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ABSTRACT  42 

Objective. Early-endothelial progenitor cells (early-EPC) and late-EPC are involved in 43 

endothelial repair, and can rescue damaged endothelial cells by transferring organelles 44 

through tunneling-nanotubes (TNT).  In rodents, EPC-mobilization from the bone 45 

marrow depends on sympathetic nervous system activity. Indirect evidence suggests a 46 

relation between autonomic derangements and human EPC-mobilization. We aimed at 47 

testing whether hypertension-related autonomic imbalances are associated with EPC 48 

impairment. Results. Thirty controlled-essential hypertensive patients 49 

[SBP/DBP=130(120-137)/85(61-88) mmHg; 81.8% male], and twenty-healthy 50 

normotensives [(114(107-119)/75(64-79) mmHg; 80% male] were studied. 51 

Mononuclear cells were cultured on fibronectin- and collagen-coated dishes for early-52 

EPC and late-EPC, respectively. Low-(LF) and high-frequency (HF) components of 53 

short-term heart rate variability were analyzed during a 5-min rest, an 54 

expiration/inspiration maneuver, and a Stroop color-word-test. Modulations of cardiac 55 

sympathetic and parasympathetic activities were evaluated by LF/HF (%) and HF-56 

power (ms2), respectively. In controlled-hypertensive patients, the numbers of early-57 

EPC, early-EPC that emitted TNT, late-EPC and late-EPC that emitted TNT were 41%, 58 

77%, 50% and 88% lower than in normotensives (p<0.008). In controlled-hypertensive 59 

patients, late-EPC number was positively associated with cardiac parasympathetic 60 

reserve during the expiration/inspiration maneuver (Rho=0.45, p=0.031) and early-EPC 61 

with brachial flow-mediated dilation (Rho=0.655; p=0.049); also, late-TNT number was 62 

inversely related to cardiac sympathetic response during the stress-test (Rho=-0.426, 63 

p=0.045).  EPC exposure to epinephrine or norepinephrine showed negative dose-64 

response relationships on cell adhesion to fibronectin and collagen; both 65 

catecholamines stimulated early-EPC growth, but epinephrine inhibited late-EPC 66 

growth. Conclusions. In controlled-hypertensive patients, sympathetic 67 

overactivity/parasympathetic underactivity were negatively associated with EPC, 68 
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suggesting that reducing sympathetic/increasing parasympathetic activation might 69 

favor endothelial repair. 70 

 71 

Key Words: endothelial regeneration, autonomic balance, parasympathetic 72 
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Introduction 76 

Current evidence supports the concept that circulating bone marrow-derived 77 

endothelial progenitor cells (EPCs) contribute to the repair and regeneration of the 78 

injured endothelium(15). Tissue ischemia and/or endothelial damage promote EPC 79 

mobilization from the bone marrow, and EPC recruitment and incorporation at sites of 80 

vascular damage (15). Two distinct types of EPC have been identified by in vitro cell 81 

culture of the blood mononuclear cell fraction, i.e., early-EPC and late-EPC, the latter 82 

also known as outgrowth endothelial cells. Early-EPC –representing alternative 83 

activated M2 macrophages- promote vascular repair through the paracrine release of 84 

cytokines, and late-EPC by differentiating into endothelial cells and incorporating into 85 

blood vessels (20, 26). In addition, EPC can rescue damaged endothelial cells by 86 

transferring mitochondria and lysosomes through the recently discovered cell-to-cell 87 

communication channels referred to as tunneling nanotubes (TNT) (34, 35).  88 

Studies in rodents showed that the sympathetic nervous system plays an essential role 89 

in EPC mobilization from the bone marrow (22), and that catecholamines are involved 90 

in the modulation of post-ischemic revascularization (31), suggesting that autonomic 91 

dysregulation can impair vascular endothelial repair. In humans, the relation between 92 

sympathetic activation and EPC egress from the bone marrow was indirectly suggested 93 

by reports showing a negative relation between the number of circulating EPC and both 94 

psychosocial stressors (13) and depression scores (8), which are known to be 95 

associated with autonomic derangements. In this context, it is noteworthy that in vivo 96 

endothelial repair capacity is reduced in prehypertension and hypertension patients 97 

(16), and that sympathetic overactivation has been calculated to be present in 98 

approximately 50% of essential hypertension patients (10, 30).   99 

Considering all the above, we postulated that autonomic imbalances characterized by 100 

sympathetic overactivation and/or parasympathetic inhibition would be associated to 101 

impaired endothelial repair capacity in treated hypertensive patients.  To test this 102 
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notion, in this study we assessed the relations between the number and function of 103 

EPCs and autonomic status in patients under treatment for hypertension that had 104 

achieved goal blood pressure, and also investigated ex vivo EPC responses to added 105 

epinephrine and norepinephrine. 106 

 107 
Materials and Methods 108 

Patients 109 

The study adhered to the principles outlined in the Declaration of Helsinki and was 110 

approved by the School of Biomedical Sciences-Austral University Ethics Committee.  111 

Written informed consent was obtained from all subjects. A total of 90 individuals that 112 

consulted consecutively at the Center of Hypertension of the Austral University Hospital 113 

were screened for the following exclusion criteria: previous cardiovascular events, 114 

diabetes, smoking history, and cancer. Thirty treated essential hypertensive patients 115 

