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Regular Exercise Training Increases the Number of Endothelial
Progenitor Cells and Decreases Homocysteine Levels in Healthy

Peripheral Blood
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Endothelial progenitor cells (EPCs) are known to play an important role in the repair of damaged
blood vessels. We used an endothelial progenitor cell colony-forming assay (EPC-CFA) to determine
whether EPC numbers could be increased in healthy individuals through regular exercise training.
The number of functional EPCs obtained from human peripheral blood-derived AC133 stem cells was
measured after a 28-day regular exercise training program. The number of total endothelial progenitor
cell colony-forming units (EPC-CFU) was significantly increased compared to that in the control group
(p=0.02, n=5). In addition, we observed a significant decrease in homocysteine levels followed by an
increase in the number of EPC-CFUs (p=0.04, n=5), indicating that the 28-day regular exercise training
could increase the number of EPC colonies and decrease homocysteine levels. Moreover, an inverse
correlation was observed between small-endothelial progenitor cell colony-forming units (small-EPC-
CFUs) and plasma homocysteine levels in healthy men (r=—0.8125, p=0.047). We found that regular
exercise training could increase the number of EPC-CFUs and decrease homocysteine levels, thus
decreasing the cardiovascular disease risk in men.
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INTRODUCTION

Circulating endothelial progenitor cells (EPCs) are used
as biological markers for blood vessel function [1]. Changes
in the number and function of EPCs may be indicative of
increased risk for cardiovascular disease [2,3]. A decrease
in the number of EPCs could increase coronary artery dis-
ease incidence and coronary artery disease related-mortal-
ity [4]. Aging, diabetes mellitus, hypertension, hyperchole-
sterolemia, and chronic kidney disease can have a signi-
ficant negative effect on the number and function of EPCs
[5-8]. A recent study has reported that the number of EPCs
and the capacity to form EPC colonies affect health, since
EPCs cluster around ischemic damaged tissues to repair
the damage. Circulating EPCs differentiate into two types
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of EPC colony forming units (EPC-CFUs), large sized EPC
(large-EPC)-CFUs and small sized EPC (small-EPC)-CFUs.
Small-EPC-CFUs and Large-EPC-CFUs define according to
cell morphology as round cells or spindle-shaped cells
small-EPCs derived from small-EPC-CFU show more im-
mature features. Functionally, the large-EPCs derived from
large-EPC-CFU had higher adhesive capacity and tubular
forming capacity but lower proliferative potency than
small-EPCs [9].

Regular exercise is known to decrease the prevalence of
cardiovascular disease [10]. Recently, several independent
groups have shown that exercise affects the number and
function of EPCs [11]. It was also shown that exercise could
increase the number of EPCs, which may improve the func-
tion of peripheral and coronary vessels as well as the angio-
genic capacity of endothelial cells through nitric oxide (NO)
production [12]. Another study has confirmed that tissue
ischemia is partially improved by exercise in patients with
peripheral and coronary vascular disease; thus, increasing
EPCs through exercise in those patients leads to sub-

ABBREVIATIONS: bFGF, basic fibroblast growth factor; DPBS,
Dulbecco’s phosphate-buffered saline; EGF, epidermal growth factor;
EPC, endothelial progenitor cell; EPC-CFA, endothelial progenitor
cell colony-forming assay; EPC-CFU, endothelial progenitor cell
colony-forming unit; FBS, fetal bovine serum; HCY, homocysteine;
MNC, mononuclear cell; PECAM-1, platelet-endothelial cell adhesion
molecule-1; SCF, stem cell factor; vWF, von Willebrand factor.
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ischemic conditions [13].

Previous findings were mostly derived from studies using
animal models, and/or various subgroups of human subjects
(patients, athletes, older and younger individuals etc.)
[11,12]. The few studies that have been carried out on
“normal” (healthy) people tested the effects of short-term
exercise (around 4 hours) on EPCs [14]. Therefore, whether
healthy people could increase their EPC numbers through
exercise remains unknown. The study presented here was
designed to find out whether regular exercise training could
help healthy people increase the number of EPC colonies.
We particularly focused on homocysteine levels since it has
been shown that an increase in homocysteine levels in pe-
ripheral and coronary vascular disease correlates with a de-
crease in EPCs [15-17]. Our results reveal a strong correla-
tion between exercise, EPC colonies and homocysteine
levels.

