
Introduction
Nitric oxide (NO) exerts many antiatherogenic actions
via vasodilation, as well as inhibition of platelet aggre-
gation, smooth muscle cell proliferation, and leukocyte
adhesion to endothelial cells in the vessel wall (1). In
addition, it has become evident that several pathologi-
cal conditions, including hypertension, atherosclerosis,
and diabetes, are associated with increased vascular
production of O2

•–. Because O2
•– and NO• both contain

unpaired electrons in their outer orbitals, they undergo
an extremely rapid, diffusion-limited radical/radical
reaction, leading to formation of the peroxynitrite
anion, a strong oxidant with potent biologic effects.
Thus, controlling the amount of O2

•– is critically impor-
tant for preserving NO• bioactivity in the vessel wall.

The superoxide dismutases (SODs) represent a major
cellular defense against O2

•– and formation of perox-
ynitrite (2). Three isozymes of SOD have been identi-
fied, including a cytosolic copper/zinc-containing form
(Cu/ZnSOD), a mitochondrial manganese form
(MnSOD), and an extracellular isozyme (ecSOD),
which is also a copper/zinc-containing enzyme. In the
vessel wall, one third to one half of the total vascular
SOD is the ecSOD (3). Human recombinant ecSOD,

when administered exogenously, can reduce infarct size
in pigs (4). Likewise, chimeric enzymes in which
heparin-binding domains have been added to
Cu/ZnSOD to form mimics of ecSOD have been
shown to reduce blood pressure in rats made hyper-
tensive by angiotensin II (5). These findings suggest
that ecSOD likely plays a major role in preventing the
pathophysiological effects of O2

•– in the vasculature.
Physical exercise has been associated with a reduc-

tion in cardiovascular morbidity and mortality (6–8).
One mechanism that may underlie this beneficial
effect involves an upregulation of the endothelial NO
synthase (eNOS), increasing local production of NO•

(9). Paradoxically, exercise also increases total body
oxygen uptake, increasing production of reactive oxy-
gen species (10). The manner in which the vasculature
adapts to this oxidant stress remains unclear.

In view of the important role of SOD in modulation
of NO bioactivity, we examined the hypothesis that
NO itself might modulate ecSOD expression. We fur-
ther studied signaling mechanisms involved in this
process and sought to examine the physiological con-
sequences of NO modulation of ecSOD during exer-
cise training in mice.
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The bioactivity of endothelium-derived nitric oxide (NO) reflects its rates of production and of
inactivation by superoxide (O2

• –), a reactive species dismutated by extracellular superoxide dis-
mutase (ecSOD). We have now examined the complementary hypothesis, namely that NO modu-
lates ecSOD expression. The NO donor DETA-NO increased ecSOD expression in a time- and dose-
dependent manner in human aortic smooth muscle cells. This effect was prevented by the
guanylate cyclase inhibitor ODQ and by the protein kinase G (PKG) inhibitor Rp-8-CPT-cGMP.
Expression of ecSOD was also increased by 8-bromo-cGMP, but not by 8-bromo-cAMP. Interest-
ingly, the effect of NO on ecSOD expression was prevented by inhibition of the MAP kinase p38
but not of the MAP kinase kinase p42/44, suggesting that NO modulates ecSOD expression via
cGMP/PKG and p38MAP kinase–dependent pathways, but not through p42/44MAP kinase. In aor-
tas from mice lacking the endothelial nitric oxide synthase (eNOS), ecSOD was reduced more than
twofold compared to controls. Treadmill exercise training increased eNOS and ecSOD expression
in wild-type mice but had no effect on ecSOD expression in mice lacking eNOS, suggesting that
this effect of exercise is meditated by endothelium-derived NO. Upregulation of ecSOD expression
by NO may represent an important feed-forward mechanism whereby endothelial NO stimulates
ecSOD expression in adjacent smooth muscle cells, thus preventing O2

•–-mediated degradation of
NO as it traverses between the two cell types. 
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Methods
Studies of human aortic smooth muscle cells. Human aortic
smooth muscle cells (HASMs) (Clonetics Corp., San
Diego, California, USA) were cultured in Smooth Mus-
cle Basal Medium (Clonetics Corp.) and 5% FBS. Exper-
iments were performed with 0.5% serum with no addi-
tives at passages 4–7. Expression of protein kinase G,
which may decline in later cell passages (11), was con-
firmed in the cells used in these experiments by West-
ern analysis (data not shown).

