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The aim of our study was to examine in detail the impact of
NF-E2-related factor (Nrf2) activation on endothelial cell func-
tion with focus on redox homeostasis and the endothelial nitric
oxide synthase (eNOS) system. We administered 2-cyano-
3,12-dioxooleana-1,9-dien-28-oic imidazolide (CDDO-IM), a
knownactivator ofNrf2, to primary humanumbilical vein endo-
thelial cells. Activation of Nrf2 by CDDO-IM increased the
amount of bioavailable nitric oxide (NO), amajor contributor to
vascular homeostasis, in naive and stressed cells. Concomi-
tantly, intracellular reactive oxygen specieswere dose-and time-
dependently reduced. In apparent contrast to elevated NO lev-
els, eNOS protein expression was transiently decreased in an
Nrf2-dependent manner. Employing pharmacological inhibi-
tors as well as a small interfering RNA approach, we identified
de novo protein synthesis of heme oxygenase 1 (HO-1) and its
enzymatic activity as cause for the observed reduction of eNOS.
We hypothesize that under redox stress, when the availability
of tetrahydrobiopterin, a pivotal stoichiometric cofactor for
eNOS, is limited, activation of Nrf2 leads (a) to transient reduc-
tion of eNOS protein levels and (b) to an antioxidant defense in
human umbilical vein endothelial cells. Both activities ensure
that a stoichiometric ratio of eNOS and tetrahydrobiopterin is
sustained and that the risk of eNOS uncoupling is reduced. Our
study is the first to provide a causal link betweenNrf2 activation
and eNOS expression and NO levels, respectively.

NF-E2-related factor (Nrf2)2 is a redox-sensitive transcrip-
tion factor that normally resides in the cytoplasm bound to
Kelch-like ECH-associated protein (Keap)-1. Upon exposure to

pro-oxidative or electrophilic stimuli, cysteine residues of Keap
are oxidized or covalently modified, and Nrf2 is released to the
nucleus. By binding to antioxidant-response element consen-
sus sequences, Nrf2 initiates transcription of antioxidant and
phase 2 defense enzymes including �-glutamyl-cysteine ligase,
quinone reductase, and heme oxygenase 1 (HO-1) (1, 2). More-
over, an anti-inflammatory activity was also reported for active
Nrf2 (3–5).
In the context of vascular health, the antioxidant and anti-

inflammatory features of Nrf2 may be of benefit because the
onset of endothelial dysfunction is initiated and/or accompa-
nied by proinflammatory (6, 7) and pro-oxidative conditions
(8–10). Interestingly, vessel regions that are exposed to laminar
flow are commonly accepted to be atheroprotected (in contrast
to atheroprone oscillatory flow regions) and are characterized
by activated Nrf2 (11–13). Moreover, regions of laminar flow
show elevated levels of bioavailable nitric oxide (NO), the main
mediator of vascular homeostasis and product of the enzymatic
activity of endothelial NO synthase (14, 15). The enzymatic
activity of eNOS is tightly regulated by a plethora of mecha-
nisms ranging from changes in expression and phosphorylation
to availability of cofactors such as tetrahydrobiopterin (BH4).
Stoichiometric amounts of BH4 are pivotal to keep eNOS in the
coupled state, i.e. the electron flow through the enzyme is cou-
pled toNOproduction. If there is a lack of BH4 (e.g.by oxidation
to 7,8-dihydrobiopterin (BH2) under redox stress), the electron
flow through the enzyme is uncoupled fromNOproduction. In
this case, superoxide is formed, which further aggravates the
redox imbalance (16).
There are currently no reports on the immediate impact of

Nrf2 activation on the endothelial NO system. 2-Cyano-3,12-
dioxoolean-1,9-dien-28-oic acid imidazolide (CDDO-IM, see
Fig. 1A), a synthetic triterpenoid derived from oleanolic acid,
has been used as a potent activator of Nrf2 in various models
mainly related to cancer and inflammation (17, 18). From a
mechanistic point of view, CDDO-IM was reported to co-
valently modify cysteine residues of Keap-1 and hereby lead to
stabilization and nuclear translocation of Nrf2 (19). In this
study, we employed CDDO-IM as a tool to selectively and
strongly activate Nrf2 in primary endothelial cells and to exam-
ine subsequent changes in reactive oxygen species (ROS) and
BH4 levels, bioavailability of NO, and eNOS expression.

