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ABSTRACT 

Objective: Acidosis is present in several pathological conditions where vasculogenesis takes 

place including ischemia, tumor growth and wound healing. We have previously demonstrated 

that acidosis induces human CD34+ cell apoptosis. Considering that endothelial colony-forming 

cells (ECFC) are a subpopulation of CD34+ cells and key players in vasculogenesis, in the 

present study we investigated the effect of acidosis on the survival and functionality of ECFC. 

Approach and Results: ECFC, obtained by differentiation of human cord blood CD34+ cells in 

EGM2 for 14-21 days, were exposed at pH 7.4, 7.0 or 6.6. We found that acidosis failed to 

induce ECFC apoptosis and, although an early reduction in proliferation, chemotaxis, wound 

healing and capillary-like tubule formation was observed, once the medium pH was restored to 

7.4, ECFC proliferation and tubulogenesis were augmented. SDF1-driven migration and CXCR4 

surface expression were also increased. The maximal proangiogenic effect exerted by acidic 

preconditioning was observed after 6 h at pH 6.6. Furthermore, preconditioned ECFC showed 

an increased ability to promote tissue revascularization in a murine model of hind limb ischemia. 

Immunoblotting assays showed that acidosis activated AKT and ERK1/2 and inhibited p38 

pathways. Proliferation rises triggered by acidic preconditioning were no longer observed after 

AKT or ERK1/2 inhibition, whereas p38 suppression not only mimicked but also potentiated the 

effect of acidosis on ECFC tubule formation abilities. 

Conclusions: These results demonstrate that acidic preconditioning greatly increases ECFC-

mediated angiogenesis in vitro including ECFC proliferation, tubulogenesis and SDF1-driven 

chemotaxis and is a positive regulator of microvessel formation in vivo.  
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INTRODUCTION 

The processes of effective endothelial repair and development of new vessels appear to require 

the contribution of both angiogenesis, which involves the migration and proliferation of mature 

endothelial cells in nearby tissues, and vasculogenesis, which is a process mediated by bone 

marrow (BM)-derived cells that have the potential to differentiate into mature endothelial cells 

and are collectively referred to as endothelial progenitor cells (EPC) [1]. Different cell 

populations have been determined to play roles in vasculogenesis, but only one population, 

called endothelial colony-forming cells (ECFC) (also known as late EPC), have been shown to 

possess all the characteristics of true endothelial progenitors and to form neovessels in vivo [2]. 

Emerging evidence indicates that cell therapy with culture expanded EPC can successfully 

promote neovascularization in ischemic tissue and both cultured and freshly isolated EPC have 

been used in multicenter placebo-controlled clinical trials [3,4]. Intracoronary infusion of cultured 

human EPC in patients with recent myocardial infarction was associated with improvements in 

global left ventricular function and microvascular function [3]. Moreover, preclinical and clinical 

studies have shown that EPC-based treatment, alone or in combination with traditional 

treatments, hold promise to cure vessel diseases in patients with atherosclerosis and diabetes, 

thus providing novel concepts and therapeutic strategies for the treatment of various 

cardiovascular diseases [5-7]. Still, the limited availability of EPC in peripheral blood and bone 

marrow and the evidence that several disease states reduce EPC number and/or function, has 

prompted the development or improvement of several strategies to optimize therapeutic 

outcomes including the ex vivo expansion and differentiation of EPC.  

The poor viability of the migrated and local progenitor cells within the injured tissue is an 

additional limitation for a proper revascularization. The microenvironment, which is supposed to 

provide cell contacts, soluble growth factors and other chemical signals to support engraftment, 

might be conducive to cellular stress and death under inflammatory conditions. Acidosis, a 

typical feature of the inflammatory microenvironment, represents a threat to cell survival 

because a decrease in extracellular pH may cause intracellular acidification and subsequent 

activation of various cellular responses, including cell death. In fact, a variation of 0.1 in 

intracellular pH (pHi) can disrupt basic biological functions including, ATP production, protein 

synthesis, cell proliferation, migration and apoptosis [8-10].  

The physiological range of pH values in blood is maintained between 7.36 and 7.44. However, 

these values may drop down to 6.5-6.0 in a variety of local or systemic pathological conditions 

where vasculogenesis takes place, including but not limited to ischemia, tumor growth, wound 
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healing, diabetic ketoacidosis, major trauma and burns [11-13]. In this context, we have 

previously demonstrated that an exposure of human CD34+ cells to an acidic medium, even for 

as short a period of time as 30 seconds induces cell cycle arrest and apoptosis [14]. Considering 

the fact that ECFC are a subpopulation of CD34+ cells and key players of vasculogenesis, we 

investigated the effect of acidosis on the survival and functionality of ECFC in the present study. 

