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Elevated endothelial progenitor cells  
during painful sickle cell crisis

Erfan Nur1,2,*, Rachel T van Beem3,*, Jaap Jan Zwaginga3,4, 
P Pearl Landburg5, Eduard J van Beers1,2, Ashley J Duits5, 
Dees P. Brandjes1, Ingrid Lommerse3, Hetty C de Boer6, 
C Ellen van der Schoot2, John-John B Schnog1 and 
Bart J Biemond2; The CURAMA study group

1 Department of Internal Medicine, Slotervaart Hospital, Amsterdam
2 Department of Hematology, Academic Medical Center, Amsterdam
3  Department of Experimental Immunohematology, Sanquin Research and Landsteiner 

Laboratory, Amsterdeam
4  Department of Immunohematology and Blood Transfusion, Leiden University Medical 

Center, Leiden, The Netherlands
5  Immunology Laboratory department, Red Cross Blood Bank Foundation, Curacao, 

Netherlands Antilles
6 Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands

Experimental Hematology 2009; 37:1054-1059

*Erfan Nur and Rachel T van Beem contributed equally to this study



68

Elevated EPCs during painful crisis

C
ha

pt
er

 5

69

Abstract
Objective: Circulating endothelial progenitor cells (EPCs) counts were determined 

in patients with sickle cell disease (SCD) to elucidate their role in SCD related 

ischemia induced angiogenesis and re-endothelialization. 

Patients and methods: Circulating EPC counts (KDR+/CD34+/Cd45dim cells) and 

their relation to serum levels of EPC mobilizing growth factors erythropoietin, 

vascular endothelial growth factor and interleukin-8 were investigated in SCD 

patients during asymptomatic state (n = 66) and painful crisis (n = 36) and 

compared to healthy controls (n = 13) 

Results: EPC counts were comparable between controls (median 0, interquartile 

range 0–1.1 cells/mL) and patients (0, 0–0 cells/mL) in asymptomatic state, but 

were significantly higher during painful crisis (41.7, 0–186 cells/mL; P<0.05). Also 

in a paired analysis of 12 patients who were included both during asymptomatic 

state and painful crisis, EPC counts increased significantly during painful crisis 

(from 0, 0 – 0 to 26, 0 – 149 cell/mL; P<0.05) . EPC counts were not related to any 

of the measured growth factors. 

Conclusion: The higher EPC counts during painful crisis might indicate a role 

for EPC mobilization in reendothelialisation. As a relationship of EPCs with the 

established mobilizing growth factors, measured in this study was not observed, 

the mechanism of EPC mobilization in SCD remains to be elucidated.  

Introduction

Sickle cell disease is characterized by chronic hemolytic anemia and recurrent (micro)-
vascular occlusion leading to tissue ischemia and reperfusion injury.1, 2 Tissue ischemia is 
one of the factors leading to a pro-angiogenic state in SCD that is likely to be involved in 
re-endothelialization and neovascularization.3 In SCD, abnormal angiogenesis may be of 
importance in the development of complications such as sickle retinopathy and cerebral 
vasculopathy (Moyamoya disease), whereas the process of vascular remodeling may be 
associated with complications such as pulmonary hypertension and stroke.4-6 Fundamental 
understanding of the process of angiogenesis in SCD is essential for identifying both new 
parameters for risk assessment as well as potential targets for therapy. 
 Recently, the important role of EPCs in angiogenesis has been recognized.7 EPCs 
are defined as CD34+ hematopoietic progenitor cells (HPCs) with vascular endothelial 
growth factor receptor-2 (VEGFR-2) expression and can be detected in peripheral blood 
by flow cytometry.8, 9 EPCs take part in endothelial rejuvenation and neovascularisation 
after ischemic tissue damage and are mobilized by pro-angiogenic factors such as vascular 
endothelial growth factor (VEGF) and erythropoietin (EPO).10, 11 Several pro-angiogenic and 
EPC mobilizing factors (e.g. EPO and interleukin-8 [IL-8]) have been reported to be elevated 
in SCD.12, 13 In order to further characterize the angiogenic response in SCD, we determined 
circulating EPC counts, serum levels of pro-angiogenic factors, and markers of endothelial 
activation in sickle cell patients in asymptomatic state and during painful crisis.

