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Jenkins NT, Witkowski S, Spangenburg EE, Hagberg JM. Effects
of acute and chronic endurance exercise on intracellular nitric oxide in
putative endothelial progenitor cells: role of NADPH oxidase. Am J
Physiol Heart Circ Physiol 297: H1798 –H1805, 2009. First published
August 28, 2009; doi:10.1152/ajpheart.00347.2009.—We sought to
delineate the effects of acute and chronic exercise on the regulation of
intracellular nitric oxide (NOi) production in putative endothelial
progenitor cells (EPCs). Putative EPC colony-forming units (CFUEC) were cultured from blood drawn before and after 30 min of
treadmill exercise at 75% of maximal oxygen uptake in active (n ⫽ 8)
and inactive (n ⫽ 8) men. CFU-EC were similar between groups at
baseline, but increased after exercise in active men only (P ⫽ 0.04).
CFU-EC expressed lower NADPH oxidase subunit gp91phox mRNA
and elevated endothelial nitric oxide synthase mRNA in active relative to inactive men at baseline (P ⬍ 0.05). Acute exercise reduced
gp91phox mRNA in CFU-EC of both groups (P ⬍ 0.05), whereas
p47phox mRNA levels were reduced in the inactive group only (P ⫽
0.02). There were no differences between groups or with acute
exercise in xanthine oxidase, superoxide dismutase isoforms, or
gluthathione peroxidase-1 mRNA levels. NOi was significantly
greater in CFU-EC of active men at baseline (P ⫽ 0.004). NOi
increased in CFU-EC of inactive men with acute exercise, and in vitro
experiments with apocynin indicated the increased NOi production
was caused by suppression of NADPH oxidase. However, the increases in NOi with the different treatments in the inactive group did
not reach the baseline levels in the active group (P ⬍ 0.05). We
conclude that acute exercise increases NOi in cells generated by the
CFU-EC assay through an NADPH oxidase-inhibition mechanism in
sedentary men. However, differences due to chronic exercise must
involve additional factors. Our findings support exercise as a means to
improve putative EPC function and suggest a novel mechanism that
may explain this effect.
physical activity; angiogenesis; oxidative stress
BONE MARROW-DERIVED PROGENITOR cells with vasculogenic capacity, often termed putative endothelial progenitor cells
(EPCs), have emerged as a novel cardiovascular (CV) disease
risk factor because of their role in the maintenance of vascular
endothelial integrity. Circulating levels of putative EPCs independently predict CV disease progression, CV events, and
endothelial dysfunction (29, 40), and EPC number and function
decline with physical inactivity (34). Thus the available data
strongly implicate putative EPCs as potential targets in the
primary prevention of CV disease through regular exercise.
Acute and chronic endurance exercise are thought to increase EPC number and their ability to secrete proangiogenic
growth factors and/or incorporate into existing vascular endothelium (30, 34). A single exercise bout increases putative EPC
number in humans (3), and exercise training interventions have
increased putative EPC number and colony-forming units
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(CFU-EC) in healthy subjects (11) and, most frequently, in
patients with CV disease risk factors or overt CV pathologies
(19, 20, 27, 32). However, although these previous studies
provided strong evidence of putative EPC involvement in the
exercise-induced enhancements of vascular health, the data are
generally associative, and mechanistic cause-effect relationships have not been established.
The signaling molecule nitric oxide (NO) plays a central role
in the function of EPCs (36), as well as in mature endothelial
cells (ECs) (25). Exercise training improves endothelial function by increasing vasodilatory NO release and endothelial
nitric oxide synthase (eNOS) activity in ECs (19). Conversely,
NO activity is markedly reduced in the presence of CV disease
risk factors, including sedentary behavior (22). Physical inactivity causes endothelial dysfunction in part through impairment of eNOS (41) by upregulation of the pro-oxidant enzyme
NADPH oxidase (22, 26), which generates deleterious superoxide anions and, via uncoupling of the eNOS reaction, the
powerful oxidant peroxynitrite (16, 26). NADPH oxidase is
one of the most important sources of oxidative stress in mature
ECs throughout the CV system (25), and, although the available evidence indicates that the eNOS and NADPH oxidase
pathways are active in putative EPCs (7, 42), they have not
been adequately characterized with respect to alteration of
putative EPC function by physical activity. It is plausible that
a reduction in NO generation by increased NADPH oxidase
activity is a cellular mechanism for impaired putative EPC
function with a sedentary lifestyle.
Therefore, the purpose of this study was to determine the
effects of acute and chronic endurance exercise on the intracellular environment of putative EPCs. We hypothesized that
acute exercise and regular physical activity would increase
CFU-EC intracellular NO (NOi) levels by upregulation of
eNOS and suppression of NADPH oxidase. We also explored
whether mRNA levels of other pro-oxidants (xanthine oxidase)
and antioxidants [copper-zinc and manganese superoxide dismutases (CuZnSOD and MnSOD, respectively), and glutathione peroxidase-1 (GPX-1)] in CFU-EC were affected by acute
and chronic endurance exercise.
METHODS

