
Abstract

Aims/hypothesis. Hyperglycaemia is a primary cause
of vascular complications in diabetes. A hallmark of
these vascular complications is endothelial cell dys-
function, which is partly due to the reduced production
of nitric oxide. The aim of this study was to investigate
the regulation of endothelial nitric oxide synthase
(eNOS) activity by acute and chronic elevated glucose.
Methods. Human aortic endothelial cells were cultured
in 5.5 mmol/l (NG) or 25 mmol/l glucose (HG) for 4 h,
1 day, 3 days or 7 days. Mouse aortic endothelial cells
were freshly isolated from C57BL/6J control and dia-
betic db/db mice. The expression and activity of eNOS
were measured using quantitative PCR and nitrite mea-
surements respectively. The binding of activator pro-
tein-1 (AP-1) to DNA in nuclear extracts was deter-
mined using electrophoretic mobility-shift assays.
Results. Acute exposure (4 h) of human aortic endothe-
lial cells to 25 mmol/l glucose moderately increased
eNOS activity and eNOS mRNA and protein expres-
sion. In contrast, chronic exposure to elevated glucose

(25 mmol/l for 7 days) reduced total nitrite levels (46%
reduction), levels of eNOS mRNA (46% reduction)
and eNOS protein (65% reduction). In addition, AP-1
DNA binding activity was increased in chronic HG-
cultured human aortic endothelial cells, and this effect
was reduced by the specific inhibition of reactive oxy-
gen species production through the mitochondrial elec-
tron transport chain. Mutation of AP-1 sites in the 
human eNOS promoter reversed the effects of HG.
Compared with C57BL/6J control mice, eNOS mRNA
levels in diabetic db/db mouse aortic endothelial cells
were reduced by 60%. This decrease was reversed by
the overexpression of manganese superoxide dismu-
tase using an adenoviral construct.
Conclusions/interpretation. In diabetes, the expression
and activity of eNOS is regulated through glucose-
mediated mitochondrial production of reactive oxygen
species and activation of the oxidative stress transcrip-
tion factor AP-1.
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Introduction

Hyperglycaemia is a primary cause of diabetic vascu-
lar complications. A hallmark of these vascular com-
plications is endothelial cell (EC) dysfunction that is
characterised by reduced nitric oxide-dependent phe-
nomena, including vasodilation and protection against
leucocyte–endothelial interactions. Studies have shown
that hyperglycaemia impairs nitric oxide production
[1, 2]. Several studies have demonstrated impaired 
endothelium-dependent vasorelaxation in diabetic hu-
mans [3, 4] and in experimental diabetic animals [5,
6]. Hyperglycaemia alters the intracellular reduction–
oxidation (redox) state of the cell in several ways: 
(i) by increasing pro-oxidant enzyme activity, thus in-
creasing superoxide generation; (ii) forming AGE that



can propagate free-radical production; and (iii) by
forming mitochondrial-derived reactive oxygen spe-
cies (ROS). Several transcription factors, including
nuclear factor-κB (NF-κB), activator protein-1 (AP-1)
and c-jun are regulated by the redox state of the cell
[7]. Several studies have indicated that mitochondrial
function is involved in superoxide production [8, 9].
Inhibition of mitochondrial function in human ECs
blocks superoxide formation by the cell [8]. We have
previously shown that ROS production is increased by
chronic elevated glucose in human aortic ECs [10].
Furthermore, inhibition or uncoupling of the mito-
chondrial electron transport chain in ECs prevents the
glucose-mediated increase in ROS [9, 10]. We hypoth-
esised that the overproduction of superoxide and other
ROS in vascular cells by hyperglycaemia [11, 12, 13,
14] could modulate the activity of endothelial nitric
oxide synthase (eNOS).