METHODS
Study subjects

The five healthy volunteers selected for this study were
25~ 30-year-old disease-free males who had not exercised
for 6 months nor consumed alcohol for 2 months prior to
the study (Table 1). The volunteers performed a 1-hour long
regular exercise every day for 28 days, and their peripheral
blood was isolated on days 0 and 28. The Ethics Review
Board of the Pusan National University Hospital of Yang-
san, Gyeongsangnam-do, Korea, approved the protocols
(PNU-2012-19). The experimental study was conducted in
accordance with the Declaration of Helsinki.

Exercise training program

The Volunteers performed 30 minutes running on tread-
mill maintaining 60% of maximum heart rate as aerobic
exercise. They did 30 minutes training wet with perspi-
ration including squat, deadlift and bench press as anaero-
bic exercise. They could start exercise at any time of day.

Isolation of human peripheral blood-derived ACI133
positive cells

Human peripheral blood was mixed with Dulbecco’s phos-
phate-buffered saline (DPBS) at a ratio of 1: 1, and the
mixed sample was then layered on to Ficoll-paque PLUS
(GE Healthcare, Sweden) to isolate mononuclear cells
(MNCs). After centrifugation, the MNC layer was collected,

Table 1. Baseline Characteristics of Healthy Volunteers

Exercise group (n=5)

Characteristic of subjects

Day 0 Day 28
Age (years) 27.8+3.6 27.8+3.6
Height (cm) 170.8+5.8 171.1+£5.7
Weight (kg) 69.6+6.2 66.2+5.9
BMI (kg/m? 23.9£1.8 22.6+1.2
Systolic blood pressure (mmHg) 120.2+7.8 120.4+3.6
Diastolic blood pressure (mmHg) 76.8+7.9 73.845.2

Data are mean+S.D. BMI, body mass index.

transferred to tubes, and washed using 2 mM EDTA/PBS.
To deplete red blood cells, an RBC lysis solution (Qiagen)
was added, followed by gentle mixing and incubation at RT
for 10 minutes. To isolate human peripheral blood-derived
AC133+ cells with high purity (more than 99%), isolated
MNCs were incubated with FcR-blocking reagents and
CD133 microbeads, and MACS separation (Miltenyi Biotec)
was carried out. Isolated cells were washed with 2% fetal
bovine serum (FBS; Gibco) containing MACS buffer.

Colony forming assay

The isolated AC133+ cells were seeded at a density of
1.5x10" cells/35-mm dish in a methyl cellulose- containing
medium (H4236; Stem Cell Technologies) supplemented
with 20 ng/mL stem cell factor (SCF, Peprotech, Rocky Hill,
NdJ), 50 ng/mL. VEGF (Peprotech), 20 ng/mL interleukin-3
(IL-3, Peprotech), 50 ng/mL basic fibroblast growth factor
(bFGF, Peprotech), 50 ng/mL epidermal growth factor
(EGF, Peprotech), 2 U/mL heparin (Sigma), 30% FBS, and
antibiotics. After 18 days of culture, the colony forming
units were identified as large or small colonies by visual
inspection with an inverted microscope (Olympus).

Immunofluorescence

Small and large colony cells were washed with PBS, fixed
in 4% paraformaldehyde for 5 min, permeabilized with 0.5%
triton X-100 in PBS for 5 min, and incubated at room tem-
perature with PBS containing 3% BSA to block non-specific
binding. Colony forming cells were incubated with the fol-
lowing antibodies: goat anti-platelet-endothelial cell adhe-
sion molecule-1 (PECAM-1, CD31) rabbit anti-vWF, an-
ti-KDR (1:100, Santa Cruz), and rabbit anti-phospho-Akt
(1:100, Cell Signaling). Cells were incubated overnight at
4°C with primary antibodies, washed, and then incubated
with secondary antibodies (rabbit anti-Alexa 488, goat an-
ti-Alexa 594, and rabbit anti-Alexa594). Images were ob-
tained by confocal microscopy (Olympus, NY).