(Hypertensive group) that had achieved goal blood pressure were included. Patients 116 

were asked to interrupt their antihypertensive medications for 24 h in advance of the 117 

day when they underwent anthropometric, metabolic (fasting glycemia and lipid profile), 118 

autonomic and flow-mediated dilation evaluations.  Twenty healthy normotensive 119 

volunteers (Normotensive group), that were not receiving any medication, were studied 120 

to obtain reference values for EPC and TNT. Office blood pressure was measured with 121 

a calibrated and validated semiautomatic oscillometric device (Omron HEM-781CPINT, 122 

Omron Healthcare, Inc., Lakeside Drive Bannockburn, IL ) according to JNC7 (9), with 123 

an appropriate cuff size and by averaging the second and third readings after the 124 

patients had been seated for 5 min.  125 

Assessment of autonomic function.  126 

In Hypertensive patients, heart rate variability (HRV) was measured in the morning 127 

after 40 minutes of supine rest in a quiet room, at 22 °C. Frequency domain analysis of 128 

short-term HRV was performed by using an autoregressive model (Kubios software, 129 

Finland) in 3 settings: basal (during a 5-min supine rest), during a deep breathing 130 
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maneuver (E/I maneuver, with 6 metronomic breaths/minute), and while performing a 131 

mental stress test (Stroop color-word test). Beat-to-beat R-R intervals (RRI; i.e. HRV) 132 

and systolic blood pressure (SBP) were continuously monitored throughout these 133 

maneuvers (1),(29).  134 

Spectral analysis of HRV data yielded the low (0.05-0.15 Hz, LF) and high (>0.15 Hz, 135 

HF) frequency components of total power. For the assessment of autonomic balance, 136 

the cardiac parasympathetic reserve was evaluated by analyzing HF (ms2) during both 137 

the 5-min rest period and the E/I maneuver, whereas the cardiac sympathetic response 138 

was assessed by analyzing the LF/HF ratio (%) during the 5-min rest and the mental 139 

stress test.  140 

EPC culture and characterization 141 

A 40-mL sample of venous blood was used for the isolation of EPC by density gradient 142 

centrifugation (Histopaque 1077, Cat. No. H8889, Sigma-Aldrich, St. Louis, MO). 143 

Samples were processed within 2 h after collection. The mononuclear peripheral blood 144 

cells were washed once with phosphate buffered saline and twice in growth medium 145 

(BioCoat Endothelial Cell Culture Enviroment, Cat. No. 355054, Becton Dickinson, 146 

Bedford, MA) supplemented with 20 % fetal-calf serum, penicillin (100 U/mL), 147 

streptomycin (100 μg/mL) and amphothericin B (0.25 ug/mL). The isolated cells were 148 

resuspended in growth medium and plated onto human fibronectin-coated (Cat. No. 149 

354559) or rat collagen-coated (Cat. No. 354557) 6 well dishes (BioCoat cellware, 150 

Becton Dickinson, Bedford, MA) for early-EPC (5x106 cells/well) and late-EPC (2x107 151 

cells/well), respectively. After 48 h, the non-adherent cells were discarded, and the 152 

adherent cells were cultured during 9 days or 21 days for early-EPC and late-EPC, 153 

respectively (27). Growth medium was changed every other day, and digital 154 

photographs were obtained. To confirm the endothelial phenotype, at the end of the 155 

growth curve, cultured cells were characterized by exposure to DiI-acetylated low-156 

density lipoproteins (Cat. No. L3484, Invitrogen, Carlsbad, CA), FITC-conjugated lectin 157 

from Ulex europaeus (Cat. No. L9006, Sigma-Aldrich, St. Louis, MO), and monoclonal 158 
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antihuman PE-conjugated CD45 (Cat. No. P7687, Sigma-Aldrich). CD14 and vascular 159 

endothelial growth factor receptor-2 (VEGFR-2) were revealed by indirect fluorescence 160 

immunohistochemistry, by using monoclonal anti-human CD14 (Cat. No. C7673, 161 

Sigma-Aldrich) and VEGFR-2 (Cat. No. V3003, Sigma-Aldrich)   antibodies, followed by 162 

FITC-conjugated anti-Mouse IgG (Cat. No. F5687, Sigma-Aldrich). TNT were identified 163 

by microscopy and fluorescent phalloidin staining (Alexa Fluor® 594 phalloidin, Cat. 164 

No. A12379, Molecular Probes, Life Technologies, Carlbad, CA) on days 9 and 21 for 165 

early-EPC and late-EPC, respectively. Digital images and Cell C software (Tampere 166 

University of Technology, Finland) were used to count the cells in 6 randomly selected 167 

microscopic fields/well, by one operator that was blinded as to the corresponding 168 

subject´s group. TNT were quantified manually on digital images by one observer that 169 

was masked to the subject´s group. For EPC and TNT counting, intraobserver 170 

variabilities -assessed by calculating the coefficient of variation [CV(%) = Mean of SD x 171 

100 / Data Mean]- were 5.0 % and 5.3 %, respectively. The inter-assay CV% were 7.5 172 

%  and 7.1 % for EPC and TNT counting, respectively. 173 

Effects of epinephrine and norepinephrine on cultured EPC  174 

Early- and late-EPC were cultured in the presence of epinephrine hydrochloride (Cat. 175 

No. E4642, Sigma-Aldrich) or norepinephrine bitartrate (Cat. No. A9512, Sigma- 176 