Screening. All participants were young, healthy, nonsmoking males
with no history of CV or metabolic disease and were not taking
prescription medications. The active group (n ⫽ 8) consisted of men
age 18 –30 yr with a history of ⬎3 yr moderate- to high-intensity
endurance exercise for ⬎4 h/wk. These men were recruited from local
running clubs in the University of Maryland area. The inactive group
(n ⫽ 8) included young men of a similar age who reported ⱕ20 min
endurance exercise ⱕ2 days/wk. Groups were matched for age, body
mass index (BMI), body composition, and conventional CV risk
factor profile. All participants provided written informed consent
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before all testing, and the University of Maryland Institutional Review
Board approved all study procedures.
Maximal graded exercise test and body composition. All testing
occurred in the morning after an overnight fast and after refraining
from alcohol, vitamins, and caffeine for 24 h. Height, weight, and
blood pressure were measured, and body fatness was estimated using
the seven-site skinfold procedure (14). Maximal oxygen uptake
(V̇O2max) was assessed using a constant-speed treadmill protocol with
2% increases in incline every 2 min until exhaustion. The treadmill
speed was chosen by the investigators based on subject experience,
typical running speed, and heart rate such that V̇O2max was achieved
in ⬃6 –12 min. Expired gases were analyzed using an automated
indirect calorimetry system (Oxycon Pro; Cardinal Health, Dublin,
OH). V̇O2 was considered maximal using the plateau criteria, and all
tests met at least two of the following secondary criteria of maximal
effort: a respiratory exchange ratio of ⬎1.10, a rating of perceived
exertion of ⱖ19, and/or a peak heart rate within 10 beats/min of the
age-predicted maximum (2). Heart rate was measured during testing
using heart rate monitors (Polar Electro, Woodbury, NY).
Blood sampling and steady-state exercise test. Participants reported
to the laboratory after an overnight fast for experimental testing
48 –72 h after completing the V̇O2max and body composition assessments. A blood sample for baseline CFU-EC and standard CV risk
factor assessments was drawn immediately before exercise, and a
second sample was obtained for CFU-EC 30 min after completing a
30-min treadmill run at 75– 80% V̇O2max. Treadmill running speed
was the same as that used for the V̇O2max test, and the appropriate
percent incline was estimated from the American College of Sports
Medicine equation for V̇O2 during treadmill running (2). Intensity
during exercise was monitored using the heart rate reserve method.
CFU-EC assay. The CFU-EC assay was performed as described
previously (10). Briefly, mononuclear cells were isolated from peripheral blood samples obtained before and 30 min after exercise by
density gradient centrifugation (Ficoll Paque Plus; GE Healthcare).
The cells were washed twice with PBS supplemented with 2% FBS,
and plated at 5 ⫻ 106 cells/well on six-well culture plates coated with
human fibronectin (BD Pharmingen, Franklin Lakes, NJ) in 2 ml
Endocult Medium (Stem Cell Technologies, Vancouver, BC). Nonadherent cells were harvested after a 48-h incubation in a humidified
incubator (37°C, 5% CO2) and replated (1 ⫻ 106 cells/well) on
24-well fibronectin-coated plates (BD-Pharmingen) in 1 ml Endocult
Medium. CFU-EC appeared 3 days later and were defined according
to previously established methodology that includes central cores of
round cells with more elongated sprouting cells at the periphery (10).

The endothelial lineage of these cells has been confirmed previously
by immunocytochemical staining for von Willebrand factor, vascular
endothelial growth factor receptor-2, and CD31 (10). Investigators
trained in identification of colonies but blind to the status of the
sample performed CFU-EC counts in four randomly chosen wells.
The correlation between observers in our laboratory for CFU-EC
counts was 0.98 (P ⬍ 0.001). To reduce assay variability, all experiments in this study were performed with the same stock and lot of
Endocult basal medium and supplements.
Gene expression by semiquantitative RT-PCR. eNOS, NADPH
oxidase (subunits gp91phox, p47phox, and p67phox), xanthine oxidase,
CuZnSOD, MnSOD, and GPX-1 mRNA levels were measured using
semiquantitative RT-PCR. Total RNA was extracted in quadruplicate
from CFU-EC cultured for 5 days using the TRI reagent (SigmaAldrich, St. Louis, MO) according to previously described methods
(31). RNA quantity was calculated from absorbance at 260 nm, and
quality was verified by the 260-to-280 nm absorbance ratio. RNA was
reverse transcribed to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, CA) according to
the manufacturer’s instructions. cDNA was amplified using specific
primers under optimal thermal cycling conditions determined empirically for each target gene as previously described (31). The primer
sequences and thermal cycling conditions are presented in Table 1.
PCR products were separated by agarose gel electrophoresis and
photographed under ultraviolet light. Signal intensities were semiquantified using the National Institutes of Health imaging software
(ImageJ) and normalized to the signal for the reference gene 18S.
Experimental blockade of NADPH oxidase activity. NADPH oxidase activity in CFU-EC was inhibited using the drug apocynin
(Sigma-Aldrich) in ex vivo experiments to determine if exercise
increases CFU-EC NOi via an NADPH oxidase-dependent mechanism. Apocynin prevents assembly of the enzyme by reacting with
thiol groups required for the translocation of the intracellular subunits
p47phox and p67phox to the catalytic gp91phox subunit, in turn preventing the generation of deleterious superoxide radicals (33). Cells of
active and inactive groups from before and after acute exercise were
incubated from day 4 to day 5 of the CFU-EC assay with 100 M
apocynin in 1 ml Endocult medium. Cells treated with the same
volume of the apocynin vehicle (10 l PBS) in 1 ml Endocult medium
were used as a control. The apocynin concentration and the 24-h
treatment were empirically determined to produce detectable changes
in NOi. We aimed to not affect the early events of the assay such as
adherence of the cells to the plate or initial differentiation into CFUs,
but we did want to allow sufficient time for any measurable effects of