We found that acidosis failed to induce ECFC apoptosis and although an early reduction in their 

functions was observed, once the medium pH was restored to 7.4, several ECFC proangiogenic 

responses were significantly augmented. This procedure, known as acidic preconditioning, 

exerted a maximal effect after 6 h at pH 6.6 and significantly improved ECFC proliferation, 

stromal cell derived factor 1 (SDF1)-driven chemotaxis and capillary-like tubule formation as well 

as revascularization of the post-ischemic hind limb. 

 

MATERIALS AND METHODS  

 

Reagents 

Endothelial cell growth media EBM2 and EGM2 were purchased from Lonza (Walkersville, MD) 

(cat # CC-3162). Gelatin, FITC-Annexin V Apoptosis detection kit (cat # APOAF-50TST) and 

phosphatase subtrate (cat # P4744) were obtained from Sigma (St Louis, MO). Boyden micro 

chemotaxis (24-well) chambers were purchased from Costar (Avon, France). Vascular 

endothelial growth factor-A (VEGF) and stromal cell-derived factor-1 (SDF-1) were obtained 

from Abcys (Paris, France). Matrigel (cat # 356231), KI67 antigen (cat # 612472), the flow 

cytometry antibodies PE mouse anti-human monoclonal VEGF receptor 2 (VGFR2/KDR) (cat # 

560872), CXCR4 (cat # 557145), PECAM (cat # 553370) and the matching IgG isotypes as well 

as the unconjugated rat anti–mouse CD31 monoclonal antibody were from BD Biosciences 

(San Jose, CA). Nitrocellulose membranes were obtained from GE Healthcare 

(Buckinghamshire, UK). Mouse anti-phospho ERK1/2 (cat # sc-7383) (Tyr 204), rabbit anti-

phospho p38 (Tyr 182) (cat # sc-101759) and goat anti-rabbit HRP (cat # sc-2004) were from 

Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-phospho AKT (Tyr 308) (cat # 

ab38449) and PE-coupled goat anti–rat secondary antibody were purchased from Abcam 

(Cambridge, UK), mouse anti-β-actin from BD Biosciences (cat # 612656) and goat anti-mouse 

HRP from Dako (Glostrup, Denmark). Inhibitors of p38 (SB-203580, cat# BML-EI286), ERK1/2 

(U-0126, cat # BML-EI-282) and AKT (LY-294002, cat # BML-ST420) were from Enzo Life 

Sciences International, Inc. (San Diego, CA, USA). 
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Endothelial progenitor cell culture 

Umbilical cord blood was collected after normal, full-term deliveries with the informed consent of 

the mother and used within 24 h. This study was performed according to institutional guidelines 

(National Academy of Medicine, Argentina) and received prior approval by the institutional ethics 

committee. After collection, CD34+ cells were purified by positive immunoselection as previously 

described [14]. CD34+ cells (5x105/mL) were plated in 24-well gelatin-coated plastic culture 

dishes in endothelial cell growth medium-2 (EGM-2) containing fetal calf serum (FCS), 

hydrocortisone, human fibroblast growth factor (hFGF), VEGF, human long R3 insulin-like 

growth factor-1 (R3-IGF-1), ascorbic acid, human epidermal growth factor (hEGF), gentamicin, 

amphotericin-B and heparin. After four days in culture, nonadherent cells were removed by 

thorough washing. At day 12, when an ECFC colony became visible microscopically, cells were 

detached with trypsin-EDTA and expanded for further analysis. ECFC expansion and 

characterization was performed as previously described [15-18]. The ECFC phenotype was 

confirmed by the double positivity for DiI-AcLDL uptake and BS-1 lectin binding, the presence of 

Weibel–Palade bodies, the combined expression of endothelial markers (CD31, Tie-2, KDR, Flt-

1, CD144) and the absence of leuko-monocytic markers such as CD14 and CD45. ECFC during 

the first 30 days of culture were used for experiments. 

ECFC from peripheral blood were isolated, characterized and cultured as previously 

described (CITA). 

 

Acidification protocol 

The culture medium was acidified by addition of a precalculated volume of isotonic HCl (1 N). 

The pH of the medium was measured by an electrode at 37°C and averaged 7.39 ± 0.04, 7.03 ± 

0.03, 6.62 ± 0.03 (n=3). Acid preconditioning was achieved by incubating ECFC in EGM2 at the 

desired pH for the indicated period of time and then the medium was replaced by fresh EGM2 

adjusted to physiologic pH (7.4). 

 

Measurement of apoptosis 

Cell viability was determined by double staining with annexin V binding and propidium iodide (PI) 

using a commercial kit. ECFC (1.5 x 105) were washed and incubated for 30 min with FITC-

labeled annexin V in binding buffer at 37ºC. After washing, cells were resuspended in a PI 

solution and immediately analyzed by flow cytometry [19]. 
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Proliferation assay (pNPP) 

The effect of different pH levels on ECFC proliferation was determined by measuring acid 

phosphatase activity after incubation with its chromogenic substrate pNPP (3 mg/ml) for 1 h at 

37ºC. The reaction was stopped with NaOH (2 N) and spectrophotometrically read at 405 λ [16].  