EXPERIMENTAL PROCEDURES

Chemicals, Reagents, andAntibodies—CDDO-IMwas kindly
provided byM. Sporn, DartmouthMedical School, Hanover,
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NH. Chemicals were obtained from Sigma-Aldrich unless
stated otherwise. Primary antibodies were purchased from
Cell Signaling (eNOS), Sigma-Aldrich (HO-1), and Santa
Cruz Biotechnology (Nrf2, iNOS, nNOS, actin, and tubulin),
respectively.
Isolation and Cultivation of Human Umbilical Vein Endo-

thelial Cells (HUVEC)—HUVECs were obtained from Lonza
and cultivated in EBM-1 medium (Lonza) with the supple-
ments provided by the manufacturer. Confluent HUVECs
not older than passage 3 were used for experiments. Solvent
(DMSO) concentration never exceeded 0.1% during the
treatment protocols.
Knockdown ofNrf2 andHO-1—HUVEC in 6-well plates were

transfected with 200 pmol of specific siRNA (SMARTpool
(mixture of four different target-specific sequences), Thermo
Scientific) and scrambled control (Invitrogen), respectively,
using the OptiMEM/Oligofectamine system (Invitrogen). 16 h
after transfection for HO-1 (to block induction of de novo syn-
thesis of HO-1) and 48 h after transfection for Nrf2 (to allow
turnover of residual Nrf2 protein and to block de novo synthesis
of Nrf2), cells were used for experiments. Successful knock-
down of the target proteins was confirmed by Western blot
analysis.
Ectopic Expression of HO-1—HUVEC were grown in 6-well

plates and transfected with 1 �g of an expression vector for
HO-1 (pcDNA-HO-1, kindly provided by M. Soares, Gulben-
kian Institute of Science, Oeiras, Portugal) and empty control
vector, respectively, using FuGENE HD (Roche Applied Sci-
ence) as transfection reagent and following the manufacturers’
instructions.
Assessment of ROS—Levels of intracellular ROS were deter-

mined using dihydrodichlorofluorescein diacetate (Molecular
Probes, Invitrogen)-based flow cytometric analysis as described
before (20).
Quantification of NO by Diaminofluorescein-Diacetate

(DAF2-DA)—Quantification of intracellular levels of NO or
NO released into the supernatant by cultivated HUVEC was
performed using DAF2-DA andDAF2, respectively (Molecular
Probes, Invitrogen) as reported previously (21, 22) and de-
scribed in detail in the supplemental materials.
[14C]L-Arginine/[14C]L-Citrulline Conversion Assay—NO is

produced via NOS-mediated conversion of [14C]L-arginine to
[14C]L-citrulline, which renders [14C]L-citrulline a surrogate
marker for NO production. The assay was performed essen-
tially as described previously for an immortalized endothelial
cell line (23). For further information, please refer to the sup-
plemental materials.
Gel Electrophoresis and Immunoblot Analysis—Preparation

of cell extracts, SDS-PAGE, immunoblot analysis, and densito-
metric evaluations were performed as described previously
(20). For detection of multiple proteins with similar molecular
weights in one sample, two or more identical membranes were
processed in parallel.
Statistical Methods—Statistical analysis was done using

GraphPad Prism software version 4.03 (GraphPad Software
Inc., La Jolla, CA). One-way ANOVA was used for comparison
of different treatment regimens. If two groups were compared,
Student’s t test was applied. p values �0.05 were considered

significant (*). In figures with bar graphs, these show means �
S.E. of at least three independent experiments unless stated
otherwise.