The activity of eNOS is regulated by both tran-
scriptional and translational mechanisms. We have re-
cently reported that mitochondrial ROS production in
ECs can lead to the decreased phosphorylation of
Ser1177 of eNOS [15]. In the present study, we exam-
ined additional mechanisms by which both acute and
chronic elevated glucose regulate eNOS expression
and activity in human aortic ECs.

Materials and methods

Reagents. Cell culture reagents were from Invitrogen (Carls-
bad, Calif., USA). Fetal bovine serum (FBS) was from Hy-
clone (Logan, Utah, USA). CellLytic Nuclear extraction kit,
protease inhibitor cocktail and anti-tubulin antibody were pur-
chased from Sigma (St Louis, Mo., USA). Anti-eNOS anti-
body was obtained from BD Biosciences (San Diego, Calif.,
USA). Lipofectin, Trizol reagent and Thermoscript reverse
transcriptase were also obtained from Invitrogen. The β-galac-
tosidase assay and luciferase assay kits were purchased from
Promega (Madison, Wis., USA). Nitrite assay kit was pur-
chased from R&D Systems (Minneapolis, Minn., USA). Hu-
man microvascular ECs used for transfections were a kind gift
from J. Berliner (UCLA, Los Angeles, Calif., USA) and were
originally obtained from clones at the Center for Disease Con-
trol (Atlanta, Ga., USA).

Mice. Young 12-week-old male db/db (Bb.Cg–m+/+Leprdb)
mice (stock no. 000697) were obtained from Jackson Labora-
tories (Bar Harbor, Me., USA). The db/db mice (designated
db/db) were on a pure C57BL6/J background strain. The con-
trol mice, 12-week-old male C57BL6/J mice (designated B6),
were also from Jackson Laboratories (stock no. 000664). Mice
were fed rodent chow and housed in micro-isolator cages in a
pathogen-free facility. All experiments followed guidelines
from the Association for Assessment of Laboratory Animal
Care (AALAC) guidelines, and approval for use of rodents
was obtained from the University of Virginia.

Endothelial cell culture. Human aortic ECs were obtained from
aortic rings of explanted donor hearts [16] following approved
guidelines from the University of Virginia Institutional Review
Board and were maintained in culture as described [10]. Human
aortic ECs were cultured in either 5.5 mmol/l D-glucose (NG),

25 mmol/l D-glucose (HG) or 5.5 mmol/l D-glucose with
19.5 mmol/l mannitol (as an osmotic control) for the times indi-
cated. Cells from passage 3 to 5 were used for experiments. For
transfection experiments, human microvascular ECs were cul-
tured in MCDB-131 supplemented with 15% heat-inactivated
FBS, 10 ng/ml epidermal growth factor and 1 µg/ml hydrocorti-
sone. Mouse aortic ECs were isolated from 16-week-old diabet-
ic db/db and control mice as described by our group previously
[17]. Mouse ECs were cultured in DMEM containing 15%
heat-inactivated FBS, 60 µg/ml endothelial cell growth supple-
ment and 100 µg/ml heparin. For the purposes of this study,
C57BL/6J and db/db ECs were maintained under normal glu-
cose (5.5 mmol/l) conditions and used only at passage 2. Both
cell types were used at identical passage numbers and were cul-
tured for identical lengths of time. All measurements were nor-
malised to either total cell protein or to a housekeeping protein
or gene as indicated to control for possible differences in cell
growth related to diabetes. We have previously reported the use
of diabetic db/db ECs in related studies [17].

Measurement of NOx (NO2
– and NO3

−) production by endo-
thelial cells. Human aortic ECs were cultured under NG and
HG conditions as described above. After the glucose treatment,
the medium was changed to Hanks’ balanced salt solution 
supplemented with L-arginine (100 µmol/l) and CaCl2
(1.3 mmol/l). After equilibrating for 30 min at 37 °C, the ECs
were stimulated by the addition of 5 µmol/l A23187 for
30 min. The media were collected and the total nitrites in the
media were quantitated by the Griess reaction. Results are 
expressed as nmol nitrite·mg protein–1·h–1.

