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Voluntary wheel running restores endothelial function in
conduit arteries of old mice: direct evidence for reduced
oxidative stress, increased superoxide dismutase activity
and down-regulation of NADPH oxidase

Jessica R. Durrant, Douglas R. Seals, Melanie L. Connell, Molly J. Russell, Brooke R. Lawson, Brian J. Folian,
Anthony J. Donato and Lisa A. Lesniewski

Department of Integrative Physiology, University of Colorado at Boulder, Boulder, CO 80309, USA

Habitual aerobic exercise is associated with enhanced endothelium-dependent dilatation (EDD)
in older humans, possibly by increasing nitric oxide bioavailability and reducing oxidative
stress. However, the mechanisms involved are incompletely understood. EDD was measured
in young (6–8 months) and old (29–32 months) cage control and voluntary wheel running
(VR) B6D2F1 mice. Age-related reductions in maximal carotid artery EDD to acetylcholine
(74 vs. 96%, P < 0.01) and the nitric oxide (NO) component of EDD (maximum dilatation
with ACh and l-NAME minus that with ACh alone was −28% vs. −55%, P < 0.01) were
restored in old VR (EDD: 96%, NO: −46%). Nitrotyrosine, a marker of oxidative stress, was
increased in aorta with age, but was markedly lower in old VR (P < 0.05). Aortic superoxide
dismutase (SOD) activity was greater (P < 0.01), whereas NADPH oxidase protein expression
(P < 0.01) and activity (P = 0.05) were lower in old VR vs. old cage control. Increasing SOD
(with 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl) and inhibition of NADPH oxidase (with
apocynin) improved EDD and its NO component in old cage control, but not old VR mice.
VR increased endothelial NO synthase (eNOS) protein expression (P < 0.05) and activation
(Ser1177 phosphorylation) (P < 0.05) in old mice. VR did not affect EDD in young mice.
Our results show that voluntary aerobic exercise restores the age-associated loss of EDD by
suppression of oxidative stress via stimulation of SOD antioxidant activity and inhibition
of NADPH oxidase superoxide production. Increased eNOS protein and activation also may
contribute to exercise-mediated preservation of NO bioavailability and EDD with ageing.
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Older age is a major risk factor for cardiovascular
diseases (CVD) (Lakatta & Levy, 2003). This is believed
to be attributable in large part to the development
of vascular endothelial dysfunction, as indicated by
impaired endothelium-dependent dilatation (EDD) (Vita
& Keaney, 2002; Bonetti et al. 2003; Widlansky et al.
2003). Impaired EDD with ageing is mediated by reduced
nitric oxide (NO) bioavailability associated with the
development of oxidative stress (Cai & Harrison, 2000).
Thus, therapeutic strategies that can preserve EDD and

NO bioavailability with ageing, while inhibiting oxidative
stress have important implications for the prevention and
treatment of age-associated CVD.

Habitual aerobic exercise is associated with enhanced
EDD in middle-aged and older adults (DeSouza et al.
2000; Taddei et al. 2001; Eskurza et al. 2004, 2005;
Seals et al. 2008). Previous observations in humans
and rats suggest that this influence is mediated by
increased NO bioavailability and, perhaps, reduced
oxidative stress (Taddei et al. 2001; Spier et al. 2004;
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Eskurza et al. 2005; Franzoni et al. 2005). However, at
present there is no direct evidence that exercise suppresses
or prevents the development of oxidative stress in arteries
with ageing. Moreover, little is known about the cellular
and molecular mechanisms by which aerobic exercise
exerts these beneficial vascular effects with ageing.

The experimental goal of the present study was to obtain
direct evidence for exercise-associated suppression of
arterial oxidative stress with ageing and to gain insight into
mechanisms that may be involved. In particular, we sought
to determine the possible roles of increases in superoxide
dismutase (SOD), a key antioxidant enzyme system (Faraci
& Didion, 2004; Wassmann et al. 2004), and inhibition of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, a major oxidant-producing enzyme (Bedard &
Krause, 2007; Wadsworth, 2008), in exercise-mediated
reductions in vascular oxidative stress and enhancement
of EDD and its NO component with ageing. A secondary
aim was to determine if the hypothesized improvement
in NO-mediated EDD in this setting is associated with
activation of endothelial NO synthase (eNOS), the
enzyme responsible for production of NO in the vascular
endothelium.

To address these aims, we used a recently established
mouse model of age-associated vascular endothelial
dysfunction (Lesniewski et al. 2009). Voluntary wheel
running (VR) was employed to simulate the effects of
voluntary aerobic exercise in humans.

Methods

Animals

B6D2F1 mice were obtained from the National Institute
on Aging rodent colony. All mice were housed in an
animal care facility at the University of Colorado at
Boulder on a 12 h : 12 h light–dark cycle. Thirty-four
young (4–7 months) and 36 old (29–32 months, age at
approximately 50% survival) male B6D2F1 mice were fed
normal rodent chow ad libitum and housed in standard
mouse cages or in cages fitted with running wheels
for 10–14 weeks prior to killing. Running distance was
monitored daily. Food intake was monitored weekly. All
animal procedures conformed to the Guide to the Care and
Use of Laboratory Animals (NIH publication no. 85-23,
revised 1996) and were approved by the UCB Animal Care
and Use Committee.