 

Chemotaxis assay 

Chemotaxis was examined in 24-well Boyden micro chemotaxis chambers with 8-µm pore-size 

polyvinylpyrrolidone-free polycarbonate. ECFC (1.5x104) were resuspended in EBM2 

supplemented with 5% FCS (EBM2 5% FCS) and placed in the upper chamber and allowed to 

migrate toward the lower chamber containing EBM2 5% FCS (negative control), EGM2, EBM2 

5% FCS with SDF-1 or EBM2 5% FCS with VEGF. Migration was allowed to proceed for 6 or 24 

h at 37ºC with 5% CO2. Cells remaining on the upper surface of the filters were mechanically 

removed and the filters were fixed with 1% formaldehyde and stained with Giemsa. The number 

of migrated cells was determined by counting under a high-power microscope [15]. 

 

Scratch wound assay 

Confluent ECFC monolayers were wounded by scraping with a pipette tip and the extent of cell 

migration into the wounded area was photographed under the microscope at different time-

points. The wound surface area was measured by analyzing the images with ImageJ software 

and the percentage of wound closure was calculated as [(wound area at 0 h – wound area at X 

h)/wound area at 0 h] *100. 

 

In vitro tube formation assay 

ECFC were detached with trypsin-EDTA and seeded at a density of 1.5x104 cells/well on 96-well 

plates coated with growth factor-reduced basement membrane matrix (Matrigel). After 18 h, 

tubule structures were fixed with 4% PFA for 30 min, dehydrated and then stained with Giemsa. 

Tube formation was examined by phase-contrast microscopy and the total number of branch 

points was quantified on the entire surface of each well by using ImageJ software [16]. 

 

Measurement of Ki antigen expression 

ECFC were synchronized overnight in EBM2 with 1% FCS and the simultaneous expression of 

the cell proliferation associated nuclear antigen Ki67 and DNA content (PI) was determined by 

flow cytometry [14]. The expression of Ki67 antigen is first observed during G1 and increases 

over the rest of the cell cycle, but is undetectable in G0 resting cells. Cells were fixed in 70% ice-
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cold ethanol, washed, resuspended in EBM2 with 5% FCS and immunostained using FITC-

labeled anti-Ki67 for 30 min. After washing, cells were stained with PI (0.5 µg/ml) and 

immediately analyzed by flow cytometry.  

 

Surface expression of CXCR4, KDR and PECAM 

To evaluate CXCR4, KDR and PECAM expression, ECFC were stained with PE-conjugated 

monoclonal mouse antibodies against human KDR, CXCR4 or PECAM. Matched IgG isotype 

was used as a negative control. Acquisition was performed on a FACSCalibur flow cytometer 

and data were analyzed with FCS Express V3 software. 

 

Murine model of hind limb ischemia 

Seven-week-old male athymic nude mice were housed in a controlled environment with free 

access to water and standard diet. Animal care conformed to French guidelines (Services 

Vétérinaires de la Santé et de la Production Animale, Paris, France), and experiments were 

performed in keeping with the guidelines of the Paris-Descartes University Institutional 

Committee on Animal Care and Use (C75.06.02). The mice underwent surgery to induce 

unilateral hind limb ischemia as previously described [20,21]. Briefly, animals were anesthetized 

by inhalation of isoflurane. The ligature was performed on the right femoral artery, 0.5 cm 

proximal to the bifurcation of the saphenous and popliteal arteries. ECFC (1 x 105) in saline 

solution or vehicle alone (negative control) were administered 5 h after occlusion in the retro-

orbital plexus and the ischemic/normal limb blood flow ratio was determined on day 14 by using 

the laser Doppler perfusion imaging system PeriScan Pim3 (Perimed, Crappone, France).  

 

Immunoblotting 

ECFC were lysed with loading buffer (62.5 nM Tris-HCl  pH 6.8, 25% glycerol, 2% SDS, 0.01% 

bromophenol blue and 5% 2-mercaptoethanol). Equal amounts of proteins were electrophoresed 

on a 10% acrylamide gel by SDS-PAGE and electrotransferred to nitrocellulose membranes. 

After blocking, the membranes were incubated overnight at 4ºC with primary antibody (mouse 

anti-phospho ERK1/2 (Tyr 204), rabbit anti-phospho p38 (Tyr 182), rabbit anti-phospho AKT (Tyr 

473) and mouse anti-β-actin) followed by an HRP-conjugated secondary antibody. Protein 

bands were visualized by using the ECL reaction. Immunoblotting results were semi-quantitated 

using Gel-Pro analyzer 3.1 software (Rockville, MD), and values from blot reprobes were used to 

normalize data for protein loads. 
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Statistical analysis 

Data are expressed as means ± SEM for all experiments. Significant differences (p < 0.05) 

were identified by ANOVA followed by Fisher’s protected least significant difference test. 