Aldrich) that were dissolved in phosphate buffered saline (PBS) and added to the 177 

culture medium at the final epinephrine concentrations reported for human plasma (11)  178 

at standing, during exercise and in response to other types of stress (25, 100 and 400 179 

ng/L, respectively; n= 6 independent assays each) and at plasma norepinephrine levels 180 

reported at standing and during exercise (100 and 200 ng/L, respectively) (17). Control 181 

cells were added with PBS. To test the effects of these catecholamines on EPC 182 

adhesion to fibronectin and collagen, epinephrine or norepinephrine were added to the 183 

mononuclear cell culture medium at the time of seeding onto the respective culture 184 

dishes, and adherent EPC were counted 48 h later; whereas to test their effects on 185 
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EPC growth, mononuclear cells were seeded onto fibronectin or collagen in the 186 

absence of epinephrine or norepinephrine, and 48 h later -after having discarded non-187 

adherent cells- the catecholamines were added to adherent EPC.  The catecholamine 188 

supplemented media were replaced every 48 h, and early- and late-EPC were counted 189 

on days 9 or 21, respectively, as was described in “EPC culture and characterization”. 190 

 191 

Brachial artery flow-dependent endothelium-mediated dilation 192 

To evaluate endothelial function status in treated hypertensive patients, brachial artery 193 

flow-dependent endothelium-mediated dilation was measured in the morning under 194 

fasting conditions, with patients supine in a quiet room kept at 22°C using a high 195 

resolution device (Esaote Caris 7230, Genova, Italy). The International Brachial Arterial 196 

Reactivity Task Force guidelines were followed (7). In brief, brachial artery diameter 197 

measurements were obtained with a 10-MHz transducer positioned perpendicular to 198 

the vessel in the upper arm by using a stereotactic clamp to ensure that the 199 

measurements were made in the same arterial segment, and to avoid transducer 200 

displacement. Ultrasonic gel was used as the transmitting medium. Brachial artery 201 

blood flow velocity was obtained continuously by pulsed Doppler signal, in the arm 202 

opposite to that used for blood extraction. After positioning a blood pressure cuff in the 203 

upper arm, baseline vessel diameter and blood flow were acquired. The cuff was then 204 

inflated to ≥10 mmHg above systolic blood pressure, to occlude arterial flow for 3 205 

minutes. Continuous recordings of the longitudinal image of the artery were obtained 206 

starting 30 s before and up to 2 minutes after cuff deflation. To assess hyperemic flow, 207 

the Doppler signal was registered immediately after cuff release for a maximum of 15 208 

seconds. The information obtained was processed with a Hemodyn 4M instrument. The 209 

flow-mediated dilator response, expressed as a percentage of the baseline brachial 210 

artery diameter, was used as an estimation of endothelium-dependent vasodilation.  211 

This method is routinely used in our laboratory. 212 

 213 
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 214 

Statistical analysis 215 

Since the data were not normally distributed, differences between the Hypertensive 216 

and Normotensive groups in median values of EPC and TNT and of anthropometric 217 

variables were tested by the nonparametric Mann–Whitney U test.  218 

Correlations between EPC parameters and autonomic evaluation parameters were 219 

assessed both by Spearman rank order correlation test (for not normally distributed 220 

data) and by simple linear regression after natural logarithmic transformation of the 221 

variables.  Multivariate linear regression analysis with either EPC or TNT as predicted 222 

variables and autonomic evaluation, anthropometric/metabolic parameters and blood 223 

pressure as predictor factors was assessed according to the forward-stepwise method. 224 

Those parameters appearing clearly uncorrelated to EPC or TNT numbers by the 225 

Spearman test and simple linear regression were excluded from the multivariate 226 

analysis. 227 

 228 

RESULTS 229 

Subjects´ characteristics 230 

The characteristics of the study subjects are shown in Table 1.  The Hypertensive and 231 

Normotensive groups showed no differences in age and gender distribution, BMI, LDL- 232 

and HDL-cholesterol levels, and glycemia. In the Normotensive group systolic and 233 

diastolic blood pressures were significantly lower than in the Hypertensive group. Also, 234 

in the Hypertensive group plasma triglycerides and total cholesterol were higher than in 235 

the Normotensive group, although the differences reached statistical significance only 236 

for triglycerides. 237 

 238 

Cultured early-EPC, late-EPC, and TNT identification 239 

Early-EPCs and late-EPCs were obtained from human peripheral blood according to 240 

established protocols. After ex-vivo culture, each type of EPC homogeneously 241 

exhibited their distinctive morphology, i.e., early-EPC were spindle-shaped cells and 242 
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late-EPC exhibited a cobblestone appearance. After immunophenotyping, early-EPC 243 

were identified as CD14+, CD45+, AcLDL+, UEA1+, VEGFR-2+  cells on day 9 of 244 

culture,  and late-EPC as CD14-, CD45-, AcLDL+, UEA1+, VEGFR-2+ cells (day21) 245 

