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Fast reduction of peripheral blood endothelial progenitor
cells in healthy humans exposed to acute systemic hypoxia
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Non-technical summary The endothelium is a thin layer of cells lining the interior surface of the
entire circulatory system. Endothelial progenitor cells (EPCs) have a crucial role in maintaining
the integrity of the endothelium, as they are recruited from the bone marrow to sites of endothelial
injury where they contribute to blood vessel formation and repair. The factors regulating EPC
mobilization and trafficking remain incompletely understood. We evaluated the time-course
effects of a single 4 h bout of severe hypoxic breathing (simulating 4100 m altitude) followed by
4 h restoration in room air. We show that hypoxia alone induces a rapid disappearance of EPCs
from blood, probably sustained by a prompt cell marginalization followed by a late increase in
EPC apoptosis. These observations may broaden our understanding of the mechanisms operated
by EPCs to maintain endothelial homeostasis and may help to elucidate the potential role of EPCs
in regenerative medicine.

Abstract There are hints that hypoxia exposure may affect the number of circulating end-
othelial progenitor cells (EPCs) in humans. To test this hypothesis, the concentration of EPCs
was determined by flow cytometry in the peripheral blood of 10 young healthy adults before
(0h), at different times (0.5h, 1 h, 2h and 4 h) during a 4 h normobaric hypoxic breathing
simulating 4100 m altitude, and in the following recovery breathing room air. Results were inter-
preted mainly on the basis of the changes in surface expression of CXC chemokine receptor-4
(CXCR-4, a chemokine receptor essential for EPC migration and homing) and the percentage of
apoptotic cells, the plasmatic levels of markers of oxidative stress induced by hypoxic breathing.
Compared to 0h, the concentration of EPCs, identified as either CD45%m/CD341/KDR*
or CD45%m/CD347/KDR*/CD133" cells, decreased from 337 + 83 ml~' (mean + SEM) to
223+ 52ml™! (0.5h; P <0.005) and 100+ 37 ml~' (4h; P <0.005), and from 216 £ 91 to
161 =50 ml~! (0.5h; P < 0.05) and 45 +23 ml™! (4 h; P < 0.005), respectively. Upon return to
normoxia, their concentration increased slowly, and after 4 h was still lower than at 0 h (P < 0.05).
During hypoxia, CXCR-4 expression and plasmatic stromal derived cell factor-1 (SDF-1) increased
abruptly (0.5 h: +-126% and +13%, respectively; P < 0.05), suggesting cell marginalization as a
possible cause of the rapid hypoxia-induced EPC reduction. Moreover, hypoxia exposure induced
an increase in EPC apoptosis and markers of oxidative stress, which was significantly evident only
starting from 2 h and 4 h after hypoxia offset, respectively, suggesting that EPC apoptosis may
contribute to the later phase of hypoxia-induced EPC reduction. Overall, these observations may
provide new insights into the understanding of the mechanisms operated by EPCs to maintain
endothelial homeostasis.
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Introduction

Circulating endothelial progenitor cells (EPCs) are a
rare population of adult mononuclear cells deriving
from the bone marrow with properties similar to those
of embryonal angioblasts (Asahara et al. 1997; Peichev
et al. 2000). In fact, EPCs are mobilized from the bone
marrow and recruited to sites of endothelial injury where
they proliferate, differentiate into mature endothelial
cells, integrate into the endothelial layer and exert a
paracrine function by producing vascular growth factors
(Hu et al. 2003; Wassman et al. 2006; Zentilin et al.
2006). In this way EPCs can contribute to blood vessel
formation and repair, thus allowing the maintenance of
endothelial integrity (Schatteman et al. 2000; Asahara &
Kawamoto 2004). Accordingly, a reduction in blood EPC
concentration might interfere negatively with endothelial
function. Indeed, a low concentration of circulating EPCs
has been found in patients affected by coronary artery
disease and congestive heart failure (Vasa et al. 2001;
Valgimigli et al. 2004; Kunz et al. 2006). On the other
hand, conditions characterized by endothelial dysfunction
and increased cardiovascular risk such as ageing, smoking,
hypertension and diabetes, have been demonstrated to
be consistently associated with reduced circulating EPC
concentration (reviewed in Sirker et al. 2009), although
the underlying mechanisms have not yet been completely
elucidated.

Selective migration and recruitment of EPCs are
essential steps during blood vessel formation and repair
and the chemokine stromal derived cell factor-1 (SDF-1),
via its cognate receptor CXC chemokine receptor-4
(CXCR-4), plays a critical role in this process (Ceradini
& Gurtner 2005). In homeostatic conditions, discrete
regions of hypoxia in the bone marrow compartment
undergo an increase in the transcriptional activity of
hypoxia inducible factor-1 (HIF-1), which is responsible
for a robust expression of SDF-1 (Harrison et al. 2002;
Ceradini et al. 2005). The latter binds to CXCR-4 (Ceradini
et al. 2004) expressed on the surface of EPCs which, as a
consequence, are kept in the bone marrow. In ischaemic
tissues, oxygen tension fallsand HIF-1 increases, activating
the transcription of SDF-1 by endothelial cells in direct
proportion to reduced oxygen tension (Ceradini et al.
2004). The consequent release of SDF-1 may lead to

reversal of the marrow/periphery SDF-1 gradient, allowing
EPCs to disengage the bone marrow and to enter the blood
stream where their concentration rapidly increases (Aicher
et al. 2005; Massa et al. 2005), before homing to ischaemic
tissue.