Materials and Methods

Patients
Consecutive adult (≥18 years old) clinically asymptomatic patients with SCD (HbSS, 
HbSβ0-thalassemia, HbSβ+-thalassemia and HbSC confirmed by high performance liquid 
chromatography) visiting the outpatient clinic and sickle cell patients admitted for 
a painful crisis at the Academic Medical Centre (AMC, Amsterdam, The Netherlands) 
were eligible for the study. A painful crisis was defined as typical musculo-skeletal/
abdominal pain not otherwise explained.14 Exclusion criteria were: blood transfusion 
in the preceding 3 months, active infection, pregnancy or any acute cardiovascular 
complication and for the asymptomatic state a painful crisis in the preceding 4 weeks. 
Healthy race and age matched volunteers served as controls. All participants gave written 
informed consent. The protocol was reviewed and approved by the local medical ethical 
committee and conducted in agreement with the Helsinki declaration of 2000.

Flow Cytometry
Within 24 hours of venous blood collection, samples were incubated in a Trucount 
tube; two tubes per subject, 100µl per tube (BD Biosciences, Franklin Lakes, NJ, USA) 
with CD45 (PerCP-labelled, BD Biosciences), CD34 (APC-labelled, BD Biosciences) 
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and VEGFR-2 (Pe-labelled, R&D Systems, Minneapolis, MN, USA) antibodies. NH4Cl 
solution was added to lyse red cells followed by immediate flow cytometry analysis 
(FACSCANTO, BD Biosciences). Data were analysed using FACSDIVA software, applying a 
multiparametric gating strategy based on the International Society of Hematotherapy 
and Graft Engineering. Trucount tubes contain a defined number of brightly fluorescent 
microbeads, permitting acquisition of absolute cell counts, even at very low numbers. 
Circulating EPCs were defined as CD45-low, CD34+ and VEGFR-2+ and located in the 
‘lympho-gate’ (CD34+/KDR+/CD45-low cells with lymphocyte size and density).15, 16 This 
strategy avoids inclusion of mature circulating endothelial cells (CECs), which are also 
positive for CD34 and VEGFR-2 but negative for CD45 and larger than lymphocytes.

Humoral factors
Serum levels of EPO, IL-8, VEGF and soluble vascular adhesion molecule-1 (sVCAM-1) 
were measured by enzyme-linked immunosorbent assays according to manufacturer‘s 
procedures (R&D Diagnostics, Minneapolis, MN, USA).

Data analyses and statistics
For data analysis, patients with the relatively severe genotypes HbSS and HbSß0–
thalassemia were grouped together, as were patients with the relatively milder HbSC and 
HbSß+-thalassemia genotypes.17 For multiple group comparisons of continuous variables 
the Kruskal–Wallis test was employed. The Mann–Whitney U-test was used for comparison 
between two groups. The Wilcoxon Signed Rank Test was used for a paired analysis of 
patients who were included both during asymptomatic state and painful crisis. Friedman 
test for several related measures was used for comparison between EPC counts of different 
days of painful crises. For correlation studies, the Spearman Rank correlation coefficient 
(rs) was determined. Continuous data are presented as medians with corresponding 
interquartile ranges (IQR). P <0.05 was considered statistically significant. Data of the 
various samples taken on different days during a single vaso-occlusive event were averaged 
for each patient. SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used.