Immunoblotting of eNOS protein. Monolayers of ECs were
rinsed with ice-cold PBS and were lysed using 20 mmol/l Tris-
HCl pH 7.4,100 mmol/l NaCl, 1% Igepal CA-630, 0.5% sodi-
um deoxycholate, 0.1% SDS, 100 µmol/l sodium orthovana-
date and protease inhibitor cocktail. Samples were sonicated
for 20 s and then centrifuged for 10 min at 13,000 rev/min.
The supernatant was removed and protein was measured using
a protein assay kit (BioRad, Hercules, Calif., USA). Total pro-
tein (10 µg) in SDS sample buffer was heated to 95 °C and the
proteins were separated by SDS-PAGE using a denaturing
4–12% gel. Proteins were transferred to nitrocellulose and then
blocked for 2 h with Blocker-Casein (Pierce, Rockford, Ill.,
USA). Nitrocellulose blots were incubated with antibodies to
eNOS (1:1000) and tubulin (1:5000) overnight at 4 °C. Bands
were visualised using the appropriate horseradish peroxidase-
linked secondary antibodies and chemiluminescence.

Electrophoretic-mobility-shift assay for AP-1. Human aortic ECs
were cultured in NG and HG as described above. Cells were
transfected for 48 h at 37 °C with recombinant adenoviruses ex-
pressing rat uncoupling protein-1 (UCP-1), human manganese
superoxide dismutase (MnSOD) or β-galactosidase using a mul-
tiplicity of infection (MOI) of 50. These adenoviruses have been
described previously and have been shown to provide high lev-
els of expression of the designated protein in primary endotheli-
al cells [15]. After 48 h of incubation with adenovirus, cells
were harvested by scraping with a cell scraper. Nuclear proteins
were prepared using a CellLytic NuCLEAR extraction kit ac-
cording to manufacturer’s instructions (Sigma). Nuclear proteins
were quantitated using a BioRad DC protein assay kit.

Electrophoretic-mobility-shift assays for AP-1 were per-
formed as described previously [10, 18] using 5 µg of nuclear
extract. The sequence of the sense strand of the double-strand-
ed AP-1 oligonucleotide probe was 5′-CGCTTGATGAGTC-
AGCCGGAA-3′. A molar excess of cold AP-1 was added as a
control.
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Quantitative PCR for human and murine eNOS. Total cellular
RNA was isolated using Trizol reagent following the manufac-
turer’s protocol. The cDNA was synthesised using Thermo-
script reverse transcriptase [10]. Quantitative PCR was per-
formed for eNOS and β-actin in a BioRad iCycler PCR instru-
ment equipped with a real-time camera detection module. The
primer sequences and the PCR conditions for human eNOS
were as described by Gan et al. [19]. The sequences of the 
murine eNOS primers used were: forward: 5′-TAC GCA CCC
AGA GCT TTT CT-3′ and reverse: 5′-CTT GGT CAA CCG
AAC GAA GT-3′. Data were analysed and presented based
upon the relative expression method [20] using the following
equation:

where ∆CT is the difference in threshold cycle between the
gene of interest (eNOS) and the housekeeping gene (cy-
clophilin). In this equation, S=HG or db/db mice and C=NG or
B6 control mice.

