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Abstract. – OBJECTIVE: We aimed at inves-
tigating the functions of endothelial progenitor 
cells (EPCs) in the pathophysiology of coronary 
artery spasm (CAS) and coronary artery disease 
(CAD), as well as to evaluate the correlation of 
these diseases with the number and function of 
EPCs, the plasma concentration of vascular en-
dothelial growth factor 165 (VEGF165) and stro-
mal cell-derived factor 1 (SDF-1).

PATIENTS AND METHODS: Participants were 
recruited into three groups, CAS, CAD and the 
control. The number and functions of early EPCs 
and outgrowth endothelial cells (OECs) were de-
termined in peripheral blood samples, and the 
endothelial function was evaluated by measuring 
endothelium-dependent flow-mediated vasodila-
tion (FMD). 

RESULTS: No differences of baseline charac-
teristics were found among CAS, CAD, and the 
control groups. The OECs isolated from CAS 
and CAD exhibited significant decrease in the 
percentage of CD34+/CD45- population, OEC 
colony formation, OEC proliferation and OEC tu-
bulogenesis, nitric oxide (NO) production, endo-
thelial nitric oxide synthase (eNOS) activity, and 
the phosphorylation level at Ser1177 of eNOS, 
compared with OECs isolated from control par-
ticipants. Meanwhile, FMD was significantly re-
duced in CAS and CAD (CAS, 4.1% ± 1.9%; CAD, 
4.3% ± 1.8%; control, 11.2% ± 3.5%). FMD was 
positively correlated to OEC functions including 
NO production, eNOS phosphorylation, colo-
ny formation, and proliferation. No differences 
of plasma VEGF165 and SDF-1 concentrations 
were recorded among these three groups. Sim-
ilarly, there was no correlation between plasma 
VEGF165 (and SDF-1) concentration and EPC 
number and function.

CONCLUSIONS: EPCs show the potential of 
repairing damaged endothelium in CAS and CAD. 
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Introduction

Coronary artery spasm (CAS) has been an 
important and often overlooked etiology of chest 
pain. CAS plays an essential role in the pathogen-
esis of vasospastic angina, myocardial infarction, 
sudden death, and other ischemic heart diseas-
es1. However, the precise mechanism underlying 
CAS remains unknown. Various pathophysiolog-
ical abnormalities have been observed in patients 
with CAS, including endothelial dysfunction2, 
autonomic system dysfunction, oxidative stress3, 
genetic susceptibility, inflammation, and smooth 
muscle hypercontraction4. It has been demon-
strated that endothelial dysfunction represents 
a main pathophysiological cause of coronary 
spasm5. The endothelium is a single-cell lining 
on the internal surface of blood vessels, cardiac 
valves, and numerous body cavities. Previous 
studies have shown that the vascular endothelium 
is a multifunctional organ, which exhibits com-
plex metabolic capabilities, including modulation 
of cellular adhesion, vascular tone, thrombosis 
resistance, vessel wall inflammation, and smooth 
muscle cell proliferation6. Thus, it is important to 
maintain the integrity of the vascular endothelium 
and a well-balanced release of numerous vasoac-
tive substances for a normal vascular function7. 
Therefore, the endothelial failure and imbalance 
of vasoactive factors contribute to the pathogene-
sis of vascular disease7. 

Increasing evidence suggests that the injured 
endothelial monolayer may be regenerated by 
endothelial progenitor cells (EPCs), which accel-
erates re-endothelialization8. Reduced levels and 
impaired adhesive ability of circulating EPCs sig-
nificantly contribute to endothelial dysfunction9. 
Till now, no uniform definition of EPC population 
is established10. However, it has been demonstrat-
ed that EPCs may express surface protein mark-
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ers CD34, KDR and CD133, which are also de-
tected in hematopoietic progenitor cells11. Based 
on the morphology as well as the cultured dura-
tion, EPCs have been classified into early EPCs, 
which appear within 4 to 7 days following plat-
ing, and late outgrowth endothelial cells (OECs), 
which appear as late as 14 to 21 days in culture12. 
Early EPCs and OECs originate from diverse 
bone marrow-born mononuclear cell populations. 
Briefly, early EPCs develop from a heterogeneous 
population of CD45 positive (CD45+) hematopoi-
etic cells, including CD34+/CD45+ hematopoietic 
progenitors as well as CD45+/CD14+ monocytes13. 
Contrarily, OECs are a homogenous population of 
rare circulating cells that derive from CD45 neg-
ative non-hematopoietic non-monocytes (CD45-/
CD14-)14,15. Furthermore, these cultured EPCs al-
ways show different characteristics. For example, 
OECs (but not early EPCs) are able to directly 
form vascular networks in vitro 16 and construct 
perfused vessels in vivo17. Nevertheless, no inves-
tigation has reported the functions of EPCs in the 
development of CAS.

Since different EPCs exhibit various biologi-
cal functions, we hypothesized that distinct EPCs 
populations would play different roles in CAS. 
Therefore, we investigated the roles of different 
EPC populations in human CAS by analyzing the 
clinical samples in this research.

Patients and Methods

Patients 
We recruited participants from June 2016 to 

December 2016. The patients admitted to the 
Second Affiliated Hospital of Nantong Univer-
sity fell into the CAS group (30 patients) and 
the CAD group (22 patients), following the 
Japanese Circulation Society Guidelines for 
Diagnosis and Treatment of Patients with Vaso-
spastic Angina (Coronary Spastic Angina) (JCS 
2013). Patients in CAS group were those with < 
50% stenosis in major coronary artery on cor-
onary angiography, while those in CAD group 
had at least one lesion with >70% stenosis in 
major coronary artery on coronary angiogra-
phy. We also recruited 20 subject as the control 
group, who used to experience chest pain, with-
out the observation of >50% stenosis in major 
coronary artery on coronary angiography and 
proved negative on acetylcholine provocation 
test. Exclusion criteria were as follows: (1) > 65 
years old; (2) peripheral arterial diseases, pro-

liferative retinopathy and neoplastic disease; (3) 
acute coronary syndrome; (4) coagulopathies 
and/or hematopoietic system diseases; (5) his-
tory of surgical within 8 weeks of the study; (6) 
left ventricular ejection fractions (LVEF) <45% 
(ventricular dysfunction); (7) cardiomyopathy, 
valvular heart disease; (8) cardiac syndrome X; 
(9) coronary slow flow.