RESULTS

Nrf2 Is Activated by CDDO-IM, and Active Nrf2 Elevates the
Bioavailability of NO in Primary Human Endothelial Cells—
First we aimed to demonstrate Nrf2 activation by CDDO-IM in
primary HUVEC, which has not been reported hitherto. As
seen in other cell systems, CDDO-IM (100 nmol/liter; Fig. 1A)
potently activated Nrf2 in HUVEC, as shown by nuclear trans-
location of Nrf2 as well as by the massive Nrf2-dependent
expression of HO-1 upon CDDO-IM exposure (supplemental
Fig. I). CDDO-IM at 100 nmol/liter did not reduce the viability
of HUVEC after 48 h asmeasured by trypan exclusion (data not
shown).
We therefore employedCDDO-IM to decipher the impact of

active Nrf2 on endothelial NO production. We determined the
amount of bioavailable NO upon CDDO-IM (100 nmol/liter)
treatment for 24 h employing a modified DAF2 assay (22) that
gives a measure of the amount of NO in the supernatant of
cultured cells. We observed a moderate but significant eleva-
tion of bioavailable NO by 46% when compared with control
cells (Fig. 1B). As a positive control, we used phorbol-12-myr-
istoyl-13-acetate (PMA; 2 nmol/liter) commonly accepted to
elevate the amount of NO by up-regulation of eNOS protein
levels within 24 h. We obtained consistent results when we
assessed intracellular NO levels with the cell-permeable diac-
etate ofDAF2 and flow cytometry (Fig. 1C). Co-incubationwith
an inhibitor of eNOS enzyme activity (N-nitro-L-arginine or
N-nitro-L-arginine-methyl ester) markedly reduced the mea-
sured fluorescence and ensured NO specificity of the signal. Up-
regulation of NO levels by CDDO-IM was dependent on Nrf2
activation because it was clearly sensitive to knockdown ofNrf2
by siRNA (Fig. 1D). In cells that were additionally (redox-)
stressed by cultivation in high glucose medium (24), activation
of Nrf2 by CDDO-IM exerted an even stronger positive effect
on bioavailable NO. Although bioavailable NO in glucose-
stressed cells was decreased when compared with control cells,
activation of Nrf2 by CDDO-IM not only completely compen-
sated this stress-mediated down-regulation of NO but also led
to NO levels higher than in naive control cells (Fig. 1E).

These findings support a causal link between Nrf2 activation
and elevated NO levels in unstressed (apart from the potential
stress occurring during in vitro cultivation) and stressed endo-
thelial cells. An increased amount of bioavailable NO after Nrf2
activation can be explained by a reduction of ROS levels
because bioavailability of NO ismassively impaired by the pres-
ence of superoxide and the subsequent formation of mainly
peroxynitrite and/or an elevated eNOS expression or activity.
We therefore set out to investigate ROS and eNOS levels in
HUVEC upon activation of Nrf2.
Active Nrf2 Elicits anAntioxidant Response in Primary Endo-

thelial Cells—Activation of Nrf2 by CDDO-IM led, as expected
from the antioxidant profile of Nrf2 target genes, to a dose- and
time-dependent reduction of ROS in endothelial cells (Fig. 2, A
and B). 100 nmol/liter CDDO-IM led to a reduction of ROS
(assessed by dichlorofluorescein (DCF) fluorescence) by �35%
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after 24 h, and the employed positive control diphenyliodo-
nium, a flavoprotein inhibitor, led to a 70% reduction of ROS.
Knockdown of Nrf2 by 80% almost completely abrogated the
observed CDDO-IM-mediated decrease in ROS (Fig. 2C), indi-
cating thatNrf2 is prominently involved. The antioxidant effect
of Nrf2 activation was even more pronounced (up to 53%

reduction of ROS) in cells that were cultivated under high con-
centrations of glucose (25mmol/liter), a known oxidative stres-
sor in endothelial cells (24) (Fig. 2D). Determination of intra-
cellular ROS via oxidizedDCF can be prone to artifacts (25–28).
We therefore wanted to corroborate our findings concerning
the antioxidant activity of CDDO-IM.We additionally assessed