Besides SDF-1, other angiogenic cytokines such
as erythropoietin (Bahlmann et al. 2004), vascular
endothelial growth factor (VEGF) and granulocyte
colony-stimulating factor contribute to HIF-1-mediated
EPC mobilization (Leone et al. 2009). Moreover, HIF-1
may be regulated by a variety of other factors besides hypo-
xia, including oxidative stress (caused by excess production
of free radicals), inflammatory cytokines and trophic
stimuli (Feldser et al. 1999; Hellwig-Burgel ef al. 1999;
Sandau et al. 2001; Pialoux et al. 2009). These factors are
also involved in tissue ischaemia, which was consistently
present in most animal models used so far to study EPC
behaviour, making the role of hypoxia in the mobilization
and recruitment of EPCs to the sites of vessel damage
still unclear. Moreover, as is well known from cardio-
vascular studies, systemic hypoxia and tissue ischaemia
often elicit different adaptive responses. This might be
the case also for the concentration of circulating EPCs.
Indeed, this hypothesis seems to be confirmed by two
independent observations. The first one is the consistent
demonstration that hypoxaemic patients with severe lung
disease have reduced numbers of circulating EPCs (Fadini
et al. 2006; Palange et al. 2006). The second one is the
direct demonstration in a murine model that ischaemic
injury induces the mobilization of bone marrow-derived
progenitor cells, whereas chronic systemic hypoxia does
not (O’Neill et al. 2005).

Therefore, the present study was designed to investigate
the effects of acute hypoxia alone on the levels
of blood-circulating EPCs in the absence of other
confounding factors. To this aim, young healthy adults
were exposed to a 4 h hypoxic gas mixture (12.5% O,)
breathing in resting conditions. Blood EPC concentration
was determined at different times during and after
hypoxia exposure. An attempt to cast light upon the
mechanisms possibly underlying EPC reduction was also
made determining the expression of CXCR-4 on EPCs, the
percentage of apoptotic cells and the plasma concentration
of metabolic markers of oxidative stress.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Methods
Ethical approval

The study was approved by the ethical committee and
research review boards of the involved institutions, and
was carried out in accordance with the principles outlined
in the 2002 Declaration of Helsinki of the World Medical
Association. Written informed consent was obtained by
all subjects, after being carefully instructed about aims,
methods and experimental procedure.

Subjects

Ten healthy males (25.8 £ 0.9 years of age; 77.4 £ 4.2 kg
body mass; mean = SEM) volunteered for the study. Pre-
liminarily, subjects underwent a clinical screening that
included history taking, physical examination and resting
ECG. Criteria of exclusion from the study were cigarette
smoking, arterial hypertension, hypercholesterolaemia,
diabetes and cardiovascular or respiratory diseases, which
may affect EPC count. To minimize confounding effects,
no subject was above 1000 m altitude in the 4 weeks pre-
ceding the study nor was regularly engaged in a training
program. In addition, volunteers were required to refrain
from any strenuous physical activity and from alcohol-
and caffeine-containing beverages in the 2 weeks and 24 h,
respectively, prior to the study.

Study design

Subjects reported to the laboratory early in the morning
2h after a light breakfast, and sat comfortably on a
chair. They remained seated over the 8h procedure
and all of them received a light meal for lunch.
The room temperature was kept constant at 21°C.
A cannula was placed into an antecubital vein. After
15min a blood sample was withdrawn for EPC and
oxidative marker determination (0 h). Subsequently, sub-
jects started breathing a normobaric hypoxic mixture
(12.5% O, in air, simulating about 4100 m altitude)
obtained by removing a controlled amount of oxygen
from air (MAG-10, Higher Peak LLC, Winchester, MA,
USA). The mixture was delivered through a face mask
at 301min~!. Excess air flow was diverted outside
the mask to prevent inspired oxygen pressure from
increasing above 90 Torr. Oxygen concentration and
pressure in inspired air were carefully checked prior and
occasionally during each experiment by a computerized
0,-CO, analyser—flowmeter combination (Vmax 229,
SensorMedics, Yorba Linda, CA, USA). Arterialized blood
oxygen saturation was relatively constant at 85-90%
as frequently monitored by ear lobe pulse oximetry
(Biox 3740 Pulse Oximeter, Ohmeda, Denver, CO, USA).
An accurate monitoring of cardiorespiratory parameters,