The GraphPad software package (PRISM Version 5.0, San Diego, CA) was used for all 

analyses.  

 

RESULTS 

Dual effect of extracellular acidosis on ECFC proangiogenic functions  

We have previously demonstrated that an acidic milieu is deleterious for hematopoietic 

progenitors (CD34+ cells) as it induces apoptosis and cell cycle arrest [14]. Based on these 

findings, we first analyze whether acidosis affects the lifespan of ECFC that were cultured in 

EGM2 adjusted to pH 7.4, 7.0 or 6.6. We found that while serum deprivation induced apoptosis 

of these progenitors, pH changes had no effect (Fig. 1A).  

We next analyzed the effect of acidosis on several proangiogenic responses such as 

proliferation/viability, migration, wound healing and tubulogenesis. Under these conditions, all 

the responses evaluated decreased in a pH-dependent manner when examined after 6 h post 

incubation (hpi). However, when similar responses were observed at 24 hpi, the inhibitory effect 

of acidosis on wound healing was less evident; the proliferation and migration were barely 

different from pH 7.4 and, unexpectedly, the capillary-like tubule formation was markedly 

augmented under acidic conditions (Fig. 1B). In the same line of evidence, flow cytometric 

analysis of the proliferation marker Ki67 antigen showed that while the cycle progression was 

markedly inhibited by low pH at 6 hpi, with an increased percentage of cells in G0 phase and a 

decreased percentage of cells in S/G2/M, the arrest was markedly lower at 18 hpi and 

completely surmounted by 24 hpi (Fig. 2A). Moreover, the proliferation of acidosis-exposed 

ECFC (percentage of cells in S/G2/M) was even higher than those cultured at normal pH at 48 

hpi (Fig. 2A). Consistent with this observation, a significant increase in the total cell number was 

observed under acidic conditions after 48 h (Fig. 2B). Surprisingly, the proliferation rise was 

higher when cells were exposed at pH 6.6 vs. pH 7.0; therefore, the rest of experiments were 

performed at pH 6.6.  

 

Acidic preconditioning increased proliferation and capillary-like tubule formation abilities 
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To explain the dual effect of acidosis on ECFC functions, we next measured the pH levels in the 

culture medium at different time points after acidification. We found that pH levels remained 

steady for the first 6-8 h and then slowly increased and approached normal values at 48 h post 

acidification (Fig. 3A). Based on these results, we theorized that although acidosis initially 

induces cell arrest, once the pH is balanced, the ECFC exposed to acidic medium exhibit an 

increased capacity in their proangiogenic responses. To determine whether ECFC 

proangiogenic responses were improved by acidic preconditioning, cells were cultured in acidic 

EGM2 for the indicated period of time, and then the medium was replaced by fresh EGM2 at pH 

7.4. We first performed a kinetic study of capillary-like tubule formation to determine the 

minimum time of exposure to an acid milieu required to observe the maximum proangiogenic 

effect. We observed that 15 min or 1 h was not enough to induce any changes in ECFC 

functionality (Fig. 3B). In fact, although a significant increase in tubule formation was observed 

after 3 h of incubation in acidic medium, the maximal proangiogenic effect was detected after 6 h 

(Fig. 3B). Similar results were observed when ECFC proliferation was assessed (Fig. 3C).  

 

SDF1 induced chemotaxis and CXCR4 expression are augmented in preconditioned 

ECFC 

Having determined the optimal time of exposure to low pH, we next evaluated other ECFC 

proangiogenic functions under these conditions. Fig. 4A shows that acidic preconditioning failed 

to modulate migration in response to EGM2 or vascular endothelial growth factor (VEGF) alone. 

Considering that the interaction between the chemokine receptor type 4 (CXCR4) and its ligand 

SDF1 plays a pivotal role in precursor cell migration and homing and have been involved in the 

acidosis-mediated proangiogenic effect [22], we next examined the effect of low pH on SDF1-

driven chemotaxis. In contrast to EGM2 or VEGF, SDF1-induced chemotaxis was highly 

augmented in ECFC exposed to an acidic extracellular medium (Fig. 4A). Consistent with these 

observations, a significant increase in the expression of the SDF1 receptor CXCR4, but not in 

the VEGF receptor KDR or PECAM, was observed after acidic preconditioning (Fig. 4B). 

 

Peripheral blood-derived ECFC also showed an increased angiogenic activity after acidic 

preconditioning 

Although there is a general consensus that ECFC derived from cord blood display the 

most robust clonal proliferative potential and form more durable and functional blood 
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vessels in vivo than peripheral blood ECFC [23,24], the possibility to produce a good 

amount of autologous EPC with an enhanced therapeutic potential remains a challenge. 