Animals studied. C57BL/6 mice were purchased from
The Jackson Laboratories (Bar Harbor, Maine, USA) and
maintained on regular chow for 1–2 months. Two
strains of mice lacking the endothelial nitric oxide syn-
thase (eNOS–/– mice) were also studied. Strain A, which
referred to eNOS–/– mice in which the exons encoding
the NADPH ribose and adenine binding sites (amino
acids 1010–1144) had been disrupted, were obtained
from P.L. Huang (Massachusetts General Hospital,
Boston, Massachusetts, USA) (12). Strain B eNOS–/– ani-
mals, in which exon 12 encoding calmodulin-binding
site had been disrupted, were obtained from The Jack-
son Laboratories (13). Both strains had been back-
crossed ten times to the C57BL/6 strain.

Examination of ecSOD mRNA and protein expression and
aortic SOD activity. RNase protection assays for mRNA
levels, Western analysis for protein expression, and
analysis of aortic SOD activity were performed as
described previously (14, 15). Nuclear run-on assays
were carried out as described previously (14, 16), using
ecSOD cDNA, GAPDH cDNA, and vector cDNA as
probes. Equal amounts of these cDNA probes (5 µg)
and a GAPDH cDNA probes were slot blotted onto a

Zeta-Probe GT membrane (BioRad Laboratories Inc.,
Hercules, California, USA). Identical numbers of nuclei
from control and DETA-NO–treated HASMs were used
for preparation of nascent radiolabeled transcripts.
Hybridization was performed for 36 hours at 65°C.
Signals were visualized by autoradiography, and den-
sitometric values for the nascent ecSOD transcripts
were normalized to the GAPDH signal.

Detection of p38MAP kinase phosphorylation by
immunoblotting. Phospho p38MAP kinase was detected
by Western analysis as we described previously (17). The
blots were incubated for 1 hour with rabbit polyclonal
phospho-specific p38 antibody (New England Biolabs
Inc., Beverly, Massachusetts, USA) that detects p38MAP
kinase only when activated by phosphorylation on TXY,
at 1:2,000. After incubation with the secondary anti-
body (horseradish peroxidase–conjugated goat anti-rab-
bit antibody, 1:1,000) for 1 hour, positive-stained bands
were detected by ehanced chemiluminescence.

Exercise training. Mice were exercise trained on a
motorized rodent treadmill (Collins Rodent Treadmill,
Braintree, Massachusetts, USA) at a speed of 15 m/min,
for 30 minutes per day, 5 days per week for 3 weeks. To
control for any nonexercise effects of treadmill running
(handling, novel environment, noise, and vibration), a
separate group of animals (sham exercise) were placed
on the top of treadmill apparatus for an identical peri-
od. After 3 weeks of exercise or “sham” exercise, mouse
aortas were harvested and Western analysis was per-
formed as described previously here (14, 15).

Organoid cultures of mouse aorta. After dissection of
adventitial tissue, and denudation of the endothelium,
aortic segments were immersed in six-well dishes con-
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Figure 1
RNase protection assays showing time course (a and b) and dose dependence (c and d) of ecSOD mRNA expression in response to DETA-
NO in HASMs. HASMs (passages 4–8) were exposed to DETA-NO (100 µM) for the times indicated (a and b) and for the dose indicated at
the 12 hour time point (c and d). The levels of ecSOD mRNA levels were determined using RNase protection assays using human ecSOD
and GAPDH riboprobes as an internal control. (a and c) Representative RNase protection assay. (b and d) Mean data for three separate
experiments. AP < 0.01; BP < 0.05 versus control cells.



taining DMEM (GIBCO BRL, Gaithersburg, Maryland,
USA), antibiotics (100 U/mL penicillin and 100 mg/L
streptomycin), and 0.1% calf serum, as described previ-
ously (14). The vessel segments were then maintained in
a tissue culture incubator at 37°C and exposed to vari-
ous experimental conditions for the times indicated.