(Figure 1A). Therefore, as expected, early-EPC –but not late-EPC- expressed the 246 

haematopoietic markers CD14 and CD45, indicating that late-EPC are committed to 247 

the endothelial lineage. 248 

To ascertain that CD14 and CD45 positive cells were not a mixture of live and dead 249 

cells, we first stained early-EPC with DiI-acetylated LDL that is taken-up through 250 

receptor-mediated endocytosis and functions as a live cell marker. Since we could not 251 

co-stain cells with CD45 fluorescent and Dil-acetylated LDL antibodies, because they 252 

both emitted light in the red region, we used  an indirect approach consisting of two 253 

steps: 1) we co-stained cells with  DiI-acetylated LDL and a green fluorescence CD14 254 

antibody, and found that all CD14+ cells were live cells, since they were also Dil-255 

acetylated LDL+ cells (Figure 1B), and 2) we co-stained cells with CD45 with CD14 256 

antibodies (red and green fluorescence, respectively), and showed that all CD45+ cells 257 

were also CD14+ cells (Figure 1B). Figure 1B also shows that early EPC were positive 258 

for both VEGFR-2 and CD45.  259 

Tunneling nanotubes were characterized as thin, straight, actin-rich cytoplasmic 260 

projections, with a length equivalent to several cell diameters, and crossing from one 261 

cell to another (Figure 2). 262 

 263 

Ex vivo cultured early-EPC, late-EPC and TNT are reduced in controlled essential 264 

hypertensive patients  265 

Table 2A shows the quantification of EPC and TNT (i.e., tunneling nanotubes projected 266 

by EPC). TNT counting refers to the total number of EPC emitting tunneling nanotubes 267 

per microscopic field. For early-EPC and late-EPC, TNT started to be evident on days 268 

5 and 10 of culture, respectively. In the Hypertensive group, early-EPC and early-TNT, 269 
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late-EPC and late-TNT were significantly less abundant than in the Normotensive 270 

group (43 %, 78 %, 51 % and 89 %, respectively). 271 

The percentage of early-EPC and late-EPC that emitted TNT was significantly lower in 272 

Hypertensive patients than in Normotensive individuals (Table 2B). 273 

 274 

Relation between autonomic status and EPC numbers in controlled essential 275 

hypertensive patients  276 

Table 3A shows cardiac parasympathetic reserve and sympathetic response as 277 

evaluated by analyzing the HF and LF/HF ratio components of heart rate variability in 278 

the Hypertensive group, during a 5-min rest, the E/I maneuver, and the mental stress 279 

test.  280 

Considering that the data were not normally distributed, the Spearman correlation 281 

coefficient was used to assess the strength of the relation between variables. However, 282 

given that the robustness of Spearman correlation is lower than that of Pearson 283 

correlation coefficient, we also used the latter method after normalization by natural 284 

logarithmic transformation of the data. 285 

 In the Hypertensive group, late-EPC number was positively related to the cardiac 286 

parasympathetic reserve during the E/I maneuver, both when assessed by statistical 287 

non-parametric analysis (Table 3B) and after natural logarithmic transformation and 288 

linear regression analysis (Figure 3).  289 

In contrast, in the Hypertensive group late-TNT numbers were negatively associated 290 

with cardiac sympathetic response during the mental stress test (Table 3B). During the 291 

rest period, no relations were found between either early-EPC, early-TNT, late-EPC or 292 

late-TNT and cardiac parasympathetic reserve or sympathetic response.  293 

To establish whether risk factors or hypertensive patients´ characteristics other than 294 

cardiac parasympathetic reserve and sympathetic response might have partly 295 

explained the reduced late-EPC and late-TNT counts, a multiple linear regression 296 

analysis was performed. No relations were found between any of early-EPC, late-EPC, 297 
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early-TNT, late-TNT and either BMI, glycemia, TG, Total/HDL/LDL Cholesterol, blood 298 

pressure (SBP/DBP) or age. Therefore, for multivariate linear regression analysis with 299 

either late-EPC or late-TNT numbers as predicted variables, only autonomic evaluation 300 

parameters (HF during the E/I maneuver and LF/HF ratio during the stress test, 301 

respectively) could be used as predictor factors. 302 

 303 

Effects of epinephrine and norepinephrine on cultured EPC  304 

Since correlation analysis is not sufficient proof of causation, early- and late-EPC were 305 

cultured in the presence of epinephrine or norepinephrine to test whether plasma 306 

catecholamine levels might contribute to the negative association observed in 307 

hypertensive patients between sympathetic overactivity/parasympathetic underactivity 308 

and EPC and TNT numbers. Exposure of EPC to epinephrine showed a negative dose-309 

response relationship on cell adhesion to fibronectin; thus, at 25 ng epinephrine/L the 310 

number of adherent cells 48 h after seeding was 13 % lower (not significant) than early-311 

EPC treated with PBS, but at 100 and 400 ng epinephrine/L cell adhesion was 312 

progressively and significantly reduced by 34 % and 63 %, respectively (Figure 4-A1). 313 

A negative dose-response behavior was also observed when the cells were exposed to 314 

norepinephrine at 100 ng/L and 400 ng/L, which decreased EPC adhesion to 315 

fibronectin by 16 % (not significant) and 50 %, respectively, relative to PBS-treated 316 

cells (Figure 4-A1). However, when seeded over collagen, cell incubation with 317 

epinephrine at 100 ng/L and 400 ng/L or norepinephrine at 200 ng/L slightly but 318 

significantly reduced EPC adhesion (by 3.7 %, 7.7 % and 3.6 %, respectively) 319 

compared with cells incubated in the presence of PBS (Figure 4-A2).  320 

In contrast, exposure to epinephrine showed a positive dose-response relationship on 321 

early-EPC growth, i.e. early-EPC count on day 9 of culture was 17 % and 39 % higher 322 

in cells incubated with epinephrine at 100 ng/L and 400 ng/L, respectively, relative to 323 