Table 1. Description of RT-PCR reactions
Target

eNOS
phox

gp91

p47phox
p67

phox

XO
CuZnSOD
MnSOD
GPX-1
18S

Oligo Sequence

Annealing Temperature, °C

F: 5⬘-ATGAAGCACCTGGAGAATGAG-3⬘
R: 5⬘-TCGGAGCCATACAGGATTG-3⬘
F: 5⬘-CAACAAGAGTTCGAAGACAA-3⬘
R: 5⬘-CCCCTTCTTCTTCATCTGTA-3⬘
F: 5⬘-CACGGACAACCAGACAAAAA-3⬘
R: 5⬘-AGAACCACCAACCGCTCTC-3⬘
F: 5⬘-TGGAGGAGTTAGGGGAGAGG-3⬘
R: 5⬘-CCTGGACTTGGGTGTCTTGT-3⬘
F: 5⬘-CTTGAAAGGCTGAGGTGGAG-3⬘
R: 5⬘-GGGGAATTGACAGTCCAAGA-3⬘
F: 5⬘-ATGACTTGGGCAAAGGTGGAAATG-3⬘
R: 5⬘-GTTAAGGGGCCTCAGACTACATCC-3⬘
F: 5⬘-TTGGCCAAGGGAGATGTTAC-3⬘
R: 5⬘-AGTCACGTTTGATGGCTTCC-3⬘
F: 5⬘-CCAGTCGGTGTATGCCTTCT-3⬘
R: 5⬘-GCTGCAGCTCGTTCATCTG-3⬘
F: 5⬘-TTGATTAAGTCCCTGCCCTTTGT-3⬘
R: 5⬘-CGATCCGAGGGCCTAACTA-3⬘

No. of Cycles

Amplicon Length, bp

Ref. No.

55

33

299

21

59

35

689

13

53

24

203

50

26

219

61.5

30

248

54.5

30

126

53

35

157

53

30

152
80

eNOS, endothelial nitric oxide synthase; XO, xanthine oxidase; SOD, superoxide dismutase; GPX, glutathione peroxidase; F, forward; R, reverse.
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apocynin on NOi to appear. An apocynin-induced increase in endothelium-dependent dilation and its NO component in mouse aorta was
recently observed in as little as 60 min (6). Therefore, we believe the
24-h experiment was valid for our purposes. The experiment consisted
of the following conditions for both active and inactive group CFUEC: baseline-vehicle (BL-VEH), baseline-apocynin (BL-APO), exercise-vehicle (EX-VEH), and exercise-apocynin (EX-APO). These
experiments were performed on CFU-EC from a subset of individuals
(n ⫽ 3–5/group for each condition).
Detection of NOi in CFU-EC. NOi was measured using the
DAF-FM diacetate fluorescent dye technique (Molecular Probes,
Carlsbad, CA) as described by Drenning et al. (5), with minor
modifications. DAF-FM diacetate is a pH-insensitive dye that emits
fluorescence on reacting with an intermediate of NO during the
spontaneous oxidation of NO to NO⫺
2 . On day 5 of the CFU-EC assay,
media were removed, and CFU-EC in triplicate wells were washed
twice with 500 l PBS, loaded with 500 l PBS containing 10 M
DAF-FM diacetate, and incubated for 30 min at 37°C. Dyed cells
were washed two times with PBS, and NOi fluorescence was measured using a multilabel plate reader (Wallac 1400 VICTOR2; PerkinElmer, Waltham, MA) with excitation and emission wavelengths of
488 and 535 nm, respectively. Every CFU-EC plate included the
following controls: 1) duplicate wells of unloaded cells to serve as a
control for cellular autofluorescence, 2) duplicate wells that contained
no cells, but contained 10 M DAF-FM in PBS to correct for any
fluorescence resulting from the dye itself, and 3) duplicate wells of
500 l PBS alone. Because the arbitrary-type fluorescence among
these three control conditions were similar in pilot experiments (P ⫽
0.7, data not shown), the average fluorescence value of the three
controls was subtracted from each experimental value. The average
within- and between-assay coefficients of variation for the arbitrary
fluorescence were 5 and 9%, respectively, indicating good agreement
in arbitrary fluorescence between wells on the same plate and among
experiments conducted on different days. Data are expressed as fold
difference from the mean for the active group’s CFU-EC in the
BL-VEH condition.
In addition, we must point out that gene expression and NOi
measurements were made on all cells present in the CFU-EC assay,
and not the colonies alone. Thus the term “CFU-EC” must be
interpreted to mean all cells cultured in the CFU-EC assay when we
refer to our NOi and gene expression data.
Statistics. Between-group and acute exercise effects were analyzed
by independent and paired-samples t-tests, respectively, according to
a priori planned contrasts. Within- and between-group ANOVA with
Dunnett’s post hoc tests were used to determine whether exercise
and/or apocynin treatments increased NOi relative to BL-VEH. We
used the ␣ ⫽ 0.05 criterion for statistical significance. Data are
presented as means ⫾ SE unless indicated otherwise.
RESULTS