FIGURE 1. Activation of Nrf2 by CDDO-IM elevates bioavailability of NO. A, chemical structure of CDDO-IM. B, confluent HUVEC were treated with DMSO or
100 nmol/liter CDDO-IM for 24 h, and then a DAF2 assay was performed as described under “Experimental Procedures.” The depicted graph compiles data of
three independent experiments (* p � 0.05; n � 3; ANOVA, Dunnett’s post test versus DMSO control ;in all panels, error bars indicate S.E.). 2 nmol/liter
phorbol-12-myristoyl-13-acetate (PMA) were used as a positive control, and N-nitro-L-arginine-methyl ester (L-NAME, 200 �mol/liter) was used as eNOS
inhibitor to assess NO-independent DAF2 fluorescence. C, HUVEC were treated with DMSO or 100 nmol/liter CDDO-IM for 24 h and with N-nitro-L-arginine
(L-NNA, irreversible NOS inhibitor) as indicated, loaded with DAF2-DA, and then subjected to a flow cytometric analysis of intracellular NO levels as described
under “Experimental Procedures” (* p � 0.05; n � 5; Student’s t test). D, cells were transfected with scrambled siRNA (scr) and siRNA targeted against Nrf2
(siNrf2), respectively. After 48 h, a 24-h treatment with CDDO-IM (100 nmol/liter) (�) or DMSO (�) followed, and NO levels were determined with DAF2-DA and
subsequent flow analysis. A subsequent lysis of the cells and Western blot (IB) analysis (upper panel) confirmed the successful knockdown of Nrf2. Numbers
below the lanes hereby depict arbitrary densitometric values of Nrf2 levels The depicted bar graphs represent the compilation of at least three independent
experiments (* p � 0.05, n � 3; Student’s t test). E, HUVEC were cultivated in normal (5 mmol/liter; plus 20 mmol/liter mannitol as osmotic control) or high
glucose (25 mmol/liter, HG) medium for 24 h in the absence (�) or presence (�) of 100 nmol/liter CDDO-IM before NO levels were determined as described in
C. (* p � 0.05; n � 3; ANOVA, Bonferroni’s post test.)
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intracellular superoxide using dihydroethidium and extracellu-
lar H2O2 using Amplex Red. In both assays, CDDO-IMmoder-
ately reduced basal ROS and strongly interfered with high glu-
cose-triggered ROS (see supplemental Fig. II). Thus, activation
of Nrf2 not only compensated for the glucose-mediated redox
stress but even reduced the redox load below the level of
untreated naive cells.
Activation of Nrf2 Reduces eNOS Protein Expression in

HUVEC—Apart from reduced ROS levels, a rise in eNOS activ-
ity and/or protein level could additionally account for the
observed increase of NO bioavailability upon Nrf2 activation.
Therefore, we investigated the impact of Nrf2 activation on the
enzymatic activity and expression of eNOS. Administering
radiolabeled arginine as eNOS substrate to confluent HUVEC,
we observed a rather unexpected reduced overall conversion of
arginine to citrulline in cells that were treated with 100 nmol/
liter CDDO-IM (Fig. 3A). Vitamin C was used as a positive
control and clearly increased eNOS enzymatic activity, pre-
sumably due to stabilization of necessary eNOS cofactors (29).
The decreased utilization of eNOS substrate was explained by a
reduction of total eNOS protein (preferentially of the dimeric
form; supplemental Fig. III) with unaltered levels of inducible
NO synthase, a potential alternative source of NO in the endo-

thelium, or neuronal NO synthase
(Fig. 3B). 48 h after CDDO-IM
administration, eNOS protein levels
returned to basal values (Fig. 3B).
To ensure that eNOS reduction is
causally linked to Nrf2 activation
and not a mere off-target effect of
CDDO-IM, we transfected cells
with siRNA targeted against Nrf2.
Knockdown of Nrf2 by 75–80%
clearly overcame the observed re-
duction of eNOS (Fig. 3C). These
data indicate that activation of Nrf2
creates a redox milieu that favors
freely available NO even if cellular
eNOS protein levels are trans-
iently diminished. When we relate
the produced NO (from Fig. 1) to the
amount of present eNOS dimer (the
catalytically active form of eNOS),
the positive influence ofNrf2 activa-
tion on NO availability becomes
even more apparent; CDDO-IM-
treated cells release up to 2.6-fold
more NO per eNOS than control
cells. CDDO-IM had hereby no
effect on the degree of phosphory-
lation at Ser1177 and Thr495, the main
regulatory phosphorylation sites for
eNOS activity (30), on expression
levels of heat shock protein (hsp) 90
and caveolin-1, which are both
known to modulate eNOS activity
(31), nor on intracellular localiza-
tion of eNOS (data not shown). Fur-

thermore, levels of the pivotal cofactor BH4, of total biopterin,
or of GTP cyclohydrolase 1 (GCH-1), the rate-limiting enzyme
for BH4 biosynthesis (32) (supplemental Fig. IV), were not
altered by CDDO-IM. DMSO did not change any mentioned
parameter over the time of the experiment.
Nrf2-mediated Reduction of eNOS Protein Depends on de