Systemic vascular endothelial function

Mice (n = 5–6 per group) were surgically implanted
with indwelling carotid artery and jugular vein catheters
(Micro-renathane 0.025′′ O.D. × 0.012′′ I.D., Braintree
Scientific Inc., Braintree, MA, USA) while under

anaesthesia (80 mg kg−1 ketamine HCL, 16 mg kg−1

xylazine, 0.5 mg kg−1 acepromazine maleate, I.P.) and
allowed to recover for 24 h. Carotid artery blood pressure
and heart rate were monitored in the conscious mouse
using a saline-filled external pressure transducer (Becton
Dickinson, Franklin Lakes, NJ, USA) coupled to a Gould
amplifier and Windaq data acquisition system (DATAQ
Instruments, Inc, Akron, OH, USA). Measurements were
taken pre-infusion and in response to intravenous infusion
of ACh (0.05, 0.1, 0.15, 0.25, 0.5, 0.75 mg kg−1) and
sodium nitroprusside (SNP: 0.05, 0.1, 0.2, 0.4, 0.6,
0.8 mg kg−1), administered via jugular catheters using a
Harvard pump (KD Scientific Inc., Holliston, MA, USA)
(15 μl min−1) as previously described (Lesniewski et al.
2009). The magnitude of the reductions in mean arterial
pressure from baseline in response to ACh were taken
as a measure of systemic EDD, whereas the reductions
in arterial pressure in response to SNP were used as a
measure of systemic endothelium-independent dilatation
(EID) (Cernadas et al. 1998; Lesniewski et al. 2009).

Carotid artery endothelial function

Mice (n = 5–10 per group) were killed via exsanguination
by cardiac puncture while under isoflourane anaesthesia.
Right and left carotid arteries were excised, placed in
a myograph chamber (DMT, Inc., Atlanta, GA, USA)
containing EDTA-buffered physiological salt solution
(PSS), and cannulated onto glass micropipettes with
nylon (11-0) suture. Arteries were warmed to 37◦C,
pressurized to 50 mmHg intraluminal pressure (Blackwell
et al. 2004; Lesniewski et al. 2009) and allowed
to equilibrate for 60 min (Lesniewski et al. 2009).
Because the carotid artery does not develop spontaneous
tone, arteries were submaximally preconstricted with
phenylephrine (2 μmol l−1) prior to vasodilator dose
responses (d’Uscio et al. 2003; Lesniewski et al. 2009).
After preconstriction, increases in luminal diameter were
measured in response to the cumulative addition of
ACh (1 × 10−9 to 1 × 10−4 mol l−1) and SNP (1 × 10−10

to 1 × 10−4 mol l−1). To determine the contribution of
NO to dilatation, responses to ACh were repeated
in the presence of N G-nitro-L-arginine methyl ester
(L-NAME) (0.1 mmol l−1, 30 min). To determine if
superoxide contributes to age- and VR-associated changes
in EDD, dose responses were repeated in the contralateral
vessel after a 60 min incubation in the presence of the
SOD mimetic, 4-hydroxy-2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPOL; 1 mmol l−1). Finally, to determine if
superoxide production via NADPH oxidase contributed
to age- and VR-associated changes in EDD, a second
cohort of mice (n = 5–7 per group) was used to complete
dose responses after pre-incubation with apocynin
(1 mmol l−1, 60 min), a NADPH oxidase inhibitor.
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Vessel segments were imaged and diameters measured
by MyoView software (DMT, Inc., Atlanta, GA). All
dose response data are presented on a percentage basis.
Percentage preconstriction was calculated as percentage
of maximal diameter according to the following formula:

Preconstriction (%) = Dm − Db/Dm × 100

Because of increased maximal carotid artery diameter
with advancing age, active responses were recorded as
actual diameters and expressed as a percentage of maximal
response according to the following formula:

Relaxation (%) = (D s − Db)/(Dm − Db) × 100

Where Dm is maximal inner diameter at 50 mmHg, Ds is
the steady-state inner diameter recorded after addition
of drug and Db is the steady state inner diameter
following preconstriction before the first addition of drug.
Sensitivity (IC50) was defined as the concentration of
vasoactive agent (ACh, SNP) that yielded 50% of the
maximal response. NO bioavailability was determined
from the maximal EDD in the absence or presence of
L-NAME according to the following formula:

NO bioavailability (%)

= Maximum DilatationACh+L−NAME

− Maximum DilatationACh

Arterial protein expression and enzyme activities

The carotid arteries could not be used to determine protein
expression and enzyme activities because both carotid
arteries from each mouse were used to assess functional
measures of EDD and, thus, were treated with either the
NOS inhibitor, L-NAME, or L-NAME and either TEMPOL
or apocynin. The large amount of carotid arteries required
(because of the small tissue volume per artery, sets of
arteries from multiple animals would need to be pooled
for a single adequate sample), the cost and availability of
older mice, and the judicious use of animals, together,
precluded us from killing mice solely to obtain carotid
artery tissue for protein measures. Accordingly, we utilized
the thoracic aorta, another large elastic artery, from the
same mice as a surrogate artery to assess protein expression
and enzyme activities. This approach has been used
previously by our laboratory (Lesniewski et al. 2009) and
other investigators (Didion et al. 2002; d’Uscio et al. 2007),
as EDD responses are similar in carotid arteries and aorta
of mice (Bonthu et al. 1997; Faraci et al. 1998; Lamping
et al. 2000).