Materials. Radiochemicals were purchased from
DuPont Corp. (Boston, Massachusetts, USA) DETA-
NO, Rp-8CPT-cGMPs, 8-bromo-cGMP, 8-bromo-
cAMP, ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-
1-one) were from Alexis Corp. (San Diego, California,
USA). SB203580, PD98059, and PD169316 were pur-
chased from Calbiochem. All other reagents were pur-
chased from Sigma Chemical Co. (St. Louis, Missouri,
USA), except where specified. The polyclonal antibody
for ecSOD detection has been described previously (14,
15). Other antibodies were obtained commercially,
including anti-eNOS (Transduction Laboratories, Lex-
ington, Kentucky, USA), anti-Cu/ZnSOD (BioDesign
International, Kennebunk, Maine, USA), and anti-
phospho p38MAP kinase (New England Biolabs Inc.,
Beverly, Massachusetts, USA). Anti-rabbit IgG (BioRad
Laboratories Inc.) was used as a secondary antibody.

Data analysis and statistical evaluation. RNase protec-
tion assays and Western blots were analyzed by densit-
ometry using NIH Image software (National Institutes
of Health, Bethesda, Maryland, USA). For RNase pro-
tection assays, values were normalized to the GAPDH
densitometry. In each of these cases, data for NO and
other experimental conditions are expressed as a per-
cent of control vessels studied in parallel. Values are
expressed as mean ± SEM. Comparisons were per-

formed using t tests and a Bonferroni correction for
multiple comparisons where indicated. Values of P <
0.05 were considered significant.

Results
Effect of NO on ecSOD expression in HASMs. To examine the
direct effect of NO on ecSOD mRNA expression, we per-
formed RNase protection assays in HASMs and used the
NONOate DETA-NO as an NO donor. DETA-NO pro-
duced a time-dependent increase in ecSOD mRNA
expression that was apparent at 4 hours and was maximal
between 12 and 24 hours (Figure 1, a and b). DETA-NO
also increased ecSOD mRNA dose dependently. The
highest concentration of DETA-NO used (100 µM)
increased ecSOD expression by 2.7 ± 0.3 fold (Figure 1, c
and d). Because DETA-NO releases NO• over 12 hours,
this concentration of DETA-NO corresponds to a release
of approximately 2 nmol of NO• per 10 seconds.

We next sought to investigate the signaling pathway
responsible for the increase in ecSOD in response to
NO• . NO exerts cellular effects via both cyclic
GMP–dependent (cGMP) and –independent mecha-
nisms (18); however, in the case of its effect on expres-
sion of ecSOD, the effect seemed entirely cGMP
dependent. The selective guanylate cyclase inhibitor (10
µM ODQ) and the protein kinase G (PKG) inhibitor (5
µM Rp-8-CPT-cGMP) completely blocked the effect of
DETA-NO on ecSOD expression (Figure 2). In addi-
tion, the cGMP analogue, 8-bromo-cGMP (100 µM)
mimicked the effect of NO (Figure 3, a and b). In con-
trast, cAMP analogue, 8-bromo-cAMP (100 µM) had no
effect on ecSOD expression (Figure 3b).
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Figure 2
Effect of the guanylate cyclase inhibitor ODQ (10 µM) and the PKG inhibitor RP-8CPT-cGMPs (5 µM) on NO induction of ecSOD expres-
sion in HASMs. HASMs were exposed to DETA-NO (100 µM) for 12 hours in the absence or presence of the various antagonists noted. (a
and c) Representative RNase protection assays. (b and d) Mean data quantified by densitometry of immunoblots. The data are expressed
as fold increases in ecSOD expression. Values are the mean ± SE for three separate experiments. AP < 0.01 versus control.



