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Ungvari Z, Bailey-Downs L, Gautam T, Jimenez R, Losonczy G,
Zhang C, Ballabh P, Recchia FA, Wilkerson DC, Sonntag WE,
Pearson K, de Cabo R, Csiszar A. Adaptive induction of NF-E2-related
factor-2-driven antioxidant genes in endothelial cells in response to hyper-
glycemia. Am J Physiol Heart Circ Physiol 300: H1133–H1140, 2011. First
published January 7, 2011; doi:10.1152/ajpheart.00402.2010.—Hypergly-
cemia in diabetes mellitus promotes oxidative stress in endothelial
cells, which contributes to development of cardiovascular diseases.
Nuclear factor erythroid 2-related factor-2 (Nrf2) is a transcription
factor activated by oxidative stress that regulates expression of nu-
merous reactive oxygen species (ROS) detoxifying and antioxidant
genes. This study was designed to elucidate the homeostatic role of
adaptive induction of Nrf2-driven free radical detoxification mecha-
nisms in endothelial protection under diabetic conditions. Using a
Nrf2/antioxidant response element (ARE)-driven luciferase reporter
gene assay we found that in a cultured coronary arterial endothelial
cell model hyperglycemia (10–30 mmol/l glucose) significantly in-
creases transcriptional activity of Nrf2 and upregulates the expression
of the Nrf2 target genes NQO1, GCLC, and HMOX1. These effects of
high glucose were significantly attenuated by small interfering RNA
(siRNA) downregulation of Nrf2 or overexpression of Keap-1, which
inactivates Nrf2. High-glucose-induced upregulation of NQO1,
GCLC, and HMOX1 was also prevented by pretreatment with poly-
ethylene glycol (PEG)-catalase or N-acetylcysteine, whereas admin-
istration of H2O2 mimicked the effect of high glucose. To test the
effects of metabolic stress in vivo, Nrf2�/� and Nrf2�/� mice were
fed a high-fat diet (HFD). HFD elicited significant increases in mRNA
expression of Gclc and Hmox1 in aortas of Nrf2�/� mice, but not
Nrf2�/� mice, compared with respective standard diet-fed control
mice. Additionally, HFD-induced increases in vascular ROS levels
were significantly greater in Nrf2�/� than Nrf2�/� mice. HFD-
induced endothelial dysfunction was more severe in Nrf2�/� mice, as
shown by the significantly diminished acetylcholine-induced relax-
ation of aorta of these animals compared with HFD-fed Nrf2�/� mice.
Our results suggest that adaptive activation of the Nrf2/ARE pathway
confers endothelial protection under diabetic conditions.

diabetes; oxidative stress; endothelial dysfunction

IN DIABETIC PATIENTS poorly controlled hyperglycemia leads to
multiple vascular complications, including diabetic microvas-

cular disease (retinopathy, neuropathy, and nephropathy) and
macrovascular disease (ischemic heart disease and stroke),
which are a major cause of patient mortality. There is strong
evidence that the mechanisms by which hyperglycemia pro-
motes the development of the aforementioned diseases include
impairment of endothelial cell function. A common feature of
endothelial cell dysfunction in hyperglycemia is increased
production of reactive oxygen species (ROS) by mitochondria
(27, 32) and/or NAD(P)H oxidases (6) and accumulation of
oxidatively damaged macromolecules. Recent studies indicate
that in cultured endothelial cells under oxidative stress condi-
tions adaptive mechanisms can manifest themselves that in-
volve responses mediated by nuclear factor erythroid 2-related
factor-2 (Nrf2). Nrf2 is a transcription factor that regulates
expression of numerous ROS detoxifying and antioxidant
genes and is known to have an important role in redox
homeostasis in endothelial cells (4, 17, 18, 22). However, the
role of Nrf2-driven free radical detoxification mechanisms in
endothelial protection under diabetic conditions is not well
understood.

The present study was designed to determine whether hy-
perglycemia activates Nrf2 in endothelial cells and whether
induction of Nrf2-regulated ROS detoxification systems pro-
tects endothelial function in type 2 diabetes. To test our
hypotheses, we assessed Nrf2 activation in response to high-
glucose treatment in cultured primary human coronary arterial
endothelial cells (CAECs) and characterized the effect of
disruption of the Nrf2/antioxidant response element (ARE)
pathway on high-glucose-induced antioxidant gene expression.
The relevance of Nrf2-mediated effects in vivo was tested by
assessing high-fat diet-induced endothelial dysfunction and
vascular oxidative stress in both wild-type and Nrf2�/� mice.