Active and inactive participants were successfully matched
on the basis of age, BMI, and the standard CV risk factor
profile, but differed significantly in terms of V̇O2max (Table 2).
CFU-EC counts. CFU-EC counts were not different between
groups at baseline (P ⫽ 0.23; Fig. 1A). CFU-EC increased after
exercise in the active group (P ⫽ 0.02), but did not change in
the inactive group (P ⫽ 0.6; Fig. 1B).
Gene expression. eNOS mRNA levels were elevated in
CFU-EC from active relative to inactive men by ⬃30% at
baseline (P ⫽ 0.04) and by ⬃17% after exercise (P ⫽ 0.05),
but did not change with exercise in either group (P ⬇ 0.4 for
exercise-induced changes in both groups) (Fig. 2). gp91phox
mRNA levels were ⬃44% lower in CFU-EC from active than
inactive men at baseline (P ⫽ 0.02) and were reduced after
acute exercise in both groups (active, P ⫽ 0.02; inactive, P ⫽
AJP-Heart Circ Physiol • VOL

Table 2. Participant characteristics

Age, yr
Height, m
Weight, kg
BMI, kg/m2
Fat, %
FFM, kg
Glucose, mg/dl
TC, mg/dl
HDL, mg/dl
LDL, mg/dl
TG, mg/dl
SBP, mmHg
DBP, mmHg
V̇O2max
l/min
ml 䡠 kg⫺1 䡠 min⫺1
ml 䡠 kg FFM⫺1 䡠 min⫺1

Active (n ⫽ 8)

Inactive (n ⫽ 8)

P

25⫾4
1.81⫾0.1
78.8⫾13.2
24.0⫾3.8
14.1⫾5.4
67.3⫾8.8
84⫾8
149⫾21
53⫾5
81⫾21
70⫾18
118⫾6
75⫾10

25⫾3
1.81⫾0.04
77.9⫾17.2
23.6⫾4.4
14.8⫾6.7
65.4⫾9.6
81⫾8
147⫾25
49⫾11
81⫾22
82⫾30
121⫾5
79⫾6

0.82
0.96
0.90
0.86
0.82
0.70
0.45
0.87
0.31
0.99
0.40
0.29
0.39

4.7⫾0.6
60.2⫾5.4
70.1⫾5.1

3.6⫾0.4
47.3⫾5.7
55.5⫾4.3

0.001
⬍0.001
⬍0.001

Data are means ⫾ SD. BMI, body mass index; FFM, fat-free mass; TC, total
cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density
lipoprotein cholesterol; TG, triglycerides; SBP, systolic blood pressure; DBP,
diastolic blood pressure; V̇O2max, maximal oxygen uptake.

0.04), with expression remaining significantly (P ⫽ 0.01)
higher after exercise in CFU-EC of inactive compared with
active men (Fig. 3A). p47phox mRNA levels did not differ
between groups at baseline but decreased by ⬃20% after
exercise in the inactive group (P ⫽ 0.02) (Fig. 3B). There were
no differences between groups or with acute exercise in
p67phox mRNA levels (Fig. 3C) or xanthine oxidase (Fig. 3D)
mRNA levels (P ⬎ 0.05). There were also no differences
between groups or with acute exercise in expression of the
antioxidant genes CuZnSOD, MnSOD, or GPX-1 (Fig. 4, A–C;
P ⬎ 0.05).
NOi. Detectable NOi was ⬃56% greater in the cells cultured
in the CFU-EC assay from active compared with inactive men
(P ⫽ 0.004) (Fig. 5). In the active group, there were no
significant differences among BL-VEH, BL-APO, EX-VEH,
or EX-APO in CFU-EC NOi (ANOVA P ⬎ 0.05). In the
inactive group, BL-APO (P ⫽ 0.04), EX-VEH (P ⫽ 0.04), and
EX-APO (P ⫽ 0.02) all significantly increased NOi levels
relative to the BL-VEH condition. However, there were no
differences in NOi among these three experimental conditions
for the inactive group (all P ⬎ 0.05). Additionally, inactive
group NOi levels were significantly lower compared with the
active group BL-VEH in all experimental conditions (BLAPO, EX-VEH, and EX-APO; all P ⬍ 0.05). Colony formation was not affected by VEH or APO treatments (data not
shown); therefore, CFU-EC count data are from VEH or
untreated samples.
DISCUSSION

The main findings of this study are 1) acute exercise increases CFU-EC NOi levels in sedentary individuals, 2) regular
endurance exercise is associated with increased eNOS gene
expression and NOi in CFU-EC, 3) the acute exercise effect on
NOi is NADPH oxidase-dependent, and 4) the training effect
on NOi appears to involve other mechanisms besides reduced
NADPH oxidase activity. Importantly, these differences were
observed between groups of healthy young men who were
matched for age, BMI, and the standard CV risk factor profile,
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Fig. 1. A: endothelial cell colony-forming units (CFU-EC) in active and
inactive men at baseline and after 30 min exercise at 75% maximal oxygen
uptake (V̇O2max). *Significantly different from baseline value (P ⬍ 0.05).
B: acute exercise-induced change in CFU-EC in active and inactive men.
*Significantly smaller change in inactive than active men (P ⬍ 0.05).