NO• has been shown to activate both p42/44 and p38
MAP kinases in various cell types (19–23). To examine
a role for these in the upregulation of ecSOD by NO• ,
HASMs were incubated with either the MEK-inhibitor
PD 98069 or the specific p38 MAP kinase inhibitor SB
230580 for 1 hour before addition of DETA-NO. SB
230580 (10 µM) completely prevented the increase of
ecSOD mRNA in response to DETA-NO (Figure 4). In
additional experiments, another p38MAP kinase
inhibitor, PD169316, also significantly inhibited the
effect of DETA-NO on ecSOD mRNA expression (data
not shown). In contrast, the MEK-inhibitor PD 98069
(30 µM) had no effect (Figure 4).

To determine directly whether NO could activate
p38MAP kinase, HASMs at 80–90% confluence in 100-
mm dishes were made quiescent by incubation with
Smooth Muscle Basal Medium and 0.5% FBS for 24
hours. HASMs were then either not treated or exposed
to 100 µM DETA-NO at 37°C in serum-free medium
for 60 minutes, and Western analyses were performed
to detect phospho-p38MAP kinase. As is evident in Fig-
ure 4c, DETA-NO treatment increased phosphorylation
of p38MAP kinase by 10.2 ± 1 fold (n = 3) (Figure 4c).

Effect of NO on ecSOD transcription rate and mRNA sta-
bility in HASMs. An increase in ecSOD mRNA could
reflect either an increase in the rate of transcription or
a decrease in the rate of mRNA decay, or both. Addi-
tional experiments were performed to examine these
possibilities. For nuclear run-on studies, 50 million
nuclei were harvested from HASMs under control con-
ditions and followed by 4 hours exposure to 100 µM
DETA-NO. These assays revealed that DETA-NO
increased the transcription rate by 2.3 ± 0.2 fold (Fig-
ure 5a). To examine ecSOD mRNA stability, HASMs
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Figure 3
Effect of cAMP analogue 8-bromo-cAMP (100 µM) and cGMP ana-
logue 8-bromo-cGMP (100 µM) on ecSOD mRNA expression in
HASMs. HASMs (passages 4–8) were exposed to either 8-bromo-
cAMP (100 µM) or 8-bromo-cGMP (100 µM) for the times indicat-
ed. (a) A representative RNase protection assay. (b) Mean data
quantified by densitometry, expressed as a fold increase in ecSOD
expression. Values are the mean ± SE for three separate experiments.
AP < 0.01; BP < 0.05 versus control cells.

Figure 4
Evidence for a role of p38MAP kinase in modulation of ecSOD expression by NO. HASMs were exposed to DETA-NO (100 µM) for 12 hours
in the absence or presence of the various antagonists noted (a and b), or for 60 minutes (c). (a) A representative RNase protection assay.
(b) Mean values of densitometric analysis. (c) A representative Western analysis for p38MAP kinase phosphorylation by 100 µM DETA-NO
(n = 3). HASMs were treated with DETA-NO for 1 hour before harvest. Western analysis was performed using a specific anti-phospho
p38MAP kinase (p38MAPK-P) antibody. Values are the mean ± SE for three separate experiments. AP < 0.01 versus control cells.



were either not treated or were pretreated with 100 µM
DETA-NO for 10 hours and then exposed to 10 µg/mL
actinomycin D for 6-24 hours. Total RNA was collect-
ed at the times indicated, and RNase protection assays
were performed as already described here. These stud-
ies showed that DETA-NO had no effect on the half-
life of ecSOD mRNA (Figure 5b). Taken together,
these experiments suggest that the major effect of NO
on ecSOD expression is mediated through an increase
in mRNA transcription.

Effect of NO on ecSOD expression in organoid culture of
mouse aortas. Vascular smooth muscle cells in culture
acquire a synthetic phenotype and often exhibit
responses to physical and humoral stimuli not
observed when cells are in the contractile phenotype
(11). To eliminate the possible involvement of these
factors, we used organoid cultures of mouse aorta
(14, 15). Western blots consistently revealed two
bands in mouse aortas corresponding to ecSOD

types C and A (proteolized form). Exposure of mouse
aortas to 100 µM DETA-NO increased ecSOD pro-
tein levels in a time-dependent fashion. By 12 hours
of exposure to DETA-NO, ecSOD protein increased
by 3.2 ± 0.3 fold (Figure 6a). Furthermore, this
response was also dose dependent (Figure 6b). These
studies show that NO• not only increases ecSOD
expression in cultured human smooth muscle cells,
but also in intact vascular segments.