METHODS

Cell cultures, knockdown of Nrf2, and Keap-1 overexpression.
Primary human CAECs (purchased from Cell Applications) were
cultured in MesoEndo Cell Growth Medium (Cell Applications)
supplemented with 10% serum in the presence of varying glucose
concentrations (5–30 mmol/l). Mannitol was used as osmotic control.
To disrupt Nrf2 signaling, Nrf2 was downregulated by RNA interfer-
ence using proprietary small interfering RNA (siRNA) sequences
(Origen) and the electroporation-based Amaxa Nucleofector technol-
ogy (Amaxa, Gaithersburg, MD), as we have previously reported (7,
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8, 38). Cell density at transfection was 30%. Experiments were
performed on day 2 after the transfection, when gene silencing was
optimal. Keap-1 overexpression was achieved in CAECs by transfec-
tion with a Keap-1 full-length cDNA encoding plasmid (Origen) as
described previously (10). In separate experiments, CAECs were
pretreated with N-acetylcysteine (25 mmol/l) or polyethylene glycol
(PEG)-catalase (1,000 U/ml) and then exposed to high glucose (30
mmol/l). In other studies, CAECs were treated with H2O2 (10�5

mol/l) or the prototypical Nrf2 activator sulforaphane (2.5 �mol/l) to
induce Nrf2-mediated gene transcription.

Measurement of high-glucose-induced changes in mitochondrial
ROS production in CAECs. The effect of high-glucose treatment (30
mmol/l, for 24 h) on mitochondrial O2

·� production in CAECs was
assessed by flow cytometry (Guava Easycyte, Millipore, Billerica,
MA) using MitoSOX Red (Invitrogen, Carlsbad CA), a mitochondri-
on-specific hydroethidine-derivative fluorescent dye, as previously
reported (38). Cell debris (low forward and side scatter) and apoptotic
cells [terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling (TUNEL) positive] were gated out for analysis (38). The data
are presented as fold change in the mean intensity of MitoSOX
fluorescence compared with the respective controls. Fluorescent im-
ages of CAECs stained with MitoSOX were captured with a Nikon
Eclipse Ti-U inverted fluorescent microscope equipped with a Cool-
Snap HQ camera. Hoechst 33258 was used for nuclear counterstain-
ing.

Transient transfection and Nrf2 and NF-�B reporter gene assays.
The effect of increasing glucose concentrations (from 5 to 30 mmol/l)
on Nrf2 activity in CAECs was assessed with a reporter gene assay.
Upon activation Nrf2 translocates to the nucleus, where it binds to the
ARE to activate transcription of phase II and antioxidant defense
enzymes. We used an ARE reporter comprised of tandem repeats of
the ARE transcriptional response element upstream of firefly lu-
ciferase (SA Biosciences, Frederick, MD) and a Renilla luciferase
plasmid under the control of the cytomegalovirus (CMV) promoter (as
an internal control).

The effect of high-glucose treatment on NF-�B activity in CAECs
was tested by a reporter gene assay as described previously (13). We
used a NF-�B reporter comprised of an NF-�B response element
upstream of firefly luciferase (NF-�B-Luc, Stratagene) and a Renilla
luciferase plasmid under the control of the CMV promoter.

Transfections in CAECs were performed with the Amaxa Nucleo-
fector technology, as we have previously reported (7, 14, 16). Firefly

and Renilla luciferase activities were assessed after 24 h with the Dual
Luciferase Reporter Assay Kit (Promega) and a Tecan Infinite M200
plate reader.

Quantitative real-time RT-PCR. A quantitative real-time RT-PCR
technique was used to analyze mRNA expression of the Nrf2/ARE
target genes NAD(P)H:quinine oxidoreductase 1 (NQO1), heme
oxygenase-1 (Hmox1), and �-glutamylcysteine synthetase (GCLC)
and mRNA expression of the NF-�B target gene ICAM1 and the
proinflammatory cytokine TNF in high-glucose-treated CAECs and in
aortic segments, as previously reported (11, 15, 40, 42). In brief, total
RNA was isolated with a Mini RNA Isolation Kit (Zymo Research,
Orange, CA) and was reverse transcribed with SuperScript III reverse
transcriptase (Invitrogen) as described previously (13, 15). A real-
time RT-PCR technique was used to analyze mRNA expression with
the Stratagen MX3000, as reported previously (13). Amplification
efficiencies were determined with a dilution series of a standard
vascular sample. Quantification was performed with the efficiency-
corrected ��Cq method (where Cq is quantification cycle). The
relative quantities of the human reference genes GAPDH, HPRT, and
ACTB (�-actin) and the mouse reference genes Hprt, Ywhaz, and Actb
were determined, and a normalization factor was calculated based on
their geometric mean for internal normalization. Oligonucleotides
used for quantitative real-time RT-PCR are listed in Table 1. Fidelity
of the PCR reaction was determined by melting temperature analysis
and visualization of product on a 2% agarose gel.