To elucidate whether the proangiogenic effect of acidosis was also effective in adult 

ECFC, we repeated the experiments with ECFC isolated from peripheral blood. Although 

the proliferation rate of these progenitors was lower than the cord blood-derived cells, a 

slight but significant increase in total cell number was induced by acidic preconditioning 

(Fig. 5A). Moreover, tubulogenesis and SDF1-mediated chemotaxis were also highly 

augmented when these progenitors were exposed at pH 6.6 vs. pH 7.4 (Fig. 5B and C). 

 

Acidic preconditioning increased ECFC-mediated revascularization of the postischemic 

hind limb  

Zemani F. et al [15] showed that cord blood-derived ECFC are capable of enhancing 

neovascularization in a murine hind limb ischemia model. The results presented so far, which 

demonstrated that in vitro ECFC proangiogenic responses were augmented by acidic 

preconditioning, prompted us to evaluate the regenerative potential of ECFC in vivo. Although 

untreated control animals showed poor hind limb perfusion after ischemia (relative perfusion: 

27.5 ± 4.5%), the intravenous administration of ECFC improved relative limb perfusion to 37.2 ± 

6.5% (Fig. 6A). Most important, animals displayed even further and significant improvements in 

limb perfusion after systemic infusion of preconditioned ECFC (55.5 ± 4.1%, P < 0.05 vs. 

control, P < 0.05 vs. untreated ECFC) (Fig. 6A). Similar results were observed when ECFC 

were administered by intramuscular injection (ECFC at pH 7.4: 45.1 ± 4.2%, ECFC at pH 

6.6: 64.7 ± 7.2% P < 0.05) (Fig. 6B), suggesting that preconditioned ECFC contribute 

structurally to neovessel formation regardless their homing ability.  

 

Intracellular signaling pathways involved in the proangiogenic effect of acidosis  

To analyze the mechanism involved in the proangiogenic effects of acidic preconditioning, some 

of the classical intracellular signaling pathways involved in angiogenic functions of endothelial 

cells including ERK1/2, PI3K/AKT and p38 were studied [25-27]. Fig. 7A shows that the 

exposure of ECFC to an acid growth factor-deprived basic medium (EBM2) induced higher 

phosphorylation levels of AKT and ERK1/2, but not p38, than those observed in ECFC at pH 7.4 

(Fig. 7A). Furthermore, preconditioned ECFC potentiated the activation of both pathways 

triggered by EGM2, whereas p38 phosphorylation was completely suppressed (Fig. 7A). These 
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data led us to hypothesize that the proangiogenic effects of acidic preconditioning is mediated 

by AKT and ERK1/2 activation as well as an inhibitory action on p38.  

To test this hypothesis, the next set of experiments were performed with acidic preconditioning 

in the presence of the pharmacological inhibitors of AKT (LY294002), ERK1/2 (U0126) or p38 

(SB203580), and after 6 h, the culture medium was replaced by fresh EGM2 to remove the 

inhibitory compounds and to restore the pH level to 7.4. The drug concentration used effectively 

suppressed phosphorylation of the corresponding kinases and no significant differences in their 

inhibitory activity were observed between normal and acidic conditions (data not shown). We 

found that while AKT and ERK1/2 suppression significantly inhibited ECFC proliferation activity 

at pH 7.4, p38 blockade had no effect (Fig. 7B). Interestingly, the increased cell proliferation 

triggered by acidic preconditioning was no longer observed after the inhibition of AKT or 

ERK1/2, but not p38 (Fig. 7B), indicating that these two pathways are the main mediators of 

positive regulation for ECFC proliferation triggered by acidosis. 

In contrast, ECFC capillary-like tubule formation capability was not mediated by AKT or ERK1/2 

and it was negatively regulated by the p38 pathway. The suppression of p38 not only mimicked 

the effect of acidic preconditioning by augmenting the number of branch points at pH 7.4 but 

also potentiated the proangiogenic effect of acidosis by further increasing the tubule formation 

abilities of preconditioned ECFC (Fig. 7C and D). Altogether, these data indicate that acidic 

preconditioning of ECFC significantly improves their proangiogenic responses, such as 

proliferation and capillary-like tubule formation, through AKT and ERK1/2 activation and p38 

suppression, respectively. 

 

DISCUSSION 

The present study shows that exposure of ECFC to an acidic medium has a dual effect on cell 

function. While incubation of ECFC in low pH conditions initially induces reduction in 

proliferation, chemotaxis, wound healing and capillary-like tubule formation, a limited exposure 

of ECFC to an acidic milieu followed by restoration of the pH values to 7.4 (a procedure known 

as acidic preconditioning) results in more efficient ex vivo expansion of ECFC, which then exhibit 

enhanced chemotactic response to SDF1, capillary-like tubule formation abilities in vitro and 

therapeutic potential as demonstrated in a murine model of hind limb ischemia.  