To determine whether the increase in ecSOD protein
expression was accompanied by an increase in ecSOD
activity, SOD assays were performed. Aortas of
C57BL/6 mice were placed in organoid culture system
with and without 100 µM DETA-NO treatment for 24
hours and then homogenized. Treatment with DETA-
NO approximately doubled ecSOD activity, whereas it
had no effect on the other SOD isozymes (Figure 7).
Thus, the increase in ecSOD protein expression is asso-
ciated with an increase in ecSOD enzymatic function.
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Figure 5
Effect of DETA-NO (100 µM) on ecSOD transcription
rate and mRNA stability in HASMs. For nuclear-run on
studies, nuclei were harvested from HASMs under con-
trol conditions and after 4 hours of exposure to DETA-
NO. For mRNA stability, HASMs were exposed to either
control conditions or DETA-NO for 10 hours and then
exposed to actinomycin D (10 µg/mL). Messenger RNA
levels were determined using RNase protection assays as
shown in Figures 5 through 8. For both panels, the left
portion shows representative experiment, whereas the
right panel shows mean data for three (a) and four (b)
separate experiments. Mean data in b are expressed as a
percent of mRNA at time 0. AP < 0.05 versus control cells.
NS, not significant.

Figure 6
Time course and dose
response of ecSOD protein
expression in response to
DETA-NO on mouse aortas
in organoid culture. Vessels
were placed in organoid cul-
ture and exposed to DETA-
NO for the times (a) and the
concentrations (b) indicated.
Expression of ecSOD protein
was examined using Western
analysis. The upper panel
shows a representative West-
ern analysis, whereas the bot-
tom panels depict mean val-
ues for four separate
experiments. AP < 0.01; BP <
0.05 versus control cells.



SOD expression in mouse aorta from C57BL/6 and
eNOS–/– mice. To examine the physiological role of NO
in regulating vascular ecSOD expression in vivo, stud-
ies using eNOS–/– mice were performed. Protein levels
of ecSOD were substantially decreased in aortas from
both strain A (56 ± 1% fold decrease) and strain B (38 ±
1% fold decrease) eNOS–/– mice compared with aortas
from control C57BL/6 mice (Figure 8). In contrast,
Cu/ZnSOD expression was not changed in aorta from
both strain of eNOS–/– mice.

Effect of exercise training on ecSOD protein expression in
aortas of C57BL/6 mice and eNOS–/– mice. Previous stud-
ies in both experimental animals and humans have
shown that exercise training increases the expression of
eNOS. If endogenous NO modulates ecSOD expres-
sion, we reasoned that exercise would increase not only
eNOS, but also ecSOD expression through the mecha-
nisms dependent on endothelium-derived NO. We
therefore trained both control C57BL/6 mice and
eNOS–/– mice at submaximal levels for 3 weeks. Both
groups successfully completed the training protocols.
Three weeks of treadmill training increased eNOS
expression in C57BL/6 mouse aortas by 3.2 ± 0.5 fold
(Figure 9, a and b). In parallel with this, the expression
of ecSOD protein was also increased by 2.8 ± 0.4 fold,
whereas aortic Cu/ZnSOD protein levels were not
changed by training. In striking contrast to these

results in control mice, exercise training had no effect
on ecSOD protein levels in eNOS–/– mice.