and differed only in V̇O2max. Our findings support the notion
that acute and chronic exercise improve putative EPC function
and suggest a novel cellular mechanism that may explain this
effect.
NADPH oxidase is regarded as one of the most important
sources of oxidative stress in the CV system (9, 25, 26). ECs
throughout the CV system express elevated NADPH oxidase in
several pathological conditions associated with physical inactivity, including CV disease (1), hypertension (15), and diabetes (23). In putative EPCs, excessive NADPH oxidase-derived
superoxide radicals promote premature cellular senescence and
reduced proliferative capacity (13). Here, we show elevated
expression of the NADPH oxidase catalytic subunit gp91phox
gene in CFU-EC of healthy men who would be considered very
healthy, and have excellent CV disease risk profiles, but who
do not regularly perform endurance exercise. We show further
that a single bout of exercise reduces mRNA expression of
gp91phox and p47phox in CFU-EC NOi from these men. To our
knowledge, no studies have assessed the effects of acute or
chronic endurance exercise on putative EPC NADPH oxidase
AJP-Heart Circ Physiol • VOL
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gene expression, but these data are consistent with a previous
report of CV disease patients showing a reduction in gp91phox
mRNA in coronary artery ECs following a 4-wk endurance
training program (1).
Because eNOS uncoupling, and subsequent depletion of
NOi, is a consequence of elevated NADPH oxidase activity
(16, 26), we tested whether the observed differences in eNOS
and NADPH oxidase gene expression between groups and with
acute exercise were corroborated by differences in CFU-EC
NOi. Consistent with the elevated baseline gp91phox and reduced eNOS mRNA levels in the inactive group, these individuals also displayed significantly lower NOi compared with
the active group. The inactive group NOi levels increased with
BL-APO, EX-VEH, and EX-APO treatments. Importantly, the
effects of NADPH oxidase inhibition and acute exercise on
NOi were nearly identical in magnitude and were not additive,
as evidenced by no further increase in NOi in the EX-APO
condition over either treatment alone. Furthermore, there was
no acute exercise effect on eNOS mRNA in either group,
despite a between-group difference at baseline. Together, these
data indicate that, in inactive individuals, NOi in putative EPCs
is increased by acute endurance exercise through an NADPH
oxidase-driven mechanism. This is a critical finding of the
study, but this mechanism only partly explains the trainingrelated differences in NOi in cells of the CFU-EC assay. The
increases in the inactive group’s NOi by apocynin, exercise,
and their combination were not sufficient to reach the levels of
the active group’s CFU-EC NOi under the BL-VEH condition.
Thus the exercise training-induced difference in NOi is also
likely explainable by the elevated baseline eNOS gene expression in the active group as well as other mechanisms independent from NADPH oxidase.
The changes observed with acute exercise in the inactive
group were not observed in the active group. CFU-EC of these
individuals displayed lower gp91phox mRNA at baseline and
decreased expression of gp91phox following exercise, but this
change was apparently without consequence for NOi levels,
which remained higher in CFU-EC from active men under all
experimental conditions. It is reasonable to speculate that we

Fig. 2. Endothelial nitric oxide synthase (eNOS) mRNA as measured by
semiquantitative RT-PCR in active and inactive men. *Significant difference
between groups (P ⬍ 0.05).
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Fig. 3. mRNA levels of the NADPH oxidase subunits gp91phox (A), p47phox (B), and p67phox (C) and xanthine oxidase (XO, D). *Significant difference between
groups (P ⬍ 0.05). †Significant within-group difference (after vs. before acute exercise; P ⬍ 0.05).

have observed a ceiling effect for the active individuals’ NOi
levels.
Most reports of acute exercise and exercise training effects
on putative EPCs have enumerated cells by colony-forming
potential in culture or flow cytometry. In general, exercise
training increases putative EPC number and colony-forming
potential (11, 19, 27, 32), but this has not always been the case
(35). The available data are also equivocal as to whether an
acute exercise bout increases putative EPCs, with some studies
showing increased EPC number (18, 38) and colony formation
(8, 18, 28) after acute exercise, but others showing no effect on
putative EPC number (35) or colony formation (38). The most
consistent effects of acute and chronic exercise have been
observed in patient populations with overt endothelial dysfunction and CV pathologies (19, 27, 32). Of all these studies, the
acute exercise CFU-EC data in the present study are most
consistent with 1) a report in which CFU-EC increased in
endurance-trained individuals after exercise of equivalent intensity and duration to that in the present study (30 min at
⬃80% V̇O2max) (18) and 2) another report showing no change
in CFU-EC after exercise in a group of untrained, but healthy,
men and women (38). Therefore, taken with previous data, the
present study suggests a relationship between participant fitness and the response of putative EPC colony formation to
acute exercise, but this hypothesis needs further attention.
AJP-Heart Circ Physiol • VOL