Results

Sixty six sickle cell patients in asymptomatic state (age 28 [21 – 38], 35 female, 49 HbSS/
HbSβ0-thalassemia and 17 HbSC/HbSβ+-thalassemia) and 23 patients during 36 painful 
crises (age 28 [21 – 37], 13 female, 15 HbSS/HbSβ0-thalassemia and 8 HbSC/HbSβ+-
thalassemia) were included in the study. Within the HbSS/HbSβ0-thalassemia group 45 
were HbSS and 4 HbSβ0-thalassemia patients whereas the HbSC/HbSβ+-thalassemia group 
consisted of 12 HbSC and 5 HbSβ+-thalassemia patients. Serum samples for determining 
(EPC mobilizing) growth factors were available for 54 patients in asymptomatic state 
and 27 painful crises in 20 patients. Samples were drawn on the day of presentation (day 
0) in 15 of the 36 painful crises, with first samples drawn on days 1 and 2 in 15 and 6 

patients, respectively. Serial measurements of at least 4 days during painful crisis were 
available in 17 patients (with 4 patients sampled until a maximum of 10th day of painful 
crisis, while still in hospital).

Circulating progenitor cells
EPC counts did not differ between asymptomatic state patients and healthy controls but 
were significantly elevated during painful crisis (Table 1). When analyzed for the HbSS/
HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia groups separately, the increase in EPC 
counts during painful crisis was statistically significant in the HbSS/HbSβ0-thalassemia 
group (from 0 (0 – 0) to 53.8 (3.8 – 188) cells/mL, P = 0.0001) but not in the HbSC/HbSβ+-
thalassemia group (from 0 (0 – 0) to 5.1 (0 – 137.4) cells/mL, P = 0.16), (Figure 1). In a 
paired analysis of 12 patients (8 HbSS/HbSβ0-thalassemia and 4 HbSC/HbSβ+-thalassemia) 
who were included both during asymptomatic state and painful crisis, EPCs increased 
significantly during painful crisis (from 0 (0-0) to 26 (0-149) cell/mL, p=0.038) with 8 
positive ranks, 3 ties and 1 negative rank. 
 After excluding patients using hydroxyurea (11 patients in asymptomatic state and 
12 crises in 5 patients during painful crisis), the differences between asymptomatic state 
and painful crisis across all patients (0 (0 – 0) vs. 35.0 (0 – 139) cells/mL, P=0.0001) and in 
HbSS/HbSβ0-thalassemia (0 (0 – 0) vs. 53.4 (18.7 – 153) cells/mL, P=0.0001) and HbSC/HbSβ+-
thalassemia (0 (0 – 0) vs. 5.1 (0 – 137), P=0.24) patients separately remained unchanged.
 EPC counts did not differ between the different sampling days during painful 
crisis (data not shown). During painful crisis, EPC counts were higher in HbSS/HbSβ0-
thalassemia than in HbSC/HbSβ+-thalassemia patients, though the difference did not 
reach statistical significance. HPC counts were comparable between the groups (Table 1).

Table 1. Endothelial progenitor cells (EPCs) and hematopoietic progenitor cells (HPC).

Healthy controls
(n = 13)

Asymptomatic state
(n = 64)

Painful crisis
(n =36)

EPC/ml 0 (0 – 1.1) 0 (0 – 0) 41.7 (0 – 186)*

HPC/μl¥ 1.3 (0.8 – 2.5) 1.8 (1.1 – 3.4) 2.3 (1.3 – 4.1)

* Significantly higher than controls and patients during asymptomatic state (P < 0.05).
¥ Note the difference in measurement units between EPC and HPC.

EPC mobilizing growth factors
Serum levels of sVCAM-1 and VEGF were significantly higher in the HbSS/HbSβ0–
thalassemia patients during painful crisis as compared to the asymptomatic state, 
whereas no differences were observed in EPO and IL-8 levels (Table 2). In the HbSC/
HbSβ+–thalassemia patients only VEGF levels were higher during painful crisis than in 
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asymptomatic state. In a paired analysis of 7 patients (6 HbSS/HbSβ0-thalassemia and 1 
HbSC/HbSβ+-thalassemia), included both during asymptomatic state and painful crisis, 
EPO, sVCAM-1 and VEGF increased significantly during painful crisis, whereas the increase 
in IL-8 was not statistically significant (Table 3). None of the various measured growth 
factors correlated significantly with EPC counts (Table 4). 