Ethics Statement
This study was approved by the Ethics Re-

view Board for Clinical Studies of Nanjing Drum 
Tower Hospital. All patients provided written 
informed consent and the research was carried 
out conforming to the principles expressed in the 
Declaration of Helsinki.

EPC Isolation, Cultivation 
and Quantification

EPCs were determined and cultured as de-
scribed previously18. After placement of an arte-
rial sheath, 50 mL of whole blood were obtained 
for EPC isolation. Mononuclear cells (MNCs) 
were isolated by density gradient separation us-
ing Histopaque-1077 (Hao Yang Biological, Tian-
jin, China). To obtain early EPCs, 3×107 isolated 
mononuclear cells per well were planted into six-
well tissue culture plates precoated with human 
fibronectin (Gene Operation, Lansing, MI, USA), 
and cultured in endothelial cell growth medium-2 
(EGM-2MV, Lonza Walkersville, MD, USA) 
containing hydrocortisone, hEGF, VEGF, hF-
GF-B, IGF-1, ascorbic acid, and 5% fetal bovine 
serum (FBS, Gibco, Rockville, MD, USA). After 
incubation for 24 hours, the unattached cells were 
removed. The remaining cells were evaluated for 
their ability to ingest 1,1-dioctadecyl-3,3,39,39-te-
tramethylin-docarbocyanide-labeled acetylated 
low-density lipoprotein (acLDL) (Sigma-Aldrich, 
St. Louis, MO, USA) and to bind isothiocyanate 
ulex europaeus agglutinin lectin (UEA-1) (Sig-
ma-Aldrich, St. Louis, MO, USA). After 7 days 
of culture, early EPC colonies were calculated 
by scanning culture plates. Three microscopic 
fields of view were assessed by random field un-
der 200× magnification imaging with an invert-
ed microscope from Carl Zeiss (Axio Observer 
Al, Jena, Germany). The calculation of EPC was 
performed by an observer who was blinded to the 
clinical profile of the patients. To obtain OECs, 
3×107 mononuclear cells per well were seeded into 
human fibronectin pre-coated plates. On the 21st 
day of in vitro culture, the number of OECs colo-
nies was quantified as above. 
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Flow Cytometry
The EPCs were quantified by performing flow 

cytometry as described previously16, and the cells 
were subject to assessment of CD34+/KDR+ pop-
ulation, early EPCs population (CD34+/CD45+) 
and OECs population (CD34+/CD45-)11. In brief, 
cells were isolated from whole blood using den-
sity gradient separation; then, these cells were 
gated by forward and side scatter to select mono-
nuclear cells by removing erythrocytes, granu-
locytes, and cell debris. The obtained cells were 
incubated with the indicated antibodies against 
human antigens: phycoerythrin-Cy5-conjugated 
CD45 (BD Pharmingen, San Diego, CA, USA), 
fluorescein isothiocyanate-conjugated CD133 
(BD Pharmingen, San Diego, CA, USA), phy-
coerythrin-conjugated KDR (BD Pharmingen, 
San Diego, CA, USA), and fluorescein isothio-
cyanate-conjugated CD34 (BD Pharmingen, San 
Diego, CA, USA). Fluorescent isotype-matched 
IgG1 antibodies were used as the negative con-
trols. Each analysis was conducted in duplicates 
and included 100 000 events.

EPC Proliferation Assay
EPC proliferation was determined by the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay as reported previ-
ously19. EPCs were incubated with MTT (0.5 mg/
mL, Sigma-Aldrich, St. Louis, MO, USA) for 4 h. 
The produced blue formazan was solubilized with 
dimethyl sulfoxide (DMSO) and the absorbance 
at 550/650 nm was measured. Each experiment 
was performed in triplicate. The absorbance val-
ues of each well were measured with a microplate 
spectrophotometer (Molecular Devices; Sunny-
vale, CA, USA). 

EPCs Migration Assay
The migratory ability of early EPCs and OECs 

was measured in a modified Boyden chamber (8 
μm pore size, Corning, Corning, NY, USA) trans-
well assay19. Briefly, 4×104 EPCs were seeded in 
the top chamber of 24-well trans-well plates with a 
polycarbonate membrane (8 μm pores) covered by 
serum-free medium, and another special medium 
(50 ng/mL VEGF, Sigma-Aldrich, St. Louis, MO, 
USA) was added in the lower chamber. After in-
cubation for 24 hours, the membrane was washed 
with phosphate-buffered saline (PBS) for three 
times and fixed with 4% paraformaldehyde. Ad-
ditionally, the upper side of membrane was wiped 
gently. After that, the membrane was stained using 
hematoxylin for 10 min. The migration of OECs 

was assessed by measuring the area containing mi-
grated cells as a percentage of the total area in five 
random fields (100x). The data were expressed as 
mean ± standard deviation (SD). 

OEC Tube Formation
OEC tube formation assay was conduct-

ed as described previously20. ECM matrix gel 
solution was thawed overnight at 4°C, mixed 
with ECM matrix diluent buffer (Sigma-Al-
drich, St. Louis, MO, USA), placed in a 96-well 
plate (Corning, Corning, NY, USA) and incu-
bate at 37°C for about 1 hour. After that, the 
OECs (104) were placed on matrix solution with 
EGM-2 MV medium, and incubated at 37°C for 
about 20 hours. Tube formation was observed 
under an inverted light microscope (100×). Four 
typical fields were taken, and the results were 
expressed as mean ± SD. 

Measurement of NO Production
Early EPCs of 7 days and OECs of 21 days 

were starved by serum deprivation for 24 hours. 
The production of NO was estimated by the con-
centration of NO in the culture supernatant. The 
NO concentration was analyzed by the nitrate 
reductase assay. The protocol conformed to the 
manufacturer’s instructions (Nanjing Jiancheng 
Technology, Nanjing, China). 

Growth Factor Detection
The cytokines VEGF165 (vascular endo-

thelial growth factor 165) and SDF-1 (stromal 
cell-derived factor-1) were analyzed by ELI-
SA (enzyme-linked immunosorbent assay) in 
stored plasma specimens according to the man-
ufacturer’s instructions (Sigma-Aldrich, St. 
Louis, MO, USA).