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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including pulmonaryventilation ( V;), respiratory rate (f),
heart rate (HR), cardiac index (CI) (which was calculated
as cardiac output normalized for body surface area) and
gas exchanges, including end-tidal O, (PET,0O,) and CO,
(PET,CO,) pressure, arterial oxygen saturation (Sa0,),
was performed on a subgroup of subjects. Venous blood
samples were withdrawn at different times during the test
(0.5h, 1h, 2h and 4h). At the end of the fourth hour
subjects were switched to normoxic breathing conditions
and blood samples withdrawn for up to 4 h. Four sub-
jects repeated the same experimental procedure except
for breathing through the face mask with the hypo-
xic apparatus switched to normoxia, at least 4 weeks
apart. Blood samples were collected into sodium citrate
Vacutainer tubes (Becton Dickinson, San Jose, CA, USA),
and processed immediately for EPC analysis. An aliquot of
blood was collected in heparinized tubes and immediately
centrifuged at 1000 ¢ for 10 min at 4°C. Plasma was
stored in multiple aliquots at —80°C for subsequent
determination of oxidative stress markers and cyto-
kines. Total blood cells were counted with a standard
haematology analyser.

Quantification of circulating EPCs

Whole peripheral blood samples were analysed by flow
cytometry as previously described (Taddeo et al. 2008;
Cobellis eral. 2010). Briefly, 200 1l of anticoagulated whole
blood were incubated for 20 min with biotin-conjugated
anti-human kinase insert domain receptor (KDR, a type I1I
receptor tyrosine kinase also known as vascular endothelial
growth factor receptor 2 (VEGFR-2); Sigma-Aldrich,
St Louis, MO, USA), phycoerythrin (PE)-conjugated
anti-human CD133 (Miltenyi-Biotec, GmbH, Bergisch
Gladbach, Germany), allophycocyanin (APC)-conjugated
anti-human CD34 (Beckman-Coulter Immunotech,
Marsille, France) and peridinin—chlorophyll-protein
complex (PerCP)-Cy5.5-conjugated anti-human CD45
(e-Bioscience, San Diego, CA, USA) monoclonal anti-
bodies (mAbs). After incubation, erythrocytes were
lysed and the remaining cells were further incubated
in the dark for 20 min with fluorescein isothiocynate
(FITC)-conjugated streptavidin (Sigma-Aldrich) to reveal
biotin-conjugated anti-human KDR. Fluorescence minus
one (FMO) samples were used as negative controls.
Four-colour analysis was performed immediately after
staining using a FACSCanto2 flow cytometer and
FACSDiva Software (Becton Dickinson). An acquisition
gate was established based on forward scatter (FSC)
and side scatter (SSC) that included mononuclear cells
(MNCs) but excluded most granulocytes and debris.
300,000 events were routinely collected to visualize and
gate on this population. The cells were then gated as
CD45%m/CD34* and sequentially characterized based on
KDR and CD133 expression (Fig. 1).
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Estimates of the absolute numbers of peripheral blood
progenitor cells were calculated from the proportion of
cells recorded by flow cytometry in the mononuclear gate
multiplied by absolute mononuclear cell count measured
using a standard haematology analyser.

Surface expression of CXCR-4 on EPCs

PE-conjugated anti-human CXCR-4 (e-Bioscience) was
used in combination with anti-CD45, anti-CD34 and
anti-KDR mAbs. The same procedure described for EPC
count was applied, and the expression of CXCR-4 was
analysed gated on CD45%™/CD34*/KDR" EPCs.

Spontaneous apoptosis of circulating EPCs

EPC apoptosis was assessed by 7-aminoactinomycin D
(7AAD, Sigma-Aldrich) staining, as previously described
(Mancuso et al. 2006). Briefly, 200 ul of anticoagu-
lated whole blood were incubated for 20 min with
biotin-conjugated anti-human KDR, PE-conjugated
anti-human CD45 (e-Bioscience), APC-conjugated
anti-human CD34 mAbs and 7AAD. The samples were
then processed as described for EPC counting, and
appropriate analysis gates were used to enumerate
apoptotic EPCs.

SDF-1 and VEGF measurement in plasma samples

The amounts of plasmatic SDF-1 and VEGF were
determined by DuoSet ELISA and Quantikine ELISA
kits, respectively (R&D Systems, Minneapolis, MN, USA).
All individual steps were performed according to the
manufacturer’s instructions.

Plasma oxidative stress markers

The measurement of thiobarbituric acid-reactive sub-
stances (TBARS) is a well-established method to detect

Gated on mononuclear cells
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lipid peroxidation. We used a TBARS assay kit (Cayman
Chemical, Ann Arbur, MI, USA) that allows a rapid
photometric detection at 535 nm of the thiobarbituric
acid malondialdehyde (TBAMDA) adduct. Samples
were read by an Infinite M200 microplate reader
spectrophotometer (TECAN, Minnedorf, Switzerland).
A linear calibration curve was computed from pure
MDA-containing reactions.