PBS-treated cells, whereas 25 ng epinephrine/L had no effect.  Incubation of early EPC 324 

with norepinephrine at 100 ng/L and 200 ng/L stimulated cell growth by 43 % and 41 325 
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%, respectively, relative to incubation without norepinephrine (Figure 4-B1). When 326 

cultured over collagen, incubation with norepinephrine had no effect on late-EPC 327 

growth, and only 400 ng epinephrine/L reduced cell growth by 20 % versus PBS-328 

treated cells (Figure 4-B2). 329 

 330 

The amount of cultured early-EPCs is positively correlated with flow-dependent, 331 

endothelium-mediated dilation 332 

In controlled hypertensive patients, the median value for brachial artery flow-333 

dependent, endothelium-mediated dilation (FMD) was 4.88 %, with minimum and 334 

maximum values of 0 % and 19.3 %, respectively. 335 

Ex vivo cultured early-EPC counts were positively correlated with brachial artery FMD 336 

[Spearman rho = 0.655; p = 0.049; and linear regression analysis (Figure 5)]. 337 

No relation was found between the arterial blood flow response [median (max-min 338 

values) = 139 (68-181) ml/min] to reactive hyperemia and FMD (Spearman rho = 339 

0.036; p= 0.8342), indicating that although increases in blood flow-associated shear 340 

stress are known to trigger the vasodilatory response, other factors exerted a 341 

predominant influence on FMD modulation.  342 

 343 

DISCUSSION 344 

The present work shows that in the treated essential hypertensive patients studied, 345 

although the blood pressure achieved was within the range recommended by the JNC7 346 

guidelines, a) the number and function of ex vivo cultured early- and late-EPC are 347 

reduced when compared with normotensive subjects, b) an autonomic profile 348 

characterized by sympathetic overactivity/parasympathetic underactivity is negatively 349 

associated with EPC and TNT numbers, and c) epinephrine and norepinephrine 350 

negatively affect early- and late-EPC adhesion and to a lesser extent stimulate ex-vivo 351 

early-EPC growth, whereas epinephrine reduces late-EPC growth, d) a positive 352 

correlation exists between cultured early-EPC counts and the extent of brachial flow 353 
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mediated dilation, indirectly suggesting that EPC alterations are associated with, and 354 

can have detrimental effects on, vascular function. 355 

Given that no relations were found between any of early-EPC, late-EPC, early-TNT, 356 

late-TNT and plasma triglycerides, total cholesterol, or systolic/diastolic blood 357 

pressures it follows that the lower number and function of ex vivo cultured early- and 358 

late-EPC observed in hypertensive patients relative to normotensive subjects was not 359 

dependent on the differences observed in these particular parameters between both 360 

groups. 361 

To the best of our knowledge, this is the first report to show that both cultured late-EPC 362 

counts and the number of early- and late-EPC that emit TNT are lower in controlled 363 

hypertensive patients relative to normotensive subjects. The relevance of TNT 364 

formation by EPC is evidenced by puzzling data showing that the marked improvement 365 

of vascular repair by transplantation of EPC is accompanied by scarce EPC 366 

engraftment at injury sites (37). This apparent contradiction can be explained, at least 367 

partly, by recent evidence showing that in vitro and in vivo the formation of TNT by 368 

EPC is responsible for the rescue of prematurely senescent endothelial cells; this 369 

involves TNT-mediated transfer of lysosomes from EPC to endothelial cells, which 370 

reconstitutes the lysosomal pool of stressed endothelia and improves their viability and 371 

function (34). In this context, a previous report showed that essential hypertensive 372 

patients have an increased proportion of senescent ex-vivo cultured EPC relative to 373 

normotensive individuals, and that the extent of hypertension-related organ damage 374 

was positively related to EPC senescence (21).  375 

The number of TNT reported here represents the basal level of TNT expression by 376 

cells under normal tissue culture conditions. The lower early- and late-TNT numbers 377 

observed in cultured cells from controlled hypertensive patients relative to 378 

normotensive subjects cannot be extrapolated the in vivo situation; however, 379 

considering that TNT contribute to cell survival, the present ex vivo finding is consistent 380 

with the well-documented reduction of in vivo endothelial repair capacity that occurs in 381 
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prehypertension and hypertension patients.  At present, the signals that guide tunneling 382 

nanotube formation are not completely understood. It should be mentioned, that apart 383 

from EPC, TNT were described in other cell types. Also, TNT can facilitate not only the 384 

transfer of lysosomes but also that of mitochondria, plasma membrane components, 385 

vesicles, Ca2+, pathogens and electrical signals. This novel type of intercellular 386 

communication participates in such vital processes as tissue regeneration, signal 387 

transmission, development, and immunity (2) .  According to our present results, it can 388 

be suggested that in treated hypertensive patients the alterations in TNT formation may 389 

negatively affect EPC function despite having achieved adequate blood pressure 390 

values through pharmacological treatment.   391 

Here we observed that in treated hypertensive patients the cardiac parasympathetic 392 

reserve was positively related to ex vivo cultured late-EPC levels, whereas cardiac 393 

sympathetic response was negatively associated with TNT numbers in late-EPC 394 

cultures. These results suggest that normalization of the sympathetic/parasympathetic 395 

balance may increase EPC levels and improve their function, thereby enhancing the 396 

capacity for endothelial repair in essential hypertensive patients.  The latter concept is 397 

supported by both the observed negative dose-response relationship on ex-vivo EPC 398 

adhesion to fibronectin and collagen, as well as epinephrine´s inhibitory effect on late-399 