eNOS promoter studies. Human microvascular ECs were
utilised in transfection experiments due to their high efficiency
of transfection (80–90%). Primary human aortic ECs do not
transfect with high efficiency using conventional approaches.
Human microvascular ECs were cultured as described above
and were transiently transfected using Lipofectin with either a
plasmid containing bases −1600 to +22 of the human eNOS
promoter fused to a luciferase reporter construct (plasmid F1)
or transfected with a plasmid containing bases −1600 to +22 
of the human eNOS promoter with two mutated AP-1 sites
(plasmid AP-1 Mut) [21]. The AP-1 site was mutated using 
the Quickchange site-directed mutagenesis kit (Stratagene, La
Jolla, Calif., USA) using oligonucleotides with the following
sequences: 5′-GCT CCA TTA ACT GGG ACC TAG GAA
AAT CTC GAG TCC TTG GTC ATG C-3′ and 3′-CGA GGT
AAT TGA CCC TGG ATC CTT TTA GAG CTC AGG AAC
CAG TAC G-5′. Cells were co-transfected with a β-galactosi-
dase vector for normalisation purposes. Lipofectin was used
according to the manufacturer’s protocol. After transfection,
the cells were cultured in media containing NG or HG for 48 h
prior to harvest. Cells were lysed using reporter lysis buffer
(Promega), and luciferase activity was assayed by measuring
luminescence. The activity of β-galactosidase was measured
using a kit according to manufacturer’s instructions. Luciferase
activity values were normalised to β-gal expression.

Statistical analysis. Comparisons between groups were per-
formed using ANOVA. Data are presented as means ± SEM of
five experiments performed in quadruplicate (unless otherwise
noted in the Figure Legends). Mouse analyses were performed
using six mice per group. All comparisons were made using
Fisher’s least significant difference procedure, so that multiple
comparisons were made at the 0.05 level only if the overall 
F-test from the ANOVA was significant, indicated by a p value
of less than 0.05.

Results

Chronic elevated glucose reduces nitric oxide produc-
tion in endothelial cells. Human aortic ECs were cul-
tured in the presence of 5.5 mmol/l D-glucose (NG),
25 mmol/l D-glucose (HG) or 5.5 mmol/l D-glucose
with 19.5 mmol/l mannitol for 4 h, 1 day, 3 days or 
7 days. Human aortic ECs were viable for 7 days in

25 mmol/l D-glucose and in 5.5 mmol/l D-glucose with
19.5 mmol/l mannitol, and appeared healthy with nor-
mal morphology. After incubation for the designated
times in glucose, samples of the media were collected
and analysed for levels of total nitrite. Values were
normalised to cell protein to account for any possible
change in cell number due to glucose culture. There
were no changes in total nitrite production in NG-
cultured cells at any of the time points analysed
(Fig. 1). Acute glucose exposure (HG) for 4 h slightly
increased (22%) total cellular nitrite production
(p<0.05) (Fig. 1). In contrast, nitrite levels were signif-
icantly reduced by Day 3 and Day 7 of treatment (30%
and 46% respectively, p<0.001). In human aortic ECs
cultured in 5.5 mmol/l D-glucose with 19.5 mmol/l
mannitol (osmotic control) nitrite production did not
change significantly during the study (data not shown).
Taken together, these results suggest an inverse rela-
tionship between the duration of HG exposure and the
amount of total nitrite present in the media, indicating
that glucose decreases eNOS activity.

Glucose reduces eNOS expression in aortic endothelial
cells. To examine whether the decrease in nitric oxide
production as measured by nitrite levels was a result of
glucose-mediated changes in eNOS protein expression,
immunoblotting was performed on lysates obtained
from NG- and HG-cultured human aortic ECs. No
changes in eNOS expression were observed in NG-cul-
tured human aortic ECs during the course of the study
(data not shown). Compared with NG-cultured human
aortic ECs, expression of eNOS protein initially in-
creased by 8% after 4 h exposure to HG, then gradual-
ly declined by 65% over 7 days (Fig. 2). Thus, eNOS
protein levels are decreased by chronic elevated glu-
cose.
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Fig. 1. Glucose reduces endothelial nitrite production. Human
aortic ECs were cultured in media containing either 5.5 mmol/l
glucose (NG, black bars) or 25 mmol/l glucose (HG, white
bars) for 0 h (starting point of incubation), 4 h, 1 day, 3 days 
or 7 days. Media were assayed for total nitrite formation as 
described in Materials and methods. The data shown are the
means ± SEM of four experiments. * p<0.05 vs NG; **p<0.005
vs NG; *** p<0.001 vs NG by ANOVA