Table 2. Serum levels of angiogenic growth factors in SCD patients during asymptomatic 

state and painful crisis.

Asymptomatic state Painful crisis

HbSC/HbSβ+ (n = 14) HbSS/HbSβ0 (n = 40) HbSC/HbSβ+ (n = 7) HbSS/HbSβ0 (n = 20)

EPO (mIU/ml) 41.0 (29.3 – 62.6) 100 (58.5 – 165)† 46.7 (43.5 – 77.1) 105 (77.2 – 234)†

IL-8 (pg/l) 10.2 (6.8 – 14.3) 26.5 (14.8 – 54.2)† 18.8 (10.9 – 31.8) 31.9 (22.9 – 67.0)†

VEGF (pg/ml) 141 (105 – 276) 281 (119 – 738) 488 (405 – 1173)* 486 (381 – 1041)*

sVCAM-1 (ng/ml) 1092 (870 – 1271) 1009 (855 – 1436) 1329 (1125 – 1539) 1380 (1131 – 1725)*

EPO = erythropoietin, IL-8 = interleukin-8, VEGF = vascular endothelial growth factor, sVCAM-1 = soluble vascular 
adhesion molecule-1
* Asymptomatic state versus painful crisis within the HbSC/HbSβ+ or HbSS/HbSβ0 group (P<0.05).
† HbSC/HbSβ+ versus HbSS/HbSβ0 group (P<0.05).
Data presented as medians (interquartile ranges).

Table 3. Paired analysis: comparison between patients included both during 

asymptomatic state and painful crisis.

n Asymptomatic State Painful Crisis P-value

EPCs (cells/mL) 12 0 (0 – 0) 26 (0 – 149) 0.038

EPO (mIU/ml) 7 70.2 (54.1 – 112.2) 195.5 (77 – 1308) 0.043

IL-8 (pg/l) 7 26.5 (11.5 – 45.3) 35.4 (15.6 – 66.4) 0.499

sVCAM-1 (ng/ml) 7 1000 (755 – 1307) 1408 (1306 – 1603) 0.028

VEGF (pg/ml) 7 216 (91 – 273) 475 (396 - 1260 0.018

EPC = endothelial progenitor cells;  EPO = erythropoietin, IL-8 = interleukin-8,  sVCAM-1 = soluble vascular 
adhesion molecule-1, VEGF = vascular endothelial growth factor.
Values are medians with interquartile ranges.

Table 4. Correlation studies of the measured growth factors with EPC counts both 

during asymptomatic state and painful crisis.

Asymptomatic State Painful Crisis

Spearman’s r P-value Spearman’s r P-value

EPO 0.02 0.89 0.19 0.37

IL-8 -0.20 0.14 0.17 0.37

sVCAM-1 -0.12 0.37 -0.19 0.31

VEGF 0.04 0.79 0.01 0.97

EPO = erythropoietin, IL-8 = interleukin-8,  sVCAM-1 = soluble vascular adhesion molecule-1, VEGF = vascular 
endothelial growth factor

SCD-related organ damage
Circulating EPC counts, both during the asymptomatic state and painful crisis, were 
comparable between patients with and those without different forms of SCD-related organ 
damage such as pulmonary hypertension, leg ulcers, microalbuminuria and retinopathy. 
Also EPC counts or their increases upon vaso-occlusive painful crisis were not related 
to the duration of the painful episode, frequency of painful crises or SCD-related acute 
complications, such as acute chest syndrome (data not shown). Also the absolute increases 
in EPC counts in the 12 specific patients, included both during asymptomatic state and 
painful crisis, were not associated with the above mentioned clinical data of SCD patients.