Western Blot
Protein extracts were prepared and Western 

blots were performed as previously described21. 
Proteins from EPCs were obtained with RIPA ly-
sis buffer (Beyotime, Shanghai, China) containing 
a protease inhibitor cocktail. These protein sam-
ples were subjected to electrophoresis and trans-
ferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA). The 
membranes were blocked by 5% slim milk for 30 
min and incubated with indicated primary anti-
bodies: anti-eNOS (Cell Signaling Technology, 
Danvers, MA, USA), anti-p-eNOS (Ser1177, Cell 
Signaling Technology, Danvers, MA, USA), at 
4°C overnight. The membranes were washed and 
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subsequently incubated with secondary antibody 
(1:1000) (Thermo Fisher Scientific, Waltham, 
MA, USA) for approximately 1 hour. Protein 
bands were detected by employing an enhanced 
chemiluminescence system (Cell Signaling Tech-
nology, Danvers, MA, USA). β-actin was used as 
an internal control. The semi-quantitative analysis 
of protein bands was conducted using the Image J 
software (Rawak Software, Dresden, Germany). 

Endothelium-Dependent Flow-Mediated 
Vasodilation

Endothelium-dependent flow-mediated vaso-
dilation (FMD) was evaluated using a 7.5-MHz 
linear array transducer (Hewlett-Packard Sonos 
5500, Andover, MA, USA) to scan the brachial 
artery in longitudinal section. The measurement 
of FMD was performed strictly as described pre-
viously22. To minimize the mental stress, it was 
necessary to make the patients as comfortable as 
possible, and the procedure was performed in a 
quiet air-conditioned room (25°C). FMD was cal-
culated as the maximal post-occlusion diameter 
relative to the averaged pre-occlusion diameters. 

Statistical Analysis
All data were presented as mean ± standard 

deviation (SD) for numeric variables and ex-
pressed as number or percentage for categorical 
variables. p<0.05 was considered as statistically 
significant. Differences in baseline characteristics 
of underlying diseases and treatments were com-
pared using x2-test. The correlation between in-
dependent variables was analyzed by performing 
simple linear regression and multiple regression 

analyses. The GraphPad Prism 5 (GraphPad Soft-
ware, La Jolla, CA, USA) and Statistical Product 
and Service Solutions (SPSS) 19 software pack-
ages (IBM, Armonk, NY, USA) were used for 
statistical analysis.

Results 

Baseline Characteristics of the Patients
In this study, 72 patients were recruited, with a 

mean age of 52 ± 9 (range from 39 to 75) years and 
46 (63.9%) of patients were male. Their baseline 
characteristics were summarized in Table I. No 
significant differences were found among the CAS, 
CAD, and control group regarding age, sex, body 
mass index, smoking, systolic blood pressure, dia-
stolic blood pressure, diabetes, serum levels of to-
tal cholesterol, triglycerides, high-density lipopro-
teins, low-density lipoproteins and creatinine (p> 
0.05 for all, Table I). Furthermore, no significant 
differences were found in administrated drugs, 
including aspirin, angiotensin-converting enzyme 
inhibitors (ACEI), angiotensin II receptor blockers 
and statins (p>0.05 for all, Table I).

Characterization of EPCs
The initially planted cells were round (Figure 

1A). Up to the 7th day, the attached cells began 
to be clustered and these cells were called early 
EPCs (Figure 1B). Then, we found that OECs 
appeared as clusters on the 21st day after plat-
ing, and showed cobblestone appearance (Figure 
1C). Both types of EPCs took up DiI-acLDL and 
showed lectin binding affinity (Figure 1D, 1E). 

The data were represented mean± standard deviation (SD). CAS, coronary artery spasm; CAD, coronary artery disease; 
Control, the control participants; M/F, male or female; LVEF: left ventricular ejection fractions; BMI: body mass index; 
Systolic: systolic blood pressure; Diastolic: diastolic blood pressure; TG: triglycerides; TC: total cholesterol; LDL-C, low-
density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Medication history included ACEI, statins and 
aspirine had been continuously used in the last month before the test.

Table I. The clinical baseline characteristics of patients in this study.

Group	 Age	 Gender	 Smoking	 Diabetes	 LVEF	 BMI	 Systolic	 Diastolic	 Glucose
	   (years)	   (M/F)	   (%)	   (%)	 (%)	 (kg/m2)	 (mm Hg)	 (mm Hg)	 (mg/L)

CAS	 54±8	 19/11	 23.33	 13.33	 62.87± 6.11	 23.7± 3.78	 131.37± 18.42	 84.37± 13.29	 10.5± 2.1
CAD	 56±7	 13/7	 25.00	 15.00	 63.25±6.62	 23.45± 4.04	 131.55± 23.09	 84.85± 12.64	 10.7±1.8
Control	 56±6	 13/7	 25.00	 15.00	 63.84±6.16	 23.45± 4.62	 132.64± 22.31	 85.26± 14.07	 10.6± 1.7

Group	 Creatinine	 TG	 TC	 LDL-C	 HDL-C	 Statin	 ACEI	 Asprine
	   (mg/dL)	 (mg/dL)	 (mg/dL)	 (mg/dL)	 (mg/dL)	   (%)	   (%)	   (%)
			 
CAS	 3.88± 0.91	 143.2± 46.0	 173.7±29.7	 89.2± 26.6	 48.3± 14.3	 46.67	 66.67	 100
CAD	 3.92± 1.05	 147.3±48.6	 180.3± 31.3	 94.6± 27.4	 48.6± 16.2	 50.00	 70.00	 100
Control	 3.97± 0.95	 145.0±68.7	 174.1± 27.8	 91.9±24.7	 47.1± 13.9	 45.00	 65.00	 100
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Figure 1. The phenotype of endothelial progenitor cells (EPCs). (A, B, C,) Representative photos of cultured cells on the 1st, 
7th (early EPCs), and 21st day (OECs, outgrowth endothelial cells). (D, E,) The cells on the 7th and 21st day were incubated with 
UEA-1 and acLDL and imaged with a microscope (x100). (F, G,) Representative early EPCs and OECs from blood samples 
on the 7th and 21st day were analyzed by flow cytometry; these cells were determined by detecting the surface markers CD34, 
CD133, and KDR in cell populations of low cytoplasmic granularity.
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Finally, we determined the expression of CD133 
and KDR in EPCs by flow cytometry. Compared 
with the EPCs on the 7th day, we observed that 
CD133 was significantly downregulated by ap-
proximately 50% and KDR was upregulated by 
more than 40% in OPCs on the 21st day (Figure 
1F, 1G). 