However, the effects of exercise on the EPC intracellular
environment may well be far more important than acute or
chronic exercise effects on putative EPC number or colony
formation. From our data, a reasonable working hypothesis is
that the intracellular environment of a putative EPC may
influence its functional capacity and its ability to affect endothelial function. NADPH oxidase and eNOS were chosen as
target genes in this study because of their well-characterized
role in the (dys)function of the endothelium throughout the CV
system. Clearly, our evidence suggests that NOi production is
altered in putative EPCs because of changes in activity, indicating an important effect of exercise on the EPC intracellular
environment. Our evidence further suggests that an impaired
intracellular redox state resulting from high NADPH oxidase
activity may be detrimental to putative EPC function in young,
healthy men with a sedentary lifestyle.
Our findings indicate a role for NADPH oxidase in the
regulation of NOi in cells generated by the CFU-EC assay.
However, additional factors were implicated in training-related
differences and the response to acute exercise in inactive
subjects. Thus we also investigated the expression of other
genes involved in intracellular redox status. The findings that
mRNA levels of antioxidant (CuZnSOD, MnSOD, and GPX-1)
and pro-oxidant (xanthine oxidase) genes did not differ between groups or with acute exercise support the role for
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NADPH oxidase as a key mediator of NOi dynamics. However, these data do not clarify the complete training-related or
acute exercise-induced differences in NOi. Further work will
be necessary to fully identify all of the factors explaining the
differences in NOi regulation in putative EPCs between the
trained vs. untrained states. We speculate that there may be
differences in the activities or responsiveness of these or other
oxidases or antioxidant systems that we did not detect at the
mRNA level.
We must acknowledge three limitations of our study. First,
NOi and gene expression were measured from all cells present
in the dish, and not the colonies themselves. Fluorescence
microscopy experiments have documented eNOS activity in
cells generated by the CFU-EC assay (24), but the amount of
NO release by the colonies relative to the other cells present in
the dish has not been determined. Therefore, it is unclear if
differences detected in NOi measures were the result of
changes in NO production in the colonies themselves or
changes in a subpopulation of cells outside the colonies that
express eNOS and/or NADPH oxidase. However, the data of
Hill and colleagues (10) suggest that it is the CFU-EC themselves that express endothelial markers, and the colonies have
been repeatedly shown to take up acetylated low-density lipoprotein and bind to lectin, suggesting an endothelial phenotype. Second, there are conflicting reports about the identity of
cells generated by the CFU-EC assay. An emerging hypothesis
suggests that CFU-EC may be T cells (4) with a distinct
angiogenic phenotype (12). There are also very recent data on
the existence of a novel population of circulating CD31⫹ T
cells that secrete angiogenic growth factors (17), which is one
mechanism by which CFU-EC have been proposed to promote
new vessel growth (12, 37). We believe our data provide new
information on how acute and chronic endurance exercise may
alter the function of these cells, but we must emphasize that the
precise identities of these cells and other putative vasculogenic
progenitors are still being elucidated. Finally, although it appears likely that the effect of acute exercise on NOi was

Fig. 4. mRNA levels of copper-zinc superoxide dismutase (CuZnSOD, A),
manganese superoxide dismutase (MnSOD, B), and glutathione peroxidase
(GPX-1, C). There were no significant differences between groups or with
acute exercise in either group (P ⬎ 0.05).

AJP-Heart Circ Physiol • VOL

Fig. 5. Effects of acute exercise and NADPH oxidase inhibition on intracellular nitric oxide (NOi) in CFU-EC from active and inactive men. Relative
fluorescence units (RFU) were normalized to the mean for the active group
baseline-vehicle (BL-VEH) condition. *Significant difference from withingroup BL-VEH condition (P ⬍ 0.05). †Significantly different from active
group CFU-EC under the BL-VEH condition (P ⬍ 0.05).
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NADPH oxidase-dependent based on our study design, we
must be somewhat circumspect with this conclusion. We acknowledge that a number of other factors affect NO throughout
the CV system (25).
In conclusion, we found a cross-sectional difference between active and inactive young men in NOi in cells cultured
in the CFU-EC assay that may be partly explained by elevated
NADPH oxidase with physical inactivity. Acute exercise appears to attenuate some, but not all, of this difference through
suppression of NADPH oxidase activity, indicating the existence of a training effect that must be the result of elevated
eNOS and other factors. Our findings may have important
implications for the role of putative EPCs in the maintenance
of a healthy endothelium through physical activity.

13.
14.
15.
16.
17.
18.

ACKNOWLEDGMENTS
We thank the volunteers for their enthusiastic participation and Dr. Stephen
Roth for sharing laboratory time and resources.

19.

GRANTS
This work was supported by National Institute on Aging Predoctoral
Training Grant T32AG-00268 and the University of Maryland’s Department of
Kinesiology Graduate Student Research Initiative Fund.
REFERENCES

20.

21.