Figure 1. Mean (with SEM) EPC counts per milliliter of peripheral blood in controls (CTRL; n = 13), HbSC/
HbSβ+-thalassemia (n = 17) and HbSS/HbSβ0-thalassemia (n = 49) patients during asymptomatic state (AS SC 
and AS SS respectively) and HbSC/HbSβ+-thalassemia (n = 10) and HbSS/HbSβ0-thalassemia (n = 26) patients 
during painful crisis (CR SC and CR SS respectively). ECP counts of HbSS/HbSβ0-thalassemia patients during 
painful crisis were significantly higher than during asymptomatic state or in healthy controls (*). The differences 
between HbSS/HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia patients were not statistically significant.
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Discussion

SCD has been recognized as a pro-angiogenic disease.3, 4, 18 This pro-angiogenic state is 
presumably driven by tissue ischemia and endothelial injury as a result of continuous 
(micro)-vascular occlusion, chronic intravascular hemolysis and oxidative stress.2, 19-22 Bone 
marrow derived EPCs have recently been shown to play an important role in vascular 
repair and remodeling and their mobilization has been described in patients with 
clinical conditions characterized by ischemia or a strong inflammatory response.15, 23 In 
the present study, we observed that circulating EPC counts, while comparable between 
the asymptomatic SCD patients and healthy controls, increased significantly during 
painful crisis, suggesting a reparative capacity of the endothelium after its damage due 
to ischemia-reperfusion injury during painful crises.24 
 The absence of elevated EPCs during the asymptomatic state could suggest that, 
despite ongoing low grade ischemia and reperfusion injury, frank tissue infarction 
with necrosis, as occurs during vaso-occlusive painful crisis, is a prerequisite for EPC 
mobilization. How long it takes for the EPC counts to return to baseline levels, remains to 
be elucidated. In the present study there was no follow up of patients after their discharge 
upon recovery from painful crisis. In contrast to the EPC mobilization during sickle 
cell crisis, no difference in HPC counts was observed between patients in asymptomatic 
state and those with sickle cell crises. Even though common mobilization mechanisms 
have been suggested for both EPCs and HPCs,23 this finding could suggest distinctive 
mobilizing factors for EPCs in SCD.
 When analyzed separately, the increase in EPC counts during painful crisis was 
highly significant in the HbSS/HbSβ0-thalassemia group but not in the HbSC/HbSβ+-
thalassemia group. This could be due to the small number of patients both during 
asymptomatic state (n = 17) and painful crisis (n = 10) in the HbSC/HbSβ+-thalassemia 
group. EPC counts between the HbSS/HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia 
patients were comparable in asymptomatic state and showed the same mobilization 
trend during painful crises, suggesting a similar mechanism of EPC mobilization in 
these two groups.
 Samples drawn at day 0 (day of presentation) were not available for all patients 
with painful crisis. However, since circulating EPC counts did not change significantly 
between the different sampling days during a painful crisis, an influence of therapy on 
circulating EPC counts seems unlikely.
 Several growth factors have been suggested to mediate the mobilization of EPCs11, 

23, 25, 26 some of which are also known to be elevated in SCD patients.3, 18 EPO, which is 
chronically elevated in SCD3 and has been demonstrated to induce EPC mobilization11 
was not related to circulating EPC counts, arguing against an important role of EPO in 
EPC mobilization in SCD patients.
 In contrast to our previous observation, no significant difference in IL-8 serum 
levels could be found between asymptomatic state and painful crisis. However, given the 
known short duration of the IL-8 peak levels in sickle cell crisis, these differences may be 

explained by the fact that in our study the blood samples were taken after admission and 
during treatment of the vaso-occlusive event while the previous observation was done in 
blood samples taken immediately at presentation.13 We can therefore not exclude a role 
of early IL-8 increment on the observed EPC mobilization in the present study. While both 
EPC counts and VEGF levels increased significantly during painful crisis, no correlation 
was observed between the two. A potential explanation for the lack of correlations 
between the measured growth factors and EPC counts could be that the EPC mobilizing 
effects of these factors are highly dependent on nitric oxide (NO) availability27-30 which 
is strongly reduced in SCD.31