In the present study, the thoracic aorta was excised,
cleared of surrounding tissues while maintained in
4◦C physiological salt solution (PSS), and frozen in
liquid nitrogen. Whole artery lysates were prepared

as previously described (Lesniewski et al. 2009). For
measures of protein expression in aortic lysates, 15 μg
of protein with 2 mol l−1 dithiothreitol were loaded
into polyacrylamide gels, separated by electrophoresis
and transferred onto a nitrocellulose membrane. The
membrane was blocked in 5% non-fat dry milk
in Tris-buffered saline with 0.05% Tween (TBS-T)
overnight at 4◦C. After blocking, the membrane was
washed with TBS-T and incubated overnight at 4◦C
in primary antibody. eNOS (1 : 1000; 140 kDa; BD
Biosciences, San Jose, CA, USA), Ser1177-phosphorylated
eNOS (peNOS, 1 : 1000; 140 kDa; Cell Signalling, Danvers,
MA, USA), manganese (Mn) SOD (1 : 2000; 25 kDa;
Stressgen, Ann Arbor, MI, USA), copper zinc (CuZn)
SOD (1 : 2000; 19, 23 kDa; Stressgen), extracellular (ec)
SOD (1 : 500; 35, 31 kDa; Sigma-Aldrich, St Louis, MO,
USA), p67phox-NADPH oxidase (p67, 1 : 1000; 67 kDa;
BD Biosciences, San Jose, CA, USA) and xanthine
oxidase (1 : 1000; 146 kDa; Abcam, Cambridge, MA, USA)
expression and nitrotyrosine (1 : 1000; 25, 55, 160 kDa;
Abcam) abundance were measured by standard Western
blotting techniques using an HRP-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA) and Supersignal ECL (Pierce,
Rockford, IL, USA). Bands were visualized using a
digital acquisition system (ChemiDoc-It, UVP, Upland,
CA, USA) and quantified using ImageJ software (NIH,
Bethesda, MD, USA). To account for differences in
protein loading, expression is presented normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH
1 : 1000; 37 kDa; Cell Signalling) expression. Data are pre-
sented normalized to the mean of the young control group
of an individual blot. Representative blots show bands
from the same blot and exposure and GAPDH was assessed
on the same blot after stripping.

Total SOD activity was determined in aortic lysates
(1 μg protein) using the SOD Activity Assay kit
(Cayman Chemical, Ann Arbor, MI, USA) according
to the manufacturer’s instructions. MnSOD activity was
determined in the same lysates using the SOD Activity
Assay kit in the presence of 1 mmol l−1 potassium
cyanide to block CuZnSOD and ecSOD activities
(MacMillan-Crow et al. 1996). CuZnSOD and ecSOD
activity was calculated as the difference between total and
MnSOD activity for each sample.

NADPH oxidase and xanthine oxidase activities were
determined in aortic lysates (10 μg protein) using
the Amplex Red Xanthine/Xanthine Oxidase Assay kit
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions with NADPH (200 μmol l−1

per reaction) and xanthine (200 μmol l−1 per reaction)
as the reaction substrates. Skeletal muscle citrate
synthase activity was determined in quadriceps muscle
homogenate as previously described (Srere, 1969; Delp &
Duan, 1996).
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Table 1. Animal characteristics

YCC OCC YVR OVR

Body Mass (g) 36.4 ± 0.5 34.7 ± 0.5∗ 30.5 ± 0.5∗ 33.4 ± 1.5∗

Food Intake (g day−1) 4.8 ± 0.1 5.0 ± 0.1 5.5 ± 0.2 4.8 ± 0.3
HT (mg) 184 ± 3 223 ± 6∗ 186 ± 5 211 ± 7∗

HT:BW (g/g × 100) 0.48 ± 0.02 0.77 ± 0.16∗ 0.61 ± 0.02 0.65 ± 0.03
GAST (mg) 207 ± 9 149 ± 5∗ 197 ± 10 146 ± 7∗

GAST:BW (g/g × 100) 0.52 ± 0.02 0.40 ± 0.02∗ 0.65 ± 0.03∗ 0.41 ± 0.03∗

CS (mol min−1 g−1 wet wt) 19.8 ± 1.0 20.5 ± 1.4 22.9 ± 1.0∗ 23.8 ± 1.3∗†
Carotid artery Dm (μm) 403 ± 4 432 ± 8∗ 410 ± 6 420 ± 4∗

Mass and mass to body weight (BW) ratios of the heart (HT), gastrocnemius muscle (GAST), quadriceps
muscle citrate synthase activity (CS) and carotid artery maximum diameter (Dm) in young (Y) and old
(O) cage control (CC: n = 40) and voluntary running (VR: n = 30) mice. ∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC.

Statistics

For animal and vessel characteristics and Western
blotting, maximal vasodilatation and sensitivity, group
differences were determined by one-way analysis of
variance (ANOVA). Least squares difference post hoc
tests were used where appropriate. Data are presented as
means ± S.E.M. Significance was set at P < 0.05.

Results

Both young and old mice voluntarily ran when housed
in a cage equipped with a running wheel, with old mice
running a much shorter distance per day (Fig. 1). In
response to VR, both young (P < 0.05) and old (P = 0.05)
mice demonstrated an increase in quadriceps muscle
citrate synthase activity compared with age-matched
cage control mice (Table 1). Body mass was lower in
old compared with young mice (P < 0.05; Table 1);
10–14 weeks of VR was associated with lower body mass

Figure 1. Daily running distance (n = 14–16 per
group) of young and old mice
Values are means ± S.E.M.

in young (P < 0.01) but not old mice. Food intake did not
differ among the groups (Table 1). Absolute heart mass
was greater in old compared with young mice (P < 0.01)
and was unchanged by VR (Table 1). VR had no effect
on the heart to body mass ratio in either group (Table 1).
Absolute gastrocnemius muscle mass was lower in old
compared with young mice (P < 0.01) and was unchanged
by VR. The ratio of gastrocnemius muscle mass to body
mass was greater with VR in young (P = 0.01) but not old
mice. Maximal carotid artery diameter was greater in old
compared with young cage control mice (P < 0.01), but
was not affected by VR in either group (Table 1).