Western blotting. To analyze protein expression of the Nrf2 targets
NQO1, glutathione peroxidase (GPX), and GCLC, Western blotting
was performed as described previously (12) with the following pri-
mary antibodies: rabbit anti-GCLC (Abcam, ab41463; 1 �g/ml in 5%
milk), rabbit anti-NQO1 (Abcam; ab34173, 1:2,000 in 5% milk),
rabbit anti-GPX (Abcam, ab22604; 1:6,000 in 5% milk). All polyvi-
nylidene difluoride (PVDF) membranes were incubated in primary
antibodies overnight at 4°C. A donkey anti-rabbit secondary antibody
was used (Abcam, ab16284; 1:2,000 in 5% milk). Mouse anti-�-actin
(Abcam, ab6276; 1:10,000 in 5% milk) and Coomassie staining were
used for normalization purposes.

TUNEL assay. Cellular stress resistance to high-glucose-induced
apoptosis was assessed by growing cells in 96-well plates and treating
them with high glucose (30 mmol/l, for 24 h). After the treatment
period the ratio of TUNEL-positive cells, a marker of apoptosis, was
determined by flow cytometry (Guava Easycyte) using the Guava

Table 1. Oligonucleotides for real-time RT-PCR

mRNA
Targets Descriptions Species Sense Antisense

NQO1 NAD(P)H:quinine oxidoreductase 1 (NAD(P)H
dehydrogenase, quinine 1) Homo sapiens AGACCTTGTGATATTCCAGTTC GGCAGCGTAAGTGTAAGC

GCLC �-Glutamylcysteine synthetase (glutamate-
cysteine ligase, catalytic subunit) H. sapiens CAGTGGTGGATGGTTGTG ATTGATGATGGTGTCTATGC

HMOX1 Heme oxygenase-1 H. sapiens AAGTATCCTTGTTGACACG TGAGCCAGGAACAGAGTG
ICAM1 Intercellular adhesion molecule 1 H. sapiens CTCTCGCTCTGTCACC GGAAGTCTGGGCAATGT
HPRT Hypoxanthine phosphoribosyltransferase 1 H. sapiens CCGTGTGTTAGAAAAGTAAGAAGC AACTGCTGACAAAGATTCACTGG
GAPDH Glyceraldehyde-3-phosphate dehydrogenase H. sapiens AACGAATTTGGCTACAGC AGGGTACTTTATTGATGGTACAT
ACTB �-Actin H. sapiens CGGTGAAGGTGACAGCAG TGTGTGGACTTGGGAGAGG
Nqo1 NAD(P)H:quinone oxidoreductase 1 Mus musculus ATGAAGGAGGCTGCTGTAG AGATGACTCGGAAGGATACTG
Gclc �-Glutamylcysteine synthetase M. musculus AGCATCTGGAGAACTAATGACTG CAAGTAACTCTGGACATTCACAC
Hmox1 Heme oxygenase-1 M. musculus CTGTGAACTCTGTCCAATG AACTGTGTCAGGTATCTCC
Icam1 Intercellular adhesion molecule 1 M. musculus TTCACCAGTCACATAAACACT CTTGCACGACCCTTCTA
Tnf Tumor necrosis factor (TNF superfamily,

member 2) M. musculus GCACCACCATCAAGGACTC AGGTCTGAAGGTAGGAAGGC
Hprt Hypoxanthine phosphoribosyltransferase 1 M. musculus TGCTGCGTCCCCAGACTTTTG AGATAAGCGACAATCTACCAGAGG
Ywhaz Tyrosine 3-monooxygenase/tryptophan

5-monooxygenase activation protein, �
polypeptide M. musculus ACTGTCTTGTCACCAACCATTC GGGCTGTAGAGAGGATGAGG

Actb �-Actin M. musculus AATAAGTGGTTACAGGAAGTC ATGAAGTATTAAGGCGGAAG
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TUNEL Assay (Millipore) according to the manufacturer’s guide-
lines.

Animal studies. Male ICR wild-type mice (Nrf2�/�) were pur-
chased from Taconic, and male Nrf2 knockout mice on an ICR
background (Nrf2�/�) were obtained from a well-characterized col-
ony (30) at the National Institute on Aging. The mice were housed in
an environmentally controlled vivarium with unlimited access to
water and a controlled photoperiod (12 h light, 12 h dark). Body
weight was recorded biweekly. All mice were maintained according to
National Institutes of Health guidelines, and all animal use protocols
were approved by the Institutional Animal Care and Use Committees
of the participating institutions. At 20 wk of age, mice were assigned
to two groups and were fed a standard AIN-93G diet (SD) or
AIN-93G modified to provide 60% of calories from fat [high-fat diet
(HFD)], as described previously (29). Nrf2�/� (n 	 10) and Nrf2�/�

(n 	 16) mice fed HFD in these cohorts gained 43.0 
 3.0% and 42.0 

4.6% of their starting weight, respectively (35).