Novo Synthesis of HO-1—Interestingly, co-incubation with the
protein synthesis inhibitor cycloheximide (CHX) overcame the
down-regulation of eNOS protein (Fig. 3D), ruling out an
immediate transcriptional repression of eNOS promotor activ-
ity by Nrf2. Activation of Nrf2 is instead followed by de novo
protein synthesis of Nrf2 target genes that elicit down-regula-
tion of eNOS. These findings prompted us to identify the pro-
tein(s) accounting for the observed Nrf2-triggered down-regu-
lation of eNOS. HO-1, the enzyme that degrades heme to
carbon monoxide (CO), biliverdin, and iron, was seen to be
massively up-regulated by CDDO-IM in an Nrf2-dependent
manner (supplemental Fig. IB) (17). Up-regulation of HO-1
occurred as early as 3 h (Fig. 4A) and clearly preceded eNOS
down-regulation upon CDDO-IM exposure. Transfection with
siRNA targetingHO-1 blockedNrf2-mediated up-regulation of
HO-1 by nearly 100% and overcame down-regulation of eNOS
by CDDO-IM (Fig. 4B). Thus, induction of HO-1 protein syn-

FIGURE 2. Activation of Nrf2 reduces ROS in HUVEC. A, cells were treated with different concentrations of
CDDO-IM as indicated for 24 h and with diphenyliodonium (3 �M) as positive control and subjected to flow
cytometric analysis of intracellular ROS levels as described under “Experimental Procedures” (* p � 0.05; n � 3,
ANOVA, Dunnett’s versus control; in all panels, error bars indicate S.E.). B, HUVEC were treated for the indicated
periods of time with 100 nmol/liter CDDO-IM, loaded with DCF-DA, and then subjected to flow cytometric
analysis of total ROS levels as in A (* p � 0.05, n � 3, ANOVA, Dunnett’s post test versus control). C, cells were
transfected with scrambled siRNA (scr) and siRNA targeted against Nrf2 (siNrf2), respectively. After 48 h, a 24-h
treatment with CDDO-IM (100 nmol/liter) (�) or DMSO (�) followed, and total ROS levels were determined. A
subsequent lysis of the cells and Western blot (IB) analysis (upper panel) confirmed the successful knockdown
of Nrf2. Numbers below the lanes hereby depict arbitrary densitometric values of Nrf2 levels. The depicted bar
graphs represent the compilation of at least three independent experiments (* p � 0.05, n � 3; Student’s t test).
D, HUVEC were cultivated in normal (5 mmol/liter; plus 20 mmol/liter mannitol as osmotic control) or high
glucose (25 mmol/liter, HG) medium for 24 h in the absence (�) or presence (�) of 100 nmol/liter CDDO-IM
before total ROS levels were determined (* p � 0.05; n � 3; ANOVA, Bonferroni’s post test).
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thesis seems to be involved in the down-regulation of eNOS
upon activation of Nrf2. Consistently, ectopic expression of
HO-1 led to a reduction of eNOS levels (Fig. 4C). Moreover,
co-incubation with 20 �mol/liter tin protoporphyrin IX
(SnPP), an inhibitor of heme oxygenase, overcame the effect of
CDDO-IM on eNOS protein levels (Fig. 4D), stressing the cru-
cial role ofHO-1 enzymatic activity for eNOSdown-regulation.
Because eNOS is a heme-containing enzyme, one could specu-
late that increased degradation of hemeby elevatedHO-1 activ-
ity causes heme deficiency and leads to a reduction of eNOS
production due to the altered heme pool. To test this hypothe-
sis, we incubated confluent HUVEC with CDDO-IM for 6 h
(when no significant effect on eNOS levels could be detected
yet) followed by an 18-h supplementation with 50 �mol/liter
exogenous heme. Heme was able to prevent CDDO-IM/Nrf2-
induced down-regulation of eNOS (Fig. 4E). These findings
support the notion that eNOS down-regulation occurs via
HO-1 induction and subsequent (local and transient) heme
deficiency. The reaction products of hemedegradation,COand
biliverdin/bilirubin, have been shown to exert biological activ-
ities, such as antioxidative and anti-inflammatory effects (33–
36).We therefore examined the impact of biliverdin andCOon
eNOS protein levels. Incubation of HUVEC with bilirubin,
which is physiologically quickly formed from biliverdin by bili-