VR prevents age-associated reductions in EDD
and NO bioavailability

Systemic EDD. The maximal reduction in blood pressure
in response to the intravenous infusion of ACh was not
different between young and old mice (Fig. 2A), but old
age was associated with reduced in vivo sensitivity to ACh
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(P < 0.05; Table 2). VR increased this systemic sensitivity
to ACh in old (P < 0.01) but not young mice. VR did
not affect the maximal reduction in blood pressure in
either group (Fig. 2A). There were no differences in either
the maximal reduction in blood pressure (Fig. 2B) or
sensitivity (Table 2) to SNP among the groups. Heart
rate responses to the infusion of both ACh and SNP were
similar among the groups (data not shown, all P > 0.10).

Carotid artery EDD. Baseline (preconstricted) diameter
was greater in old compared with young carotid arteries
(P < 0.05; Table 3) and was not affected by VR in either

Figure 2. Systemic (in vivo) EDD to ACh (n = 6 per group) (A) and EID to sodium nitroprusside (SNP)
(B), carotid artery EDD to ACh in the absence or presence of the NOS inhibitor, L-NAME (n = 6–10 per
group) (C), and carotid artery EID to SNP in young (Y) and old (O) cage control (CC) and voluntary wheel
running mice (VR) (D)
Values are means ± S.E.M. ∗P < 0.05 vs. YCC.

age group. Percentage preconstriction was not different
among groups before ACh alone (CNT; Table 3). Maximal
EDD to ACh was reduced in isolated carotid arteries of old
vs. young cage control mice (P < 0.01; Fig. 2C), whereas
sensitivity to ACh was not different (Table 2).

Incubation with L-NAME reduced carotid artery
preconstricted diameter in all groups (all P < 0.05;
Table 3) and tended to reduce absolute diameter in old VR
(P = 0.06), resulting in a greater percent preconstriction
in arteries from both young (P < 0.01) and old (P < 0.01)
cage control mice (Table 3). L-NAME tended to increase
percentage preconstriction to phenylephrine in both
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Table 2. Systemic (in vivo) (n = 5–6 per group) and carotid artery (n = 5–9 per group)
sensitivity (IC50) to ACh (CNT), to ACh after incubation with TEMPOL or apocynin (APO),
or to sodium nitroprusside (SNP) in young (Y) and old (O) cage control (CC) and voluntary
wheel running (VR) mice

YCC OCC YVR OVR

In vivo
ACh (mg kg−1) 0.05 ± 0.01 0.09 ± 0.01∗ 0.04 ± 0.01 0.04 ± 0.01†

SNP (mg kg−1) 0.12 ± 0.02 0.13 ± 0.02 0.09 ± 0.03 0.10 ± 0.02

Carotid artery
CNT (×10−9 M) 6.9 ± 2.7 7.7 ± 1.9 7.9 ± 2.8 8.9 ± 2.4
TEMPOL (×10−9 M) 8.3 ± 2.9 4.6 ± 0.7 8.0 ± 5.0 7.1 ± 3.3
APO (×10−9 M) 8.4 ± 4.5 12.3 ± 4.6 7.1 ± 2.7 6.9 ± 1.7
SNP (×10−9 M) 7.2 ± 3.1 7.2 ± 2.6 3.0 ± 1.1 2.7 ± 0.8

∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC.

Figure 3. Nitrotyrosine abundance in aortas from young (Y) and
old (O) cage control (CC) and voluntary wheel running (VR) mice
(n = 7–9 per group)
Nitrotyrosine abundance is expressed relative to GAPDH to account for
differences in protein loading and shown normalized to the YCC
mean. Values are means ± S.E.M. Representative blots shown below
the summary graph. ∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC.

Table 3. Carotid artery preconstricted diameter (μm) and percentage preconstriction (%) prior to dose response to ACh with and
without L-NAME in the absence (CNT) or presence of pre-treatment with TEMPOL (TMP) or apocynin (APO) (n = 4–10 per group) in
young (Y) and old (O) cage control (CC) and voluntary wheel running (VR) mice

YCC OCC YVR OVR

ACh alone ACh + L-NAME ACh alone ACh + L-NAME ACh alone ACh + L-NAME ACh alone ACh + L-NAME

μm CNT 334 ± 4 292 ± 10# 362 ± 10∗ 318 ± 14# 338 ± 13 293 ± 6# 355 ± 11 323 ± 11
TMP 354 ± 7‡ 334 ± 11‡ 384 ± 6∗ 371 ± 7∗‡ 360 ± 6 320 ± 9#‡ 369 ± 5 349 ± 9
APO 331 ± 7 330 ± 9‡ 362 ± 11∗ 314 ± 14# 306 ± 15 300 ± 15 350 ± 6 325 ± 5#