Serum biomarkers. Blood glucose was determined with an Ascen-
sia Elite glucose meter (Bayer, Mishawaka, IN). Serum insulin levels
were determined with an Ultra Sensitive Mouse Insulin ELISA Kit
(Crystal Chem, Downers Grove, IL). Total cholesterol, nonesterified
fatty acid, and triglyceride levels were determined with the Choles-
terol E kit, the NEFA-HR kit, and the L-Type Triglyceride M kit (each
manufactured by Wako Chemicals, Richmond, VA), respectively.
Adiponectin levels were determined with a Mouse Adiponectin
ELISA kit (GenWay Biotech, San Diego, CA) according to the
manufacturer’s instructions.

Assessment of effect of HFD on vascular endothelial function.
Animals were euthanized at 36 wk of age, aortas were isolated, and
endothelial function was assessed by measuring relaxation of aortic
ring preparations to acetylcholine (ACh) as previously described (29).
In brief, an aorta ring segment 2 mm in length was isolated from each
animal and mounted on 40-�m stainless steel wires in myograph
chambers (Danish Myo Technology) for measurement of isometric
tension. The vessels were superfused with Krebs buffer solution (in
mM: 118 NaCl, 4.7 KCl, 1.5 CaCl2, 25 NaHCO3, 1.1 MgSO4, 1.2
KH2PO4, and 5.6 glucose; at 37°C, gassed with 95% air and 5% CO2).
After an equilibration period of 1 h during which an optimal passive
tension was applied to the rings (as determined from the vascular
length-tension relationship), relaxation of precontracted (by 10�6

mol/l phenylephrine) vessels to ACh (from 10�9 to 10�6 mol/l) was
obtained.

Measurement of vascular ROS production. The oxidative fluores-
cent dyes dihydroethidium (DHE) and 5-(and 6)-chloromethyl-2=,7=-
dichlorodihydrofluorescein diacetate acetyl ester (H2DCFDA) were
used to assess vascular O2

·� production and cytoplasmic peroxide
levels in segments of en face preparations of the aortas as we have
previously reported (10, 11, 29). In brief, vessels were incubated with
DHE (3 � 10�6 mol/l; at 37°C) or H2DCFDA and the time course for
the increase of ethidium fluorescence or H2DCFDA fluorescence was
recorded for 30 min with a Tecan Infinite M200 plate reader (8, 12).
The slope factor was calculated and normalized to tissue mass.
Unstained aortas and vessels preincubated with PEG-SOD or PEG-
catalase were used for background correction and negative control,
respectively.

Data analysis. Gene expression data were normalized to the re-
spective control mean values. Statistical analyses of data were per-
formed by Student’s t-test or by two-way ANOVA followed by the
Tukey post hoc test, as appropriate. P � 0.05 was considered
statistically significant. Data are expressed as means 
 SE.

RESULTS

High glucose increases transcriptional activity of Nrf2 in
CAECs. To determine the effect of hyperglycemia on Nrf2
activation, we transiently transfected CAECs with a Nrf2/
ARE-driven reporter gene construct and then treated the cells

with high glucose. A significant, concentration-dependent in-
crease in luciferase activity compared with the vector control
was noted upon stimulation with glucose (Fig. 1A).

High glucose upregulates Nrf2/ARE-driven genes in CAECs: role
for increased ROS production. Glucose, in a concentration-de-
pendent manner, significantly increased mRNA expression of
the known Nrf2 targets NQO1, GCLC, and HMOX1 (Fig. 1B).
Overexpression of Keap-1 or siRNA knockdown of Nrf2 pre-
vented high-glucose-induced upregulation of NQO1, GCLC, and
HMOX1 (Fig. 1C). Western blotting showed that protein ex-
pression of NQO1 was upregulated by high-glucose treatment,
and this effect was prevented by siRNA downregulation of
NRF2 (Fig. 1D).

Fig. 1. A: reporter gene assay showing the effects of increasing concentrations
of glucose on nuclear factor erythroid 2-related factor-2 (Nrf2)/antioxidant
response element (ARE) reporter activity in cultured primary human coronary
arterial endothelial cells (CAECs). Cells were transiently cotransfected with
ARE-driven firefly luciferase and cytomegalovirus (CMV)-driven Renilla
luciferase constructs followed by glucose treatment. Cells were then lysed and
subjected to luciferase activity assay. After normalization relative luciferase
activity was obtained from 4–6 independent transfections. Data are means 