Discussion
The present study demonstrates that NO modulates the
expression of ecSOD in vascular smooth muscle cells in
culture and seems to be a critical determinant of expres-
sion of vascular ecSOD in vivo. This effect of NO is
mediated via the cGMP/protein kinase G–dependent
pathway. In blood vessels, the major source of ecSOD is
vascular smooth muscle cells. Thus, this long-term
paracrine effect of NO released from the endothelium
on gene expression in smooth muscle seems analogous
to the acute role of endothelium-derived NO in pro-
ducing vasodilatation of the adjacent vascular smooth
muscle via the same cGMP/protein kinase G pathway.
This long-term effect of NO is dependent on p38 MAP
kinase and is mediated by an increase in ecSOD tran-
scriptional rate. Importantly, this is the first demon-
stration that ecSOD expression is increased by exercise.
This phenomenon is likely an important molecular
adaptation to exercise training that ultimately modu-
lates vascular redox state in a favorable fashion.

It has recently been shown that vascular cells can
release O2

•– extracellularly (24) and that this produc-
tion of O2

•– can modulate levels of NO• , as these mole-
cules undergo an extremely rapid, diffusion limited
radical/radical reaction, leading to the formation of
nitrite, nitrate, and very importantly, the peroxynitrite
anion (25, 26). The upregulation of ecSOD in response
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Figure 7
Total SOD activity and activities of individual SOD subtypes in
response to DETA-NO (100 µM) on mouse aortas (C57BL/6) in
organoid culture. Aortas were homogenized, and SOD activity was
assayed by examining inhibition cytochrome c reduction by xan-
thine/xanthine oxidase at pH 7.4. The activity of MnSOD was exam-
ined by addition of KCN (3 mM). The activity of ecSOD was deter-
mined after separation with Con A-Sepharose. Experiments were
performed on four pooled aortas on three separate occasions. The
results are presented as mean ± SEM, and the values are expressed
as units per milligram of total protein. AP < 0.05 versus control cells.

Figure 8
Western analysis of ecSOD protein in aortas of C57BL/6 and endothe-
lial NO synthase (eNOS)–/– mice. (a) Representative Western blots for
control the eNOS–/– mice. Ten and 20 µg of protein from tissue
homogenates of aortas of both C57BL/6 and eNOS–/– mice were
loaded in adjacent lanes and size separated on SDS gel. After transfer
to a nitrocellulose membrane, ecSOD and Cu/ZnSOD proteins were
detected by immunoblotting with their respective antibodies. (b) Den-
sitometric analysis of Western blots for ecSOD protein and Cu/ZnSOD
protein expression in control and eNOS–/– mice. Data are mean ± SEM
(n = 5 for both groups). AP < 0.01; BP < 0.05 versus control cells.



to NO• would reduce reactions of NO• with O2
•–, there-

by enhancing the biologic effects of NO• released by the
endothelium. Of interest, immunohistochemical stud-
ies have shown that vascular ecSOD is localized in high
concentrations between the endothelium and the
smooth muscle, where endothelium-derived NO must
transverse to stimulate smooth muscle relaxation (27).
Thus, regulation of ecSOD expression by NO very like-
ly represents an important feed-forward mechanism,
whereby NO• released from the endothelium ultimate-
ly enhances its own biologic effect by reducing O2

•– in
this critical extracellular site.

NO exhibits its myriad of cellular effects though both
cGMP-dependent and -independent mechanisms. Exam-
ples of cGMP-dependent mechanisms include upregula-
tion of transcription of c-fos, c-jun B (28, 29), and the ET-
A receptor (30). In contrast, NO inhibits NF kB binding
(31, 32) and reduces expression of both the angiotensin
II type I receptor (33) and heme oxygenase-1 (34) via
cGMP-independent processes. The effect of NO on
ecSOD expression seems entirely cGMP dependent, as it
was completely prevented by the selective guanylate
cyclase inhibitor ODQ and was mimicked by a mem-
brane-permeable cGMP analogue, 8 Br-cGMP. A major
cellular target of cGMP is protein kinase G, which
appears also to be importantly involved in this response,
as Rp-8-CPT-cGMPs completely prevented the increase
in ecSOD mRNA by DETA-NO. cGMP has also been
shown to activate protein kinase A (PKA; 35, 36); howev-
er, PKA is unlikely involved, as 8-bromo–cyclic AMP had
no effect on ecSOD mRNA expression.