The protein carbonyl (PC) content, an index of protein
oxidation, was determined by means of a commercial
kit (Cayman Chemical), through the reaction of
2,4-dinitrophenylhydrazine (DNPH) and carbonyls. This
reaction forms a Schiff base producing the correspondent
hydrazone. The latter was analysed by spectrophotometry,
reading the absorbance signal in the 360—-385 nm range.
Values were normalized to the total protein concentration
in the final pellet (absorbance reading at 280 nm)
in order to consider protein loss during the washing
steps.

Data analysis and statistics

Data were shown as mean =+ standard error of the
mean (SEM). Intra-individual and inter-individual
variability was expressed as standard deviation to
mean value ratio (coefficient of variation: CV %).
The intra-individual variability of EPC determination
was assessed in a resting subject breathing room air
for 8h. Eight blood samples were withdrawn at the
same time points as hypoxia-exposed subjects. The
coefficient of variation of CD45%m/CD34"/KDR* and
CD45%m/CD34+/KDR*/CD133* cell concentration was
very low (6.1% and 5.9%, respectively).

To determine the statistical significance of changes with
time of hypoxia exposure the Wilcoxon matched-pairs
signed-ranks test was performed. All statistical analyses
assumed a 2-sided significance level of 0.05. Data analyses
were performed with Openstat3 software.

Gated on CD459m/CD34* Gated on CD459m/CD34*/KDR*
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Figure 1. Representative flow cytometry gating strategy for identification of circulating EPCs

Left, mononuclear cells in whole blood samples were gated in a forward-scatter (FSC)-side-scatter (SSC) plot to
exclude granulocytes, dead cells and debris. Right, cells were then sequentially gated based on CD45, CD34, KDR
and CD133 expression. Circulating EPCs were defined as either CD459M/CD34+/KDR™ (third panel from left) or

CD459M/CD34+/KDRT/CD133+ cells.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Table 1. Pulmonary ventilation (Vg), respiratory rate (f), end tidal O, (PET,0,) and CO, (PET,CO;) pressure, heart rate (HR), cardiac
index (Cl) and arterial oxygen saturation (Sa0O;) of subjects breathing air and at different times (from 1 min to 4 h) in normobaric

hypoxia (12.5% 0,)

Air 1 min 5 min 10 min 15 min 0.5h 1h 2h 3h 4 h
Ve 113 +£20 16.2+3.7* 143+25 128+3.2 135+27 134+27* 13.4+2.1 13.4+3.0 14.1+4.1 14.1 + 3.3*
(I min—1)
f 143 £ 24 1494238 154+ 1.9 135+27 139+28 149+19 148+24 144+22 171+£20 175+3.7
(breaths min~")
PET,0; 103.1 £ 99 64.7+£69* 549 +33* 53.2+6.6% 52.3+50* 51.8+59* 524+ 42 546+55° 57.2+7.7 54.8 +5.5*
(mmHg)
PET,CO; 39.2 £+ 52 37.0+£3.0 36.2+29 36.6 44 36.6+33 365+44 36.0+44 344 +5.6* 324 +57 33.6+3.7F
(mmHg)
HR 698 + 6.6 73.0+57* 773+73 747+96 735+91 73.7+99 728+ 11.1 688+9.7 682+11.6 66.8+11.0
(beats min—1)
Cl 3.75 £ 0.64 3.95+ 0.66* 4.27 +£0.82* 4.11 £0.88 4.06 + 0.85 4.12 +0.67 4.17 £ 0.60* 3.17 £ 0.68 3.58 + 0.66 3.60 + 0.96
(I min~"m—2)
Sa0, 994 + 0.7 96.1+£25 919+23* 90.1+2.0* 90.7+1.2* 87.7+2.1* 889+ 1.8 87.7+ 3.8 90.0+ 1.1* 90.3 £ 3.2*

(%)

Values are mean =+ SD obtained from 6 subjects. *P < 0.05 compared with pre-hypoxia, as assessed by Wilcoxon matched-pairs signed-ranks test.

Results

Cardiorespiratory parameters and gas exchanges

The values of pulmonary ventilation (%), respiratory rate
(f), end-tidal O, (PET,o,) and CO, (PET,qo,) pressure,
heart rate (HR), cardiac index (CI) and arterial oxygen
saturation (SaO,) measured in normoxia and at different
time points after hypoxia exposure are reported in Table 1.
As expected, a significant marked decrease of Pgr o, was
evident as soon as 1 min after onset of hypoxic breathing
(=37%, P < 0.05; after 30 min (0.5h) it was —50% of
the 0h value (P <0.05) and remained similarly low
throughout the entire hypoxia exposure period (—47%
after 4h, P <0.05). Pgrco, remained almost constant
during the first hour of hypoxic breathing, it decreased
slightly but significantly after 2 h (—12% of the 0 h value,
P < 0.05) and a mild hypocapnia persisted until the end of
hypoxia exposure. A modest increase in CI was observed
immediately after the onset of hypoxic breathing (45%
at 1 min, P < 0.05), remained slightly increased for 1h
(+11% at 1 h, P < 0.05); thereafter CI stabilized at initial
pre-hypoxia values.