Regulation of eNOS transcription by oxidative stress
through AP-1. Quantitative real-time PCR was per-
formed in human aortic ECs to determine whether the
glucose-induced decrease in eNOS protein expression
was a result of decreased levels of eNOS mRNA. In
human aortic ECs cultured in HG for 3 and 7 days
levels of eNOS mRNA were reduced by 25% and
46% respectively (p<0.01 for both) (Fig. 3). Changes
in eNOS mRNA levels paralleled the observed trend
for protein levels (Fig. 2); eNOS mRNA levels did not
change in the NG-cultured human aortic ECs over
time (data not shown).

Previous analysis of the −1600 bp to +21 bp seg-
ment of the human eNOS promoter revealed the pres-
ence of two AP-1 binding sites, located at −1530 bp
and −662 bp [21]. To test whether AP-1 activation by
ROS leads to a reduction in eNOS mRNA levels, a 
series of transfections using human eNOS promoter-
reporter constructs were performed. Human microvas-
cular ECs, which respond to elevated glucose in a
manner similar to human aortic ECs (data not shown),
were transfected with wild-type (F1) and AP-1-mutat-
ed (AP1 Mut) human eNOS promoter constructs. Hu-
man microvascular ECs were utilised in these experi-
ments due to their high degree of transfection efficien-
cy (80–90%) using conventional approaches. Human
microvascular ECs cultured for 7 days in 25 mmol/l
glucose (HG) showed a 40% reduction in eNOS pro-
moter activity compared with NG-cultured ECs, sug-
gesting that glucose blocks eNOS promoter activation.

Interestingly, mutating the AP-1 sites abolished the
glucose-mediated inhibition of eNOS promoter activa-
tion (Fig. 4).

Elevated production of ROS has been reported in
human aortic ECs cultured chronically in elevated
glucose [10]. In addition, AP-1 activity is regulated by
chronic elevated glucose [10]. To determine whether
AP-1 binding activity is altered in the presence of glu-
cose, electrophoretic-mobility-shift assays were per-
formed. In these experiments, the binding of AP-1 to
DNA was increased in human aortic ECs cultured in
HG for 7 days compared with those cultured in NG
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Fig. 2. Chronic elevated glucose down-regulates eNOS protein
expression. EC lysates (10 µg) were analysed by SDS-PAGE
and transferred to nitrocellulose. The nitrocellulose membrane
was probed with monoclonal antibodies to human eNOS and
tubulin. a. A representative immunoblot of eNOS and tubulin
protein expression in response to 5.5 mmol/l glucose (NG) or
25 mmol/l glucose (HG) for 4 h (4hHG), 1 day (1dHG), 3 days
(3dHG) or 7 days (7dHG). b. Graph depicting the ratio of
eNOS : tubulin protein expressed as a percentage of control
glucose values (NG) as analysed by densitometry. NG is set at
100% for normalisation purposes. The data shown on the
graph are the means ± SEM of six experiments. # p<0.01 vs
NG; * p<0.001 vs NG by ANOVA

Fig. 3. Chronic elevated glucose down-regulates eNOS mRNA
expression in human aortic ECs. Quantitative real-time PCR
for eNOS and β-actin were performed as described in Materi-
als and methods in human aortic ECs cultured in 5.5 mmol/l
glucose (NG) or 25 mmol/l glucose (HG) for 4 h (4hHG), 1 day
(1dHG), 3 days (3dHG) or 7 days (7dHG). The relative expres-
sion of eNOS mRNA to β-actin mRNA is shown. The data
shown are the means ± SEM of five experiments. * p<0.01 vs
NG; ** p<0.009 vs NG by ANOVA