Importantly, two specific p38MAP kinase inhibitors,
PD169316 and SB203580, both pyridinyl imidazole
compounds, completely inhibited the upregulation of
ecSOD by DETA-NO in HASM, whereas the
p42/44MAP kinase kinase inhibitor, PD98059, had no
effect. Furthermore, using Western analysis for phos-
pho-p38 MAP kinase, we were able to demonstrate that

DETA-NO activated p38MAP kinase in HASMs. To our
knowledge, this is the first evidence that p38MAP
kinase is activated by NO in vascular smooth muscle
cells. Consistent with our findings, activation of
p38MAP kinase by NO has been observed in Jurkat T
cells (19), human neutrophils (20), human fibroblasts
(21) and rat renal mesangial cells (22). In particular,
Browning et al. (20, 21) have recently shown that NO
activates p38MAP kinase via cGMP dependent mecha-
nisms in human neutrophils and 293T fibroblasts.
Taken together, our evidence and the existing literature
suggest a role of p38MAP kinase as a downstream tar-
get of the cGMP/protein kinase G pathway.

Actinomycin D studies and nuclear run-on assays
showed that the upregulation of ecSOD by NO main-
ly occurred at the level of ecSOD gene transcription. It
has been reported that NO increases transcription of a
variety of genes via cGMP-dependent mechanisms
(28–30) and that several transcription factors, includ-
ing NF-kB (31, 32), AP-1 (28), Sp-1 (37), heat shock fac-
tor 1 (38), and Oct-1 (39) can be activated by NO. Of
note, Pilts et al. (28) have demonstrated that NO stim-
ulates gene transcription via an AP-1 consensus
sequence element through a cGMP-dependent path-
way. Recently, the transcription factors ATF-2 (40) and
MEF2C (41) have been shown to be substrates of
p38MAP kinase and to be involved in AP-1 activation
(42, 43). Importantly, the promoter of the ecSOD gene
contains an AP-1 consensus sequence –397 bp
upstream of the transcription start site (44), raising the
possibility that cGMP- and p38MAP kinase–dependent
pathways may converge at the levels of AP-1 activation.

To gain insight further into the role of endogenous
NO in ecSOD expression in vivo, we studied both nor-
mal and eNOS–/– mice. At baseline, the eNOS–/– mice
demonstrated a markedly depressed expression of
ecSOD, strongly suggesting that endothelium-derived
NO modulates ecSOD expression in vivo. This finding

The Journal of Clinical Investigation | June 2000 | Volume 105 | Number 11 1637

Figure 9
Effect of 3 weeks of exercise training on ecSOD,
Cu/ZnSOD, and eNOS protein expression in
aortas of C57BL/6 mice and eNOS–/– mice. (a)
Western analysis of ecSOD protein,
Cu/ZnSOD protein, and eNOS protein in aor-
tas of C57BL/6 and eNOS–/– mice. Both
untrained (sham) mice and mice exposed to 3
weeks of exercise training were studied. Twen-
ty micrograms of mouse aorta from C57BL/6
was used as a positive control (PC). Western
analyses were performed as described in Figure
6. (b) Densitometric analysis of a. Data are
mean ± SEM for n = 6 (C57BL/6) and n = 3
(eNOS–/– mice [strain A]). The data from
eNOS–/– strain B mice (n = 3) showed similar
results. AP < 0.01 versus control cells.



was unlikely due to an artifact caused by genetic manip-
ulation, as it was observed in two separate strains of
eNOS–/– mice, produced by deletion of different eNOS
exons. We further examined the role of NO in modulat-
ing vascular ecSOD during exercise training. Three
weeks of treadmill exercise training dramatically
increased eNOS protein level by about threefold in aor-
tas of control mice. This result is similar to previous
findings by Sessa et al. (9) who demonstrated that 10
days of treadmill exercise training enhanced aortic and
coronary eNOS gene expression. Likewise, in humans
with heart failure, exercise training increases flow-medi-
ated vasodilatation of the brachial artery (45). In our
present study, in parallel with the increase in eNOS
expression, we found that exercise training also increased
ecSOD expression by about threefold. Importantly, this
upregulation of ecSOD expression by exercise was not
observed in aortas from eNOS–/– mice. These findings
strongly suggest that endogenous NO potently modu-
lates the expression of ecSOD in vivo, both under basal
conditions and in response to exercise training.