The Number and Function of EPCs in 
CAS, CAD and the Control Group

Compared with control participants, patients 
with CAS were found to exhibit significantly 
decreased CD34+/CD45- population, OEC colo-
nies, OEC proliferation, and OEC tubulogenesis 
(p<0.001 for these variables, Table II). However, 
no differences were recorded in early EPC colo-
nies, CD34+/KDR+, CD34+/CD45+, early EPC mi-
gration, and OEC migration (p>0.05 for these vari-
ables). On the other hand, we found that compared 
with the controls, patients with CAD were found 

to have a significantly decrease in CD34+/KDR+ 

population, CD34+/CD45+ population, CD34+/
CD45- population, as well as the early EPCs col-
onies, OECs colonies, early EPCs proliferation, 
OECs proliferation, early EPC migration, OEC 
migration, as well as OEC tubulogenesis (p<0.001 
for these variables). Taken together, the number of 
EPC was larger in CAS than in CAD, and the func-
tions of EPC was better in CAS than in CAD. 

NO and eNOS in the CAS, 
CAD and Control Group

OECs from patients with CAS and CAD (Figure 
2 and Table III) exhibited a significant downregu-
lation in the level of NO production, eNOS activity 
as well as the protein phosphorylation (Ser1177) of 
eNOS, compared with OECs obtained from con-
trol participants (p<0.001 for these variables, Ta-
ble III). Similarly, early EPCs from patients with 
CAD also exhibited a significant decrease in the 

Figure 2. The expression of eNOS and 
p-eNOS in EPC cells from typical CAS 
and CAD samples. The expression of 
eNOS and p-eNOS in representative ear-
ly EPCs and OECs from blood samples 
on the 7th and 21st day were determined by 
Western blot. The GAPDH was used as an 
internal control. 

The data were expressed mean±SD; ***p<0.001, CAS versus the control group; ###p<0.001, CAD vs. the control group. CAS, 
coronary artery spasm; CAD, coronary artery disease; Control, the health people; EPC, endothelial progenitor cell; EPCs, 
endothelial progenitor cells; OECs, outgrouth endothelial cells.

Table II. The circulating EPC levels and function in the three groups.

	 CAS (n = 30)	 CAD (n = 22)	 Control (n = 20)

EPC levels			 
      CD34+/KDR+(%)	 0.59 ± 0.24	 0.33 ± 0.20###	 0.62 ± 0.19
      CD34+/CD45+(%)	 0.21 ± 0.018	 0.14 ± 0.009###	 0.22 ± 0.015
      CD34+/CD45-(%)	 0.05 ± 0.003***	 0.04 ± 0.002###	 0.07 ± 0.005
Early EPCs colonies	 5.11 ± 1.27	 3.0 ± 1.11###	 5.08 ± 1.45
OECs colonies	 2.65 ± 0.88***	 2.13 ± 0.95###	 4.02 ± 1.16

EPC function	 Early EPCs	 OECs	 Early EPCs 	 OECs	 Early EPCs 	 OECs 

Proliferation	 0.51 ± 0.06	 0.25 ± 0.03***	 0.32 ± 0.05	 0.21 ± 0.04###	 0.48 ± 0.05	 0.36 ± 0.05
Migration	 18.93 ± 5.12	 12.17 ± 2.6	 10.38 ±2.92	 8.15 ± 1.84###	 17.77 ±2.16	 12.54 ± 1.90
Tubulogenesis		  18.97 ± 2.48***		  13.78 ± 2.37###		  23.22 ± 2.95
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level of NO production, eNOS activity, and the pro-
tein phosphorylation atSer1177 of eNOS compared 
with early EPCs isolated from the control group 
(p<0.001 for these variables). However, there was 
no difference of these variables between early 
EPCs isolated from CAS and controls (p>0.05 for 
these variables).

The Relationship Between FMD and EPCs 
Levels and Function

The state of the endothelial function was as-
sessed by FMD. The results showed that patients 
with CAS and CAD had significantly decreased 
FMD compared with the control group, and there 
was no difference between CAS and CAD (CAS, 
4.1% ± 1.9%; CAD, 4.3% ± 1.8%; controls, 11.2% 
± 3.5%) (Figure 3). Further analysis demonstrated 
that FMD was significantly correlated with OEC 
functions including NO production, eNOS phos-
phorylation (Ser1177), colony formation, and pro-
liferation (p<0.001 for these variables, Table IV).

The data were expressed mean±SD; ***p<0.001, OECs of CAS versus OECs of the control group; ###p<0.001, early EPCs or 
OECs of CAD vs. early EPCs or OECs of the control group. NO, nitric oxide; eNOS, endothelial nitric oxide synthase; P-eNOS 
protein, phosphorylation of endothelial nitric oxide synthase.

Table III. NO concentration and phosphorylation of eNOS in the OECs.

	                        CAS (n=28)	                    CAD (n=24)	                        Control (n=21)

	 Early EPCs	 OEPCs	 Early EPCs	 OEPCs	 Early EPCs	 OEPCs

NO (μM)	 11.51±3.67	 7.64±1.70***	 6.56±3.26###	 6.97±2.34###	 10.39±4.66	 13.52±0.19
Total eNOS protein	 1.04±0.05	 0.63 ±0.05***	 0.68±0.07###	 0.44±0.08###	 1.00±0.08	 1.00±0.03
    (Fold of control)
P-eNOS protein	 0.98±0.07	 0.61±0.08***	 0.67±0.02###	 0.45±0.08###	 1.00±0.01	 1.00±0.02
  (Fold of control)
eNOS mRNA	 1.03 ±0.04	 0.52±0.07***	 0.64±0.08###	 0.45±0.06###	 1.00±0.03	 1.00±0.04
  (Fold of control)

Figure 3. The state of the endothelial function was ana-
lyzed by FMD in CAS, CAD and control groups. Data was 
presented as mean ± SD; NS, no significance; @p< 0.001, 
compared with the control group.