EPC growth. Although both epinephrine and norepinephrine stimulated early-EPC 400 

growth, the magnitude of the effect was smaller than the detrimental influence on EPC 401 

adhesion. The observed stimulation of early-EPC growth by catecholamines is a 402 

puzzling finding for which we can only provide a speculative reasoning. Since early-403 

EPC represent alternative activated M2 macrophages, we have drawn a potential 404 

interpretation from known macrophage responses to catecholamines. The sympathetic 405 

nervous system has a dual role –i.e., either anti-inflammatory or pro-inflammatory- on 406 

local inflammatory responses mediated by the actions of norepinephrine and 407 

epinephrine on immune cell adrenoreceptors (12). In the case of macrophages, the 408 

effects of catecholamines on cell functions seem to be complex and subject to 409 
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inconsistencies. It has been proposed that the discordance between stimulatory and 410 

inhibitory actions of catecholamines is dependent upon the activation state of 411 

macrophage populations and the associated changes in the expression levels of 412 

different adrenoreceptor types.  In this context, to clarify the significance of our 413 

unexpected observation that catecholamines stimulated the in vitro growth of early-414 

EPC, other studies are needed to assess the expression of adrenoreceptors under the 415 

present experimental conditions. Finally, considering that early-EPC are supportive 416 

cells that by releasing cytokines can modulate the vasculogenic activity of late EPC, it 417 

is feasible that in the setting of autonomic dysregulation the stimulation of early-EPC 418 

growth by epinephrine and norepinephrine might represent a counterbalancing 419 

mechanism aimed at buffering the negative effects of both catecholamines on early- 420 

and late-EPC and minimizing any deleterious consequences on vascular maintenance. 421 

In recent years, the sympathetic nervous system was identified as a decisive 422 

determinant in progenitor cell mobilization from the bone marrow (22). In relation to 423 

this, EPC were shown to express functional β2-adrenergic receptors which upon 424 

stimulation induce EPC migration, proliferation and differentiation, resulting in improved 425 

neoangiogenesis in experimental hindlimb ischemia (14). Interestingly, in chronic 426 

obstructive pulmonary disease patients β2-adrenergic receptor expression in early-427 

EPCs was higher than in healthy controls, and treatment of EPC with a β2-adrenergic 428 

receptor antagonist (ICI 118551) increased EPC migration and proliferation when 429 

compared to treatment with an agonist, norepinephrine (24). Concerning the link 430 

between the parasympathetic nervous system and EPC, approximately a decade ago a 431 

previously unknown cholinergic angiogenic pathway mediated by nicotinic acetylcholine 432 

receptors (nAChRs) on endothelial cells, was described (19). Later, nAChR activation 433 

by both local and systemic administration of nicotine was shown to increase the 434 

mobilization and/or recruitment of mouse EPC to the site of angiogenesis in ischemic 435 

tissues (18); also, nAChRs were identified on fibronectin-cultured human EPCs, and 436 

nicotine -via nAChRs - was found to improve human EPCs functional activity (36). The 437 
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archetypal endogenous nAChR agonist is acetylcholine (ACh). The broad hydrolyzing 438 

activity of acetylcholinesterase and butyrylcholinesterases in neuronal and non-439 

neuronal tissues, including vascular cells (23) reduces ACh actions to local paracrine 440 

or autocrine effects. Of note, choline -that is released from acetylcholine by 441 

acetylcholinesterase- can activate at least one of the nAChRs subtypes, i.e. the 442 

homomeric α7 nAChRs (4) ; therefore, after ACh hydrolysis a chance for ACh signaling 443 

still remains. Considering the above evidence, it is feasible that ACh (or other longer-444 

lasting nAChR agonists) released from nerve endings may be involved in vascular 445 

growth or maintenance.  Circumstantial evidence supports the latter concept; thus, as 446 

pointed out by Cooke et al. (6), the reduced foot-healing capacity associated to 447 

diabetes is preceded by a severe neuropathy, raising the question of whether in 448 

diabetic patients the loss of nerve-produced trophic agents, including ACh, might 449 

participate in the deterioration of angiogenesis. Finally, although parasympathetic 450 

innervation to the bone marrow had not been previously reported, parasympathetic 451 

activity was recently detected in the skeletal bone marrow, where ACh functioned to 452 

decrease bone resorption (5) .  453 

Our observations that peripheral blood mononuclear cells from controlled hypertensive 454 

patients gave rise to a lower number of cultured early-EPC than those from 455 

normotensive subjects, and that early-EPC numbers are positively related to flow 456 

mediated dilation, are in line with previous findings by others (16). 457 

Although the antihypertensive treatments were discontinued for 24 h previous to blood 458 

sampling, some of the drugs used by the study population (RAAS blockers, 459 

dihyropyridine Ca2+ antagonists) may have influenced autonomic balances. However, 460 

it should be considered that the cardiac sympathetic response during the mental stress 461 

test was negatively associated with late-TNT numbers, but both kinds of compounds 462 

have been described to lower sympathetic activity. Therefore, if an autonomic effect did 463 

occur, a confounding influence by RAAS blockers or dihyropyridine Ca2+ antagonists 464 

would have weakened the above association, instead of strengthening it.  Also, 465 
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although statins have been shown to increase the level of circulating EPC (32), no 466 

differences were observed here between hypertensive patients receiving and not 467 

receiving statins. 468 

Injured tissues release a variety of mediators that attract EPC to the site and ensure 469 

their engraftment (25, 28). In this setting, in coronary artery disease patients, 470 

hypertension was identified as a major independent predictor of early-EPC blunted 471 

migratory capacity (33). Also, compared with healthy individuals, in prehypertension 472 

and hypertension subjects in vivo endothelial repair capacity by early-EPC is 473 

considerable reduced, and this is related to accelerated early-EPC senescence and 474 

impaired endothelial function. Of note, early-EPC telomere length is negatively related 475 

to systolic blood pressure (16). In addition, both in the rat and in humans, hypertension 476 

is associated with increased numbers of senescent circulating EPC (38). EPC 477 

mobilization from the bone marrow is dependent on NO-mediated activation of MMP-9. 478 