SE. *P � 0.05. B: effect of glucose on mRNA expression of Nqo1, Gclc, and
Hmox1 in cultured primary CAECs. Data are means 
 SE (n 	 5 in each
group). The effects of glucose were significant (P � 0.05) for each target.
C: effects of small interfering RNA (siRNA) downregulation of Nrf2 (siNrf2)
or overexpression of Keap-1 on high glucose (HG, 30 mmol/l)-induced mRNA
expression of Nqo1, Gclc, and Hmox1 in cultured primary CAECs. Data are
means 
 SE (n 	 5 in each group). *P � 0.05 vs. control; #P � 0.05 vs. HG
only. D: representative Western blots showing protein expression of NQO1 in
CAECs treated with HG, with or without siNrf2 treatment (scr, scrambled
siRNA control). �-Actin was used as a loading control. Numbers are normal-
ized densitometric values (see METHODS). Experiments were repeated 3 times
with similar results.
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Hyperglycemia significantly increases mitochondrial ROS
production, as shown by the intense MitoSOX staining in
high-glucose-treated CAECs (Fig. 2). Overexpression of
Keap-1 significantly increased MitoSOX staining in high-
glucose-treated CAECs (Fig. 2B). To determine the role of
increased ROS in high–glucose-mediated induction of Nrf2
targets, we treated the CAECs with scavengers of H2O2. We
found that pretreatment with both PEG-catalase and N-acetyl-
cysteine prevented high-glucose-mediated upregulation of
NQO1, GCLC, and HMOX1 (Fig. 3A). Treatment of CAECs
with H2O2 also resulted in upregulation of NQO1, GCLC, and
HMOX1, and these effects were prevented by knockdown of
Nrf2 (Fig. 3B). The prototypical Nrf2 activator sulforaphane
also induced NQO1, GCLC, and HMOX1, and these effects
were prevented by both siRNA knockdown of Nrf2 and over-
expression of Keap-1 (Fig. 3C).

Nrf2-dependent attenuation of high-glucose-induced endo-
thelial apoptosis. To assess the role of adaptive Nrf2 activation
in regulation of endothelial apoptosis, CAECs were treated
with high glucose and TUNEL assay was performed. The level
of TUNEL-positive apoptotic cells was low in untreated sam-
ples. Treatment with high glucose significantly increased the
rate of apoptosis in CAECs (Fig. 4). siRNA knockdown of
Nrf2 significantly augmented the proapoptotic effect of high-
glucose treatment (Fig. 4).

Nrf2-dependent attenuation of high-glucose-induced NF-�B
activation and proinflammatory gene expression in CAECs. To
assess the role of adaptive Nrf2 activation in regulation of
proinflammatory gene expression, CAECs were treated with
high glucose and NF-�B activity and NF-�B-driven gene
expression were assayed. Treatment with high glucose signif-

icantly increased transcriptional activity of NF-�B (Fig. 5A)
and upregulated ICAM-1 (Fig. 5B). siRNA knockdown of Nrf2
significantly augmented both high-glucose-induced NF-�B ac-
tivation (Fig. 5A) and high-glucose-induced ICAM-1 induction
(Fig. 5B).

Effect of high-fat diet on various biomarkers in mouse sera.
We compared male Nrf2�/� and Nrf2�/� mice after 16 wk
of HFD. Fasting blood glucose levels differed significantly
between the two strains on the control diet, yet both strains
developed comparable relative hyperglycemia on HFD
(Nrf2�/�: control diet 5.5 
 0.6 mmol/l, HFD 8.6 
 0.4
mmol/l; Nrf2�/�: control diet 2.8 
 0.2 mmol/l, HFD 5.7 

0.8 mmol/l). HFD tended to increase serum levels of free
fatty acids both in wild type [Nrf2�/�: 0.88 
 0.06 meq/l,
Nrf2�/� (HFD): 1.15 
 0.08 meq/l; P � 0.05] and Nrf2�/�

mice [Nrf2�/�: 0.88 
 0.12 meq/l, Nrf2�/� (HFD): 0.92 


Fig. 3. A: effect of pretreatment with polyethylene glycol (PEG)-catalase
(1,000 U/ml) and N-acetylcysteine (NAC, 25 mmol/l) on high glucose (HG, 30
mmol/l, for 24 h)-induced changes in mRNA expression of Nqo1, Gclc, and
Hmox1 in cultured primary human CAECs. Data are means 
 SE (n 	 5 in
each group). *P � 0.05 vs. control; #P � 0.05 vs. HG only. B: effect of siRNA
knockdown of Nrf2 (siNrf2) on H2O2 (10�5 mol/l, for 24 h)-induced changes
in mRNA expression of Nqo1, Gclc, and Hmox1 in cultured primary human
CAECs. Data are means 
 SE (n 	 5 in each group). *P � 0.05 vs. control;
#P � 0.05 vs. H2O2 only. C: effects of siNrf2 and overexpression of Keap-1
on sulforaphane (SFN, 2.5 �mol/l, for 24 h)-induced changes in mRNA
expression of Nqo1, Gclc, and Hmox1 in cultured primary human CAECs.
Data are means 
 SE (n 	 5 in each group). *P � 0.05 vs. control; #P � 0.05
vs. SFN only.