We determined the relationship between FMD and OEC number, function. CAS, coronary artery spasm; CAD, coronary 
artery disease; Control, the health people; EPC, endothelial progenitor cell; OEC, outgrouth endothelial cell; NO, nitric oxide; 
eNOS, endothelial nitric oxide synthase; P-eNOS protein, phosphorylation of endothelial nitric oxide synthase.

Table IV. Relationship between FMD and EPC levels and functions.

	                        CAS (n=28)	                    CAD (n=24)	                        Control (n=21)

	 Spearman r	 p-value	 Spearman r	 p-value	 Spearman r	 p-value

NO	 0.6170	 <0.001	 0.4918	 < 0.05	 0.9297	 <0.001
Total eNOS	 -0.1522	 >0.05	 -0.2191	 >0.05	 -0.0174	 >0.05
P-eNOS	 0.8384	 < 0.001	 0.7537	 < 0.001	 0.8259	 <0.001
eNOS mRNA	 0.0679	 >0.05	 -0.3293	 >0.05	 0.1416	 >0.05
OECs colonies	 0.6041	 <0.001	 0.8808	 < 0.001	 0.9348	 <0.001
EPC function						    
    Proliferation	 0.6802	 <0.001	 0.8247	 <0.001	 0.8848	 <0.001
    Migration	 0.2554	 >0.05	 0.3928	 >0.05	 0.4493	 >0.05
    Tubulogenesis	 -0.0268	 >0.05	 0.0593	 >0.05	 0.0544	 >0.05
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The Relationship Between Growth 
Factors and EPC Number and Function

Finally, we determined the correlation be-
tween the concentration of growth factors and 
EPC number and function. No significant dif-
ferences were recorded in plasma VEGF165 
concentration (CAS, 52.83 ± 8.17; CAD, 53.26 ± 
8.34; 51.69 ± 8.78) in these three groups (p> 0.05 

for all, Table V). Moreover, no significant cor-
relation was recorded between plasma VEGF165 
concentration and EPC number and function (p> 
0.05 for all, Table VI). In addition, similar re-
sults demonstrated that there was no significant 
correlation between plasma SDF-1 concentration 
and EPC number and function (p> 0.05 for all, 
Table VII).

Table VII. Relationship between SDF-1 concentration and EPC levels and function.

	                        CAS (n=28)	                   CAD (n=24)	                        Control (n=21)

	 Spearman r	 p-value	 Spearman r	 p-value	 Spearman r	 p-value

EPC levels
    CD34+/KDR+	 0.3114	 >0.05	 0.1716	 >0.05	 0.4866	 >0.05
    CD34+/CD45+	 0.4325	 >0.05	 0.7093	 >0.05	 0.6764	 >0.05
    CD34+/CD45-	 0.4060	 >0.05	 0.4522	 >0.05	 0.3238	 >0.05
Early EPC colonies	 0.5937	 >0.05	 0.5631	 >0.05	 0.4312	 >0.05
OEC colonies	 0.4482	 >0.05	 0.3477	 >0.05	 0.4614	 >0.05
EPC function						    
    Early EPC proliferation	 0.7019	 >0.05	 0.3124	 >0.05	 0.6937	 >0.05
    OEC proliferation	 0.5987	 >0.05	 0.5456	 >0.05	 0.3315	 >0.05
    Early EPC migration	 0.3546	 >0.05	 0.2999	 >0.05	 0.3154	 >0.05
    OEC migration	 0.7701	 >0.05	 0.4154	 >0.05	 0.5463	 >0.05
    OEC tubulogenesis	 -0.2893	 >0.05	 -0.2607	 >0.05	 -0.6755	 >0.05

Table VI. Relationship between VEGF165 concentration and EPC levels and functions.

	                        CAS (n=28)	                   CAD (n=24)	                        Control (n=21)

	 Spearman r	 p-value	 Spearman r	 p-value	 Spearman r	 p-value

EPC levels
    CD34+/KDR+	 0.2459	 >0.05	 0.1716	 >0.05	 0.4521	 >0.05
    CD34+/CD45+	 0.5161	 >0.05	 0.3589	 >0.05	 0.6835	 >0.05
    CD34+/CD45-	 0.4123	 >0.05	 0.5922	 >0.05	 0.4455	 >0.05
Early EPC colonies	 0.6619	 >0.05	 0.4582	 >0.05	 0.3782	 >0.05
OEC colonies	 0.4753	 >0.05	 0.5276	 >0.05	 0.0336	 >0.05
EPC function						    
    Early EPC proliferation	 0.7307	 >0.05	 0.4442	 >0.05	 0.3111	 >0.05
    OEC proliferation	 0.5438	 >0.05	 0.6123	 >0.05	 0.5571	 >0.05
    Early EPC migration	 0.7291	 >0.05	 0.6703	 >0.05	 0.4005	 >0.05
    OEC migration	 0.2877	 >0.05	 0.3364	 >0.05	 0.6325	 >0.05
    OEC tubulogenesis	 -0.2015	 >0.05	 -0.2149	 >0.05	 -0.2887	 >0.05

CAS, coronary artery spasm; CAD, coronary artery disease; Control, the health people; VEGF165, vascular endothelial growth 
factor; SDF-1, stromal cell-derived factor-1; NS, no significance. The VEGF165-related data were expressed as mean ± SD and 
the SDF-1 related data were showed as percentage; NS (p>0.05), CAS or CAD vs. Control.

Table V. The levels of growth factors in the three groups.

	 CAS (n=30)	 CAD (n=22)	 Control (n=20)

VEGF165 (pg/mL)	 52.43±8.17NS	 53.26±8.34 NS	 51.69±8.78
SDF-1 (pg/mL)	 6.12±1.04 NS	 6.25± 1.21 NS	 6.09±0.99
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Discussion

It has been demonstrated that various mecha-
nisms and precipitating factors may play a role in 
the pathogenesis of vasospastic angina, including 
endothelial failure, smooth muscle hypersensitiv-
ity, increased oxidative stress, upregulated auto-
nomic tone, gentle inflammation, decreased mag-
nesium, and genetic susceptibility21-33. The integrity 
of the vascular endothelium and a proper release 
of numerous vasoactive factors both contribute to 
normal vascular physiology, while its dysfunction 
plays a role in the pathogenesis of vascular dis-
ease34-36. In our work, patients with CAS and CAD 
exhibit significantly reduced FMD compared with 
the control group, suggesting that endothelial func-
tion is abnormal in patients with CAS and CAD.