Fig. 4. Glucose modulates human eNOS promoter activity
through the transcription factor AP-1. Human microvascular
ECs were transfected with a plasmid containing −1600 to
+22 bp of the human eNOS promoter linked to a luciferase re-
porter gene (eNOS F1) or −1600 to +22 bp of the human
eNOS promoter containing mutated AP-1 sites (eNOS AP1
Mut). The data show the means ± SEM of five transfection ex-
periments. Chronic elevated glucose treatment (25 mmol/l for
7 days) caused a significant reduction in human eNOS promot-
er activation (HG eNOS F1) as measured by luciferase activity.
However, mutation of the AP-1 sites in the human eNOS pro-
moter prevented the glucose-mediated decrease in promoter
activity (HG eNOS AP1 Mut). * p<0.01 vs NG; ** p<0.005 vs
HG eNOS F1 by ANOVA



(Fig. 5). Acute glucose exposure (less than 3 days) in
HG had no effect on AP-1 binding activity (data not
shown). Using electrophoretic-mobility-shift assays,
we demonstrated a significant increase in AP-1 bind-
ing activity after 3 days of HG culture. In ECs cul-
tured in HG for 7 days, inhibition of mitochondrial
respiration using adenoviral overexpression of Mn-
SOD and UCP-1 significantly decreased AP-1 binding
activity (Fig. 5), although MnSOD had a greater effect
on AP-1 binding than UCP-1. Thus, regulation of 
AP-1 by ROS in chronic glucose conditions probably
accounts for the observed decrease in eNOS mRNA
levels. Taken together, our results strongly suggest
that glucose-mediated production of ROS decreases
eNOS expression in ECs through activation of the
transcription factor AP-1.

Diabetic db/db mice have decreased eNOS mRNA ex-
pression in endothelial cells. In order to measure
eNOS expression in diabetic db/db mice in vivo we
obtained freshly isolated aortic ECs from diabetic
db/db mice. Using real-time quantitative PCR, we
found that, compared with control B6 ECs, eNOS
mRNA levels were reduced by 60% in diabetic db/db
ECs (Fig. 6). This suggests that eNOS activity is regu-
lated at the transcriptional level in diabetic mice in

vivo. Interestingly, inhibition of the mitochondrial
electron transport chain using specific adenoviral 
constructs blocked the glucose-mediated decrease in
eNOS mRNA observed in db/db mice (Fig. 6). Over-
expression of either rat MnSOD or human UCP-1
completely reversed the decrease in eNOS mRNA
found in diabetic db/db mice. These data indicate that
the decrease in eNOS expression in diabetic mice is
due to increased endothelial mitochondrial ROS pro-
duction. Scavenging of ROS by MnSOD and UCP-1
completely reversed the down-regulation of eNOS
mRNA expression in diabetic mouse ECs.

Discussion

The influence of hyperglycaemia on the synthesis and
release of nitric oxide by ECs has been the subject of
intense interest over the last decade. Mechanisms un-
derlying eNOS dysfunction in diabetes include: (i) de-
creased expression of eNOS; (ii) decreased phosphor-
ylation of eNOS; (iii) increased degradation of nitric
oxide, secondary to enhanced superoxide production
in diabetes; and (iv) changes in expression of cofac-
tors in the eNOS complex that are important for regu-
lating eNOS activity [22, 23, 24]. The present study is
the first to link chronic elevated glucose with modula-
tion of EC eNOS mRNA levels through mitochondrial
production of ROS with subsequent activation of 
AP-1. Our results show that glucose decreases eNOS
mRNA and protein expression in human ECs through
regulation of mitochondrial production of ROS. Mito-
chondrial ROS, in turn, activate the transcription fac-
tor AP-1 [25, 26] and cause increased AP-1 binding 
to DNA (Fig. 5).
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Fig. 5. Inhibition of mitochondrial ROS production in ECs re-
duces AP-1 binding to DNA. An electrophoretic-mobility-shift
assay for AP-1 was performed using nuclear extracts from 
human aortic ECs cultured in 5.5 mmol/l glucose (NG) or
25 mmol/l glucose (HG) for 7 days. On Day 5 of HG incuba-
tion, ECs were incubated with adenoviral vectors expressing
either β-galactosidase (+AdLacZ) as a control, human MnSOD
(+AdSOD) or rat UCP-1 (+AdUCP-1). Cold AP-1 was added
as a control as described in Materials and methods. The arrow
indicates the AP-1 band. Pr, Probe alone