 While the increased EPC counts during painful crisis provide new insights into SCD 
related angiogenesis and revascularization, their diagnostic and prognostic value in SCD 
patients remains to be elucidated as in the present study we did not see any relationship 
with the duration of painful crises or SCD related acute and chronic complications.
 In conclusion, the present study demonstrates, for the first time, elevated circulating 
EPC counts in sickle cell patients during painful crisis indicating a pro-angiogenic state 
in SCD and a capacity to rejuvenate the endothelium, damaged during the vaso-occlusive 
painful crisis. The circulating EPC counts were not related to serum levels of EPO and 
VEGF, which might indicate that other growth factors might induce EPC mobilization 
in sickle cell patients.



76

Elevated EPCs during painful crisis

C
ha

pt
er

 5

77

Reference List
1.  Frenette PS, Atweh GF. Sickle cell disease: old discoveries, new concepts, and future promise. J Clin Invest 

2007;117(4):850-858.
2.  Jeney V, Balla J, Yachie A et al. Pro-oxidant and cytotoxic effects of circulating heme. Blood 2002;100(3):879-887.
3.  Duits AJ, Rodriguez T, Schnog JJ. Serum levels of angiogenic factors indicate a pro-angiogenic state in adults 

with sickle cell disease. Br J Haematol 2006;134(1):116-119.
4.  Mohan JS, Lip PL, Blann AD, Bareford D, Lip GY. The angiopoietin/Tie-2 system in proliferative sickle 

retinopathy: relation to vascular endothelial growth factor, its soluble receptor Flt-1 and von Willebrand 
factor, and to the effects of laser treatment. Br J Ophthalmol 2005;89(7):815-819.

5.  Moritani T, Numaguchi Y, Lemer NB et al. Sickle cell cerebrovascular disease: usual and unusual findings 
on MR imaging and MR angiography. Clin Imaging 2004;28(3):173-186.

6.  Kato GJ, Hsieh M, Machado R et al. Cerebrovascular disease associated with sickle cell pulmonary 
hypertension. Am J Hematol 2006;81(7):503-510.

7.  Hill JM, Zalos G, Halcox JP et al. Circulating endothelial progenitor cells, vascular function, and cardiovascular 
risk. N Engl J Med 2003;348(7):593-600.

8.  Van Craenenbroeck EM, Conraads VM, Van Bockstaele DR et al. Quantification of circulating endothelial 
progenitor cells: a methodological comparison of six flow cytometric approaches. J Immunol Methods 
2008;20;332(1-2):31-40.

9.  Rustemeyer P, Wittkowski W, Jurk K, Koller A. Optimized flow cytometric analysis of endothelial progenitor 
cells in peripheral blood. J Immunoassay Immunochem 2006;27(1):77-88.

10.  Asahara T, Takahashi T, Masuda H et al. VEGF contributes to postnatal neovascularization by mobilizing 
bone marrow-derived endothelial progenitor cells. EMBO J 1999;18(14):3964-3972.

11.  Heeschen C, Aicher A, Lehmann R et al. Erythropoietin is a potent physiologic stimulus for endothelial 
progenitor cell mobilization. Blood 2003;102(4):1340-1346.

12.  Duits AJ, Rojer RA, van Endt T. et al. Erythropoiesis and serum sVCAM-1 levels in adults with sickle cell 
disease. Ann Hematol 2003;82(3):171-174.

13.  Duits AJ, Schnog JB, Lard LR, Saleh AW, Rojer RA. Elevated IL-8 levels during sickle cell crisis. Eur J Haematol 
1998;61(5):302-305.