We here found that several angiogenic responses were decreased during the first hour of 

incubation at low pH, including EGM2-induced migration, wound healing, capillary-like tubule 
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formation and proliferation, reflected by a reduction in the phosphatase acid activity and a 

drastic cell cycle arrest. A similar cytostatic effect has been reported by D’Arcangelo D. et al in 

bovine aortic endothelial cells that were exposed to pH 7.0 for 20 min, which was accompanied 

by an extensive inhibition of endothelial angiogenic behavior [28]. Conversely, our findings 

indicated that the early ECFC functional impairment exerted by acidosis is fully reversible, 

because proliferation as well as other angiogenic properties was significantly augmented once 

the medium pH is balanced an approaches normal values. 

Cell preconditioning is an endogenous protective mechanism where tissues can sense and 

adapt to the environment by changing their cellular phenotype and function through the 

exposure to a particular stress, such as hypoxia, anoxia, acidosis, heat shock, cytokines and 

pharmacological treatments, prior to cell injection into the damaged tissue [22]. It has been 

adopted as a strategy to improve the therapeutic potential of all sorts of stem and progenitor 

cells including ECFC [17]. Brief episodes of acidosis are known to limit ischemia/reperfusion 

injury in the heart [29] and lung [30] in vivo, and to exert antiapoptotic effects on endothelial cells 

[31,32] and neurons [33], in vitro. Studies examining acidic preconditioning of stem and 

progenitor cells are scarce and controversial. In agreement with our present findings, Cencioni 

C. et al demonstrated that while apoptosis was induced in murine bone marrow-derived 

hematopoietic progenitor (cKit+) cells by a long exposure (3-5 days) to an acidic extracellular 

medium, a shorter period of acidosis (24 h) increased chemotaxis, transendothelial migration, 

differentiation toward endothelial lineage in vitro and accelerated blood flow recovery in a mouse 

model of hind limb ischemia [34]. In contrast, we have previously shown that the exposure of 

human hematopoietic progenitor (CD34+) cells to an acidic environment for as little as 30 sec 

was sufficient to trigger apoptosis, and restoration of pH to the physiologic value of 7.4 failed to 

rescue them from death and had no beneficial effects on CD34+ cell functions [14]. These 

results are in contrast not only with the study performed with murine progenitors, where the 

discrepancies are most likely due to differences between species, but also with our present data 

showing that acidosis not only failed to induce ECFC apoptosis but also enhanced their 

proangiogenic properties. These data suggest that although ECFC are a subpopulation of 

CD34+ cells, the most advanced stage of differentiation toward the endothelial lineage most 

likely confers greater resistance to the cytotoxic effects of a low pH environment.  

In the present work, we observed that acidic preconditioning failed to modulate either ECFC 

migration in response to EGM2 or VEGF alone or the expression levels of the VEGF receptor 

KDR. These results are consistent with those published by Goerges A.L. et al [35], which 



13 
 

showed that surface expression of VEGF receptors 1 and 2 (KDR) in bovine aortic endothelial 

cells are not modified by changes in extracellular pH. Moreover, we demonstrated that acidic 

preconditioning enhanced ECFC migration in response to the chemokine SDF1; this effect was 

associated with a higher surface expression of its receptor, CXCR4. In agreement with our 

findings, it has been reported that the exposure of murine bone marrow hematopoietic 

progenitor (ckit+) cells to an acidic extracellular medium enhanced their proangiogenic 

responses and therapeutic potential through an increase in SDF1 and CXCR4 expression [34]. 

Although the role of the SDF-1/CXCR4 in hypoxic preconditioning of stem and progenitor cells 

has been recognized in several studies [22], we here elucidated for the first time that this 

signaling pathway is involved in the proangiogenic effect of acidic preconditioning in human 

ECFC.  

The maximal proangiogenic effect exerted by acidic preconditioning was observed after 6 

hours of exposure at pH 6.6. Although it can be argued that pH values as low as 6.6 are 

never reached systemically, the pH levels of extracellular fluids during cerebral ischemia 

has been measured in vivo and can be as low as 6,76-6,37 (von Hanwehr R, J Neurochem 

1986; Smith ML, J Cereb Blood Flow Metab 1986; Cronberg T, Stroke 2004). Furthermore, 

hyperglycemia leads to a more pronounced extracellular acidosis and pH levels can drop 

down up to 5.95 at the ischemic site (Smith ML, J Cereb Blood Flow Metab 1986; 

Cronberg T, Stroke 2004). Nevertheless, despite the fact that an extremely low pH such as 

6.6 is restricted to particular clinical situations, this extreme condition was optimal to 

increase the number of ECFC and their angiogenic properties and gain relevance in the 

context of designing new protocols of ex vivo cell expansion for therapeutic purposes. 