verdin reductase, had no effect on eNOS protein expression
(supplemental Fig. VA). Thus, biliverdin/bilirubin can most
likely be excluded as the culprit for the observed eNOS reduc-
tion. Incubation of cells with a rising concentration of a CO-re-
leasing molecule led to a reduction of eNOS, although only at
rather high concentrations (supplemental Fig. VB).
Nrf2 May Act as a Sensor for BH4 and Maintain eNOS Cou-

pling by Adjustment of eNOS Levels—So far we have shown that
exogenous strong activation of Nrf2 by CDDO-IM leads to ele-
vated amounts of bioavailable NO in naive and stressed endo-
thelial cells. The observed reduction of ROS could contribute
via a reduced inactivation of NO. However, the concomitant
reduction of eNOS levels, althoughmechanistically traced back
to increased heme oxygenase activity, is still somewhat puz-
zling. As already mentioned, stoichiometric BH4 levels are
important to keep eNOS in the coupled and NO-producing
state. In situations of reduced BH4 levels, Nrf2 activation and
subsequent transient eNOS reduction could relieve an eventual
imbalance of eNOS and BH4, keep eNOS in the coupled state,
andmaintain or even enhanceNOproduction (despite reduced
eNOS levels). To assess whether reduced BH4 levels themselves
could be a trigger for Nrf2 activation and eNOS reduction, we
treatedHUVECwithmethotrexate (MTX) or aminopterin, two
inhibitors of dihdrofolatreductase that also interfere with
regeneration of BH4 from BH2 (37), to induce BH4 deficiency.
MTX- and aminopterin-treated cells consistently showed re-
duced eNOS levels (Fig. 5A). The reduction of eNOS upon
MTX incubationwasNrf2-dependent, as shownby knockdown
experiments (Fig. 5B). These findings support the hypothesis of
Nrf2 as (direct or indirect) translator of reduced BH4 levels into
down-regulation of eNOS to maintain a 1:1 ratio of BH4 and
eNOS.

DISCUSSION

We showed in this study that activation of Nrf2 leads to a
reduction of reactive oxygen species, to elevated levels of NO,
and to a transient reduction of eNOS protein levels in primary
human endothelial cells. We provided, furthermore, data indi-
cating that Nrf2 can be activated upon the reduction of BH4
levels and possibly ensures a stoichiometric BH4: eNOS ratio
and hereby eNOS coupling. Reduced eNOS levels could be
mechanistically traced back to elevatedHO-1 activity andheme
deficiency.
Activation of Nrf2 in our study wasmainly achieved by treat-

ment with the synthetic triterpenoid CDDO-IM, and Nrf2
involvement was confirmed by knockdown of Nrf2 and subse-
quent abrogation of the observed effects. Other known phar-
macological activities of CDDO-IM such as inhibition of I�B
kinase-� (38, 39) and peroxisome proliferator activated recep-
tor-� agonism (40, 41) could be excluded in our setting (supple-
mental Fig. VI). Key findings such as the reduction of ROS,
increase of bioavailableNO, down-regulation of eNOS, and up-
regulation of HO-1 by CDDO-IM could also be observed in
human and/or porcine aortic endothelial cells (supplemental
Fig. VII), demonstrating a general and not vein-specific charac-
ter of the reported findings.
The increase of bioavailable NO by Nrf2 activation and the