Fig. 2. A: representative fluorescent images showing stronger MitoSOX stain-
ing (red fluorescence) in high glucose-treated cultured primary human CAECs
compared with untreated controls. Original magnification �10. Blue fluores-
cence: nuclear counterstaining with Hoechst 33258. B: in CAECs high glucose
(HG, 30 mmol/l) induces mitochondrial oxidative stress, as shown by the
significant increases in the mean fluorescence intensity of oxidized MitoSOX
(flow cytometry data). Overexpression of Keap-1 significantly increases HG-
induced mitochondrial O2

·� production. Data are means 
 SE (n 	 6 in each
group). *P � 0.05 vs. baseline; #P � 0.05 vs. HG only.
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0.07 meq/l]. Serum cholesterol levels were also elevated by
feeding HFD in both strains [Nrf2�/�: 245 
 5 mg/dl, Nrf2�/�

(HFD): 337 
 20 mg/dl (P � 0.05); Nrf2�/�: 123 
 8 mg/dl,
Nrf2�/� (HFD): 267 
 9 mg/dl (P � 0.05)]. Serum triglycer-
ide and insulin levels (assessed in fed animals) were not
significantly affected by HFD feeding in either strain (data not
shown). Serum adiponectin levels were decreased in HFD-fed
wild-type mice [Nrf2�/�: 23.2 
 2.6 �g/ml, Nrf2�/� (HFD):
13.6 
 0.4 �g/ml; P � 0.05], whereas they were unchanged in

HFD-fed Nrf2�/� mice [Nrf2�/�: 15.6 
 0.8 �g/ml, Nrf2�/�

(HFD): 15.3 
 0.4 �g/ml; not significant].
Upregulation of Nrf2/ARE-driven genes in aortas of HFD-

fed mice. The HFD elicited significant increases in mRNA ex-
pression of Gclc and Hmox1 in aortas of Nrf2�/� mice (Fig. 6A).
By contrast, HFD did not result in any significant change in
mRNA expression of Gclc and Hmox1 in aortas of Nrf2�/�

mice, compared with the respective SD-fed control mice (Fig.
6A). Western blot experiments confirmed that genetic depletion
of Nrf2 prevents HFD-induced upregulation of protein expres-
sion of Nrf2 targets (NQO1, GPX, and GCLC) in mouse aortas
(Fig. 6B).

Increased oxidative stress in aortas of HFD-fed Nrf2�/�

mice. The HFD elicited significant increases in DHE and
H2DCFDA fluorescent signals (measures of vascular O2

·�

and H2O2 production, respectively) in aortas of Nrf2�/�

mice (Fig. 7A). HFD-induced vascular oxidative stress was
more severe in Nrf2�/� mice, as shown by the significantly
greater DHE and H2DCFDA fluorescent signals observed in
aortas of HFD-fed Nrf2�/� mice compared with responses
obtained in vessels from HFD-fed Nrf2�/� mice (Fig. 7A).

Diminished endothelial function in aortas of HFD-fed
Nrf2�/� mice. The HFD elicited significant endothelial dys-
function in aortas of Nrf2�/� mice, as shown by the impaired
relaxation responses to ACh (Fig. 7B). HFD-induced endothe-
lial dysfunction was more severe in Nrf2�/� mice, as shown by
the significantly diminished ACh-induced relaxations of aortas
of these animals, compared with responses obtained in vessels
from HFD-fed Nrf2�/� mice (Fig. 7B).

Fig. 6. A: expression of Gclc and Hmox1 mRNA in aortas isolated from
Nrf2�/� mice and Nrf2�/� mice fed a standard diet (SD) or a high-fat diet
(HFD). Data are means 
 SE (n 	 5 or 6 in each group). *P � 0.05 vs. SD;
#P � 0.05 vs. Nrf2�/�. B: analysis of protein expression of NQO1, GPX, and
GCLC in aortic segments from Nrf2�/� mice and Nrf2�/� mice fed SD or
HFD. Shown are spliced bands from Western blot experiments, organized
according to the experimental groups. Numbers are normalized densitometric
values for the respective bands (see METHODS). The molecular masses of the
bands recognized by the antibodies directed against NQO1, GPX, and GCLC
are approximately 31, 22, and 73 kDa, respectively.

Fig. 4. In primary human CAECs high glucose (HG) significantly increased
apoptotic cell death as shown by increased terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end labeling (TUNEL) positivity (assessed by flow
cytometry, see METHODS; P � 0.05 vs. control). siRNA knockdown of Nrf2
(siNrf2) significantly augmented HG-induced endothelial apoptosis. Data are
mean 
 SE (n 	 6 for each group). *P � 0.05 vs. untreated; #P � 0.05 vs.
HG only.