Circulating EPCs

In normoxia prior to  hypoxia  exposure
(0h), the concentration of circulating EPCs,
identified as either ~CD45%™/CD34*/KDR* or
CD45%m/CD34*/KDRT/CD133" cells, was 337 +83
and 216 £91cells ml™' (mean =+ SEM), respectively,
showing a high inter-individual variability (CV 65% and
94%), as expected (Xiao et al. 2008). At the onset of
hypoxic breathing, the concentration of both types of
cells underwent a fast reduction in all the subjects (Fig. 2).
After 30 min (0.5 h) it was already significantly reduced
compared to the 0 h value (-32% and —20%, P < 0.005

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

and P < 0.05, respectively). As shown in Fig.3A, the
concentration of circulating CD45%™/CD34*/KDR™ cells
continued to decrease with time, attaining the lowest
value after 4 h hypoxia (100 = 37 cells ml™}, i.e. 24% of O h
value; P < 0.005). During the following 4 h in normoxia,
the blood concentration of CD45%™/CD34*/KDR* cells
progressively increased. However, it is important to
note that at the end of the fourth hour in normoxia it
was still significantly lower than that observed at Oh
(=26%; P < 0.05). In three examined subjects pre-hypoxia
EPC concentration values were restored after 20h in
normoxia. As shown in Fig.3B, similar results were
obtained when circulating EPCs were identified as
CD45%™/CD34*/KDR*/CD133" cells. No concomitant
reduction of other blood cells, including neutrophils,
lymphocytes and monocytes, was observed. Importantly,
to exclude the possibility that the observed variations in
EPC count may depend on experimental procedures other
than hypoxia, four subjects repeated the same protocol in
normoxic control conditions. As shown in Fig. 3A and B,
the number of EPCs did not decrease during normoxia.

CXCR-4 expression on EPCs

To investigate whether EPC reduction may be related to
cell marginalization, EPC expression of CXCR-4, which is
critical in EPC mobilization and homing, was determined
in six subjects. Upon hypoxia exposure, the expression of
CXCR-4 on EPCs underwent a rapid upregulation that
was as prompt as the marked initial decrease in EPC count
(Fig. 4A). It significantly increased by +126% 30 min after
hypoxia onset, with mean fluorescence intensity (MFI)
increasing from 106 &= 8 before hypoxia to 240 4 14 at
0.5h (P <0.05). CXCR-4 expression remained high for
the whole period of hypoxia exposure and the following
recovery in room air.
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Hypoxia-induced EPC apoptosis

In normoxia, apoptotic circulating EPCs, assessed by
7AAD staining, were 2.68 = 0.10%. As shown in Fig. 4B,
compared to pre-exposure, the percentage of apoptotic
CD45%m/CD347/KDR* cells remained almost constant
during the first hour of hypoxic breathing, whereas
it significantly increased by 6- and 3-fold, after 2h
and 4h in hypoxia, respectively (P <0.05 in both
cases). After 4h normoxic breathing the concentration
of apoptotic EPCs was back to initial control values.
Similar results were obtained when the count of apoptotic
CD459m/CD34%/KDR™ cells in the blood was considered,
with apoptotic EPCs increasing from 10 = 3 cells ml™*
before hypoxia to 31 + 12 cells ml ™" after 2 h.

SDF-1 and VEGF plasmatic levels

Soluble circulating SDF-1 increased promptly, although
slightly, after hypoxia, with levels increasing from
134+ 7 pgml~! before hypoxia to 152+ 9pgml~"' at
0.5h (P <0.05). SDF-1 plasma levels continued to
increase with time, attaining the highest value after
4h hypoxia (182+9pgml~'; P <0.05 compared with
0.5h). During the following normoxia exposure, the
blood concentration of SDF-1 progressively decreased,
returning to pre-hypoxia levels after 4h in normoxia
(130 £ 13 pgml™"). The plasma levels of VEGF did
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not significantly change in response to hypoxia
(57 £ 17 pg ml~! before hypoxia; 47 4 11 pg ml ' after4 h
in hypoxia; 46 + 10 pg ml~! after 4 h in normoxia).

Oxidative stress markers

Figure 5 shows the plasma concentration of TBARS and
PC during hypoxia and in the following normoxia. Before
hypoxia exposure, the plasma concentration of TBARS
(Fig.5A) was 6.9+ 0.3 mM. During hypoxia TBARS
underwent only a 10% increase at 4 h. By contrast, 1 h
after hypoxia offset the plasma concentration of TBARS
was significantly (P < 0.005) increased to 9.1 & 0.6 mm,
returning back to pre-hypoxia control value in the sub-
sequent 2 h.

At0 h, the blood concentration of protein carbonyl (PC,
Fig. 5B) was 0.7 £ 0.1 nmol (mg protein) ~'. During hypo-
xia, PC concentration significantly increased, attaining the
highest value (1.1 £ 0.2 nmol (mg protein) !, i.e. +75%
Oh value, P<0.005) at 4h. At hypoxia offset, PC
concentration decreased slowly, being still about 20%
higher after 4 h than at 0 h.