In a previous study, we have found that exposure of
cultured endothelial cells to shear stress dramatically
increases expression of the cytosolic Cu/ZnSOD (16). In
this prior study, we found that shear stress had no effect
on expression of Cu/ZnSOD in human aortic smooth
muscle cells. Our current findings show that mechani-
cal influence likely has at least two important effects on
SOD levels in vivo. The direct effect of shear stress
increases Cu/ZnSOD expression in endothelial cells, and
the indirect effect of NO released in response to mechan-
ical stimuli, as present during exercise training, increas-
es expression of ecSOD in vascular smooth muscle cells.

Of note, exercise increases total body oxygen uptake,
and acute bouts of exercise increase oxidant stress (10),
increasing the susceptibility of plasma LDL to oxidation
(46) and increasing conjugated diene formation (47).
Furthermore, endothelial shear stress (increased during
bouts of exercise) has been shown to stimulate vascular
superoxide production (48). An increase in expression
of ecSOD would represent an important physiological
adaptation that would counteract this increase in oxi-
dant stress in response to exercise training.

In the present study, we used a submaximal exercise
training level, and both the control and eNOS-deficient
mice were able to complete the training protocol. We
did not determine whether the eNOS-deficient mice
could train at a more nearly maximal level, or if their
ultimate aerobic capacity was impaired compared with
the control mice. However, Maxwell et al. have shown
that training capacity is impaired in mice treated with
nitro L-arginine, which inhibits NOS (49). Our findings
regarding an impairment of ecSOD expression in
response to exercise in eNOS-deficient mice might
explain one of the mechanisms by which this happens.

Our current findings may also have implications for
pathophysiological situations. Numerous conditions,
including atherosclerosis, aging, cigarette smoking,
and diabetes are associated with a decline in the pro-

duction and/or biologic activity of endothelium-
derived NO• (50). In these conditions, the loss of NO
may lead to a decline in ecSOD expression, as we
observed in eNOS-deficient mice. Indeed, in Apo
(E)–deficient mice, we have previously found that the
vascular smooth muscle cell expression of ecSOD
declines as the severity of atherosclerosis increases (15).
Landmesser et al. have recently shown that plasma lev-
els of ecSOD are markedly reduced in individuals with
advanced atherosclerosis (51). One explanation for
these findings is that atherosclerosis is associated with
a loss of endothelium-derived NO production and/or
bioreactivity, leading to a decrease in ecSOD expres-
sion. It is interesting to speculate that other conditions
associated with a long-term loss of NO would also
decrease expression of ecSOD, adversely impacting the
vascular redox state.

It is important to consider our present findings in per-
spective with current clinically employed therapies. One
therapeutic approach has been to attempt to modify
vascular redox state via administration of oral antioxi-
dant agents. The rate constants for reactions of vita-
mins E and C with superoxide are on the order of
105/M/s (52). In contrast, the rate constant for the reac-
tion of O2

•– with SOD is about 1.2 109/M/s. Given these
considerations, it is likely that the tripling in ecSOD
resulting from exercise training has a much greater
effect on vascular scavenging of O2

•– than would treat-
ment with reasonable concentrations of antioxidant
vitamins. Further, it is likely that the beneficial effect of
exercise training on endothelium-dependent vasodi-
latation observed in several studies (45, 53) is not only
due to an increase in expression of eNOS, but also due
to an increase in ecSOD expression, which serves to
minimize reactions of O2

•– with NO• . These experi-
ments therefore provide an important new mechanism
whereby exercise training may benefit vascular function.
Whether or not a similar increase in ecSOD expression
could be obtained in vivo by treatment with organic
nitrates or other NO donors remains to be determined,
but may represent an important therapeutic direction.
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