Recent experimental evidence supports the concept that in hypertension the 479 

impairment of EPC mobilization results from insufficient bone marrow NO synthase 480 

activity, and the consequent deficiency in NO/MMP-9 signaling (3). Interestingly, in 481 

experimental renovascular hypertension improvements of in vivo repair capacity, in 482 

vitro EPC proliferation, and tube formation and homing signals (VEGF and homing 483 

receptor expression) are present in the early phase of the disease; however, this 484 

putative early compensatory vascular response is lost with longer lasting hypertension 485 

(39). In the present paper, we report additional factors that can interfere with adequate 486 

EPC function in hypertension. 487 

Our findings may help to explain why hypertensive patients that have achieved target 488 

blood pressure levels through pharmacological treatment still display a high residual 489 

cardiovascular risk. Of note, a recent review (30) emphasized the concept that 490 

sympathetic nervous system activation is frequently responsible for the origin and 491 

maintenance of elevated blood pressure in essential hypertension, and that at present 492 

sympathetic antagonists are underused as treatments for hypertensive patients. If 493 
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further studies replicate these findings, the next step would be to test whether by 494 

antagonizing the sympathetic nervous system it is possible to increase EPC numbers 495 

in association with the improvement of endothelial function. 496 
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FIGURE TITLES 636 

FIGURE 1. Immunohistochemical characterization of cultured human early- and 637 
late-EPC  638 
 639 

FIGURE 2. Characterization of tunneling nanotubes in cultured human early- and 640 
late-EPC  641 
 642 

FIGURE 3. Relation between autonomic status and EPC or TNT numbers in 643 
treated hypertensive patients after natural log transformation of variables 644 
followed by linear regression analysis 645 
 646 

FIGURE 4. Effects of epinephrine and norepinephrine on cultured EPC adhesion 647 
and growth. 648 
 649 
FIGURE 5. Relation between flow-dependent, endothelium-mediated dilation and 650 
early-EPC numbers in treated hypertensive patients after natural log 651 
transformation of variables followed by linear regression analysis 652 
 653 

TABLE TITLES 654 

TABLE 1. Subjects’ characteristics 655 

TABLE 2.  Quantification of cultured early-EPC, early-TNT, late-EPC and late-TNT 656 
isolated from peripheral blood in treated essential hypertensive patients and 657 
normotensive subjects  658 
 659 

TABLE 3. Cardiac parasympathetic reserve and sympathetic response, and the 660 
relation between autonomic status and EPC or TNT numbers in treated essential 661 
hypertensive patients  662 
 663 
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 667 
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FIGURE LEGENDS 670 

Figure 1. Endothelial progenitor cells were obtained after culturing peripheral blood 671 
mononuclear cells on either human fibronectin or rat collagen for early- and late-EPC, 672 
respectively. The cells were characterized by immunocytochemistry on days 9 (early-673 
EPC) and 21 (late-EPC) of culture. A. Early-EPC –but not late-EPC- expressed the 674 
haematopoietic markers CD14 and CD45, indicating that late-EPC are committed to 675 
the endothelial lineage. B. Merged fluorescence images show that early-EPC were 676 
positive for both CD14 and CD45 and all CD14+ cells were also positive for DiI-677 
acetylated LDL, indicating that the cells were not a mixture of live and dead cells. Also, 678 
early-EPC were positive for both VEGFR-2 and CD45. 679 
 680 
Figure 2. Tunneling nanotubes (TNT) were identified as thin, straight, actin-rich 681 
(Phalloidin staining) cytoplasmic projections, with a length equivalent to several cell 682 
diameters, and crossing from one cell to another. A. TNT in live early- and late-EPC; B. 683 
TNT in fixed late-EPC 684 

 685 
Figure 3. In controlled-hypertensive patients, the cardiac parasympathetic reserve was 686 
evaluated by analyzing the high frequency (HF) component of HRV during the E/I 687 
maneuver, and the cardiac sympathetic response was assessed by analyzing the 688 
LF/HF ratio  during the Stroop color-word test. In this study group, late-EPC number 689 
was positively associated with cardiac parasympathetic reserve during the E/I 690 
maneuver and inversely related to cardiac sympathetic response during the stress test. 691 
 692 
Figure 4.  A. To examine the effects of catecholamines on (A1) early-EPC and (A2) 693 
late-EPC adhesion to fibronectin or collagen, respectively, epinephrine or 694 
norepinephrine were added to the culture medium at the time of seeding onto culture 695 
dishes, and adherent EPC were counted 48 h later. Data are presented as median 696 
(minimum-maximal values) of 6 independent assays. Epi = epinephrine; Norepi = 697 
norepinephrine; * P = 0.0235 vs. PBS; † P = 0.0314 vs. 100 ng epinephrine/L; ‡ P = 698 
0.0399 vs. PBS ; ǂ P = 0.030 vs. 100 ng norepinephrine/L; ₸ P = 0.0399 vs. PBS  B. 699 
To investigate the effects of catecholamines on (B1) early-  and (B2) late-EPC growth, 700 
epinephrine or norepinephrine were added to the culture medium 48 h after seeding 701 
and cells were counted on days 9 or 21, respectively. * 0.0314 vs. PBS; † P = 0.0399 702 
vs. 100 ng epinephrine/L; ₳ 0.025 vs. PBS; ₸ P = 0.0399 vs. PBS.  703 
 704 
Figure 5. In controlled-hypertensive patients, ex vivo cultured early-EPC counts were 705 
positively correlated with flow-dependent, endothelium-mediated dilation (FMD). 706 
 707 