% CNT 17.1 ± 1.2 28.4 ± 2.8# 16.3 ± 1.7 26.6 ± 2.7# 17.7 ± 3.3 28.1 ± 2.6 15.5 ± 2.6 23.2 ± 2.6
TMP 13.6 ± 1.7 18.9 ± 2.4‡ 13.8 ± 1.2 15.8 ± 1.0‡ 13.3 ± 1.9 23.0 ± 2.3# 13.2 ± 1.4 17.7 ± 2.3
APO 21.0 ± 2.2 21.7 ± 2.7 18.6 ± 2.9 29.2 ± 3.5# 21.1 ± 3.8 20.6 ± 3.7 14.3 ± 2.9 20.2 ± 2.9

∗P < 0.05 vs. YCC within treatments; †P < 0.05 vs. OCC within treatments; #P < 0.05 vs. ACh after L-NAME within the same group and
treatment; ‡ P < 0.05 vs. CNT treatment within dose response.

young (P = 0.06) and old (P = 0.06) VR mice. L-NAME
reduced maximal EDD in the carotid arteries by 55 ± 6%
in young (P < 0.01 vs. ACh alone) and by 28 ± 8% in old
mice (P < 0.01 vs. ACh alone; Fig. 2C); the reduction in
the old mice was smaller than in young mice (P < 0.01).

VR increased maximal carotid artery EDD (P < 0.01)
and restored the NO component of EDD in old mice to that
of young animals (Fig. 2C), but had no effect on sensitivity
to ACh (Table 2). There were no differences in maximal
carotid artery dilatation (Fig. 2D) or sensitivity (Table 2)
to SNP among the groups.

VR suppresses vascular oxidative stress, increases
SOD activity and down-regulates NADPH oxidase
in old mice

Nitrotyrosine. Old age was associated with an increase
in the cellular oxidative marker nitrotyrosine in the aorta
(P < 0.01) and this was ameliorated by VR (Fig. 3). VR
had no effect on nitrotyrosine abundance in the aorta of
young mice.
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Superoxide dismutase. Protein expression of Mn- and
CuZnSOD did not differ in the aortas of old compared
with young mice, but ecSOD protein expression was higher
in old animals (P < 0.05; Fig. 4A). VR had no effect on the
protein expression of either Mn- or CuZnSOD isoforms
in young mice, but tended to decrease MnSOD in old
(P = 0.06) mice (Fig. 4A). VR increased ecSOD expression
in aortas of young mice (P < 0.01) and tended to increase
expression in old animals (P = 0.07). VR increased total
SOD (P < 0.01), MnSOD (P = 0.05) and CuZnSOD +
ecSOD (P = 0.05) activities in old mice, without affecting
the SOD activities of young mice (Fig. 4B).

Oxidant enzymes. Old cage control mice demonstrated
greater aortic expression of the p67 subunit of NADPH
oxidase (P < 0.01) and this was ameliorated by VR
(P < 0.01; Fig. 5A). VR did not alter expression of p67
in the aortas of young mice. NADPH oxidase activity
also was higher in aortas from old cage control mice

Figure 4. Aortic SOD (A) protein expression (n = 7–13 per group) and (B) enzyme activity (n = 7–10 per
group) in young (Y) and old (O) cage control (CC) and voluntary wheel running (VR) mice
Protein expression is expressed relative to GAPDH to account for differences in protein loading and shown
normalized to YCC mean. Representative blots shown below the summary graph. Values are means ± S.E.M.
∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC; ecSOD expression (A) P = 0.07 OVR vs. OCC; MnSOD expression (A)
P = 0.06 OVR vs. OCC.

(P = 0.01) and was reduced by VR (P = 0.05; Fig. 5B). In
contrast, VR increased NADPH oxidase activity in young
mice (P < 0.05). Neither ageing nor VR altered the aortic
protein expression or enzyme activity of xanthine oxidase
(Table 4).

Pharmacological increases in superoxide scavenging
and inhibition of NADPH oxidase improve EDD
and NO bioavailability in old cage control
but not old VR mice

TEMPOL. Incubation with the SOD mimetic, TEMPOL,
increased preconstricted carotid artery diameter in
young mice (P < 0.01 vs. ACh alone; Table 3) and
tended to increase diameter in old animals (P = 0.06).
Preconstricted diameter after TEMPOL was not different
from ACh alone in the VR groups, nor was percentage pre-
constriction in carotid arteries from any group (Table 3).
Treatment with TEMPOL restored maximal carotid artery
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Table 4. Aortic expression (n = 4–8 per group) and activity (n = 7–10 per group) of xanthine oxidase
(XO) in young (Y) and old (O) cage control (CC) and voluntary wheel running (VR) mice

YCC OCC YVR OVR

Expression (norm to YCC AUs) 1.00 ± 0.07 0.93 ± 0.12 0.96 ± 0.19 0.90 ± 0.10
Activity (×100 mU ml−1 min−1) 2.6 ± 0.5 2.5 ± 0.2 2.7 ± 0.5 2.3 ± 0.1

EDD (P < 0.01) and tended to increase carotid artery
sensitivity to ACh (P = 0.07; Table 2) in old cage control
mice, but had no effect in young mice (Fig. 6A and B, Table
2). TEMPOL selectively increased the NO component
of EDD in carotid arteries from old cage control mice
(P < 0.05; Fig. 7). In contrast, TEMPOL had no effect on
maximal EDD (Fig. 6C and D), the NO component of
EDD (Fig. 7C and D) or sensitivity to ACh (Table 2) in
either young or old VR mice.