14.  Serjeant GR, Ceulaer CD, Lethbridge R, Morris J, Singhal A, Thomas PW. The painful crisis of homozygous 
sickle cell disease: clinical features. Br J Haematol 1994;87(3):586-591.

15.  Werner N, Kosiol S, Schiegl T et al. Circulating endothelial progenitor cells and cardiovascular outcomes. 
N Engl J Med 2005;353(10):999-1007.

16.  Nevskaya T, Bykovskaia S, Lyssuk E et al. Circulating endothelial progenitor cells in systemic sclerosis: relation 
to impaired angiogenesis and cardiovascular manifestations. Clin Exp Rheumatol 2008;26(3):421-429.

17.  Powars DR, Hiti A, Ramicone E, Johnson C, Chan L. Outcome in hemoglobin SC disease: a four-decade 
observational study of clinical, hematologic, and genetic factors. Am J Hematol 2002;70(3):206-215.

18.  Cao J, Mathews MK, McLeod DS, Merges C, Hjelmeland LM, Lutty GA. Angiogenic factors in human proliferative 
sickle cell retinopathy. Br J Ophthalmol 1999;83(7):838-846.

19.  Kato GJ, Gladwin MT, Steinberg MH. Deconstructing sickle cell disease: reappraisal of the role of hemolysis 
in the development of clinical subphenotypes. Blood Rev 2007;21(1):37-47.

20.  Schnog JJ, Lard LR, Rojer RA, van der Dijs FP, Muskiet FA, Duits AJ. New concepts in assessing sickle cell 
disease severity. Am J Hematol 1998;58(1):61-66.

21.  Hebbel RP, Eaton JW, Balasingam M, Steinberg MH. Spontaneous oxygen radical generation by sickle 
erythrocytes. J Clin Invest 1982;70(6):1253-1259.

22.  Nath KA, Grande JP, Croatt AJ et al. Transgenic sickle mice are markedly sensitive to renal ischemia-
reperfusion injury. Am J Pathol 2005;166(4):963-972.

23.  Aicher A, Zeiher AM, Dimmeler S. Mobilizing endothelial progenitor cells. Hypertension 2005;45(3):321-325.
24.  Kaul DK, Hebbel RP. Hypoxia/reoxygenation causes inflammatory response in transgenic sickle mice but not 

in normal mice. J Clin Invest 2000;106(3):411-420.
25.  Bahlmann FH, DeGroot K, Duckert T et al. Endothelial progenitor cell proliferation and differentiation is 

regulated by erythropoietin. Kidney Int 2003;64(5):1648-1652.
26.  Ceradini DJ, Kulkarni AR, Callaghan MJ et al. Progenitor cell trafficking is regulated by hypoxic gradients 

through HIF-1 induction of SDF-1. Nat Med 2004;10(8):858-864.
27.  Gallagher KA, Liu ZJ, Xiao M et al. Diabetic impairments in NO-mediated endothelial progenitor cell 

mobilization and homing are reversed by hyperoxia and SDF-1 alpha. J Clin Invest 2007;117(5):1249-1259.

28.  Goldstein LJ, Gallagher KA, Bauer SM et al. Endothelial progenitor cell release into circulation is triggered 
by hyperoxia-induced increases in bone marrow nitric oxide. Stem Cells 2006;24(10):2309-2318.

29.  Yang Z, Wang JM, Chen L, Luo CF, Tang AL, Tao J. Acute exercise-induced nitric oxide production contributes to 
upregulation of circulating endothelial progenitor cells in healthy subjects. J Hum Hypertens 2007;21(6):452-460.

30.  Heiss C, Wong ML, Block VI et al. Pleiotrophin induces nitric oxide dependent migration of endothelial 
progenitor cells. J Cell Physiol 2008;215(2):366-373.

31.  Wood KC, Hsu LL, Gladwin MT. Sickle cell disease vasculopathy: A state of nitric oxide resistance. Free Radic 
Biol Med 2008.