Plasma homocysteine measurement

Blood was collected during fasting and subsequently
centrifuged. Levels of homocysteine were measured using
an automated biochemistry analyzer TBA-200FR/NEO
(TOSHIBA co., Japan). The conversion concentration of
NADH to NAD was measured by a spectrophotometer at
340 nm. Plasma homocysteine was reduced to oxidized ho-
mocysteine and combined with serine and cystathionine be-
ta synthase. Normal plasma homocysteine concentrations
range from 8.1~17.6 xmol/L in the fasting state in males,
and from 5.6~12.9 xmol/L in females.

Statistical analysis

Results were statistically analyzed with the Prism 5.03
software package (GraphPad Software, Inc., CA, USA).
T-test was performed for multiple comparisons after treat-
ment between each group. A p-value of<0.05 was consid-
ered statistically significant.



Regular Exercise Increases EPC-CFUs and Decreases HCY in Healthy Men 165

- -
vWF '

Fig. 1. Characterization of peripheral blood-derived CFU colonies.
After the 28-day regular exercise training program, AC133 positive
stem cells were isolated and the EPC-CFU assay was performed.
After 18~20 day culture, colony-derived cells were characterized
by immunostaining. Cells were stained for endothelial lineage
markers, i.e., CD31, KDR, phosphor-Akt (Red), vWF (green). Nuclei
were stained with DAPI (blue).
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RESULTS
Characterization of EPC-CFU colony-derived cells

To characterize colony-derived cells after the EPC colony
assay using peripheral blood-derived AC133 positive cells,
we performed immunophenotyping. Our data showed that
colony-derived cells strongly expressed the following endo-
thelial cell lineage surface antigens: CD31, von Willebrand
factor (vWF), VEGFR-2 (KDR) and phospho-Akt (Fig. 1)
[18].

Regular exercise training tends to increase small as
well as large EPC colony formation

To address whether regular exercise training could help
healthy people increase the number of EPC colonies, we as-
sessed the number of small EPCs after a 28-day regular
exercise period. We measured the change of small EPC col-
ony number from the peripheral blood of subjects the day
before beginning exercise, and the last day of training (Fig.
2A, B). After 28 days of regular exercise training, the num-
ber of small-EPC-CFUs was moderately increased and the
number of large-EPC-CFUs was increased (Fig. 2C, D).
These results show that regular exercise training increases
the number of small and large-EPC-CFUs.

Regular exercise training significantly increased total
EPC colony formation

We counted the number of total EPC-CFUs to determine
the change in the total number of circulating EPCs in the
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Fig. 2. Number of small and large EPC- CFU-derived cells after regular exercise. (A) The morphology of small and round shaped EPC-CFUs,
a type of early EPCs from Peripheral blood-derived AC133 positive cells. (B) The number of small-EPC-CFUs. After the 28-day regular
exercise training program, an increase in small and round shaped EPC-CFUs was observed (7.87+2.55 vs. 12.40+2.16 small-EPC-CFUs;
p=0.06, n=5). (C) The morphology of large and spindle shaped EPC-CFUs, a type of late EPCs from Peripheral blood-derived AC133 positive
cells. (D) The number of large and spindle shaped EPC-CFUs. After the 28-day regular exercise training program, an increase in large
and spindle shaped EPC-CFUs was observed (3.13+1.30 vs. 4.27+1.26 large-EPC-CFUs; p=0.31, n=5). (E) The number of total EPC-CFUs.
After the 28-day regular exercise training program, the number of total EPC-CFUs was significantly increased (11.00+3.30 vs. 16.67+2.53

total EPC-CFUs; *p<0.05, n=5).
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peripheral blood of subjects after regular exercise training.
Interestingly, we found that the number of total circulating
EPC-CFUs was significantly increased after 28 days of reg-
ular exercise (Fig. 2E).