Apocynin. Incubation with apocynin did not affect
carotid artery preconstricted diameter or percentage
preconstriction in any group (Table 3). Inhibition of
NADPH oxidase by apocynin improved maximal EDD
(P < 0.05; Fig. 6B) and markedly increased the NO
component of EDD (P < 0.01; Fig. 7B) in carotid arteries
of old cage control mice, while not affecting maximal EDD
of young cage control mice (Fig. 6A). In contrast to old

Figure 5. Aortic NADPH oxidase (A) p67 subunit protein expression (n = 4–8 per group) and (B) enzyme
activity (n = 7–10 per group) in young (Y) and old (O) cage control (CC) and voluntary wheel running
(VR) mice
Protein expression is expressed relative to GAPDH to account for differences in protein loading and shown
normalized to YCC mean. Representative blots shown below the summary graph. Values are means ± S.E.M.
∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC.

cage control mice, apocynin did not influence maximal
EDD (Fig. 6D) or the NO component of EDD (Fig. 7D)
in old VR mice and did not affect maximal EDD in young
VR mice (Fig. 6C). Apocynin had no effect on sensitivity
to ACh in any group (Table 2).

VR increases eNOS protein expression and activation
in old mice

Aortic eNOS protein expression was not different in
young and old cage control (Fig. 8). VR increased eNOS
protein expression in the aortas of old (P < 0.05) and
young (P < 0.05) mice (Fig. 8). eNOS phosphorylation
at Ser1177 was lower in old compared with young cage
control mice (P < 0.01; Fig. 8). VR increased eNOS
phosphorylation at Ser1177 in old mice (P < 0.01), but
decreased levels in young mice (P < 0.01; Fig. 8).
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Discussion

EDD

In the present study, we show that VR completely restores
systemic and carotid artery EDD in old male B6D2F1 mice,
without affecting endothelium-independent dilatation as
indicated by unchanged vasodilatation in response to SNP.
Remarkably, the improvement in EDD occurred even
though the old mice ran only ∼1 km per day during their
peak activity, which was only ∼10% of the VR performed
by young mice (Fig. 1). The reduction in VR distance with

Figure 6. Dilatation of carotid arteries to ACh alone (CNT) or to ACh after pre-treatment with TEMPOL
or apocynin (APO) in the absence or presence of the NOS inhibitor, L-NAME, in (A) young (Y) cage control
(CC), (B) old (O) CC, (C) Y voluntary wheel running (VR) and (D) OVR mice (n = 6–10 per group).
Values are means ± S.E.M. ∗P < 0.05 vs. matched CNT maximal dilatation.

ageing noted here has been observed previously in both
mice (Ingram et al. 1981; Valentinuzzi et al. 1997) and rats
(Seo et al. 2006), although we know of no previous data on
rodents as old as those studied here. VR was sufficient to
increase muscle citrate synthase activity, a commonly used
marker of adaptation to habitual exercise (Sexton, 1995;
Delp & Duan, 1996), in our old mice, but did not alter total
body, heart or skeletal muscle mass (Table 1). Interestingly,
the present results are consistent with earlier findings
from our laboratory in humans showing that moderate
daily walking restored the forearm blood flow responses
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to ACh in previously sedentary middle-aged and healthy
older men to levels observed in young men (DeSouza et al.
2000). Thus, voluntary habitual aerobic exercise appears
to be a potent physiological stimulus for enhancing EDD
in old male B6D2F1 mice as well as older humans. Our
data using a recently established model of systemic and
isolated carotid artery EDD (Lesniewski et al. 2009) also
support previous observations in humans (DeSouza et al.
2000; Taddei et al. 2001; Eskurza et al. 2004; Franzoni
et al. 2005), indicating that improvements in EDD with
exercise in older adults are not limited to the exercising
limbs, but rather appear to be adaptations to some type of
systemic (perhaps shear stress-related) stimulus (DeSouza
et al. 2000; Tanaka et al. 2006; Seals et al. 2008).

In the present study, in vitro maximal carotid artery
dilatation, but not sensitivity, to ACh was reduced in

Figure 7. Nitric oxide (NO) component of EDD (NO bioavailability) in carotid arteries from (A) young (Y)
cage control (CC), (B) old (O) CC, (C) Y voluntary wheel running (VR) and (D) OVR mice in response to
ACh alone (CNT) or after pre-treatment with TEMPOL or apocynin (APO) (n = 6–10 per group)
NO bioavailability (%) = Maximum DilatationACh+L−NAME – Maximum DilatationACh. ∗P < 0.05 vs. matched CNT.

old cage control animals as reported recently (Lesniewski
et al. 2009), whereas VR selectively restored maximal
dilatation in old mice. In contrast, in vivo arterial pressure
sensitivity to ACh was reduced in old mice as found
previously (Cernadas et al. 1998; Lesniewski et al. 2009)
and was restored with VR. These observations are in
agreement with previous findings that maximal dilatation
and sensitivity to ACh are not consistently related when
comparing animals differing in age and/or exercise status
(Delp et al. 1993; Johnson et al. 2000; Prisby et al. 2007)
and that one or both of these responses can be altered in
one circulation or artery and not in another within the
same animals (Muller-Delp et al. 2002). The explanation
for changes in maximal vasodilatation in isolated arteries
and sensitivity changes in the whole animal may involve
selective effects of ageing and habitual exercise on arteries
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that differ in size or location, or in the case of in vivo EDD,
interactions between the local vasodilator effects of ACh
and systemic baroreflexes.