Fig. 5. A: reporter gene assay showing that in primary human CAECs high
glucose (HG) significantly increased NF-�B activity. Cells were transiently
cotransfected with NF-�B-driven firefly luciferase and CMV-driven Renilla
luciferase constructs followed by HG treatment. Cells were then lysed and
subjected to luciferase activity assay. After normalization relative luciferase
activity was assessed from 4–6 independent transfections. siRNA knockdown
of Nrf2 (siNrf2) significantly augmented HG-induced endothelial NF-�B
activation. Data are means 
 SE (n 	 5 in each group). *P � 0.05 vs.
untreated; #P � 0.05 vs. HG only. B: in cultured endothelial cells HG
significantly increased mRNA expression of ICAM-1. Knockdown of Nrf2
significantly augmented HG-induced ICAM-1 mRNA expression. Data are
means 
 SE (n 	 5 in each group). *P � 0.05 vs. untreated; #P � 0.05 vs.
HG only.
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Increased proinflammatory gene expression in aortas of
HFD-fed Nrf2�/� mice. The HFD elicited significant increases
in mRNA expression of Icam1 and Tnf in aortas of Nrf2�/�

mice (Fig. 8, A and B, respectively). In aortas of HFD-fed
Nrf2�/� mice mRNA expression of Icam1 and Tnf was signif-
icantly greater than in vessels of HFD-fed wild-type mice (Fig.
8, A and B, respectively).

DISCUSSION

Here we show for the first time that adaptive activation of
the Nrf2/ARE pathway has a critical role in endothelial pro-
tection in response to diabetic conditions both in vitro and in
vivo. We base this conclusion on the following lines of evi-
dence. We demonstrate that in human CAECs hyperglycemia
significantly increases the transcriptional activity of Nrf2 (Fig.
1A) and upregulates several ARE-regulated genes involved in
free radical metabolism (Fig. 1, B–D), including NQO1 (a key
component of the plasma membrane redox system), heme
oxygenase-1, and �-glutamylcysteine synthetase (the rate-lim-
iting enzyme for glutathione synthesis). The aforementioned
effects of high glucose are mediated predominantly by Nrf2, as
siRNA knockdown of Nrf2 inhibits induction of antioxidant
genes by high glucose (Fig. 1, C and D). Furthermore, over-
expression of Keap-1 also abolished the adaptive antioxidant

response in response to hyperglycemia (Fig. 1C). Keap-1 is a
cytosolic repressor protein that interacts with Nrf2, preventing
its nuclear translocation.

Our findings suggest that increased mitochondrial ROS
generation is a major mechanism by which hyperglycemia
promotes oxidative stress in human CAECs (Fig. 2). Similar
conclusions have been reached previously in studies from other
laboratories as well (27, 31, 32, 38). Disruption of Nrf2
signaling significantly increases hyperglycemia-induced mito-
chondrial oxidative stress, indicating that adaptive upregula-
tion of Nrf2-driven antioxidant systems effectively attenuates
cellular oxidative stress under diabetic conditions (Fig. 2).
Because administration of catalase prevented high-glucose-
induced upregulation of Nrf2 targets (Fig. 3A), it is likely that
increased H2O2 levels have a central role in activation of Nrf2
in metabolically stressed endothelial cells. This concept is
further supported by the findings that exogenous administration
of H2O2 significantly increased expression of Nrf2-driven
genes, an effect that was abolished by knockdown of Nrf2 (Fig.
3B). The induction of GCLC, HMOX1, and NQO1 was atten-
uated by treatment with the thiol antioxidant N-acetylcysteine,
suggesting that thiol oxidation is largely mediating the effects
of H2O2 on Nrf2-responsive genes (Fig. 3A).

Hyperglycemia-induced endothelial oxidative stress has
been implicated in the development of diabetic complications,
in part by inducing endothelial apoptosis and by promoting
endothelial activation and vascular inflammation. Our present
findings (Fig. 4) and results from previous investigations (28)
suggest that induction of Nrf2-driven free radical detoxification
pathways confers significant antiapoptotic effects in endothe-
lial cells exposed to hyperglycemia. Furthermore, our results
(Fig. 5) suggest that adaptive Nrf2 activation also effectively
attenuates hyperglycemia-induced NF-�B activation and NF-
�B-driven proinflammatory gene expression in endothelial
cells, extending previous findings (3).

Furthermore, results from the present study show that in
wild-type mice metabolic stress associated with HFD can
upregulate Nrf2 target genes in the vasculature, whereas ge-
netic depletion of Nrf2 prevents induction of free radical
detoxification mechanisms in vessels of HFD-fed Nrf2�/�

mice (Fig. 6). We found that the HFD elicits significant
oxidative stress in blood vessels of wild-type mice, which is
associated with endothelial dysfunction (Fig. 7), extending
earlier findings (29, 35). Genetic lack of a functional Nrf2/ARE
pathway results in significant increases in vascular ROS levels

Fig. 8. Expression of ICAM-1 (A) and TNF� (B) mRNA in aortas isolated from
Nrf2�/� mice and Nrf2�/� mice fed SD or HFD. Data are means 
 SE (n 	
5 or 6 in each group). *P � 0.05 vs. SD; #P � 0.05 vs. Nrf2�/�.