1. Adams V, Linke A, Krankel N, Erbs S, Gielen S, Mobius-Winkler S,
Gummert JF, Mohr FW, Schuler G, Hambrecht R. Impact of regular
physical activity on the NAD(P)H oxidase and angiotensin receptor
system in patients with coronary artery disease. Circulation 111: 555–562,
2005.
2. American College of Sports Medicine. ACSM’s Guidelines for Exercise
Testing and Prescription. Baltimore, MD: Williams and Wilkins, 2000.
3. Custodis F, Laufs U. Physical exercise and endothelial progenitor cells.
J Cardiopul Rehab Prevention 27: 74 –75, 2007.
4. Desai A, Glaser A, Liu D, Raghavachari N, Blum A, Zalos G,
Lippincott M, McCoy JP, Munson PJ, Solomon MA, Danner RL,
Cannon RO III. Microarray-based characterization of a colony assay
used to investigate endothelial progenitor cells and relevance to endothelial function in humans. Arterioscler Thromb Vasc Biol 29: 121–127,
2009.
5. Drenning JA, Lira VA, Simmons CG, Soltow QA, Sellman JE, Criswell DS. Nitric oxide facilitates NFAT-dependent transcription in mouse
myotubes. Am J Physiol Cell Physiol 294: C1088 –C1095, 2008.
6. Durrant JR, Seals DR, Connell ML, Russell MJ, Lawson BR, Folian
BJ, Donato AJ, Lesniewski LA. 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. J Physiol 587: 4137– 4138, 2009.
7. Ebrahimian TG, Heymes C, You D, Blanc-Brude O, Mees B, Waeckel
L, Duriez M, Vilar J, Brandes RP, Levy BI, Shah AM, Silvestre JS.
NADPH oxidase-derived overproduction of reactive oxygen species impairs postischemic neovascularization in mice with type 1 diabetes. Am J
Pathol 169: 719 –728, 2006.
8. Goussetis E, Spiropoulos A, Tsironi M, Skenderi K, Margeli A,
Graphakos S, Baltopoulos P, Papassotiriou I. Spartathlon, a 246 kilometer foot race: effects of acute inflammation induced by prolonged
exercise on circulating progenitor reparative cells. Blood Cells Mol Dis 42:
294 –299, 2009.
9. Haram PM, Kemi OJ, Wisloff U. Adaptation of endothelium to exercise
training: insights from experimental studies. Front Biosci 13: 336 –346,
2008.
10. Hill JM, Zalos G, Halcox JPJ, Schenke WH, Waclawiw MA, Quyyumi
AA, Finkel T. Circulating endothelial progenitor cells, vascular function,
and cardiovascular risk. N Engl J Med 348: 593– 600, 2003.
11. Hoetzer GL, Van Guilder GP, Irmiger HM, Keith RS, Stauffer BL,
DeSouza CA. Aging, exercise, and endothelial progenitor cell clonogenic
and migratory capacity in men. J Appl Physiol 102: 847– 852, 2007.
12. Hur J, Yang HM, Yoon CH, Lee CS, Park KW, Kim JH, Kim TY,
Kim JY, Kang HJ, Chae IH, Oh BH, Park YB, Kim HS. Identification
AJP-Heart Circ Physiol • VOL

22.
23.
24.

25.
26.
27.

28.

29.

30.
31.
32.

33.

of a novel role of T cells in postnatal vasculogenesis: characterization of
endothelial progenitor cell colonies. Circulation 116: 1671–1682, 2007.
Imanishi T, Hano T, Nishio I. Angiotensin II accelerates endothelial
progenitor cell senescence through induction of oxidative stress. J Hypertens 23: 97–104, 2005.
Jackson AS, Pollock ML. Generalized equations for predicting body
density of men. Br J Nutr 40: 497–504, 1978.
Jung O, Schreiber JG, Geiger H, Pedrazzini T, Busse R, Brandes RP.
gp91phox-containing NADPH oxidase mediates endothelial dysfunction
in renovascular hypertension. Circulation 109: 1795–1801, 2004.
Kojda G, Hambrecht R. Molecular mechanisms of vascular adaptations
to exercise. Physical activity as an effective antioxidant therapy? Cardiovasc Res 67: 187–197, 2005.
Kushner EJ, Morgan RG, Van Engelenburg AM, MacEneaney OJ,
Van Guilder GP, DeSouza CA. CD31⫹ T cells represent a functionally
distinct vascular T cell phenotype (Abstract). FASEB J 23: 625, 2009.
Laufs U, Urhausen A, Werner N, Scharhag J, Heitz A, Kissner G,
Bohm M, Kindermann W, Nickenig G. Running exercise of different
duration and intensity: effect on endothelial progenitor cells in healthy
subjects. Eur J Cardiovasc Preven Rehab 12: 407– 414, 2005.
Laufs U, Werner N, Link A, Endres M, Wassmann S, Jurgens K,
Miche E, Bohm M, Nickenig G. Physical training increases endothelial
progenitor cells, inhibits neointima formation, and enhances angiogenesis.
Circulation 109: 220 –226, 2004.
Lippincott MF, Desai A, Zalos G, Carlow A, De JJ, Blum A, Smith K,
Rodrigo M, Patibandla S, Chaudhry H, Glaser AP, Schenke WH,
Csako G, Waclawiw MA, Cannon RO III. Predictors of endothelial
function in employees with sedentary occupations in a worksite exercise
program. Am J Cardiol 102: 820 – 824, 2008.
Ma FX, Zhou B, Chen Z, Ren Q, Lu SH, Sawamura T, Han ZC.
Oxidized low density lipoprotein impairs endothelial progenitor cells by
regulation of endothelial nitric oxide synthase. J Lipid Res 47: 1227–1237,
2006.
Maiorana A, O’Driscoll G, Taylor R, Green D. Exercise and the nitric
oxide vasodilator system. Sports Med 33: 1013–1035, 2003.
Nakagami H, Kaneda Y, Ogihara T, Morishita R. Endothelial dysfunction in hyperglycemia as a trigger of atherosclerosis. Curr Diabetes Rev 1:
59 – 63, 2005.
Noor R, Shuaib U, Wang CX, Todd K, Ghani U, Schwindt B, Shuaib
A. High-density lipoprotein cholesterol regulates endothelial progenitor
cells by increasing eNOS and preventing apoptosis. Atherosclerosis 192:
92–99, 2007.
Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in
health and disease. Physiol Rev 87: 315– 424, 2007.
Paravicini TM, Touyz RM. NADPH oxidases, reactive oxygen species,
and hypertension: clinical implications and therapeutic possibilities. Diabetes Care 31: S170 –S180, 2008.
Paul JD, Powell TM, Thompson M, Benjamin M, Rodrigo M, Carlow
A, Annavajjhala V, Shiva S, Dejam A, Gladwin MT, McCoy JP, Zalos
G, Press B, Murphy M, Hill JM, Csako G, Waclawiw MA, Cannon
RO, III. Endothelial progenitor cell mobilization and increased intravascular nitric oxide in patients undergoing cardiac rehabilitation. J Cardiopulm Rehabil Prev 27: 65–73, 2007.
Rehman J, Li J, Parvathaneni L, Karlsson G, Panchal VR, Temm CJ,
Mahenthiran J. Exercise acutely increases circulating endothelial progenitor cells and monocyte-/macrophage-derived angiogenic cells. J Am
Coll Cardiol 43: 2314 –2318, 2004.
Schmidt-Lucke C, Rossig L, Fichtlscherer S, Vasa M, Britten M,
Kamper U, Dimmeler S, Zeiher AM. Reduced number of circulating
endothelial progenitor cells predicts future cardiovascular events: proof of
concept for the clinical importance of endogenous vascular repair. Circulation 111: 2981–2987, 2005.
Seals DR, DeSouza CA, Donato AJ, Tanaka H. Habitual exercise and
arterial aging. J Appl Physiol 105: 1323–1332, 2008.
Spangenburg EE. SOCS-3 induces myoblast differentiation. J Biol Chem
280: 10749 –10758, 2005.
Steiner S, Niessner A, Ziegler S, Richter B, Seidinger D, Pleiner J,
Penka M, Wolzt M, Huber K, Wojta J, Minar E, Kopp CW. Endurance
training increases the number of endothelial progenitor cells in patients
with cardiovascular risk and coronary artery disease. Atherosclerosis 181:
305–310, 2005.
Stolk J, Hiltermann TJ, Dijkman JH, Verhoeven AJ. Characteristics of the
inhibition of NADPH oxidase activation in neutrophils by apocynin, a methoxy-substituted catechol. Am J Respir Cell Mol Biol 11: 95–102, 1994.

