4 in lipopolysaccharide-induced proinflammatory responses by human
aortic endothelial cells. Cardiovasc Res 72: 447–455, 2006.

38. Pervin S, Singh R, Rosenfeld ME, Navab M, Chaudhuri G, Nathan L.
Estradiol suppresses MCP-1 expression in vivo : implications for athero-
sclerosis. Arterioscler Thromb Vasc Biol 18: 1575–1582, 1998.

39. Powis G, Montfort WR. Properties and biological activities of thiore-
doxins. Annu Rev Biophys Biomol Struct 30: 421–455, 2001.

40. Powis G, Mustacich D, Coon A. The role of the redox protein thioredoxin
in cell growth and cancer. Free Radic Biol Med 29: 312–322, 2000.

41. Rollins BJ, Pober JS. Interleukin-4 induces the synthesis and secretion of
MCP-1/JE by human endothelial cells. Am J Pathol 138: 1315–1319, 1991.

42. Ross R. Atherosclerosis is an inflammatory disease. Am Heart J 138:
S419–S420, 1999.

43. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y,
Kawabata M, Miyazono K, Ichijo H. Mammalian thioredoxin is a direct
inhibitor of apoptosis signal-regulating kinase (ASK) 1. EMBO J 17:
2596–2606, 1998.

44. Seli E, Pehlivan T, Selam B, Garcia-Velasco JA, Arici A. Estradiol
down-regulates MCP-1 expression in human coronary artery endothelial
cells. Fertil Steril 77: 542–547, 2002.

45. Steinbrecher UP, Parthasarathy S, Leake DS, Witztum JL, Steinberg
D. Modification of low density lipoprotein by endothelial cells involves
lipid peroxidation and degradation of low density lipoprotein phospholip-
ids. Proc Natl Acad Sci USA 81: 3883–3887, 1984.

46. Struyf S, Van Collie E, Paemen L, Put W, Lenaerts JP, Proost P,
Opdenakker G, Van Damme J. Synergistic induction of MCP-1 and -2
by IL-1beta and interferons in fibroblasts and epithelial cells. J Leukoc
Biol 63: 364–372, 1998.

47. Takagi Y, Gon Y, Todaka T, Nozaki K, Nishiyama A, Sono H,
Hashimoto N, Kikuchi H, Yodoi J. Expression of thioredoxin is en-
hanced in atherosclerotic plaques and during neointima formation in rat
arteries. Lab Invest 78: 957–966, 1998.

48. Tao L, Gao E, Bryan NS, Qu Y, Liu HR, Hu A, Christopher TA, Lopez BL,
Yodoi J, Koch WJ, Feelisch M, Ma XL. Cardioprotective effects of thioredoxin
in myocardial ischemia and reperfusion: role of S-nitrosation [corrected]. Proc
Natl Acad Sci USA 101: 11471–11476, 2004.

49. Teissier E, Nohara A, Chinetti G, Paumelle R, Cariou B, Fruchart JC,
Brandes RP, Shah A, Staels B. Peroxisome proliferator-activated recep-
tor alpha induces NADPH oxidase activity in macrophages, leading to the
generation of LDL with PPAR-alpha activation properties. Circ Res 95:
1174–1182, 2004.

50. Ungerstedt JS, Sowa Y, Xu WS, Shao Y, Dokmanovic M, Perez G,
Ngo L, Holmgren A, Jiang X, Marks PA. Role of thioredoxin in the
response of normal and transformed cells to histone deacetylase inhibitors.
Proc Natl Acad Sci USA 102: 673–678, 2005.

51. Veillard NR, Braunersreuther V, Arnaud C, Burger F, Pelli G,
Steffens S, Mach F. Simvastatin modulates chemokine and chemokine

C1178 THIOREDOXIN DOWNREGULATES MCP-1

AJP-Cell Physiol • VOL 298 • MAY 2010 • www.ajpcell.org

 on N
ovem

ber 17, 2010 
ajpcell.physiology.org

D
ow

nloaded from
 

http://ajpcell.physiology.org


receptor expression by geranylgeranyl isoprenoid pathway in human
endothelial cells and macrophages. Atherosclerosis 188: 51–58, 2006.