Discussion

To our knowledge, this is the first study specifically
designed to evaluate the effects of a single 4h bout of

B
CD4549m/CD34*/KDR*/CD133* EPCs
600
500
H
S 400
S
E 300 *
g *k
& 200
100 -
0 =3
S & e

Hypoxia exposure
(12.5% O,)

Figure 2. Impact of hypoxic breathing on EPC count: a fast reduction of EPCs was observed in all

subjects

The concentration of circulating  EPCs,

identified as

either  CD459M/CD34+/KDRT (A) or

CD459m/CD341/KDRT/CD133" (B) cells, rapidly declined upon hypoxia exposure. EPC reduction was
already evident in most subjects after 0.5 h and progressed, becoming evident in all subjects, after 1 h of hypoxic
breathing. *P < 0.05 and **P < 0.005 compared with pre-hypoxia, as assessed by Wilcoxon matched-pairs

signed-ranks test.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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severe hypoxic breathing on circulating EPCs of healthy
humans, under controlled resting conditions and in
the absence of other confounding factors. The major
novel finding of this study is the great reduction in
EPC concentration, occurring within 30 min of hypoxic
breathing onset and persisting throughout the subsequent
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4h of hypoxia. Moreover, although the mechanism/s
underlying the hypoxia-induced reduction in EPCs
is/are still unknown, evidence provided in this study
suggests that cell marginalization and, at least in part,
increased apoptosis of EPCs are likely to play a role in
hypoxia-induced EPC disappearance from blood.
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Figure 3. Time-course of circulating EPCs in 10 healthy subjects before, during and after 4 h continuous

exposure to hypoxia

The concentration of circulating  EPCs,

identified as

either  CD459M/CD34+/KDRt (A) or

CD459M/CD34+/KDR/CD133* (B) cells, decreased in a time-dependent manner during hypoxic breathing and
increased progressively during recovery in room air. At the end of the fourth hour in normoxia it still remained
lower than that observed at O h. The concentration of EPCs did not change in 4 subjects who repeated the
same procedure with the hypoxic apparatus switched to normoxia. Data shown as means + SEM, *P < 0.05 and
**P < 0.005 compared with pre-hypoxia; 8P < 0.05 compared with 1 h in hypoxia; P < 0.05 compared with 2 h
in hypoxia; 1P < 0.05 compared with the end of hypoxia, as assessed by Wilcoxon matched-pairs signed-ranks

test.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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EPCs and hypoxia exposure in healthy humans

The rapid and pronounced reduction of EPCs we observed
upon hypoxia exposure was clearly evident when EPCs
were identified as CD45%™/CD34"/KDR" cells. This is
important because, although a unique consensus on
the optimal markers to be used to define EPCs is
still lacking, current literature supports the idea that
CD45%m/CD34*/KDR™ represents the best antigenic
combination to define EPCs in terms of detection accuracy,
biological meaning and clinical usefulness (Sandri et al.
2005; Fadini et al. 2007). In fact, only the level of
CD45%m/CD34*/KDR™ cells has been repeatedly and
convincingly shown to be an independent predictor of
cardiovascular events (Schmidt-Lucke et al. 2005; Werner
et al. 2005). However, in our study we obtained similar
results when CD133 was used as an additional marker
to restrict EPCs, thus further confirming with a more
stringent and rigorous flow cytometric criterion (Urbich
& Dimmeler 2004) that exposure of healthy subjects to
systemic hypoxia induces a marked decrease of circulating
endothelial progenitors.

To our knowledge, so far few studies have addressed the
effects of acute or subacute exposure to hypoxia on EPC
homeostasis, yet reporting controversial results. In fact
either a reduction (Mancuso et al. 2008) or an increase
(Theiss et al. 2008) in EPCs was found after a 7-12 day
sojourn at altitudes ranging from 1700 to 5000 m. By
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contrast, a 3 h intermittent hypobaric hypoxia exposure
equivalent to 5000 m altitude for three consecutive days
failed to change EPC concentration in four subjects (Viscor
et al. 2009), whereas a 1h bout of normobaric hypoxia
equivalent to 4850 m increased EPCs by approximately
70% (Ciulla et al. 2007). These conflicting results may
depend on a variety of factors, including degree and
mode of hypoxia exposure, number and homogeneity of
investigated subjects, concomitant physical activity, timing
of blood sampling, time-span before analysis, analytical
procedures and inter-individual variability of the
measure.

Our study has the key advantage of examining
the impact of systemic hypoxia alone, avoiding the
confounding effects of physical exercise or other variables
that may affect EPC homeostasis (Mobius-Winkler et al.
2009; Sirker ef al. 2009). Moreover, it clearly indicates
that timing of sampling is crucial. In fact, as is shown
in Fig.3 (A and B) within 1 h of hypoxia onset blood
concentration of EPCs is more than halved and keeps on
going down throughout the ongoing duration of exposure.
As soon as subjects’ breathing is switched to normoxia,
EPC concentration increases rapidly. Nevertheless, after
4h EPC concentration is still slightly lower than the
pre-hypoxia value.