  708 

 709 

 710 

 711 

 712 
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TABLE LEGENDS 713 

TABLE 1. Values are expressed as median (max - min value).  714 

TABLE 2. A. Shows the numbers of cultured early- (day 9) and late-EPC (day 21) per 715 

microscopic field that were isolated from peripheral blood in controlled essential 716 

hypertensive patients (Hypertensive) and normotensive individuals (Normotensive) and 717 

seeded onto fibronectin (early-EPC) or collagen (late-EPC). B. Shows the percentage 718 

of cultured early-EPC (day 9) and late-EPC (day 21) that emitted TNT in cells isolated 719 

from treated essential hypertensive patients and normotensive subjects. Values are 720 

expressed as median (max - min value). early-TNT= number of early-EPC that project 721 

tunneling nanotubes; late-TNT= number of late-EPC that project tunneling nanotubes. 722 

Values are expressed as median (max - min value). early-TNT= number of early-EPC 723 

that project tunneling nanotubes; late-TNT= number of late-EPC that project tunneling 724 

nanotubes. 725 

TABLE 3. In hypertensive patients (N=30), autonomic status was assessed by 726 

frequency domain analysis of short-term heart rate variability (HRV). A. Low-(LF) and 727 

high-frequency (HF) components of short-term heart rate variability (HRV) were 728 

analyzed during a 5-min rest, an expiration/inspiration maneuver, and a Stroop color-729 

word-test. Values are expressed as median (max - min value). B. In hypertensive 730 

patients, late-EPC number was positively related to the cardiac parasympathetic 731 

reserve during the E/I maneuver, and late-TNT numbers were negatively associated 732 

with sympathetic response during the mental stress test. *Increase in HF component of 733 

heart rate variability during the E/I maneuver, †Low/high frequency ratio (LF/HF) during 734 

the mental stress test. 735 
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TABLE 1. Subjects’ characteristics 

           
Characteristic      Hypertensive                 Normotensive        P value  
                                                         (N=30)                (N=20)   
             
Age, y               49 (24-69)        50 (27-66)                   0.780 
 
Males, %              81.8          80.0                   ------- 
  
SBP, mm Hg                                 130 (120-137)       114 (107-119)       0.008 
 
DBP, mmHg    85 (61-88)           75 (64-79)           0.039 
     
Medications, %        None        ------- 

ACEI/ARAII    63.5   
Ca2+ Antagonist   33  
Diuretics    13 
Statins     17  
Other        18   

  
BMI, kg/m2             28.0 (19.1-39.0)       25.0 (18.1-27.8)       0.1189 
 
Total cholesterol, mmol/L           4.96 (3.93-6.44)       3.99 (3.41-5.17)       0.0518 
 
HDL cholesterol, mmol/L           1.34 (1.06-2.33)       1.86 (1.19-2.64)       0.1564 
 
LDL cholesterol, mmol/L           3.06(1.81-4.19)          2.60 (2.12-3.15)       0.2120  
 
TG, mmol/L                                  1.05 (0.54-2.10)        0.85 (0.74-1.24)       0.0272 
 
Glycemia, mmol/L                       5.05 (4.50-6.22)       4.91 (4.78-5.22)       0.4715 

             

Values are expressed as median (max - min value). 



TABLE 2.  

 

A. 
             
Type of EPC or TNT         Hypertensive         Normotensive   P Value 
(No./microscopic field)   (N=30)                 (N=20)  
             
early-EPC          223.5 (87.8 - 551) 392 (248 - 681)   0.0015 

early-TNT           13.2 (0.83 - 54.5) 59.7 (24.8 - 99.8)   0.0002 

late-EPC         157.6 (52.4 - 409)            324 (215 - 634)   0.005 

late-TNT           2.60 (0 - 29.3)  24.2 (19.2 - 44.6)         0.008 

             
 
 

B.  

             

                Hypertensive         Normotensive           P Value  
                               (N =30)                     (N=20) 
             
(early-TNT/early-EPC) x 100, % 5.30 (0 – 17.6)        12.3 (5.89-28.2)         0.012 
 
(late-TNT/late-EPC) x 100, % 2.30 (0 – 13.1)         7.51 (3.0 – 15.6)        0.017 

             

 



TABLE 3.  

A. 
             

Settings at the time                                 Parameter                                         

of measurement         HF, ms2                             LF/HF, % 

             

During a 5-min rest   177 (22 - 934)   2.15 (0.40 - 10.5)  

During an E/I maneuver   431 (37 – 2791)  10.3 (1.30 – 50) 

During a mental stress test  120 (6 – 570)   4.10 (0.40 – 14.1) 

             

B.  

             
Parameters related          Correlation          P Value 
         (Spearman rho) 
             
Late-EPC number and cardiac parasympathetic reserve*          0.450            0.031 

Late-TNT and cardiac sympathetic response†          -0.426                0.045 
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