While it has been extensively described that acidic preconditioning effectively protects 

organs/cells against ischemia [29-32], the molecular mechanisms involved are not completely 

understood. Our results showed that acidic preconditioning of ECFC increased ERK1/2 and AKT 

phosphorylation and that both pathways were responsible for increased ECFC proliferative 

activity, because the pharmacological inhibition of these molecules resulted in a complete 

blockade of the mitogenic effect triggered by low pH. Interestingly, the activation of these two 

kinases by acidification has been previously reported in coronary endothelial cells although it 

was linked to the antiapoptotic effect of acidosis [31,32]. In agreement with our data, 

upregulation of ERK1/2 and PI3K/AKT phosphorylation by several proliferation-inducing ligands 

has been extensively described in several cell types including endothelial progenitor cells 

[25,36,37]. In contrast, we found that the p38 activation by EGM2 was fully blocked at pH 6.6. 
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However, pretreatment with the p38 inhibitor SB203580, had no effect on ECFC proliferation. In 

this sense, although the role of p38 on the proliferation of endothelial progenitor cells is still 

controversial, most of the studies using SB203580, in vitro and in vivo, have described a 

negative effect of this drug not only on cell growth and survival but also on tubulogenesis [38-

41]. Interestingly, we also found that p38 blockade increased tubulogenesis in vitro at pH 7.4, 

suggesting that p38 pathway is a negative regulator of ECFC tubule formation and the fact that 

this molecule was completely suppressed in preconditioned ECFC explained, at least in part, the 

positive regulation of acidic preconditioning on microvessel formation.   

The relevance of our in vitro findings was confirmed by the in vivo experiments. In fact, although 

the infusion of ECFC significantly ameliorates blood flow in an experimental model of limb-

ischemia, acidic preconditioning of the cells further improved neovascularization. Our data 

showing that a similar perfusion rate was observed in the ischemic tissue after systemic 

(intravenous) or local (intramuscular) infusion of ECFC suggest that preconditioned 

ECFC display a high proangiogenic activity that contributes directly to neovessel 

formation in the ischemic tissue regardless their homing ability. In this sense, the exact 

contribution of preconditioned ECFC to the revascularization process in the ischemic 

tissue remains unsolved. ECFC can support neovessel formation in vivo through three 

different mechanisms: 1) they form new vessels by themselves, 2) they insert into the 

murine endothelial lining of the murine vasculature, or 3) they exert a paracrine effect. 

Since we have previously demonstrated in the same model of ischemia that this 

progenitor cells are integrated into the new murine vessels (CITA), it is conceivable that 

preconditioned ECFC exhibit a similar behavior and contribute structurally to this 

process. Nevertheless, considering the relatively low number of human ECFC within the 

murine vessels detected by our method, the possibility that acidosis also increases the 

paracrine action of these cells is being currently studied in our laboratory. 

In conclusion, our results show that a limited exposure of ECFC to low pH levels augment the 

angiogenic activity of these progenitor cells through upregulation of ERK1/2 and AKT pathways 

and inhibition of the p38 pathway. In addition to suggesting a possible compensating 

pathophysiologic mechanism that occurs during several inflammatory conditions, our findings 

could offer a new strategy for regenerative medicine. In this context, cell therapy is a promising 

tool to treat ischemic diseases; however, much work still needs to be done to overcome the 

transplant limitations. It is well known that the number and function of endothelial progenitor cells 

are reduced in patients with cardiovascular diseases and by the hostile milieu surrounding the 
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ischemic tissues. Multiple strategies are currently focused on improving cell number, survival, 

angiogenic properties and engraftment (e.g., several preconditioning protocols, genetic 

modifications, drug administration). We here show that acidic preconditioning represents a 

simple, inexpensive and clinically applicable strategy to improve ex vivo expansion of ECFC, 

which in turn exhibit a greater therapeutic potential. Moreover, our data showing that acidosis 

positively regulates ECFC functionality derived not only from cord blood but also from 

peripheral blood point out acidic preconditioning as a useful procedure for improving the 

angiogenic activity of autologous ECFC. Nevertheless, whether this approach increases the 

functionality of endothelial progenitor cells of cardiovascular risk patients remains to be 

determined. Additionally, our findings highlight the use of pharmacological drugs targeting p38 

blockade as a potential strategy for improving neovascularization. 

 

ABBREVIATIONS 

CXCR4: chemokine receptor type 4; EBM-2: endothelial basic medium-2; ECFC: endothelial 

colony-forming cells; EGM-2; endothelial growth medium-2; EPC: endothelial progenitor cells; 

hpi: hours post incubation; SDF-1: stromal cell derived factor-1; VEGF: vascular endothelial 

growth factor. 
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LEGENDS 

 

Figure 1. Effect of acidosis on ECFC survival and functionality. Cells were incubated in 

EBM2 (serum deprivation) or in EGM2 adjusted to pH 7.4, 7.0 or 6.6. A) Apoptosis was 

measured at the indicated time points (hpi) at low pH by annexin-V and propidium iodide double 

staining and flow cytometric analysis (n=4). B) Angiogenic responses were determined at 6 and 

24 hpi (n=6). *p<0.05 vs pH 7.4. 