concomitant reduction of eNOS levels are at first sight contra-

FIGURE 3. Activation of Nrf2 and de novo protein synthesis reduce eNOS
enzymatic activity and eNOS expression. A, confluent HUVEC were treated
with DMSO, 100 nmol/liter CDDO-IM, or 100 �mol/liter vitamin C (vit C; posi-
tive control) for 24 h and then subjected to an arginine-citrulline conversion
assay as described under “Experimental Procedures.” The bar graph depicts
the compilation of three independent experiments (* p � 0.05; n � 3; ANOVA,
Dunnett’s post test versus DMSO control; error bars indicate S.E.). B, HUVEC
were treated with 100 nmol/liter CDDO-IM for the indicated periods of time
before total cell lysates were subjected to a Western blot analysis for eNOS,
iNOS, nNOS, and tubulin. C, HUVEC were transfected with scrambled siRNA
(scr) and siRNA targeted against Nrf2 (siNrf2), respectively. 48 h later, they
were exposed to DMSO (�) or 100 nmol/liter CDDO-IM (�) for another 24 h
before total cell lysates were subjected to Western blot analysis for eNOS,
Nrf2, and tubulin. D, HUVEC were pretreated with cycloheximide (CHX; 5
�g/ml) for 30 min and then exposed to DMSO (�) or 100 nmol/liter CDDO-IM
(�) for 24 h. Immunoblot analysis for eNOS and tubulin were performed. Blots
depict examples from at least three independent experiments showing con-
sistent results. The numbers below the blots depict mean densitometric arbi-
trary units (ratio protein/loading control as -fold DMSO control) of all per-
formed experiments (* p � 0.05, ANOVA, Dunnett’s post test versus control (Ctrl).
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dictory.However, they can be reconciled in the context of redox
stress and its impact on proper eNOS function. Higher eNOS
levels do not necessarily mean higher amounts of produced
NO. Due to uncoupling of eNOS enzymatic activity under sit-
uations of reduced availability of its cofactor BH4, i.e. under
oxidative stress, eNOS can turn into a major source of super-
oxide (9) and trigger a vicious circle of excessive production of
ROS and depletion of NO. Activation of Nrf2 may therefore be
a safeguard mechanism to reduce the risk of eNOS uncoupling
and contribute to vascular homeostasis in the redox-stressed
endothelium. Nrf2-mediated down-regulation of eNOS re-
lieves the transient imbalance between eNOS levels and bio-
available BH4 until concomitant up-regulation of the cellular
antioxidant defense has restored sufficient BH4 levels (see

hypothetical scheme in supplemen-
tal Fig. VIII). In Fig. 5, we accord-
ingly demonstrate that reduced BH4
levels can reduce the amount of
eNOSprotein in anNrf2-dependent
manner. How Nrf2 is exactly acti-
vated by reduced BH4 levels and
whether depletion of absolute BH4
levels or an increase of the BH2:BH4
ratio is the initial trigger still needs
to be deciphered. Preliminary data
support a predominant role for the
BH2:BH4 ratio because preincuba-
tion with sepiapterin, a precursor
for total biopterin synthesis, failed
to affect the MTX-induced eNOS
down-regulation (data not shown).
Furthermore the importance of the
BH2:BH4 ratio for eNOS coupling
has recently been stressed by others
(42, 43). Future studies need to
define the parameters that favor or
disturb Nrf2 activation in the endo-
thelium. We were able to activate
Nrf2 strongly by CDDO-IM and
moderately by BH4 depletion. How-
ever, induced oxidative stress such
as cultivation in high glucose appar-
ently failed to trigger the Nrf2 safe-
guard mechanism and resulted in
reduced NO production (as seen in
Fig. 1E). In this case, only exogenous
activation of Nrf2 by CDDO-IM led
to recovery of NO levels. Because
most studies dealing with Nrf2 in
endothelial cells were performed in
the context of shear stress, the
impact of laminar or oscillatory flow
deserves special attention in future
investigations. Nrf2 is selectively
activated in atheroprotected vessel
regions that are exposed to laminar
flow (4, 12, 44, 45). Moreover,
recent reports showed synergistic

action between Nrf2 and Krüppel-like factor (KLF)-2 (46, 47),
another transcription factor that is predominantly activated by
atheroprotective blood flow and positively involved in eNOS
expression (48–50). One could speculate that under laminar
flow conditions, activated KLF-2 and Nrf2 complement each
other and secure unhindered NO production by taking care of
eNOS expression and eNOS coupling, respectively. Overall,
there seems to be a complex and delicate interplay between
flow, Nrf2, KLF-2, and levels of ROS that maintains endothelial
homeostasis, which prompts further investigations. The bene-
ficial impact of exogenous activation of the Nrf2/HO-1 axis for
the endothelium in situations of stress is underlined in Figs. 1E
and 2D and supported by Xue et al. (51) and Iori et al. (52) They
observed alleviated endothelial dysfunction under hyperglyce-