Fig. 6. Levels of eNOS mRNA are reduced in diabetic db/db
mice in vivo and are regulated by endothelial ROS production.
Total RNA was isolated from B6 control (B6) and db/db diabet-
ic (db/db) mouse aortic endothelium that had been incubated
for 48 h in the presence of either an empty adenoviral vector
(+AdCTR), and adenovirus expressing rat UCP-1 or an adeno-
virus expressing human MnSOD (+AdSOD). Quantitative real-
time PCR for murine eNOS was performed and normalised to
cyclophilin. The data shows mRNA expression relative to the
B6 control value. * p<0.001 vs B6; ** p<0.009 vs db/db



We observed changes in AP-1 binding activity in
human aortic ECs in response to chronic but not acute
elevated glucose exposure. Human aortic ECs cul-
tured for less than 3 days in 25 mmol/l glucose (HG)
showed no change in AP-1 binding activity by electro-
phoretic-mobility-shift assay (data not shown). How-
ever, beginning at Day 3, there was a consistent and
significant stepwise increase in AP-1 binding activity,
with maximal AP-1 binding activity occurring at 
Day 7 of elevated glucose culture. The mechanism by
which ROS stimulates AP-1 binding activity is un-
known; however, AP-1 is clearly activated by cellular
oxidative stress [27]. Thus, we hypothesise that EC
cultured in elevated glucose generate superoxide pro-
duction over time (through mitochondrial respiration)
that results in the activation of oxidative stress-related
signalling pathways, including activation of the tran-
scription factor AP-1.

The regulation of AP-1 activation by inhibitors 
of mitochondrial respiration is an important and 
novel finding (Fig. 5). Overexpression of MnSOD and 
UCP-1 reduces AP-1 binding in HG-cultured ECs
(Fig. 5). In the current study, using a series of human
eNOS promoter-reporter constructs, we found that
glucose significantly decreased eNOS promoter acti-
vation (Fig. 4). Interestingly, when the AP-1 binding
sites on the human eNOS promoter were mutated, glu-
cose was no longer able to down-regulate eNOS pro-
moter activation and eNOS promoter activity was re-
stored to levels observed for control ECs (Fig. 4).
Thus, production of ROS by chronic elevated glucose,
as occurs in diabetes, leads to the down-regulation of
eNOS gene transcription through activation of AP-1.
Inhibition of ROS production reduces AP-1 levels and
prevents eNOS down-regulation. This is supported by
the studies we performed in diabetic db/db mice. The
expression of eNOS mRNA was reduced in diabetic
db/db mice compared with that in control B6 mice.
Furthermore, inhibition of mitochondrial production
of ROS in db/db mice reversed the down-regulation of
eNOS mRNA expression. Together, these data suggest
that mitochondrial ROS production by glucose medi-
ates changes in endothelial eNOS expression in diabe-
tes through AP-1. However, we cannot rule out the
role of other pro-inflammatory signalling pathways,
such as NF-κB, on the modulation of eNOS expres-
sion in ECs. Previous reports have shown that chronic
elevated glucose stimulates NF-κB activation that can
result in the down-regulation of eNOS [12]. We also
cannot exclude the possibility that glucose directly
modulates eNOS expression in ECs. We have not 
examined the direct effects of glucose or the impact 
of NF-κB activation on eNOS expression in our model.