Fig. 7. A: superoxide and peroxide production in segments of aortas isolated
from Nrf2�/� mice and Nrf2�/� mice fed SD or HFD, as measured by the
dihydroethidium (DHE, left) and dichlorofluorescein [5-(and 6)-chloromethyl-
2=,7=-dichlorodihydrofluorescein diacetate acetyl ester (H2DCFDA), right]
fluorescence methods. Data are means 
 SE (n 	 5 or 6 in each group). AU,
arbitrary units. *P � 0.05 vs. SD; #P � 0.05 vs. Nrf2�/�. B: relaxation to
acetylcholine in aortic segments isolated from Nrf2�/� mice and Nrf2�/� mice
fed SD or HFD. Data are means 
 SE (n 	 5 or 6 for each data point). *P �
0.05 vs. Nrf2�/�.
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and a more severe endothelial functional impairment in aortas
of HFD-fed Nrf2�/� mice compared with vessels of HFD-fed
wild-type control mice (Fig. 7). These findings provide evi-
dence that Nrf2-driven free radical detoxification pathways are
physiologically important endogenous homeostatic mecha-
nisms that play an important role in vasoprotection in meta-
bolic diseases. The HFD-fed mouse is an accepted model of
early type 2 diabetes, which recapitulates many aspects of
diabetes mellitus, including hyperglycemia, oxidative stress,
and endothelial dysfunction. Because in this model hypergly-
cemia is not the only factor contributing to vascular impair-
ment, we propose that activation of Nrf2 represents a common
pathway by which oxidative stress induced by diverse stimuli
associated with diabetes mellitus and consumption of a HFD
(including hyperglycemia, hyperlipidemia, increased levels of
oxidized lipids, and advanced glycation end products) activate
homeostatic mechanisms by which the deleterious effects of
metabolic stress are attenuated in the vasculature. This concept
is supported by the observation that hyperglycemia, oxidized
lipoproteins (1), and advanced glycation end products (19) can
separately elicit an Nrf2-driven adaptive response in endothe-
lial cells. It is likely that adaptive Nrf2 activation also protects
other organs, including the liver (34), the brain (26), and the
heart (20), from the deleterious effects of oxidative stress
associated with a HFD. Further studies are warranted to test the
vasoprotective role of adaptive Nrf2 activation in other models
of hyperglycemia/type 2 diabetes.

We posit that pathological conditions that impair the ability
of cells to mount an effective Nrf2/ARE-mediated antioxidant
response render the vascular system vulnerable to the delete-
rious effects of metabolic diseases. Importantly, there is a
significant age-related dysregulation of Nrf2-dependent path-
ways in vascular cells. As a result, the same level of oxidative
stress that elicits significant induction of Nrf2-dependent genes
in arteries of young rats fails to upregulate Nrf2-dependent free
radical detoxification pathways in vessels of aged rats (Csiszar
and Ungvari, unpublished observations). Similarly, aortic ex-
pression of Nrf2-driven antioxidant enzymes markedly in-
creases in young mice fed a HFD but tends to decrease or only
modestly increase in middle-aged mice fed a HFD, despite the
fact that vascular oxidative stress is greater in HFD-fed middle-
aged mice than in young mice (5). The intimate link between
aging and vascular Nrf2 activation is also underscored by the
observations that arteries of extremely long-lived muroid ro-
dents (Peromyscus leucopus, maximal life span: 
8 yr) exhibit
an increased expression of Nrf2-driven antioxidant enzymes,
decreased cellular and mitochondrial levels of ROS, and in-
creased resistance to the proinflammatory and proapoptotic
effects of hyperglycemia compared with vessels of shorter-
lived Mus musculus (12, 24, 36, 37). Moreover, many of the
effects of caloric restriction, which decreases cellular and
mitochondrial levels of ROS and exerts anti-inflammatory and
antiapoptotic vascular effects in aging (8), also depend on the
presence of functional Nrf2 (30).

Because the metabolic stress-induced Nrf2-dependent adap-
tive response is relatively weak and cannot compensate com-
pletely for the increased cellular oxidative stress in diabetes
(especially in aging), there is a clear opportunity for pharma-
cological intervention to facilitate the efficiency of Nrf2-driven
homeostatic mechanisms. In that regard, it is significant that in
endothelial cells and other cell types Nrf2 can be activated

pharmacologically by the polyphenol resveratrol (2, 21, 25, 33,
35) or by sulforaphane (43), which results in significant induc-
tion of cellular antioxidant systems (23, 33, 39) (Fig. 3C),
increases in GSH levels (23, 38), and consequential reduction
of oxidative stress (23, 33, 39, 43). Importantly, both resvera-
trol and sulforaphane can effectively attenuate vascular ROS
production and improve endothelial function in animal models
of diabetes mellitus (29, 45) and/or attenuate hyperglycemia-
induced endothelial oxidative stress (38, 43). Thus we posit
that facilitation of the induction of Nrf2-driven homeostatic
pathways by pharmacological treatments can contribute impor-
tantly to an intervention strategy for the prevention of vascular
diseases in diabetic patients.
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