NO component of EDD

Consistent with previous findings in exercising vs.
sedentary older humans (Taddei et al. 2001), in the
present study we found that VR normalized carotid artery
EDD by restoring the NO component. This was indicated
by a greater reduction in EDD after inhibition of NO
production by L-NAME in old VR compared with cage
control mice such that the difference in EDD between
the groups was abolished (Fig. 2C). Although L-NAME
did not completely inhibit vasodilatation to acetylcholine,
the remaining vasodilatation, which was likely to have
been due to prostanoid dilators and endothelium-derived
hyperpolarizing factor, was unaffected by either ageing or
VR. Again, even the modest VR performed by the old
mice was sufficient to restore the NO component of EDD
to levels observed in young animals.

Oxidative stress and related mechanisms

Vascular endothelial dysfunction with ageing is mediated,
at least in part, by oxidative stress (van der Loo et al. 2000;
Csiszar et al. 2002; Blackwell et al. 2004; Donato et al.
2007). In humans, administration of supraphysiological
concentrations of the antioxidant ascorbic acid (vitamin
C) improves EDD in older sedentary adults without
affecting EDD in older adults who regularly perform
aerobic exercise (Taddei et al. 2001; Eskurza et al. 2004).
This provides support for the idea that exercise preserves
vascular endothelial function with ageing by limiting the
development of oxidative stress. Surprisingly, however,
there is no direct evidence that habitual aerobic exercise
reduces oxidative stress in arteries of older adults or
animals, nor are there any data on the cellular and
molecular mechanisms by which such an effect may be
mediated.

Oxidative stress

In the present study, sedentary (cage control) ageing was
associated with a marked increase in aortic nitrotyrosine,
a cellular marker of oxidative modification of tyrosine
residues on proteins (Radi, 2004; Fig. 3), consistent with
previous observations in rodents (van der Loo et al. 2000;
Csiszar et al. 2002) and recent work from our laboratory
in humans (Donato et al. 2007). In striking contrast, in
old VR mice, aortic nitrotyrosine was not significantly
different than in young cage control or VR mice. To our
knowledge, this is the first direct evidence that regular

aerobic exercise suppresses the development of oxidative
stress in arteries with ageing.

SOD expression and activity

Our results also provide initial insight into the mechanisms
that may contribute to this influence of habitual exercise
on vascular oxidative stress. One possibility is that exercise
increases the expression (Fukai et al. 2000; Rush et al. 2000,
2003; Davis et al. 2003) and/or activity (Rush et al. 2000,
2003) of SOD, a major antioxidant enzyme expressed in
arteries that reacts with and reduces the bioavailability
of superoxide anion (Faraci & Didion, 2004). In the
present study, VR did not significantly influence SOD
protein expression in old animals, although MnSOD
tended to be lower in the VR compared with cage control
old mice (Fig. 4A). Because MnSOD expression is sensitive
to changes in the oxidative environment (Xu et al. 1999;
Rogers et al. 2001), it is possible that the reductions in
MnSOD protein expression with VR in old mice are a
consequence and not a cause of the reduction in oxidative
stress. However, VR was associated with clear increases in

Figure 8. Total and Ser1177-phosphorylated eNOS (peNOS) in
aortas from young (Y) and old (O) cage control (CC) and
voluntary wheel running (VR) mice (n = 5–7 per group)
Protein expression is expressed relative to GAPDH to account for
differences in protein loading and shown normalized to the YCC
mean. Values are means ± S.E.M. Representative blots shown below
the summary graph. ∗P < 0.05 vs. YCC; †P < 0.05 vs. OCC.
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total SOD, MnSOD and combined CuZnSOD + ecSOD
activity in the aortas of old mice, while having no effect
on young mice (Fig. 4B).

In agreement with an important role for this antioxidant
enzyme in mediating the effects of VR, administration
of TEMPOL, a SOD mimetic, restored maximal carotid
artery EDD by increasing the NO component of EDD in
old cage control mice, as reported previously (Csiszar et al.
2002; Lesniewski et al. 2009), but had no effect on these
responses in old VR mice or young animals (Figs. 6 and
7). Consistent with this observation, TEMPOL tended to
selectively decrease IC50 in old cage control mice in the
present study.

Together, these findings provide compelling evidence
that increases in SOD activity may be a key mechanism by
which habitual aerobic exercise prevents vascular oxidative
stress and preserves EDD with ageing by maintaining the
NO component of EDD.

Oxidant enzyme expression and activity

We also considered the possibility that exercise may
reduce oxidative stress with ageing by suppressing
oxidant enzyme expression and/or activity. The two
major oxidant-producing enzymes in arteries are NADPH
oxidase (Hamilton et al. 2002) and xanthine oxidase
(Houston et al. 1999). A previous study found reductions
in the p67 subunit of NADPH oxidase in aorta of young
swine with exercise training (Rush et al. 2003). In the
present study, we found no influence of age or VR on
xanthine oxidase protein expression or activity (Table 4).
However, NADPH oxidase p67 subunit expression and
enzyme activity were increased with age in cage control
mice, and VR prevented these changes (Fig. 5). In contrast,
in young mice VR had no effect on p67 subunit expression
and was associated with an increase in NADPH oxidase
activity. Furthermore, apocynin, an inhibitor of NADPH
oxidase, improved maximal EDD and the NO component
of EDD in old cage control mice, without affecting these
responses in old VR animals (Figs. 6 and 7). Collectively,
these results support the hypothesis that regular aerobic
exercise prevents the development of vascular oxidative
stress and restores EDD and its NO component in old
mice in part by reducing the expression and activity of
NADPH oxidase.