 

Figure 2. Effect of acidosis on cell cycle progression and proliferation of ECFC. Cells were 

incubated in EGM2 adjusted to pH 7.4, 7.0 or 6.6. A) Cell counts were performed using a 
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Neubauer chamber at indicated time points (hpi) (n=5). B) Cell cycle progression was analyzed 

at indicated time points (hpi) by Ki-67 antigen and propidium iodide double staining and flow 

cytometry (n=4). *p<0.05 vs pH 7.4. 

 

Figure 3. Acidic preconditioning increased proliferation and capillary-like tubule 

formation abilities. A) Cells were incubated in EGM2 adjusted to pH 7.4 or 6.6 and pH levels 

were measured at different hpi using a pHmeter (n=3). B) Cells were cultured in normal or acidic 

EGM2 for the indicated time and then seeded on matrigel in fresh EGM2 adjusted to pH 7.4. 

After 24 h, the number of branch points was measured by analyzing the images with ImageJ. 

*p<0.05 vs pH 7.4 (n=6). C) Cells were cultured in acidic EGM2 for the indicated time and then 

the medium was replaced by fresh EGM2 adjusted to pH 7.4. After 48 h, cell proliferation was 

determined by the colorimetric pNPP assay (n=3). *p<0.05 vs pH 7.4. 

 

Figure 4. SDF1-induced chemotaxis and CXCR4 expression are increased in 

preconditioned ECFC. Cells were incubated in EGM2 adjusted to pH 7.4 or 6.6 for 6 h and then 

the medium was replaced by fresh EGM2 at pH 7.4. A) Migration in response to EGM2, SDF1 

(20 ng/mL) and VEGF (20 ng/mL) were determined by seeding the cells in Boyden chemotaxis 

chambers. After 24 h, the number of migrated cells was counted under the light microscope 

(n=4-5). B) Expression of CXCR4, KDR and PECAM was determined after 24 h by flow 

cytometry (n=4). *p<0.05 vs pH 7.4. 

 

Figure 5. Acidic preconditioning improved peripheral blood-derived ECFC angiogenic 

activity. Cells were incubated in EGM2 adjusted to pH 7.4 or 6.6 for 6 h and then the 

medium was replaced by fresh EGM2 at pH 7.4. A) Cell counts were performed using a 

Neubauer chamber at indicated time points (hpi) (n=4). B) Cells were seeded on matrigel 

and the number of branch points was measured after 24 hours by analyzing the images 

with ImageJ (n=3). A) Migration in response to SDF1 (20 ng/mL) was determined by 

seeding the cells in Boyden chemotaxis chambers. After 24 h, the number of migrated 

cells was counted under the light microscope (n=3). *p<0.05 vs pH 7.4. 

 

Figure 6. Acidic preconditioning enhanced ECFC-mediated neovascularization in hind 

limb ischemia. Cells were incubated in EGM2 adjusted to pH 7.4 or 6.6 for 6 h and then 

detached, washed and resuspended in saline solution before transplantation. Saline solution, 

ECFC preincubated at pH 7.4, or ECFC preincubated at pH 6.6 were administered 



21 
 

intravenously (A) or intramuscularly (B) and Doppler analysis was performed after 14 days. 

Representative photomicrographs and quantitative analysis (perfusion index) are shown. Values 

are expressed as the means ± SEM (n=6 per group). *p<0.05 vs ECFC (pH 7.4). 

 

Figure 7. Intracellular signaling pathways involved in the proangiogenic effect of 

acidosis. A) Cells were previously incubated in EGM2 adjusted to pH 7.4 or 6.6 for 6 h and then 

the medium was replaced by fresh EBM2 or EGM2 at pH 7.4. The phosphorylation levels of 

ERK1/2, AKT or p38 were detected after 2 min by immunoblotting. Each membrane was 

reprobed with anti-actin antibody to calculate the relative IOD using Gel-Pro software (n=3-5). B, 

C and D) Cells were incubated in EGM2 adjusted to pH 7.4 or 6.6 for 6 h in the presence or 

absence of the inhibitors of ERK1/2 (U0126), AKT (LY294002) or p38 (SB203580). Proliferation 

and capillary-like tubule formation were determined after 24 and 48 h, respectively (n=4-6). 

*p<0.05 vs EBM2 at pH 7.4, #p<0.05 vs EBM2 at pH 6.6 and &p<0.05 vs EGM2 at pH 7.4. 

 

 