EPCs are bone marrow-derived cells, which are 
able to develop into functional mature endothelial 
cells, regenerating the diseased endothelium37. Lev-
els of circulating EPCs have been revealed to be cor-
related with endothelial functions and cardiovascular 
risk factors. Therefore, the levels of circulating EPCs 
may be used to identify patients with high cardiovas-
cular risk. Moreover, decreased levels of circulating 
EPCs can be considered as an independent indicator 
to predict progression of the atherosclerotic disease as 
well as the development of cardiovascular events38-44. 
Thus, these studies support that EPCs mediated en-
dogenous vascular repair plays an important role in 
regulating the clinical progression of CAD. However, 
no research has reported the role of circulating EPCs 
in patients with CAS. In this study, EPCs insolated 
from patients with CAS, compared with cells from 
the control participants, showed impaired migration 
and tubulogenesis and lower levels of OECs. On the 
contrary, our results indicated that no such relation-
ship is determined between CAS patients and control 
participants on early EPCs number and functions. It 
has been reported that early EPCs are originated from 
the hematopoietic system and they fail to form per-
fused vessels45. Previous researches10,12 have demon-
strated that OECs have high proliferative potential, 
and OECs can improve perfused vessels in immune 
deficient mice45. In this regard, it is likely that the ear-
ly EPCs and OECs play distinct roles in the complex 
process of neovascularization. Particularly, the prin-
cipal activity of early EPCs would be the secretion 
of growth factors and pro-angiogenic cytokines and 
OECs would be the main participator in the prolif-
eration of numerous endothelial elements involved in 
the new vessels16,46. Collectively, the improvement of 
OEC functions may provide novel therapeutic strate-
gies for CAS treatment. 

In this study, OECs from patients with CAS 
were found to have significantly decreased NO pro-
duction, eNOS expression, and eNOS phosphor-
ylation at Ser1177 compared with OECs insolated 
from the control participants; no differences were 
found in early EPCs between CAS and control 
groups. Furthermore, the data also demonstrated 
that in OECs, NO production and phosphorylation 
of eNOS at Ser1177 were significantly associated 
with FMD while no such relationship was found 
in early EPC. It has been reported41 that NO of-
ten plays a key role in the functions of EPCs as a 
signaling molecule. The activation of eNOS cata-
lyzes NO production, which plays a central role in 
maintaining cardiovascular homeostasis. The NO 
released in the coronary endothelium exerts para-
crine effects on cardiomyocytes, predominantly 
prolonging relaxation47. Additionally, NO often 
acts as a positive regulator of EPC activity, and 
tube formation of cultured OECs is partly depen-
dent on NOS function48. When eNOS expression is 
reduced by oxidized low-density lipoprotein both 
in mature endothelium and EPCs, both the surviv-
al and the adhesive properties of these cells would 
be impaired49. Similarly, eNOS deficient mice dis-
play suppressed ischemia triggered angiogenesis as 
well as reduced EPC mobilization50. Consequently, 
these results suggest that OECs influence the de-
velopment of CAS and CAD probably by modulat-
ing the phosphorylation of eNOS, which is close-
ly associated with NO production. It might be a 
promising treatment to recover CAS and CAD by 
enhancing the eNOS activity in OECs.

If the EPC is defined as a progenitor cell for the 
endothelial lineage, we may assume that the fol-
lowing fundamental properties would be identified 
in this cell population: (1) a circulating cell popu-
lation which may proliferate and differentiate into 
the endothelial lineage; (2) the ability to form cap-
illary-like tubes in vitro; (3) the ability to regener-
ate stable human blood vessels (cells must secrete 
a basement membrane) that would be integrated as 
part of the host circulatory system to form the inti-
ma of arterial, venous, as well as capillary structures 
when they are implanted into tissues. However, it 
has been demonstrated that circulating endothelial 
colony-forming cells (ECFCs) and other bone mar-
row-derived cells fail to exhibit these features men-
tioned above10. Taken together, identifying a unique 
cell surface marker would facilitate a convenient 
isolation and enrichment method of EPCs, which 
present all the indicated characteristics. In a word, 
the identification of EPCs remains a research focus 
in the field of coronary artery diseases.
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Conclusions

We demonstrated that endothelial regeneration 
might play a central role in the pathophysiological 
mechanisms of CAS and CAD. Levels and func-
tion of EPCs, particularly the OECs, should be 
taken as a promising target in treating the patients 
with CAS and CAD.

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

    1)	Ong P, Athanasiadis A, Hill S, Vogelsberg H, Voeh-
ringer M, Sechtem U. Coronary artery spasm as a 
frequent cause of acute coronary syndrome: the 
CASPAR  (Coronary Artery Spasm in Patients 
with Acute Coronary Syndrome) Study. J Am Coll 
Cardiol 2008; 52: 523-527.

    2)	Vanhoutte PM, Shimokawa H. Endothelium-derived 
relaxing factor and coronary vasospasm. Circula-
tion 1989; 80: 1-9.

    3)	Keaney JJ, Larson MG, Vasan RS, Wilson PW, Lip-
inska I, Corey D, Massaro JM, Sutherland P, Vita 
JA, Benjamin EJ. Obesity and systemic oxidative 
stress: clinical correlates of oxidative stress in the 
framingham study. Arterioscler Thromb Vasc Biol 
2003; 23: 434-439.

    4)	Itoh T, Mizuno Y, Harada E, Yoshimura M, Ogawa 
H, Yasue H. Coronary spasm is associated with 
chronic low-grade inflammation. Circ J 2007; 71: 
1074-1078.

    5)	Lee EM, Choi MH, Seo HS, Kim HK, Kim NH, Choi 
CU, Kim JW, Lim HE, Kim EJ, Rha SW, Park CG, Oh 
DJ. Impact of vasomotion type on prognosis of 
coronary artery spasm induced by acetylcholine 
provocation test of left coronary artery. Athero-
sclerosis 2017; 257: 195-200.

    6)	Davignon J, Ganz P. Role of endothelial dysfunction 
in atherosclerosis. Circulation 2004; 109: I27-I32.

    7)	Mudau M, Genis A, Lochner A, Strijdom H. Endothe-
lial dysfunction: the early predictor of atheroscle-
rosis. Cardiovasc J Afr 2012; 23: 222-231.