We have previously reported the increased produc-
tion of superoxide in human and bovine ECs cultured
chronically in elevated glucose [9, 10]. ROS can be
generated in endothelial cells through NADPH oxi-
dase and/or mitochondrial respiration. Other reports

have suggested that the diminished eNOS protein lev-
els observed in ECs cultured chronically in elevated
glucose were caused by increased cellular oxidative
stress [28]. Under hypoxic conditions, eNOS tran-
scription in porcine aortic ECs was reported to be 
regulated by NADPH oxidase [29]. However, we have
reported that eNOS phosphorylation in bovine aortic
ECs is regulated almost solely by mitochondrial respi-
ration [15]. In diabetic db/db mice, eNOS transcrip-
tion is regulated almost entirely by mitochondrial res-
piration (Fig. 6). However, we did not examine the
regulation of NADPH oxidase activity in diabetic
mice in detail; consequently, we cannot rule out the
possibility that NADPH oxidase contributes to this
process.

The current study examined the effects of both
acute and chronic elevated glucose on human eNOS
expression. A primary mechanism for the regulation
of eNOS activity is through modulation of eNOS pro-
tein expression. In human aortic ECs, eNOS mRNA
and protein expression increase in response to acute
elevated glucose; however, the expression of both de-
creases significantly over time (Figs. 2, 3). Several
studies have reported the regulation of eNOS expres-
sion by glucose, though with conflicting results. Salt
and co-workers reported that chronic elevated glucose
reduced eNOS activity in the absence of changes in
eNOS phosphorylation [30]. Ho and colleagues re-
ported that eNOS protein expression in HUVECs was
up-regulated by acute high glucose (33 mmol/l) expo-
sure for 2 to 6 h, and gradually decreased after longer
exposure [31]. Conversely, Cosentino et al. have re-
ported the up-regulation of eNOS expression after the
exposure of human aortic ECs to 22 mmol/l glucose
for 5 days [11]. In the present study we have exam-
ined a complete time course of glucose exposure and
demonstrated that the acute response of the ECs to 
elevated glucose is to up-regulate eNOS activity;
however, eNOS activation is gradually switched off in
response to chronic elevated glucose.

Activation of eNOS is also regulated by the phos-
phorylation of Ser1177 of eNOS [32]. Phosphoryla-
tion enhances the electron flux through the protein 
domains of eNOS, resulting in increased nitric oxide
production [33]. In human aortic ECs, Ser1177 of
eNOS is phosphorylated by the serine/threonine ki-
nase Akt [34, 35]. In the present study, significant 
decreases in eNOS phosphorylation were observed 
1 day after culture in 25 mmol/l glucose (data not
shown). Regulation of eNOS phosphorylation by
ROS, such as peroxynitrite, has previously been ob-
served [36]. We have recently reported the regulation
of eNOS phosphorylation by mitochondrial ROS pro-
duction and hyperglycaemia in ECs [15].

Nitric oxide has also been shown to react with su-
peroxide radicals to generate peroxynitrite which, in
turn, rapidly oxidises the eNOS cofactor tetrahydro-
biopterin to its inactive form, dihydrobiopterin [37].
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This leads to uncoupling of eNOS [37, 38, 39]. Un-
coupling of eNOS by ROS may be an additional
mechanism by which glucose contributes to endotheli-
al dysfunction [40]. Our current data suggest that the
primary role of ROS in hyperglycaemia is the regula-
tion of eNOS transcription rather than the uncoupling
of eNOS.

In conclusion, prolonged exposure of human aortic
ECs to elevated glucose induces cellular oxidative
stress due to the overproduction of mitochondrial
ROS. A primary mechanism for the down-regulation
of activity and expression of eNOS is the modulation
of eNOS mRNA transcription by the transcription fac-
tor AP-1. In human aortic ECs, AP-1 is activated by
ROS. This, in turn, contributes to the down-regulation
of eNOS protein levels and decreased phosphorylation
and hence decreased activation of eNOS.
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