It was theoretically possible that, due to somewhat
elevated blood flow during systemic hypoxia, the total
number of circulating EPCs per unit of time was not
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Figure 4. Impact of hypoxic breathing on EPC phenotype

A, upon hypoxia exposure, surface expression of CXCR-4 on EPCs underwent a rapid upregulation that was as
prompt as the marked initial decrease in EPC count. B, changes in the frequency of apoptotic circulating EPCs were
observed later, with significant increases observed only 2 h and 4 h after starting hypoxic breathing, followed by
reversal to initial control values within 4 h of normoxic breathing. Data shown as means & SEM of 4 independent
experiments. *P < 0.05 compared with pre-hypoxia; §P < 0.05 compared with 1 h in hypoxia; P < 0.05 compared
with 2 h in hypoxia, as assessed by Wilcoxon matched-pairs signed-ranks test.
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reduced in our subjects to the same extent as the
concentration measures of EPCs indicated. However,
the small increase in cardiac output (CI: +11% at 1h)
in comparison to the observed reductions in EPCs
(=76% at 4h) suggests that hypoxia induces indeed a
marked reduction in the total number of circulating
EPCs.

Overall, these findings raise questions concerning the
mechanism/s probably underlying EPC disappearance
from blood and its physiological meaning.
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Figure 5. Impact of hypoxic breathing on plasma oxidative
stress markers

Plasmatic concentrations of TBARS, assessed as marker of lipid
peroxidation (4) and protein carbonyls (PC), assessed as marker of
protein oxidation (B), increased after 4 h of hypoxia exposure and

1 h after its discontinuation, respectively, and returned back to
pre-hypoxia control values within 4 h of recovery breathing in room
air. Data shown as means £ SEM of 10 independent experiments.
*P < 0.05 compared with pre-hypoxia, as assessed by Wilcoxon
matched-pairs signed-ranks test.
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Putative mechanism/s involved in hypoxia-induced
EPC reduction

Mobilization and homing of EPCs The present study has
shown that in healthy humans acute exposure to hypo-
xia induced a rapid increase of CXCR-4 expression on
circulating EPCs. This finding is in accordance with pre-
clinical observations demonstrating the ability of hypo-
xia to induce CXCR-4 upregulation on other cell types
(Chacko et al. 2010). Moreover, the rapidity of CXCR-4
upregulation observed in our experimental setting is not
surprising. In fact, the surface expression of CXCR-4 is
strictly regulated by processes that involve constitutive
internalization of CXCR-4 and equilibration with its intra-
cellular pool (Zhang ef al. 2004). A rapid upregulation of
CXCR-4, required to allow a rapid response to SDF-1, may
then be achieved through CXCR-4 protein stabilization, as
suggested elsewhere (Takagi et al. 2009).

Our study has also shown that acute exposure to hypoxia
induced a rapid although mild increase in the plasmatic
levels of SDF-1. SDF-1 is transcribed by endothelial cells
under hypoxic conditions, so that SDF-1 is supposed to
act as a luminal signal that facilitates EPC adhesion to
ischaemic endothelium and egress from circulation into
ischaemic tissue (Peled et al. 1999; Ceradini et al. 2005).
SDEF-1 can be either rapidly expressed upon induction or
released from intracellular stores (Jin et al. 2006). This
last mechanism may possibly explain the rapid increase in
the plasma levels of SDF-1 that was already evident after
30 min in hypoxia in our study and that probably reflected
apromptincrease of SDF-1 in hypoxia-exposed peripheral
tissues.

Starting from these observations, several different
scenarios can be hypothesized to explain our finding of
a prompt EPC decrease in response to hypoxia. One
possibility is that the mild hypoxia-induced increase in
circulating SDF-1 may be enough to sustain a recruitment
of EPCs, although at low rate, from the bone marrow
to the blood stream, similar to what has been observed
in models of tissue ischaemia. In this respect, it should
be noted that the levels of SDF-1 measured upon hypo-
xia exposure in our subjects were tenfold lower than
the levels reported in patients 1day after acute stroke
(Bogoslovsky et al. 2011), usually associated with massive
recruitment of EPCs from the bone marrow into the
bloodstream. In line with these observations, we did
not observe consensual changes in plasma VEGE As we
observed a rapid increase of CXCR-4 expression on EPCs,
it may be possible that while some subtypes of circulating
EPCs decreased upon hypoxia exposure, a highly positive
CXCR-4 subpopulation was retained in the blood stream.
Another possibility is that hypoxia exposure may induce a
prompt upregulation of CXCR-4 expression on EPCs pre-
sent in the blood stream. EPCs that have upregulated the
expression of CXCR-4 molecules on their surface may then
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be recruited from the blood towards tissues expressing
high amounts of SDF-1, such as the bone marrow or the
tissues most sensitive to low oxygen tension. Because of
hypoxia exposure persistence, CXCR-4 upregulation may
involve a progressively increasing number of EPCs, which
may then be recruited into highly positive SDF-1 tissues,
thus possibly sustaining the progressive reduction of EPCs
in the blood stream.