    8)	Wang ZC, Qi J, Liu LM, Li J, Xu HY, Liang B, Li B. 
Valsartan reduces AT1-AA-induced apoptosis 
through suppression oxidative stress mediated 
ER stress in endothelial progenitor cells. Eur Rev 
Med Pharmacol Sci 2017; 21: 1159-1168.

    9)	Huang PH, Chen YH, Chen YL, Wu TC, Chen JW, Lin 
SJ. Vascular endothelial function and circulating 
endothelial progenitor cells in patients with cardi-
ac syndrome X. Heart 2007; 93: 1064-1070.

  10)	Hirschi KK, Ingram DA, Yoder MC. Assessing iden-
tity, phenotype, and fate of endothelial progeni-
tor cells. Arterioscler Thromb Vasc Biol 2008; 28: 
1584-1595.

  11)	Timmermans F, Van Hauwermeiren F, De Smedt M, 
Raedt R, Plasschaert F, De Buyzere ML, Gillebert TC, 
Plum J, Vandekerckhove B. Endothelial outgrowth 

cells are not derived from CD133+ cells or CD45+ 
hematopoietic precursors. Arterioscler Thromb 
Vasc Biol 2007; 27: 1572-1579.

  12)	Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of 
circulating endothelial cells and endothelial out-
growth from blood. J Clin Invest 2000; 105: 71-77.

  13)	Sharpe ER, Teleron AA, Li B, Price J, Sands MS, Al-
ford K, Young PP. The origin and in vivo signifi-
cance of murine and human culture-expanded 
endothelial progenitor cells. Am J Pathol 2006; 
168: 1710-1721.

  14)	Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker 
PH, Verfaillie CM. Origin of endothelial progenitors 
in human postnatal bone marrow. J Clin Invest 
2002; 109: 337-346.

  15)	Shantsila E, Watson T, Tse HF, Lip GY. New insights 
on endothelial progenitor cell subpopulations and 
their angiogenic properties. J Am Coll Cardiol 
2008; 51: 669-671.

  16)	Sieveking DP, Buckle A, Celermajer DS, Ng MK. Strik-
ingly different angiogenic properties of endotheli-
al progenitor cell subpopulations: insights from a 
novel human angiogenesis assay. J Am Coll Car-
diol 2008; 51: 660-668.

  17)	Mancuso P, Calleri A, Bertolini F. Circulating endo-
thelial cells and circulating endothelial progenitors. 
Recent Results Cancer Res 2012; 195: 163-170.

  18)	 Duan HX, Lu GX, Cheng LM. [Isolation, culture and 
identification of two types of endothelial progenitor 
cells from human umbilical cord blood]. Zhongguo 
Shi Yan Xue Ye Xue Za Zhi 2008; 16: 387-391.

  19)	van Meerloo J, Kaspers GJ, Cloos J. Cell sensitivity 
assays: the MTT assay. Methods Mol Biol 2011; 
731: 237-245. 

  20)	Holnthoner W, Hohenegger K, Husa AM, Muehled-
er S, Meinl A, Peterbauer-Scherb A, Redl H. Adi-
pose-derived stem cells induce vascular tube 
formation of outgrowth endothelial cells in a fibrin 
matrix. J Tissue Eng Regen Med 2015; 9: 127-136.

  21)	Lu FI, Sun YH, Wei CY, Thisse C, Thisse B. Tissue-spe-
cific derepression of TCF/LEF controls the activity 
of the Wnt/beta-catenin pathway. Nat Commun 
2014; 5: 5368.

  22)	Chan KH, Simpson PJ, Yong AS, Dunn LL, Chawan-
tanpipat C, Hsu C, Yu Y, Keech AC, Celermajer DS, 
Ng MK. The relationship between endothelial 
progenitor cell populations and epicardial and 
microvascular coronary disease-a cellular, angio-
graphic and physiologic study. PLoS One 2014; 9: 
e93980.

  23)	Nabel EG, Ganz P, Gordon JB, Alexander RW, Sel-
wyn AP. Dilation of normal and constriction of ath-
erosclerotic coronary arteries caused by the cold 
pressor test. Circulation 1988; 77: 43-52.

  24)	Motoyama T, Kawano H, Kugiyama K, Hirashima O, 
Ohgushi M, Tsunoda R, Moriyama Y, Miyao Y, Yoshimu-
ra M, Ogawa H, Yasue H. Vitamin E administration 
improves impairment of endothelium-dependent 
vasodilation in patients with coronary spastic an-
gina. J Am Coll Cardiol 1998; 32: 1672-1679.

  25)	Ito T, Yasue H, Yoshimura M, Nakamura S, Nakaya-
ma M, Shimasaki Y, Harada E, Mizuno Y, Kawano H, 
Ogawa H. Paraoxonase gene Gln192Arg (Q192R) 
polymorphism is associated with coronary artery 
spasm. Hum Genet 2002; 110: 89-94.



The relationship between EPCs and VEGF165 and SDF-1 in coronary artery spasm

2777

  26)	Murase Y, Yamada Y, Hirashiki A, Ichihara S, Kanda H, 
Watarai M, Takatsu F, Murohara T, Yokota M. Genet-
ic risk and gene-environment interaction in coro-
nary artery spasm in Japanese men and women. 
Eur Heart J 2004; 25: 970-977.

  27)	Kawashima S, Yokoyama M. Dysfunction of endothe-
lial nitric oxide synthase and atherosclerosis. Ar-
terioscler Thromb Vasc Biol 2004; 24: 998-1005.

  28)	Nochioka K, Tanaka S, Miura M, Zhulanqiqige DE, Fu-
kumoto Y, Shiba N, Shimokawa H. Ezetimibe improves 
endothelial function and inhibits Rho-kinase activi-
ty associated with inhibition of cholesterol absorp-
tion in humans. Circ J 2012; 76: 2023-2030.

  29)	Nohria A, Grunert ME, Rikitake Y, Noma K, Prsic A, 
Ganz P, Liao JK, Creager MA. Rho kinase inhibition 
improves endothelial function in human subjects 
with coronary artery disease. Circ Res 2006; 99: 
1426-1432.