52. Walker LJ, Robson CN, Black E, Gillespie D, Hickson ID. Identifica-
tion of residues in the human DNA repair enzyme HAP1 (Ref-1) that are
essential for redox regulation of Jun DNA binding. Mol Cell Biol 13:
5370–5376, 1993.

53. Wang N, Verna L, Hardy S, Forsayeth J, Zhu Y, Stemerman MB. Adeno-
virus-mediated overexpression of c-Jun and c-Fos induces intercellular adhesion
molecule-1 and monocyte chemoattractant protein-1 in human endothelial cells.
Arterioscler Thromb Vasc Biol 19: 2078–2084, 1999.

54. Watanabe M, Oike M, Ohta Y, Ito Y. Long-term treatment with
TGFbeta1 impairs mechanotransduction in bovine aortic endothelial cells.
Br J Pharmacol 150: 424–433, 2007.

55. Wei SJ, Botero A, Hirota K, Bradbury CM, Markovina S, Laszlo A,
Spitz DR, Goswami PC, Yodoi J, Gius D. Thioredoxin nuclear translo-
cation and interaction with redox factor-1 activates the activator protein-1
transcription factor in response to ionizing radiation. Cancer Res 60:
6688–6695, 2000.

56. Xanthoudakis S, Curran T. Identification and characterization of Ref-1,
a nuclear protein that facilitates AP-1 DNA-binding activity. EMBO J 11:
653–665, 1992.

57. Xanthoudakis S, Miao G, Wang F, Pan YC, Curran T. Redox activa-
tion of Fos-Jun DNA binding activity is mediated by a DNA repair
enzyme. EMBO J 11: 3323–3335, 1992.

58. Yamawaki H, Berk BC. Thioredoxin: a multifunctional antioxidant
enzyme in kidney, heart and vessels. Curr Opin Nephrol Hypertens 14:
149–153, 2005.

59. Yao KS, Xanthoudakis S, Curran T, O’Dwyer PJ. Activation of AP-1
and of a nuclear redox factor, Ref-1, in the response of HT29 colon cancer
cells to hypoxia. Mol Cell Biol 14: 5997–6003, 1994.

60. Yla-Herttuala S, Lipton BA, Rosenfeld ME, Sarkioja T, Yoshimura T,
Leonard EJ, Witztum JL, Steinberg D. Expression of monocyte che-
moattractant protein 1 in macrophage-rich areas of human and rabbit
atherosclerotic lesions. Proc Natl Acad Sci USA 88: 5252–5256, 1991.

61. Yoshida T, Oka S, Masutani H, Nakamura H, Yodoi J. The role of
thioredoxin in the aging process: involvement of oxidative stress. Antioxid
Redox Signal 5: 563–570, 2003.

62. Yoshioka J, Schulze PC, Cupesi M, Sylvan JD, MacGillivray C,
Gannon J, Huang H, Lee RT. Thioredoxin-interacting protein controls
cardiac hypertrophy through regulation of thioredoxin activity. Circula-
tion 109: 2581–2586, 2004.

63. Zhang R, Al-Lamki R, Bai L, Streb JW, Miano JM, Bradley J, Min
W. Thioredoxin-2 inhibits mitochondria-located ASK1-mediated apopto-
sis in a JNK-independent manner. Circ Res 94: 1483–1491, 2004.

64. Zhou ZH, Han Y, Wei T, Aras S, Chaturvedi P, Tyler S, Rani MR,
Ransohoff RM. Regulation of monocyte chemoattractant protein
(MCP)-1 transcription by interferon-gamma (IFN-gamma) in human as-
trocytoma cells: postinduction refractory state of the gene, governed by its
upstream elements. FASEB J 15: 383–392, 2001.

65. Zhu Y, Lin JH, Liao HL, Friedli O, Jr, Verna L, Marten NW, Straus
DS, and Stemerman MB. LDL induces transcription factor activator
protein-1 in human endothelial cells. Arterioscler Thromb Vasc Biol 18:
473–480, 1998.

C1179THIOREDOXIN DOWNREGULATES MCP-1

AJP-Cell Physiol • VOL 298 • MAY 2010 • www.ajpcell.org

 on N
ovem

ber 17, 2010 
ajpcell.physiology.org

D
ow

nloaded from
 

http://ajpcell.physiology.org