The mechanisms by which VR suppressed NADPH
oxidase expression and activity selectively in our old
mice are not known. This enzyme is regulated by a
complex array of factors including circulating hormones,
haemodynamic forces and local metabolic influences
(Griendling et al. 2000). Several factors that modulate
NADPH oxidase were or may have been affected by VR,
possibly differently in young and old mice, including shear
stress, vascular endothelial growth factor, angiotensin II

and cytokines (Ushio-Fukai, 2006). Transient increases
in NADPH oxidase activity occur in response to laminar
shear in endothelial cells (De Keulenaer et al. 1998; Hwang
et al. 2003) and after exercise in canine heart tissue
(Sanchez et al. 2008). It is possible that the age-specific
effects of VR on the enzyme were influenced by different
shear forces produced by the marked differences in VR
in the young and older mice (Fig. 1). Alternatively,
greater baseline (cage control) levels of NADPH oxidase
expression and activity may have resulted in the old
animals being more responsive to normalization by VR.

eNOS protein expression and activation

Experimental increases in vascular shear stress (Woodman
et al. 2005) and forced treadmill running (Spier et al. 2004)
increase EDD and eNOS mRNA and protein expression in
soleus feed arteries and arterioles of old rats, respectively.
However, the effects of voluntary aerobic exercise on eNOS
expression and activation with ageing are unknown. In
the present study, we found that eNOS protein expression
was unaffected with ageing in cage control mice, whereas
Ser1177 phosphorylation of eNOS, an activated form of
the enzyme (Dimmeler et al. 1999; Bauer et al. 2003),
was reduced (Fig. 8). VR increased eNOS protein in both
young and old mice. In contrast, VR increased Ser1177
phosphorylation of eNOS in old mice while decreasing
it in the young mice (Fig. 8). These results demonstrate
that habitual voluntary aerobic exercise increases eNOS
protein independent of age. Our data also provide the
first evidence that regular exercise may selectively increase
eNOS activation in old mice. This is consistent with the
increase in Ser1177-phosphorylated eNOS reported with
exercise training in patients with coronary artery disease
(Hambrecht et al. 2003) and in shear stress models of
exercise (Dimmeler et al. 1999; Fisslthaler, 2000; Boo et al.
2002; Kojda & Hambrecht, 2005; LeBlanc et al. 2008).
Together with the reduction in superoxide bioactivity,
the net effect of these changes in eNOS protein and its
activation with VR is likely to explain the restoration of
EDD and enhancement of NO bioavailability observed in
old mice.

Ser1177 phosphorylation of eNOS may decrease
with VR in young mice because NO bioavailability
and EDD already are normal in these animals under
cage control conditions. As such, exercise-stimulated
increases in eNOS protein might result in excessive
NO production in the absence of a corresponding
reduction in activation state. However, eNOS activation
is a complex process involving multiple activating and
inhibiting phosphorylation sites. We examined one
activating phosphorylation site (Ser1177) as a marker of
eNOS activity, but Ser635, Ser617 and Tyr83 are other
known activating sites, whereas Ser113/6 and Thr495 are
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inhibitory (Dudzinski & Michel 2007). It is possible that
the phosphorylation pattern differs between young and
old mice and/or with VR and, thus, by measuring only one
phosphorylation site we may not have a complete picture
of the activation state of the enzyme. For example, because
there is no reduction in the NO bioavailability in young
VR compared with cage control mice, the lower Ser1177
phosphorylation of eNOS in young VR animals may not
be reflecting an actual decrease in enzyme activity.

Limitations

In the present study we sought to gain initial insight
into mechanisms by which habitual exercise may preserve
EDD with ageing. We focused on selective mechanisms
relating to oxidative stress and eNOS. Several other
mechanisms not studied here may contribute to reduced
oxidative stress with habitual exercise in young and old
mice including reductions in mitochondrial superoxide
production and/or eNOS uncoupling, and increases in
other antioxidant enzymes. Moreover, the results of our
in vivo vascular studies suggest that resistance artery EDD
also may be improved by VR in old mice. More detailed
studies of the microcirculation will be required in the
future to confirm that this is the case and to determine if
the mechanisms involved are similar to those established
for large arteries in the present investigation.

Summary and conclusions

With the changing demographics of ageing leading
to unprecedented numbers of older adults now and
in the future, it is imperative that we establish the
efficacy of strategies to delay, slow and even prevent the
development of vascular endothelial dysfunction and CVD
with ageing. There is accumulating evidence that habitual
aerobic exercise is an effective lifestyle intervention for
preserving vascular endothelial function with ageing (Seals
et al. 2008). However, we know little about the under-
lying mechanisms, in part, because of limitations in
studying humans (Seals et al. 2008). In the present
study, we used a new mouse model of age-associated
vascular endothelial dysfunction combined with voluntary
wheel running to gain new insight into the mechanisms
by which regular aerobic exercise enhances EDD with
ageing. We provide the first direct evidence that habitual
aerobic exercise reduces oxidative stress in arteries of
old animals. Importantly, our results implicate increases
in SOD activity and an inhibition of NADPH oxidase
as key molecular mechanisms contributing to reduced
arterial oxidative stress and normalization of EDD and
its NO component in old exercising mice. Finally, our
findings demonstrate that VR induces a marked increase
in eNOS protein in arteries of old animals and that this

is coupled to an increase in eNOS activation. Together,
these changes are likely to contribute to the restoration
of NO bioavailability and EDD by exercise in old mice.
Future studies should explore other mechanisms such as
reduced arterial inflammation and the signalling pathways
involved in the anti-ageing effects of aerobic exercise on
arterial dysfunction.
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