Regular exercise training significantly reduced homo-
cysteine levels

Several lines of evidence suggest that homocysteine af-
fects the number of EPCs by Akt dephosphorylation [15].
To test this hypothesis, we measured the blood levels of
homocysteine after regular exercise training. The levels of
plasma homocysteine significantly decreased after 28 days
of regular exercise training (Fig. 3A). We then asked wheth-
er there exists a correlation between homocysteine levels
and EPC-CFU. An inverse correlation was observed be-
tween small-EPC-CFUs and plasma homocysteine levels in
healthy men (Fig. 3B). The small size of EPC-CFU corre-
lates with decreased homocysteine levels (r=—0.8125, p=
0.047), suggesting that homocysteine blood levels might in-
fluence the type of EPCs formed, which appears as small-
EPC-CFUs.

DISCUSSION

Small and large EPCs can be categorized as small-EPC-
CFU and large-EPC-CFU respectively. In response to ische-
mic signals, small-EPCs differentiate into large-EPCs se-
quentially. However, small-EPCs do not have therapeutic
effects due to their low adhesion ability [9]. A previous
study reported two types of EPCs—early and late EPCs—
that contribute to neovasculogenesis equally [19]. The study
presented here was designed to determine whether regular
exercise training could help healthy people increase their

plasma homocysteine levels in healthy men (r=—0.8125, *p<0.05, n=5).

number of EPC colonies. Our main findings are that regular
exercise training increases the number of EPC-CFUs in pe-
ripheral blood in healthy men, especially the number of to-
tal EPC-CFUs. Furthermore, we show that regular exercise
training significantly decreases homocysteine levels. Final-
ly, we show that there is an inverse correlation between
homocysteine levels and small-EPC-CFU and total EPC-
CFU, especially between homocysteine levels and small-
EPC-CFU.

It was firstly shown that aerobic exercise training in-
creases the number of EPCs by Laufs et al. [12], and sub-
sequently other studies have reported similar results. A re-
cent study reported a correlation between aerobic exercise
training and EPC function. It suggested that the bone mar-
row, being the main reservoir of EPCs, is influenced by dif-
ferent exercise volume and may be responsible for the im-
provement of aerobic performance [20]. However, the above
mentioned studies were performed on rodents, and it was
firstly shown that maximum exercise increases EPCs in hu-
man patients with myocardial ischemia by Adams et al.
[13]. The subjects in this study however, are not representa-
tive of the overall healthy population because they are pa-
tients, athletes, or too old/young individuals [11]. Other re-
searchers have used “normal” people in their studies, but
they only tested the effect of short-term exercise (just 4
hours) on EPCs [14]. To our knowledge, the study presented
here is the first one investigating whether healthy in-
dividuals can increase their EPC number through regular
exercise. Exercise training increases CFUs, and consequen-
tly the function of EPCs [9]. Furthermore, we observed that
exercise training increases cd31, vWF, KDR and phos-
pho-Akt that are surface antigens of EPCs [18]. Increasing
these antigens through exercise training may improve the
function of EPCs.

Previous studies have shown relationships between ho-
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mocysteine and exercise training [21-23]. Zhu and col-
leagues reported that homocysteine decreases EPC number,
function, and activity [15]. Mano and colleagues identified
an inverse correlation between homocysteine and EPCs
[24]. Taken together, our results and those from previous
studies indicate that lower homocysteine levels lead to an
increase in EPC number and improves EPC function. High
homocysteine levels caused by endothelial injury lead to
vascular inflammation, atherosclerosis, and ischemic heart
disease. Furthermore, lower homocysteine levels in healthy
people is thought to decrease the incidence of coronary dis-
ease [25,26]. The number of EPCs also affects cardio-
vascular condition [27]. Thus, regular exercise training may
improve cardiovascular health by increasing EPC-CFU
numbers and decreasing homocysteine levels. In this study,
we demonstrated that regular exercise training signifi-
cantly increases the number of EPC-CFU partly by decreas-
ing homocysteine levels in healthy men. The number of
EPC-CFUs might thus be a useful a biological marker for
exercise training.

This study has its limitations: we did not investigate
whether changes in other factors (such as diet) affects the
levels of homocysteine or the number of EPCs [24]. Further-
more, the sample size we used is small and it was difficult
to study the molecular mechanism of AC133 positive cell-
derived EPC sprouting in human peripheral blood samples.
Taken together, our results suggest that a 28-day regular
exercise program could decrease cardiovascular disease risk
in healthy men.
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