Increased apoptosis Our results indicated that exposure
to hypoxia induced a transient increase in apoptotic
EPCs, peaking after 2h and then decreasing slowly in
the ongoing hypoxia and subsequent normoxia (shown in
Fig. 4B). This is the first demonstration, to our knowledge,
that circulating EPCs are susceptible to hypoxia-induced
apoptosis. Indeed, this result is not surprising, as a major
proapoptotic effect of hypoxia is commonly observed in
most cell types, including endothelial cells (Jin et al. 2009).
EPCapoptosis hasbeen described in metabolicand cardio-
vascular diseases (Verma et al. 2004; Fadini et al. 2006,
2007). In such conditions, apoptosis probably results from
an impaired balance between nitric oxide bioavailability
and oxidative stress (Fleissner & Thum, 2010). The latter
may be defined as ‘an imbalance between oxidants and
antioxidants in favour of oxidants, leading to disruption
of redox signalling and control and/or molecular damage’
(Jones et al. 2006). Such imbalance may occur also in
healthy lowlanders exposed to chronic hypoxia, where
indirect evidence of oxidative stress was found at skeletal
muscle level (Martinelli et al. 1990; Gelfi et al. 2004).
Many tissues produce reactive oxygen species (ROS)
during reoxygenation after hypoxia. However, recently
it has been shown in isolated rat diaphragm strips that
a burst of intracellular ROS is formed in the trans-
ition to low intracellular O, tension (Zuo & Clanton,
2005). The present study provides indirect evidence
that a single 4h hypoxia bout may cause an increase
in ROS production also in humans, extending pre-
vious observations (Magalhaes et al. 2004). In fact,
compared to control conditions at Oh, a statistically
significant rise in protein carbonyl (PC) content in
the blood was observed during hypoxia exposure. By
contrast, the increase in TBARS content followed a slower
kinetics attaining a peak value only 1h after return to
normoxia. As hypoxia-induced increase in ROS, which
are known inducers of apoptosis in many different cell
types (Simon et al. 2000), precedes the appearance of
oxidative stress-induced damage (measured as increase
in TBARS and PC), the overall findings of our study may
suggest a link between oxidative stress and transient EPC
apoptosis, although they cannot provide any cause—effect
relationship. Since EPC apoptosis, that peaked 2 h after
hypoxia onset, was followed by a further mild but
significant reduction in EPC concentration (from 2h
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to 4h of hypoxic exposure), it may be hypothesized
that EPC apoptosis may contribute to the later phase of
hypoxia-induced EPC reduction.

Limitations

We recognize two main limitations of our study.
First, because of the experimental procedure used in
our study we could not rule out possible effects of
hyperventilation-mediated hypocapnia on the observed
reduction in EPCs. However, the slow and mild reduction
in Pgr.co, (a significant reduction was observed 2 h after
hypoxia onset: —12% of the 0 h value), in comparison to
the prompt and marked reduction in Pgr o, (a significant
reduction was observed 1 min after hypoxia onset, and
after 30 min it was—50% of the 0 h value) probably suggests
that, compared with hypoxia, hypocapnia may play a
rather marginal role, if any, in the EPC reduction observed
in our study. Future studies enabling normocapnic hypo-
xia exposure will be needed to definitely clarify this aspect
and to further address the complexity of the response
to hypoxia. Second, some weakly positive results that
we observed in response to hypoxia exposure could
be secondary to the mild hypoxaemia reached during
the experiments. For instance, it is possible that the
oxidative stress markers were only mildly elevated because
hypoxic stimulation was insufficient to evoke a larger
response. Future dose—response experiments performed
in more severe hypoxic conditions may be helpful to better
elucidate this point.

Physiological meaning and clinical implication

Taken together, the results shown in the present study
indicate that a single bout of hypoxia alone induces a rapid
disappearance of EPCs from blood, probably sustained, at
least in part, by a prompt cell marginalization followed
by a late increase in EPC apoptosis. These observations
may broaden our understanding of the mechanisms
operated by EPCs to maintain endothelial homeostasis
in physiological and pathological conditions. Our results
may also suggest a possible role of EPCs in hypoxic
preconditioning, a pro-adaptive response to mild hypo-
xic exposure conferring cell protection from subsequent
hypoxic or ischaemic insult. In fact, it may be hypo-
thesized that, similarly to what has been demonstrated
in a mouse model of myocardial ischaemia (Ii et al. 2005),
during hypoxia exposure EPCs may be rapidly recruited
to hypoxic tissues and mediate protective effects. It may
be reasoned that the experimental procedure we have
adopted in this study may serve as a ‘human in vivo hypo-
xic preconditioning model), whose effects in the long run
are unknown, therefore deserving further investigations

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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that may help to elucidate the potential role of EPCs in
regenerative medicine.
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