FIGURE 4. Activation of Nrf2 down-regulates eNOS levels via elevation of HO-1 activity. A, confluent
HUVEC were treated with 100 nmol/liter CDDO-IM for the indicated periods of time before total cell lysates
were subjected to Western blot analyses for eNOS, HO-1, and tubulin. B, HUVEC were transfected with siRNA
targeted against HO-1 (siHO-1) and scrambled siRNA (scr), respectively, and after 16 h, treated with DMSO (�)
or CDDO-IM (100 nmol/liter) (�) for another 24 h. Total cell lysates were prepared and subjected to Western
blot analysis for HO-1, eNOS, and tubulin. C, HUVEC were transiently transfected with 1 �g of HO-1 expression
plasmid (data of two transfections shown). 36 h after transfection, total cell lysates were subjected to Western
blot analysis for HO-1, eNOS, and actin. D, HUVEC were pretreated for 30 min with the HO-1 inhibitor tin pro-
toporphyrin IX (SnPP) (20 �mol/liter) before another 24-h incubation with DMSO (�) or CDDO-IM (100 nmol/
liter) (�) followed. Total cell lysates were prepared and subjected to Western blot analysis for eNOS and
tubulin. E, confluent HUVEC were treated with DMSO (�) or CDDO-IM (100 nmol/liter) (�) for 6 h followed by
another 18 h with or without 50 �mol/liter hemin. Representative blots out of at least three independent
experiments with consistent results are shown. The numbers below the blots depict mean densitometric
arbitrary units (ratio protein/tubulin as -fold DMSO control) of all performed experiments (* p � 0.05, ANOVA,
Dunnett’s post test versus control).
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mic conditions via activation of Nrf2 and induction of HO-1,
respectively.
During our work, we further provided evidence that in-

creased activity of HO-1 and presumably heme deficiency are
underlying mechanistic triggers for Nrf2-mediated reduction
of eNOS protein. Decreased levels of eNOS protein occur as
late as 18–20 h after exposure to CDDO-IM and primarily
affect the amount of eNOS dimers (supplemental Fig. III). This
is in agreement with the half-life of residing eNOS protein and
the fact that dimerization of newly synthesized eNOS is
dependent on heme binding. Heme deficiency may also nega-
tively feed back to eNOS mRNA stability or transcription.
CDDO-IM reproducibly reduced levels of eNOSmRNA, which
was overcome by exogenous heme (data not shown). Involve-
ment of CO in the down-regulation of eNOS cannot be com-
pletely ruled out at this point because the addition of a CO-re-
leasing molecule (100 �mol/liter) was able to reduce eNOS
levels. Moreover, Thorup et al. (53) reported a negative regula-
tion of eNOS by high concentrations of CO, andCO is, likeNO,
a vasoactive gas (54) with similar functions and targets.
Although affinities for soluble GMP cyclase and vasodilatatory
activities are much lower than those found for NO (55), high
levels of HO-1/CO could negatively feed back to the eNOS
system, as already indicated by Batzlsperger et al. (56).
Overall, we provide novel mechanistic insight in the impact

of Nrf2 for endothelial homeostasis. Besides its general anti-
inflammatory (see also supplemental Fig. IX) and antioxidant
effect, activatedNrf2 transiently decreases eNOS levels and can
hereby contribute to eNOS coupling by ensuring stoichiomet-
ric balance between BH4 and eNOS.
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V. N., Ylä-Herttuala, S., and Levonen, A. L. (2008) Circ. Res. 103, e1–e9

45. Levonen, A. L., Inkala, M., Heikura, T., Jauhiainen, S., Jyrkkänen, H. K.,
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