297 • NOVEMBER 2009 •

www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Smith Col Libs (144.121.036.209) on May 10, 2022.

EXERCISE AND NOi IN PUTATIVE EPCS
34. Thijssen DH, Torella D, Hopman MT, Ellison GM. The role of
endothelial progenitor and cardiac stem cells in the cardiovascular adaptations to age and exercise. Front Biosci 14: 4685– 4702, 2009.
35. Thijssen DHJ, Vos JB, Verseyden C, van Zonneveld AJ, Smits P,
Sweep FCGJ, Hopman MTE, de Boer HC. Haematopoietic stem cells
and endothelial progenitor cells in healthy men: effect of aging and
training. Aging Cell 5: 495–503, 2006.
36. Thum T, Tsikas D, Stein S, Schultheiss M, Eigenthaler M, Anker SD,
Poole-Wilson PA, Ertl G, Bauersachs J. Suppression of endothelial progenitor
cells in human coronary artery disease by the endogenous nitric oxide synthase
inhibitor asymmetric dimethylarginine. J Am Coll Cardiol 46: 1693–1701, 2005.
37. Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher
AM, Dimmeler S. Soluble factors released by endothelial progenitor cells
promote migration of endothelial cells and cardiac resident progenitor
cells. J Mol Cell Cardiol 39: 733–742, 2005.
38. Van Craenenbroeck EMF, Vrints CJ, Haine SE, Vermeulen K, Goovaerts I, Van Tendeloo VFI, Hoymans VY, Conraads VMA. A maxi-

AJP-Heart Circ Physiol • VOL

39.

40.
41.
42.

H1805

mal exercise bout increases the number of circulating CD34⫹/KDR⫹
endothelial progenitor cells in healthy subjects. Relation with lipid profile.
J Appl Physiol 104: 1006 –1013, 2008.
Wang X, Chai H, Wang Z, Lin PH, Yao Q, Chen C. Serum amyloid A
induces endothelial dysfunction in porcine coronary arteries and human
coronary artery endothelial cells. Am J Physiol Heart Circ Physiol 295:
H2399 –H2408, 2008.
Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A, Bohm
M, Nickenig G. Circulating endothelial progenitor cells and cardiovascular outcomes. N Engl J Med 353: 999 –1007, 2005.
Yang Z, Ming XF. Recent advances in understanding endothelial dysfunction in atherosclerosis. Clin Med Res 4: 53– 65, 2006.
Yao EH, Fukuda N, Matsumoto T, Kobayashi N, Katakawa M,
Yamamoto C, Tsunemi A, Suzuki R, Ueno T, Matsumoto K.
Losartan improves the impaired function of endothelial progenitor cells
in hypertension via an antioxidant effect. Hypertens Res 30: 1119 –
1128, 2007.

297 • NOVEMBER 2009 •

www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart at Smith Col Libs (144.121.036.209) on May 10, 2022.