  30)	Yasue H, Mizuno Y, Harada E, Itoh T, Nakagawa H, 
Nakayama M, Ogawa H, Tayama S, Honda T, Hokimo-
to S, Ohshima S, Hokamura Y, Kugiyama K, Horie M, 
Yoshimura M, Harada M, Uemura S, Saito Y. Effects 
of a 3-hydroxy-3-methylglutaryl coenzyme a re-
ductase inhibitor, fluvastatin, on coronary spasm 
after withdrawal of calcium-channel blockers. J 
Am Coll Cardiol 2008; 51: 1742-1748.

  31)	Yasue H, Nakagawa H, Itoh T, Harada E, Mizuno Y. 
Coronary artery spasm--clinical features, diagno-
sis, pathogenesis, and treatment. J Cardiol 2008; 
51: 2-17.

  32)	Hung MY, Hsu KH, Hung MJ, Cheng CW, Kuo LT, 
Cherng WJ. Interaction between cigarette smok-
ing and high-sensitivity C-reactive protein in the 
development of coronary vasospasm in patients 
without hemodynamically significant coronary ar-
tery disease. Am J Med Sci 2009; 338: 440-446.

  33)	Teragawa H, Kato M, Yamagata T, Matsuura H, Kajiya-
ma G. The preventive effect of magnesium on cor-
onary spasm in patients with vasospastic angina. 
Chest 2000; 118: 1690-1695.

  34)	Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, 
Sakthisekaran D, Sethi G, Nishigaki I. The vascular 
endothelium and human diseases. Int J Biol Sci 
2013; 9: 1057-1069.

  35)	Saffi MA, Furtado MV, Polanczyk CA, Montenegro MM, 
Ribeiro IW, Kampits C, Haas AN, Rosing CK, Rabelo-Silva 
ER. Relationship between vascular endothelium and 
periodontal disease in atherosclerotic lesions: review 
article. World J Cardiol 2015; 7: 26-30.

  36)	Dieterich LC, Mellberg S, Langenkamp E, Zhang L, Zie-
ba A, Salomaki H, Teichert M, Huang H, Edqvist PH, 
Kraus T, Augustin HG, Olofsson T, Larsson E, So-
derberg O, Molema G, Ponten F, Georgii-Hemming P, 
Alafuzoff I, Dimberg A. Transcriptional profiling of 
human glioblastoma vessels indicates a key role 
of VEGF-A and TGFbeta2 in vascular abnormal-
ization. J Pathol 2012; 228: 378-390.

  37)	Asahara T, Masuda H, Takahashi T, Kalka C, Pastore 
C, Silver M, Kearne M, Magner M, Isner JM. Bone 
marrow origin of endothelial progenitor cells re-
sponsible for postnatal vasculogenesis in physi-
ological and pathological neovascularization. Circ 
Res 1999; 85: 221-228.

  38)	Ramli J, CalderonArtero P, Block RC, Mousa SA. 
Novel therapeutic targets for preserving a healthy 
endothelium: Strategies for reducing the risk of 
vascular and cardiovascular disease. Cardiol J 
2011; 18: 352-363.

  39)	Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw 
MA, Quyyumi AA, Finkel T. Circulating endothelial 
progenitor cells, vascular function, and cardiovas-
cular risk. N Engl J Med 2003; 348: 593-600.

  40)	Schmidt-Lucke C, Rossig L, Fichtlscherer S, Vasa M, 
Britten M, Kamper U, Dimmeler S, Zeiher AM. Re-
duced number of circulating endothelial progen-
itor cells predicts future cardiovascular events: 
proof of concept for the clinical importance of en-
dogenous vascular repair. Circulation 2005; 111: 
2981-2987.

  41)	Thum T, Tsikas D, Stein S, Schultheiss M, Eigenthaler 
M, Anker SD, Poole-Wilson PA, Ertl G, Bauersachs J. 
Suppression of endothelial progenitor cells in hu-
man coronary artery disease by the endogenous 
nitric oxide synthase inhibitor asymmetric dimeth-
ylarginine. J Am Coll Cardiol 2005; 46: 1693-1701.

  42)	Shimoni S, Bar I, Meledin V, Derazne E, Gandelman G, 
George J. Circulating endothelial progenitor cells 
and clinical outcome in patients with aortic steno-
sis. PLoS One 2016; 11: e148766.

  43)	Reynolds JA, Robertson AC, Bruce IN, Alexander MY. 
Improving cardiovascular outcomes in rheumatic 
diseases: therapeutic potential of circulating en-
dothelial progenitor cells. Pharmacol Ther 2014; 
142: 231-243.

  44)	Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, 
Link A, Bohm M, Nickenig G. Circulating endothelial 
progenitor cells and cardiovascular outcomes. N 
Engl J Med 2005; 353: 999-1007.

  45)	Yoder MC, Mead LE, Prater D, Krier TR, Mroueh 
KN, Li F, Krasich R, Temm CJ, Prchal JT, Ingram DA. 
Redefining endothelial progenitor cells via clonal 
analysis and hematopoietic stem/progenitor cell 
principals. Blood 2007; 109: 1801-1809.

  46)	Hur J, Yoon CH, Kim HS, Choi JH, Kang HJ, Hwang 
KK, Oh BH, Lee MM, Park YB. Characterization of 
two types of endothelial progenitor cells and their 
different contributions to neovasculogenesis. Ar-
terioscler Thromb Vasc Biol 2004; 24: 288-293.

  47)	Seddon M, Shah AM, Casadei B. Cardiomyocytes as 
effectors of nitric oxide signalling. Cardiovasc Res 
2007; 75: 315-326.

  48)	Gulati R, Jevremovic D, Peterson TE, Chatterjee S, 
Shah V, Vile RG, Simari RD. Diverse origin and func-
tion of cells with endothelial phenotype obtained 
from adult human blood. Circ Res 2003; 93: 1023-
1025.

  49)	Ma FX, Zhou B, Chen Z, Ren Q, Lu SH, Sawamura T, 
Han ZC. Oxidized low density lipoprotein impairs 
endothelial progenitor cells by regulation of endo-
thelial nitric oxide synthase. J Lipid Res 2006; 47: 
1227-1237.

  50)	Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, 
Ihling C, Technau-Ihling K, Zeiher AM, Dimmeler S. 
Essential role of endothelial nitric oxide synthase 
for mobilization of stem and progenitor cells. Nat 
Med 2003; 9: 1370-1376


